SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

A New Method to Calculate Transition Lines near
the Multicritical Point using Twisted Boundary
Conditions

TE, BE

https://hdl. handle. net/2324/4784403

HARIER : UK, 2021, 1 (GB%) , FEEL
N— 30

HEFIBAMR



A New Method to Calculate Transition Lines near
the Multicritical Point using Twisted Boundary
Conditions

Shunji Moriya

February 22, 2022



Abstract

A point where several critical lines intersect is called a multicritical point. Near
such a point, multiple critical phenomena interfere and a finite-size correction becomes
large. Therefore, conventional methods cannot be applied near the multicritical point.
We propose a new method to numerically calculate a transition point for a quantum
spin chain near the multicritical point.

We treat a bond-alternating (BA) XXZ model for S = 1/2,1,3/2. In a ground-state
phase diagram of this model, a 2D Gaussian universality transition line bifurcates into
two 2D Ising universality transition lines, which make a multicritical point. At this
point, Berezinskii-Kosterlitz-Thouless transition occurs, where the correlation length
diverges singularly.

To deal with a 2D Ising universality, we review a transverse field 1D quantum Ising
(TFI) model, corresponding to the classical 2D Ising model with transfer matrix. A
relation between a disorder phase and an order phase is known as the Kramers-Wannier
duality transformation. We find a proper duality transformation that is exact in the
finite-size TFI model with a periodic and anti-periodic boundary condition. This shows
that the energies for the two boundary conditions are crossing at the transition point. A
free fermion field theory is derived from the critical Ising model by taking a continuum
limit. From a conformal field theory, we verify that the energy-crossing is realized in
the 2D Ising universality class, not only in the TFI model.

We apply our method to the BA XXZ model. The energy-crossing happens in
boundary conditions that are twisted around a z-axis and y-axis. In an anisotropic
limit, two energies in a finite-size are crossing at the transition point since the BA XXZ
model is identical to the TFI model. on the other hand, at the multicritical point,
the finite-size correction vanishes by an isotropy and a twist translation symmetry.
Therefore, near the multicritical point, our method has a smaller finite-size correction.

In this paper, we also review the 2D Gaussian universality. By a bosonization,
the BA XXZ model can be transformed to a phase Hamiltonian composed of boson
operators. The degenerate energies for a twisted boundary condition are split by a
perturbation around a Gaussian fixed point.

By our method, we numerically calculate a transition point of the BA XXZ model
for S =1/2,1,3/2. As expected, the finite-size correction of numerical results becomes
very small near the multicritical point.
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Chapter 1

Introduction

1.1 Critical Phenomena

Critical phenomena are interesting subjects in condensed matter physics. To under-
stand the critical phenomena, it is important to find a transition point. For unsolvable
models, a numerical calculation is an important way to determine where it occurs. Al-
though critical phenomena occur only in infinite systems, the number of particle or
spin is limited by numerical resources. Therefore, sometimes we cannot obtain reliable
results due to a finite-size correction (FSC). Moreover, since various critical phenomena
interfere near a multicritical point, the FSC becomes larger. One example for a multi-
critical point is shown in Fig.[Wl. In previous researches, several methods to calculate
a transition point have been proposed|][?]. However, these conventional methods can
not calculate a reliable transition point near a multicritical point.
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Figure 1.1:  The phase diagram of the BA XXZ model. The multicritical point is
denoted by x. Two transition lines get closer near the multicritical point.

1.2 Bond-Alternating XXZ chain

As a model that has a multicritical point, we treat a bond-alternating (BA) XXZ
chain in this thesis.

1.2.1 Hamiltonian

The Hamiltonian of the BA XXZ chain is
N
HEA) =Y [1 = (~1)74] (s;s;;l + Y8y + ASijH) , (1.2.1)

J

g}’s are the spin operators (i = x,y, z). The commutation relations are

3
|55, 84] =it D ewm Sy (1.2.2)
m=1

The [1 — (—1)74] is the bond-alternation coefficient. For § > 0, a bond between 2;j and
27+ 1 takes a stronger interaction than 25 — 1 and 25 bond. The A makes anisotropy in
the z-direction. We take the system size even, N = 2n (n is an integer). The Ashkin-
Teller model is known as an equivalent model of BA XXZ chain [B, @, 6] (Appendix

).



1.2.2 Symmetry
The BA XXZ model has the following symmetries and conserved quantities.

e The Hamiltonian is invariant for a spin #-rotation of all-sites around the z-axis

rz . Qiz 1
U; = exp (292 <Sj - 5)) (1.2.3)
j
The conserved quantity is a magnetization

M=Y5: (1.2.4)

e Because of the anisotropy, the Hamiltonian is invariant for a spin mw-rotation
around the y-axis,

AEZMNME:(Q—%». (1.2.5)

The conserved quantity is a parity of a spin reversal

UY = +1. (1.2.6)

e We define the translational operator TR,
TrS; TR = 8;.1. (1.2.7)
For ¢ # 0, the Hamiltonian has a two-site translational symmetry,
(Tr)*H(Tr) %= H, (1.2.8)
in the periodic boundary condition (PBC)
Sy, . =Sy (1.2.9)
Since the N-site translation is an identity operator,
(Tr)N =1, (1.2.10)
the eigenvalue of Tr is

2 2m(N —1
TR:eXpuL (qzoa_FaaM

~ ) (1.2.11)

The change of the sign of the bond-alternation parameter § is regarded as one-site
translation,

TrH(—6,M)T7t = H(5,A), (1.2.12)

and therefore, the model has the same energy-spectrum for the opposite sign.
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1.2.3 Solvable Region for S=1/2

e )=11,A>0
The model is reduced to a sum of isolated two spins. The ground-state is a direct
product of singlet pairs

(I )y = [ ) AN =19 11) -+~ (1.2.13)
The spin reversal symmetry UY = (—1)N/ % is not broken.
e A — 0
The z-direction is dominant. The ground-state is doubly degenerate Néel state,

UL ) and [URLALT ). (12.14)

The spin reversal symmetry is broken.

e § =0 for S=1/2
The Bethe ansatz [6] gives an exact solution for the S=1/2 XXZ chain. At the
isotropic point, A = 1, a Berezinskii-Kosterlitz-Thouless (BKT) transition occurs,

where the correlation length diverges singularly, £ ~ exp (%) [@. (Cis a

constant. )

1.2.4 Phase Transition

In the intermediate region, 0 < A < 00,0 < § < 1, phase transitions may occur.
The phase diagram is Fig.I[ll. The bond-alternation makes the spins to take the singlet
pairing, called a dimer phase. The ground-state is unique and has an energy gap. By
the anisotropy A > 1, the neighbouring spins tend to take the opposite direction, called
a Néel phase. There are doubly degenerate ground-state and spontaneous breaking of
the spin reversal symmetry. The phase transition between the dimer and the Néel phase
belongs to a 2D Ising universality class.

There are two types of dimer phase. In § > 0, spins on the 25 and 2j 4 1 site form
a singlet, called a dimerl phase. On the contrary, in ¢ < 0, the singlet pair is formed
on the 25 — 1 and 2j site, a dimer2 phase. The 2D Gaussian transition occurs in a
boundary between the dimerl and the dimer2 phase. For S=1/2, this transition line is
exactly § = 0, verified from a symmetry with a twisted boundary condition|[g].

The 2D Gaussian transition line bifurcates into two 2D Ising transition lines, that
makes a multicritical point. This point is called an Ashkin-Teller multicritical point

(from now on, we abbreviate it as an AT point). The 2D Ising transition lines get
closer near the multicritical point. Thereby, the correlation length becomes large, which
brings a difficulty in a finite-size numerical calculation.



1.3 Haldane conjecture

The BA XXZ model has a different characteristic depending on the value of S. For
the case of A =1, = 0, a Heisenberg model, Haldane[9] predicted about an energy gap
as follows. A half-odd integer spin chain has a degenerate ground state, which is gapless.
On the other hand, the integer spin chain has a unique disordered ground state, which
has an energy gap. The XXZ chain for S = 1/2 is exactly solvable by Bethe ansatz
and known as gapless at the isotropic point, which agree with the Haldane conjecture.
The solvability is broken by an addition of another interaction term, for example, the
bond-alternation. In general, the XXZ chain for S > 1/2 is unsolvable.

1.4 Level Spectroscopy Method

A useful method to calculate a transition point, a Level Spectroscopy (LS) method
was proposed by Nomura. The LS method cancels logarithmic corrections of a Berezinskii-
Kosterlitz-Thouless (BKT) transition by using the z-axis twisted boundary condition
[T0, @1, T2]. Some universality class can be calculated by the LS method, for exam-
ple a 2D Gaussian one, Sec BZ3. However, we can not calculate 2D Ising universality
transition by the LS method. So, we propose a new method applicable to a 2D Ising
universality.

1.5 Organization of this thesis

This thesis is organized as follows. In Chap. B, we deal with a 2D Ising universality.
We review a correspondence between a 2D classical Ising and a 1D quantum Ising
model. By the Kramers-Wannier duality, energy-crossings are proved. In addition, we
review an exact solution by Lieb et al[lH].

For a continuum limit, we verify that the energy-crossing is realized in a 2D Ising
universality class (Sec Z3) by a free fermion conformal field theory. Our new method is
proposed in Sec ZZ423. The finite-size correction is discussed in Sec 244, Next, we deal
with a 2D Gaussian universality in Chap. B. By bosonization, the bond-alternating
XXZ chain is converted to a phase Hamiltonian, Sec B2. The perturbative calculation
around a fixed point is described in Sec BZ3. The numerical results for S = 1/2,1,3/2
are shown in Chap. @.



Chapter 2

2D Ising Universality Class

In this chapter, we review properties of an Ising model. By using a transfer matrix,
a quantum 1D Ising model is derived from a classical 2D Ising model. This quantum
model has the Kramers-Wannier duality, that relates an order phase to a disorder phase.
By this duality, for a finite system, energies for different boundary conditions cross at
a critical point. To consider a continuum limit, we discuss a conformal field theory of
a free fermion.

Finally, we introduce a method to calculate a 2D Ising universality transition point.
The smallness of the FSC is also explained.

2.1 2D classical Ising model

The 2D classical Ising model on a square lattice (Fig.2Z) is defined as

M,N M,N
H=— (Jl Z Ui,j0i+1,j —+ J2 Z Ui,jai,j+1) . (211)
,J 2%

Each classical Ising spin o takes two possible values o; ; = £1. The spins interact with
nearest neighbor spins. This model was solved firstly by Onsager[[3]. The transition
temperature T, satisfies sinh (2.J;/kgT.) sinh (2.J5/kgT.) = 1.
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Figure 2.1: The 2D M x N square lattice. Each spin is localized on o.

2.1.1 Classical-Quantum Correspondence

We review a correspondence between the classical 2D and the quantum 1D Ising
model using the transfer matrix [I4][I5]. The partition function for the 2D classical
Ising model is calculated as

Z = exp(—BH)

o==%1
M,N M,N
= E exXp Kl E O'iJO'Z'JrLj—l—KQ E 0;i0445+1 |, (212)
o=x+1 i, V]

where K, = 8J;, K3 = .J5. The summation is taken over all spin-configurations
SeY Y Yy 219
o==+1 o1=%109=%103=%1 on==1

We rewrite the summation for j as a product sum
N M M
7z = Z H exXp (Kl Z 04,j0i+1,5 + K2 Z O’i,jo’i,jJ’,l) . (214)
o=+1 j i i

Firstly, we deal with the case where spins interact only in the ¢-direction, in other
words, K5 = 0. The summation can be calculated using the 2 x 2 matrices

(Uj)oi,]-oi_._l’j - eXp (Klo-i,j7 Ul+1,])

el oK1
v = (e_Kl oK ) (2.1.5)



The partition function is calculated by the trace of a matrix product.
Z=Tr(ny® - @uy)" (2.1.6)
Using the Pauli matrix, each v; is represented as

v; =ef I+ e M7 (2.1.7)

The I ; is an identity operator. The Pauli matrices are

W (01 ., (0 =i\ .. (1 0
T :(1 0)’75'}:(1' 0>’Tj:(0 —1>’ (2.18)

which satisfy the commutation relations

3
(7, 73] =2id;; Z@slmﬂm, (2.1.9)
m=1
{771} =20ul. (2.1.10)

Here, we denote the Pauli matrix by %ij to avoid the confusion with the classical variables

o already introduced. Because (ﬁ] )2 — ], the following equation is satisfied :
exp (af') = cosha (f + 7" tanh a) : (2.1.11)

which is easily checked by performing the Taylor expansion. Then the transfer matrix
v; is written as an exponential function of Pauli operator,

v; = (2sinh 2K,)"? exp (K777), (2.1.12)
where K7 is defined by
tanh K} = e 251, (2.1.13)
Summing over j, we obtain

V =01 Q- R Uy
N
= (2sinh 2K,)? exp <Kf Z%f) (2.1.14)
J

Next, we consider the second term in thethe Hamiltonian Eq.(2Z1). Before treating
the interaction between two spins, we deal with the case where an external field exists,
Hj, = h)_ 0;;, The transfer matrix for Hj, is

, (e 0
YiT\o e

=exp (h7}). (2.1.15)



Then the transfer matrix for the interaction term ( Ky Y 0, jo; j41 ) becomes
w; =exp (K27777,) (2.1.16)
Summing over j, we obtain
J N
W= []w =exp <K2 Z%;%;H> . (2.1.17)
N J

We arrive at the transfer matrix form of the partition function

Z =Tr (Vi)™ (2.1.18)
N N

= (2sinh 2K,)V? exp (K{ > %;) exp <K2 > %;@:11) . (2.1.19)
J J

We try to bring the two sum in the exponent of V' and W into one exponent. We use
the Campbell-Baker-Hausdorff formula

exp (A) exp (B) =exp (A + B+ % [A, B] + % [A— B,[A,B]] +-- ) (2.1.20)

In this case, the two operators do not commute, that is ,

N N
[K{‘ Z%f,KQZ%f%fH] 0. (2.1.21)
J J
If taking the limit

KiKy — 0, (2.1.22)

we obtain the quantum-classical correspondence

N N
ViVy = (2sinh 2K,)™? exp (Kf ke Y %;’@11.) . (2.1.23)
J J
To maintain the dimensionality, we need a constraint for the ratio

K*
N = K; = finite. (2.1.24)

In 2D classical Ising language, this limit corresponds to the anisotropy limit in directions
of interaction

K, — OO,KQ — 0, (2125)

which can be easily calculated from Eq.(ZTT3).
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2.2 Transverse Field Ising model

We obtain a transverse Field quantum Ising (TFI) model Eq.(E1=23),

N-1

N
Z Z 750711+ 9oNOT . (2.2.1)

The 6%’s are the Pauli matrices (i = ,y,2). Settling g = 1 (—1) corresponds to
imposing a periodic (an anti-periodic) BC. This model has a translational (6; — 6j11)
symmetry for g = 1 and spin reversal (6 — —&%) symmetry. If the transverse field is
dominant (y — 00), there is no interaction, and a unique ground state is a disordered
state

wm

(I[N ATY + 1)) -

The spin reversal symmetry is U? = (—1)". If there is no transverse field (y = 0),
ground states are doubly degenerate

M), ),

which break the spin reversal symmetry. The phase transition occurs in an intermediate
region (0 < v < 00). We derive the transition point, using a duality.

2.2.1 Duality

The Ising model has the Kramers-Wannier duality [[6], that relates a order phase to
a disorder phase. The conventional duality transformation [[7] for the TFI model is only
valid in a bulk. But, at a boundary, the extra terms appear, which make it impossible
to demonstrate a duality for a finite system. Evans and Levis [I8] introduced a duality
transformation for fermion operators. Utilizing this, we improve the duality for spin
operators, which enable one to treat boundary conditions and symmetry of eigenstates
for a finite system. We define the duality transformation for &7

J
57 =ir [ 7 (2.2.2)
k=1
The 7 is a Pauli operator. In the bulk, for 1 < j < N, we obtain
§95+1 = f+17 (22'3)

o030%

but at the boundary, j = N,

—72 U (7). (2.2.4)



Here, UZ (1) is a m-rotation operator about z-axis for all 7 spin operator, in other word,
a spin reversal operator.
The duality transformation for 67 for 1 < j < N is

5 = FEE (2.2.5)

and for j = N,

oy =TnTUZ (7). (2.2.6)

The operator 7 satisfies the commutation relation of Pauli operators, Egs.(22179) and
(210). The Hamiltonian becomes

N-—1 N
T ~zaz fZ AZTTT
H=n| =D #fn =AU (1) =)
Jj=1 Jj=

From Eq.(2Z23) and Eq.(2228) , we notice that

%;ﬂ e %fo( )) (2.2.7)

j=1
N-1
= (H 7A-jzf—])'erl) %]% Ale:rE (7-) )
j=1
=U* (1), (2.2.8)

and thus the spin reversal symmetry is unchanged after duality transformation. For
example, we describe the case of N =2n (n=1,2,---), g = 1.

e In the subspace of U? (o) = 1,
After the duality transformation, the Hamiltonian becomes periodic BC ( 7%, =

)
N—-1 N 1
H=x (— R S —Af) . (2.2.9)
Then, the eigenvalue for ¢ and 7 are related as
E(g=1U:=1,7)=~vE(g=1U;=1,1/v). (2.2.10)

This equation corresponds to a relation between high temperature and low tem-
perature phase in the classical 2D Ising model. Assuming the uniqueness of the
phase transition point, it occurs at a self-dual point (v = 1), that agrees with the
exact solution by Onsager [L3].

11



e In the subspace of U* (o) = —1,
we obtain the following Hamiltonian,

N-1 N 1
H:7<— PR AR - Y A+ > (2.2.11)
= 7"

~

By operating w-rotation for the 1st spin about the z-axis, u* =,
we obtain the TFI Hamiltonian with an anti-periodic BC (73,, = —

N— N
~Z ~Z AZ 1 ~T 1 ~T
WH @) =~ Z Ry Er e el (2.2.12)
= =7
The 45 anti-commutates with the spin reversal operator,
Urt? = 6202, (2.2.13)
By operating to the eigenstate of the Hamiltonian, Eq.(P2=21),
Uz |Uz = —1) =— ] TEUE = —1)
=u; |UZ = —1). (2.2.14)
the exp (iw7{) changes the spin reversal symmetry,

WP =—1)= U =1). (2.2.15)

T

We do not write the detailed calculations for the other cases, but summarize the results
in Table.21

For o For 7
UZ = 1 Periodic UZ =1 Periodic
UZ? = —1 Periodic U? =1 Anti-periodic
UZ? =1 Anti-periodic U? = —1 Periodic
U? = —1 Anti-periodic U? = —1 Anti-periodic

Table 2.1: The duality for different BC’s.

The 2nd and 3rd rows of Table.2Z71 show that the energies of U? = —1 for periodic
BC and of U? =1 for anti-periodic BC cross at the transition point.

2.2.2 Exact solution

We can also verify the energy crossing ,Eq.(222Z10), from the exact solution of the
TFI model. We review shortly the exact solution for periodic [[4][T5] and anti-periodic

12



BCs [19]. We perform the Jordan-Wigner transformation and the Fourier transforma-
tion for the Pauli operators. For convenience, we rotate all spin by 7/2 around y-axis,
and the Hamiltonian reads

N

N
- VZ&JZ’: - Z (AJJF + Aj_) (6;_4-1 + 63'_+1) . (2.2.16)
J J

Here, we introduce the ladder operators, 6. = ¢* £ i6Y. The Jordan-Wigner transfor-
mation is

j—1
5 =exp (m a}al> al, (2.2.17)
=1
Az AT A
Z=—142alay, (2.2.18)
where a;, &; are fermion creation and anti-creation operators. In the bulk,
“;r“j— L= &;&jﬂ, (2.2.19)
yred,, =alal,,, (2.2.20)
but at the boundary,
ohor = — (—)Malay, (2.2.21)

(M = Z;V &;dj). Performing the Fourier transformation

;] = —= E e""ay, 2.2.22
! VN A g ( )

the Hamiltonian becomes

k k
- ) . ) . o 1
H = E (az - ak) <a£+1 + ak+1) +7 E (alak - 5) . (2.2.23)

The summation of £ in the Fourier transformation depends on the total number and
BC of fermions. If the periodic BC is imposed for the spin operator (o yy1 = 1),

e when M =even,
the BC of the fermion operator is the anti-periodic

(ni1 = —a. (2.2.24)

Then, the summation is taken over k = (2n — 1)7/N for =¥ +1<n < Z.

13



e When M =odd,
the BC of the fermion operator is the periodic

&N+1 == &1. (2225)

Then, the summation is taken over k = 2nw/N for —% +1<n< %

For the anti-periodic BC of spin operator (11 = —a71), the relation between M and
the summation of £ becomes inverted. In this thesis, we omit a complete calculation
and utilize a resulting energy-spectrum. The ground-state energy for periodic BC is

2N—-1 1
Ey = —m:(%dd) [(1 — )% + 4y sin%%ﬂ ’, (2.2.26)
for anti-periodic BC
IN—2 sk
B —— % [(1 — )+ 4y sinQ(Wﬂ ? ) (2.2.27)

m=0(even)

The first excited state energy for periodic BC is

2N—-1

Bl =2(y-1)— Y [(1 — )+ dy sin2<%>] . (2.2.28)

m=0(even)
From Eq.(22221) and Eq.(EZ228), we obtain the energy-crossing equation
Ef =B +2(y-1). (2.2.29)

The two energies with different BCs cross at the transition point (v = 1) with no FSC,
which agrees with the result from the duality transformation. In our method, we carry
out the extension of the equation of the energy-crossing (Eq.(22229)) to the BA XXZ
model. In the next section, we confirm that the same energy-crossing occurs in 2D Ising
universality class.

2.3 Free Fermion Field Theory

We verify the energy crossing from the conformal field theory (CFT). By taking the
continuous limit, the critical 2D Ising model is described by free fermion field (Appendix
B),

1 _ _

S = & dzdz (Y(2)00(2) + ¥ (2)00(z)) , (2.3.1)

14



where § = 2,0 = £. The fermion field has the anti-commutation relation {1(z), ¥ (2')}
d(z — Z'). The 9 is a primary field that satisfies

(Y(2)p(w)) = : (2.3.2)

The mode expansion is
2) = Zwkz’k’%. (2.3.3)
k
Inverting Eq.(2233)), we get
= 3 ). (234)

27m

The modes have anti-commutation relation,
(i = | § 52, § 5] o yut)

__7{ m1/2fdzn1/2 —1
2mi 2mi zZ—w
dw 1
= 2 Y212 ) . 2.3.5
j{ 27Tz'w v o ( )
If the summation is taken over half-odd integers (k € Z+ %), the field has periodic BC,
D(e*™z) = Y(2), ¥ (e¥™2) = ¥(2), (2.3.6)
which correspond to g = 1 in the TFI model Eq.(E2ZT). If taken integers (k € Z), the
field has anti-periodic BC,
P(e*™z) = —(2),%(e*2) = —(2), (2.3.7)
which yields g = 1.
In general, the excitation energy relates to the scaling dimension x,, of the scaling
operators of the theory,

E, — B = 2% (2 + O(1/L)). (2.3.8)

From operator product expansion for anti-periodic BC (Appendix ), the scaling
dimension z is 1/8,

2 1
EAP gl — % (g + O(l/L)) . (2.3.9)
For periodic BC, the scaling dimension of the 1-st excited energy has a same value,
2 1
EF — EF = % <§ + O(l/L)) . (2.3.10)

Therefore, the energies for the two BCs cross at the transition point,
EF = EM +0(1/L). (2.3.11)

15



2.4 Bond-Alternating XXZ chain

In this section, we introduce suitable BCs of the BA XXZ model and propose a new
method to calculate a 2D Ising universality class transition point.

2.4.1 Boundary Conditions

To demonstrate analogous energy-crossing in the BA XXZ model, we introduce
two types of twisted boundary conditions. One is a z-axis twisted boundary condition

(zTBC)
Jgif—f—l = - fa S]1<H_1 = _S1y> ]zv+1 = Sf (2.4.1)

The spin rotational symmetry and spin reversal symmetry are conserved, but the trans-
lational symmetry is broken. The other is a y-axis twisted boundary condition (yTBC)

Va1 = =51, Sy = 51, Sk = =51 (2.4.2)

The spin reversal symmetry is conserved, but the translational symmetry and spin
rotational symmetry are broken. However, the Hamiltonian is invariant under the spin
m-rotation

U7 = exp (im Z 57) (2.4.3)
J

whose eigenvalue is a parity of magnetization
Py = exp (itM) = (—=1)M, (2.4.4)

The translational symmetry is broken by yTBC. Instead, the Hamiltonian has the
following twist translation symmetry, as follows. By m-rotation for the N-th spin around
y-axis, the twisted boundary is shifted to the bond between the N-th and N — 1-th
sites.

emé]%ﬁ(emé‘%)—l = (1 + 5) (—S’j{,_lgﬁ + ijv_lﬁg/v - Agjzv—pgfv)
+(1-6) (857 + 5457 + A8381) (245)

Then, operating the one-site translation, we obtain the original Hamiltonian

A

Tre™K H(Tre™ %) = H (2.4.6)
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2.4.2 Anisotropic Limit for S=1/2

In the anisotropic limit, the S=1/2 BA XXZ model (Eq.(IZZ)) is identical to the
TFI model [20]. The zTBC and yTBC correspond to g = +1 of the TFI model,
respectively. Separating the Hamiltonian (Eq.(IZ=21)) to even and odd bonds,

N/2
H=p Z (SijngJrl + ngsgjﬂ + ASZZjSQZj+1)
J

N/2
+3 (sgj_lsgj + 815U+ Asgj_ls§j> . (2.4.7)
J
We have defined the prefactor § = }l—g. We firstly start with PBC. We take the
anisotropic limit A — oo with a constraint A ~ O(1). In this constraint, the bond-
alternating parameter becomes infinitesimal, 5 — 0. The largest contributions are the
divergent term, Ho = ) AS3; |55, which is regard as an unperturbed Hamiltonian.

This unperturbed Hamiltonian is composed of N/2 isolated two spins fzj = Sjj_lgjj,
whose ground-state is

[T25-1d2;) = |Tj>/,
[b2j—1T2;) = Hj>/. (2.4.8)

We regard this two state as effective spin states. The effective states and operators are
denoted by /. Therefore, the ground-state of Hy is the 2V/?-fold degenerate. To the first
order, the effective Hamiltonian becomes

N/2 N/2

=3 (8085850 ) + D (55485 + 5419
Nj/z o 1JN/2 A ) A A
=3 (585850 ) + 5> (841155 + S5155 ) - (2.4.9)
: A

J

The quantum states defined in Eq.(2Z28) satisfy

S5 115) = —% 5 (2.4.10)
5515 = 5 Y (2.411)

Sy Mty = 5 o) (2419)
Siiaa lgen)' = =5 g (2.4.13)
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So, the first terms are regarded as —S’;g’j 41 in the effective space. For the second
term, the quantum states satisfy

5155 ) = 113)', (2.4.14)
Sai—155; 1) = 1) (2.4.15)

Therefore, the second term, % (5’;;_15’2; + §;J_1§2+J) is regarded as % (S’j + 5";) = 5”;

in the effective space. The total effective Hamiltonian becomes

N/2
=" (-8A8787,, + 7). (2.4.16)
J
By operating exp (im va/ 2 5”;), the effective Hamiltonian becomes the TFI model,
N/2 {
In zTBC, boundary terms are
—5%.57 — §¥ 8V 4 8757, (2.4.18)

Because the x,y terms on 2j,2j+1-bond vanish in the anisotropic limit, the zTBC cor-
respond to the periodic BC, g = 1. In yTBC, the boundary terms are
—5%.57 + §Y SV — 8% 5%, (2.4.19)

The effect of yTBC survives after taking the limit. The z-direction term remains,
—BAS%Z ST The yTBC corresponds to the anti-periodic BC g = —1. The relation of BC
is summarized in Table.2Z2.

BA XXZ anisotropy limit— TFI
PBC periodic
zTBC periodic
yIBC anti-periodic

Table 2.2: The correspondence of each BC

For S>1/2, the above perturbative discussion can be applied (Appendix D).

2.4.3 Method to Calculate the Transition Point

In the BA XXZ model, PBC and zTBC correspond to periodic BC of the TFI model.
The yTBC correspond to anti-periodic BC. Since the energy crossing happens with
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periodic and anti-periodic BCs, we can calculate the transition point by two methods.
One is using PBC and yTBC :

EPBC(M =0,UY) = EV"BC (M, UY) (2.4.20)
named yTBC-PBC method. The other is using zZTBC and yTBC :
EZTBC(M = 0,U0Y) = EV"PC (M, UY) (2.4.21)

named yTBC-zTBC method. We can distinguish different phase by quantum numbers
M,UY, explained in Chap. @.

2.4.4 Finite Size Correction

In general, there is an FSC in our methods, Eq.(24720) and Eq.(ZZ4=21)) in a region
in 1 < A < oo, but vanishes on the anisotropic limit A — oco. In the anisotropic limit,
the zTBC and PBC of the BA XXZ model become periodic BC of the TFI model, and
the yTBC becomes anti-periodic BC (Sec E42). So,our methods become identical to
Eq.(Z229), that has no FSC for arbitrary spins. The larger A is, the smaller the FSC
becomes.

Moreover, the FSC vanishes at the AT point. On the self dual line (§ = 0), the
Hamiltonian with zTBC becomes

-1

H =3 (8757 + 880 + A5:8,)
J
— 525 — SYSY 4+ ASESE. (2.4.22)

We define 7 spin rotation at j site about z-axis as @7 = exp (2775’; ). Since the Hamilto-
nian (Eq.(Z2=22)) is invariant under T3 (proved in Sec ZZ),

Trti H|UY) = HTri: |UY). (2.4.23)
The commutation relation between [7};’ and u7 is

UYa: =exp (in Yy SY)exp (imS?
L J L

j
= exp (—imS%) exp (im Z Sj’)
J
= exp (—2inS3)az UY. (2.4.24)
When S is a half-integer, the eigenvalue of S 7 is a half-integer, which yields

Uvi: = —azUY. (2.4.25)



So,

UZ?TR@L U =1) =- TR@LUg U¥=1)
= — TRz |UY =1)

= |UY = —1). (2.4.26)

Consequently, |[UY = 1) and |UY = —1) are degenerate for an arbitrary system-size IV,
that is

EZBC(LM =0,U¢ = —1) = EZ"BC(L, M = 0,UY = 1), (2.4.27)

as one can see in Fig.fl.1(a)] at 6 = 0. And, at AT point, the isotropy makes the zTBC
and yTBC identical. We replace the RHS of Eq.(222=212) by yTBC. The spin reversal UY
is replaced by the parity of magnetization Py, (recall Eq.(224)). Eq.(E2=21) becomes

EgTBC<L, M=0,UY=—-1) = EgTBC(L, M = even). (2.4.28)

The absence of FSC in AT point gives the small FSC near AT point for an integer spin.
The numerical results are presented in Chap. @.

20



Chapter 3

2D Gaussian Universality Class

In this chapter, firstly, we discuss a free boson on a conformal field theory. Next, the
BA XXZ model is transformed to a phase Hamiltonian by a bosonization method. The
phase Hamiltonian has a free boson term and the others that break a U(1) symmetry.
At last, by a perturbative renormalization calculation, it is certified that energies in the
ZTBC cross at a Gaussian universality transition point. The same discussion for the
yTBC is a future task.

3.1 Free Boson Field theory

The action of a free boson field theory is

H= / Od(z,2)0¢(z, 2), (3.1.1)
in other word, called a 2D Gaussian model. From the equations of motion
00¢(z,2) = 0,00¢(z,%) = 0, (3.1.2)

we can decompose ¢(z, z) into holomorphic and anti-holomorphic parts

1

0(2,7) = 5 (o) + 2(2)). (3.3

The field ¢(z) is not a primary operator, but its derivative is a primary,

Do (2)p(w) = — 4. (3.1.4)

(2 —w)

The mode expansion of the primary field is

i0p(z) = Z apz "1 (3.1.5)
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From the Noether theorem, the stress-energy tensor is expressed as
1
T(z) = —5 " 0p(z)0p(2) -, (3.1.6)

where :: means a normal ordering. From the operator product expansion (OPE) of the
stress-energy tensor,

T — Y2 2T(w)2+8ZT(w)

I + regularparts, (3.1.7)
(z —w) (z —w)

—w

the central charge is ¢ = 1. The OPE of the T'(2) and d¢(z) is

T(2)0p(w) = ——0p(w) + —

T o w@@gp(w) + reg, (3.1.8)

which means that dp(w) is the primary field that has the conformal dimension (1,0).
The vertex operator is defined as

Va(z) =: e??®) . (3.1.9)
This field is primary and conformal weight is
h(a) = o? (3.1.10)

From Appendix T3, OPE of the vertex operators and dg(z) is

«

O (2)V-a(w) =

C—w) V., (w) + regularparts. (3.1.11)

The OPE of the vertex operators and the stress-energy tensor is

2/2 1
T(2)V_o(w) = sza(w) + ——— 0y Va(w) + regularparts. (3.1.12)
(z —w) (z —w)
The OPE of the vertex operators is
1
Vo(2)V-o(w) =———5V_a(w). (3.1.13)
(z —w)™

3.2 Bosonization

For S=1/2, the spin Hamiltonian (Eq.(IZ2)) can be transformed to the following
phase Hamiltonian [21] [22] (Appendix H)

~

H = /dm [A (VO(z))? + Cp(z)? — Beosb(x) + D cos 26(z)] . (3.2.1)
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The p is the momentum density conjugate to ¢

0(x),p(z")] =16 (x — ). (3.2.2)
The constants A, B, C, D are evaluated as
Ja 3A
C=2nJa (1 - é) : (3.2.4)
70
Jo
B=— 2.
e (325
TiAJ
D= 2.
% (3.2.6)

When B =0, D = 0, Eq.(BZ20) is the Gaussian model.

3.3 Around the Gaussian fixed point

We shortly review a perturbative renormalization calculation by Kitazawa[8]. We
consider the perturbation around the Gaussian fixed point

L
0

Here, Hy = [ dx(V#)?. The Hy is the Gaussian fixed point Hamiltonian and O; is the
scaling operator that has scaling dimension x;. Up to the first order perturbation, the
excitation energies are [24]

2 o\ 12
E, — Ey = % (;cn +27ACo1 (%) ) . (3.3.2)

The =z, is scaling dimension of the operator O,. The C,, is the coefficient of the
operator product expansion (OPE),

Or(2,2)00(0,0) = Cor (%)h (9)7” 0,(0,0) + - -+ , (3.3.3)

z

hy and hy are the conformal weight of @;. In the zTBC, we consider the following
operators [§]

O, = V2 cos V26, (3.3.4)

. 1

Lo = V2 cos E@, (3.3.5)
1

0f), = V2sin Ee (3.3.6)
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Using the OPE of the vertex operators Eq.(B113), we can calculate the OPE of Of /2
,Of /2 and O,

O1(z,2)055(0,0) = \/75 (%)m (%)m £p(0,0) + -, (3.3.7)
Ov(z,7) 5/2(0,0)2—\/7§ (%)m (%)m 20(0,0)+ -+ (3.3.8)

where K = (B /A)Y?. From Eq.(BZ3), the excitation energies are

T - K/2-2
E\(7) — E(0) = Qf (g + 2m§ (%) + ) : (3.3.9)
T T K/2-2

Then, the two energies are crossing at the transition point, A = 0.
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Chapter 4

Numerical Calculation

We numerically study the 2D Ising and the 2D Gaussian universality transition
points of the BA XXZ model for S=1/2,1,3/2

N
A(5,8) = 37 [1 = (~178] (8785, + 8%, + A58, ). (=)
J

Using our method, we can calculate transition points near a multicritical point with
a small FSC. The energy is calculated by the exact diagonalization using Lanczos
method[25] (see Appendix H).

4.1 S=1/2

In this section, the numerical results for S=1/2 are shown. The transition lines are
calculated by the proposed method. Critical exponents are also calculated. The value
of numerical result corresponds to the 2D Ising type precisely.

4.1.1 Phase diagram

The 2D Gaussian transition line is 6 = 0 (A < 1), that can be obtained exactly[g].
We numerically calculate the 2D Ising transition line, with yTBC-PBC method (Eq.(22—20))
and yTBC-zTBC method (Eq.(E2=21)). To search the energy crossing point, we are
fixing A and varying § (FigJi.I(a]). The phase diagram is shown in Fig.[.2(a}]. The
2D Gaussian universality transition line bifurcates into the two 2D Ising universality
transition lines at (A = 1,0 = 0). The AT point, A = 1,6 = 0, is a BKT transition
point where the correlation length diverges singularly. In large A, the size dependence is
small (Fig.l.3(a))). The value of crossing points . almost converge even in the finite-size
numerical calculations. Near the AT point, two 2D Ising universality transition lines
are exceedingly close. This effect makes the FSC bigger in the yTBC-PBC method,
but still small in the yTBC-zTBC method (Fig.f.3(b]). The value d.(c0) is obtained
by an extrapolation. We set the fitting function 6.(N) = aexp (—N/b) + 0.(c0), with a
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and b being fitting constants. To measure the FSC when A approaches the AT point,
we calculate a variation of crossing point, D(Ny, Na) = [0.(Ny) — 0.(N2)|. In Fig. B4,
D(24,22) is shown. The two methods are identical in A — oo. Near the AT point,
the size dependence is much smaller in yTBC-zTBC method than yTBC-PBC method.
From another point of view, the slope of size dependence is positive in yTBC-zTBC
method and negative in yTBC-PBC method. So, we can determine the error bar using
the numerical results for the largest system, shown in Fig.f.2(b].

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04 F

002 | | | | |
O 0.020.04 0.06 0.08 0.1 0.12

9)

AE

d

(a)

Figure 4.1: (a): The energy spectrum for A = 2.0, N = 14. The value of each energy
E minus EPBC denoted by AE, is plotted. O is EPBC, x is EZTBC 4 is EYTPY

26



04 - . ]
Dimerl
0.2 * -
++++
0 O ——msal Neel -
Xy
'02 B X N
Dimer2 "
-04 - N
| | | | | | | |

051152253 354455
A

(a)

0.08 ‘
0.07 |- -
0.06 | -
0.05 -

© 004 -
0.03 | -
0.02 | i -

0.01 | T -
olLo®

|
1 1.2 14 16 1.8 2 22
A

(b)

Figure 4.2: (a): The phase diagram using the data of N=24. The 2D Gaussian transition
line is exactly obtained, and the 2D Ising transition lines are calculated by yTBC-zTBC
method. (b): The enlarged view of (a) near the AT point with the error bar. The error
range is smaller in larger A.
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Figure 4.3: (a),(b): The FSC of a crossing point d. to a inverse system size 1/N
respectively for A = 4.0,1.5. The o and x are the results of the yTBC-zTBC and
yTBC-PBC method. Solid lines show the extrapolation.
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Figure 4.4: (b): The variation of the FSC, D(N; = 24, Ny = 22). The o and x are
yTBC-zTBC and yTBC-PBC method.
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4.1.2 Critical exponent

To confirm the universality class of the resulting transition point, we calculate crit-
ical exponents, scaling dimensions and a central charge.

PBC — The scaling behavior of the ground state is related to central charge ¢, [23]

Tve

Eo(M =0,U¢ = (—=1)™* N) = New — —
0( Y ( ) ) ) € 6N’

(4.1.1)
where €, is the ground-state energy density for N = oo and v is the spin wave velocity.
The scaling dimension z,, is calculated by excited energy, [24]

En(M =0,N) — Eo(M =0,N) = “”"ifm. (4.1.2)

The spin wave velocity is calculated numerically

v = E(M:07U}r/:_(_1)N/27q:27r/N)_EO<M:OaU#:_(_l)vaq:O)

2 /N

(4.1.3)

The numerical result of the central charge is shown in Fig.B3. Far from AT point,A =
4.0, the extrapolated value of ¢ is 0.500143, which is close to the expected value ¢ = 1/2.
Because Eq.(E) and Eq.(B12) are affected from the multicritical point directly, the
value of ¢ has larger FSC near the AT point, A = 1.5. The scaling dimensions z,
are shown in FigZ@. The expective values are 1 = 1/8 and x5 = 1. The values of
scaling dimension have larger FSC near the AT point. The size dependence of x5 is not
monotonous, that makes the extrapolation difficult.
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Figure 4.6: The scaling dimension of the resulting transition point. The +,x,® are
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zTBC —  Because the zTBC of the S=1/2 BA XXZ chain corresponds to the periodic
BC of the 2D Ising model (Sec Z42), an expective value of scaling dimensions are
x1 = 1/8,x9 = 1 The numerical results are shown in Fig.Z=a. The result has a close
value to expected value of periodic Ising model.
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Figure 4.7: The scaling dimension +,x,® are respectively A = 4.0,2.0,1.7.
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yTBC —  Since the yTBC corresponds to the anti-periodic BC of the 2D Ising model
(Sec Z42), the expective value of scaling dimensions are x; = 1/8, 29 = 1/2. In the
calculation of the critical exponent in the yTBC, we use the energies that have an even
magnetization, M =even, since the ground state in the anisotropic limit, Eq.(E23),
has an even magnetization. The numerical results are shown in Fig.Z=8. The result has

a close value to expected value of anti-periodic Ising model.
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Figure 4.8: The scaling dimension +,x,® are respectively A = 4.0,2.0,1.7
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4.2 S=1

Haldane[9] predicted about the energy gap of the Heisenberg chain for integer and
half-odd integer spin. The integer spin has gapless ground-state. The half-odd integer
spin has gapped ground-state. This prediction has been verified by many researches
numerically [26] [27] and analytically [6] [28].

A valence bond solid (VBS) state, defined later, has a different quantum number
depending on the BC. We can determine a boundary between different VBS phases.
The S=1 spin can take S, = 1,0, —1 states, so the dimension of the Hilbert space is
3N, The numerical calculation is restricted to a smaller system than S=1/2. By our
method, we obtain a phase diagram with a small FSC.

4.2.1 Valence Bond Solid

In the isolated case, 6 = 1, the ground-state is exactly a singlet of S=1 spin. And,
the Heisenberg point, A = 1,0 = 0, belongs to a Haldane phase according to his
conjecture. These phase are called a VBS phase. The difference of each phase is a
pairing of a singlet of divided S=1/2 spins. The S=1 spin can be divided into two
S=1/2 spins. There are a few ways to take the singlet pairing of the divided S=1/2
spins (Fig.z9 (a)(b)(c)). The VBS state with PBC can be written[29][30] by Schwinger
bosons representation,

1S, m, PBC) = (ajvb* - bNal)Sm

N/2—1

S+m
T T
X H <a2j 103 — by 1%;)

t t S—m
<a2gb2]+1 b2ja2j+1>

S+m
x (bl = Bhoal) T 10), (4.2.1)

where —S < m < S, and a (bT) creates the S = 1/2 1 (]) spin at the j-th site.
The |0) is a state where no spln exist. The spin reversal symmetry of this state is
Uy = (=1)°V"*"  The dimerl, Haldane and dimer2 state are |[S =1,m =1,0,—1)
respectively. Under the zTBC, the m-VBS state changes[31] to

S—m

|S,m,2T'BC) = (a}vbT + bNa1>

N/2—1

S+m
T T
X || (%g 1bg; — by 1“2;)

S—m
X <a2gb£]+1 bgja£j+1)

S+m
x (alibly = Bhoal) 10, (4.2.2)
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that has UY = (—1)°Y "™ Under the yTBC, the m-VBS state changes to

S—m
18,m,yTBC) = (alal + b}

N/2—1

S+m
X H (a;j—lbgj _bgj—lagg)

j=1

T gt
X (azijjH

T

S—m
oot
- b2ja2j+1)

S+m
X (aj\f—lij - b;rV—laN) 0), (4.2.3)

S—m
that has UY = (—1)°V " Only the first factor (a;rVaJ{ + bkb{) changes the parity
of the magnetization,

(a}r\,aJ{ + bEVbJ{) |M = even,odd) = |M = odd, even) . (4.2.4)
Therefore, if S —m is even (odd), the VBS state |S,m,yT BC) has even (odd) mag-

netization. The quantum numbers for each BC are summarized in Table.EZl. We can
determine the phase boundary of the VBS phase by the parity of the magnetizaton in

yTBC.

dimerl | Haldane | dimer2
PBC (0,-1) (0,-1) (0,-1)
zTBC (0,1) (0,-1) (0,1)
yIBC | (even,1) | (odd,-1) | (even,1)

Table 4.1: Quantum number (M,UY) for S = 1.

4.2.2 Phase diagram

For S=1, the disorder phases are dimer1, dimer2 and Haldane phase. The transition
between Néel phase and disorder phase is the 2D Ising universality class. The transition
between different disorder phases is the 2D Gaussian universality class. The phase
diagram is shown in Fig.f.9(d]. Because the yTBC and zTBC become identical at the
isotropic point, numerical results of 2D Ising and 2D Gaussian for a finite system size
transition lines cross exactly.
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aleiale

Figure 4.9: (a),(b),(c) : The VBS state for S=1 taking the different singlet pairing.
Respectively dimerl, Haldane and dimer2 state. Dashed lines denote the boundary. (d)
: The phase diagram for S=1. The numerical result agree with the Haldane conjecture.
The transition line between dimerl,2 and Néel belongs to the 2D Ising universality.
And, the one between dimerl and dimer2 is the 2D Gaussian universality.

2D Ising universality

The size dependence for Dimer-Néel transition is shown in Fig.Z10. Similar to
the case for S=1/2, the yTBC-zTBC method has a smaller FSC than the yTBC-PBC
method. The size dependence for Haldane-Néel transition is shown in Fig.ZT1. The
case for § = 0 is widely studied. The 2D Ising transition point was calculated by several
researches [82, B3, B4, B5]. Our result is A, = 1.1856 £ 0.0002, highly accurate than

those of previous researches.
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Figure 4.10: (a),(b): The FSC of a crossing point J. for a S=1 dimer-Néel transition
to a inverse system size 1/N respectively for A = 2.0,1.1. The o and + are the result
of the yTBC-zTBC and yTBC-PBC method. Solid line shows the extrapolation.
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Figure 4.11: (a),(b): The FSC of a crossing point A, for a S=1 Haldane-Néel transition
to a inverse system size 1/N respectively for § = 0,0.25. Here, we are fixing § and
varying A. The o and + are the result of the yTBC-z2TBC and yTBC-PBC method.

Solid line shows the extrapolation. 39



2D Gaussian universality

The size dependence for Dimerl-Haldane transition is shown in Fig.ZT2. Far from
AT point, the resulting 6. using yTBC decrease to system size N and zTBC increase-

FigA.12(a). But, getting closer At point, the sign of the slope changes Fig.l.12(b]. So,
we can not proceed the extrapolation.
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Figure 4.12: (a),(b): The FSC of a crossing point ¢, for a S=1 dimerl-dimer2 transition
to a inverse system size 1/L respectively for A = 0.9,0.1. The o and X are the result
using yTBC and zTBC respectively.
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4.3 S=3/2

For S=3/2, there are more types of the VBS phase, depending on the singlet pairing
of divided S=1/2 spins. In a similar way to the case of S=1/2 and 1, we calculate a
transition point and can obtain a phase diagram with a small FSC.

4.3.1 Phase Diagram

The S=3/2 spin can be divided to three S=1/2 spins. There are m=+3/2,+1/2 VBS
phase. The strength of the bond-alternation determine the singlet pair. For the strong
bond-alternating case, all the S=1/2 spins take singlet pairing in 2j,2j+1 bond, m=3/2.
The bond-alternation become smaller, the one of the singlet pair takes in 2j-1,2j bond,
m=1/2. The quantum numbers for each BC are summarized in Table.A2.

M=3/2 | M=1/2 | M=1/2 | M=3/2
PBC (0,-1) (0,-1) (0,-1) (0,-1)
zTBC | (0,1) (0,-1) (0,1) (0,-1)
yIBC | (even,l) | (odd,-1) | (even,1) | (odd,-1)

Table 4.2: Quantum number (M,P) for S = 3/2.

The phase diagram is shown in Fig.d.13(e). The transition line between m=1/2 and
m=-1/2 phase is exactly obtained[I?], j = 0.
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The phase diagram is shown in Fig.l.13(e].
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Figure 4.13: (a),(b),(c) : The VBS states taking the different singlet pairing. Dashed
lines denote the bond between the N-th and 1st sites. (d) : The phase diagram

2D Ising universality

For S=3/2, we can calculate only for small system size, up to N=12. The size
dependence for m=3/2-Néel transition are shown in Fig.AT4. The size dependence for
m=3/2-Néel transition are shown in Fig.BT3.
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Figure 4.14: (a),(b): The FSC of a crossing point 6. for a S=3/2 m=3/2-Néel transition
to a inverse system size 1/N respectively for A = 2.0,1.1. The o and + are the result
of the yTBC-zTBC and yTBC-PBC method.

43



1.022 \

1.0215 | 1
1.021 |- O 0O -
1.0205 |- 1

1.02 | 1
1.0195 |- 1
1.019 F 1
1.0185 |- .
1.018 1
1.0175 .

1.017 A

1.0165 ‘ ‘ ‘ ‘ ‘ ‘
0 002 004 006 008 0.1 0.12

1L
(2)

1.04

1.035 h
1.03 - i
g 1.025 -
1.02 - i

O
O

1.015 .

’IO'I | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12

1/L
(b)
Figure 4.15: (a),(b): The FSC of a crossing point 6. for a S=3/2 m=1/2-Néel transition

to a inverse system size 1/N respectively for § = 0.1,0.4. The o and + are the result
of the yTBC-zTBC and yTBC-PBC method.
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2D Gaussian universality

The size dependence for m=3/2-m=1/2 transition is shown in Fig.BZZT8. The sign of
slope changes and we can not proceed the extrapolation. the m=1/2-m=-1/2 transition
is exactly calculated to be § = 0.
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Figure 4.16:  (a),(b): The FSC of a crossing point J. for a S=3/2 dimerl-dimer2
transition to a inverse system size 1/N respectively for A = 0.9,0.1. The o and x are
the results using yTBC and zTBC, respectively.
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Chapter 5

Conclusion

We propose a new method to numerically calculate transition points that belong
to a 2D Ising universality and a 2D Gaussian universality. We improve the duality
transformation of the TFI model, that enable one to treat the boundary conditions
and the symmetry of the excited states for a finite system. The energies in periodic
and anti-periodic BC cross at the transition point for a finite system. To consider
a continuum limit, we discuss a conformal field theory of a free fermion. In the BA
XXZ chain, we propose two methods, the yTBC-PBC method (Eq.(ZZ2=20)) and the
yITBC-zTBC method (Eq.(2Z2=21)). By anisotropic limit, since the BA XXZ chain is
identical to the TFI model, both methods have no FSC. In the AT multicritical point,
the yTBC-zTBC method has no FSC, that enables an accurate calculation near the AT
multicritical point. We actually calculate the 2D Ising universality transition lines of
S=1/2, 1, 3/2 BA XXZ model. As expected, the yTBC-zTBC method has a small FSC
near the multicritical point. To confirm the universality class, the central charge and
scaling dimensions are calculated. The results are consistent with a 2D Ising model.

Also, we calculate a 2D Gaussian universality transition point using the yTBC. We
can distinguish each phase by the parity of magnetization. The numerical results using
the yTBC is consistent with the results using the zTBC. The perturbative renormal-
ization calculation for the yTBC is a future task.

We expect that our method can be applied to other quantum spin models.

46



Acknowledgement

First of all, I thank my supervisor Professor Kiyohide Nomura for many discussions
and advices. I thank Professor Jun-ichi Fukuda for giving useful comments and having
my manuscript read. I thank Professor Jun Matsui for a valuable advice for coding of
the exact diagonalization method. I thank Professor Taku Matsui for a valuable advice.
By his advice, I find the proper form of a duality transformation.

My calculation program used in the exact diagonalization is TITPACK Ver.2 coded
by H. Nishimori [36]. The modification of the calculation program for yTBC is assisted
by a former graduated student Taiju Mukai.

47



Appendix A

Correspondence to Ashkin-Teller
model

A.1 1D Quantum Ashkin-Teller model

The 1D quantum Ashkin-Teller model is composed of the interacting two TFI mod-
els

N N
H=—BY (6567, +705, +A6765,7777,) — > (67 + 77+ X6777) . (AL1)
J J
o; and T; are Pauli matrix on different chain. We show correspondence of the BA XXZ
model. Dividing the strong bond and weak bond,

N
J

J
+ 8 (35850 + 8488 + 495,95, ). (A.1.2)
N

B = 1 T % and constant factor is ignored. Operating the 7 rotation operator around the
z-axis on even sites, G = exp (m E i S§j>,
J
NP . . . . . .
GHG =Y (ng_lsgj + Sy Sy — Asgj_lsgj)
L
j A A A A A A
=B (95550 + 84,881 — 55,550 (A.1.3)
L
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Z-rotating all spins around x-axis, K = exp (‘T”r > or S’g),
| .. o
(KG) I (KG) =3 (85055 + 55,055, — 254,89,
L
j A~ A~ A~ ~ ~ A
— 8 (9588 + 95550 - ASYL)  (ALY)
L
Using zgjy = —SJISJZ",
AN a1 I . o
(KG) il (KG) -3 (S;j_lsgj + 55,55 - Asgj_lsgjsgj_lsgj)
L
j A A A A A A A A
=B (95,851 + 95,950 — A5555155,55m)  (AL5)
L

We define the duality transformation

A

Sa :&2—1/2&2+1/2 (A-1'6)
N

S =1] 6%, (A.1.7)
i=j

and
S =63 - (A.1.8)

The Hamiltonian becomes

j=1

A A A

(KG)H(KG)™ = -p Z (&Sj—l/zargjﬁ/z + 0554172 A6§j71/2a’§j+1/26’§j+3/2)

[M] =

(65j73/2&§j+1/2 + &gjfl/Q + )‘651'73/26%71/255#1/2) (A.1.9)
1

<.
Il

Replacing the index 7 — % ( Jj+ %) and rewriting the spins on half-odd sites by 7

j=1
_ AzZAZ AT AzAZ Az
=—p Z (050751 + Tfiryn + AT 7741007 41)

N
L
- Z (7:]'271/27A-f+1/2 + 05 + )\7:;71/2&5?7?“/2) (A.1.10)
j=1

Finally, taking the duality transformation only to 7, we obtain the 1D Ashkin-Teller
model Hamiltonian Eq.(ATTT).

49



Appendix B

Field Thoeory of Ising model

B.1 Continuous Limit

Operating m-rotation to the spin around the x-axis

N
H=-=Y (6§67, —057). (B.1.1)
j=0

We transform this Hamiltonian to the spin-less Fermion, performing the Jordan-Wigner
transformation,

i—1
= exp (mZa}cg)a (B.1.2)

7=1
6+ = —al, (B.1.3)
—1+ 2ala;. (B.1.4)

The Hamiltonian is , neglecting the constant term,

==Y [a}dw —agal,, +alal,, — aya;0 — 2vala;) (B.1.5)
J

Fourier transformation
1
Q; = —— exp (tajk)ay. B.1.6
T 2o ikl (B.16)
The Hamiltonian
H=— Z [(exp (ika)alay — exp (—ika)aga)l + exp (—ika)a! a4l — exp (ika)&_k&k> - 27&26%]
k
(B.1.7)

=— Z (2 (=7 + cos (ka)) alay + isin (ka) <dikd2 + d_kdk>> (B.1.8)
K

20



Taking the continuum limit, the continuum fermion field

U(x;) = —a&j, (B.1.9)
whose commutation relation is
(U(x), U(2")] = 6(x — 2'). (B.1.10)
Fourier transformation
iy = / dx%\/j_\[_;km)\ll(x) (B.1.11)
() = g %ak (B.1.12)

In the vicinity of the transition point (v = 1), focus on ka < 1,

A

H=2(y-1) / dx T (2)U(z) + a/dz (U1 (2)0, V1 (z) — ¥(2)d,V(z))  (B.1.13)

In spin-less Fermion operators, the periodic boundary condition (g = 1) leads
ANt = Q. (B.1.14)
The BC of continuum field is
W(L) = ¥(0), ¥(L) = T(0). (B.1.15)
The anti-periodic boundary condition (g = —1) leads

ans1 = —an, (B.1.16)
V(L) = —(0),¥T(L) = —wi(0) (B.1.17)
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Appendix C

Conformal Filed Theory

C.1 Conformal Transformation

We review the conformal field theory. By the infinitesimal transformation (e << 1),

Ty = T, =1 A efulr), (C.1.1)
the flat metric,
ds® = dr,dr,, (C.1.2)
transforms to
ds” = ds* + (O f, + 0, fo)drydr,. (C.1.3)

The conformal transformation is
2
a,ufu + al/fu - Eé,uua/\f)u (C14)

such f, is called conformal Killing vector. Eq.(CI3) becomes

ds”® = <1 - e?la)\f,\) ds>. (C.1.5)

The conformal transformation preserve the angle between two vectors, r - v'/(rr’). In
general, the form of f(x) that satisfy the Eq.(CI4) is,

(translation)
Ju= ¢, (C.1.6)
(rotation)
Ju = Wy, Wy = =Wy, (C.1.7)
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(dilatation)
fu=ary,,
(special conformal transformation)

_ 2 .
fu=cur®—2c-rr,.

(C.1.8)

(C.1.9)

We show that the special conformal transformation satisfies Eq.(CI4). (The others is

easy to calculate.)

Oy fu =2¢, 1,0,y — 2¢y7,0,1y — 2€ - TO, 1),
=2c,1, — 2¢,1), — 2¢ - Ty,
Oufy +0uf, =—4c-ro,,
Opfu =2¢,1,0,rn — 2¢,7,0,1 — 2¢ - 10,1,
=—2dc-r

For d = 2, Eq.(CI4) becomes Cauchy-Riemann Equation

8161 = 8262

8162 == —6261.

Using 2z = o1 + 129, 2 = 1 — 1X2,€ = €1 + i€3,€ = €] — 1€g,

856 = 07 aZE =0
ofof . .~
12
ds” =5, 5594

where

The generators,
_ n+1 7 =n+1
l,=-2""0,1,=—-2"""0;5,

construct the Lie algebra,

[lmv ln] = (m - n)lm+n7 [lma ln] = (m - n)lm+nv [lma Zn] =0.
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(C.1.10)
(C.1.11)

(C.1.12)

(C.1.13)

(C.1.14)

(C.1.15)

(C.1.16)

(C.1.17)



C.2 Free Fermion

By taking continuous limit, the critical 2D Ising model is described by free fermion,

1 _ o
S = 8—7T/dzd2 (WOU + YOv) (C.2.1)
The short distance singularities are
1 - - 1
- _ () = — 2.2
V() =~ GE) = ~ (C22)
The mode expansion is
ip(z) =Y gz "2, (C.2.3)
n is integers or half-integers, depending on BC. When n € Z + %,
P(e™2) = +1(2). (P) (C.2.4)
Whenn € Z,
P(e™z) = —d(z).  (A) (C.2.5)
The stress-energy tensor is
1
T(z) = —5° Y(z)0p(w) - . (C.2.6)

The OPE of T'(z) and ¢(z) is

N | —

_% L P(2)00(2) : d(w) = — = () (w))OY(z) + %?ﬂ(z)(é’w(z)w(w»

S W0 R ——

2z —w 2(z—w)?
(@) )

1 1

+ 3Gy (Y(w) + (2 —w) Mp(w) + - - )

1 1
§(z—w)2¢<w) * z—w&/}(w)—km '

(C.2.7)

Thus, the primary field ¢(z) has a conformal weight h = 1/2. The OPE of the stress-
energy tensors is

1/4 2 1

(z—w)*  (z—w) Z—w

T(w). (C.2.8)



Thus, the central charge is ¢ = 1/2.
We calculate the 2-point correlation function in Periodic (P),

(P(2)p(w))p = —< Z ¢nz_"_1/2 Z ¢mw—m—1/2>

n=1/2 m=1/2
- 1 o= fw\" —1
_ -n-1/2, —n-1/2 _ _* <_> _
> > () =—
n=1/2 n=0

For Anti-Periodic case, we introduce the twist operator o(w),

U(2)o(w) ~ (2
The field p has the same conformal weight as the field o.
(V(2)¢(w)) 4 = (0] 7 (00)ip(2)1h(w)(0) 0)

- _ - wn —n—1/2 = wm m1/2>

oo 1
o —-n—1/2, —n—-1/2
= — g z w —_—
— 2/ zw

—w) ) +

A

-7 ()
_VErE

2(z —w)

The stress-energy tensor is

.1 1
(T'(2)) 4 —ZIE}}U 5 <<¢(2)8w1/1(w)>A + m)
1 zZ 4 Ju 1 1

= lim — —\/; ERS n

z—w 2 20z —w)? | Awd2 T (2 —w)?
—lim + 1+9)" 40+ 1) 11
_61—13015 _5 €2 —|—62 —|—§P

€ e\2 . 12

BTN SR T =l €] ke st triast =1 b M

e—0 2 9¢2
1

16w?
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Comparing with the operator product

h,o(0)

T(w)o(0) |0) ~ 022 0) + -, (C.2.14)
we find that h, = 1—16.
C.3 Free Boson
The action for the free boson field theory is
= / 06(2, )30(z, 2). (&)
The OPE of the vertex operator and dp(z) is
— (i)" n
Doz a(w) = 0 (z) - o)
n=0 )
1 - ('LO&) n—1
z—wZ:l(n—l)' plw)
_ oY) (C.3.1)
z—w

Oy Va(w). (C.3.2)
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The OPE of the vertex operators is

ValeValw) =3 s (@) s ()" :

[e.e]

=exp (af (Y (2)Y(w))) exp (B (w))
_ (Z o w)*aﬁ Vﬁ(’w)- (C.3.3)
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Appendix D

Anisotropic Limit

D.1 S=1

We derive an effective Hamiltonian for S=1 BA XXZ chain in the anisotropic limit.
The non-perturbative Hamiltonian is

N/2
Hy =Y AS; 185, (D.1.1)

j=1
=> h;. (D.1.2)
j=1

The eigenstate and eigenenergies of the two-spin Hamiltonian ﬁj = Agjj_lgfj are

|1>2j—1 |_12j> ,Eo = —A,
|_1>2j—1 |1>2j B = —A,
|0>2j71 ’0>2j , Er =0,

The higher excited state are omitted because of no effect to the following calculation.
We regard the lowest state as the effective S=1/2 spin state,

’Tj)l = ‘1>2j71 |_1>2j ) (D-1-7)
uj)/ = ‘_1>2j71 |1>2j . (D~1-8)
The perturbative Hamiltonian is
N/2 N/2
=37 (3885850 ) + 5 O (8519 + 85455 (D.19)

J J
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e First-order perturbation
Similar to the S = 1/2 case, the z-direction term operates as

85355 ITitian) = = [15y40) (D.1.10)
In the effective space, we get S’%S’QZJ-H — —45";5”;1. The z, y-direction have no
effect because the lowest state is not generated,
S;jflsgj H>; = 10)5;_1 10)y; - (D.1.11)
e Second-order perturbation
The operators that make the excited state |0) |0) are only z,y-direction terms.
Saj-15; |¢>; = 2[0)5;_1 |0)y; , (D.1.12)
5273'—152? |T>; =2 ’O>2j—1 ’O>2j 5 (D.1.13)

here we use S* |I,m) = VIIl+1) —=m(m £1)|l,m£1). Thus, we obtain four
terms that have non-zero matrix element in second order perturbation.

(5 S55-155710) 551 10035 (Oly_y Olz; S55-155; ) = 4, (D.1.14)
(T‘; ng—ls;j |0>2j71 ’0>2j <0‘2j71 <0|2j 55—1523 ‘T>; =4 (D.1.15)
These terms are constant terms in the effective space. The other two terms are
(1} S57-155; 10) 351 1035 (Oly_y (Ol S55-155; 1)) = 4, (D.1.16)
(L5 82j-155510) 5521 10)5; (Ol y (Ol So;_193; 1) = 4. (D.1.17)

These terms operate as 4§’j+ and 45”;.

Then, we obtain the effective Hamiltonian

N/2
H= Z (—46AS/]‘S,J'+1 +25; + 1) (D.1.18)
j=1

D.2 S=3/2

We derive an effective Hamiltonian for S=3/2 BA XXZ chain in the anisotropic
limit. The non-perturbative Hamiltonian is

N/2

Hy =Y AS;; 85, (D.2.1)
j=1
N/2

=> h;. (D.2.2)
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The eigenstate and eigenenergies of the two-spin Hamiltonian ﬁj = Ang_légj are

|g>2j_1 —22]) By = —%A, (D.2.3)
|—§>2j_1 Ig>2j By = —%A, (D.24)
I%>2j_1 |—%>2j By = —iA, (D.2.5)
|—%>2j_1 %>2j By = —EA, (D.2.6)

(D.2.7)

The higher excited state are omitted because of no effect to the following calculation.
We regard the lowest state as the effective S=1/2 spin state,

/ 3 3
i) =15 -3 D.2.8
Y =15, -5, (D.2.5)
, 3 3
i) =175 =) - D.2.9
450 2>2j_1 2>2j ( )
The perturbative Hamiltonian is
N/2 1 N/2
H'=} <5A522j55j+1) T3 > (522_152} + Sg}_lSJJ) : (D.2.10)
J j

e First-order perturbation
Similar to the S = % case, the z-direction term operates as

bz Gz ! 9 /
SQjSZjJrl |TjTj+1> - _é_l |TjTj+1> : (D-Q-ll)

In the effective space, we get S*gjéng — —95";9;1. Same as the S=1 case, the
x, y-direction have no effect because the lowest state is not generated.

e Second-order perturbation
Only constant term remains.

. . 1 1 1 1
'S St|—Z z _ -
(5 Sa0851-3), 15), (=351, G,
1 1 1 1

’ S 185 11 =9, (D.2.12)

S Sy |—= S Y (e ~| Sy SEIY. =0, D.2.13
</H.] 25—1%~2j | 2>2j71 2>2] < 2|2j71 <2|2] 27—1%~2j |T>‘] ( )
e Third-order perturbation
;oA oA 1 1 1 1. .~ .1 1 1 1
So Sh—— S O il N ST Sl —2) (= _Z
=36 (D.2.14)

These terms operate as 36:;;r and 36§; .
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Then, we obtain the effective Hamiltonian

N/2

. . 9 .
H=Y" (-9@As;5;+1 + 597+ 9) (D.2.15)

=1
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Appendix E

Bosonization

E.1 XXZ chain

We review the bosonization method [21] [22] for the XXZ chain

Ay =7 fj HEE R RERCEN (B11)
The spin operators obey the mixed set of commutation relation,
[Sj, S—] (E.1.2)
When imposing zTBC, the boundary term becomes
_% (87850 + 8 80,) + A%, (F.1.3)
When yTBC,
_% (878700 +5780) - ASS7, (F.1.4)

We perform the Jordan-Wigner transformation,

7=1
Sf = —al, (E.1.6)
. 1

§; = —5 +ala, (E.1.7)
SFS5 = alai, (E.1.8)
Sy Sy = —aual,, (E.1.9)
Sj—gi—i—l = &j&;rﬂa (E.1.10)
S; S = —aitin (E.1.11)



The commutators of fermionic operator are

{a;,az,} — {ap,aw} =0 (E.1.12)
{a;,ak,} O (E.1.13)
(], aw| =28 — o (E.1.14)

N
M =" dla, (E.1.15)
J
In boundary,
N-1
SEST = —exp (—m > ajczj) al iy (E.1.16)
J
— (=)Mala (E.1.17)
S3SF = (—D)Mayal (E.L.18)
SESE =— (—=n)Malal (E.1.19)
S35 = (D) Mana, (E.1.20)
The Hamiltonian becomes
gl N-1 ] 1
H =5 Z (dgdiﬂ — didLl) + JA Z <—§ + CALI@') <—§ + &:L_ldi_i'_l) + (boundary term).
(E.1.21)
In PBC, boundary term is
N Y A e Lo Ly,
5(—1) (—aNal —I—aNa1> + JA —§+aNaN —5 + aja; (E.1.22)

When the number of fermion is even, the fermion operator obey the anti-periodic bound-
ary condition
4 = —ay,aly.,, = —al E.1.23
aAN+1 = —01, ANy = —0q (E.1.23)

When the number of fermion is odd, the fermion operator obey the periodic boundary
condition

Ny = ag,aly,, = al (E.1.24)
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Because of the translational invariance, we perform the Fourier transformation

1

When fermion number is even,

dN+1 - — dl (E126)
m(2n —1) N N
== ——+1>n>— E.1.2
k N ( 5 +1>n> 5 ) ( 7)

When fermion particle number is odd,

G =ay (E.1.28)
2mn N N
= —— 3t 1>n> — E.1.2
k= N ( 5 +1>n> 5 ) ( 9)

a is the lattice spacing.

Z a5l =~ Z Z exp (iaj (—k + k') + iak’)al ag (E.1.30)

7 kK
= Z exp (iak)a) iy (E.1.31)
k
1 ~
i = (— (—1)M) exp (iak')agép (E.1.32)
kk’
1 ~
ahal =5 > (— (—1)M) exp (—iak')alal, (E.1.33)
kk’

The z-direction term is

Za a; = Zakak (E.1.34)
Z &j j+1dﬂ+1 N2 Z Z ak akzak Ay
j

J ki,k2,ks ka
exp (1j (—k1 + ko — ks + ka) +i(—ks + ks)). (E.1.35)

The non-vanishing terms are —k; + ko — k3 + ky = 27n (n = 0,£1). Rename the wave
number as k = ko, k' = ky,q = —ks + ks — ™0

— AT
= E cos ( ak+qak, QprQy — — E cos ( ak+qiwak, g kg (E.1.36)
k:k’ kk’
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q is taken in §; > ¢ > 7 — & when number is even or QW” > ¢ > m when number is odd.
The XY terms are

> (djdm - &j&hl) = " (exp (ik) + exp (—ik)) afa (E.1.37)
J k
= 2cos (k)i (E.1.38)
k
1 . ,
& 220 (i (k= k) = b (E.1.39)
J
e(k) = J (cosk — A) (E.1.40)
V(g) = JAcosq (E.1.41)

The Hamiltonian becomes

~

At 1 A At a 1 R R N
H= Z e(k)alay, + ¥ Z V(q)ahqaz,fqak/ak % Z V(q)aLJrin/zaL,_in/Qak,ak.
k kk'q kk'q

(E.1.42)

us

When A = 0, the ground state is occupied in —3 < k < 7. Only considering the
low-lying excited states, we introduce a; j (aq,x) operators that have positive (negative)
group velocity.

aj = exp (Zgj) a1,; = exp <—igj) Qs (E.1.43)

Using boson density operators

pr(k) = al by (E.1.44)
p

pa(k) = b, oy, (E.1.45)
p

the Hamiltonian is

1 =20 S (pr(@)pa(—) + pel@)pn(~)
JAew o o
N (P1(@)p1(—q) + p2(q)p2(—q) + 4p1(q)p2(—q)) (E.1.46)

q
The commutation relation of boson density operators is

_pL
o

[p1(=p), p1(P")] = [p2(=p), p2 ()] Opp- (E.1.47)
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This can be checked by the evaluation of the vacuum expectation value [37]

pL
(Ol o1 (=p): pr ()] 10) =5 (E.1.48)
Using the following variables
O1(x) =i (p1(q) £ pa(q)) Ag(w), (E.1.49)
q#0
2m « .
Ay(z) = L—qexp (_5“1’ - qu), (E.1.50)
O(z) =0, (z), (E.1.51)
1
=—-——Vio_ E.1.52
ple) = = -VO_(2), (B.1.52)
we obtain the phase Hamiltonian
H= /dm [A (V) 4+ Cp? — Bcosb + D cos 26] (E.1.53)
where p is the momentum density conjugate to 6
0 (x),p(2")] =id (x — 2" (E.1.54)
The constants A, B,C and D are
Azﬂ (1—1-%) ,C =2mJa (1—é) , (E.1.55)
8T s s
2
gL p_TAs (E.1.56)
a 8a

E.2 Boundary Condition

In this section, we consider the BC of the phase field #. The spin operators S are
related to fermion field operators 1 as

S7(x) = (25)"? [Y1 () + tha(@)] exp (=N (), (E.2.1)
$*(z) = {S(@]T, (F.2.2)
(E.2.3)
(E.2.4)

= (25)"* [0l (@) + vl(e)] exp (- N (@),
5 (@) =pr(2) + po(w) + 0] (@) () + v () (2).
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N is defined as

A

z—s/2
N(z) =ir /0 dy [p1(y) + p2(v)] ,
p1(x) =(N)

The phase field 6 is related to the fermion operators as

N|w

At
ap ;01,5

P (x) = ! exp [zkpx — 2% (0 (x) + 9_(26))]

Nomn
_ ! 1k ! 0 0
bali) = e ik + - (0 (0) — 0-(a)

In continuum limit, spin operators in the zTBC become
SH(L) = =5§7(0),57 (L) = =57(0),5%(L) = 5%(0).

From the above relations, the zTBC of fermion field operators is

Ui(L) = =1 (0), 9] (L) = —¢{(0)
Ua(L) = —b(0), (L) = —§(0)

Then, the boundary condition of phase field in the zTBC is

The yTBC in continuum spin operators
S*(L) = =57(0),5 (L) = =57(0), 57(L) = —57(0)
correspond to the following BC of fermion field operators

Ui(L) = —](0),9](L) = —11(0)
Uo(L) = —5(0), 95 (L) = —12(0)

The boundary condition of the phase field in yTBC is

0. (L) =—0.(0) + 27
0_(L) = — 6_(0).
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Appendix F

Lanczos Method

F.1 'Tridiagozalization

The Lanczos method is the tridiagonalization method of the hermitian Hamiltonian
H. The eigenvalue of the tridiagonalized matrix B can be calculated by bisection
method.

The Hamiltonian can be tridiagonalized by unitary matrix P,

B—P /P, (F.11)
ar B 0
Bi oy B
«
_ & - ﬁ S (F.1.2)
571,—2 Ap—1 ﬁn—l
O ﬁnfl 7%

We define the j-th column of P as the vector u;,
P = [ug,ug, -+, uy) (F.1.3)
From the orthogonality of P,
ulu; = 6, (F.1.4)
From HP = PB,

f{ul = ajuy + Brue,
Huy = prug + agug + Baus,
. o F.1.5
Huy, = Br_1up—1 + apug + Brlips1, ( )

Hu, = ﬁn—lun—l + Q.
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Multiplying ],

a = ul Huy. (F.1.6)

Vg1 = Brlppr = lﬁluk — Br—1up—1 — apug (F.1.7)
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