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Abstract

We propose a novel method of calculating the correlation length of strongly corre-
lated quantum systems. The method is to use a non-Hermitian generalization of the
quantum systems where the transfer energy of electrons is asymmetric. We show for
exactly solvable one-dimensional systems that the non-Hermitian critical point of
the ground state, where the energy gap vanishes, is equal to the inverse of the corre-
lation length. We expect that this technique is also applicable to various quantum
systems that we cannot solve analytically. We numerically calculate the correlation
length of the Hubbard ladder and the S = 1/2 antiferromagnetic Heisenberg ladder.
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Chapter 1

Introduction

In the present thesis, we propose a novel method of calculating the correlation
length of various quantum systems, particularly the Hubbard model. The Hubbard
model is important in discussing properties of strongly correlated electron systems
systematically. The one-dimensional Hubbard model is given by the Hamiltonian

H=—t Z(CLLUCW + CI’O_Ci_i_l’o—) +U Z cZTCi,TcZT’lcm, (1.1)

©,0 %

where ¢ and ¢, are the creation and annihilation operators of an electron at

site 7, respectively. The coefficient ¢ is the nearest-neighbor hopping energy and U
is the on-site repulsive Coulomb interaction. Lieb and Wu [1] analytically solved
the half-filled one-dimensional Hubbard model of infinite size by the Bethe-ansatz
method. They showed that the Mott insulator persists for any finite U. An energy
gap due to the charge excitation exists; the gap due to the excitation of a hole of
the quasimomentum =47 is often called the Hubbard gap. On the other hand, the
energy gap due to the spinon excitation does not exist.

It is a long-standing problem to calculate analytically the correlation function for
the one-dimensional Hubbard model, namely, the equal-time one-particle Green’s
function of the charge excitation; only the asymptotic form has been obtained.
Stafford and Millis [2] derived by the Bethe-ansatz method, the analytical expression
of the correlation length & of the charge excitation at zero temperature in the half-

filled case:
1/€—ﬁ/ooln<y+\/y2_1)d (12>
U Jy cosh(2nty/U) v '
They obtained this expression by considering the size dependence of the Drude
weight at zero temperature. Umeno and Shiroishi [3] numerically calculated by the
quantum transfer matrix method, the correlation length of the charge excitation
at finite temperatures. They confirmed that their numerical data converges to Eq.
(1.2) in the zero-temperature limit.
We first show that our method of calculating the correlation length reproduces
Eq. (1.2). We then apply it to quantum ladder models. New materials that contain
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weakly coupled arrays of metal-oxide ladders are of experimental interest recently.
For example, SrCuyO3 contains two-leg ladders and SroCuzOjs contains three-leg
ladders [4] with Cu-O-Cu rungs. We can study properties of these materials using the
Hubbard ladder models. The two-leg Hubbard ladder has an energy gap due to the
charge excitation as well as the spinon excitation. We estimate its correlation length
corresponding to the charge gap and the spin gap. The Gutzwiller approximation [5]
is often used for strongly correlated electron systems in higher dimensions in order
to estimate the correlation function. However, Yokoyama and Shiba [6] pointed out
that the Gutzwiller wave function does not yield the Mott insulating phase for any
finite U.

Our novel method uses a non-Hermitian generalization of the Hubbard model
where the transfer energy of electrons is asymmetric. For example, the non-Hermitian
generalization of Eq. (1.1) is

H=-t Z(echLUcw + efgcl’gciﬂ,g) +U Z CZT,TCi,TC;lCi,ia (1.3)

1,0 7

where ¢ is the non-Hermiticity parameter. This technique was first introduced by
Hatano and Nelson [7], who discussed the localization-delocalization transition of
the random Anderson model. They related a non-Hermitian critical point to the
inverse localization length. We apply the same technique to the Hubbard model,
expecting that the non-Hermitian critical point is related to the inverse correlation
length.

Fukui and Kawakami [8] analytically derived the exact solution of the one-
dimensional non-Hermitian Hubbard model (1.5) by the Bethe-ansatz method. They
obtained the non-Hermitian critical point g. at which the Hubbard gap vanishes.
In fact, we confirm that g. is equal to the inverse correlation length of the charge
excitation, Eq. (1.2).

We also consider the non-Hermitian generalization of the S = 1/2 antiferromag-
netic X X7 chain

L
1
HedY [§<s,.+sm L S7SH,) + ASTSE (14)
=1

which has the energy gap due to the spinon excitation for A < —1 and J > 0.
The non-Hermitian X X Z chain was analytically solved by Albertini, Dahmen and
Wehefritz [9]. We confirm that the non-Hermitian critical point g. is the inverse
correlation length of the spinon excitation.

We thus expect that the present method is applicable to various quantum sys-
tems. We define g, for finite systems as the point where the ground-state energy
becomes complex. We can calculate the correlation length of the infinite system
by extrapolating finite-size data of g.. We confirm that this extrapolation works in
calculating the correlation length of the one-dimensional Hubbard model, the ferro-
magnetic Heisenberg chain and the antiferromagnetic X X7 chain. We also discuss



the validity of the extrapolation for various quantum systems, applying it to the
Hubbard ladder and the antiferromagnetic Heisenberg ladder.

The present thesis is organized as follows: in Chapter 2, we introduce the non-
Hermitian generalization of quantum systems where the transfer energy of elec-
trons is asymmetric. In Chapter 3, we review the Bethe-ansatz solution of the
one-dimensional non-Hermitian Hubbard model. We extrapolate the finite-size data
of the non-Hermitian critical point g. to the inverse correlation length of the infinite
system. In Chapter 4, we apply the present technique to the Hubbard ladder model.
We develop a parallel discussion for the S = 1/2 antiferromagnetic X X Z chain in
Chapter 5 and for the antiferomagnetic Heisenberg ladder in Chapter 6. In Chapter
7, we summarize our discussions and give prospects of our method.

We propose a novel method of calculating the correlation length of strongly
correlated quantum systems. The method is to use a non-Hermitian generaliza-
tion of the quantum systems where the transfer energy of electrons is asymmetric.
This technique was first introduced by Hatano and Nelson[1], who discussed the
localization-delocalization transition of the random Anderson model. They related
a non-Hermitian critical point to the inverse localization length.

We apply the same technique to strongly correlated quantum systems. We show
for exactly solvable one-dimensional systems that the non-Hermitian critical point
of the ground state, where the energy gap vanishes, is equal to the inverse of the
correlation length. The non-Hermitian Hubbard Hamiltonian in the form

H=-1 Z(egcglpcﬁa + efgclgciﬂ,a) +U Z CI,TCMCLLCM, (1.5)

1,0 A

eliminates the Hubbard gap as we increase the non-Hermiticity g. The non-Hermitian
critical point ¢.[2] at which the Hubbard gap vanishes is equal to the inverse correla-
tion length of the charge excitation[3]. The non-Hermitian antiferromagnetic X X 7
Hamiltonian in the form

L
1
H= _JZ {ﬁ(e%sfsﬁﬂ +e7S S + ASESE | (1.6)
=1

eliminates the energy gap due to the spin excitation as we increase the non-Hermiticity
gand the non-Hermitian critical point ¢.[4] at which the energy gap vanishes is equal
to the inverse correlation length of the spin excitation[5].

We expect that this technique is applicable to various quantum systems that
we cannot solve analytically. We define gcfor finite systems as the point where the
ground-state energy becomes complex. We can calculate the correlation length of
the infinite system by extrapolating finite-size data of g.. We show that this ex-
trapolation works well in calculating the correlation length of the one-dimensional
Hubbard model and the antiferromagnetic X XZ chain. We relatively accurately
estimated the inverse correlation length from the data of g. for very small systems.
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It is a merit of our novel method. We also discuss the validity of the extrapolation
for various quantum systems, applying it to the Hubbard ladder and the antiferro-
magnetic Heisenberg ladder.

[1] N. Hatano and D. R. Nelson, Phys. Rev. Lett. 77(1996) 570; Phys. Rev.
B 56(1997) 8651 [2] T. Fukui and N. Kawakami, Phys. Rev. B 58(1998) 16051 [3]
C. A. Stafford and A. J. Millis, Phys. Rev. B 48(1993) 1409 [4] G. Albertini, S. R.
Dahmen and B. Wehefritz, Nucl. Phys. B 493(1997) 541 [5]R. J. Baxter, Exactly
Solved Models in Statistical Mechanics(Academic Press, New York, 1982) p155



Chapter 2

Non-Hermitian generalization of
quantum systems

In this chapter, we consider the non-Hermitian generalization of quantum systems by
introducing an imaginary vector potential ig(z). The non-Hermitian kinetic energy
in the one-dimensional continuous space is given by [7]

(—ihV +ig(x))?

2m

Hy = (2.1)

Y

where g(z) is a real scaler. The second-quantized form in the one-dimensional lattice
space with a constant imaginary vector potential is given by

Hio = —t 3 (] 1 e + 06 i), (2.2)

l,o

where we set g(x) = hg with ¢ a real constant.

We demonstrate an application of the non-Hermitian generalization (2.2), which
was first discussed by Hatano and Nelson [7] for the random Anderson model. We
can estimate the localization length only by observing the energy-spectrum flow
upon increasing the non-Hermiticity g, that is, without calculating the wave function
directly. A one-electron non-Hermitian Anderson model in one dimension is given
by

o0

H=—t > (fo+ 1)z +e )z +1)+ Y Vilo)(al, (2.3)

r=—00 r=—00

where V,, is a random potential at site x. In solving the non-Hermitian Schrodinger
equations

H\ij(x) = 59\115(35)7
Ul (2)H = e,Wh (), (2.4)
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Figure 2.1: The right eigenfunction \Ilf = e9*7 1%l for g = 0.9,1 and 1.1. The non-
Hermitian critical point is g. = 1 in this case.

we look for the right eigenfunction W/'(z) and the left eigenfunction W} (z) in the
normalizable functional space. A localized eigenfunction for g = 0 is, except for an
oscillatory factor, asymptotically given by

Wy (x) ~ e el (2.5)

where £ is the inverse localization length and we set the localization center to z = 0
for simplicity. We here introduce the imaginary vector potential ihg. We readily see
that the right and the left wavefunctions [7]

Ul (x) = €7 Vo (x), (2.6)
\Ilg(x) = e Wq(x),

satisfy Eq. (2.4) with the same eigenvalue as in the Hermitian case, namely ¢, = «.
We refer to Egs. (2.6) and (2.7) as the imaginary gauge transformation. Equa-
tions (2.6) and (2.7) with Eq. (2.5) yield

R r—K|T L —gr—kK|T
V() ~ef el Wy (z) ~e™? ol (2.8)

which is schematically shown in Fig. 2.1 for Kk = 1. The right and left eigenfunctions
are indeed normalizable for |g| < &, that is,

Ul (+o0) — 0, Ul (4o00) — 0, (2.9)

and hence they can be a solution of Eq. (2.4) in the normalizable functional space.
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However, the solution changes dramatically for |g| > k. The functions of the
forms (2.6) and (2.7) diverge as

\115(4—00) — 00, \Ifg(—oo) — 00, (2.10)

and are not normalizable any more. They are no longer the solution in the normal-
izable functional space. In fact, an extended wavefunction

R(L ik
‘I/g( )(Q;) ~ e (2.11)
with an approximate eigenvalue

. (hk + ihg)?

Eg =

o (2.12)

is permitted [7]. Note that ¢, is a complex number depending on g. In numeri-
cal calculations, we can reproduce the above for finite systems under the periodic
boundary condition:

L L

H=—t> (f+1)(x|+e )z +1])+ ) Vila)(zl, (2.13)

r=1 rx=1

where the site L + 1 is identified with the site 1. The spectrum of periodic systems
converge to Eq. (2.12) as L — oo. The functions (2.6) and (2.7) satisfy the periodic
boundary condition for |g| < k because of Eq. (2.9) in the large L limit, while they
never satisfy the periodic boundary condition for |g| > x because of Eq. (2.10) in
the large L limit.

We define the non-Hermitian critical point g.(L) at which the eigenvalues change
from real to complex for system size L. We presume that g.(L) converges to the
inverse localization length & for the infinite system as L — oo. We thus estimate the
inverse localization length s only by observing the spectrum change, not by calcu-
lating the wave function directly. It is a merit of the non-Hermitian generalization.






Chapter 3

Non-Hermitian analysis of the 1D
Hubbard model

3.1 Non-Hermitian generalization of the Hubbard
model

In this section, we consider the non-Hermitian generalization of the Hubbard model.
We propose a technique of introducing the non-Hermiticity ¢ in order to eliminate
the charge gap and the spin gap separately. The non-Hermiticity ¢g in the form

L L
Helg) = =t ) (el panpre e jcing+eoc,y cte el e )+U Y o e oy
=1 =1
(3.1)
should eliminate the charge gap, while the one in the form
L L
H(g) = —t Y _(e%cy jaq+e*clragte e,y o +elc] o )+U D cliand a,
=1 =1
(3.2)

should eliminate the spin gap. The above idea comes from the first-order perturba-
tion of the Hamiltonians in terms of g. The Hamiltonian (3.1) yields

L

Hc(g) - HC(O) = —gt Z(CL‘LTCZ’T — C;tTCH-LT + CL_LlCl,i — CZLCH_LL)
=1

= —ig(Jy + J)), (3.3)
and the Hamiltonian (3.2) yields
L

Hs(g) — Hs(0) = —gt Z(chmcm - C;TCH-LT - CLLlCu + ClT,lClH,L)
=1

=—ig(Jy — J1), (3.4)

13
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where J, (o =T, ]) is the paramagnetic current operator defined by

L
J, = —itZ(cLLJcl,g — Cj7gcl+1,0>' (3.5)

=1

Hence J; +J| is the charge current operator and J; — J| is the spin current operator.
We expect to calculate the correlation length due to the charge and the spinon
excitations separately by applying this technique. It is of great interest to calculate
the correlation length of quantum systems with both the charge gap and the spin
gap, for example, the Hubbard ladders [10] and the Kondo lattice models [11].

3.2 Exact analysis of the non-Hermitian Hubbard
model

3.2.1 Exact solution of the Bethe-ansatz equation

In this section, we review the analytic solution [8] of the non-Hermitian Hamilto-
nian (3.1) by the Bethe-ansatz method and confirm that the non-Hermitian critical
point is equal to Eq. (1.2) .

We make the following ansatz for the eigenfunction ¥, considering the imaginary
gauge transformation (2.6) [8]:

N
U (x1, 22, .., M| Taig1, - - -, TN) = €XP (gZx]) Uo(x1, oy .oy Tar|Tarsts - - - TN)
=1
N
= [Q, Plexp(i » (kp, —ig)zq,), (3.6)
P j=1

where the wave function Wy is the Bethe-ansatz wave function in the Hermitian case
g =0:

N
\IIO(xla Lo, . .. ,$M|IM+1, s 7];N) = Z[Q? P] eXp<i Z kP]-IQj)v (37)
P j=1

and L, M and N are the number of the lattice, the number of the down spins and
the number of the electrons, respectively. We put the down spins at x1,za, ..., Ty
and the up spins at zp41,...,2y. The symbols P = (P, P, ..., Py) and Q =
(Q1,Q2,...,Qn) are two permutations of the set (1,2,...,N) with 1 < zg, <
g, < --- <1xg, < L. The symbol [Q, P] is a set of N! x N! coefficients depending
on the two permutations P and (). The quasimomenta k1, ko, . .., kx are unequal to
each other for the ground state [12].
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The non-Hermitian Bethe-ansatz equation is then given by [8]

ﬁ sink; — Ag + iU /4t

explilk; +9L) = 1| 57 —% U4t
1 J 8

ﬁ sink; — Ao +iU/4t H Ay — Ay — iU /4t
- sink; — A, —iU/4t Ao — Mg +iU/4t

By taking the logarithm of Eq. (3.8), we have

ki — A
k;L —igL =2nl; — 2 Z arctan sin 6,

U/4t
-2 Z arctan Sm[]j/4t Ao _ =2, + 2 Z arctan )\C;];Q?ﬂ, (3.9)

p=1
where the quantum numbers I; and J, for the ground state are given by

N—-1 N-3 N -1
2 72 7Y 2 7
M-1 M-3 M—-1
Jo= g e g (3.10)
We here consider the half-filled case where L = N and M = N/2. By solving
Eq. (3.9) numerically, we obtain the distributions of the rapidities & and A in the
complex plain for a finite system. Figure 3.1 shows the distribution of & for the
ground state of the infinite system. We define C as the curve where the rapidity k
lies. The end points of the curves C are denoted by +7+ix. The distribution of A is
on the real axis from —oo to co. We rewrite Eq. (3.9) in the form of Fredholm-type
integral equations:

, o sink — A
k—ig =2mzc(k) — /OO 2 arctan wo(/\)d)\,
A —sink o A—
/CQ arctan Tsilp(k)dk =2mzs(\) + /_OO 2 arctan U/t o(N)dN,  (3.11)

where zc(k;) = I;/L, zs(\) = Jo/L, p(k) = 2z-(k) and o()\) = 25(N\). By differenti-
ating Eq. (3 11) with respect to k and A, we have
1 cosk U/4t
k) = —

PLk) o T /Oo (U/4t)? + (A —sink)?

1 U/At 1 /> U/t .

oW =7 /C 77+ (r = s Mk — 2 / O+ O =t )X
(3.12)

F(\)dA,
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Figure 3.1: The distribution of the charge rapidity k for the infinite system with
U/t = 4. We plot the data for ¢ = 0,0.1,0.2 and 0.245. The end points are
+7m + 0.08817 as g — g. = 0.246.
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Figure 3.2: The loop C¢ in the complex £ plain.

We here consider the loops C¢ in the k plain as shown in Fig 3.2. The poles of
the integrand (U/4t)/[(U/4t)> + (A — sink)?] in the k plain get closest to the real
axis for A =0,

k, = tiarcsinh(U/4t) + nw (n=0,%1). (3.13)

As long as there are no poles in C¢, we can modify the integral contour as [§]

—7 T T+iKk
/ = / + / + / . (3.14)
C —T4ik —7 T

Thus we rewrite Eq. (3.12) in the forms

(k) = % N co;k /_: — f{it_ Y (3.15)
. 1 4 U/4t 1 THiK U/4t

= 4 /” (U/4t)? + (A —sin k’)Qp(k)dk " ;/w (U/4t)? + (A —sin k)zp(k)dk

1 - U/4t 1 ©© U/Qt / /

(3.16)

Since the integrand is a periodic function with respect to k, we readily see

R U/4t 1 [™ U/4At
—/ / p(k)dk + %/ / p(k)dk = 0.

s (U/4t)?2 4+ (A — sink)? —rrin (U/48)2 4+ (X —sink)?
(3.17)
Hence we have
_l T U/t _l o U/2t SONN
oW =2 / AT = stk = / O+ (=t )X

(3.18)
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Equations (3.15) and (3.18) are the same as in the Hermitian case reviewed in
Appendix A.2. The solution is

1 cosk [* cos(wsink)Jy(w)
plk) = D /0 1 + exp(wU/2t) “
1 o
o(A) = —/ sech (gw> cos(Aw) Jo(w)dw, (3.19)
2m Jo 4t

where Jy(w) is the Bessel function of the first kind.
As long as there are no poles in C¢, the ground state energy per site is

E, = —Qt/cos kp(k)dk
c

™ —T+iK T+ik
= —275/ cos kp(k)dk — 2t/ cos kp(k)dk — Qt/ cos kp(k)dk. (3.20)
Since cos kp(k) is a periodic function with respect to k, we have
—tik T+ik
—Qt/ cos kp(k)dk — 2t/ cos kp(k)dk = 0. (3.21)
Hence FEjq is given by
" * Jo(w)hi(w)
E, = —2t kp(k)dk = —4t dw. 22
e /_W cos k() /0 w(l + exp(wU/2t) " (3:22)

The ground state energy does not depend on g.

3.2.2 What happens to the system at g.?

In this section, we calculate the non-Hermitian critical point g. analytically and
observe what happens to the system at g.. We define g. as the point at which the
end points of the curve C reaches the poles in Eq. (3.13), ky = darcsinh(U/4t) + .
We also show that the Hubbard gap vanishes at this point.

By considering Eq. (3.11), the critical point g. is given by

A o
ge= lim lim (27rz'zc(k:) — ik — @/ 2 arctan wa(A)dA)

A=00 k—k1 —i0 A U/at
= /\h—{go H_l)ig?_o (/ﬂ + 20 /_1: arctan %U(A)CD\)
= Algrolo {arcsinh(U/llt) + 2 ///: arctan %o()\)d)\}
= Algg [arcsinh(U /4t) + % / [; d\ arctan A —l[-]’l/[it/ it /0 h Cifé;?gﬁt(;z) ) dw} ,

(3.23)
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where k. = arcsinh(U/4t) and we used

(L —1)/2 1

ze(ksr) =+ 7 — i§ as L — oo. (3.24)

Using the variable transformation

0 = arctan(\/(U/4t) + i) (3.25)
with
A , A :
tan 91 = —m +1, tan (92 = m + 1, (326)
we have

(e

i /92 (U/4t)0 [ /OOO cos((U/4t)w tan § —z’(U/4t)w)Jo(W)dw} d@]

e = li inh(U/4t) + —
Jo = JHh | (U742) + 9, cos?d cosh((U/4t)w)

= lim [|arcsinh(U/4t) + i/
0

A—oo m

(U/4t) Jo(w)dw {sin((U/th)w tanf — i(U/4t)w)0] 0
cosh((U/4t)w) (U/4t)w

~~

I

01,

%2 sin((U/4t)w tan 6 — i(U/4t)w)
B /9 (U/4t)w

Iz

oy . (3.27)

N

We rewrite I; in the form

I :m {02 sin((U/4t)w tan Oy — i(U/4t)w) — 01 sin((U/4t)w tan 0 — i(U/4t)w)}
1 .
:W(el + 6y) sin(wA), (3.28)

where the coefficients ¢; and 65 for A > 1 are in the form

=—5 - =5 — 2
01 5 01, 05 5 P (3.29)
with [01], |02] < 1. Because of
1 1 1 1
tan @, = — ~_ tan @, = — ~—— 3.30
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we have
1 .
L= (U/4t)w(_61 — §y) sin(wA)
_ 1 U/at U /4t ‘
- (U/4t)w (_i(U/4t) — A WU/t + A) sin(wA)
2i(U/4t) (W)
((U/4t)2 +A2) sin(w
o (3.31)

Next we calculate I5. By using the variable transformation z = tan 6 — i, we have
, MUY sin((U/4t)ws) dx
Iy = lim U/dt)w 1 )2
o J_onyujay w + (z +1)

[ sin((U/4t)wr) B T o
a /_Oo (O /i@ + 2i0) ™ = 2@'(U/4t)w<1 — e 2AUMY), (3.32)

We thus arrive at [§]

o i [ (U/4t)Jo(w) 7T —2u(U/4t
9o =arcsinh(U/41) = = /0 cosh((U/4t)w) 2T
—arcsinh(U/4t) — 2 /0 JO(”()lsfg(gﬁ;”)dw (3.33)

“In(y + Vy? —

U 1 cosh(27rty/U)

(3.34)

Note that g. in Eq. (3.34) is equal to the inverse correlation length (1.2) due to
the charge excitation, obtained by Stafford and Millis [2]. Figure 3.3 shows the U/t
dependence of g. = 1/£. For large U, we have g, ~ arcsinh(U/4t) by neglecting the
second term of Eq. (3.33).

Next we show that the Hubbard gap vanishes at g.. The Hubbard gap is given
by (see Appendix A.3)

AE(ky) =U + 4t [cos ky, —i—/ dw

— 00

exp(iwsin ky) Jy (w)} ,

(1 + Ukl (3:35)

where kj, is the rapidity of the hole. The lowest charge excitation at k, = +7 + ik
gives the Hubbard gap as a function of x in the form
B *  exp(wsinh k)J;(w)
AE(k) =U + 4t [— cosh k + / dw (1 + Tl

—00

:U—4tcoshm—4t2( )"[V/1+ (2(U/4t)n — sinh )2

n=1

+ /1 + (2(U/4t)n + sinh k)2 — 4(U/4t)n). (3.36)
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Figure 3.3: The U/t dependence of g, = 7.

At Kk = K¢, we have

E(k.) =U — 4t\/1+ (U/4t)% — 4t i(—l)”[ﬂ + (U/4t)2(2n — 1)2
—(U/4t)(2n — 1) + /1 + (U/41)2(2n + 1)2 — (U/4t)(2n + 1)]
—U — 4t\/1 + (U/41)2 — 4t [( W/ + (UJ40)2 — (U)4t)}
+ Tim (—1)"{y/T+ (U/4)2(2n + 1)2 — (U/41)(2n + 1)}}
=0, (3.37)

since

i ( D™{\/1+ (U/4t)2(2n +1)2 — (U/4t)(2n + 1)} = 0.

To summarize, the Hubbard gap vanishes at kK = k., or ¢ = g.. Figure 3.4 shows
how the Hubbard gap vanishes as we increase the non-Hermiticity g for U/t = 4

3.3 Numerical analysis of the non-Hermitian Hub-
bard model

3.3.1 Spectrum flow of the non-Hermitian Hubbard model

In the previous section, we confirmed that the non-Hermitian critical point g., where
the Hubbard gap vanishes, is equal to the inverse correlation length of the charge
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Figure 3.4: The g dependence of the Hubbard gap A for U/t = 4.

excitation for the infinite Hubbard chain. We here show that we can estimate the
correlation length of the infinite system by extrapolating finite-size data of g.. This is
our novel method of calculating the correlation length. In this section, we calculate
gc for finite non-Hermitian Hubbard chains. We work in the subspace where the
numbers of the up spins and the down spins are the same.

We first use the non-Hermiticity ¢ in the form (3.1) in order to eliminate the
charge gap. All eigenvalues are real for ¢ = 0. Upon increasing g, a pair of eigen-
values move on the real axis and spread into the complex plain when g is over a
value. Figure 3.5 (a) shows the spectrum flow for L = 4 around the ground state.
The eigenvalues of the ground state and the third excited state move toward each
other on the real axis and spread into the complex plain as soon as the two eigen-
values collide. We here define the non-Hermitian critical point g. as the point where
the ground-state eigenvalue becomes complex. The eigenvalues of the first and the
second excited states scarcely move. The ground-state energy does not change for
g < g. for the infinite system. The movement of the ground-state energy is presum-
ably a finite-size effect.

On the other hand, Fig. 3.5 (b) shows the spectrum flow for L = 4 around the
ground state when we use g in the form (3.2) in order to eliminate the spin gap. The
eigenvalues of the first and the second excited states move toward each other, while
the eigenvalues of the ground state and the third excited state scarcely move. We
presume that the energy gap between the ground state and the third excited state
is caused by the charge excitation and that between the first and the second excited
states is caused by the spinon excitation. This behavior corresponds to the charge-
spin separation of one-dimensional quantum systems in the low energy region. We
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(b)

Figure 3.5: The spectrum flow of the real part of the eigenvalues around the ground
state for L = 4 with U/t = 2 as we introduce the non-Hermiticity ¢ in order to
vanish (a) the charge gap and (b) the spin gap.

estimated the non-Hermitian critical points, g from Fig. 3.5 (a) and ¢ from Fig.
3.5 (b), respectively for L = 4.

Figure 3.6 shows the spectrum flow in a higher energy region. The states at
A, B and C have the degeneracy 2, 4 and 2, respectively for ¢ = 0. The energy
gap between the states A and B and that between the states B and C vanish when
we increase ¢ in the form (3.1) as well as (3.2). This behavior implies that the
excitations are caused by mixture of charge and spin in higher energy regions.
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Figure 3.6: The spectrum flow of the real part of the eigenvalues in a higher energy
region for L = 4 with U/t = 2 as we introduce the non-Hermiticity ¢ in order to
vanish the energy gap due to the charge excitation (the red line) and the spinon
excitation (the green line).

3.3.2 Numerical calculation of g,

We next caleulate g&2 and g% for L = 4,6 and 8, and extrapolate them to ¢ and

ggs) for the infinite system by considering finite-size corrections. Figure 3.7 shows
the 1/L plot of ¢ and g{. We here assumed the following finite-size correction to
gc:

ge(L) = go +a/L+ O(1/L?). (3.38)
We fit the data to a linear function of 1/L by the least-squares method. The final
estimates of géc) and ggs) are 0.438 and —0.028, while the Bethe-ansatz method yields
0.382 and 0, respectively. Our estimates are consistent with the exact values. It is
quite remarkable to obtain such good estimates from data for such small L.
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(b)

Figure 3.7: (a) The 1/L plot of géc) and (b) the 1/L plot of ggs) for L = 4,6 and 8.
We set U/t = 2.






Chapter 4

Numerical calculation of the
correlation length of the Hubbard
ladder model

In the previous chapter, we discussed the possibility of extrapolating the finite-size
data of g, to the inverse correlation length of the infinite system. We confirmed
that our technique works for the one-dimensional Hubbard model. We show in the
present chapter that this technique is also applicable to other quantum systems.
We estimate the correlation length of the two-leg Hubbard ladder. Ground-state
properties of the two-leg Hubbard ladder were investigated by Noack, White and
Scalapino [10]. They claimed that the charge gap as well as the spin gap exist. We
here try to estimate the correlation length &, due to the charge gap using the form
(3.1) and & due to the spin gap using the form (3.2). The two-leg Hubbard ladder
is given by

H = Hlegl + 7_fleg2 + 7_(runga (41)

where Hieg; (j = 1,2) and Hyung are

L L
Hiegj = —t > _(cly1 0050+l jocivnjo) + U clieisiels ey (G=1,2),

1,0 7
L
Houng = —tL (€L pCiz0 + Chopino), (4.2)
2,0

with ¢ the intra-chain hopping energy and ¢, the inter-chain hopping energy. We ap-
ply the periodic boundary conditions. Asin Eqgs. (3.1) and (3.2), the non-Hermiticity
g in the form

L L
Hl(ecéj(g) =—t Z(eg 1 jaCige 7% i o) + U Z C;r,j,TCi,ijC;'r,j, (gl (4.3)
7

1,0

27



28CHAPTER 4. NUMERICAL CALCULATION OF THE CORRELATION LENGTH OF THE HU

should eliminate the charge gap, while the one in the form

L
(s) _ f —g .t
Hlegj (9) = _tZ(egciH,J‘,TCiJ,T +e gcz‘,j,TCi-‘rl,j,T
i

L
g t t t t
t+e gci+1,j,lci,j,l + egci,j,lczﬂrl,j,l) +U Z C;.5,1C1.9.1Ci 5,1 Cigol (4.4)

]

should eliminate the spin gap.

We estimate ggc) and g((;s), where the ground-state energy becomes complex, for
the Hubbard ladder of finite size. Figure 4 shows the spectrum flow of the real
part of eigenvalues around the ground state for L = 4 as we increase g in the
forms (3.1) and (3.2) for U/t = 1 and ¢, /t = 2. The energy gap between the
ground state A and the excited state B vanishes in both cases. We suppose that
the excitation between the state A and the state B are caused by mixture of charge
and spin and this result is not consistent with a ground-state property that Noack
et al. argued [10]: the energy gap due to the charge excitation and that due to the
spinon excitation exist. We expect that we can calculate the non-Hermitian critical
points géc) and ggs) separately for larger systems L = 6,8. The dimensionality of the
Hamiltonian, however, are 8.5 x 10% for L = 6 and 1.7 x 10® for L = 8, respectively.
We have the limitation of diagonalizing the Hamiltonians by means of LAPACK,
which consumes O(N?) memory. Quite recently, Hatano [13] developed an O(N)
algorithm of calculating the energy spectrum of huge non-Hermitian matrices by
means of both the Lanczos method and the biconjugate gradient method. We try
to calculate ¢ and ¢& for L = 6,8, and to extrapolate them to the correlation

length &. due to the charge gap and & due to the spin gap of the infinite system.



29

-11.6 b

-11.8 | .

ReE

-12.2

0 001 002 0.03 004 005 O.

(a) §

06 0.07 0.08 0.09 0.1

-11.6 b

s 775es |

‘*‘H‘H‘H"‘Mﬂm Hia T
es Rt e T
by TP
+
SR
Eaapans
3es(a) i i

-12

W - 3es(c)
[
2 e S H++H++H+ s ++++++ Fhp,
-12.2 oy S

ReE

4+ +
les ul o
T it
SN L

-124 + €S g

0 001 002 003 004 005 0.06 0.07 008 009 0.1

(b) §

Figure 4.1: The spectrum flow of the real part of eigenvalues around the ground
state for L = 4 with U/t = 1 and t,/t = 2 as we introduce ¢ (a) in the form
Eq. (3.1) and (b) in the form Eq. (3.2).






Chapter 5

Non-Hermitian analysis of the 1D
X XZ chain

5.1 Non-Hermitian generalization of the X X 7 chain

In this chapter, we make a non-Hermitian analysis of the S = 1/2 antiferromagnetic
X XZ chain, which has an energy gap due to the spinon excitation. The non-
Hermitian X X7 chain was exactly solved by the Bethe-ansatz method. We see
that the non-Hermitian critical point g. at which the energy gap vanishes is equal
to the inverse correlation length of the spinon excitation.

The X X Z chain is given by

L
1
H=—-J) [5 (S7Sihy + S Sn,) + ASFSE, (5.1)
=1

for A < —1 and J > 0, where S;" = (07 £ io?) and S7 = 1o with the Pauli spin
operators o, g¥, 0. The number of the lattlce L is even. The spin-spin correlation
length of the XY Z chain for the arbitrary J,, J, and J, was obtained by Johnson,
Krinsky and McCoy [14] by the Bethe-ansatz method. The correlation length of the
spinon excitation for the X X Z chain is given by [15]

-3+ 5

n=1

T

MI«Q

tanh(nvy), (5.2)

where v = arccosh(—A).
We now consider a non-Hermitian generalization of Eq. (5.1):

1
H=-JY {5 (€257 8, + e 2987 S,) + ASPS7, | - (5.3)

31
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The reason for the factors e*29 is as follows. We start from the non-Hermitian
Hubbard model in order to vanish the spin gap, Eq. (3.2):

H="H;+Hy (5.4)
where
L
H = _tz e’c! Cip11Cit € 7c zTCz+1T+ e’ Z+1,lcz}l + egC;r,lCiJrLi)a
i=1
L
Hy = UZCI’TCi7TCI’lCZ-7i. (5.5)
i

The Heisenberg model is derived from the half-filled Hubbard model in the large U
limit, by considering the perturbation expansion with respect to the kinetic energy
around the degenerate ground state. The ground state of Hy in the half-filled case
has a O, jo-fold degeneracy; all of the ground states [1)8*) are composed of the states
with no double occupancy. Since the first-order perturbation energy vanishes, the
degeneracy is lifted in the second order. Hence the effective Hamiltonian Hg is
given by

Hl) w"s!Ht _ Hel ) (| He
Z Hy — - Z U ’

n

where [¢)%*) with the eigenvalue E.(n) denotes a first-excited state with one double
occupancy and one empty site. The Hilbert space of Heg is spanned by [¢2%). Hence
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we can write down the effective Hamiltonian H.g as

12 _ _
Het = — U (egcz,lCi+1,l€gcj+1,TCin t+e gC;'r,TCiJrLTe gC;rH,lci,l
i=1

+ G_QCZTH ACire0e ey efel peinede] i)

- _Z Tcz+1 1€ CzT+1 gCin T € CzT+1TCzT€ gCTTCerLT

+e Czlcm,ie gCZTH,lCi,L + eigcg-i-l,lCi,legcl‘:lcwl,l)

2t° 2 -2
=7 (€*c! | cipeliy iy + e el cing)
=1
ey t t t
U [ciqcin (1= ciiygivg) + (L= ¢ pCip)ei G
=1

+ Cl,lci,i(l - CZT+1,lCz'+1,L) +(1— Cz,icz‘,l>03+1,¢0i+1,l]

2t? ) L
U Z[e gCTLCz TC;[+1 1Git1,L T € gCZ,TCi,lCLuCz‘H,T]
=1
2 &
+ 5 2Ry + 2ni iy — 2],
=1

where we used the fact that all |¢2%) satisty

nl:T + nz»l - 1‘
By using the transformations
+ T - 1 .1
S7 =gy Sp = ST = iy —nig),

we arrive at

L
A2 1
et = 7 § : { (€S0 Sy + €087 i) + 8755 — 7|+

where we used
203 4Mir1t + 20 i) = Mgy + g (L= nig)) 4 nagnag) + nag (1

= (nm — ni,l)(niﬂﬁ — ni—i—l,l) + 1= 4SZZ iz+1 + 1.

Identifying J = —4¢?/U, we have Eq. (5.3) for A = —1.

33
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5.2 Exact analysis of the non-Hermitian X X 7 chain

The non-Hermitian X X Z chain (5.3) was exactly solved by Albertini, Dahmen and
Wehefritz [9] by the Bethe-ansatz method. In the present section, we point out that
the non-Hermitian critical point g., where the energy gap vanishes, is equal to the
inverse correlation length of the spinon excitation, Eq. (5.2).

We now consider the half-filled case, where Zle S? = 0 with L sites, M up spins
and M down spins (M = L/2). We define the the vacuum state |vac) as the state
where all spins are up. An eigenfunction with M down spins is given by

U = Z Vy(x1, 3o, ..., 0)S;, Sy, - .. Sy |[vac), (5.9)
(z1,22,..., 1)

where we put down spins at z1,29,..., 2y (1 < 21 < 29 < -+- < xpy < L). We
make the following ansatz for the wave function v, [9]:

M
Yg(w1,@2,. .., Tar) =exp (292373‘) Yo(T1, @2, ..., )

j=1
M
:Z[Q,P} exp ZZ (kp, — 2ig)xg,). (5.10)
P 7=1
The wave function v is the Bethe-ansatz wave function in the Hermitian case g = 0:
M
wo(ml, To, ... ,.’L'M> = Z[Q, P] exp(i Z ]{ij.’IJQj), (511)
P j=1

where the symbols P = (P, Py, ..., Py) and Q = (Q1,Qa, ..., Q) are two permu-

tations of the set (1,2,..., M) with 1 < zg, <z, <--- < zg,, < L. The symbol

(@, P] is a set of M! x M! coefficients depending on the two permutations P and Q.

The quasimomenta ky, ko, ..., ks are unequal to each other for the ground state.
We obtain the following Bethe-ansatz equations for 1 < j < M [9]:

(_1)M—1 1]\_/[[ eXp[i(kj + kl)] +1-2A eXp(ikj)

kL +2gL) = . 5.12
expik;L +29L) L expli(k; + k)] + 1 — 2 exp(ik) (5.12)
We here introduce a new rapidity parameter A;:
o sinfy(y +)/2
exp(ik;) = —— - .
(ik;) sin[y(A; —1)/2]
Equation (5.12) then becomes
M . .
GECYED) SV | s R T
sin 3(A; —1) in2(A\; — A — 2i)

J#
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By taking the logarithm of Eq. (5.13), we have

M
tan(y),/2) | tanfy(); = 1)/
2L arct —————=| =2nl; + 2igL + 2 t 5.14
arctan [tanh(fy/2) ml; + 2igL + ;arc an fanh(7) , (5.14)
where the quantum number /; for the ground state is given by
L/2—1 Lj2—3 L/2-1
I = ey ———. 1
7 9 ) 9 ) ) 9 (5 5)
The summation in Eq. (5.14) becomes an integral in the limit L — oo as
t A2 t A—A)/2
2 arctan tan(74/2) = 2mz5(\) + 2ig + 2/ arctan anfy( /2 a(A)dA,
tanh(vy/2) S tanh(7)
01‘(,/\) 02(;—1\)
(5.16)
where z,(\;) = I;/L, o()\;) = 2,();) and S is the curve in the complex plain on

which the rapidity lies as shown in Fig. 5.1. We restrict ourselves to the region
—m/v < ReX < 7/, since 0;(A) in the Eq. (5.16) is a function of the periodicity
27/7. We have the end points of S denoted by +x/y + i3. The distribution
function o(\) satisfies the following integral equation by differentiating Eq. (5.16)
with respect to A:

~ sinh 7y B v sinh(27)
coshy —cosyA 2no(A) + /3 cosh(27y) — cos{y(A — A)}J(A)dA' (5.17)

The poles of the integrand in Eq. (5.17)

v sinh(27)
cosh(27y) — cos{y(A — A)}

in the A\ plain are A — A = +2i. They never appear in the loop Cs as shown in
Fig. 5.2 as long as —1 < ImA < 1 and —1 < ImA < 1. When the imaginary part
of the end points of the curve § reaches the points § = 1 as we increase the non-
Hermiticity g, we expect that the system changes dramatically, that is, the energy
gap due to the spinon excitation vanishes [9]. We define this critical point as g..
Let us obtain g.. We can modify the integral contour as long as g < g. in the

form
-/ m/y m/y+iB
[~ e o1
S —7/v+i8 -7/ /v

We obtain the solution o(A) by taking the Fourier transformation of o(A):

n=oo

e—in'yA

o) = z_: 2 cosh(

it (5.19)
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We consider the following expansion of 6;(A) and 63(\) in Eq. (5.16) in order to
make the discussion easy:

n#0 n
—inyA — 2
B2(\) = A+ > exp( mn Hinl) (5.20)
n#0

We substitute Egs. (5.19) and (5.20) into Eq. (5.16) and we have

—inyA nys

. A e
29 =2 A) —i— —_— e 5.21
9= 2mizs(A) — 2 i g; 2n cosh(nv + ; 2n cosh (n7) (5:21)

By substituting A = +7 /v + i into Eq. (5.21) we obtain g(3) as a function of 5 in
the form

. . Y 6 (=1)"sinh(ny)
2 =2 + —i= | = 2
o) =2mizsr/y +i8) — i3 (£ +48) + 3 w23
" sinh(nvyf)
= 2 22
=+ Z ncosh (ny) 7 (5:22)
since +(L/2-1)/2 1
zs(£m/y +if) = % — £ (5.23)
as L — oo. Hence we obtain g. by substituting g = 1:
7 = " tanh( nv)
=3 + E (5.24)

n=1

The non-Hermitian critical point g. is equal to the inverse spin-spin correlation
length Eq. (5.2). The v dependence of g. = £~! is plotted in Fig. 5.3.

5.3 Numerical analysis of the non-Hermitian Heisen-
berg model

In this section, we numerically calculate g. of the Heisenberg model of finite size
and extrapolate the data to the correlation length of the spinon excitation. We
investigate the ferromagnetic X X X model (A = 1) and the antiferromagnetic X X7
model (A < —1). Figure 5.4 shows the spectrum flow around the ground state of
the XXX model (L = 8) as we introduce the non-Hermiticity g for A = —4. We
note that a pair of the first and the second excited states undergoes the real-complex
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Figure 5.3: The v dependence of g, = £ 1.
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Figure 5.5: The finite-size plot of g. for the X X X model.

transition and we regard this as the non-Hermitian critical point g. for a finite size.
We here consider the following finite-size correction as

ge(L) = ge(L = 00) + f(1/L) (5.25)

and fit the data for L = 4,6,...,14,16. Figure 5.5 shows the finite-size plot of g.
for the X X X model. The finite-size data approaches zero, consistent with the fact
that the spinon excitation from the ground state is gapless. Figure 5.6 shows the
finite-size plot of g. for the X X7 model with A = —4. The non-Hermitian critical
point g.(co) calculated analytically is 0.772. In both cases, we can extrapolate the
finite-size data to g. of the infinite system. Unfortunately, we cannot derive the
expression of f(1/L) and cannot calculate g. more accurately for now.
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Chapter 6

Numerical calculation of the
correlation length of the
Heisenberg ladder

In this chapter, we calculate the correlation length of the spinon excitation of the
Heisenberg two-leg ladder. The ladders with even numbers of legs have a finite
energy gap by the spinon excitation, while those with odd numbers of legs have no
energy gap [16]. The inverse correlation length should be finite in the former case,
while zero in the latter case. We here estimate the correlation length of the spinon
excitation numerically.

The non-Hermitian S = 1/2 Heisenberg two-leg ladder is

H= Hlegl + Hleg2 + Hrung (61)

Hiegj = Z[ €95 8, + QQS;SZHJ)JFSZ]S:HJ (j=1,2) (6.2

L

Hiung = J1 Z B(S;S;Q + S55) + 521552} (6.3)

i=1
where J > 0 and J, > 0 in the antiferromagnetic case. We require periodic bound-
ary conditions.

We calculate the finite-size data of g. for L = 4,6,8 and extrapolate them to
gc of the infinite system. Figure 6.1 shows the spectrum flow around the ground
state for L = 4 with J, /J = 4.0. The energy gap between the ground state and
the fourth ground state vanishes at g = g.. Figure 6.2 shows the 1/L plot of g, for
J1/J =4. We here assume the finite-size correction to g. as

9e(L) = gc +a/L +O(1/L?). (6.4)

The extrapolated estimated from the finite-size data is 0.089. This result shows
that the spin gap exists for the two-leg ladder model. In order to estimate g. more
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Figure 6.1: The spectrum flow of the real part of the eigenvalues around the ground
state for L = 4 with J, /J = 4.

accurately, we try to calculate g.(L) for larger sizes by applying the O(/N) algorithm
of calculating the energy spectrum [13].
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Chapter 7

Summary and discussions

We proposed a novel method of calculating the correlation length due to the charge
gap and the spin gap of various strongly correlated quantum systems. We confirmed
that the non-Hermitian critical point g. where the energy gap vanishes is equal to
the inverse correlation length of the exactly solvable Hubbard model and the X X Z
model in one dimension. These length scales never emerge in the quasimomenta
of the ground state of the Bethe-ansatz method, because all of the quasimomenta
are real. However, we expect that the momenta of the wave function of the Mott
insulator contain complex numbers and that the imaginary part of the momenta
corresponds to the inverse correlation length analogously to the discussion of the
random Anderson model.

In the numerical study, we extrapolate the finite-size data of g. to the inverse
correlation length of the infinite system. We confirmed that it is applicable to the
Hubbard, the Heisenberg and the X X Z model in one dimension. We also apply it
to the two-leg Hubbard ladder and the antiferromagnetic two-leg Heisenberg ladder.
We obtained the non-Hermitian critical points g. of the Hubbard ladder for L = 4
and that of the Heisenberg ladder for L =4, 6 and 8 by diagonalizing the non-
Hermitian matrices numerically. It is a merit of our method that we can obtain a
good estimate of g. for infinite size from the data of g. for much smaller size.

We are interested in computing g. for larger systems to extrapolate g. of the
infinite system more accurately. However, we have a bleak prospect for calculating g.
by means of LAPACK, which consumes O(N?) memory. Hatano developed an O(N)
algorithm of calculating the energy spectrum of huge non-Hermitian matrices. He
relates the eigenvalues of the matrices to the points where the norm of the Green’s
function diverges [13]. We try to calculating g. for the Hubbard ladder and the
Heisenberg ladder for larger systems by means of the O(V) algorithm .
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Appendix A

Bethe-ansatz method for the 1D
Hubbard model

A.1 The Bethe-ansatz method

We can solve a few one-dimensional quantum systems exactly by the Bethe-ansatz
method. This method was first introduced by H. Bethe [17] in 1930s to discuss
the spin-wave theory of the one-dimensional ferromagnetic Heisenberg model. We
regard models that satisfy the Yang-Baxter relation as the exactly solvable models.
The exactly solvable models are, for example, the Hubbard model, the Heisenberg
model, the Anderson model [18] and so on. The knowledge from the exact solution
of the one-dimensional electron systems is important in order to discuss properties
of the low-dimensional electron systems.

Lieb and Wu [1] obtained the exact solution of the one-dimensional Hubbard
model

L L
H=—t> (ot e +UY cicird e, (A1)
i=1,0 =1

by the Bethe-ansatz method. Here cj’a and ¢;, are the creation and annihilation
operator of an electron at site ¢. The coefficient ¢ is the nearest-neighbor hopping
energy, U is the on-site repulsive Coulomb interaction and L is the number of the
lattice. Then we prepare four states for each site, that are the vacuum state |vac),
the up-spin state C,];T |vac), the down-spin state 01 \[vac) and the full state CI,TCZ, | [vac).
We prepare the subspace where the numbers of the up spins and the down spins are
fixed in order to reduce the dimension of the Hilbert space. We assume that the
number of the up spins is
L
ZCZTCM =N-M (A.2)

i=1
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and the number of the down spins is

L
Y e =0, (A.3)
=1

where M and N are the numbers of the down spins and the electrons, respectively.
We number each site consecutively from 1 to L. We here define the amplitude of the
wave function U as (1, s, ..., Ty |Tpre1, - - -, Tn), where we put the down spins at
x1,%a,...,Tpy and the up spins at xpr41,..., 2N, respectively. Then we obtain the
eigenvalue equation of (A.1) in the form

L
_tz Z (xy, ..., xi+s, ... ,IN)—FUZ(;(%—%‘)@/J(%, o xy) = E(xy, ... xN).

i=1 s==%1 1<J
(A.4)
Now we consider the following ansatz for v, namely the Bethe-ansatz wave function:

N
Wz, oy, T Ty, TN) = Z[Q, PJexp(i Z kp,xq;). (A.5)
j=1

P

The symbol P = (P, P,,...,Py) and Q = (Q1,Q2,...,Qy) are permutations of
the numbers (1,2,...,N) with 1 < zg, < zg, < -+ < xg, < L. The symbol
(@, P] is a set of N! x N! coefficients depending on the two permutations P and Q.
The quasimomenta ki, ko, ..., ky are real and unequal to each other for the ground
state. The coefficient [@Q, P] is related to the scattering matrices and produces the
Bethe-ansatz equation.

A.2 The exact analysis of the Hubbard model

Let us first demonstrate the calculation of [@Q, P] for L =2, M =1 and N = 2. We
make the following ansatz for :

(a1, 2) =0(19 — 1) ([12, 12)e Frorthara) 4 112 21]eilkorrthira))
+ 9(.CE1 _ 372) ([217 12]6i(k2:c1+k1x2) + [21’ 21]6i(k2x1+k2x1)) ’ (A6)

where 0(x; — x3) is a step function in the form

O(xy —x9) =1 T, > T,
9((131 — Ig) =0 To > T7. (A?)

Equation (A.4) is rewritten in the form

—th(xy + 1,20) — tp(xy — 1, 10) — tah(wy, w9 + 1) — th(x1, 29 — 1)
-+ Ué(l’g — l’l)w(%l,l'g) = Ew(l'l,.il?g). (AS)
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We substitute Eq. (A.6) for ¢ in Eq. (A.8) and obtain the following three relations:

E = —2t(cos ky + cos ka), (A.9)
[12,12] + [12,21] — [21,12] — [21,21] = 0, (A.10)
oti(sin by — sin k) ([12,12] — [12,21] + [21,12] — [21,21])

+U([12,12] + [12,21]) = 0. (A.11)

From Eqgs. (A.10) and (A.11), we have

[12,21]\ 1 —iU/2t sin k; — sin ko (12, 12]
[21, 21] o sink; —sinky — iU/Qt sin k; — sin ko —iU/2t [21, 12]
(A.12)
The relation [ ] [ ]
12,12\  [[21,12
([12,21]) = ([21,21]) ! (A-13)

should be satisfied since the wave function is symmetric

?/J(Il,lé) = 1/J($2,$1)

by the exchange of the two particles, one up spin and one down spin. We here
introduce

_ZU/Qt sin kl — Sin kQ

B P A.l4

§o1 [sin ki —sin ko + iU /2t sin ky — sin kg + 43U /2t 12} 12, ( )
where | ] [ ]
12,12 (12,21

12 = ([21, 12]) = ([21’21]) (A.15)

and [ is the identity operator. The matrix P is a pair-exchange operator where
P12 = I in the singlet case (the present case) and Pjo = —I in the triplet case. We
here define Y}}? in the form

—iU/2t sin ky — sin ko
Y2 = ! I Pps. Al
2T Sk —sinks +iU/20 © sinky —sinky +iU/20 2 (A.16)

Hence we have
o1 = Y1561 (A17)

We note that Y}2Y,}? = I is satisfied both for the singlet state and for the triplet
state. The matrix Y is often called the scattering matrix.
For arbitrary L, M and N, Y% is in the from [1]

ab —iU/2t sin k; — sin k;

ab _ P, A18
U sink; — sink; 4+ iU /2t +sinki—sinkj+iU/2t b (A-18)
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where

Qn :a:an-f—la Qn—H :b:Qfm Ql :Q; for l%n,n+1,
P,=i=P_,, Py=j=P, P=DP forl#nn+1, (A.19)

and P, is an operator which exchanges (), = a and @),,+; = b. Hence we reach the
equation
Q. Pl =Y[Q', P']. (A.20)

C. N. Yang derived the Bethe-ansatz equations from the scattering matrix ng
in the continuum gas case [19]. Lieb and Wu applied this technique to the Hubbard
model and derived the following equations by considering replacing k with sin k in
the lattice gas [1]:

ﬁ sink; — Ag + iU /4t

Lkj) =
exp(iLk;) = [ L sink; — Ay — U /4t

ﬁ sink; — A +iU/4t H Ao — Ay — iU /4t

=1,.... M A21
rsinky — Ay —iU/4t 14 Ay — Ag +iU/4t (=1.... M), (A21)

where k£ and A are the rapidity of the charge and the spin, respectively. By taking
the logarithm of Eq. (A.21), we have

= sink; — A
| — AP
ij = 271']] -2 Z arctan W,
B=1
M
k; Ay — A
Z 2 arctan /11;1 =2mJ, + ﬂz; 2 arctan Wtﬁ’ (A.22)

where I; and J, are successive numbers centered around the origin for the ground
state:

N—-1 N-3 N -1
[]:—7—7 Yy T T a0
2 2 2
M-1 M-3 M—-1
a — s gy A2
% 2 2 2 (A.23)

Now we put N/L =1 and M/L = 1/2. We introduce f(k;) = I;/L and g(A,) =

Jo/ L and we define the distribution functions of charge and the spin as p(k;) = f'(k;)
and o(A) = ¢'(A), respectively. We rewrite Eq. (A.22) in the form of Fredholm-type
integral equations

B .
k=2rf(k)— /B 2 arctan %J(A)d&

Q o B /
/_Q 2 arctan %p(k}dk =2mg(A) + /_B 2 arctan AU/2/tX a(A)dA'.  (A.24)
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By differentiating Eq. (A.24) with respect to k£ and A, we have

pLk) = % * CO;k /_ NGIE f {it_ sz (WA, (A.25)
1 U/4t 1 (B Uj2t N
o) =2 /_ o TP + (A —simpp Mk =2 /_ L 07207 + (h = et WA

(A.26)

The integral ranges () and B are determined in order to satisfy the following relation

Q
/ p(k)dk = N/L = 1,
-Q

B
/ F(AVAA = M/L = 1/2, (A.27)
-B

where we have to set () = m and B = oo in the half-filled case.

We now solve the integral equations (A.25) and (A.26). We substitute Eq. (A.25)
into Eq. (A.26) and obtain

1T U/t
oM =32 /W (O3 + (A —sm ke

1 h o ' (U/40)° — sin
L (A)dA\ /7r (U/4t)? + (A —sin k)2)2d(A )

(AN

1 [ U/2t
T /_ U202+ (A — A2’

1" U/t 1 [> U/t
=— dk — — N)dN'.
2m2 J_ (U/4t)? 4+ (A — sink)? T /_Oo (U/2t)2 4+ (A — A’)QU( )
(A.28)
We can solve Eq. (A.28) by operating the Fourier transformation of o(A):
F(w) :/ e “Aa(A)dA
L[ N U/4t
- whan dk
272 J_ o ‘ /_7T (U/4t)? + (A — sink)?
L
1o 00 U/t
— ;/ e AdA/ / 5o (A)dA, (A.29)

J/

o oo (U/2t)2 4+ (A=A

1P
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where

1 ™ o o] —lwA
I U " gpeiosint / —© N (A=A—sink)

T o4t ) Uz N2
m;%\w\
U

1 U [™ e dmt v

- - = dk —iwsink =" — 2w
onzar | v

1 T
— %ef%‘wl [ﬂ efzu.)smk:dk,7

1 0 U Y & e_iw‘/

I, =—— —oa(A)e “NanN ————d\N (N=A-N
2 w/oo TRASRL /OO S G )
e B

1 ee U Y ™ U
- _ - AI —iwA dA/— 77@\

n/_m 517 e v’
= —egt“’|/ o(AN)e N an’
= —@_%‘“J'&(w)' (A30)

Hence we have
1 [7 U o
o(w) = o /_7r sech <Ew) elsink gk, (A.31)

We obtain o(A) by operating the inverse Fourier transformation of &(w):

g(A) =— /_O; F(w)e M dw

1 U ) .
= dwsech | —w e_’Aw/ e~ wsink g
82 J_ 4t .
—_—

2w Jo(w)
1 [~ U
sech (Ew> cos(Aw) Jo(w)dw. (A.32)
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We obtain p(k) by substituting o(A) into Eq. (A.25):

1 cosk 1 [ U ~ U/t
plk) = + W§;O‘MWhQ?)Mm/;mmm%wuﬁ+m_wmﬁﬂ

g

cos(wsink) [ cos(Aw) (U/i]t/%d)\

1 1 coskU [ U : - U/
R — 0 dwsech (ﬂw) Jo(w) COS(Wsmk)/ COS(}‘“})W&

—00

u
At — 7w
At o~ g
U €

dw. (A.33)

1 N cosk‘/OO cos(wsin k) Jo(w)
0

o s 1+ exp(wU/2t)

The ground state energy per site is given by

By =— Qt/ cos kp(k)dk

—T

t (" 2t i
=—— / cos kdk — / de / dk cos® k cos(w sin k)
_ 0 —Tr

T ). T 14 ewlU/2t
27rJ1‘(rw)/w
——u/) hWhw) (A.34)
o w[l+exp(wl/2t)]

A.3 Hubbard gap by the charge excitation

The energy gap due to the charge excitation exists for any finite U in the half-filled
case. The one-hole excitation energy at k;, = 47 gives the Hubbard gap. We here
calculate the Hubbard gap analytically.

The Hubbard gap is defined in terms of the chemical potential. We define the
chemical potential p; as we take one electron into the system and p_ as we take
one electron out. The chemical potential p, and pu_ are given by

Ky = E(”T + 1,7”%) - E(”%”l)?
H— = E(”Tanl) - E(nT - 1,7’“), (A35)

where n; and n| are the numbers of the up spins and the down spins, respectively.
Now consider the following transformations:

CI’TCI7L|VaC> —  |vac),

)
CZT|Vac) — ll|vac>,
czllvac) — T|Vac>,
)-

(A.36)

lvac) — ¢} Tcl llvac
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The energy difference AE due to the transformations is
AE =E(L—ny,L—n))— E(n,n;) = (Ndouble — Mvac)U, (A.37)

where Ngouple and Nyae are the number of double occupancies and the number of the
vacuum states, respectively. The following relation is satisfied because the summa-
tion of the numbers of the vacuum state, the up-spin state, the down-spin state and
the full state is L:

Nyac T (nT - ndoublo) + (ni - ndoublc) + Ndouble = L. (A38)

Hence we have
Nvac — Mdouble = L — ny —ny. (A39)

Substituting Eq. (A.39) into Eq. (A.37),
AE =E(L—n;,L—n))—E(ny,n;) =(L—ny —ny)U. (A.40)
The definition of the Hubbard gap is given by
A=py —p_. (A.41)
In the half-filled case, that is, ny =n; = M (= L/2), we rewrite u as following

e =BE(M +1,M) — E(M, M)
=BE(L—(M+1),L—M)—[L—(M+1)— MU - EM,M)
=E(M —1,M)— E(M,M)+U = —p_ +U. (A.42)

Hence we can rewrite the Hubbard gap as follows:
A=U-—-2u_. (A.43)

For the calculation of u_, we remove an electron whose quasimomentum is ky,.
The distribution of I; changes into
N -1 N —2h +3 N —2h -1 N -1

I, = e, A44
J 2 ’ ’ 2 ’ ’ 2 ’ ’ 2 ) ( )

where we remove the (h — 1)th quantum number. Referring to Eqs. (A.25) and
(A.26), we obtain the following equations:

plk) = % N %‘W“ ~ )+ Cojk / i (U/41)? f {it— sin oy A,
1 U/4t L[ Uj2t NN
o)== / e (b —smpp Wk -2 / a0+ (= et WA

(A.45)
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where the distribution function pgs(k) for the ground state changes into pgs(k) —
$6(k — k) by the one-hole excitation at k = kj,. The solution of Eq. (A.45) is given
by

™

am):11f$%h(%w)mqm@%@mm

t 27t
sech [i(/\ — sin kh)} :

C4UL U

1 cosk [*cos(wsink)Jy(w) 1
Pk) 27T+ T /0 1+ exp(Uw/2t) L(S(k bin)

1 [~ dw E _ _
- — k k — sin ky)dk. A4
7TL/0 T+ exp(Uw/20) /_7r cos” k cosw(sin k — sin k) (A.46)

We define the shift of p(k) as

1 1 [~ dw N
Ap(k) = —=0(k — k) — — 2k ink — sin ky,)|dk.
p(k) 7 ( h) WL/O T+ exp(Dw/20) /7r cos” k cos[w(sin k — sin ky,)]
(A.A4T)
We obtain the excitation energy ¢(ky) at k = ky, as
e(kp) = —2t/ cos kAp(k)dk. (A.48)

The lowest energy gap at k, = 7 gives the Hubbard gap. The excitation energy
e(kp, = +m) is given by

1 [ dw T
—dm)=—2t|-14— 2 i
e(kp, ) t [ + W/o T+ oxp(Uw/20) /_Tr cos” k cos(w sin k)dk
* Ji(w)dw
=—2t|—-14+2 . A.49
[ '*,A wUﬁ%mMUwﬂﬂJ (A.49)
Hence we obtain the Hubbard gap
A=U—-2u_
> Ji(w)dw
=U —4t |1 -2 . A.
v [ (4 wU%%mMUwﬂﬂJ (A.50)

Figure A.1 shows the Hubbard gap A as a function of U. We note that the Hubbard
gap exists for any finite U.
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0 2 4 U/t 6 8 10

Figure A.1: The U dependence of the Hubbard gap A.
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