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Introduction

Dimensionality has a fundamental role in determining the physics of a
system. One dimensional models are particularly interesting, since, in a
sense, 1-D theories are strongly interacting, because particles cannot avoid
themselves in their motion. Furthermore one more feature makes these sys-
tems “attractive”: the special symmetry of having just one spatial dimension
together with the temporal one, makes them “easier” to address, while pre-
serving and creating new interesting non trivial situations. For example, a
number of theories are known to be exactly solvable in one dimension, and

quantum field theory methods are extremely powerful and direct.

The study of spin chains has a very long history, going back at least to
the investigations of Ernst Ising [1] on the model known with his name and
to the solution found by Hans Bethe in 1931 [27] for the spin 1/2 case in
one dimension. A very striking feature of spin chains is that their excitation
spectrum is completely different, depending on wheter the spin is integer or
half-integer. For the spin 1/2 case the Bethe ansatz solution predicts gapless
excitations. Lieb, Shultz and Mattis (1961) [2] proved that for an antifer-
romagnetic spin 1/2 Heisenberg chain with an even number L of sites!, at
least one excited state exists which is separated from the ground state by an
energy O(L~!). The one-magnon spectrum was calculated by des Cloizeaux
and Pearson [28] who showed that the chain is gapless and the ground state
is almost long range ordered. It was only in 1983 that Haldane [33], [34] sug-
gested that antiferromagnetic integer spin chains have a disordered ground
state and a finite gap in the excitation spectrum. From the assumption

that the system retains a short-range antiferromagnetic order, despite the

!This result was later generalized by Affleck and Lieb [3] for generic half-integer spin.

9



10

strong quantum fluctuations, he was able to map, in the low energy and
large correlation lenght limit, the lattice model onto the O(3) Non Linear
Sigma model (NLoM) with a topological term.

In the 1970-s low dimensional physics stopped being just a theoretical
“toy”, since it became clear that the theoretical models were actually very
useful in the description of real materials. Later on, in the 1980-s, the dis-
covery of the Quantum Hall Effect and high temperature superconductivity,
among others, brought increasing attention to low dimensional physics. In
recent years, zero dimensional (quantum dots) and one dimensional (quan-
tum wires) systems have been implemented in laboratories as well.

Low dimensional systems, and quantum spin chains, in particular, are of
great interest in Quantum Information Theory. Since the unit of Quantum
information is the qubit, i.e. the information described by a state vector of a
two level quantum system, quantum spin chains arise as natural candidates
for the implementation of quantum devices.

The thesis is organized as follows. In the first chapter we review the
fundamental properties of spin 1/2 Heisenberg chains with nearest neighbor
interactions. Following the seminal paper by Lieb, Shultz and Mattis (1961)
[2] we describe the general method to diagonalize hamiltonians quadratic in
Fermi operators, and derive the general expression for the spin-spin corre-
lations. We specialize then to the XY model in a magnetic field: we give a
detailed account for the diagonalization of the model and we write down its
spin-spin correlation functions [11]. We finally discuss the duality properties
of the model.

Chapter 2 is devoted to the study of spin-1 Heisenberg chains. We will
first review the semiclassical limit of the quantum Heisenberg spin chain
using the Holstein-Primakoff approach to spin wave theory [30], [31], showing
that, while the ferromagnet has a quadratic dispersion relation and thus it
is not possible to find a corresponding Lorentz invariant field theory, the
antiferromagnetic chain instead has a relativistic (linear) dispersion relation
and thus can have a corresponding Lorentz invariant field theory. We will
then see [30], [32], [34] that the large spin, low energy, continuum limit
of the antiferromagnetic quantum chain maps aproximately onto the O(3)

non linear ¢ model with a topological term: it is this term that makes
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the behavior of the integer and half-integer spin chain completely different.
We will briefly discuss the nonlocal string order parameter proposed by
den Nijs and Rommelse in 1989 [38] to detect the hidden order of the so
called Haldane phase, and show how the non vanishing of the string order
parameter is actually a sign of the spontaneous breaking of a hidden Z5 x Z»
symmetry [41], [40]. Finally we will work out in detail the exactly solvable
spin 1 model with a spin gap and string order provided by Affleck, Kennedy,
Lieb and Tasaki in 1987 [42], [43].

In Chapter 3 we derive the dominant contribution to the large-distance
decay laws of correlation functions towards their asymptotic limits for a spin
chain model (the so called A\-D model) that exhibits both Haldane and Néel
phases in its ground state phase diagram. The analytic results are obtained
by means of an approximate mapping between a spin-1 anisotropic Hamil-
tonian onto a fermionic model of noninteracting Bogoliubov quasiparticles
related in turn (via Jordan-Wigner transformation) to the XY spin-1/2 chain
in a transverse field. This approach allows us to express the spin-1 string
operators in terms of fermionic operators so that the dominant contribution
to the string correlators at large distances can be computed using the tech-
nique of Toeplitz determinants. As expected, we find long-range string order
both in the longitudinal and in the transverse channel in the Haldane phase,
while in the Néel phase only the longitudinal order survives. In this way,
the long-range string order can be explicitly related to the components of
the magnetization of the XY model. Moreover, apart from the critical line,
where the decay is algebraic, we find that in the gapped phases the decay is
governed by an exponential tail multiplied by power-law factors. As regards
the usual two points correlation functions, we show that the longitudinal one
behaves in a “dual” fashion with respect to the transverse string correlator,
namely both the asymptotic values and the decay laws exchange when the
transition line is crossed. For the transverse spin-spin correlator, we always
find a finite characteristic length which is an unexpected feature at the criti-
cal point. The results of this analysis prove some conjectures put forward in
the past. The goodness of the approximation and the analytical predictions
are checked versus density-matrix renormalization group calculations.

In the fourth Chapter we discuss the entanglement properties of the A-
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D model. We briefly introduce the idea of separability of mixed states and
the Peres-Horodecki criterion; we study the partial transpose of the two-site
density matrix of the system, obtaining an analytic expression for the so
called negativity of the A-D model. Following the same approach used in
the previous chapter we get an expression of the negativity in terms of the
correlators previously calculated.

We dedicate a chapter to the Conclusions, where we summarize our main
original results discussed in Chapter 3 and Chapter 4.

Finally in Appendix A we review the main results on Toeplitz forms and
the asymptotics of Toeplitz determinants, and in Appendix B we present the
detailed calculation of the transverse spin-spin correlator of the A-D model,
because it cannot be related directly to other spin-1/2 correlators calculated

previously in the literature.



Chapter 1

Anisotropic spin 1/2

Heisenberg chains

In this section we will consider one dimensional spin 1/2 anisotropic
Heisenberg chains in a magnetic field. Following the paper by Lieb, Schultz
and Mattis(1961) [2] we will outline the general method to diagonalize
Heisenberg hamiltonians, and we will then specialize to the XY model in

a transverse magnetic field.

1.1 Outline of the method

Let’s consider the most general spin 1/2 Heisenberg hamiltonian with

nearest-neighbours interactions in a magnetic field [4]
H=> (Jaofofys + Jyoio},, + J.ofof,) +h Y _of (1.1)
! !

where o}* are the Pauli matrices acting on site [ and the J,, are the anisotropies

along the direction «. Let’s introduce the operators

x - Y
i:crl :l:wl

oy 5 (1.2)

in terms of which we can rewrite the hamiltonian as

H = Z [(Jo = Jy) (07" 0y + 07 0000) + (o + Jy) (0 003y + 07 07l4)

13
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+J.ofof | +h Y of (1.3)
!

We now introduce the Jordan-Wigner transformations [5]

O’l+ = c;f exp [iﬂ' Z c;ick] o, = exp [—2'77 Z chk] q

k<l k<l

of =2cle;— 1 (1.4)
where ¢, c;f are fermionic operators. It is straightforward to verify that [2]
exp [iwclck} = exp [—iﬂc};ck}
and
c;cH_l = J;FJI_H cchLrl = J;raltrl (1.5)

The hamiltonian becomes then

= =0 () + e ()

+ T (2n = 1) Qs = D]+ 0D (20— 1) (1.6)
l

if the hamiltonian has open boundary conditions. In case of cyclic boundary

conditions
Hcyclic =H- Hb
where

Hp = [(JI—J)<chl+hc> (Jz +J)(chl+hc)]

N
. <exp <z'7r Z czck) + 1)
k=1

For large systems it is possible to neglect the additional term H.
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1.1.1 Exact diagonalization of a general quadratic form in

fermionic operators

We will now show [2] that every hamiltonian quadratic in fermion oper-

ators can be exactly diagonalized. Let
1
H = Z |:CInAm,ncn + 3 (cIan,ncIL + h.c.)] (1.7)
m,n

be a general hermitean quadratic form in Fermi operators. The hermiticity of
H implies that A is a hermitean matrix, and the anticommutation relations
between fermion operator require B to be antisymmetric. With no loss of
generality, we will assume A and B to be real matrices.

We try to find a canonical transformation

77; = Z <fpmcin + gpmcm>

m

Np = Z (fpmcm + gp,mc:fn) (1.8)

m

such that

H = Z Apn;,np + const.
P

This is possible if

[1p, H] — Apmp =0 (1.9)

Inserting (1.8) into (1.9), setting then the coefficients of every operator equal

to zero, we get the set of equations

Apfp,m = Z (fp,nAn,m - gp,anm)

n

Apgpﬂn = Z (fp,an,m - gp,nAn,m) (110)

n

that become

Ap@bp = (A - B) (o
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Apthp = (A+ B) (1.11)

where we have defined

bp = fom + gpm Yp = fpm — Gpm (1.12)
From the last set of equations (1.11) we can get either [2]
¢p (A= B)(A+B) = Ao, (1.13)
or
Up (A+ B) (A= B) = Ajyy, (1.14)

For A, # 0 either (1.13) or (1.14) can be solved for ¢, or 1, and the other
vector is found from (1.11). If A, = 0 the vectors ¢, ¥, are obtained from
(1.11), their relative sign being arbitrary. Changing the sign of v, but not
that of ¢, results in exchanging the role of f,,, and g, n, thus exchanging
the definition of occupied and unoccupied zero energy modes.
Noting that (A + B)' = (4 — B), we immediately find that both

(A—B)(A+ B) and (A + B) (A — B) are symmetric and at least semi def-
inite positive; it then follows that all the A, are real, and it is possible to

choose ¢, and v, to be real as well as orthonormal, i.e.

Z (fpvmfp’vm + gpmgp’,m) = Opp' (1.15)
m
Z (fp,mgp’,m - fp’,m.gp,m) =0 (1.16)
m

Finally, from the invariance of ¢ H under canonical transformations we

find the constant to be [2]
1
const. = 5 <Em Apom — Ep Ap) (1.17)

1.1.2 General expression for the correlation functions

Correlation functions are very useful quantities to distinguish the various

regions of the phase diagrams of statistical models.
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We will calculate general expressions for the correlation functions of mod-
els whose hamiltonians are quadratic in Fermi operators; we define the cor-

relators as
o) = (%) (1.18)

where a = x,y,z. The first step is to express the correlation functions in

terms of fermionic operators; we get

o= (o5af) = {(of +07 ) (o7 +7))

k<l

- (< ; + cj) exp iﬂZc};ck exp <i7r2020k) <clT + cl>>
k<j
Since

exp <inc£ck> =TI (1 —2¢je)

k<l k<l

and
(1 — 2c£ck) = (cz + ck> <c£ — ck)
we obtain for the correlator [2]
Pj1 = (BjAjt1Bj1- - Al Bi1 A)) (1.19)
where we have defined
A = c}; + ¢ By, = C;i — ¢ (1.20)

Using Wick’s theorem, Caianiello and Fubini [6] have shown that vacuum
expection values of anticommuting operators, like (1.19), can be expressed

as pfaffians, i.e.

p5=pflSii41 Sjj+2 0 Sji-r o G o Gy
Sit142 0 Sjitni-1 Gt e Gy
Si—21-1 Gi—2j+1 o Grogg
El 7.7 7(]“21)
Gi-1,j+1 EE o Gy
Qjt15+2 - Qjy1y
Qi-1,
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with
Sj1=(B;B) Qj1 = (Aj A1) Gj1 = (BjA) (1.22)

For a generic 2n x 2n skew symmetric matrix M = {m, ;} the pfaffian [15]

is a polynomial of degree n, defined as

pf 2n 1 Z sgn Hma(2z 1),0(21) (123)

UESQn

where Sy, is the symmetric group and sgn(o) is the sign of 0. A remarkable

property of the pfaffian that symplifies its calculation is that
pf(M) = +/det(M) (1.24)

The calculation of the pfaffian (1.21) greatly simplifies since a certain number

of contractions vanishes

(A A1) = Z Pk, Pl = (1.25)
(B;jBi) = Zﬂlk,ﬂbkl (1.26)
(BjAi) = —(ABj) Z¢k,g¢kl (1.27)

The correlation function reduces then to [2]

Gij+1 - Gy
pj, = det : : (1.28)
Gi—ijy1 - Gioyy
Furthermore, in the cyclic problem, the hamiltonian is translation invariant,

so that G;; = Gj_;, i.e. they depend only on the relative distance.

In the same way we get [2]
Pl = (=17 (A;Bj11Aji1 -+ BiiAiaBY) (1.29)
Gy - =Gy Giy1; - Gjpii-1

= (1) det| ; — det
~Gi; - =Gl Gi; - G
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The calculation of the transverse correlation function pi ; is quite straight-

forward; in fact [2]

p5 = (0507) = ((2n; — 1) (2n; — 1)) = (A; B A1 By)
= (A;Bj){AiBy) + (A; Bi)(B; Ai) = G Gy — GGy (1.30)

1.2 The spin 1/2 XY model in a magnetic field

The spin 1/2 XY spin chain is one of the easiest non trivial quantum
integrable models. It describes a one dimensional lattice system, with each
site occupied by a spin 1/2 degree of freedom, that interacts with its nearest
neighbors, the interectation being restricted to x and y directions; we will
study the effect of an external transverse magnetic field, interacting with
the z components of spins. The hamiltonian of the model is usually written

asl

N

N
1+7 T T 1_7 z

J=1 J=1

where v is the anisotropy parameter and h is the external magnetic field,

and periodic boundary conditions are imposed, i.e of* = o%.

It is possible to diagonalize the hamiltonian following the steps described
above: first we use a Jordan-Wigner transformation, mapping the spin de-
grees of freedom onto spinless fermions, then a Bogolubov transformation
defines Bogolubov quasi-particles, in terms of which the model reduces to
lattice free fermions. Despite its symplicity, the model is far from trivial:
the quasi-particles are non local in terms of the original degrees of freedom,
so that every quantity (i.e. correlation functions and so on) of the origi-
nal model we wish to calculate has a non trivial expression in terms of free

fermions.

"We put in (1.1) Jo — Jy =7, Ju + Jy =1 and J, =0
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1.2.1 Diagonalization of the model

We will now work out in detail all the steps neccessary to diagonalize

the model (1.31). Define the Jordan-Wigner transformation

+ _ f : i - _ ; Z T )
O'j = Cj exXp |7 Z Cl ] O'j = exXp | —m Cl ] Cj
I<j 1<j

o; = QC}cj -1 (1.32)

where ¢;, c} are fermionic operators. The hamiltonian (1.31) in terms of

these spinless fermions becomes

N

Hxy = <C}CJ'+1 +clyiej + ekl +yeiae = 2hele; + h) (1.33)
=1

In Fourier space (cx = )_; cje™*J) the hamiltonian becomes

N
Hxy = Z [2 (cosk —h) czck + iysink <chT_k + ckc_k) + h} (1.34)
j=1

This hamiltonian can be diagonalized by the Bogolubov transformation
0 0
M = CoS Ekck + i sin Ech_k (1.35)

where 0}, is defined by

cosk —h +iysink
Ag

cifk —

(1.36)

and the quasi-particle spectrum

A, = \/(COS k—h)? +~2sin’ k (1.37)

We finally get the hamiltonian in diagonal form

1
Hxy = > Ax <771];77k - 5) (1.38)
K

A system is critical when its spectrum is gapless; when it is critical, a
system undergoes a quantum phase transition [7], a zero temperature analog

of classical phase transitions. Furthermore quantum phase transitions are
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Figure 1.1: Phase diagram of the XY model

characterized by singularities in thermodynamic quantities and a algebraic
behavior of the correlation functions.

From (1.37) we see that the XY model is critical when h = £1, and
v = 0 and |h| < 1. It can be noticed from Figure 1.1 that the model is
symmetric under the transformations h — —h and v — —~; the critical
lines are depicted with bold lines and separate three non critical regions,
the dotted lines show the very special lines v = 1 when the model reduces
to the Ising model in a transverse field, and h? + v? = 1 where the ground

state can be written as a product of single site wave functions [14]

Ws) =] lcos O] 1;) £ sin 6] |;)] (1.39)

J
where cos?0 = (1 — ) /(1 +~) and the product runs over the lattice sites.

1.2.2 Correlators of the model

The correlation functions of the XY model have been found in the sev-

enties by B.McCoy and coauthors [9], [10], [11] in various regimes (in a time
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dependent magnetic field, non zero temperature, and so on). In this sub-
section we will give the detailed results of the correlation functions of the
model in a transverse field at zero temperature (without giving the details
of the calculations?).

In terms of the Bogolubov quasi particles, the ground state is defined as
|0y =0 vk (1.40)

the usual vacuum for free fermions. It is straightforward to find that the

correlators are

(Ol [0) = (Olmint,10) = (Olnfnk|0) =0

(Olmkn}s|0) = G (1.41)

The calculation becomes more difficult when we express the ground state
of the model in terms of physical particles. We can invert the Bogolubov

transformation(1.35)

0 0
Cj, = COS Eknk — 4sin Eknik (1.42)

to calculate the correlators in terms of physical fermions

0 0 0y 0
(0]egexr[0) = (0] | cos K — isin —knT_k COS -y — i sin —knT_k, |0)
2 2 2 2
O 0
= —isin % cos Ekék,_k/ (1.43)

0 .. 0 0./ Y
<0|C;LCL,|0> = (0| <cos Ekn}; + isin Ekn_k> <cos ; 77,];, + isin %U—k’) |0)

. O O
= 7S111 — COS
2 2

S (1.44)

O O O Y
(0|C};ck1|0> = (0| <COS ?77}; + isin 777%) <cos 5 Mk — Uil nT_k, |0)

2See [9], [10], [11], [12], [13]
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ek/

5k k! (1.45)

. Ok .
— Sl — Sin
2

0 .. 0 01 L O
(0|ckcL|0> = (0 (cos ?knk —isin EknT_k> < ; I +isin 7’”7-1«) |0)

O 5k k! (1.46)

O
— COS — COS
2

The two point fermionic correlators can now be obtained by Fourier trans-

form. In the thermodynamic limit they become

0
Fjy = i(0]cjarl0) = —i(0|clcf|0) = / dkzsm keik(G=D(1.47)

1 1+ cosf o
Hj, = (oycjcj\o>=%/o dk% k(=D (1.48)

We can now calculate the spin-spin correlation functions of the model. Let’s
recall their expressions (1.19), (1.29), (1.30)

Gjj+1 - Gy
pia=det| L (1.49)
Gi-1j+1 - Gy
Gjv1; - Gy
plo=det| 1 - E (1.50)
Gl,j Gl,l—l
pip = GG — GGl (1.51)

where

G = (0|B;A]0) = O\(T— -)<T+ >]0>—i 27rdk‘ 0,k 0G=1)
3l = ;1 A1]0) = ( C; =6 )G Ta =3 ; sin 0.e

™

+— dk‘ dk

1 1 — cos b GkG-D) _ i 1 4 cos O kG
2w 2 2m 2

1 21

=5 dk (cos Oy, — isin 0y,) eV
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1 2 kL —h —ivsink o 1 2 )
_ _2_ dk COS h 17y S1n ezk(]—l) — 2_/ g <elk> dk(152)
T Jo \/(COS k—h)? ++2sink TJo

Matrices like (1.49), (1.50) are known as Toeplitz matrices® and a vast math-
ematical literature has been devoted to the study of the asymptotic behav-
ior of their determinants. T.T.Wu, B.McCoy and coauthors [8], [9], [10],
[11] were among the first to develop the theory of Toeplitz determinants in
connection to physical systems. The asymptotic properties of Toeplitz de-
terminants are determined by the analytic properties of the function g (eik)
the so called symbol or generating function of the Toeplitz determinant. In
this section we will summarize the results obtained by McCoy and coauthors
without giving the details of the calculation.

Let’s start with pf,. The generating function is [11]
9z (elk> = -

h+h?+~2-1
= 1.54
A12 1=~ (1.54)
We will distinguish the three cases h < 1, h > 1 and h =1 [11].

(1 - A7le®) (1 - A7tet) 1/2

(1- Afle‘ik) (1- )\2—16—%) (1.53)

where

e h < 1. The symbol never vanishes on the unit circle g (eik) # 0 and
has winding number zero Ind [g (eik)] = 0, thus Szegd strong limit
theorem [16] can be used. When h? > 1 —~? the asymptotic behavior
is

w2l (1= L g

1+
or (A — Ay 1) R

(1.55)

2[4 (1-~2)]"* 2R T 2
r _ (_1\R - i 1, —ip )
pf=(-1) Ty {1+7TR2§R[6 (a e ae > }%1.56)

SV 1+

a= 1/1_—7 1 = arctan [—‘1_,}:2_}12] (1.57)

3See Appendix A for a brief review on Toeplitz forms and the asymptotics of Toeplitz

determinants
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e h > 1. The symbol never vanishes on the unit circle, but its winding

number is 1. The asymptotic behavior of the correlator is then
1/4
M (0= -]

T (1 R
S e (1—2)

(1.58)

e h = 1. The generating function vanishes at kK = 0, and Fisher-Hartwig

conjecture [18] must be used.

1 2’}/61/421/1214_3

T = (-1)F 1.59
e e (1.59)
where A = 1.282427130 is Glaisher’s constant [19].
Let’s now consider p¥; the generating function can be written as
—1 —1 i 1/2
g (eik) — 2k (L=Arte®) (=25 te™) (1.60)
Y (L= A7Tem i) (1 — Ay teik)

The three regions h < 1, h > 1 and h = 1 are obtained again [11].

e 1 < 1. We have Ind [g, (e**)] = —2, and thus Szegd theorem [16] can
be used “shifting” the determinant. If h? > 1 — 2

_ 1/4
2R 9 [72 (1 - hz)] /

A
y:__1R2
i Sy 1+~

-1/2

=227 (= A7) (1= A7) (1.61)

otherwise, when h? < 1 — 2

TR 1++v
J=232) (1= A7) (1= A7"A D] Fsin? g (1.62)

e h > 1. In this case Ind [gy (eik)] = —1, and

(1-2)" (-
(1- 2705

A

y_ _(_1\R
p'=—(=1) orl/2 R3/2

1/4
] (1= A7) T(1.63)
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e h = 1. The generating function vanishes on the unit circle, and Fisher-
Hartwig conjecture [18] must be used.
e1/491/12 43

5 (1.64)

1

P = () (149)
R4

It is interesting to notice that at the special point h? = 1 — ~? both

correlators p® and pY can be calculated exactly, giving the results

2y
v = (1) V=0 1.65
pr=0 5 p (1.65)
Let’s finally turn our attention to p?; the calculation is easier than the

previous correlators since we need just to evaluate the integral Gp [11].

e h<land h?>1—+>2

pF =m? — A (1.66)
*  2nR?

e h<landh?<1—+2

; 1/2
2 _ 4042R% oW (R+1) 1— e
p *  1R2 1 — a2e 20

, 1 — 2200712
. wWpR-1) |2 & °
%{e [ T % ] (1.67)
e h>1
z 2 )‘%R
pFr=ms— o (1.68)
e h=1land v#0
1
z 2
= — 1.
P T o R (1.69)
where the magnetization is
k—h
- ——/ dk o (1.70)
\/ cosk — h)* +~2sin®k

Finally when h? = 1 — 42, we obtain the exact result p* = m?

It is very interesting to notice the presence of an incommensurate phase,
the region of parameter space defined by h? 4+ v2 < 1, i.e. when the two
roots A1 are complex, which gives rise to oscillating correlation functions
(1.56), (1.62), (1.67) with wave number .
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1.2.3 Self duality of the XY model

The concept of duality stems from the work of Kramers and Wannier
(1941) [23] on the two dimensional Ising model: they showed that, using
a peculiar transformation the two dimensional Ising model can be exactly
rewritten as another two dimensional Ising model, whose temperature is a
monotonically decreasing function of the temperature of the original Ising
model. High temperature regions of the original Ising model are then low
temperature regions in its dual, and viceversa. This transformation can
actually be generalized to any abelian theory, but the result can be com-
plicated and not immediately useful. A “successful” duality transformation
bears many benefits. The theory is expressed in terms of new variables,
called “disorder” variables; the original theory is mapped into a dual theory
such that when the temperature of the original theory is high, the one of
the dual is low. Thus, when the temperature is high, the disorder variables

have small fluctuations, while the original variables have large fluctuations?.

Hinrichsen and Rittenberg [25],[26] showed that the XY model in a
transverse magnetic is self dual, i.e. after a suitable transformation, can be
rewritten exactly as another XY model in a transverse field where the role
of the parameters (anisotropy parameter and magnetic field) is exchanged.

Following the notation in [26] we write the hamiltonian

1 _ _
Hxy = 5 Z [nafafﬂ +n 10“?0;“-'“ +qo° +4q 1Uf+1 (1.71)

J
that can be rewritten, up to boundary terms, as

1 B
Hyy =33 [ng;?g;?H +n 1a§/a§4+1] ~hY ot (1.72)
j

J

where h = (q + q_l) /2 is the magnetic field. It is possible to derive an

4From a field theoretic point a view, a statistical system can be regarded as a euclidean
field theory (where the temperature is replaced by the coupling constant); thus duality
transformations are used to map theories with large coupling constants into theories with

small coupling constants
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orthogonal transformation®, depending only on the ratio ¢/n such that

Hxy (n,q) =U (@) Hxy (g:n) U (a) (1.73)

The first step is to intoduce the operators [26]

T = Haf U;:’y (1.74)
1<J
and define
1/2 _ . —1/2
q o« «
a=1 YA f a2 (1.75)

The explicit expression for the transformation is given by the polynomial
[26]

L
1
Ula) =— kG 1.76
where the generators Gop are defined as
1<j1<je<-<jn<L

By definition Gy = 1 and the normalization constant N is given by

L
L 14+ ak
N = Wk =ol-1 =T 7 1.78
kzzo <2k> (1+a)F (1.78)

Introducing a “time ordered” product

Trim = T Ik (1.79)
Jjl'k — oz - .
T, J>k

the transformation can be formally expressed as a time ordered exponential
[26]
1

Ua) = \/—NTe“’GQ (1.80)

"Recall the duality transformation for the Ising model [24]

T z z _ T _T
Ki =110 Kj = 0;505+1
k<j
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We finally get [26]
L-1

1 _ —
Hxy (n,q) = 3 Z [”Ufafﬂ +nlofol a0t +q laiﬂ]
j=

L-1

1 - —_—
j=

where
;Y =U () a;?’yu_l (o) (1.82)

are the disorder operators.
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Chapter 2
Spin 1 Heisenberg spin chains

The study of quantum spin chains has a very long history, going back
at least to the solution found by Bethe [27] in 1931 for the spin 1/2 case.
Spin wave theory [28], [31] predicted for antiferromagnets in d > 2 long
range order and gapless Goldstone bosons. The behavior of 1-dimensional
antiferromagnets is quite different: Mermin and Wagner theorem [29], [31]
states that for the quantum Heisenberg model with short range interactions,
there can be no spontaneous symmetry breaking at non zero temperatures
in one and two dimensions. Thus no “true” long range order is expected, but
yet the Bethe ansatz solution predicts gapless excitations. In 1983 Haldane
[33], [34] suggested that integer spin chains behave in a completely different
way from half-integer chains: the former have a disordered ground state and

a finite gap, while the latter have gapless excitations.

This chapter is organized as follows. We will first review the semiclassi-
cal limit of the quantum Heisenberg spin chain using the Holstein-Primakoff
approach to spin wave theory [30], [31], showing that, while the ferromagnet
has a quadratic dispersion relation and thus it is not possible to find a corre-
sponding Lorentz invariant field theory, the antiferromagnetic chain instead
has a relativistic (linear) dispersion relation and thus can have a correspond-
ing Lorentz invariant field theory. We will then see [30], [32], [34] that the
large spin, low energy, continuum limit of the antiferromagnetic quantum
chain maps aproximately onto the O(3) non linear o model (NLoM) with a

topological term: it is this term that makes the behavior of the integer and

31
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half-integer spin chain completely different. In the subsequent section we
will briefly discuss the nonlocal string order parameter proposed by den Nijs
and Rommelse in 1989 [38] to detect the hidden order of the Haldane phase,
and show how the non vanishing of the string order parameter is actually a
sign of the spontaneous breaking of a hidden Zy x Zy symmetry [40], [41].
Finally we will work out in detail the exactly solvable spin 1 model with a
spin gap and string order provided by Affleck, Kennedy, Lieb and Tasaki in
1987 [42], [43].

2.1 A semiclassical approximation: spin waves

The Heisenberg hamiltonian can be written as

H=J> S8, (2.1)
(id)

where 7 and j are nearest neighbor sites, and
[sg, Sﬂ = 5,57 S2=s(s+1) (2.2)

In the classical case, i.e. the spins are fixed lenght vectors, the ground state
for the ferromagnet(J < 0) is the state with all spins parallel, while for
the antiferromagnet is the Néel state, i.e. antiparallel neighboring spins.
Writing the Heisenberg hamiltonian in terms of the raising and lowering

operators
+ T .
S5 =57+ sz-’ (2.3)

it is easy to check that the classical ground state is also the ground state
for the ferromagnetic quantum chain, while the same does not hold in the
antiferromagnetic case. We want to find out if, and under what conditions,
the Néel state is a good aproximation to the quantum ground state. To study
this problem we will perturb the Néel state in the large S limit in which the
Néel state becomes the exact ground state of the quantum chain. In order
to study the small fluctuations of the spins around their expectations values
Holstein and Primakoff (see for instance [30]) introduced a boson operator

a which represents the three spin component operators as

St = <25 - aTa) i a (2.4)



S™=al (25 — aTa> i (2.5)

S* =8 —ala (2.6)

Expanding in 1/S the relations written above, plugging them into the Heisen-
berg hamiltonian and retaining up to quadratic terms, we get in the ferro-

magnetic case [30]

HF—JSZ[ aa2+a aJ+aTaJ—|—aTaZ (2.7)

or in momentum space

= 17182 " (1 — ) afax (2.8)
k
where
1 XY,
T« = ; Z eZ(X] X;)-k (29)

3,(6.9)
and z is the number of nearest neighbors. At small k we get a dispersion

relation quadratic in momenta, i.e. non relativistic
Ey — JSk? (2.10)

This is the gapless Goldstone mode, which is a consequence of the broken
symmetry of the ferromagnetic ground state. The lowest order correction
to the ground state magnetization can be calculated at finite temperatures,
and, while small for d > 2, it is divergent in d = 1,2, consistently with
Mermin and Wagner’s theorem [29].

For the antiferromagnetic case, following Affleck [30], we consider a bi-
partite lattice, on one sublattice, say A, we perform the above expansion,

while on sublattice B we represent the spins in terms of the boson b

5% =—S+bb (2.11)

S = (25 - bTb) 2, (2.12)
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The state with no bosons is just the Néel state. After expanding in powers of
1/S, keeping up to quadratic terms in the hamiltonian, going to momentum

space and performing the Bogoliubov transformation

Ckx — Uxax — ’UkbL (2.13)

dk = ukbk — UkCLL (2.14)

we get the diagonal hamiltonian!

Hap =52 (1-9)"" (cle+ dlay) (2.17)

k
The excitations created by ¢ and d are known as spin waves, they correspond
to infinitesimal deviations of the spins away from the Néel state. Their

dispersion relation is relativistic in the limit & — 0
Ey — 2JSz|k| (2.18)

The staggered magnetization can be calculated using spin wave theory and
it has been found that in d > 2 the correction is relatively small for large S;
ind=1[31]

1 dk

i.e. the Néel order is broken by quantum fluctuations no matter how large

S is, as it is expected from Mermin and Wagner’s theorem.

2.2 Continuum limit of the quantum Heisenberg
spin chain
We will now derive the low energy, continuum aproximation of the quan-

tum magnet. The basic idea is to separate the long wave, low energy fluc-

tuations and the short wave ones, “integrating out” the latter ones.

!The coefficients of the Bogoliubov transformation are obtained solving

Jug* = Jok|* =1 (2.15)

Vi (ui + v;%) + 2upvr =0 (2.16)
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The starting point to treat the large spin limit of the quantum Heisenberg

chain is its canonical partition function on the coherent state basis? [31], [32]
B
Z= /DQ exp <z’sSWZ —/ dtH [Q]) (2.20)
0

where the vector operator S; of the hamiltonian (2.1) has been replaced
by the classical variable S; = s{2; with the constraint Q? = 1, and the

Wess-Zumino term is
1 s
Swz [ (r)] = / dx / () - (R (hx) x R (HY)  (2.21)
0 0

2.2.1 Quantum ferromagnets

We first consider the ferromagnetic case on a hyper cubic lattice. The

real time® action can be written, up to an additive constant, as [32]
SpQ=5>_ S [n(r)]+J—322/TdT[n(r - (r,7)]* (2.22)
F - wZz 2 < | 0 ) ) .

In the long wavelenght limit € (r,7) is a smooth function of the spatial

variables, thus in this limit the action reads

T
sele] = / dSu [n]+2‘%22 / il /0 dr [V Q2,7 (2.23)

Thus the effective continuum action for the quantum antiferromagnet does
not have the non linear ¢ model form, as we should have expected, since the
large s limit of the ferromagnet has a quadratic dispersion relation, and thus
it cannot be put in correspondence with a Lorentz invariant field theory. It
is also consistent with the fact that NLoM leads to Goldstone bosons with
a linear dispersion relation, while ferromagnetic magnons have a quadratic

dispersion relation.

2.2.2 Quantum antiferromagnets

We will consider a spin chain with antiferromagnetic coupling constant

J > 0 with an even number of sites on a bipartite lattice. The real time

2For a brief introduction to spin coherent states see for example [31]
$We make a Wick rotation t = it
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action is [32]

N
Sar =53 Swzl] / dTZ T2 (r) - Q41 (7) (2.24)

j=1
where we assumed periodic boundary conditions. Since we expect to be
close to the Néel state we stagger the configuration Q; — (—1)7€2;. The
effect of this transformation on a bipartite lattice is to change the sign of
the exchange term to a ferromagnetic one, while Wess-Zumino terms get

staggered. The effective action thus becomes, up to a constant

Sar = SZ 1) Sy 22 / dTZJS Q.1(1)°  (2.25)
We now define [32]
Q=n;+(-1)al (2.26)
where the two fields satisfy the constraints
n? =1 n-1=0 (2.27)

The Wess-Zumino term becomes then in the continuum limit

ii_)nsz(—l)jSWZ[Qj] ~ g/dwdTn - (0rn X On)

+s/dxd7'l - (n X Orn) (2.28)

Similarly the continuum limit of the energy term becomes

lim | erJs Qj41(r))°
aJs? 9
~ / dedr (9,0 +1) (2.29)

Collecting terms, we find the lagrangian density [32]

aJs?
2

(8,n)* + ‘n- (0rn x 9;n)2.30)

L, 1] = —2ajs*1%> 4+ s1- (n x d;n) — 5
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Integrating out the fluctuations over the uniform component of the spin

density 1, we get the lagrangian density of the NLoM [32], [34]

1

£ = 5

0
( (0:m)? — v (8wn)2> + 8_7TEWH - (Oun X Opyn) (2.31)
where g and v are the coupling and spin wave velocity

9= v =2aJs (2.32)

and the 6 term is
0 =27s (2.33)
Let’s parametrize the field with the coordinates for the sphere
n = (sin «a cos (3, sin asin 3, cos «) (2.34)
The Lagrangian becomes (setting here v = 1) [30]

L= 29 (8,a)% +sin® a (8,6)° —|—ismae‘“j8 ad, (2.35)

We see that the 6 term is a total derivative and then it has no effect on the
classical equation of motion and in a perturbative treatment. It leads to a
change in the hamiltonian. The effect of the topological is to redefine the

conjugate momenta by a canonical transformation
. 9 / . 9 /
II, —» expi— [ dxf cosall, exp —i— [ dxf' cosa (2.36)
4T 4T

Thus the 6 dependance of the hamiltonian can be removed making the above
transformation. However it is expected that the Hilbert space breaks into
sectors labeled by 6. Performing the canonical transformation on the states
corresponds to a map between the different sectors, in particular between

the different ground states called 6 vacua.

2.2.3 The topological § term

Let’s consider the Euclidean (7 = it) lagrangian

L[n] = % <% (0m)? + v (8xn)2> 4 18%6%. (Omxdm)  (2.37)
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The topological term

Q ! /d2xe’“’n - (Oun X Opyn) (2.38)

" 8w

is the Pontryagin index [45] of the Euclidean space spin configuration {n(z)}.
We require the Euclidean action to be finite, i.e. n(x) becomes a constant
vector ng at infinity. Topologically the Euclidean space time is a sphere
S? since the fields are identified with a constant at the point of infinity; the
order parameter manifold is also isomorphic to S? since the constraint n = 1
must hold everywhere. Thus, a field configuration with a finite euclidean
action is a smooth mapping from S? to S2.

Field configurations can then be classified according to their winding
number. In other words, the field configurations n are mappings from S?
into S? with homotopy classes classified by an integer, the Pontryagin index

Q, i.e. the second homotopy group [45]
m(S?) =1Z (2.39)

The partition function of the Heisenberg model in the large S limit Z =
exp (—iSar) has a contribution due to the NLoM at § = 0 and an additional
topological term expi2msQ = (—1)2*2. Then, if the spin is integer the
topological term is 1 and the Heisenberg chain is described at low energies
by the pure NLoM. For half-integral spin, each topological class contributes
with a sign which is positive or negative if the Pontryagin index is even or
odd. This property is the very motivation of the different behavior of the

two kinds of chains.

2.2.4 Renormalization group

We will now consider the role of quantum fluctuations. Assuming fluc-
tuations to be local and reasonably small, it is possible to treat the path
integral semiclassically; this can be actually done only if the coupling con-
stant g = 2/s is small, i.e. in the large s limit. A very important property
of the classical action of the NLoM is that it is scale invariant; from renor-
malization group theory it is known [46] that, if the action is scale invariant,

then the point g = 0 is a fixed point for the renormalization group (RG).
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From RG it can be obtained the § function [32]
u2
Blu) = —eu + o + O(u?) (2.40)
where u is the dimensionless coupling u = ga®¢, € = d — 2 and a is the
lattice spacing. The § function actually measures the change of the coupling
constant u as the cutoff a is increased and the fast degrees of freedom of the
system are progressively integrated out.
In particular, in 1 + 1 dimensions the § function is positive [47]

u

T on

B(u) (2.41)

This means that as the cutoff a is increased the fluctuations increase the
effective value of the coupling constant. Thus even if the bare coupling wug
is small, it increases as we consider the effective theory at low energies. It is
known from classical statistical mechanics that the NLoM at strong coupling
is disordered and has finite correlation length. That is, in the “spin picture”
as the spin gets small, the semiclassical behavior is destroyed, and we find a
state with no spontaneous symmetry breaking and short range correlations.

Let’s keep the lattice constant fixed and vary an energy scale such as the
temperature 1" instead. At finite temperature T the system can be viewed as
a NLoM on a strip of length L (the length of the chain) and width 1/T" with
periodic boundary conditions in imaginary time. We start our RG process
with some fixed cutoff ag, bare coupling ug and spin velocity v. Integrating
out degrees of freedom, the effective coupling u and the spatial cutoff a
increase. When the spatial cutoff a ~ v/T), i.e. it is as large as the width
of the strip, the quantum fluctuations are negligible and we have a NLoM
at some finite temperature 7. It is now interesting to see how the coupling
constant u differs from wg when the cutoff is changed from ag to a3 ~ v/T.
Solving the differential equation

du u?
apg— = —
Odao 2w

Blu) = (2.42)

and choosing a; ~ v/T, the temperature dependance of the effective cou-
pling is given by [47]
Ug

T 1+ By (o)

w(T) (2.43)
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This result is known as asymptotic freedom, i.e. the coupling constant is
small at high temperatures or small distances.
Using RG we can finally calculate the dependance of the correlation

length £ on the coupling constant. It is found that [31], [32]

E(ug) ~ &(u')e™ (2.44)

whit u a large value of the coupling constant with the same a as ug. The

limiting value £(u’) as v’ — oo depends on wheter s is integer or half integer

e For the integer spin case there is no topological term. The sigma model
is always disordered at strong coupling, and then we expect £(u') ~ a.

Thus we have a finite correlation length
&(ug) ~ ae™ (2.45)

there is no long range order, the spectrum has a gap A = v/{(ug) and

ground state is unique

e For the half integer case the topological term remains unchanged at
the value 8 = 2mws. The coupling constant is related to the spin s by
u = 2a®>"%/s, thus strong coupling is equivalent to small spin. We
have then that the behavior for all half integer chains is qualitatively
identical to the spin 1/2 case. This case is gapless, thus {(o0) is infinite.

All half integral chains are then gapless with infinite correlation length.

2.3 String order parameter

Haldane’s conjecture that antiferromagnetic integer spin chain at their
isotropic Heisenberg point have a disordered ground state, with massive
excitations is now commonly accepted. The existence of this phase which
presents a hidden antiferromagnetic order and is different from the Néel
phase led people to propose “new” order parameters able to distinguish
the Haldane phase. In 1987 den Njis and Rommelse [39], studying the
roughening of crystal surfaces in the Restricted Solid on Solid(RSOS) model,
discovered a new phase which they called the disordered flat phase(DOF); in

this phase the surface is on average flat, altough it shows disordered arrays of
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Figure 2.1: Phase diagram [38] of the spin 1 A - D model using (a) the RSOS
language, and (b) the spin 1 language

steps, having long range up down order. To distinguish the various phases
of the phase diagram of the RSOS they introduced correlation functions
and order parameters [38]. They then proved that the transfer matrix of
the RSOS model is equivalent to that of a very general spin 1 hamiltonian
with nearest neighbor interactions, that under particular assumptions is
just the A-D model. Under these assumptions they then made explicit the
correspondence between phases in the RSOS and the spin 1 A-D model
(2.52), finding out in particular that the DOF phase corresponds to the
Haldane phase.

They interpreted the spin 1 chain as a diluted spin 1/2. The site is
empty, the S* = 0 state, or occupied by a spin 1/2 particle, with the states
S?% = +1 representing the spin of the particle. These particles behave then
like a solid, a liquid or a gas in the various regions of the phase diagram,;
the Néel phase has perfect antiferromagnetic order with no empty sites,
and can be depicted as a solid. The Haldane phase can be regarded as a

liquid in the sense that there is no positional order but there is long range
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antiferromagnetic order. Finally the large D phase is interpreted as a gas
since there is no order left.

They then “translated” correlators and order parameter in the spin lan-
guage. They found in particular that the step-step correlation function,
which does not vanish in DOF, can be written as the so called string order

parameter [38]
OF; = (0|87 €™ 2k<i %5 82|0) (2.46)

This non local correlator is not vanishing in the Haldane as well as the in the
Néel phase. In order to get an idea of what this order parameter measures,
let’s remind [42] that the ground state of the Haldane phase can be written
as a Valence Bond Solid (VBS)*. We then consider an allowed VBS ground

state configuration
[VBS)y=|---+000—0+—+0---0—+---) (2.47)

This configuration does not have long range order: if we fix the spin at
a given site we are not able to say what will be the spin at another site;
however if we keep track of the number of non zero spins from the reference
site we can predict what the spin at a distant site will do. This is exactly
what the exponential in the string order parameter does, it gives a =1 wheter
there is an even (odd) number of non zero sites between the two reference

sites.

2.3.1 Hidden symmetry breaking and the string order pa-

rameter

Kennedy and Tasaki [40], [41] showed that the hidden order measured
by the string order parameter is due to the breaking of a hidden Z; x Zs
Symimetry.

We consider a finite chain with an even number sites and impose bound-
ary conditions. Let o = {o;} be a choice of o; = —1,0,+1 at each site i,
and ®, denotes the eigenstate with S?®, = 0;®,. Denote N(o) to be the

number of odd sites at which there is a 0, and let & be the configuration

5; = eiWqu 0j (2.48)

4See Sec.2.4 for more details on VBS
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We define the unitary U by [40], [41]
Ud, = (—1)N o, (2.49)

If o0; = 0 then 7. If 0; # 0, then G; = o0 if the number on nonzero o; to the
left of 7 is even and &; = —o; if this number is odd. Beginning from the left
of the chain we move to the right looking for nonzero spins: the first non
zero spin is left unchanged, the second is flipped, the third is unchanged and

so on. As an example of the action of the unitary

|0+ —0000 + +0 — 0+ 00+ — -+ ) — |-~ 0+ +0000 + —0 — 0 — 00 + -+ -

It is immediate from the definition that U is unitary. It can be shown that

the transformation can also be expressed as

U=J[Jem% (2.51)

i<k
The unitary is non local, in the sense that it cannot be written as a prod-
uct of unitary operators acting at each single site. Let’s see how the A-D

hamiltonian

H=Y L [si -Siv1+ (A — 1) S7S%, + D (87)° (2.52)
i=1

transforms under the action of the unitary. The term D (S?)? is left un-
changed since this term does not distiguish between o; = 1 and o; = —1.
For S7S7 1P, to be non vanishing, both o; and ;1 must be non zero. If
so, exactly one of these two sites must be flipped. Thus this term acquires a
— sign. To see how the off diagonal part changes, we must take into account
that S S +S; St i1 conserves the number of non zero spins of each con-
figuration ¢ or changes it by two. Since the unitary only involves the parity
of the number of non zero spins on the left of a site ¢, the above hamiltonian
elements do not affect the unitary at the k-th site for k > i + 1. Thus the
matrix elements U (SZFSZ-;I + SZ-_S;;I) U1 are still local. It can be shown
that [40], [41]

L
H= Z[h F(1—A)S? f+1+D(Sf)2] (2.53)

=1

-{(2.50)
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where

hi = =87 Sty + SV (ST SY | — 5787, (2.54)
The SO(2) symmetry of the original hamiltonian is destroyed by the unitary.
We find that H is only invariant under rotations of 7 about each of the
three coordinate axes. These three rotations generate the discrete group
Zy X Zo. The transformed hamiltonian has the the same symmetries of the
original hamiltonian H since they are related by the unitary, but in general,
these symmetries for H will be non local. The only local symmetry of the
transformed hamiltonian is the discrete Zy x Zs symmetry. This can be
thought of as generated by the rotations of m around the axes x and z.
Kennedy and Tasaki [40], [41] also showed how the Néel order parameter,

the ferromagnetic order and the string order parameter

Ofvea (M) = lim_(~1)(S75,) (2:55)
O%erro (H) = |z—1]1|IE>oo<SZOl 7(Lx+1> (256)
Ciring (M) = Tim (876" ot ) (2.57)

transform under the unitary transformation U
Sring (M) = Ofere () for  a=u,2 (2.58)

Possible spontaneous breaking of the discrete symmetry Zs x Zs can be
measured by the order parameters O3, (ﬂ) and O%,.,., (7:[)

Let’s consider the various phases of the model. When |A — D| > 1
we know that the hamiltonian has two infinte volume ground states with
long range Neel order. We have O%,, (H) > 0 and OZ,,,, (H) > 0, while

Vel (H) = ORXeey (H) = 0 for o = z,y. This is consistent with the fact
that in this limit the transformed hamiltonian describes a ferromagnetic
Ising chain with a small perturbation. This hamiltonian has two infinite
volume ground states where the Zs X Zs symmetry is partially broken: the
Zs symmetry corresponding to rotations about the x axis is spontaneously

broken, while the other Zs is left unbroken.
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In the large D phase the infinite volume ground state of H is unique, has
exponentially decaying correlation functions and has a finite gap. All order
parameters are vanishing. The ground state of H has similar properties and
breaks no symmetry.

Let’s turn finally to the Haldane phase. The ground state is unique,
has exponentially decaying correlation functions and has a finite gap, but,
as argued by den Njis and Rommelse [38], it is believed to have a hidden
antiferromagnetic order: 0%, (H) = 0 for o = z,y,2 but 0%, ;.. (H) >0

string

for & = x,y, z. For the transformed hamiltonian H we have O?‘erm (ﬂ) =0

for a = x, z and the full symmetry Z5 x Zs is spontaneously broken.

2.4 An exactly solvable example: the AKLT model

In this section we will show the first example of an exactly solvable
one dimensional spin one hamiltonian with a unique ground state with no
broken symmetries®®. The key idea to this model is the notion of valence
bond. Given two spin 1/2 a valence bond is formed by putting them into
the singlet state T| — |T. Consider now the spin 1 chain: each spin 1 at site
i can be regarded as the symmetric part of two spin 1/2. The state will be
constructed with a valence bond between each pair of adjacent sites ¢ and
i + 1 by forming a singlet out of one spin 1/2 at site 7 and one spin 1/2 at
site i + 1. The next step is to symmetrize the two spin 1/2 at each site. The
resulting state will be called Valence Bond Solid (VBS) [42].

Let’s now show in detail the construction of the model. Denote the
sites of the lattice by ¢ and the spin s = 1 operators at site ¢ by S;. The
restriction of a state to two neighboring sites can have total spin 0, 1 or 2.
The orthogonal projection onto states with spin 2 can be written in terms

of spin operators as [42]

1 1 2
P2 (Si+Sit1) = B Si-Siy1 + 3 (S; - S,’+1)2 + 3 (2.59)

5The procedure used to construct this model can actually be generalized to dimensions
bigger than one and generic spin s whenever 2s equals the coordination number of the

lattice [42]
SWe will see that a hidden Zs x Z» symmetry is actually broken
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The hamiltonian will be the sum over i of these projections
H = Z H; = ZPQ (Si + Si+1) (2.60)

This hamiltonian is positive semi-definite, so we can find a ground state €2,
ie. Po(S;+ Sit1) Q=0 for all i.

Following [43] we introduce a special basis for the state space. Let’s
consider first the state space for a single spin 1/2 and denote with v and
1y the eigenstates of S* with eigenvalues +1/2 and —1/2. The state space
for spin 1 may be constructed by taking the symmetric part of the tensor
product of two spin 1/2 spaces. Thus an orthogonal basis can be written as

1
V2

with 9,3 = V3. These states are not all normalized to 1, in fact we have

(ags ) = 10 45 = 6957 + 6367 (2.62)

where we have raised indices in order to make the SU(2) invariance of the
theory more explicit.

There are four spin 1/2 associated with each bond of the chain. If two
of these spin 1/2 are in a singlet state, then the four spins can have at most
spin 0 or 1. A singlet pair is formed by contracting with the antisymmetric
tensor €2, i.e. 1, ® ¢ﬁeaﬁ (the sum over repeated upper and lower indices
is assumed). Given two spin 1 we can write Qng = Yoy ® 1/155675; since in
this state two spins 1/2 will always be in a singlet state, we will have that
Qqp will always be a mixture of states with total spin 0 and 1 [43]. We have
then found that €,3 is a ground state for the projector onto spin 2.

We can now write down the ground state of the hamiltonian (2.60) of a
finite chain with an odd number of sites L (the definition is essentialy the

same if L is even) [43]
Qop = Vap © Yazp, @+ @ Vap 18, ® waLﬁeﬁwz ehes ... Proiar (2.63)

For any two neighboring sites ¢ and ¢ + 1 there is a spin 1/2 at site ¢ and
a spin 1/2 at site ¢ + 1 which are contracted by an antisymmetric tensor to

form a singlet. Then, when (1,3 is restricted to two adjacent sites it can
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- " ht - Y .\.'—‘-

Figure 2.2: The VBS state [43]. Each dot, line and dotted circle represents

a spin 1/2; a singlet pair and two symmetrized spin 1/2

have only spin 0 and 1. Thus it is a ground state for H; for all ¢ and so is a
ground state of the hamiltonian (2.60).

We can give a pictorial representation of the VBS ground state (see Fig.
2.2). Each site is represented as two dots, with each dot representing a
spin 1/2. The bold line connecting two neighboring dots represents a singlet
state. After forming these singlets we symmetrize the two spin at each site.
This is done by the dotted circles.

Despite being written in a very compact form, VBS ground states are not
at all trivial; for instance, they cannot be written as tensor product states
of single site states. Let’s express the VBS state in terms of eigenstates
of 5% that is in terms of {|+) = ¥11/V2,]0) = th12 = a1, |—) = ¢22/V2}.
The basis vectors for the chain are labelled by strings of + , 0 and —. These
strings will be denoted by A, the corresponding state by 14 and its coefficient
in the ground state Q3 will be Q,3(A). This coefficient is zero unless the

string is in a very special form depending on « and (. In particular [43]

e o =1, # = 2. A must contain the same number of + and — ; the
first non zero character in A must be a 4+, and the non zero characters

must alternate between — and +.
e =2, f=1. Same as above with + and — reversed.

e o =1, 6 =1 A must contain one more + than —; the first non
zero character in A must be a +, and the non zero characters must

alternate between — and +.
e o =2 [ =2. Same as above with + and — reversed.

These four cases are disjoint except this case: the string containing all 0



48

belongs to the classes with o = 1, § = 2 and o = 2, 8 = 1. It can
be shown however that in the infinite volume limit [43] these four ground
states converge to a single infinite volume ground state.

Interestingly enough, Arovas, Auerbach and Haldane [44] have shown,
using the Schwinger boson representation of the spin algebra’[31], that the
VBS ground state (2.63) can be expressed for abitrary spin S and lattice £

as

Qu,v) = H (uivj — viug)™ (2.64)

(4.9
with S = Mz/2, z being the coordination number of the lattice, showing
in this way a striking analogy between this wave function and the Laughlin

wave function

U= ] (25— 2)" exp {—i > ’2112} (2.65)

j<k l
which describes the fractional quantum Hall condensate at filling fraction
v=1/m (m odd).
Having found the explicit expression of the ground state (2.63) it is
possible to calculate the spin correlation functions [43]

(Sashy = (—1)Raab§3—R (2.66)

thus the correlation functions decay exponentially with correlation length
¢ = 1/In3. The string order parameter is found to be [41]
Rliiqlm(kS’(‘)‘e"7r iy SkS%) = g a=1,2 (2.67)
Furthermore it is possible to show [43] that the ground states constructed
above are the only ground states, and that in the infinite volume limit there
is a gap between the ground state and the first excited state.
Finally, we notice that the hamiltonian (2.60) is a special case of the

more general

H = Z [SiSHl — B(SiSis1)? (2.68)

"Taking a' — u = cos(8/2)e’® and b' — v = sin(6/2)e'?, a — 8, and b — 8y, where a

and b are the Schwinger bosons as defined in [31]
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This model has been solved for 3 = 1 with the Bethe ansatz method [36],
[37]. It has a unique ground state with no gap and power law decaying
correlation functions. It has been argued [42] that 3 = 1 is a critical point

separeting the VBS phase® and dimerized phases (respectively for 3 < 1 and
B >1).

8The phase with a unique ground state, exponential decay and a gap
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Chapter 3

Effective mapping

3.1 Introduction

The Haldane phase [41], found in many low-dimensional spin systems,
has attracted a great amount of attention in the last two decades both from
the theoretical and from the experimental points of view. Its genuine quan-
tum nature is signalled by two characteristic features. First, the excitation
spectrum above the ground state (GS) displays a finite energy gap and, sec-
ond, one can identify suitable long-ranged string correlation functions that
measure a hidden topological order of the phase. The most intuitive idea to
understand the physical features of the Haldane phase is probably the spin
liquid picture [48]: In a spin-1 chain with Heisenberg interactions and quan-
tization axis directed along z, let us assign the presence of an effective spin-
1/2 particle with spin pointing up (down) if at the i-th lattice site S7 = +1
(—1) and no particles if S7 = 0. The Haldane phase is then interpreted as a
liquid in which these effective particles carry no positional order along the
chain but still retain antiferromagnetic (AFM) order in their effective spins.
The positional disorder is associated with the absence of long-range order

in the usual spin-1 correlation functions
Ca(R) = (=1)(S7S ) . a=2,y,2

whereas the spin-1/2 magnetic order that we would get if all the sites with

S7 = 0 were taken off from the chain is measured by the asymptotic value

51
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of the string correlators [38]:
: i+R—1 qo

Oa(R) = (™20 S8 ) 0=,z (3.1)
for R — oo. Interestingly enough, the Haldane gap has been interpreted as
the excitation energy associated with a “spinon” (or kink) with respect to the
hidden order [49]. The nonvanishing values of the string-order parameters
(SOP)

Oy = lim Oy (R)

R—o0

can be understood as a spontaneous breaking of hidden (nonlocal) Zy sym-
metries of the A — D Hamiltonian, as discussed thoroughly by Kennedy and
Tasaki [41]. From a numerical inspection of the string correlation functions
(3.1) computed on the first excited state with SZ, = 1, rather than on
the GS, Elstner and Mikeska [49] argued that this excited wave function is
characterized by a transition region with vanishing string correlations that
connects two asymptotic limits with symmetry breaking and different val-
ues of the hidden order. In a field-theoretic approach to spin-1/2 Heisenberg
chain [50] such a kink is described as an effective particle - a soliton - mov-
ing with relativistic dispersion relation. When the system is moved away
from criticality, due to the action of a relevant field, the soliton acquires a
nonvanishing mass or an energy gap, in the condensed matter language. In
ref. [51] it has been proposed a picture of the states that form the Haldane
triplet at the isotropic point in terms of massive solitons and their bound
states arising in the sine-Gordon formulation, valid in the neighbourhood
of the critical line that marks the limit of the Haldane phase towards the
large-D one (see below). The first solid numerical evidence of a nonzero
Haldane gap has been provided by White and Huse [52] using the by now
celebrated density-matrix renormalization group (DMRG) method.

Actually, the Haldane phase is not restriced to spin-1 systems and can
be found, for example, in spin-S Heisenberg chains for every integer value
of S. According to ref. [53] the gap vanishes as the classical limit S — oo is
approached as A oc S~!exp(—mS) while the behaviour of the string order
is more subtle: in order to have a nonzero value one has to generalize the

string correlation function of equation (3.1) using not 7 in the exponential
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but S-dependent optimal angles 6,, = (2n 4 1)x/S with n =0,1,...,5 — 1.
Again, when S — oo the resulting values of O, (6,,) tend to zero.

It is interesting to examine also how the features of the Haldane phase are
destroyed by varying the parameters of the Hamiltonian out of the isotropic
spin-S Heisenberg model (S integer). In this chapter we shall stick from now
on to the case S = 1 and consider two types of anisotropies along z: Ising-

like interactions (parametrized by \) and single-ion terms (parametrized by
D)

H=> Si-Sip1+(A—1)S7S7, + D(S;)>. (3.2)

The phase diagram of this model has been investigated in various papers
with different approaches [41, 38, 54]. In order to fix the ideas we will refer
to a recent determination [51], reported (in a simplified form) in figure 3.1.
Fixing a nonnegative value for A and varying D we encounter three gapped
phases: the Large-D one in which O, = 0 Va indicating the absence of
magnetic order in the effective spin-1/2 particles. Their positional degrees
of freedom are also disordered. In the Haldane phase the spatial disorder
persists but magnetic order emerges. As a consequence both longitudinal
and transverse string order parameters (SOP) become nonzero: O, # 0. As
pointed out in ref. [55] on the basis of an exact solution for an integrable
variant of (3.2) with A = 0 and in-plane anisotropy, the excitation gaps in the
Large-D and in the Haldane phases have a rather different nature. Despite
the fact that they are both found within the sector SZ, = 1, the former
corresponds to a flip of a single spin out of the zy plane while the latter is
related to the breaking of a two-site singlet composing the resonant-valence-
bond GS similar to the one of the spin-1 chain exactly solved by Affleck,
Kennedy, Lieb and Tasaki [43]. Finally, by decreasing further the value of
D, we pass in the Néel phase where both positional and magnetic degrees of
freedom orders are signalled by a nonvanishing (spontaneous) magnetization

along z

M? = lim C.(R).

z
R—oo

At the same time O, # 0 but O, , = 0. Den Nijs and Rommelse ([38], Sect.

IIE) introduced yet another less-familiar string correlation function without
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Figure 3.1: Ground-state phase diagram for the model (3.2) in the AFM
region A > 0. The three phases are defined in the text.

spins at the ends
Gu(R) = (7Tt )

and argued that Gg(oo) = 0 in the Haldane phase but Gg(o0) # 0 in the
Large-D and Néel ones.

Hence we may select, equivalently, the pairs (O,,0,) or (O,,M,) as
order parameters to classify the three types of behaviour. The universality
classes associated with the two transition lines will be frequently denoted
using the language of conformal field theory (CFT - see, for instance, [51, 54,
56]), in particular by specifying the central charge c. We interpret the fully-
disordered large-D phase with (O, = 0,0, =0) and (O, =0,M, =0) as a
spin gas. By crossing the ¢ = 1 line we enter the Haldane phase where the
effective spin-1/2 experience a first magnetic ordering: (O, # 0,0, # 0)
and (O, # 0,M, = 0). Then, loosely speaking, at the ¢ = 1/2 line the
spin liquid crystallizes and the fully-ordered Néel phase can be interpreted
as a spin solid with (O, # 0,0, = 0) and (O, # 0,M, # 0). Note the
interchanged role of O, and M, (see below). In the Néel and Haldane
phases G (00) refers to the positional order of nonzero spins [38], so that it

vanishes in the Haldane phase but Gg(o0) # 0 in the Néel one.
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Phase O.(R) Gu(R)
Haldane Expon. to #0 Expon. to 0
Néel Expon. to #0 Expon. to # 0

Table 3.1: Decay laws of string correlation functions defined in the text,
according to Sect. IIE of ref. [38]. To be compared with the results of this
chapter, including the explicit form of the algebraic prefactors, as reported
in table 3.3.

In order to determine the SOP numerically one has to extrapolate to the
thermodynamic limit and to infinite distance the data computed on neces-
sarily finite samples. However, apart from the qualitative statements made
in ref. [38] about the exponential decay of the string correlation functions
(as reported in table 3.1), the available literature contains scarce informa-
tion about the spatial behaviour of such correlators and the extrapolation
may become problematic, especially close to the transition lines where the
bulk correlation length becomes very large. In a particular case, namely the
transition from the Large-D to the Haldane phase, the low-energy physics is
described by a compactified free boson field theory (¢ =1 CFT). Once the
compactification radius is known in some other independent way, one can
read off the decay exponent of the string correlation functions from the set
of scaling dimensions of the possible vertex operators. Interestingly, it turns
out [57, 58] that, even if the lattice model has periodic boundary conditions
(PBC), the vertex operators to be associated with string correlators belong
to the sector with antiperiodic boundary conditions.

The main purpose of this thesis, instead, is to address the spatial be-
haviour of spin-spin and string correlation functions in the Haldane and Néel
phases, making use of a solvable theory of spinless fermions. Starting from
well inside the Néel phase, where the density of sites with S? = 0 is negli-
gible, we approximate the problem by assuming that the hidden magnetic
order is frozen so that a given contribution to the GS wavefunction can be
described by occupation numbers: no fermions if S7 = 0 and one fermion
when |S?| = 1, no matter the orientation, which is dictated by the under-

lying string order. The details of this approach will be presented in Sect.



56

3.2; actually it is very close to what done by Gémez-Santos in ref. [59]. The
difference here is that we include also the single-ion anisotropy term and,
in fact, the two formulations are related by a particle-hole transformation.
The novelty is that we work out in detail the mapping of the spin-spin and
string correlation functions (Sect. 3.3) onto fermionic correlators, so that
we can derive in Sect. 3.4 the precise form of their asymptotic behaviour
at large distances by exploiting the machinery of Toeplitz determinants. In
Sect. 3.5 we generalize the \-D hamiltonian including a biquadratic inter-
action: using the same approach we find out that our approximate result for
the SOP is the same as the one obtained exactly in [42]. Sect. 3.6 reports a

comparison with DMRG simulations of the system in equation (3.2).

3.2 Mapping onto spinless fermions

The basic idea underlying the approximation used is the spin solid pic-

ture of the Néel state(s):

IN) =101 41 -+ 10) (3.3)

which is, in fact, the GS of the Hamiltonian (3.2) for A — oo at fixed D
or D — —oo and A > 0. Actually the GS is doubly degenerate: for a
given configuration of the type (3.3) with, say, S7 = 1 at the reference site
i = 0, the energy is unchanged by the Zs transformation 7' = exp(ir ) j S;’)
that performs a m-rotation about the y-axis (spin-flip). We will refer to
|N) and |[N) = T|N) as Néel and anti-Néel states, respectively. Now, in a
perturbative fashion, when |D| and/or A > 1 the effect of the transverse

terms in the Hamiltonian S;.B ’yS;.B _{ryl

is to:
i) create pairs of adjacent sites with S7 =57, =0:[T1]) — [00);
ii) move the zeroes in the AFM background, e.g.: | 10) — [0 T);

iii) re-create a pair 7] or |1 in place of a pair of adjacent zeroes.

Notice that ii) preserves the AFM order, albeit not on nearest neighbours
but mediated by string of zeroes (hidden order). Again, due to the AFM
order (induced by A > 0 and by the transverse terms), even if both states
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of iii) can be created in an “island” of zeroes, as far as the low-energy part
of the spectrum is concerned, one of the two will be preferred according
to the orientation of the surrounding spins, that is, by the hidden AFM
order. Note also that [N) and |N) are connected through a large number
of virtual processes, so that in the thermodynamic limit only one of the two
will be selected by a spontaneous symmetry breaking mechanism induced
by an infinitesimal staggered magnetic field. Alternatively, if the system
under consideration is described by a thermal density matrix exp(—GH),
when 8 — oo the GS reduces to a symmetric mixed state |[N)(N|+ |[N)(N].

Once the question of the GS is accounted for, from the scenario above
one can see that the orientation of spins with nonzero component along
z is determined by the hidden order and can be taken for granted. The
validity of such an approximation is ultimately measured by the values of
the longitudinal SOP: the closer is O, to unity the higher is the AFM order
of nonzero spins. We then introduce the following fermionic picture: assign a
spinless fermion |+;) = cg|—i> at site 7 if S7 # 0 and no fermions |—;) = |0;)
in the spin language if S7 = 0. (This notation for spinless fermions has a
direct translation in the language of the XY model that will be introduced
at the end of this section.) Process ii) is nothing but a hopping of spinless
fermions, while processes i) and iii) represent annihilation and creation of
pairs | +; +i1+1). The density of nonzero spins (S7)? is simply translated
to the local fermion number n; = c}ci, while, due to the underlying AFM
order, the Ising-like term takes the form —An;n;;1 that contributes with a
negative energy when two fermions are present on adjacent sites.

Hence, under the hypothesis of hidden AFM order, the dynamics of

equation (3.2) is reproduced by the following effective fermionic model

He = Z <c}cj+1 + C}Jrlcj + c}c}H +cjyric; — Angnj + Dnj> (3.4)
J

(acting in a reduced Hilbert space H = ®ﬂ'£§2)where H?) denotes the local
Hilbert space of a two-level system - as that of a spinless fermion or a spin-
1/2 introduced below). It should be observed that equation (3.4) with D = 0
is essentially equivalent (apart from an additive constant) to equation (2)

of ref. [59] once a particle-hole transformation n; — 1 — n; is performed at
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every site.

Following Gémez-Santos [59] we now proceed to a further approximation
on the fermionic Hamiltonian that is not amenable to an exact treatment
due to the A-term. At the Hartree-Fock level this term can be approximated

as:
njnjp1 =~ (nj +njpr) (ng)— (c}cj+1(c}+1cj> + h.C.>+(C;C}+1<Cj+1Cj> + h.c.>

— () = (el yaeidiefesan) + (ejeaes)iclel 1))

where the expectation values (...) now are taken with respect to the GS of

the quadratic Hamiltonian

Hup = Z [(1 + A\A) c}cﬂ_l +(1—-AB) C;C}H + h.c.]
j
+ (D — 2Xng) nj + A (nd — |A]* + |B]?) (3.5)

where the parameters

no = (nj), A= (c;r.+1cj> , B={cji1c;)

have to be determined self-consistently. The advantage of a Hamiltonian
of the form (3.5) is that it can be diagonalized by means of a Bogoliubov
transformation

0 0
M) = COS Ekck + isin Ech_k

where ¢;, = 1/VL Zj cj exp(—ijk) and 6}, is given by

w0,  (cosk —h+iysink)
€ g
Ay,

where
2Ang — D _1-)\B

h= —— = _——
20+ 2 ) T T T

(3.6)

A = \/(cosk — h)? +42sin k2

Note that, as we are interested in the thermodynamic limit, we do not specify
here the boundary conditions on the spin and fermionic Hamiltonians. The

momenta are quantized as Ak = 27/L and their precise location within
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the first Brillouin zone depend on the conditions imposed on the end sites.

L [T
I T
Lk: 27T0

Apart from additive terms of O(L~!) the Hamiltonian in diagonal form is

However, for L — oo

1
Hur = 2(1+24) Y " Ay <n,1nk -~ 5) +U
k

and U = (D —2\ng)/2 + A(nd — A2+ B?). In the thermodynamic limit, the

self-consistency equations are

11 (" —h(ng,A)+cosk
no =3 277/0 dk o (3.7)
1 [T (—h(ng,A)+ cosk)cosk
A=—— k .
277/0 d AG) (3:8)
1 [™ ~(A B)sin®k
B=—— [ gL 2)sm R .
271'/0 d A(k) (39)

The notation used in equation (3.6) is the one commonly used for the XY
spin-1/2 model in a transverse field (see Section 1.2). In fact, by (inverse)

Jordan-Wigner transform one gets [56]

Hur — Hxy = Z <HT7> 07071+ <1_T’Y> O';-/O';/_H —hoi  (3.10)
J
where the o7’s are Pauli matrices at site j. This model is known [56] to be
critical at h = £1 for v # 0, where it belongs to the ¢ = 1/2 universality
class (the same as the 2D classical Ising model) and at v =0 for h € (—1,1)
where the universality class becomes that of the compactified free boson,
c=1.

From the numerical solutions of (3.7)-(3.9) it turns out that in the Hal-
dane and Néel phases A < 0 and B < 0 so that v > 1 (as long as A\|[A] < 1
- some representative cases are listed in table 3.2), while most studies are
limited to |y| < 1. As a consequence the region v2 < 1 — h? corresponding
to oscillations with wavenumber different from 7 [11], [56] is not present in
our case. However, having v > 1 does not affect the critical condition we are
interested in, that remains h = +1. In these cases we have just ¢ = 1/2, as

reported before [54] for the Haldane-to-Néel transition. At A = 0, D = —2
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this transition line merges with the boundary towards the so-called XY
phases corresponding to ¢ = 1. Interestingly this change of universality
class is captured also by our approximation since for A = 0, D = —2 the
self-consistent solution yields just v = 1 and h = 1. From the data in table
3.2 one can also estimate, for example, the critical value of D at fixed A = 1;
the result is D, = —0.214, which is not in good quantitative agreement with
the numerical value D, = —0.315 [54, 58]. The perturbation of the isotropic
Heisenberg Hamiltonian with A > 1 and D = 0, instead, seems to be better
described by the spinless fermions approach; already at this level of ap-
proximation the value A\, = 1.125 found in [59] is close to the best DMRG
independent estimate A. = 1.1856 [61]. Even if it is likely that the inclusion
of configurations with nearest-neighbour parallel spins could improve the
results, as discussed by Gémez-Santos [59], we do not insist along this line
here because we are ultimately interested in the decay laws of correlation
functions that are essentially dictated by the universality classes. In fact, it
is important to stress that neither the extension to D # 0, nor the extension
of the model as in equation (8) of ref. [59] modify the universality class of the
transition, that remains of the ¢ = 1/2 (or Ising) type for A > 0. Although
the location of the critical points and of the prefactors depend on the values
of the parameters, the scaling dimensions of the operators in the continuum
field theory (i.e. the decay exponents of the correlation functions) do not
change when we move along the ¢ = 1/2 line. Nonetheless, due to the lack of
an explicit mapping of the spin-1 strings onto the corresponding correlators
in the Ising fermionic field theory, up to now the exponents appearing in the
large-distance decay of string correlation functions were unknown. This is
precisely the subject of subsecs. 3.4.1 and 3.4.3. Eventually, we note that
alternative pictures of the Haldane gap in fermionic language can be derived
by perturbation theory near the Babujian-Takhtajan integrable biquadratic
spin-1 chain [62] or from two-leg ladders with ferromagnetic coupling on the
rungs [63].

At this stage it is interesting to compare the entanglement properties of
the original spin-1 model (eq. (3.2)) with those of the XY spin-1/2 chain
resulting from the mapping. On the one hand, for the former it has been

shown [64] that at the isotropic Heisenberg point A = 1, D = 0 there is long-
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A D ng A B h 5

10 0.709 —0.158 ~0.253  0.842 1.49
1 —0.125 0.745 —0.137 —0.246  0.936 1.44
1 —0200 0774 —0.117 —0.240  0.990 1.41
1 —0.250 0.800 —0.0979  —0.235 1.03 1.37
1 —0.300 0.816 —0.0866  —0231 1.06 1.35
1 —0315 0.820 —0.0837  —0.230 1.07 1.34
1 —0330 0.824 —0.0811 —0229 1.08 1.34
1 —0.345 0.828 —0.078  —0.228 1.09 1.33
1 —0400 0.841 —0.0706  —0.223 1.2 1.32
1 —0450 0.850 —0.0645  —0219 1.15 1.30
1 —0.750 0.893 —0.0406  —0.198 1.32  1.25
1 —0875 0904 —00344  —0.190 139 1.23
1 —10 0996 —0.000317 —0.0433 6.00 1.04
5 —0.125 0991 —0.000853 —0.0649 5.04 1.33

Table 3.2: Self-consistent estimates of the three decoupling parameters ny,
A and B of equations (3.7)-(3.9) for some choices of A and D in the Haldane
and Néel phases. It must be kept in mind that the continuum versions
of the self-consistent equations neglect some O(L~!) terms coming from
isolated contributions at wavenumber 0 or 7. Last two column contain the
corresponding parameters h and v of the effective XY model according to

equation (3.6).
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distance spin-1 (qutrit) entanglement in the thermodynamic limit for two
sites arbitrarily far apart. It is reasonable to expect that this entanglement
survives in a neighbourhood of the isotropic point. On the other hand, in
ref. [65] it is stated that the qubit entanglement in the XY model with

transverse field vanishes beyond a distance of order 1.

In our case v >
1 and the degrees of freedom of the qubits represent the presence or the
absence of an effective particle with |S;| = 1. Therefore we are led to
speculate that wherever there is full spin-1 entanglement in the vicinity
of the Heisenberg point, this is due to the spin correlations between the
sites with S7 # 0. Recalling the hypothesis of underlying string order and
imagining to eliminate the sites with S7 = 0, the qualitative picture of the
long-distance entangled states in the Haldane region if that of a Greenberger-

Horne-Zeilinger state [66] with effective AFM order |... T[T ...)+|... [TIT

ny

3.3 Mapping for the spin-spin and string correla-

tors

3.3.1 Mapping for the longitudinal correlator C,

We shall exploit now the mapping from spin-1 to spinless fermions, based
on the existence of an underlying string order, to translate the various spin-1
correlation functions onto expectation values of strings of fermionic opera-
tors that can be computed exactly when the Hamiltonian has the form (3.5).
Let us start from the z-component of the spin [60]

: Lt o;
Sj — leKj — B Kj (311)

where K; = exp(ir ), ;n;) = [[,;(—07) is a Jordan-Wigner tail that
accounts for the correct sign when S H # (0 assuming, conventionally, that the
first nonzero spin is pointing up (we get a — sign if instead we assume that
the first non-zero spin is pointing down). By inserting the expression SJZ» =
1+—20; [L- j(—aj) into the definition of the longitudinal spin-spin correlation

function and using the properties of Pauli matrices one finds [60]
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CZ(R)—>Z(—1)R<(1+0§)H(—0£) [T (—ob) (1 +0o7R))
k<j k<j+R
1 J+R JtR j+R-1 j+R—1
= <Ha,§>+(Ha,§>+(H Ji>+<H oe) | - (3.12)
k=j k=j+1 k=j k=j+1

3.3.2 Mapping for the transverse correlator C,

Let’s consider now the transverse correlation function
1 _ _
Co(R) = 5<(sj+sj+R +5; S;+R)> (3.13)

and see how it can be translated onto fermions. Let’s consider the action of

C, on a state with an even number of zero spins between j and j + R.

e There are non zero spins both in j and 5 + R

Cel-++070---01;0---070---0,0---07j450---010---) =

|--+070---00;0---070---0,0---00450---0 [ 0---) (3.14)

e There is a non zero spin in j or j + R

Cel---070---00,0---010---070---0j4g0---070---) =

|---070---01;0---00L0---070---00j450---070---) (3.15)

e There are zero spins both in j and j + R

Cel-+-070---00,0---0,0---070---00,450---010---) =
|--070---07;0---0,0---070---0 [j1g0---010---)+

|-010---00;0---0L0---070---07j40---010---) (3.16)
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In all cases the hidden order does not hold anymore. Consider now states

with an odd number of non-zero spins between j and j + R.

e There are non zero spins both in j and j + R

Cel---070---01;0---070---0 ;1 0---070---) =0 (3.17)
e There is a non zero spin in j or j + R
Cel-+-070---01;0---070---00,450---0]0---) =
|---070---00;0---070---0 [j4g0---0,0---) (3.18)
e There are zero spins both in j and j + R
Cel-+-070---00,0---0,0---00j450---070---) =

|-+010---07;0---010---0 ;42 0---070---)+

|--010---0];0---0,L0---07;420---070---) (3.19)

These cases do not preserve the hidden order too; from these remarks we
see that the only configurations which preserve the hidden order are those
with no non zero spins between sites j and j + R. Let’s consider now states

with no non zero spins between j and j + R

e There are non zero spins both in 7 and j + R

Cel---070---01;0---07j20---010---) =

|---010---00;0---00;150---0 ] 0---) (3.20)

e There is a non zero spin in j or j + R

Cel---070---00;0---00,450---070---) =

|---070---00;0---0 [j4g0---070---) (3.21)
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e There are zero spins both in j and j + R

Cel---070---00,0---00j450---0]0---) =
|---070---07;0---0 [j4g0---0 ] 0--- )+

|--070---01;0---01j420---0]0---) (3.22)

We notice that all these configurations, except the first one! in (3.22), pre-
serve the string order. We see then that the identification [60]

j+R-1

1 . 1—07\ .,
Cz(R) = 3 (S SirtS; SJ+R) o; H < 5 k>aj+R (3.23)
k=j+1

has the correct action, since the only cases in which the 1.h.s. does not break
the string order are those with S7 = 0, that is 07, = —1, on all sites between
j and j + R. The product on the r.h.s. of (3.23) is exactly the expression
involved in the so-called emptiness formation probability (see, for example,
[67] and refs. therein).

3.3.3 Mapping for the longitudinal string O,

Let us study now the spin-1 strings. Along the z-direction we have
simply
em 2wt = [T (1 =259 — [] (- (3.24)
k<j k<j

1+UJZ-
2

Again by using the relation S = [;<;(—07%) and plugging the string
60]

written above into eq. (3.1) one gets [

ozuzw<(1+205>H<—a,§>j+1ﬁ[_1<—az> [T b <H%>>

k<j k=j+1 k<j+R

1+o07% 1+o0
- ((F52) (FEE ) = 1 (14 ) + () + i) (329

IThis configuration gives no contribution to the expectation value
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Note that in the language of the effective XY model, the Néel correlation
function (3.12) involves a string of Pauli operators whereas the string corre-
lation function (3.25) involves only one- and two-points correlators of the o’s.
Thanks to equation (3.24) we easily obtain also the pure-string correlation

function as:

i+R
Gu(R) — (—1)F+! <H a;.> . (3.26)

From equation (3.12) we see that, in this approach, Gy (R) is nothing but
the first term of the usual spin-spin correlation function C,(R) apart from

the prefactor.

3.3.4 Mapping for the transverse string O,

We finally consider the string operator along the x direction O,. First

of all, we notice that fact that

that is, apart from an overall sign, the operator above performs a swap
between S7 =1 and 57 = —1 leaving the S7 = 0 component isolated.

We define now the operators

Piy=y |1 [](~oh) (3:27)

k<j

as the operator that ensures us that the last non zero spin before site j is

pointing up (down), and

g 1
+,4 2

14 H(—ag)] (3.28)
k=1

as the projector onto states with an even (odd) number of non zero spins
between ¢ and j.
Let’s consider first configurations with an even number of non zero spins

between j and j + R
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There are non zero spins both in j and 7 + R

@x\"'o'“UT0’”0lj0’”0TU"'UlO”’OTjJrRO”’Ol0”’>—>

|--0---070---00;0---0 [ 0---070---00;450---0 ] 0---) (3.29)

that preserves the string order. The correct action of the string oper-

ator @, in terms of the spin 1 /2 operators is given by
]+R -
(’) ox 73+J0 Q OiiR

If we consider instead the state with a spin pointing up in j and a spin

pointing down in j + R, analogous to the one treated above, we have
]+R —
Oy x P_ 05 9 OiiR
Collecting terms we have

e oo Qo (3.30)

There is a spin | in j and a spin 0 in j + R

@m|"'0"'0T0"'0lj0"'0TO"'OlO"'00j+R0"'0T0"'>—>

|---0---070---00;0---00---070---0 ;42 0---070---)

(3.31)
|--+0---070---00;0---010---070---071;420---070---)

We see that the first configuration preserves the hidden order, while

the second one breaks it. The string operator becomes

O X 0; Q P+,J+RUJ+R

P, ;g guarantees that the last non zero spin before j + R is pointing
up, ensuring thus that in the spin 1/2 picture the spin is created with

the “correct” orientation. Proceeding as in the previous case, we have

O x 0} Qﬁ'R ]++R (3.32)
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e There is a spin 0 in j and a spin | in j + R

@m|"'0"'0T0"'00j0"'0lO"'OTO"'Olj+R0"'0T0"'>—>

|-+0---070---0;0---070---0,0---00j450---070---)

(3.33)
|-+0---070---07;0---070---0,0---00j450---070---)

Again, the state on the first line still preserves the hidden antiferro-
magnetic order, while the second doesn’t. The correct action for the

string operator is

+ J+R -
(’) o<73+,]0’ Q OiiR

and so, as in the previous cases

+R_—
O, o<a+QJ T (3.34)

e Finally, let’s consider a state with spin 0 both in j and j + R

@m|"'0"'0T0"'00j0"'0lO"'OTO"'00j+R0"'0lo"'>—>
~070---01;0---070---0,0---07;420---0,0---
~-010---01;0---070---0,0---0];450---00---

|---0
|---0
|--0---070---071;0---070---0,0---01j420---0,0---
|--0---070---071;0---070---0,0---0 |4 0---0,0---

)
)

3.35
>( )
)

The first state still has string order, while the other three configura-

tions break the order. We have

R 1+ 0%
Ow OC,P-‘:—J 2 ! H( ) QJ+R ]++R

k<j

and considering also the state with the last non zero spin before j

pointing down, we have

z R
0, x i QI ot (3.36)

We find then, that the action of O, on states with string order and an

even number of non zero spin between j and j + R gives rise to only one
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configuration that still respects the hidden antiferromagnetic order, con-

tributing thus to the expectation value
i tR-1 g
O, = (8% Zh=ri1 SE 57

while producing some other configurations that do not respect the hidden
order. Collecting the terms obtained
j+R—-1
L+ Hk =j+1 ( Z)] T
J+R

T ]+Rx
Q 2

J+R -

0, x o (3.37)

The configurations with an odd number of states between the two refer-

ence sites are treated exactly in the same way.

e There are non zero spins both in j and 5 + R

Ol++-0---070---01;0---070---0];420---070---) —

|-<0---070---00;0---0 1 0---00;4£0---070---)
that preserves the string order

R _
0, o7 Qo (3.38)

e There is a non zero spin in j and a spin 0 in j + R
Ol---0---070---1;0---070---00j450---0,0---0T0---) —

|-+0---070---0;0---0,0---01;420---00---070---)

(3.39)
|--0---070---0;0---0,0---0 [;420---00---070---)

and just the configuration on the first line keeps the order

0, x o; Q{TJRJ;F+R (3.40)

e There is a spin 0 in j and a non zero spin in j + R
@x""o"'OTO’”Ol"'0”’00]'0”’0TO"'Olj—i-RO"'OTO”’>_>
|---0---070---00---0---0740---0]0---00,480---070---)

|--0---070---0)---0---0];0---00---00,420---070---)

Just the first of these states preserves the order.

+R_—
O, x O'+ Q] OiiR (3.42)

(3.41)
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e Finally there is a spin 0 both in j and j + R

Op0---070---0]0---00;0---070---00j450---00---070---) —

0---070---0,0---07;0---0,0---07j420---010---070---)
0---070---0,0---07;0---000---0];420---010---070--)
0---070---0,0---00;0---0L0---07j1g0---010---070---)
0---070---0,0---0];0---0,0---0];420---010---070--)

The first configuration preserves the order while the other three don’t.

A i+R
0, x 0+Q]_7j O';:_R (3.44)
We find, as well as in the even case, that every state with string order gives a
non zero contribution to the expectation value (3.37). Collecting the terms
obtained for these configurations we have

i+R—1 z
T x [1 — Hi‘ij‘Fl (_Uk)] T

J

From (3.37) and (3.45) we have that the transverse string order param-
eter is given by [60]

(0707 R)

Ogc — (_1)R—1 5

(3.46)

where the inner spin-1 transverse string contributes with the sign prefac-
tors. Thanks to hidden order in our reduced Hilbert space, the spin-1/2
configurations generated by o® represent the allowed spin-1 states and the
forbidden ones are automatically filtered out. The coefficient 1/2 comes

from the matrix elements of S* at sites j and j + R.

3.4 Asymptotic decay laws

In the previous section we derived the expressions for the spin 1 string
order parameters and correlation functions in terms of spin 1/2 operators.
Now, thanks to the fact that the Hamiltonian (3.5) is quadratic in the

fermionic operators, all the correlation functions can be evaluated using
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Wick’s theorem. Recalling some results from Section 1.1.2, we introduce [2]
the operators A; = c;[- +c¢j and B; = c;r- — ¢; that allow to express the basic

two-point correlations as
(07 om) = (BilA111 B+ Am—1Bm-14m)
(07 o) = (AiB1AmBp)
with Q. = (AjAp) = O and Sy, = (B1Bp,) = =, If we further assume

translational invariance (i.e. PBC) along the chain we have

G, Gy - Grm

(o om) = : : (3.47)
Gm—l—2 . G—l

(0f07,) = G — GmiGim (3.48)

where G_gr = (BjAj+r) = —(Aj+rBj). In particular, Gy = <(c;r - cj)(c;[- +
¢j)) = 2(n;) — 1 = (03), independent of j and (0307, p) = <0’]Z->2 — GrG_g.
The R-dependence of O,(R) and O (R) is given directly by (0307, ) and
(afaf ) respectively. The ordinary correlators C, .(R) require a step more
since they involve strings of Pauli operators. For example, each of the terms
in equations (3.12) and (3.26) has the form (][, BxAg). When R — oo all

the four terms in equation (3.12) tend to coincide so that
C.(R) =~ (-1)™'Gu(R) = (BjA;Bjy14j11 - Biyr-14;+r-1Bj1rA; 1 R).

Exploiting Wick’s theorem, Caianiello and Fubini [6] have shown that the

expectation value above can be expressed as a Pfaffian

PflS.y S -+ S.gpy1 S-p Go G-1 -+ G_py1 G_p
S_1 - S_R+2 S—R+1 Gy Go T G—R+2 G—R+1
S_1 S92 Gra Ggrs -+ G G2
S.1 Ggr-1 Gr—o - Go G_1
GR GR—l Gl GO

Q1 -+ Q-ry1 Q-Rr
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Thanks to the fact that Q;,, = Six,, = 0 this Pfaffian reduces to a Toeplitz

determinant [15] and we get

-Gy —-G_1 -+ —G_py1  —G_p
-G -Gy - —G_p+2 —G_p
C.(R) = f : f : (3.49)
—Gp-1 —Gp—2 -+ =Gy -G
-Gp  —Gr—1 -+ —Gi —Go

So, the determinants of the matrices with entries G; becomes the central
quantities of our analysis.
The matter is more complicated for the transverse spin-spin correlator.

The fermionic version of equation (3.23) reads

j+R-1
Co=(A; [T =2m) J] =ni) J] (1—2nk)Aj1r)
k<j k=j+1 k<j+R
Jj+R-1 j+R—-1
o (T ) o= (1T et o
k=j+1 k=j+1
J+R-1 j+R—1 j+R—1
Hel | T erel | cierd—(ei | T exch | chimd—tei | T] excf | civn)
k=j+1 k=j+1 k=j+1

After some algebra? we find that

Cr = —v/detM; — \/detM, (3.50)

where M; and My are two block Toeplitz matrices defined in Appendix B.
The calculation of the above correlator eventually involves a Toeplitz deter-
minant generated by a matrix-valued symbol that may also become singular.
As far as we know this case is not yet solved in the theory of Toeplitz de-
terminants and in ref. [68] it has been suggested to extend directly the pro-
cedure valid in the nonsingular case. Fortunately in our case a workaround
is possible: thanks to a suitable diagonalization, we are able to complete
the calculation of the dominant contribution to C,(R) in terms of a prod-
uct of Toeplitz determinants, each one computed using the Fisher-Hartwig

conjecture [18]. The details of this procedure are reported in Appendix B

2See Appendix B for details
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3.4.1 Longitudinal string correlation O,(R)

The first object we will compute is the longitudinal string correlator.

From equations (3.25) and (3.48) we get

O.(R) = —i (14 (03)* ~ GrGr] .

Following Barouch and McCoy [11] we express G as follows

—1 —1j 1/2
e [ [ L2 1
( )

_% 0 1-— Al_le_ik) (1 — A;le_ik
1 2w . .

o /0 dhe~ kR (cik) (3.51)

with
h+ /h?—(1—-7~2)

Ao = . 3.52

1,2 T (3.52)
and

1= AteR)(1 — Ay temik)

Note that since v > 1 the two roots of the numerator are always real; the

c(e®) = e—ik\/ (1= ATelR) (1 — Mg teik)
(

behaviour for R — oo is controlled by Ae. From equations (1.66), (1.69) and
(1.68) we have, respectively:

e Haldane phase h < 1(Ay > 1)

1 e 2R/¢
O.(R) = 0.+ | =1/l
o Critical line h =1 (A2 =1)
O.(R)~ 0. + {57
o Néel phase h >1 (0 < A2 < 1)
1 e 2B/¢
O.(R)~0,+ o R E=—-1/In)y

In every case the asymptotic value O, # 0 is simply interpreted as a non-

saturated value of the magnetization along z in the XY model in transverse
field

2
0, = —%, (3.53)

where (o) = Go(h, ) can be computed using equation (3.51) at R = 0.
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3.4.2 Longitudinal spin-spin correlation function C.(R) and

pure string correlator Gy (R)

The asymptotic behaviour of the Toeplitz determinant in equation (3.49)
can be found using the same technique as in [8], since (apart from a sign)
the generating function of (3.49) is essentially the same used by Wu. Then

we find:
e Haldane phase h <1 (A2 > 1)
C:(R) = (-1)"™'Gu(R)

_ L(l o /\—2)1/4(1 o )\—2)—1/4(1 . )\_1/\ )_1/2e—R/§

which corresponds to the known decay behaviour at the isotropic

Heisenberg point, as predicted by the nonlinear o-model approach (see,
for example, [69]). Moreover, in refs. [70, 71] it was argued that the
same behaviour of the connected longitudinal correlation function per-
sists also in presence of a staggered magnetic field; in this sense such
a behaviour could be considered a signature of the Haldane phase,

robust against anisotropic perturbations.

o Critical line h =1 (A2 = 1)
1
~ (_1\R+1 _ . 1/491/12 43
CZ(R) ~ ( 1) GH(R) =e 2 A (fy )1/4

where A = 1.282427130... denotes Glaisher’s constant [8].
e Néel phase h > 1 (0 < Xg2 < 1)
C:(R) = (~)™'GH(R) = (1= A7) (1 = 241 = Ayt Ag) /2

1 e_2R/5
2r(A\y ! — )2 R?

1+

Apart from the nonzero asymptotic value for h > 1, that serves as an order
parameter for the Nel phase (the ordered phase T' < T, in Wu’s paper [8]),
it must be noticed that both the power of R in the denominator and the
exponential constant are different on the two sides of the transition. The
roots A1 2 and the bulk correlation length { are the same as in subsec. 3.4.1
(see eq. (3.52)).
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3.4.3 Transverse string correlation function O,(R)

e Haldane phase h < 1 (A > 1). The nonzero asymptotic value O,
comes from the long-range order limpr_.o(0fo%) in the XY model
with spontaneous breaking of the symmetry ¢ — —o®. The result

can be borrowed directly from equation (4.1) of [11]

e R

O.(R) ~ — 1+
( ) 1—|—’7 27TR2 ()\2—)\2_1)2

(3.54)

with £ having the same meaning of subsec. 3.4.1.

e Critical line h =1 (A = 1). There is no long-range-order in (o§o%,),

—1/4 a5 expected from the scaling dimension

that decays to zero as R
1/8 of the primary operator in the ¢ = 1/2 CFT [56]. Using equation
(4.7) in [11] we have

o 0 1/491/12 43 1
Ou(R) = i A (vR)1/4

(3.55)

e Néel phase h > 1 (0 < X2 < 1). Equation (4.25) in ref. [11] is
translated to
1 e R/

O.(R) ~ (=2 7' A=A = A7

1/4
_2\/7? R1/2 :

(3.56)
We should stress that the critical exponent in equation (3.55) differs
from the one in equations (3.54) and (3.56); it is not possible to recover
the decay behaviour at h = 1 from the functions found for A > 1 or
h < 1 simply by letting R/§ — 0 in the exponentials. Qualitatively,
the reason is that the correlation functions should be described by a
unique scaling function F(r) of the variable r = R/£, but the asymp-
totic expansions in the off-critical regime and in the critical regime
are different. The former corresponds to r > 1 while the latter to
r — 0 for any large but finite value of R. A similar argument holds
also for the longitudinal spin-spin correlation function C,(R) of the
previous subsection. Although possible in principle (see, for instance,
[72] for the 2D classical Ising model), the derivation and the usage of

the whole scaling functions is beyond the scope of this thesis. Finally,
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we notice from the equations above, as compared to those of subsec.
(3.4.2), that the correlators O, (R) and C,(R) play a dual role above
and below the transition line; when one order parameter is vanishing,
the other is not. Here we do not have an explicitly duality relation
between order and disorder lattice operators for the spin-1 model as in
the Ising case (see, however, ref. [26] for the XY chain). Hence, what
is a nontrivial fact is to see that also the decay laws interchange when

the transition line is crossed.

3.4.4 Transverse spin-spin correlation C,(R)

The calculation of C, is quite involved, so for the sake of brevity we will
give only the results in this section, addressing the reader to Appendix B for
the detailed calculation. From the analysis reported in Appendix B, we can
prove a conjecture already put forth in ref. [59], namely that the transverse
correlation function decays always exponentially even when one crosses the
critical line. Here we can be more precise and derive also the power-law

terms in front of the exponential

exp(—R/E) 2

G~ EE gy

[1]

(3.57)

where 3 and ' in the Haldane phase, along the critical line and in the Néel
phase take, respectively, the form written in equations (B.5), (B.12), (B.8),
(B.13), (B.9) and (B.15) in the Appendix. In particular we have checked
that both 8. and (. for h = 1 and v > 1 are nonzero. Hence, despite the
fact that the system is critical, the transverse correlation function exhibits
a finite characteristic length = as it is also shown in Figure 3.2. As far as

the exponent n, is concerned:

e Haldane phase h < 1 (A2 > 1) and Néel phase h > 1 (Ay < 1):
Nz = 1/2§

e Critical line h =1 (A2 = 1): n, = 1/4. Despite the fact that Z(h =
1) < oo, the algebraic prefactor is the same power-law that describes

critical correlations in the quantum Ising model.
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Figure 3.2: Behavior of the correlation lenght as a function of the anisotropy
parameter A: the points in the plot are found solving numerically the self-
consistency equations (3.7), (3.8), (3.9) and plugging these results in (B.5),
(B.12), (B.8), (B.13), (B.9) and (B.15).

From the values of h and « reported in the last two columns of table 3.2 we
have computed Z[h(A, D), y(A, D)]; for example when A = 1 we find that =
decreases steadily as D is decreased towards larger negative values, passing
from the Haldane to the Néel phase. This behaviour is consistent with the

numerical best-fit estimates of = made in the section 3.6.

3.5 A-D model with a biquadratic interaction

We now generalize the \-D model (3.2) studied so far, including a bi-

quadratic term

N
MHaxrr =MHap — Y [ﬁ (S; - Sj+1)2] (3.58)

J=1

where H)_p is the hamiltonian (3.2). We notice that setting A =1, D =0
the hamiltonian (3.58) reduces to the general bilinear biquadratic Heisenberg
hamiltonian. As already mentioned in Chapter 2 this hamiltonian is exactly
the hamiltonian of the AKLT model [42] at § = —1/3 and it is known to
be solvable at 3 = 1 [36], [37] and at § = —1 [73], [74]. Assuming hidden

antiferromagnetic order we will map (3.58) onto spinless fermions. Let’s



78

consider in detail the biquadratic term

2
(sj.sjﬂ)?:{ (S5 S50+ 5755) + 85 §+1] _
1 + —Qt 2 zZ Q2 2
Z(S Si+ S sj+1> +(5757,1)° +

%(S Si+ S5 S;’H) 85874 + 75 (S Siy1 55 S]+1>

1 2 zZQz
7 [(S*SJH) (s 5;1) + 5SS S, + S5 sj+1s+sj+1] (5:57,1)°

(5 S71 + 55 55) 5571 + » 58785 (57 S0+ 5755) (3:59)

Let’s study now each term of (3.59)

2
<S S j +1) = 0 since it does not preserve string order. Its action is in

fact given by

0 — 0
j = i +1=
J=1 J 0
o
j=0 j4+1=]0 — 0
__)0

T - lej+1

- 1o
J=l J . 0

2
e Similarly (S S]':_l) =0.
e We shall now verify that

(s S7aSy S + S5 S ST S5

=Pir +Pr+P_+2P__=2— Nj — Njy1 +Njnjql
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where we have defined

Py =nynjp Py =mn;(1—nj41)

Py = (1 —nj)njn P—=Q1-n;)(1=njs1)  (3.60)
The action of D on configuration with string order is in fact given by

0 05

=1 1= 0 7 Lom
I - lej+1
T = 051

J=0 j+1=10 — 2(0;0541)

L= 05 i+

T — Lilin

J=l J+l=
0 — ;01

2
e It is straightforward that ( 7 JZ-H) = Njnjp1
e Finally, we see that
1 zQz S+S_ S_S+ _ Tor
5 [P705+1 \ 95 i T 25 D) | T 6%

since its action is given by

0 — 0
=1 j+1=
J=1 7 .
T - 0
J=0 Jg+1=10 — =1l = lilj+
| - 0
. . T =0
— 1=
j=b g+ 0o — 0
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e and its hermitean conjugate (S S 1t S S]++1) 2551 = —2¢j11¢64

Collecting all terms the hamiltonian (3.58) becomes

f:[(c civ1 + 1—|—ﬁ)cc+1+hc)

— (A +28)nynj1 + (D +28) nj — 20 (3.61)

that is, apart from a constant term and a redefinition of the constant pref-
actors, exactly the same as (3.4). Following the same steps as in (3.2) we

get the effective hamiltonian
Hyfr = Z [(C;[CH_l + WCZTCZH + h.c.) - hcjci] + const. (3.62)
i
with the anisotropy constant v and the magnetic field defined by

2(A+28)no — (D +20) 1 - (A\+28)B+0
2(1+ (A +25) A) TETI 0294

=
Il

(3.63)

where ng, A and B are again solutions of the self-consistency equations (3.7),
(3.8), (3.9).At A=1, D =0 and 8 = —1/3 these equations are solved self-
consistently by the analytical solution ng = 2/3, A = B = —2/9; we obtain
h =3/5e~y=4/5and thus A\; = Ay (with A, A2 defined as in (3.52)). With

the above data, we get that the longitudinal string order parameter

1 z
0. =~ (1+ (7))’

=g [T \/ (=) (1= 2y e
2 ) [ ae ™) (L AT )
is O, = 4/9 that is exactly the same value found analitycally for the AKLT
model [43]. Interestingly enough even if the XY model does not have an
explicit rotational symmetry as the original spin 1 hamiltonian, we find
again O, = —4/9. This accordance can be taken as a positive check of our

approach.
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3.6 Comparison with DMRG results

The results of the previous section regarding the long-distance decay of

ordinary and string correlation functions are summarized in table 3.3 where:

exp(—R/A;)

fo(R) = Ay P (3.64)
fi(R) = Az + AOL\/%W (3.65)
Jo(R) = Ay + A SRR (3.66)

R2
Within the approximation of hidden order and for large R these asymp-
totic laws are to be considered exact and valid for the Haldane and Néel
phases and associated transition line as specified in table 3.3. It should be
noted that fi(R) and fo(R) agree with the general form argued for the d-
dimensional Ising model (see, for example, [75] and refs. therein) although
the derivation of the latter did not include the case of string correlation
functions.

The two functional forms fi 2 now can be used to extract, for example,
the asymptotic value of string order correlation functions computed numeri-
cally; in this sense Ag, A1 and As may be regarded as free fitting parameters.
The goodness of the best-fit procedure can be assessed by computing the

reduced x?:

> squares of differences

~2
X # of data points — # of fit parameters — 1’

Clearly one could use many other different functions to extrapolate the
correlators to R — oco. However, as recalled in the introduction, the liter-
ature contains very few, empirical, information about the asymptotic ap-
proach to the limit values of the string correlation functions. Our study
was motivated by this fact and so here we perform a comparison between
fo, f1 and fo by examining their capability to fit the spin-spin and string
correlations evaluated numerically through the DMRG. Actually, following
the idea of ref. [69], in order to take into account the PBC we employ the
left-right symmetrized expressions of equations (3.64)-(3.66)

_ Jo(B) + fi(L — R)

Fy(R) 5

, £=0,1,2, (3.67)
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Phase C.f. Decay law
Haldane C. fi(A2=0)
Transition C,  fo (A7! =0)
Néel c.  fo

Haldane C: fi1(A2=0)
Transition C,  fy

Néel C: f1(A2=0)
Haldane O, fo
Transition O, fa (A7* =0)
Néel O, fo

Haldane O, fo
Transition O, fo (A7 =0)
Néel O, fi(Ay =0)

Table 3.3: Expected asymptotic behaviour of string (O) and usual (C) cor-
relation functions in the Haldane and Néel phases of model (3.2) and along
the critical transition line separating them. The fitting functions fo 12 are

defined in equations (3.64)-(3.66). Note the interchanged role of O,(R) and

C.(R) above and below the transition line.
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at least for the correlation functions in the z-channel. As regards O,, while
translational invariance implies that it depends on the difference between the
sites at the ends of the string, it is not always guaranteed that it depends

only on the distance on the ring. In other terms the expectation value

)

(SFelm ShTie SF S7)

may differ from the same expression with ¢ and j interchanged. In fact,
using the properties of the exponentials of spin-1 operators, exp(irS¥) =

exp(—imS¥) and ST exp(inSF) = —S7

', it can be shown that the expression

above can rewritten as
i1 .
<S3’?el7r Zk:jJrl Sk ngemsgcoc >

where S{, = ZiL:I S7. The point is that in general the GS of an anisotropic
spin chain is not invariant under the action of exp(irS{,) and so a direct
inspection is required case by case in order to decide if a symmetrized fitting
function has to be used or not.

The asymptotic limits (i.e. the values of As) resulting from of a series
of best-fits made on DMRG data obtained by fixing A = 1 and letting D to
vary across the Haldane-Néel transition from —0.125 to —0.875 are plotted in
figure 3.3. It is seen that the nonvanishing values of O, and M, characterize,
respectively, the Haldane and the Néel phase. It is reasonable to expect
that the location of the critical point as the value of D at which the two
order parameters vanish leads to two slightly different estimates. However,
with more accurate methods the critical point was previously found to be
D, = —0.315 [54, 61].

In the simulations we have fixed the total length of the chain to be
L = 100 sites and computed the GS properties by retaining from 243 to
324 DMRG states in the sector with SZ; = 0, which is the only good quan-
tum number that we could use. All the functional forms derived above are
asymptotic so we cannot expect them to be reliable for very short distances.
Therefore, we have conventionally excluded the data with R < 5 from the
fitted points. In the Néel phase the GS tends to become doubly degenerate
in the limit L — oo; in order to take into account this difficulty we have

built the reduced density matrix by targeting the two low-lying states rather



84

Fitted asymptotic limits

Figure 3.3: Asymptotic values (order parameters) attained by C, (dots), O,
(up triangles) and O, (down triangles). The limits to R — oo correspond
to the values of the best-fit parameters As for the fitting function that, case
by case, gives the smallest value of ¥2. The empty triangles result from
fitting the transverse string correlation functions on half chain (see text for

explanation).
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than just the GS. Finally we have performed three finite-system sweeps to
achieve a better accuracy. In the cases we have considered, the transverse
string correlation O, (R) turned out to be symmetric with respect to the
middle of the chain except for D = —0.75 and D = —0.875. For this reason
we have repeated the fit using directly the functions of equations (3.64),
(3.65) and (3.66) without symmetrization selecting only the points in the
first half of the chain. The asymptotic values are essentially unaffected, with
the exception of those referring to the critical point. In general when the
results of the fit are such that A; > L (typically close to criticality) we con-
clude that the exponential tail of the fitting function is essentially saturated
to unity and an algebraic fit would produce the same result.

As far as the best-fitting functions for C,(R) and O,(R) are concerned,
the passage from the type f1 to the type fo going through fy at the critical
point, as in table 3.3, actually takes place gradually in the interval D €
(—0.345, —0.315), the worst values of Y2 being of order 107°. The best
choice to fit the transverse spin-spin correlation function C,(R), instead,
follows the prediction of table 3.3 (F} except at the critical line, where it
becomes Fy) with a deviation ¥ < 1078, Finally, the longitudinal string
correlator O,(R) is very well fitted by Fy, in agreement with table 3.3, with
% ~ 107 or better.

It is also important to check quantitatively the goodness of the Hartree-
Fock approximation. The decoupling parameter in the fermionic version are
no = (nj—o), A= (c];co> and B = (ci¢p) where we have selected a reference
site “0” invoking translational invariance. In the original spin-1 formalism

it can be checked directly that
4 1 z - - z
no = ((95)%) » A= 5(S (7S +SISy) ) (3.68)

The operator cjcy destroys a couple of fermions in adjacent sites; in the
spin language they could be T] or |T depending on the surrounding sites
in order to respect the AFM order. Let us express the GS in the form
|GS) = a| ) + 5] ), where | ) denotes a linear combination of states in
which the first nonzero spin along-z is directed upward and | |}) the same
state with all the spin reversed. Only one of the terms in(Sar ST+ S1Sy )
will act on | ) respecting the AFM order and the other term will thereby
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A D n0,DMRG  ADMRG Bpymre Mos—c  As—c By

1 0 0.667 —0.166 —0.30080 0.709 —0.158 —0.253
1 —-0.125 0.702 —0.151 —0.28908 0.745 —0.137 —0.246
1 10 0.996 —0.000324 —0.0442  0.996 —0.000317 —0.0433
5 —0.125 0.991 —0.000860 —0.0654 0.991 —0.000853 —0.0649

Table 3.4: DMRG (L = 100) versus self-consistent (s-c) estimates of the
three decoupling parameters ng, A and B of equations (3.68) and (3.69).
It must be kept in mind that the continuum versions of the self-consistent
equations neglect some O(L™!) terms coming from isolated contributions at

wavenumber 0 or 7.

act on | {}). When the scalar product with (GS| is taken, the states from

| f#) will not mix with those from | |}). Therefore we try with the expression
1 — — Z Q2
B = —§<(S0 S+ S5S57) S557). (3.69)

In table 3.4 we report the values of the decoupling parameters for a set
of points in the Haldane and Néel phases, comparing the DMRG values with
the numerical solution of the self-consistent equations using 100 iterations
from different choices of initial conditions. Having the DMRG estimates for
ng and A we may also produce a “hybrid” estimate of the critical point by
setting h = 1 in equation (3.6) and then solving for D.(\) = 2[A(n0,pMRG —
Apmre) — 1]. With A = 1 we find for example D, = —0.254, that compares
slightly better than the fully-self-consistent value (D, = —0.214) to the
accepted numerical one D, = —0.315.

Apart from the value ng, which quantifies the number of spins with
nonzero projection along z, we expect that the goodness of the mapping

used in this work is higher when the hidden order is larger.



Chapter 4

Entanglement in the \-D

model

Entanglement [77], [78] is one of the most intriguing features of com-
posite quantum systems connected to the tensor product structure of the
underlying Hilbert space of states. A mixed state of a bipartite quantum
system described by some density matrix p is said to be entangled or in-
separable if p cannot be written as a convex linear combination of product

states, otherwise it is called classically correlated or separable.

The characterization and quantification of entanglement in mixed quan-
tum states is a highly non trivial problem. It is even difficult to formulate
simple operational criteria which allow a unique identification of all separable
states of a given composite system. There exist however many separability
criteria: a simple and very strong criterion is the Peres-Horodecki criterion
[79], [80], which states that a necessary and sufficient condition for a mixed
state of a bipartite system to be separable is that its partial transpose with
respect to one of the subsystems is positive. This criterion is necessary and
sufficient if the Hilbert space of the bipartite system has dimension 2 x 2 and
2 x 3. In general, for larger dimension, this condition is just necessary but
not sufficient. In principle it is possible to have inseparable states having a

positive partial transpose, the so called bound entangled states [81], [82].

The analysis of the entanglement structure is greatly simplified through

the introduction of symmetries, i.e. if we restrict ourselves to those states

87
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of the composite system which are invariant under certain groups of sym-
metry transformations. It can be shown [83], [84], [85], [86], [87] then that
the Peres-Horodecki criterion is necessary and sufficient for SU(2)-invariant
states on a bipartite Hilbert space with dimensions 2 x N, 3 x M (M being
odd) and 4 x 4 respectively.

Vidal and Werner [89] introduced a computable measure of entanglement
based on the trace norm of the partial transpose p’* of the bipartite mixed
state p. It measures the degree to which p’4 fails to be positive, and it can
be regarded as a quantitative version of the Peres-Horodecki criterion. They

introduced the negativity![89]
Ta
p -1
np ==t sy (4.1)

which corresponds to the absolute value of the sum of negative eigenvalues
of pT4 (u; being a negative eigenvalue of p’4), and which vanishes for unen-
tangled states. They furthermore proved [89] that AV (p) is an entanglement
monotone, and as such it can be used to quantify the degree of entanglement
in composite systems.

In this chapter we will first compute an analytical expression for the neg-
ativity of the A-D model obtaining a result in agreement with reference [88];
then, using the mapping between spin 1 and spinless fermions introduced in
the previous chapter, we are able to express the negativity of the model in
terms of fermionic correlators. In particular, we find that all the eigenvalues
of the partial transpose p! can be expressed in terms of the spin-spin and
string correlators already calculated in the previous chapter. We find that
the negativity of the A-D model goes asymptotically to 0, i.e. as the distance

between the two subsystems becomes large.

4.1 Two site density matrix of the \-D model

We consider the spin 1 X X Z model with an on site anisotropy
= 2
H=3 [s;ﬁs;ql +SYSY, |+ AS3SZ,, + D (S7) } (4.2)

Jj=1

Y1 - |lx denotes the trace norm
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Let’s consider the two site density matrix; we shall use a basis of eigenstates

of 5% ordered as | T)| ), | 1)|0), [0} 1), | T} 1), [0)[0), [ )] 1), [0} 1), | 1)]0),
| 1)] 1) In this basis the density matrix is block diagonal

A1 O 0 0 0 0 0
Ago Azz 0 0 0 0
Ags Aszz O 0 0 0

0 Ay Ay A O
Asy Ass Ase O
Ay Ags Ags 0 0
0 0 0 A A
0 0 0 Ag; Agg O
0 0 0 0 0 Ay

o O O O O

Ae)

Il
O O o o o o o o
o o o o o o
o o o o o

It is straightforward to verify that the following are symmetries of the

hamiltonian
R.(a) =X Ry, (m) = 05 (43)
We have the 0 entries since, for example

A = tr ([ )T | @ |0)(T |;p)

= tr (R (@) | {1 [ @ [0)(1 [;R= (@) p) = e " Ap

since R, («) is a symmetry Vo it must be A1y = 0.
The two site density matrix can be further symplified; taking into ac-

count invariance under the exchange ¢ <> j we have

Agg = tr (| TN(T i ®10)(01;p) = tr (|0)(0; @ | 1)(T I;p) = As3 (4.4)
Azz = tr (| )0 @ [0)(T [;p) = tr (|0)(T [ @ | 1){0];0) = AL, = Asg  (4.5)
A =t (| (T L@ DA i) =t (| DU | )T |jp) = 466 (4.6)

Asg = tr (| )0 @[ 1)(0];p) = tr (| 1)(0]; @[ T)(0];0) = Ase (4.7)
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Aga = tr ([ (L@ DT ip) =t (L DT L@ [ (L [p) = Ass (48)
Ags = tr (J0)(T [ @ [0)(L [50) =t (J0)(L [s @ [0)(T |;0) = ALy = g5 (4.9)
Arr =t (|0)(0f; @ [ 1)(L [5) = tr (| 1){L [i @ [0){0l;p) = Ass (4.10)

Agz = tr ([0)(1 s ® | 1)(0];0) = tr (| 1)(0]: @ [0)(L ;) = Al = Agg (4.11)
Next we use the symmetry R, (7)

Ay =tr (RN (@) [ (1 i @ | (1 |jRa (7) p)

=t (| (L @] (L 150) = Ago (4.12)
Agy = tr (R (m) [ 1)(T | @ [0)(0]; R () p)

=t (| (L [ ®[0)(0];0) = Ay (4.13)
Ags = tr (R (m) [ 1)(0]; ® [0)(T ;R () p)

= tr (| 1){0]; @ 0){! [j0) = Azs (4.14)
The density matrix takes then the form

Ay 0 0 0 0 0
Ay Ay 0 0 0
Az Ap 0 0 0
0 0 Ay Ay Ag
0 Al Ass Al
0 Ay Ay Ay 0 0
0 0 0 0 Axp Ay
0
0

o O o o O
o O o o O

(4.15)

o O O o o o o

0 0 0 Az Ay O
0 0 0 0 0 An

o O O O o o o o

0
0
0
0
0
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Noticing that

0){0] = 1 — (57)*

S 2 Sz 5% 2 Sz
|T><T|=% |l><i|=()f
S5+ S*S5™
[0l == [ Dol =—7
we can now explicitely write down the matrix entries in term of spin opera-
tors?
A= (57 +57 8 57457 ) = g [0 0 ()" + 57 0 57a0)
1 1
A = S{[(5°7 +57] @ |- 87] ) = 5 |[((5)° © 1)~ (5% @ (5) (1)

1, et G-z o a2
Ags = 1(SP5F ® 875 + 5757 @ 55.5]) (4.18)

(2

Ay = i< (5 +57] @ (577 - 57] ) = i (577 @ (7)) = (57 @ 57 )k19)

J

Ags = —%<5;5i+ ® $257) (4.20)
A= (5 e (55) + (50 e (7)) (4.21)
g\ J ’ !
Ass = (|1 (57] @ [1-(57] ) (4.22)
? J
The partial transpose of (4.15) with respect to the second subsystem is
A;p, 0 0 0 Ay 0 0 0 Ay
0 Ap 0O 0 0 0 Ap 0 0
0 Ap 0 0 0 0 A o0
0 0 0 Ay O 0O 0 0 0
p2=1 A3 0 0 0 Ass 0O 0 0 Ay
0 0 0 0 0 Ay 0O 0 0
0 A, 0 0 0 0 Ay 0 0
0 0 A 0O 0 0 0 Ay 0
Ag 0 0 0 Ay 0O 0 0 Ay

It can be checked immediately that (Sf)2 ®S;=5/® (85)2 =0
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and its eigenvalues are given by

A== Ay
A34 = A56 = [A22 +4/ A45A£5]

A1 + Age + Ass + \/(All + Ay — A55)2 + 8A%3:|

A7g =

N —

)\9 = All - A46

4.2 Mapping for the density matrix elements

Now we will map the above spin 1 quantities in terms of spin 1/2 ex-
pectation values, using the effective mapping between spin 1 chains and

integrable fermions discussed in Chapter 3. Let’s consider a state

|W) = [¢1) +1b2)
where
Y1) =1---070---0,0---070---0,0---070---)
lo) =1]---010---070---0,0---070---0]0--)

that is |¢1)(|1)2)) is the state with hidden antiferromagnetic order where the
first non zero spin is 1(|). Let’s recall the mapping® (3.11)

1407
§i = +— 2] (~od)

k<i
from which immediately follows
(572 — 1208

We also write down the expressions we found for the string order pa-

rameter and the spin-spin correlation functions, eqs. (3.25), (3.12), (3.23)

0; - (155 (<52 (123

3The sign is + whether the first non zero spin is | or |

respectively
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J
¢ = {0 (4.24)
k=1
i 1—o0%
ci=(of 1] ( . ’“> o) (4.25)
k=i+1

as well as that of the emptiness formation probability (EFP) [90], [67]

Eij = (ﬁ <1 —20,§>> (4.26)

k=i

We can now write down the entries of the density matrix in terms of spin

1/2 operators; it is straightforward for the diagonal elements?

[ ]
i—1
. 1| [(1+07 1+ 07 1407\ 7 AR
[ () () (S
k=i+1
1 z j—ipz
[ )
) 1[/1+0} 1+o02\ (1+03
A22=§ 5 - 5 5
1/1 z A
(o) .
[ ]
i—1
N AV AR AV AR A o (L1
[ () () (2
k=i+1
1 Az j—ipz

4 J z j—1 =z J z j—1 z _ pz z z
We assume [[;_, 0% + [[.Zi 0k + [[imip 0k + [[iip 0k = C35 +C750 +Coa s +

z z
Civ1,5-1 = Ci;
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R 1—o7? 1—o0% R
() (5 ra)

We find then, that all the diagonal elements of the two site density
matrix can be expressed as linear combinations of the longitudinal string
order parameter O, and the spin-spin correlation function C,.

It is now useful to define®

B 1] Z_ 1+ 07
Py =5 1+ ] (=oh) ( 2 >

L k<i

A 1| z_ 1+o07
Pew =3 1= 1o | (F57)

L k<i

i.e. the operators that project on states with a spin 1(|) on the i—th site,

and

. 1] N
Queriy = 5|1 F H (—o%)

L k<i _

. 1] N
Queiy =5 |1 ][ (=0)

L k<i i

i.e. the operators that ensure that the last non zero spin before site i is T(]).

e Let’s consider the action of the first term in Ag3% on |¥)

AGw) =0 if ok
J=0,1
So we have a non zero contribution only when ¢ = 0 and j =7; in
particular, the only case when the hidden order is not broken is when

the last non zero spin before ¢ is | and there is a string of zeroes

between ¢ and j

A%)WJD:"”OT0"'0l0"'0Ti0'”00j0"'0l0”‘0T0"'>

5The sign is + whether the first non zero spin is T or |
SWe define ASY) = 3(S7SF @ 5;75%)
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and
A%)Wﬁ:|“‘0l0"'0Ti0“‘00j0"'0l0“‘0T0"'0l0"'>

We must have then

ﬁ (1—20;’)%_ [1+Hk§j(—a,§)] <1+20§>

k=i+1

Taking into account the fact that

1+ 07 _ 1+0% _
()= (50)-

we get

SiSH © 858 = [1 ke (_Uﬁ)] [1 + e (—O’Z)} ot

2 2

ﬁ (1 —2%) {Hszj (—ai)] .

k=i+1
Noticing that

ﬁ <1_201§> {1+Hk;j(—az)} _ [1+Hk;i(—a;§)] ﬁ <1_TJ

k=i+1

and

(3

o+ |:1+Hk<i(_0'li)(_0'iz)} _ [1 +Hk<i(—a,§)] "

we finally get

S:SF © 8787 = [1 + i (—Ufé)} [1 +Hk<i(_UZ)]

2 2

‘[an;(—az)%j 1 (15%) o7

k=i+1
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_ [HH"C;(_J@} ot ﬁ (1_20’§>a; (4.31)

k=i+1

We follow the same steps when we calculate the action of the operator

on [17) keeping in mind that there is a — sign in the projectors. We
find

_ 1T, (—0%) I A

z Q+ z k<i k + k

S;ST ®S8;S; = [ 5 :|O'i | | <72 )c;'j (4.32)
1

Combining the two terms we have

1 (—F% J— _ 7
SZ'ZS;_®SJ»_SJZ-=[ +Hk;( Uk)]aﬂ' H <1 Jk)a»_

o [Tl o] e ﬁ1<1—zoz>(,;

I (1—o?
—of < 5 ’f) o; (4.33)

Proceeding in a completely analogous fashion for Ag? we get

j—1

o ~ 1—o07? A

Ags = Progpor [] < 5 k) o5 Pty
k=i+1

j—1
N 1—o0? .
+Prinoi |1 < 2%)%— P} + e
k=i+1

j—1 j—1 z
1—of _ _ 1—of C*.
=aof ] < 5 )%’ +o; 1 < 5 )U;r = —2” (4.34)

k=i+1
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There is a non zero contribution only when ¢ =7, 7 =|; in order non
to break the hidden order ¢ and j must be between a | and a T;
furthermore we need a string of zeroes between ¢ and j. In the spin

1/2 “language”

1-— oL
Aly = 07 Py H ( > o7 Preij}

k=i+1

_ 1—o; - sz
o H( ' )”J:I] (4.35)

i=1()

A 0 if
16|Y) # [ i=1 ()

The only configuration that gives a non zero contribution and that
retains the hidden order is the one with a spin [() at site i, a spin

1(]) at site j and spin 0 at all other sites

= 1 H Cka + H Cka + H Ckck + H Ckck (4-36)

k#i k#j k#i,5
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and the first term in the last line is an emptiness formation probabil-
ity (EFP)".

Using the expressions obtained, we write down the eigenvalues

M =X == (=05 - (-1)77'Cy) (4.37)

I

] (4.38)

1 /1+ (o} ; c?
/\3,4:/\5,6:§<#+0ij>i 1

Arg =

)

B (=0% + (=1)77C) + 285 — ((0%) + OF)

N | —

i\/G (—ij + (—1)j‘iC§j> + 2&i; + ((aZ> - O@))z +2 (cg].)Z (4.39)

Ao = 7 (=05 + (=1))7°C) + ((0%) + OF) (4.40)

-

The isotropic point (A = 1, D = 0) is located in the Haldane phase; recalling
the asymptotic decay laws for the string order parameters and correlation
functions (see subsecs.3.4.1, 3.4.2, 3.4.3, 3.4.4), as well as that for the EFP
[67], we get that all the eigenvalues are asymptotically positive, and then
the negativity A is zero, thus according to the Peres-Horodecki criterion
[79], [80] the system is not entangled at large distances at the Heisenberg
point; it is known [64] that at the isotropic point the negativity of the
system is small but non zero, so there must be long distance entanglement
[64]. The approximation of our mapping onto the XY model “loses” this
feature of the system, thus we conclude that there is entanglement in the
spin degrees of freedom and not in the charge ones. . Still, since outside the
isotropic point the Peres-Horodecki criterion gives just a necessary condition
on the separability of the states, we cannot exclude the presence of bound

entanglement [81], [82].

"We will assume that A4 ~ 2E;; as |i — j| > 1, i.e. all the terms in the sum (4.36)
give the same contribution, since they can be expressed as pfaffians of matrices which are

asymptotycally equivalent



Conclusions

In this thesis we have reconsidered and extended the approach of ref.
[59] to the GS properties of spin-1 anisotropic quantum chains. We have
included a single-ion term in the Hamiltonian and, moreover, we have an-
alyzed explicitly how the spin-1 correlation functions are written in the
spinless fermions language and then in the framework of the XY model in
a transverse field for effective spin-1/2 degrees of freedom. In particular,
we have focused on the decay laws of the string correlators towards their
asymptotic values which apparently were missing in the literature.

The decay laws of string and spin-spin correlation functions (in the longi-
tudinal channel) are all related to the generating function c(e'*) of equation
(3.51) and the determinants of the Toeplitz matrices derived from it. The
asymptotic behaviour of the transverse correlation function C,(R), instead,
originates from a product of two Toeplitz determinants (see the Appendix,
in particular eq. (B.2)). The leading terms in the regime R > 1 for the
various correlators are discussed in Sect. 3.4 and summarized in table 3.3.

In brief the most interesting points unveiled by the approach used here are:

e The nonvanishing string-order parameters of the spin-1 model (3.2)
are simply interpreted as the magnetization along = and z in the XY
chain with transverse field (egs. (3.53) and (3.54)).

e There exists dual behaviour of O,(R) and C,(R) above and below the
transition, both for the asymptotic order parameters and for the decay

functional forms.

e The explicit calculation of C,(R) allows us to prove an unusual feature

in statistical mechanics, already conjectured by Goémez-Santos [59]:

99
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the spin-spin transverse correlation function exhibits always a finite
characteristic length = (eq. (3.57)) even when the system becomes

critical.

The analytical results are supported by comparison with a numerical (DMRG)
study of the model, especially for the correlations C, and O,. A more de-
tailed comparison between the analytical and the numerical estimates should
take into account: i) finite-size effects due to a finite total length L while
in Sect. 3.2 we passed readily to the thermodynamic limit; ii) corrections
for finite distance R beyond the dominant ones. Although in principle they
can be computed systematically, in this thesis we have limited ourselves to
the leading terms in order to derive analytical expressions with the smallest
possible number of fitting parameters.

We studied then the entaglement properties of the model. It is known
from the Peres-Horodecki [79], [80] criterion that a mixed state for a bi-
partite is separable if its partial transpose with respect to one of the two
subsystems is positive. Using the symmetries of the A-D hamiltonian we
derived an analytic expression for the negativity A/ of the model obtaining
essentially the same results as in reference [88]. Using the same approach
as in Chapter 3 we have been able to write down all the eigenvalues of the
partial transpose of the system in terms of the spin-spin correlators C, .
(see subsecs. 3.4.2, 3.4.4) and the string correlators O, . (see subsecs.3.4.1,
3.4.3, ) of the A\-D model, and in the terms of the Emptiness Formation
Probability € of the associated spin 1/2 XY model [67]. We found that
at the isotropic Heisenberg point all the eigenvalues are asymptotically (for
large separation distances) positive, finding out then N' — 0 asymptotically.
According to the Peres-Horodecki criterion we find no entanglement at the
Heisenberg point at large distances; it is known [64] that at the isotropic
point the negativity of the system is small but non zero, so there must be
long distance entanglement [64]. The approximation of our mapping onto
the XY model “loses” this feature of the system, thus we conclude that there
is entanglement in the spin degrees of freedom and not in the charge ones.
Being the criterion only necessary outside the isotropic point, we cannot

exclude the presence of bound entanglement [81], [82].



Appendix A
Toeplitz forms

In this appendix we shall review the basic definitions and properties of
Toeplitz forms and a few theorems we found useful for our purposes. We
then give a brief survey on the asymptotic properties of the determinants of
Toeplitz matrices. Unless differently cited, the material in the appendix is

from the monographs by Bottcher, Grudsky and Silbermann [20], [21], [22].

A.1 Toeplitz matrices: definitions and some useful

theorems

An infinite Toeplitz matrix is defined as

ag a_1 a_—9

aj ap a_q

A = (aj_k)szo = (Al)
as aq ag
and its large finite section as
agp e a_(n_l)
-1 . . )
A= (aj—k)zkzo = : - : (A.2)
an—l .. ao

The first important result in the theory of Toeplitz forms is the following

Theorem 1 (Toeplitz 1911). The matriz (A.1) defines a bounded operator

on 12 iff the numbers {a,} are the Fourier coefficients of some function
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a € L>®(T)

1 2
Qp

=5 ; a (ew) e~ dp ne (A.3)

In this case the norm of the operator given by (A.1) is

lla|l = ess supyer |a(t)] = inf{{ce R:u({t:a(t) >c}) =0} (A4)

T being the complex unit circle. If there is a function a € L* satisfying
Th.A.1, this function is unique. In the following we denote both the matrix
and the operator it induces on (? by T'(a), a being defined as the symbol of
the Toeplitz form.

We cite now the two propositions
Proposition 1 (Gohberg 1952). The only compact Toeplitz operator is the
zero operator.
Proposition 2. The Toeplitz operator is self-adjoint if and only if a is real

valued.

Let’s now concentrate on continuos symbols. Let C(T') be the set of all
continuos functions on the unit circle T. For a € L, we define the function

a = a(1/t) with t € T. In terms of Fourier series

a(t) = > ant” a(t)= > a_nt" (A.5)

n=-—00 n=-—00

and clearly
a a_1 a—9 --- ag aq a9
aq ao a—q e B a_q ao aq e

T(a) = T(a)= A6)
as a1 ag e a_9 G_1 ag e

and thus T'(a) is the transpose of T'(a). We now define the Hankel operator
H(a) generated by the symbol a by the matrix

ay a2 ag

00 a as
3
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Proposition 3. If a € C then H(a) and H(a) are compact operators.

We have now the following fundamental result on the product of Toeplitz

operators

Theorem 2. Ifa, b € L, then

T(a)T(b) = T(ab) — H(a)H (D) (A.8)

Theorem 3 (Brown and Halmos 1963 [76]). T'(a)T'(b) is a Toeplitz operator
iff either a*(t) or b(t) are analytic functions; if the latter condition is satisfied
then T(a)T'(b) = T'(ab).

Let B be a Banach space and A € B(B) with B(B) a Banach algebra.
The operator A is said to be a Fredholm operator if ImA is a closed subspace

of B and the two numbers
a(A) = dimKerA B(A) = dim(B/ImA) (A.9)
are finite. If A is Fredholm the index of A is defined as
IndA = a(A) — B(A) (A.10)
Theorem 4 (Coburn’s Lemma). Let a € L* and suppose a does not vanish

identically. Then T(a) has a trivial kernel on 1% or its image is dense in 2.

In particular T'(a) is invertible if and only if T'(a) is Fredholm of index zero.
Let’s now consider more general matrices of the form
A, =T,(a) + P,KP, + W,LW, + C, (A.11)
with T, (a) the n x n Toeplitz matrix generated by a, P, the projection
P, : 12 =12 (xo, o1, 22, ) — (o, , Tp-1,0,0,--+)  (A.12)
and similarly
W, : 12— 12 (zo, 21,22, +) = (Tp-1, - ,20,0,0,---) (A.13)

K and L are compact operators on [2, and {C,} is a sequence of n x n
matrices such that ||C,| — 0.

We have the following results
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Proposition 4 (Widom 1976). Ifa, b € L*°, then

Tn(a)Ty(b) = To(ab) — P H(a)H (b) P, — WnH(a)H ()W,  (A.14)

Theorem 5 (Widom 1976, Silbermann 1981). Let!
{A,} = {Tw(a) + P,KP, + WoLW,, + C,,} € S(C) (A.15)

and suppose T'(a) + K and T(a) + L are invertible. Then for all sufficiently

large n
A =T, (a4 P, XP, + W, YW, + D, (A.16)
where | Dy|| — 0 and the compact operators X andY are given by

X=(T()+K) ™" -7 Y =(T@+L) "' —T@?") (A17)

A.2 Asymptotic behavior of Toeplitz determinants

We shall now review the fundamental results on the asymptotic behavior

of determinants of Toeplitz matrices? generated by the symbol a(k)
1 [T L n
Dyla] = det(Ty(a)) = det <2— / dka(k)e—m—”k) (A.18)
T .
- 3,1=0

with a(k) a complex periodic function, i.e. a(k) = a(k + 27). In the fol-
lowing we specialize to the asymptotics of determinants of Toeplitz matrices

generated by symbols with zero index, the index being defined as

Ind[a(k)] = % /_ i dkaég) (A.19)

A.2.1 Strong Szego limit theorem

Let

alk) = > ame™ (A.20)

'S is defined as the set of all sequences {A,} of nx n matrices such that sup,,~, [|As[| <

00
2See for instance the recent review [91]
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where
Z |am| < oo Z |am|?m < oo (A.21)
and let
a(k) #0 Ind[a(k)] =0 (A.22)

Under this assumptions the strong Szeg6 limit theorem[17], [16] holds, and

we have
Dpla]
Jim Gl Eld] (A.23)
with
1 2m
Gla] = exp <—/ dkIn a(k‘)) (A.24)
2 0
I & . .
Ela] = exp ; m;w Am—m|m| (A.25)

In this formula a,, is the m-th Fourier coefficient of In a(k).

A.2.2 The Fisher-Hartwig conjecture

If the generating function has zeroes, jumps or singularities, Szegd The-
orem does not hold anymore, and the Fisher-Hartwig conjecture [18], [93],

[96], [97] must be used. Suppose a(k) has R singularities in k = 6, (r =

1,...,R), we can decompose it as
R .
a(k) = (k) J e’ k=0modr=rl (3 _ 3 cos(k — 6,))™ (A.26)
r=1

where 7(k) is a continuos function satisfying the assumptions of Szegé The-
orem. Then according to the Fisher-Hartwig conjecture, the asymptotic

behavior of the determinant is given by [18]
Dala] ~ Blr. {;}. {Aj}, {0} n> =) Gl (A.27)

with the constant prefactor given by

R

e .0 031 = 1 ] - (4)) ™ (e ()

r=1

Kr—Ar
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M (1-e®- n)“”“* (= lR‘[ Lt por & AG(L = Ky + Ay oy

\ll.
1<r#s<R g1 +2X)

G|r] and E[r] are defined respectively in (A.24) and (A.25), 74 are given by

the factorization

T(k) =71_ <eik) G[r]|r+ (e_ik) (A.29)

such that 7 (7—) is analytic inside (outside) the unit circle where 7 is
defined, and satisfies the condition 74(0) = 7_(c0) = 1. G is the Barnes
G-function, defined by

o k 22
Gz +1) = (2m)7/ 2 FHOHDZI2 ] (1 + 3) et (A.30)
n=1 n
where v = 0.57721... is Euler-Mascheroni constant. The Barnes function

satisfies the remarkable identity G(z + 1) = I'(2)G(z) where I'(z) is the
Gamma function.

In general 74 can be obtained as

1 In7(z
lnT+(w):%jédzz_(w) lw| <1
1 1
I (w) = —5— ¢ dz Z“i(;) w| > 1 (A.31)

In order to make more evident its analytic structure, we can rewrite the

generating function as

a(z) = 7(2) ]R_[ (1 - Zﬁr>kr+m (1 - z%)AT_M (A.32)

with z = e, 2, = ¢if".

Fisher-Hartwig conjecture has actually been proven in special cases be
several authors [20]: A,k real and || < 1/2; k = 0; R(k) = 0; A = 0,
IR(K)| < 1/2; R(A) >0, R(k) < R(A) +1; A=0. R(k) <5/2; \, k complex
and R(\) > —1/2. The conjecture is also proven V A, x in the case of just

one singularity.
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A.2.3 Generalized Fisher-Hartwig conjecture

Fisher-Hartwig conjecture must be generalized when more than one in-
equivalent representations of the generating function in the form (A.26) are

possible [96], [97]. In this case the symbol is written as

R
a(k) = 7'(k) [ erl-0omod2n=nl (5 _ g cos(k —6,)  (A.33)

r=1

the index 2 labels the different parametrizations (for R > 1 it exists a count-
able number of parametrizations). The asymptotic formula for the determi-

nant is given by [96], [97]
Dyla] ~ Y B[, {x}, (A0}, (010G (A.34)
1€l

with

Q) =3 () - (51)?) (A.35)

I' = {1][Re[Q(2)] = max;Re[Q(5)]} (A.36)

The generalization of the conjecture gives the asymptotic behavior of the
determinant of the Toeplitz matrix as a sum of Fisher-Hartwig-like behaviors

calculated for the different inequivalent representations.

A.2.4 Widom’s theorem

If a(k) is supported in the interval a < k < 27—« Widom’s theorem [92]
must be applied. In this case the asymptotics of the determinant is given
by

n2

o 9l/12 3¢/ (=1) (i & —1/4 2, —1/4 n «
D,la] ~ 2" e (sm 2) Elp]*n"*G|p] <cos 2) (A.37)
where G e E are defined respectively in (A.24) and (A.25),
— -1 @
pk)=a (2 cos [cos 5 €08 k]) (A.38)

1

with the convention 0 < cos™ z < 7.
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A.3 Block Toeplitz matrices

Let ¢ € L (M)V*Y a n x n matrix valued function defined on the unit
circle with Fourier coefficients 1, € CV*N . Let’s consider the set B made

by the functions ¢ € L*(M) whose Fourier coefficients satisfy

lls = |¢k|+<z |k‘||¢k|2> <0 (A.39)

k=—00 k=—00

Endowing the set B with the above norm, B becomes a Banach algebra of

the continuos functions on the unit circle.

Theorem 6 (Szegs-Widom [95]). Let v € BN*N and suppose that the

function detvy never vanishes on M and has zero winding number. Then,

det T (¢) ~ G(¥)" E(¢) (A.40)

with
G(1h) = exp % OQW In (det 1 (e"))dx (A.41)

and
E() = det [T()T ("] (A.42)

We define the Toeplitz operators as

T(Y) = (Yj-x) 0<jk<oco

Unfortunately no explicit expression for F(v) is known, unless in some very

special cases when further hypothesis are made on the symbol.

Theorem 7 (Widom [94]). Let 1 € BN*N such that the function det1)
never vanishes on M and has zero winding number. Suppose 1 = 0Vk >n
or_ =0Vk >n. Then

() = G@)" det [T, (47")] (A.43)
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Theorem 8 (Widom [94], [68] ). Suppose that, in addition to the conditions
of Theorem 6, the matriz 1)~ has the Wiener-Hopf factorization

U7 (2) = up (- (=) = v- (v (2) (A.44)

where the subscribes “+” e “—7 indicate analyticity inside and outside of
the unit circle, respectively. Suppose also that ¥ (z) can be included into a
differentiable family X — ¥ (z,\). Then In E(v) is a differentiable function
of \, and

d i , , 0Y(z, )
Y In E(v) /Z:1 tr [(qu(z)u_ (z) = v (2)v4(2)) o dz(A.45)

" or
where (") denotes the derivative with respect to z.

Let’s finally consider a generalization of Szeg6-Widom theorem [98]. Let
F be the set of all sequences of n x n matrices (A,)>-; which are of the

form
A, =T,(a)+ P,KP, + W, LW, + C, (A.46)

with @ € B, K ed L are trace class operators on © and C,, are n X n matrices
that tend to zero in the trace norm. The set of the sequences (Cy, )5, will
be denoted by A. Finally P, e W,, are defined by (A.12) and (A.13). The
set F is a Banach algebra with algebraic operations defined elementwise and

the norm

[Anll7 = llalls + 1K1 + [ L]lx +sup 1Cnll1 (A.47)
n>

where || - ||; refers to the trace norm. Let GBN*N be the group of all
invertible elements in the Banach algebra BY*Y, and denote by GBN*N
the connected component of BY*Y containing the identity element.

We are going to consider elements (4,)°° , € FV*N which depend

analytically on a parameter ¢t € §2
An,t = Tn (CLt) + PnKtPn + WnLth + Cn,t (A48)

Theorem 9. [98] Let Q be an open subset of C. For each t € Q let
(Ap)22, € FN*N and assume that the map t € Q — (Ap,)o°, € FN*N
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is analytic. Moreover, suppose that a; € GiBN*N where a; generates the

Toeplitz matrix T), (a;). Then Vt € Q the limit

An,t
G (ar)"

exists, the convergence is locally uniform on ), and E; depends analytically

on t.



Appendix B

Toeplitz formulation of C.(R)

The transverse correlation function may be written as (3.23)

j+R-1 1_ o7
Ca <S+S_H{+S St =" ] ( 2k><ﬂ¥R>

k=j+1
jHR-1
=4 [Ja=2m) T @=ne) J] (1 —2nk) Aj4r)
k<j k=j+1 k<R

j+R-1 j+R-1
_n f
=B | II eci | Aism) H ey | ehip)

j+R-1 j+R—1 J+R-1
H ckck Cj+R)— H ckck j-‘rR —(cj H ckc;[g Ci+R)

k=j+1 k=j+1 k=j+1

where A and B are defined as usual by
Ai:CI+Ci Bi:CI—CZ‘

By observing that

j+R—1 j+R-1 f
i i I,

[I erch | cjin) < | 11 e ] cin >

k=j+1 k=j+1

j+R-1
H ckck CJ+R

k=j+1
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T
(Cj

j+R—1

II el Cj+R>:< c!

k=j+1

j+R—-1

=—{¢
k=j+1

j+R—1

H CkCL Ci+R >

k=j+1

H Ckclz C}+R>

we can write C;(R) (using translational and U(1) rotational invariance about

z) as

Ca(R) =2 | (c!

j+R—1

H ckc}; c;+R> + (c;

k=j+1

j+R—1

IT cxch | ejen)

k=j+1

Using Wick’s theorem [6] we can express the above expectation values as

PfliFy iFy
i

and
PfliFy, iF
i

iFRo iFR1 —H_4
iFr-3 iFp—2 —Hp

ik iFy —Hp_4
iFy —Hp3

—Hp o

iFp_o iFr1 —H_4

iFrR_3 iFrR—2 —Hp

1F1 iFQ —HR_4
iFy  —Hp3
—Hp—2

—H_,
—H_ 4

—Hp—5

—Hp_4

—Hp_3
—iF

—H_py1

—H_pyo

—H_,
—H_4
—H,

—1FR o

—iF

—H_p

—H_pa

—H_4
—H_,
—~H_,4

—iFR

—iFy
—iFy
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with
. ot 1 [ —ik(—j) ¢ ( ik
Fi_; =i(cjq) = —1<cjcl> = %/0 dke f (e )
_ ot L i)y (k) ik
H_; = (cjq) = o /. dke h (e ) e
- in k - ik k—nh
f <elk) - 7y sin —_ L (elk> =< (14 oS _ ‘
2y/(cosk — h)2 +~2sin’ k 2 V/(cosk — h)2 +2sin? k
It is useful to note that F;_; = —F;_; and H;_; = H;_;. We now write C,
as
Cp = —\/det M[; — \/det M, (B.1)

where M; is a block Toeplitz matrix defined by
N —iF -H '\ M, (4]
"L HT 4F !

generated by the matrix-valued symbol (analytically continued to the unit

_( i) =)
" )_<h<z—1> if(z‘1)>

while My = M; — My with Mg given by

circle)

0 0 0 0 —H_p—iFg
0 —-H | —-1iF
0 —Hp 1 —iFg 1
0 0 0 0 —-H—iF
Hgr+iFr --- H 1 +iFy Hr1+iFr1 ... Hi+iF 0

The two matrices M; and Mjy are asymptotically equivalent, since their
difference |[Mpl|[1 — 0 as R — oo (|| - |1 being the trace norm); we get
then det M; = det My so that C,(R) ~ —2y/det M. In order to find out
the asymptotic behavior of the determinant, we have to study the analytic

properties of
22 +1—2hz
\/(22 +1—2h2)* —~2 (22 — 1)

I

det ¢(z) = % 1 + sign(z)
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We have, for instance, that when z = £1, det ¢(£1) = 3 (1 + sign(£1)sign (1 F h))
so that for h < 1 the symbol is singular at z = —1, while for A > 1 it is
singular at z = +1. Unfortunately, as discussed also in [68], [98] known re-
sults for the asymptotics of the determinants of Toeplitz matrices generated
by matrix-valued symbols do not cover the case of singular symbols with
vanishing determinant. Hence, the strategy is to factorize the determinant
of M; as a product of determinants of matrices generated by scalar-valued

symbols. Fortunately, in this case this task is accomplished by transforming
M; through the matrix
1 iF'H
U=
0 1

well defined for even R, so that

umpu= [ T 0 (B.2)
! 0 iF+iHTF'H |’ '

Now, we first use a theorem by Widom and Silbermann (see Theorem 5 in
Appendix A and, for instance, [20], [21], [22]) according to which F~1 is a
Toeplitz matrix generated by f~! (in the present case this result holds for
even R) and then express the product HTF-'H as another Toeplitz matrix
generated by the symbol ih(z71) f~1(2)h(z). The last identification can be
done by using repeatedly a theorem by Brown and Halmos (see Theorem 3
[76] in Appendix A):

T ()T () is a Toeplitz operator iff either ¢*(z) or ¥(z) are
analytic functions; if the latter condition is satisfied then T (p)T () =
T(¢y)

where T'(p) denotes the Toeplitz matrix generated by the function .
We have at last that

detM; = det (—iF) det (¢F + {H'F~'H) (B.3)

since detU = 1.
Let us start by computing det(—iF):
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Figure B.1: Plot of the generating function of F in the Haldane phase (blue
line) and in the Néel phase (red line); in a) it is plotted as a function of k,

while in b) we plot its absolute value as a function of z = e**

e Haldane phase h <1 (A2 > 1). From the analytic continuation to the
unit circle
(1—-2)(1+2)

(Z — )\1) (Z — )\2) (1 — Z)\l) (1 — Z)\Q)
(B.4)

we see that f vanishes at z = £1 and is singular at z = )\1_% (see

Y
f(z)——lmﬁgn(z)\/

Figure B.1). This case is covered by the Fisher-Hartwig conjecture (see
section A.2.2 and references therein); in order to study the asymptotic
behaviour we must find a factorization for the generating function of

the form

-i7() =) [T (1- Z%)“”ﬁ o)

T

where a, and 3, are defined in table B.1 and the function 7(z) satisfies

the conditions of Szegd’s theorem [16]. We find out that

7(z) = ﬁ (“Ade) (2 = A1) (2 — A)] M2

= (=A) 2 (2 = M) (2 — A)] 2 =1
We calculate the constants F[r] and G[7| defined in (A.24), (A.25)

Glr] = exp <% /027r n ‘T(eik)D B ﬁ (IA1]A2) ™" = exp (—Bu|B.5)
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2r Qp Br
-1 1/2 3/4
+1 1/2  3/4
A —1/4 —1)2
At —1/4 —1)2

Table B.1: Values of z,.,a,,, for the function f(z) (eq. (B.4)) in the
Haldane and Néel phases.

Efr] = exp (% 3 %m%_m]m\)) 1 (B.6)

m=—0oQ

The asymptotic behavior turns out to be det(—iF) ~ EgR~! exp(—3aR)

with the constant prefactor given by

mﬂw [r@)r (—i)P(—%)P(%)r

1—-h

B = |

| [g ()G (-HG(-9)7 @r ®.7)

As we have already seen in (A.27) the exponent of the power-law
prefactor is given by > (a% — 672,) where the index r runs over all

zero and singular points z, of f(z)

e Critical line h = 1 (A2 = 1). There is only one zero at z = —1 and
one singularity at z = 1/A;. The exponents associated with these two
points are the same as in the Haldane phase; in this case the power
of R receives contributions only from these two points and becomes
[(1/2)% —(3/4)% 4 (—1/4)%> —(—1/2)?] = —1/2, instead of —1. However,
the characteristic inverse scale in the exponential is nonvanishing even

at the critical point

7 Y
=-ln|AM|—-In—"—. B.8
B = plnlh|— g (B.5)
We calculated the constant prefactor obtaining the same expression as
1/4

in (B.7) except that the first square bracket is substituted by v~

and the powers of the other two square brackets are 1 instead of 2
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=10 -05 0s 1.0

Figure B.2: Plot of the generating function of G in the Haldane phase (blue
line) and in the Néel phase (red line); in a) it is plotted as a function of k,
while in b) we plot its absolute value as a function of z = e*

e Néel phase h > 1 (A2 < 1). The zeroes remain at z = £1 while the
singularities now are at z = )\1_1 and z = Ay (see Fig.B.1). Therefore,
we proceed along the same line followed for the Haldane phase, just by
replacing Ay <> 1/Xg. In particular, we find the same numbers «;, and
0, as for the case h < 1 and thus the asymptotic behaviour remains
of the form det(—iF) ~ ExR™!exp(—pxR) with

5N=£1n%—1nﬁ. (B.9)
the constant prefactor given by the same expression as (B.7) except

for the first term in square brackets given now by [—(14h)/(1—h)]*/2.

Let us now pass to det G, with G = iF + iHTF~1H, generated by the
symbol (see Figure B.2)

g(z) = ih(z7H 1 (2)h(z) +if(2)

1 1
=7 z2—2hz+1+z\/(z+z—1—2h)2—72 (z—z—1)2 (B.10)
N E 2

(analytically continued to the unit circle).

e Haldane phase h <1 (A2 > 1). The Fisher-Hartwig conjecture (A.2.2)

now can be applied, thanks to the following factorization

g(2) = 7(2) (1 — z)0+A (1- 2_1)a1—61 (1 4 z)2tP2 (1+ z_l)az_ﬁz
(B.11)
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ze o (H) B (H) «a (N) B (N)
-1 1/2 1/2 1/2 1/2
+1 —-1/2  —1/2  1/2 1/2

Table B.2: Values of z,, a;, 5, for the function ¢g(z) in the Haldane and Nel

phases.

with a2 and ;2 as in table B.2 and with

11 22— 2hz 2\ (z+ 271 —2h)? — A2 (2 — z71)?
T(Z)—7(1+Z)2|: 2hz +1+ \/( + 271 —2h)" — 42 ( 1)]

satisfying Szegd’s theorem [16]. Consequently, the asymptotic be-

haviour is purely exponential: det G ~ Ej; exp(—/fj;R) where

1 2w

A
B o ), n

cosk —h+ \/(cosk —h)? 4+ (’ysink)Q' - ln%.
(B.12)

e Critical line h =1 (A2 = 1). There are no singularities and a simple
zero at z = —1, with exponents o and (3 as in the first row of table
B.2. Therefore, the net power of R in the algebraic prefactor vanishes

and the decay is purely exponential with

1 2w

= — dkl
ﬁc 2T 0 .

cosk —1+ \/(cosk‘—l)z—l—(ysink‘f‘ +ln%.
(B.13)

As a function of v, . is decreasing for v > 1 but does not vanish.

e Néel phase h > 1 (Ay < 1). With respect to the Haldane phase, the
function 7(z) changes to

1 1

= Ay

A2 ohz i 1424 — 2P =2 (-2 )| (B4

while the exponents oy 2 and 312 are reported in the fourth and fifth

column of table B.2. Again, there is no algebraic prefactor and the
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constant of the exponential decay, det G ~ Ef exp(—0R), reads

, 1 2T
= —— dk1
BN 277/0 n

cosk —h+ \/(cosk: — h)? + (ysink)? —Hn% = By (7, h).
(B.15)

Unfortunately we have not been able to evaluate analytically the previous

integrals.
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