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Introduction

These notes are the write-up of the lectures I gave for a class on “Introduction to Bethe Ansatz”
within the Ph.D. program in Statistical Physics in SISSA (Trieste). They are still a work in
progress, probably with many remaining typos. They are intended as a guidance to start
the study of this extremely rich subject, by favoring a clear and physical introduction to its
fundamental ideas, over many mathematical subtleties that populate its formulation. The
emphasis on the physical intuition makes these notes suitable also for the scientist who mostly
performs numerical simulations, but what to compare his/her results with exact ones, and to
anyone who needs to start reading the literature on Bethe Ansatz. If you are reading these
notes and you find mistakes, please let me know so that I can correct them for future readers.

My experience is that the material presented can be covered in some 10 lectures. It is based
on a rielaboration of the following sources, whose authors I thank and which I recommend as

further readings:

e B. Sutherland, “Beautiful Models - 70 Years of Ezxactly Solved Quantum Many-Body Prob-
lems”, World Scientific.

(Beautiful introduction to the subject in very physical terms. However, its treatment of

Bethe Ansatz and its focus are not standard.)

e M. Takahashi, “Thermodynamics of One-Dimensional Solvable Models”, Cambridge Uni-

versity Press.

(Very detailed introduction to the coordinate Bethe ansatz approach and to the thermo-
dynamics of the models, with explicit calculations and derivation that are easy to follow.
However, it only touches superficially the most modern developments and it does not cover
at all the Algebraic Bethe Ansatz.)

e V.E. Korepin, N.M. Bogoliubov, A.G. Izergin, “Quantum Inverse Scattering Method and

Correlation Functions”, Cambridge University Press.

(Probably the most comprehensive, single account of Bethe Ansatz, but relatively hard to
read because of its terse mathematical notation and the effort to keep maximum generality
in the constructions of the most abstract concepts. It starts with the coordinate Bethe
ansatz construction for several, fundamental models. It continues with the algebraic
constructions and it introduces the most advanced techniques toward the calculation of

correlation functions in integrable models.)



CONTENTS

B.S. Shastry, S.S. Jha, V. Singh, “Fzactly Solvable Problems in Condensed Matter and
Relativistic Field Theory”, Lecture Notes in Physics, Springer-Verlag.

(Collections of notes of the classes delivered during a summer school on Bethe Ansatz in
the 80’s. Extremely well done and still quite modern. However, it is hard to find and it

typesetting makes it annoying to read —they did not have latex back then—.)

R.J. Baxter, “Ezactly Solved Models in Statistical Mechanics, Dover Publications.

(Beautiful book, hard to read because everything is derived in excruciating detail. But
if you have the patience to follow him, at the end of every chapter you have really un-
derstood something to a new level. This book is strictly not on Bethe Ansatz, but on

two-dimensional classical models. However, the two subjects are very close cousins.)
C. Gmez, M. Ruiz-Altaba, G. Sierra, “Quantum Groups in Two-Dimensional Physics”,
Cambridge University Press.

(Very recent book that tackles the Bethe Ansatz as emerging from quantum group struc-
ture. Despite the mathematical nature of the approach, the authors manage to keep the

exposition at a very understandable level for physicists.)

M. Jimbo (ed.), “Yang-Bazter Equation in Integrable System”, World Scientific.

(Collections of seminal papers related to the Yang-Baxter equation.)

L.D. Faddeev, “How Algebraic Bethe Ansatz works for integrable model”, Les-Houches
lectures, arXiv:hep-th/9605187v1.

L.D. Faddeev, “Algebraic Aspects of Bethe-Ansatz”, Int. J. Mod. Phys. A 10, 1845-1878
(1995) or arXiv:hep-th/9404013.

A. Kundu, “Quantum Integrable Systems: Construction, Solution, Algebraic Aspect”,
arXiv:hep-th/9612046.

H.J. Schulz, “Fermi liquids and non—Fermi liquids”, Page 533 in “Proceedings of Les
Houches Summer School LXI”, ed. E. Akkermans, G. Montambaux, J. Pichard, et J.
Zinn-Justin (Elsevier, Amsterdam, 1995) or arXiv:cond-mat/9503150.



Chapter 1

The XY Model

1.1 Introduction and motivations

The One-Dimensional XY model in a transverse magnetic field is arguably the simplest non-
trivial integrable model. Because of this, in the years it has been extensively studied and used
to capture the universal behavior of low dimensional systems. In recent years, there has been a
renewed interest in the this model and especially in the entanglement of its ground state. This
interest is justified in part by the tractability of the problem and in part by the fact laboratory
realizations of this system are almost at hand using optical lattice systems and cold Fermi
atoms.

In fact, the XY model has always been a great test study, because, despite its apparent
simplicity, it has a rich two dimensional phase diagram characterized, at zero temperature, by
two Quantum Phase Transitions (QPT): one of them belongs to the universality class of the
critical Heisenberg spin (XX model) and the other is the phase transition of the One-Dimensional
Quantum Ising model.

The model has been studied and solved in a series of papers and its fundamental correlation
functions were calculated in [I]. More complicated correlators like the Emptiness Formation
Probability [2, B] and the Von Neumann entropy [4, [5] were calculated more recently . Essen-
tially all the correlation functions of the model can be expressed as determinants of matrices
with a special structure, known as Toeplitz matrices [6]. The asymptotic behavior of Toeplitz
determinants can be studied using fairly sophisticated mathematical techniques or just by re-
lying on known theorems, such as the Szegé Theorem, the Fisher-Hartwig conjecture, Widom’s
theorem and so on ...[7]

The Hamiltonian of the XY model can be written as

N
J 1+~ 1—7
j=1
where o3, with a = z,y, z, are the Pauli matrices which describe spin operators on the j-th
lattice site of the spin chain. This Hamiltonian was firstly introduced and solved in the case of
zero magnetic field by Lieb, Schultz and Mattis in [8] and in [9] 10] by Miemeijer with a finite

external field.
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The phase diagram of this model is parametrized by the anisotropy parameter v and by the
external magnetic field h, directed along the transverse z-axis. We take these parameters to be
dimensionless and from now on we set the energy-scale defining parameter J = —1 (For now
we shall consider the ferromagnetic case only.). The model has obvious symmetries for v — —vy
and h — —h, so we will concentrate only on the portion of the phase diagram where v > 0
and h > 0 and we will find two Quantum Phase Transitions (QPT) where the theory becomes
gapless. These QPT are located on the line v = 0, the isotropy line, and at the critical magnetic
field h = 1.

There are several important subspaces of this phase-diagram. For v = 0,

N
Z[ ST+ 8YSY +h 82 (1.2)
7j=1

L\’)M—t

the hamiltonian reduces to the isotropic X X model, i.e. the A = 0 limit of the critical Heisen-
berg XXZ chain:

N N
1 A .
= 5 2 [S585 + SIS + A 8555 | - DS, (13)
j=1 j=1
where gjo‘ = U}-" /2 are the spin operators. For v = 1, we recover the One-Dimensional

Quantum Ising model:
N N
=255 5, (1.4)
j=1 j=1

There are other noticeable subspaces of the XY model, but we will show them as we encounter
them.

Two competing universality classes exist in the XY model: the one of the isotropic X X model
and the one of the Ising chain. We identify that the phase transition at the critical magnetic
field h = 1 is an Ising transition. This is a transition from a doubly degenerated ground state
(for h < 1) to a single ground state system (for A > 1). This is in analogy, with the classical
two-dimensional Ising model, where it is well known that the critical temperature separates
a region of vanishing order parameter at high temperatures from a region of spontaneously
broken Z; symmetry at low temperatures where the order parameter can assume two opposite
finite values. Since the mapping between the two-dimensional classical system and the one-
dimensional quantum case is exactEL the same kind of transition takes place at the critical
magnetic field h = 1 of the Ising model and in the bulk of the XY model by extension, since
the universality class is the same away from the point v = 1.

In fact, the non-vanishing order parameter in the XY model for h < 1 is the magnetization
along the z-axis and as long as no magnetic field is applied along the z-direction resolving the

degeneracy, both a positive and a negative value for the order parameter are to be expected.

!This is, in fact, a general result relating D-dimensional quantum theories with the D+1-dimensional classical

ones.
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For the Ising model (1.4) at vanishing magnetic field (h = 0)
N A A
_ Zgjx Tl (1.5)
j=1

an explicit construction of the two degenerate ground states can be achieved very easily as they

are the two possible ferromagnetic states polarized along the positive and negative z-direction:

IGS1) = | —=>—=—— ...)
N
1
= [l =t +1), (1.6)
Hﬂ( J J)
|GS2) = | <<+« ...)

- f_v[f@(\ 1) =143)): .7

where | 1) (| {;)) indicates the state with positive (negative) projection of the spin along the
z-axis at the j-th lattice point. In [13] it was claimed that in the Ising model the degeneracy is
killed by a non vanishing magnetic field, but we will show that that is not the case. In fact, the
factorized structure for the degenerate ground states propagates on the line 4% 4+ h% = 1,

where an explicit form of the two ground states exists [12]:

|
=

GS1) = J[CI1)) +tand | L)),
=1
jN

GSy) = [ (1) —tan6 1)) (1.8)
7j=1

where cos?(260) = (1 —7)/(1 + ).

In section we provide all the details for the diagonalization of the Hamiltonian. In section
we determined the excitation spectrum, calculate the partition function of the model and
discuss the phase diagram of the model. In section we calculate the correlation functions of

the model and show that they are expressible as determinant of Toeplitz matrices.

1.2 Diagonalization of the Hamiltonian

We are going to diagonalize the Hamiltonian of the ferromagnetic XY model:

N
1 1+~ T 1—7
H:_2Z[< 2 >Ujaj“+< 2 ) % J“MU]’ 49

=1

and we impose periodic boundary conditions: 0] N =
The XY spin model defined by - 1.9) has been ﬁrstly solved in [8] in the case of zero magnetic
field and in [I0] in the presence of a magnetic field. The fundamental correlators of the model

were then calculated in the extensive work of McCoy [I].
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Following the standard prescription [§], we reformulate the Hamiltonian (1.9)) in terms of

spinless fermions 1; by means of a Jordan-Wigner transformation:

j—1
. o
ot = @ Sevivy, ~ T (1-20fu) vy,
=1

j—1
o7 = e Tt ] (1 - gd,l‘upl) Yl (1.10)
=1
of = 1-2plyy,
where, as usual, 0% = (0 £ig¥)/2:
N-1
1
H o= =2 3 (vl + 0lavs +7 6ol + 7 609
j=1
um
+5 (whwr + wlew + v vhol + 7 vivw)
N
hN
+hz¢;¢j_77 (1.11)
j=1

wherd?]
N N
i =] (1 — 2¢}¢j) =1 (1.12)
j=1 Jj=1

The boundary terms on the second line of are normally discarded, since their effect is
meant to be negligible in the thermodynamic limit. In fact, they are important to established
the degeneracy of the model below the phase transition.

For non-vanishing ~, the Hamiltonian does not commute with ¢? and therefore
does not conserve the number of fermions. Nonetheless, since fermions are created/destroyed

in pairs, the even/oddness of their number is conserved, i.e.
(%, H] = 0. (1.13)

This observation allow us to separate the theory into two disconnected sectors with p%, = +£1,
where the plus sign characterizes configurations with an even number of particles and the minus
the one with odd number:

— H™ 1.14
5 + : (1.14)

H =

here % are the projector operators to the states with even/odd number of particles and H +

have the form (I.11) with u% = +1.
We take care of the boundary terms in (1.11]) for the two sectors by applying the appropriate

boundary conditions to the spinless fermions: for p}; = +1 (even number of particles) we have to

2We choose the symbol % to represent this operator, according to the traditional notation for the dual lattice

operators for the quantum Ising Model.
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impose anti-periodic boundary conditions on the fermions and for ;% = —1 (odd number

of particles) we require periodic boundary conditions:

+1
1. (1.15)

=w
Il

VYjrN = —j for p
VYirN = j for I

=8
Il

With these definitions, we can write both the Hamiltonians in ((1.14) in the compact form:

N
h
—o 3 (Wl + v+ 0luli v v - 2hwly) - ;V (1.16)

Jj=1

l\')\v—\

Let us emphasize this very important point in the derivation: despite the fact that we
imposed periodic boundary conditions on the original spin system, the model is mapped into
two spinless theories H* with the same Hamiltonian, but with different boundary conditions
(1.15). The degeneracy originates from the fact that the ground states of the two theories
happen to have the same energy in the thermodynamic limit (for h < 1).

We are now going to consider consider the two sectors of the theory separately:

1.2.1 Even number of particles

For p%; = 1 we have anti-periodic boundary conditions. Therefore, we perform an anti-periodic

Fourier transform by defining the Fourier components a&ﬂ

oim/4 N1
¥ = 3 i F (at2)iy, j=1...N, (1.17)
q=0
. N .2 1\ -
Yy = ST IR ()i, g=0...N -1, (1.18)

and the Hamiltonian in Fourier space reads:

:jez{—m F 0+ )]} v

q:

i il N 1.19
L D] { v ol v f -5 (119)

9=

which can also be written as

Ly h—cos % (a-+ )] ﬂﬁw%wwﬂ)(¢ )
+ N 2 N 2 q
H 2N = (%,w q- 1) ( —~ sin [QW” (q—|— %)] cos B\’; (q—|— %)] —h wiq—l
_hé\f : (1.20)

3We prefer the asymmetric version of the Fourier transform, since it will make it easier to consider the

thermodynamic. In fact, from {1/@-4/)}} = 4, in real space it follows that in momentum space {1/@,1/)}2} =

Nég.k NZyeo 0(q — k), where the last one is the Dirac delta function in the continuum.



12 CHAPTER 1. THE XY MODEL

We diagonalize this Hamiltonian by means of a Bogoliubov transformation, which, in our

notation, is nothing but a simple rotation:

P cos v sin ¥ X
; q — ‘ q q ; q 7 (121)
w_q_l —sinv, cos, Xg—1

Xq = costy g — sind, Tf)iqil X—q—1 = costq P_q_1 + sindy 1/); (1.22)

or

with the rotation angle ¥, defined by

v sin [57 (¢+ 3)]

=0...N—1, 1.23
h—cos |2 (a4 3)] ’ (1-28)

tan (29,) =

or equivalently

2w 1 . : 27 1
oi20 _ h — cos [W (q + 5)] + 1y sin [W (q + 5)] . (1.24)

V(= cos [ (q+ 1)])* + 72 sin? [%F (g + 1)]

In terms of the Bogoliubov quasi-particles the Hamiltonian describes free fermions

N-1
1 1
2 1
HY =Y c[Z (¢+1)] {N xgxq—2} : (1.25)
q=0
with spectrum
e(a) = \/(h —cosa)? +42 sin?a. (1.26)

The ground state of the theory |GS) is defined by
Xq |GS)+ =0 g=0...N—-1 (1.27)

and is “empty of quasi-particles”. To express this ground state in terms of physical fermions,

we start from the empty state |0) defined by

$e|0)y =0 q=0...N-1 (1.28)
and verify that the state
(N-1)/2]
as)e= ] (1 +tan v, w;w_q_l) 1), (1.29)
q=0

satisfy ([1.27]), where [z] is the closest integer smaller than x.
The ground state energy is

=

—1 27
N
[ ]y [

Ef =—
0 2 J, 2 °

(9) (1.30)

N —
Il
o

q

where the last expression holds in the thermodynamic limit N — oo.
Excitations on top of the ground state |GS) are obtained by applying the creation operators
X; to it, with the constraint that such operators always have to be applied in pairs to satisfy

the condition that only an even number of particles are allowed in this sector.
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1.2.2 Odd number of particles

For p%, = —1 we have periodic boundary conditions. We can proceed with the ordinary (still

asymmetric) Fourier transform

17r/4 N-1 -
% o= Zel%‘”wq j=1...N, (1.31)
q=0
N
by = e TN eTiN iy, q=0...N—1, (1.32)
j=1

and the Hamiltonian becomes

N-1

Z — cos )] Mqu

q=0
N—

+ Z sin ( {wqw +ot qu‘ }— th (1.33)
9=

2=

._\

2N 2

Compared to the previous case, we notice an important difference. The ¢ = 0 component

of the Hamiltonian does not have superconducting termsﬂ Therefore, we will single out its

contribution:
_ h—1 -+~
H™ = o
1 Nl
+N Z [h - cos( )] szzpq
qg=1
N-1
g oot hN
+ﬁ ot Sln( ) {wqw + w w } 7 (134)
The Bogoliubov transformation
Xq = cosﬁq @Z;q - sinﬁq @Z;T,q X—q = coszgq 1[),(1 + simgq 1;; (1.35)
with “rotation angle” 1§q
: 2
- S =
tan <2q9q) - % g=0.. N—1, (1.36)
h — cos (N q)
does not transform the zero-momentum excitation:
Xo = Yo (1.37)
The diagonalized Hamiltonian in terms of the quasi-particles is
N—-1
1 1 1 1
H =(h-1)3 = txo—= 27 T — = 1.
( ){NXQXO 2}+;5(Nq) {qux 50 (1.38)

4For N = 2M the same holds for the ¢ = M component (i.e. a m-momentum particle), but this does not
contribute to the effect we are discussing here and we will not single out this contribution for now. When we
discuss the anti-ferromagnetic case in the appendix, we will see that the m-momentum excitation is the important

contribution to single out.
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with the spectrum given in (|1.26)).

For h > 1

h—1=¢(0)>0 (1.39)
and we can write the Hamiltonian as
N-1 1 1
- 271— ~ ~

H —qE%E(NQ) {N xlxq—2} h>1, (1.40)

but for h < 1
h—1=-¢(0)<0 (1.41)

and the zero-momentum component must be considered separately like in ((1.38]), since a ¢ = 0
excitation lowers the energy of the system.

The state with no quasi-particle excitations |GS’)_ is defined by
Xq|GS)-=0 ¢=0...N—1, (1.42)

but this state is not allowed by the condition that this sector of the theory must contain an odd
number of particles, nor is this the state with the lowest energy for h < 1. The ground state of

the theory is in fact

GS)— =% |GS) - =9f1GS) - (1.43)
and its expression in terms of physical fermions is
[N/2]
|GS)_ = 1[18 H (1 + tand, 1;;1;10 10)— (1.44)
q=1

where |0)_ is defined as the state empty of fermions:

P 00 =0 ¢=0...N-1. (1.45)
The energy of this ground state for h < 1 is
N-1
_ 1 1 -
Ey = -(h—1) —< 6(%q)
2 2 =

Nooo N 2 dq

= e (Fg) e(a) (1.46)

0 2T

where the last expression holds in the thermodynamic limit N — oo.
We see that in the thermodynamic limit Ear = Fj, i.e. the two ground states are degen-
erates. Let us now investigate how the gap between these two states closes as N — oo, by

expanding the energy difference in powers of 1/N:

N-1
_ 1
Ef =By = —5> {e[F+3)]-=(Fa)}
q=0
N—-1 N-1
T d 2 a2
= ﬁ as(%q%—x) 70+ﬁ ?5(%(]—1'%‘) +

q=0 r= q=0 =0

_ 0 Jb) (1.47)
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since
N—

,_n

L

d:c
q=0

= 0. (1.48)
=0

NQ+$)

This means that the gap between the two ground states closes faster than the 1-particle exci-
tatiorﬁ and constitutes a true thermodynamic degeneracy. Clearly, for h > 1 this degeneracy
disappears. So, the quantum phase transition at h = 1 is the Ising transition between a degen-

erate Zy spontaneously broken ground state and a non-broken one.

1.3 The Phase-Diagram

We established that the ground states of the two sectors of the model (with even or odd total
number of fermions/spin down) have the same energy in the thermodynamic limit. We are now
going to show that every allowed energy level of the system is doubly degenerate, as long as
h < 1.

Let us consider the energy level of the sector with an even number of particles. From

we have:
GS)+ - Ky,
lex(T],IGS)Jr -  Ef+e(Zq+E)+e(EI+E),  a#d
(1.49)
For h < 1, from ([1.38) the sector with an odd number of particles gives:
|GS)_ = x})GS") - — Ey .
)Z;|GS’>_ — Ey +e(0)+e (% q) , q#0
washles) . = Ey+e(ZFao)+e(%4q) . g#qd #0
uxlxlies)y. = Ej+eO+e(Fa+e(Fd)+e(F ),
q#q #¢" #0
(1.50)

where |GS’)_ was defined in (1.43)). For h > 1, using ((1.40|) this sector has no more surprises:

|GS)_ = x}|GS") - — Ey +¢(0),
UGSy = By +e

(3 a9) . q#0
uxhxlgasy . - By 4e(

q) +e(Fd)+e(Fd) .
q#qd #4q"

2\’5’ 2\§

(1.51)

®The ground state energy FEo is O(N), the l-particle excitation is O(1), while this gap closes at least like
O(1/N), more probably exponentially.
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In conclusion, we see that for h < 1 in the spectrum the energy levels always appear in pairs
and in the thermodynamic limit every allowed level is doubly degenerate, with one contribution
from each sector.

Now that we have determined the spectrum, the partition function of the XY model for
h<1is

zZ = Ze_’BEi

1 . N-1 N-1 _
= —e PP (1 + o P (F 0+ ) + (1 — B (F W))
2 =0 q=0
1 B N-1 N-1
e [ ) e
q=0 q=0

]

42Nl Hcosh[ } Hsmh[ )] : (1.52)

=

N-1 B N-1 5
— oN-1 H cosh [25 (%ﬂ q+ j\})} + H sinh [25 2r
q=0 q=0

Taking the thermodynamic limit, the free energy per site is:

1
e —g]&inooﬁlnz
= ——ln2— /lncosh[ }dw
s w)
1 N-1 5
3 lgnooNln 1—i—ql_[0tanh ~e(Zq)| . (1.53)

where the last term encodes the degeneracy of the model, but is clearly negligible in the ther-
modynamic limit.
For h > 1

N-1 B N-1 ﬁ
z - oN-1 H cosh |:2€ (ZW” q+ K[)} + H sinh [25 27
q=0 q=0

=

)
42Nl HCObh[ } Hsmh[ )] : (1.54)

and the free energy per site in the thermodynamic limit is

T UL
]:_ﬁln27rﬁ/o In cosh [25((4})} dw . (1.55)

Clearly, from the partition function we can derive the whole thermodynamic of the model, which

is essentially that of free fermions.
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Figure 1.1: Phase diagram of the XY Model (only the part v > 0 and h > 0 is shown). The
theory is critical for h = 1 and for v = 0 and A < 1 (in bold red). The line v = 1 is the Ising
Model in transverse field (dashed line). On the line 42 + h% = 1 the ground states of the theory

can be factorized as a product of single spin states (blue dotted line).

However, at zero temperature, the phase diagram of the model is more interesting, with the

presence of two different quantum phase transitions of different type. From the spectrum [1.26

e(k) = \/(h —cosk)?2+~42 sin’k , (1.56)

we see that the model is gapped for most of the values of the parameters, but we have gapless
excitations for v =0, h < 1 (isotropic XX model: ¢ =1 CFT) and for h = 1 (critical magnetic
field: ¢ =1/2 CFT).

In Fig. we draw the phase diagram of the XY model for v > 0 and h > 0. It shows
the critical lines v = 0 and A = 1 and the line v = 1 corresponding to the Ising model in
transverse magnetic field and the line 42 + h%? = 1 on which the wave function of the ground

state is factorized into a product of single spin states [12].

1.4 The correlation functions

In this section we review the derivation of the fundamental correlators of the ground state |G.S) +
for the XY model at zero temperature following McCoy and co-authors [I].
The ground state |GS)+ = |0) of the model in terms of the Bogoliubov quasi-particles is
defined as
X0 =0 Vg (1.57)

i.e. it is the conventional ground state of free fermions. The correlators for this theory are easily
found to be

(OlXgX}0) = kg (1.58)
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(Olxixklo)y = o, (1.59)
(O[xgxxl0) = 0, (1.60)
(Olxtxl0) = o. (1.61)

This vacuum is the ground state for the XY model, but it is not so simple when expressed
in terms of physical particles. The Hamiltonian (1.19)) contains superconducting-like terms, so
its ground state is non-trivial. One can invert the Bogoliubov transformation (|1.21])

1y = costly Xq + sind, XT_q (1.62)

to calculate the fundamental correlators in terms of physical fermions:

(Ol ivk|0) = sin® Iy by = 1_%08219‘1 Okq » (1.63)
(0191 |0) = cos? ¥y 0y = H%OSM" Skrq (1.64)
(0[1hgubi|0) = — cos ¥y sin vy d_pq —Sin;ﬁq Sk (1.65)
<0|ng¢,:]0> =cosVy sinty d_p, = sin2219q O kg - (1.66)

Now, the two-point fermionic correlators are easy to obtain by Fourier transform. In the

thermodynamic limit they read [8], (1]

dq sin 299

Fa = i00lyunlo) = -iOpufio) = [ 94 S 2gar (167)
2w 1 9 o

Gi = Olugullo) = [ 52 HE i, (1.68)
0 27T 2

These correlators will be fundamental in our calculation of the EFP in the next chapter.

To calculate the correlation functions for the original spin chain model ((1.9)),

Pim = (0lo7 03| 0) v =1m,y,2, (1.69)

we need more work. We follow [8] and express these correlators in terms of spin lowering and

raising operators:

Pt = O|(o] +07) (o +07,)|0), (1.70)
P = —O0[(o —0o7) (o7 = 0)[ 0, (1.71)
Pim = (0](1 =20/ 0;) (1—2070,,)]0). (1.72)

and use (|1.10) to write them using spinless fermions operators.

For instance, let us consider pf :
Pim = 0](e" +07) (om + )] 0)
m—1

= (o (] +wn) TT (1—20fwi) (¥} +m) 10)

=l
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= (0l (v - ) if@.mﬁm)(w;+¢w)m>
i=1+1
= (0] (v —w) Tf(@+¢0(@¢@(@;+¢mwm, (1.73)
i=1+1
where we have used two identities
Uj LD SAPST T Wi = oI Ty Vi (1.74)

and
™IV = 1 oyl = (w} + ¢i) (w} - ¢i> =— (wj ~ wi) (%T + ¢z’> : (1.75)

Now we define the operators

Ai =9+ (1.76)

which allow us to write the correlators ((1.69) as

pfm == <0‘BZAZ+1BH-1 e AmlemflAm|0>
p?m = (—1)m_1<0|AlBH_1AH_1 . Bp—1Apm—1Bn|0)

We can use Wick’s Theorem to expand these expectation values in terms of two point

correlation functions. By noticing that
(0] 41A]0) = (0B B,u]0) = 0 (1.79)

we write pj . as

pfm = <O|AlBl’0><0|AmBm|0> - <O|Ale|O><O|AmBl|0>
= H*0)— H(m—1)H(—m) (1.80)
where
L (27dg 99, ig(m-1)
H(m —1) = (0|BiAn|0) = = — e'“Yaeld . (1.81)
2 0 2

The other two correlators in involve more terms. It can be shown [I] 8] that the Wick’s
expansion can be expressed as the determinant of a matrix with elements given by expectation
values of each combination of two operators.

We can then write the spin correlators as m — [ X m — [ matrix determinants:

. A j=Il+1...

Pl = det[H(i— )57 1.82)
. N j=l...m—1

Pl = det|H(i— 50", (1.83)

with matrix elements given by (3.1)).
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[ n — oo [ pa(n) ~ [ py(n) ~ [ pz(n) ~ l
“Disordered Phase” AT AT A2
+ + 11 2+
h>1 XD17/2+“. YDTQ+M P e
I g Tra tio
- y(1+v) 2 _ 1
h 1 Cy 1+"/ (’Wl)1/4 Cy (7n)9/4 + ... m3 e +

2 4 A A 2 iy
%\/177 <h<1 m?2 1+X07+...] Yor T 4. m? — g= n+2 +...
“Factorizing Field”
2 _ 2 1y 2
h =1-—7 3 T4y 0 my
“Oscillatory Phase” \an \2n N AT 4Zp A" ) (AP 4z Tam)
2 + 2+ — 2= + = 2 1 +T20s2 - A4 TP0s 2~
h? <17’y my 1+X0n72+XO"72+...1| Yos n + ... m; - 4= ) = + ...
rrrrrrrrrrrrrrr in2
— /4 1 _p2)l/4 1 2 _ sin(narccos h)
'y—O \hl < 1 C (1 —h%) /2 C(1—-h%) —/2 ms 7,2

Table 1.1: Asymptotic behavior of the fundamental two-point correlation functions (1.69). C, =
Loel/491/12 Cy=—= 1/421/12, and C = =5 1/222/3, where A = 1.282... is the Glaisher’s
constant. The other prefactors are also known from [1] and are listed in table- The subleading

correction are all suppressed by order 1/n.

Matrices like ([1.82]]1.83]) are very special. Their entries depend only on the difference between
the row and column index, so that the same elements appear on each diagonal. Therefore they
look like:

H(-1)  H(-2) H(-3 H(—n)
H(O)  H(-1)  H(-2) H1l-n
Pim = p*(n) = | H(1) H(0) H(-1 H(2-n)|, (1.84)
H(n—2) H(n-3) H(n.— 4) H(-1)
H(1)  H( H(-1) H(2—n)
H(?2) H( H(0) H(3—n)
pr, =pY(n) = | H@B)  H(2 H(1) H(4-n)|, (1.85)
H(n) H(n-1) H(mn-2) ... H(1)

where n =m — L.

Matrices like are known as “Toeplitz Matrices” and a vast mathematical litera-
ture has been devoted to the study of the asymptotic behavior of their determinants ( “Toeplitz
Determinants”). The development of the theory of Toeplitz Determinants is tightly connected
with the Ising and XY model since the seminar works by Wu, McCoy and collaborators [15],[1].
In the second paper of the series [I], these techniques were applied to calculate the fundamental
correlators of the XY model. It is beyond the scope of these lecture to reproduce this deriva-
tion. The main results on the asymptotic behavior of Toeplitz determinants are summarized in
appendix |A| and we collected the zero-temperature behavior of the 2-point functions p”(n)
in table [I.4 and [I.4] as a function of the parameters

ht V22 —1
Ay = i . (1.86)

I+~
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1/4 p1 (1) +pg (1) g
m2 =1 [(1—>\3)(1—Ai)(1—)\+>\,)2] szfowwﬁ
P1 (c‘q)pz(C‘q)
= — 1/4
xp =1 [ e e v 1 [aAEHiaat) \
D=1 /x _(1_)\;2) =+ D =738/ (1—k,k+)2 1—k,k11
22 A2 1-22 1/4
xp=L 2 x;=L "= Yor = — 2 2( =) 1
0= iz 0 = 271 a2 87 | A3 a_ap)? 17/\7/\+1
N 1-22 (A=x_aTHa-x"1a /2
Zos = 5E\| 15 Yo. = — + . 74
EE\ Yy an[1-32)a-22)-rpx0)2]

Table 1.2: Dependence on Ay of the prefactors in the asymptotic behavior of table

From these results we can derive a better interpretation of the different phases of the model.
For h > 1 we have a “Disordered Phase”, since there is no net magnetization along the z-
direction. In this region the \’s are real and A_ and )\jrl are inside the unit circle, with
the latter with a bigger modulus. For |h| < 1, the model is in an “Ordered Phase”, with a
net magnetization m,. The AL are still real and both inside the unit circle. If A > 0 and
h? 4+ ~2 > 1, Ay is closer to the circle and p,(n) approaches the saturation exponentially. For
h? + 4% < 1 both A+ acquire an imaginary part and become complex conjugated. Thus, they
both contribute to the asymptotic behavior and the correlation functions develop a periodic
modulation. Hence, the name of “oscillatory phase”. Going to negative magnetic field, the role

of Ay and A_ gets inverted, while crossing the line v = 0 one should exchange Ay with )\;1.

Excercises

1. Ising self-duality: One very interesting feature of the Ising model is its self-duality. This
can be seen both in the classical two-dimensional model (Kramers-Wannier duality [16])
and in the 1-D quantum. In the latter, the statement is that the Hamiltonian (1.4]) is

invariant under the transformation between order and disorder spin operators:

of =[] wi . 0 = Wi s (1.87)
1<)
ie.
07oi —hot = pi — huiug (1.88)

Thus relating a system with magnetic field A to one with 1/h and hence establishing the
existence of a phase transition at the self dual point A = 1. What is the duality relation
in terms of the Jordan-Wigner fermions:

oi=1-2cle;,  pi=1-2dld;. (1.89)
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Chapter 2

The Lieb-Liniger Model

2.1 Introduction

As a first example of application of the coordinate Bethe Ansatz we will use a model of bosons
with contact interaction. This is the simplest example of BA and it will make the meaning of
the different ingredients needed as transparent as possible [17].

The first step is to identify the two-particle phase-shift. In a one-dimensional setting, con-
servation of Energy and Momentum means that when two identical particles scatter, they can
only keep their momenta or exchange them. Therefore, the only effect of the interaction could
be to add a phase shift to the wavefunction.

There is no consensus on a definition of what makes a model integrable, but it is known
that a necessary condition is that the Yang-Baxter equations hold. It is far from the scope of
these lecture to dwell into these equations and their physical meaning (entire books have been
written on the subject, see for instance [I8]). In essence, they mean that an integrable model
does not have any true three-particle interaction. Any scattering between three particles can be
decomposed in consecutive scattering between the particles in pairs and, most of all, the order
in which these interactions take place is not important. Checking this latter condition is the
most important test to determine whether a model can be integrable or not.

Once the effect of the interaction has been encoded in the phase shift, an ansatz wavefunc-
tion can be constructed in terms of superposition of some plane-wave modes with unknown
quasi-momenta. Applying this wavefunction with undetermined coefficients to the Hamiltonian
generates the consistency equations known as the Bethe FEquations.

Finally, we apply periodic boundary conditions (the effect of this assumption can be relaxed
by letting the size of the system go to infinity at the end of the calculation) to impose the
quantization of the quantum numbers.

After all this procedure, for a system on N particles we will have a set of N coupled algebraic
equations in N unknown quasi-momenta and depending on N parameters. These parameters
are in fact integer numbers and they specify the quantum state of the system we are interested
in. Once we decide the state, i.e these parameters, we solve the set of algebraic equations to get

the quasi-momenta and this provide a complete description of the eigenfunctions of the model

23
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with the given quantum numbers.

We will observe that these states have a fermionic nature, in that to obtain a solution the
set of integer numbers cannot contain the same value twice. This is general feature of any Bethe
Ansatz solution, valid for bosonic systems as well. There is a treatment of integrable systems
due to the so called “Japanese group” by which any model is mapped, exactly although possibly
implicitly, into a system of free fermions.

To conclude, the problem of solving the differential problem related to the Schrédinger equa-
tion is reduced by Bethe Ansatz to a much simpler system of algebraic equations. In practice,
a further simplification arise by reaching the thermodynamic limit. Then, one is interested in
the distribution of quasi-momenta and the set of algebraic equations can be written as an inte-
gral equation for this distribution, for which both numerical and sometimes analytical solutions
can be derived. The distribution function can be used to formulate all the thermodynamical
quantities of the system. Therefore, Bethe Ansatz is a very efficient tool for describing the
thermodynamics of an integrable system.

The main limitation of this technique is that it provide only with an implicit knowledge of
the eigenfunctions. Therefore, the calculation of correlation functions is absolutely not straight-
forward and, for many practical purposes, not attainable. In many instances, even a numerical
approach based directly on the Bethe Ansatz solutions does not yield any improvement over
a “brute force” numerical approach. In recent years, however, many developments have come
from a combination of Bethe Ansatz and numerical techniques, which have improved the size
limits of the systems by several order of magnitude (see, for instance, the works of Jean-Sbhastien
Caux and collaborators).

These improvements rely on the advancements reached in the late ’80s/early ’90s with the
use of the Algebraic Bethe Ansatz approach in expressing correlation functions in terms of
Fredholm determinants [19]. In the previous chapter we solved the XY model and we saw that
the correlation functions can be written in terms of determinants of Toeplitz matrices. This
is a particularly simple case of the general fact that in integrable models the correlators can
be expressed as determinants of integral operators though the Inverse Scattering Method. The
construction of these determinants is a beautiful subject and a great accomplishment of high
mathematics, but too often it has been so far of very limited practical use. However, as pointed
out above, recent lines of research have shown very interesting progresses and brought a renewed

interest in Bethe Ansatz techniques.

2.2 Motivations

The Lieb-Liniger is a model of one-dimensional bosons with contact interaction. Thus defined

by the Hamiltonian
N g2
j=1 J i<l
where ¢ parametrizes the strength of the interaction. Physically, this is a very realistic model for

1-D particles with short range interaction and constitute a powerful analytical tool to interpret
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experimental results. However, the main limitation is that the Bethe Ansatz solution assumes
translational invariance, which is spoiled by the trapping used in current experimental setup
to confine the system. In fact, due to the external potential, real systems are inhomogeneous,
with a density of particles that varies in space. Nonetheless, signs of integrability have been
observed to persist even in realistic systems [20].

While introducing an external potential in spoils integrability, we should mention that
there is a different kind of potential that admits a parabolic confinement and is also exactly

solvable, namely the Calogero-Moser model [21]:

82 w2 al 9
Z Z —ar e Z%’ : (2.2)
J<l J=1

This model belongs to a family of integrable systems (for an excellent review on them [22]) that

includes the Calogero-Sutherland model (a periodic version of the CM model)

N
A
"= T Z sin? ' (2:3)

L(azj xl)

and several others. This family is solved by a different kind of ansatz, called the asymptotic
Bethe ansatz, that is not considered in this set of notes. Originally, the trapping in was
introduced to prevent the repulsive potential from pushing the particles at infinity. One would
then use the trapping to keep the particle density fixed and then take the w — 0 limit together
with the thermodynamic limit. While the presence of the parabolic potential makes this model
“realistic”, its long-range potential is not (nobody has yet found a reasonable way to create a
inverse-square interaction in a 1-D system).

Let us now come back to our Lieb-Liniger model and we write it in second quantized form
H= / dz [axqﬂ@)aw\p(x) + Ul ()T (2)U(2) W (2) — pUT (2)T(2)] . (2.4)

The Euler equation is then
Wy = —W,, — p¥ + 200700 (2.5)

In the small interaction regime, the bosonic field will not completely condense (it is forbidden
in one-dimension, since long range order is always destroyed by fluctuations), but nonetheless,
a large fraction of the particles will be in the zero momentum state. Thus we can treat these
equations semiclassically and recognize in the Gross-Pitaevskii equation. The Hamiltonian
is known as the Non-Linear Schrodinger equation (NLS) and the Lieb-Liniger model is
also called the Quantum NLS. We will come back to the relation between the quantum and

classical version of the NLS and their modes in the discussion of the LL model.

2.3 The two-particle problem

Let us start by considering two bosonic particles with a contact interaction:

0? 0?
7-[2—8—:(2%—a—x%—f—205(1‘1—9:2)7 (2.6)
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where ¢ is the strength of the interaction (attractive for ¢ < 0 or repulsive for ¢ > 0). An
attractive interaction will create bound states and in the thermodynamic limit it will give a
divergent (negative) energy for the ground state. Therefore, we will mostly be interested in the
repulsive case here.

We write the generic eigenstate by dividing the 1 < z9 and z1 > z9 configurations:
\I/(.%'l, .’Eg) = f(l‘l, .TU2)19($2 — 1‘1) + f(xg, 1’1)19(1‘1 — .TUQ) , (27)

where we wrote the wavefunction explicitly as symmetric function of x; and zs, and where

I(z) = { L z>0 (2.8)

0, <0

is the Heaviside step function.
As usual with a Schroédinger problem, we assume a superposition of plane-waves for the

solution, i.e.

flx1,20) = Akr, ko)e!FrorHham2) (g, oy )el(k2orthaea)

_ AIQGi(k1x1+k2I2) + A21ei(k‘2$1+k1x2) ) (2.9)
In solving the eigenvalue equation, one should remember that 9,9(x) = d(x). Thus

92 V(w1 w2) = 02 flxr, m2)0(za — 1) + 02, f(w2, 21)9 (21 — 22)
_axlf(xth)(s(‘rQ - xl) + aﬁﬁf(x%xl)é(xl - (Eg) ’ (210)

where we also used the identity (valid under integral): f(z)0,0(z) = =0, f(z)d(x).

Therefore we have:

HY = (k2 +kDHT (2.11)
+26(I1 — 332) [C (A12 + A21) —1 (A12 — A21) (kl _ k'Q)] ei(k1+k2)$1 .

This eigenvalue equation is satisfied if

Ao . i(k)l — kg) +c

— = 2.12
A21 l(kl — kQ) —C ( )
It is easy to see that this factor has unit modulus and it is therefore a pure phase:
A2 (k=)
— = 2.13
- (2.13)
withl] .
6(k) = 2arctan St (2.14)

This is the phase shift due to the contact interaction. It is a unique signature of the kind of

interaction, each integrable potential is characterized by a phase shift function. We will see

'One has to pay attention to that the branch-cut of the logarithm coincide to the one of the arc-tangent.



2.4. BETHE ANSATZ WAVEFUNCTION 27

that this function plays a major role in the Bethe equations. Notice that in the limit ¢ — oo
the scattering phase becomes that of free fermions.

It is customary to define the scattering angle as an odd function of its argument that vanishes
for K = 0. This is easy to achieve by singling out the constant 7 phase, signature of the fermionic
nature of the interaction, as 0(k) = (k) 4+ m, with

O(k)=2 arctan% . (2.15)

Since the interaction is local and it is connected to the discontinuity of the wave-functions
between sectors with different particle ordering (each ordering can be written as a two-particle
permutation), there are no three-particle scattering (diffraction) and it is easy to check that the

Yang-Baxter relations are trivially satisfied.

Excerices

1. Solve the Lieb-Liniger model with three particles. Write the wavefunction as a sum
of exponentials with the all the different pairings between the particles positions and
momenta and consider the different ordering of the particles. The coeflicients in front of
the exponentials can be determined taking into account the bosonic statistics and by the
jump of the derivative. Check explicitly that every interaction can be decomposed into a

series of two-body scattering, in particular considering what happens when x1 = o = x3.

2.4 Bethe Ansatz Wavefunction

We consider now a system with N particles. The Hamiltonian is

N
62
H:—Zﬁ—l—%Zé(a@—xl) . (2.16)
7=1 J J<i

We make the ansatz that the wave function can be written with plane-waves as

\IJ(-Tl, TN Q) _ Z AP(Q)ei(kpl$1+k7?2$2+-..k’PNilTN) (2.17)
P

with quasi-momenta k; to be determined. P is a permutation of the quasi-momenta, while Q is
the permutation of the particle order. Since the wavefunction is bosonic, a permutation of the
order should leave the wavefunction unchanged. We see by inspection that if @ and Q' are two
different permutation, consistency requires that Ap(Q') = Ap/(Q), where P’ is the permutation
that differs from P in the same indices where Q' differs from Q. Therefore, we can concentrate
on the sector where z1 < x9 < ... < z and solve the system in that sector. When we need
to consider a different sector related to this by a permutation, we know that we can generate it
by the equivalent permutation on the momenta. Thus, from now on we will drop the explicit
dependence on the coordinate permutation Q, with the understanding that we are working in

the given sector and the others can be reached by symmetry.
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All possible permutations can be generated by exchanging two indices at a time. This is

equivalent to the two-particle scattering we consider in the previous section. Therefore

Ap  dk—k
T =e (2.18)

where k, k' are the momenta interchanged between permutation P and P’ and the scattering

phase is given by ([2.15)). We get:

Ap = C(=1)P [ [(kpj — kpi +1c) (2.19)

i<l

where C is a normalization constant.

Wavefunction (2.17)) is an eigenfunction of the Hamiltonian operator (2.16)) with eigenvalue

N
E=> "k (2.20)
j=1

and an eigenvector of the momentum operator

N
K =-i — 2.21
' Z aCCj ( )
7j=1
with eigenvalue
N
K=Y k. (2.22)
j=1

2.5 Periodic Boundary Conditions

In order to quantize the system, we need to put it first in a box of finite length and will allow
it to infinity at the end. We impose periodic boundary condition on the walls of this box,

effectively considering the system on a circle of length L:
‘Il(xl,xg,...,:):j—i—L,...,:UN):\Il(xl,xQ,...,xj,...,xN), j=1...,N. (223)

Taking a particle around the circle means that the particle has to scatter across all other
particles in the system. Through all these scattering events it will acquire a phase equal to the
sum of the scattering phases associated with each scattering event plus the dynamical phase
acquired through the motion (namely its momentum times L). To satisfy periodic boundary
conditions, the sum of these contributions will add up to an integer multiple of 27.

Things can be made more formal by realizing that taking a particle around the circle means
moving through sectors with different particle orderings and we saw before that they can be
expressed as a different permutation of the momenta. So periodic boundary conditions are
satisfied if for every permutation P we have
4
Ap ’

elkpNL _

(2.24)
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where P is the permutation where the last index has been moved to the beginning compared to
P (P(N)=P(N —1), P'(1) = P(N), and so forth). Equivalently, this condition can be written

as

- ki—k +ic

lkJL:H Ry MTRC i=1,...,N. 2.25

€ ‘<kj—kl—i6)’ J ) ) ( )
I#]

taking the logarithm of these we get

. al ki —k
kiL = 2nl; —(N—-1)m—2 Zarctan (]cl>
1=1

N
= 2rl; - > 0(kj — k), (2.26)
=1

where the T ; are a set of integers which define the state. In the second line we introduced a new
set I; of quantum numbers to define the states: they are integers if the number of particles N is
odd and half-integers if IV is even. For brevity I will often refer to the I;’s as integers, since it is
customary to consider systems with an odd number of particles to avoid spurious degeneracies,
but the reader should remember that it is a general property of Bethe Ansatz solutions of many
systems to be parametrized by integers/half-integers for odd/even number of excitations.

The are the Bethe equations, a set of N coupled algebraic equations in N unknown
k;j. For ¢ — oo we have hard-core bosons and k; = 271; /L. In general, it can be proven and it is
easy to convince oneself that the ground state configuration (i.e. the state with lowest energy)
is given by a set of integers symmetrically distributed around 0:

Ij=——5—+j j=1...N. (2.27)

From this clearly defines a state with zero momentum. To see that it also minimizes the
energy , we can start from the ¢ — oo solution, where this is clearly true. As we decrease
the coupling constant, the k’s will move, but the integers defining this state cannot change
because they are quantized in integer or semi-integer values. Moreover, since it can be proven
that the ground state is never degenerate, upon changing ¢ we cannot have a level crossing and
hence always defines the state with the lowest energy. An alternative proof is based on
the fact that if I; < Ij, then k; < k;. Thus any state with a different set of integers will have a
higher energy, compared to .

One can show [19] using the action formalism we will introduce in section that to a
given set of integers I;’s corresponds a unique solution for the k;’s (and, as a corollary, that
the ground state is never degenerate). It is important to notice that setting two parameters
to the same value (I; = I7) would generate two identical quasi-momenta (k; = kj), as can be
seen by subtracting the two corresponding Bethe equations . The wavefunction is
antisymmetric in the momenta, therefore it vanishes if two of them coincide. Physically, one can
think about this by considering that if two particles move with the same momentum they will
never meet and interact or will always coincide and yield an infinite contribution to the energy
coming from the contact interaction. The coincidence of two (or more) momenta will produce

a pathology in the Bethe Ansatz scheme that has to be avoided. In summary, the quantum
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numbers ;s have to be different to generate a physical state. This confers a fermionic nature
to the Bethe Ansatz solution (in momentum space!), even if the underlying system is composed
by bosons (in the real space) as in this case.

Finally, pleas note that since 8(—k) = —0(k), the momentum of the system is
27
K=" o (2.28)
J

So the momentum is quantized and does not vary as the coupling constant is varied. This is

also a general result valid not only for the Lieb-Liniger model.

2.6 Action formulation of the Bethe equations

Following [26], we can introduce the action:

L N N 1 N
A=) K —2m Y Lkj+5 ) 01k — k), (2.29)
Jj=1 j=1 3l
where
k
bi(k) = / Ok )k
0
2
= 2karctan ﬁ —cln |1+ k— . (2.30)
C c2

It is easy to see that the variation of this action reproduces the Bethe equations ([2.26])

0A

%:ij—Qﬂ'Ij—i-ZH(kj—kl):O. (2'31)

%

Moreover, we can show that the extremal point, solution of the Bethe equation, is a stable
solution, since the second variation
0?A

A= Dksom O

— K(k;j, ki) (2.32)

L+ K(kj, km)

is positive definite

Z ujAju =L Z u]2 + Z K(kj, ki) (uj —u)? > 0. (2.33)
gl J g<i

This action formulation of the problem is not directly connected to the original Hamiltonian

of the problem (eq. for instance) and it is somehow artificial, but has several advantages

and it can lead to important mathematical results. For instance it allows to prove the existence

and uniqueness of the Bethe solution, it provides the easiest way to calculate the norm of the

Bethe ansatz wavefunction (and to prove it’s finiteness) and plays an important role in the

calculation of correlation functions in the Algebraic Bethe Ansatz approach, see [19].
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2.7 Thermodynamic limit

If we order the integers I;’s (and therefore the momenta £;’s) in increasing order, we can write
the Bethe Equations ([2.26]) as

N

1
i+ 0 0k — k) = (k) (2:34)
=1
where we defined the “counting function” y(k;) = # which is a monotonically increasing

function that counts the integers as a function of the quasi-momenta (by associating its integer

to each quasi-momentum). By definition,

27
ylks) —y(k) = (I — 1) - (2.35)
We now take the limit N, L — oo, keeping the density N/L fixed and finite. We introduce
a density of quasi momenta as
1
ki)= i —>0. 2.36
p( j) N,II}EOO L(ijrl - k‘]) ( )

Then we can replace sums with integrals over k as
S / o(k)dk | (2.37)
J

It is easy to prove that

iy v YR —ylkio) o B ‘
Y (k]) N N,lll/IEoo k‘j — k:j,1 N N,IIIJIEOO L(ki] — kjfl) =27 p(kj) (238)

and therefore

k
S-u(k) = / p(K)dK (2.39)

establishing a direct connection between the distribution of the integers and of the quasi-
momenta.
With these definitions, in the thermodynamic limit, the system of algebraic equations ([2.26|)

can be written as an integral equation for the counting function and the momentum distribution:

y(k) =k + / 00— K (K (2.40)

kmin

and, by taking the derivative of this equation by k,

1 1 kmaz
k) = —+ — 0 (k — k') p(K"dK'
p(k) o Ton ) ( )p(K')
1 1 Fmaa / / /
= 2t K(k — K)p(k)dk (2.41)

where we introduced the kernel of the integral equation as the derivative of the scattering phase:

d 2c

K(k) = 5 00) = 53 -

(2.42)
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The integral equation with this kernel is known as the Lieb-Liniger equation [I7] and it
is a Fredholm type linear integral equation.

Equation allows us to determine the distribution of the quasi-momenta. This distri-
bution depends on the support of the kernel, in equation the limits of integration k.
and k.. The support is determined by the choice of the integers in the original equations
. For the ground state, the limits of integration are symmetric (kmin = —kmaz = q)-

Note that for infinite repulsion (¢ — o0), the ground state solution of gives the

free-fermions distribution of momenta:

1

97 k| < ’

oy = { 20 M=a (2.43)
0, |k >gq.

A direct way to determine the limits of integration is to calculate the number of particles

per unit length:
q
n=N/L= / p(k)dk (2.44)

—q
and invert this equation to calculate g in terms of V.
Finally, we can write (2.22)) in the thermodynamic limit as

q
p=K/L= / k p(k)dk =0, (2.45)
—q
where we have used the fact that p(—k) = p(k), and we rewrite (2.20) as
q
e=E/L= / E? p(k)dk. (2.46)

—q
Exercises

1. Solve ([2.41)) in the large ¢ limit perturbatively. Start from the ¢ — oo solution ([2.43)) and

write a perturbative series in powers of 1/c¢
plk) = (g — K?) + > ~ pulk) (2.47)
27 — " e ’

Then substitute it in (2.41]) and solve it by equating powers of ¢. Can you keep ¢ constant
at each step of the perturbative series or do you have to expand it in powers of % and take

that in account as well?

2.8 Bound States

The construction we developed so far was based on the (implicit) assumption that the potential
was repulsive (¢ > 0). For the attractive case additional solutions can be constructed, corre-
sponding to bound states. To see this, let us consider the two-body interaction again, this time

in the center of mass frame.
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We rewrite (2.7]2.9)) as

\I/(l’l,l‘Q) = ei(k1w1+k2$2) [Alzﬂ(xl — I‘Q) 4+ A21’L9(x2 — 561)]
+ei(k2x1+k1x2) [A2119(.%'1 — .I'Q) + Algﬁ(mg — xl)] . (2.48)

By introduction center of mass and relative coordinates and momenta as:

T + X2 A Bl )

e = U722, 9)
K=k + ko, k=k — ko, (2.50)
we can write the wavefunction ([2.48)) as
) AioelhT £ A e ik >0
W(X,q) = KX J S1C T Ane (2.51)
A9 + Appe ™ 1 <0

The standard way to calculate the discontinuity of the wavefunction’s derivative at © = 0 is

by integrating the Schrédinger equation around the discontinuity:

é 0
/ HY(z)dz = / [~ () + 2¢6(x) f(x)] dx
=5

=5
= U'(=6)— U'(8) + 2c¥(0)

6
= E/_5 V(z)der =0. (2.52)

This condition is exactly (2.12)) and can be written as
(A12 — Agl) k+ic (A12 + AQ]_) =0 (2.53)

We now look for solutions with complex momenta. For the solution to behave well at infinity
we need K = 0. For the same reason, If &k > 0, then Ay = 0 and if Sk < 0, then A5 = 0.
For (2.53) to be satisfied, these conditions mean that if k£ has an imaginary part, its real part

has to vanish and

Ay =0 = k= —ic, (2.54)
Aia=0 = k=1ic. (2.55)

These solutions are compatible with the behavior at infinity only if ¢ < 0. Note that these
conditions are equivalent to requiring that the scattering phase (2.15) diverges so that (2.12])
goes to zero (or diverges) in order to kill the exponentially growing component of the wave
function.

They represent a bound state of two particles with momenta

K +tic
k1o =

2= SK =0, (2.56)

with energy £ = K?2/2 — ¢?/2 and total momentum K:

flx1,29) = ol K (@1te2) /2 gclz1—22|/2 (2.57)
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With three particles, there are two solutions with complex momenta for ¢ < 0:

ki =a—ic, ko = a+ic, ks =3, (2.58)
k1 = ks —ic, ko = k3 +ic, Sky =0. (259)

The former is still a two-particle bound state, scattering with a third independent particle.
The second is a proper three-particle bound state. n-particle bound states appear in strings
of particles with the same real part of the momentum. A string of length n has the momenta
equispaced symmetrically with respect of the real axis. This structure is quite general for may
integrable models. However, while a symmetric distribution of momenta with respect to the
real axis is always needed in order to have a real total momentum, the momenta do not need to
lie exactly on the same line. For instance, significant deviations from this regular pattern have
been observed in the XXZ model. These deviations tend to disappear in the thermodynamic
limit, but the string hypothesis is still not proven. The repulsive Lieb-Liniger model does not
create any bound state, while the attractive case creates strings of length n defined by the
quasi-momenta

K L +1-25

ko= — _—
J n 2

and total momentum K and energy

c,j=1-n, (2.60)

= =22 (2.61)

These bound states have lower energy compared to the unbound ones. Therefore the ground
state of a system of N particles is characterized by a zero total momentum string of length
N, whose energy diverges negatively like N3. Since for the thermodynamic limit to exist, the
ground state energy should scale linearly with N, the attractive Lieb-Liniger is unstable in the
thermodynamic limit. We will see in chapter [d]that the X X Z model also posses string solutions,
but their energy (and length) is bounded from below and thus they have to be considered in its
thermodynamics, enriching its physics considerably.

For a finite number of particles, the attractive Lieb-Liniger is somewhat simpler than the
repulsive one, because we know the ground state solution of the Bethe equations explicitly,
namely a bound state (string) of all the N particles with zero momentum. The first excitations
are one-string Ny = 1 state with all N particles in a bound states with finite momentum. The
two-strings Ny = 2 are made by two bound states with respectively N — M and M particles,
whose momentum can be determined by a system of 2 Bethe equations (for more details, see
[24] or the discussion of string solutions in chapter |4l Notice that if M = 1 the second string
collapses to a single real momentum and is not a real bound state. Multi-strings solutions can
be constructed in similar ways. This “simple” structure for the spectrum of the attractive model

made it possible also an explicit calculation of the basic response functions [24].

2.9 Some formalities on Integral Equations

Linear integral equations like (2.41)) are a subject of a vast mathematical literature that has

developed advanced ways to deal with them. Integral equations are in some sense the inverse
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of differential equations.
The linear integral operator K is associated with a positive kernel K(k, k") through the

equation:

(iép)(k) = / ZIC(k,k’)p(k’)dk:’ (2.62)

and equation (2.41) can be written compactly as

1 . 1 . 1
- — =({1—— = —. 2.
P 3 Kp < 5 IC)p 5 (2.63)

One can then define the resolvent L of this operator as the operator that satisfies
(1+£) - 1g) =1 (2.64)
2 - '
(1+£) K=2nL.

We will need the Green function associated to a linear operator as the symmetric (U (k, k') =
U(K',k)) function satisfying:

q A
Uk, k) — ;ﬂ/ Kk, KUK KK = 6(k — K) < <1 - 217T/c) U=T. (2.65)
—-q

Using the Green function and the resolvent, for instance, from (2.41) we can write the

density of quasi-momenta as

p(k) = % / " U, K)dR (2.66)

(k) ~ 5 = /q L0k K) R = o /q Kk, k) p(K') dE (2.67)

Even when the green function and the resolvent cannot be calculated analytically, often
formal manipulations in terms of these operators can provide us with useful physical results.
We will see some examples of this in the next section.

For the Lieb-Liniger kernel , Kac and Pollard showed that the Green function can be
calculated in the singular ¢ — 0 limit (where (k) — d(k)) and it gives

Ur.y) ~ —In Vi VA Ukt Ul T (2.68)

2re | ¢? —xy — /(¢ — 2?)(¢? — v?)

Exercises

1. Similarly to the exercise at the end of section calculate the kernel’s Green function in

the limit ¢ — oo as a perturbative series in powers of 1/c.
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2.10 Elementary excitations

One of the fundamental advantage of the Bethe ansatz solution of a system is that ability to
classify and understand its excitations. As we know that the Fermi liquid description breaks
down in one dimension, it is of fundamental importance to identify the fundamental excitations
of the system. For an integrable system, these excitations are actual stable quasi-particles (and
this is the reason that will allow us to arrive at a complete solution of the thermodynamic of the
model). In non-integrable systems these quasi-particle will not be eigenstates, but for sufficiently
small perturbations from integrability, they will still be long-lived. In particular, low-energy
excitations are likely to retain their nature also away from integrability. Thus, characterizing
the quasi-particle content of an integrable model has the potential of teaching us much about
other systems as well.

There are three kinds of elementary excitations over the ground state given by , cor-
responding to a symmetric distribution of momenta across the origin: we can excite one of the
momenta |k| < ¢ and move it from its original position to one above the g-threshold; we can
add a new particle with momentum |k,| > ¢ (Type I excitation); and we can remove a particle
and create a hole with |kp,| < ¢ (Type II excitation). Clearly, the first kind of excitation can be
seen (and constructed) as a combination of the latter two and we will use this and concentrate
only on type I & II excitations.

Let us start with the ground state, given by

N-1 N-3 N-1
- } (2.69)

{Ij}:{— 5 5 g

and consider the excitation that adds one particle (say with positive momentum), taking the
number of particles from N to N + 1. The new state is realized starting from the ground state

of a system with NV + 1E| by boosting the quantum number at the Fermi edge to a higher value:

N N N
/ f— [ — [ — JR—
{Ij}—{ 5 2+1,...,2+m}, (2.70)
with m > 0 and momentum
2
K = % m. (2.71)

This total momentum is realized through a complete rearrangement of the momenta of the
particles in the system. If the original ground state configuration has momenta {k1, ko, ...,kn},
this excited state is characterized by {k{,k5,... k), kp}, solution of a system like but
with a set of integers given by .

We see that, while the momentum of the new particle is just k,, the momentum gained
by the whole system is different and given by . The former is referred to as the bare
momentum of the particle, in contrast with the latter, the observed or dressed momentum, due
to the rearrangement of the whole system in reaction to the insertion of a new particle. This is

a sign of the intrinsic sort of non-local nature of a one-dimensional system and gives a concrete

2Notice that adding a particle turns the integers into half-integers or viceversa.
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meaning to the concept that in low-dimensional systems are intrinsically strongly interacting,
regardless on the actual strength of the coupling constant.
To calculate the reaction of the system to the addition of this extra particle, let us calculate
the quantity Ak; = k; — k; by subtracting the Bethe equations for the two configurations:
N
Akj L =—7 =Y [0(k) — k) — 0(k; — k)] — 0(k) — kp) . (2.72)
I=1
(The first constant term in the right-hand-side appears because by changing the numbers of
particles by one the quantum numbers shift from integers to half-integers, or viceversa.) Since
Ak; if of the order of O(L™) (or equivalently O(N 1)), the left-hand side is of order O(1): we
can expand the right-hand side to the same order and, remembering the definition of the kernel
as the derivative of the scattering phase , we obtain

N
Akj L=—7 =Y K(kj— k) (Akj — Aky) — 0(k; — k) . (2.73)
=1

Collecting the terms in the following way:

N N
1 1 1
Akj |1+ ;/c(kj - kl)] == [r+ 0k — k)l + 7 l;ic(kj — k) Ak, (2.74)
we can go in the thermodynamic limit and with the help of (2.41)) write

1 q
21 Ak p(k) = ~I [T+ 0(k —kp)] +/ Kk — k') AK p(K') dK' . (2.75)

—q

We introduce the back-flow or shift function
o kK

J(klkp) = L Ak p(k) = lim lim ————, (2.76)

k—k; N,L—oo kj i1 — kj

which satisfies the integral equation above

J(k|ky) — % /_q Kk — k) J(K k) dk = —%é(k k), (2.77)

where we remember the definition of the scattering phase é(k‘) from l) Using the Green

function introduced in (2.65)), this equation can be written as
J(klky) = —/ Uk, ko —ky) dk'. (2.78)

The backflow is particularly useful in calculating the changes in the macroscopical quantities

under the addition of an excitation with momentum |k,| > ¢, namely

N
2
Ap(ky) = %m:kp+2[k’;_

N
byt 2 Ak
_ / (klky)dk | (2.79)
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where we used ([2.76]). Similarly, for the energy

N
Aelky) = ky+) [k — K]

= k+ XN:[%Ak + (Akj)?

= ki + /2kJ(k|k) (2.80)

remembering that the term (Ak;)? is suppressed like 1/ in comparison with the leading one.

These equations really show that this excitation has a collective nature and cannot be
assigned simply at the single bosons we added. This is the difference between the bare and
dressed quantities. We have added a particle with bare momentum k, and bare energy k:g, but
the all system rearranges itself and acquire a different momentum and energy, as per and

(2.80)), i.e. the dressed quantities.

Using formal manipulations, additional identities can be reached. For instance, using ([2.78))

and ( we can remove the backflow from

Ap(ky) = ky —/ dk:/ AKU (K, K)0(K — ky)

= k —/ p(k)0(k — k) dk (2.81)

where we also used the fact that the Green function is symmetric in the exchange of variables.

These manipulations are useful to study the dispersion relation of these modes. As we
mentioned, the addition of a new particle is referred to as a Type 1 excitation. Comparing its
dispersion relation to that of solutions of the classical Non-Linear Schrédinger equation in the
¢ — 0 limit, one can identify these Type I excitations with the Bogoliubov excitation (i.e. a
sound wave) [25].

Let us now consider a different kind of excitation, a hole, obtained by removing a particle
from the Fermi sea of the ground state configuration. To take into account the shift of the
quantum numbers from integers to half-integers (and viceversa) when the number of particles
change by one unity, the process of creating a hole can be realized starting from the ground
state of the system with N — 1 particles by displacing a quantum number within the Fermi sea
to the nearest empty space, over the Fermi point, i.e. (for a hole carrying a positive momentum
K =25 m)

N N N N N} | (2.8

{I//}— {—+1 —5+2,,5—m—1,5—m+1,,5
As before we can consider the reaction of the system as the momenta of the quasi-particles
change to accommodate for the absence of a particle with momentum |kj,| < ¢, corresponding
to the missing quantum number. Proceeding in the same way, we can introduce the back-flow

for this hole excitation, which in this case satisfies the following integral equation:

J(k|kp) — % /_q K(k— k) J(K|kp) dk' = %é(k —kp) . (2.83)
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The change in energy and momentum for the whole system are

Ap(kn) = —kp+ /q J (k| k) dk | (2.84)

—q

q
Ae(ky) = —k,%+/ 2k J(k|kp)dk . (2.85)
—q

One can prove [25] that these Type II excitations are not sound waves, but have a soli-
tonic nature. In fact, they correspond to the dark solitons of the Gross-Pitaevskii equations
that describe the semi-classical limit of the non-linear Schrédinger equation (i.e. the second
quantized form of the Lieb-Liniger model ) in the weakly interacting limit (small ¢). In
this semiclassical limit, the dispersion relations of the solitons and the Type II excitations agree
remarkably well. As one increases the interaction strength, the semiclassical limit breaks down,
but the Type II excitation’s dispersion relation retains it qualitative shape. Moreover, in the
¢ — oo limit, it matches the dispersion relation of the solitons of the hydrodynamic description
of free fermions. This justifies considering Type II excitations as a quantum sort of soliton,
even beyond the semiclassical limit where this makes sense [25].

Due to the linear nature of the integral equations defining the backflow , all
excitations can be constructed from these two fundamental ones we just considered. In par-
ticular, the excitation of a particle from its ground state configuration to an excited level can
be seen as the sequence of the removal of that particle from the system and reinsertion of a
particle in the desired level. After each operation of this type the whole system goes through
a rearrangement, that dresses the particles and the final configuration is given by the backflow
defined by an integral equation like , but with the source term given the sums of

each contribution:

1 q
Tl - Fons s ko Eg-) = / Kk — k)T ket - Fopngs sk - g )lE
1
—7Zek ki) — QWZGk kn;j)

= ZJ(W%) + Z J (Klknj) - (2.86)
J=1 j=1

So far, we described the excitations using a representation in terms of density of quasi-

momenta. Let us now introduce a function (k) as the solution of the linear integral equation
1 7 / / / 2
k) — o Kk, k') e(k') dk’ = k* — h=¢o(k) , (2.87)
—q
with the boundary condition

e(g) =e(—¢)=0. (2.88)

This is the same integral equation satisfied by the momentum density p(k), but with a different
source (the right-hand-side of (2.87))). This source term comes out naturally in a grand-canonical

approach. So far, we implicitly worked in the macro-canonical approach. If we relax the
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fixed number of particle condition, we introduce a chemical potential i, which is the Lagrange
multiplier appearing in . The relation between the chemical potential and the number of
particles is given by the boundary condition , that implicitly relates h to the support of
the integral equation q.

Physically, the function e(k) defined by can be interpreted as the dressed energy of a
particle with momentum k above the ground state. From this physical point of view, condition
follows from equilibrium and shows that the theory is gapless. will be derived as
the zero-temperature limit of the free energy of the system, see later in section Therefore

the function satisfies the following properties:

gk)y>0 for k>0 (2.89)
e(k) =e(—k), (2.90)
e(k) <0 for k| <q, (2.91)
e(k) >0 for k| > q . (2.92)

To support our interpretation of the function (k), let us calculate the change in energy due,
for instance, by the insertion of a new particle and the removal of another (hole). From (2.46):

Ae(kp, ky) = eolkp) —eol(kn) + Z eo(kj) — eo )]
= eo(kp) —eo(kn) — /q eo (k") J(K |k, kp) dE" . (2.93)
where
co(k)=k*—h (2.94)

was introduced in (2.87)).

We wish to prove that
Ae(ky, k) = e(kp) —e(kn) - (2.95)

To do so, a certain formal manipulations along the lines of the previous section will be useful.
By taking the derivative by k of (2.87)) we have

[(1 - 217r’C) g'] (k) = e (k) | (2.96)

Acting on this with the operator 1+ £ and using the defining property of the resolvent in (2.64):

e’ (k) —ep(k / L(k,K) ey (k') dK . (2.97)
We can rewrite ([2.77] as
A = Tk ar =2 [Tk (2.98)
2w N 2w kp, N ™ kr, ' '
By acting with 1 + L we get
kp
J(k\kp, kp) = — L(k—K)dK . (2.99)

kn
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By combining (2.97) and (2.99)) with (2.93)) we have

Ae(kp,kh) = Eo(k’p)—l—é‘o(kh)-F/k

h

kp q
dk/ Lk, K) ey(K) dk’
—q
kp

= eo(kp) — co(kn) + /k [€'(k) — eo(k)] dk

= ¢e(kp) —e(ky), (2.100)

as we set out to prove.

To conclude, we can define the one-particle excitation energy from
1[4
e(k) — / K(k, k') e(k') dk' = k* — h (2.101)
21 )4
and its momentum from (2.81))
q _
p(k) = i — / Ak — k) p(k') dk . (2.102)
—q

As we add particles with |k,| > ¢ and holes with |ky| < g, the total change in energy and

momentum of the system is

Ae= Y elky) = > elkn), (2.103)

particles holes
Ap=Y" plky) = > plkn) - (2.104)
particles holes

In these equations we see once more the fermionic nature of a one-dimensional bosonic system.
Finally, let us consider the dressed scattering matrix. The scattering matrix of several
particles is equal to the product of consecutive two-particle scattering matrices, each of which

are just a phase factor:
S = dkih) (2.105)

where the real phase can be written as
6(k1, k2) = d12 — ¢1 . (2.106)

The second factor ¢; is the phase acquired by particle 1 by moving through the whole system
with particle 2 removed from it, and the first factor ¢19 is the same but with particle 2 in the
system. Without particle 2, the bare momenta are {k;}, but adding this particle shifts them to
{k}}. We have

N
¢1 = Lk — Zé(lﬁ — k), (2.107)
=1

N

p12 = Lk — Zé(lﬁ — k) = 0(k1 — ka) . (2.108)
=1

(2.109)
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From this we have

N
S(hiks) = —O(ki—ka)+ -3 [ (k1 + k) — 0(ky — ky)
=1
N
= —0(k )+ = ) Kk, k) [T (Ralk s k) = T (kalk)) (ki — k)
=1
— kl kg / K kl, k‘kg) dk = 27TJ(/€1“€2) (2.110)

where in the last line we took the thermodynamic limit and used (2.77)). Therefore, we see that

the scattering phase satisfies a linear integral equation of the same type as before:
1 [9
Sk, K) — 5 / Kk, k") 60K k) Ak = 8(k — k') . (2.111)
T J—q

Proceeding in the same way, one can calculate the scattering phase of two holes and find it

equal to the one of two particles. The scattering phase of a particle with a hole is instead
S = e 10(knkn) (2.112)

In this section we saw that the same kind of integral equation, with the same kernel but
with different source terms (and the appropriate boundary conditions) generates the various
physical quantities that characterize each state, both in their bare and dressed form. As we
saw, these formulations are not independent from one another and a certain dexterity with
formal manipulation can be required to relate them. Therefore, to keep things as simple as
possible one should choose from which to start taking into consideration the problem one is
interested in. We will see that a very natural choice in terms of the dressed energy appear in

the thermodynamic formulation of Bethe Ansatz.

2.11 Thermodynamics of the model: the Yang-Yang equation

We now want to describe the system at finite temperature and therefore we will study in more
generality excited and mixed states.

In we introduced the counting function y(k), which interpolates between the quantum
numbers of the system. This means that for a state characterized by the set {I;}, it is constrain

to satisfy
y(kj) = —1;, (2.113)

for the values k; which are the solutions of the Bethe Equations.
Let us now take the view that the set of quasi-momenta k; (solutions of the Bethe equations)

are given, and thus the counting function is defined by the equation

N

y(k) :k+2;9(k—k]~) (2.114)
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for generic k. At k = k;, by construction we will have (2.113]), but we can look for all the points

k for which the counting function takes the quantized value
y(k) = =n, (2.115)

for some n, integer or half integer as the I;. The set of k are called vacancies, and correspond
to all the possible solutions of the Bethe equation for a set given set of quasi-momenta k;. The
subset of k that are the physical solutions k; represents the particles. The remaining solutions
are the holes of that state. In particular, if we consider a state generated from the ground states
by removing some quantum numbers from inside the Fermi sphere, those k& are the holes. In
particular, the hole momenta k;L are associated to a set of integers (or half integers) J;, which
are not present in the set I; specifying the state.

As we defined the density of momenta for the particles

1
kj)= 1 —_— 2.11
P( ]) N,iglm L (k;jJrl — kj) ’ ( 6)

we can define a density of vacancies

1
)= 1 _— 2.11
pulhs) Nvill’loo L <I~fj+1 - 1~€j) ( !

and a hole density

k) = lim — (2.118)

N,L—00 L (k?Jrl _ k;l)

This means that Lp(k)dk is the number of k’s in the interval dk, while Lpp, (k)dk is the number
of missing k’s, or holes, and Lp:(k)dk = L [p(k) + pp(k)] dk.
Using the same reasoning at for zero-temperature, we have

y(kj) —y(kj-1)

(k) = lim Z =
y (kj) NLSso  hy — Ry
. 2w
— ].lm T~ —
w5 L(ky = 1)
= 2mpi(k;) (2.119)
and thus .
y(k) = 27r/ [p(K') + pu(K')] Ak, (2.120)
Taking the thermodynamic limit, we write (2.114]) as
y(k) =k + / 0 (k—FK)p(k')dk" . (2.121)

By taking its derivative with respect to k like we did in (2.40)), we get

p(k) + pn(k) = % + /_oo K(k, k') p(k') dk . (2.122)
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Note that, compared to the integral equations we dealt with so far, the introduction of the
densities of holes now allows the support of the integral to extend over the whole real axis.
Compared to the zero-temperature case, this integral equation in not closed, as p(k) depends
on the, yet undetermined, density of holes pp, (k).

In the thermodynamic description of a system, we always passes from a microscopic to a
macroscopic characterization of the states. For a Bethe ansatz solvable models, this amounts
to switching from the quantum numbers {I;} to the particle and holes densities. Thus, let us
start with a given set of vacancies {k;}. A different choices of the quantum numbers {I;} of
the state corresponds to a different partition of the vacancies into a set of particles and holes.
However, small fluctuations over a given configuration (such as, for instance, the exchange of
two neighboring vacancies of a particle with a hole) are not macroscopically distinguishable,
since they differ by order 1/N. Thus, for every infinitesimal interval, we can arbitrarily arrange
the order of particles and holes. This amounts to an entropy of the macroscopical configuration
that we can compute in the standard way as the number of ways we can order a given number

of particles and holes between k and k + dk, i.e.

[L (p() + pn(k)) dE]!

[Lp(k)dE]! [Lpn(k)dE]!

L dk [(p(k) + pn(k)) In (p(k) + pn(k)) — p(k) In p(k) — pu(k) In pn (k)] .

dS = In (2.123)

Q

where in the last line we used Stirling’s formula (Inn! ~ nlnn — n).
We are now interested in calculating the free energy of the model. We start from the

partition function:

Z:%Zexp [—b;{v} = > exp {—%{V} , (2.124)

{I;} L<x<..<In

where Eny = Z;V: 1 k:]2 and the quasi-momenta k; are the solutions of the Bethe equation with

the given set of quantum numbers {I;}. Introducing the variables n; = I 11 —I;, we can rewrite

as
Z=) 3 Y e BT (2.125)

n1:1 n2:1 ’I’LN,1:1
Taking the thermodynamic limit, we notice that n; counts how many holes are present between

two consecutive particles, thus:

Y (O R )
TR T )

This allows us to switch in (2.125)) from sums to integrals and use the macroscopical variables

p and py
Z= const/D (W) ) </ p(k)dk — n> ST (2.127)

where S is the entropy (2.123) and e = Ex/L = [ k?p(k)dk is the energy of the state. We also

introduced a delta-function to enforce number of particles conservation in a macro-canonical

(2.126)

ensemble.
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By using the representation

1 ico h
we can write as
Z= const/dh/D <p(kz)+ph(k:)> eWlppnihl | (2.129)
p(k)
where
L
Wippnihl =~ [ ak {i2p(k) + hlo() ~n) (2.130)

=T [ (p(k) + pu (k) I (p(k) + pi (k) = p(k) In p(R) = pn(k) I pr(K) | }

The Lagrange multiplier h has the physical interpretation of a chemical potential.
As L — oo, we can employ a saddle-point approximation to find the configuration that

extremize the action and give the most relevant contribution to the partition function:

SWip, pn;h] = —% /dk { [1@2 —h—TIn <’W>] op(k)
p(k) + pn(k) _
—T'In <ph(7€)> 5ph(k:)} =0. (2.131)
Using as
dpn(k) = —dp(k) + % + /_OO K(k,K") dp(k') dK" | (2.132)

we can eliminate pp from (2.131)) to get

/dk {k2 —h-Th (p;((f))) - ;;r/ic(k,k’) In <1 + ;fg%) dk:’} Sp(k)=0. (2.133)

For this condition to hold for any dp, we demand

k)= k2 —h— L / Kk, ) In (14 ¢~/ a (2.134)
where we defined (k) (k)
— Ph Ph _ k)T
(k) =TIn — — L = . 2.135
(k) ( o) > (k) (2.135)

Equation (2.134]) is a non-linear integral equation whose solution gives us the dressed energy per
particle excitation, using which the thermodynamic quantities are at hand. Equation (2.134))
is known as the Yang-Yang equation. The interpretation of the meaning of the function e(k) is

supported by noting that the number of excitation over the number of available states is

p(k) I
o)+ onlh) ~ Ty esorr = VR (2.136)

where we see that (k) is the usual Fermi weight distribution.
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By substituting this saddle-point configuration in the expression for the partition function
(2.127)) we find the free energy to be

Fe -T2 =Nh— Lt /dk In (1 + e*(’f)/T) . (2.137)
2w

We see now why the Bethe Ansatz construction is so powerful in addressing the thermo-
dynamic of an integrable model. Equation is the partition function of a system of
non-interacting particles with single-particle spectrum (k). That is, once the Yang-Yang equa-
tion has been solved (maybe numerically, or by a series expansion...) and the dressed
energies have been calculated, the strongly interacting problem of the integrable theory is re-
duced to the partition function of a free theory with a non-trivial spectrum.

To conclude, from the knowledge of the partition function , the whole thermodynamic

of the model can be calculated. The pressure is

oF T
P=—(2-) = In (14 e =®/T) 2.1
(8L>T - dk:n( te ) (2.138)
(it satisfies dP = S/LdT + ndh) and
0 oF
n=—2 (F-Nh), S=-55. e=F+TS,... (2.139)

The density of quasi momenta can be determined from the energy per particle using :
2mp(k) [1 + e€<k>/T} =1+ / K(k, k) p(K)dE" . (2.140)

The number of particle is always given by
n= /p(k)dk . (2.141)

Before leaving this model, let us consider some limiting cases:

2.11.1 T —0"

For h < 0, one can show that n = 0.

For h > 0, one can show that the function (k) has two zeros on the real axis for

e(+q) =0, h>0, (2.142)
and
e(k) >0, k| > q, (2.143)
e(k) <0, k| < q, (2.144)
g'(k) >0, k>0, (2.145)
e'(k) <0, k<0. (2.146)

Taking the zero-temperature limit of the Yang-Yang equation (2.134) it becomes linear

e(k) — % /_q Kk, k') e(Kdk' = k*> — h . (2.147)
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Consequently,
ph(k):()v ‘k|<qv

and

1 I / / /_i
o) g [ KO R b0k =

The zero-temperature pressure is

P L[ k)dk
= Ton _q5( )
2.11.2 ¢c—
In this limit the kernel vanishes, therefore
e(k)=k*—h
and
1 1

2w 1 + e(k2=h)/T ’
T 2
_ = —(k*—=h)/T
F = Nh 5 /dkln(l—i—e )

™

This is equivalent to free fermions.

2.11.3 ¢— 0"

In this limit
K(k, Y — wé(k— k).

Therefore

g(k) =TIn W =M/T _ 1

and
1 1
PE) = @ 1
1
o’

T 2
_ 4 __—(k2—n)/T
F = Nh 5 /dkln (1 e ) .

This is coherent with what we know as free bosons.
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(2.148)
(2.149)
(2.150)

(2.151)

(2.152)

(2.153)

(2.154)

(2.155)

(2.156)

(2.157)

(2.158)
(2.159)

(2.160)
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Exercises

1. Calculate the correction to the Free Fermions result in a 1/c series and verify that

e(k) = kK*—h-— %P+O <613> : (2.161)
o(k) = ;(%) , (2.162)
on(k) = ;(W) , (2.163)
pe(k) = % <1+ % n> , (2.164)

n = /_ " o(k)dk . (2.165)



Chapter 3

The Heisenberg chain

3.1 Introduction

The Heisenberg spin chain is the prototype model for the application of the Bethe ansatz
approach. The basic techniques to analyze it are those introduced in the previous chapter about
the Lieb-Liniger model. And we will see that the solution of the X X X chain goes through the
same steps. However, the physics of this model is very rich and much more complex than before.
To give a complete picture is quite complicated and out of the scope of these lectures. For the
interested reader, we strongly recommend the set of notes [27]|1_-I, which is an introduction to the
coordinate Bethe ansatz, mostly from a computational point of view, that gives a simple and

clear overview over the complexity of the X X X chain.

The isotropic Heisenberg Chain was solved by Bethe in 1931 [29] using the intuition which
will become the Bethe Ansatz technique. At the time, Bethe was very intrigued by the success
of his idea and promised to go back to it to investigate it further. But he never did. In his
career, Bethe contributed to virtually all fields of physics and in many of them he brought
innovative ideas and concepts. His creativity was such that he never had time to get involved in
the development of the Bethe Ansatz techniques and eventually lost track of the most advanced

progresses in them.

Since then, the X X X model (and the XX Z chain, its generalization we will consider in
the next chapter) have been the bench tools to advance the Bethe idea from one side, and to
understand one-dimensional magnetism from the other. We should remark that nowadays we
have numerical methods to diagonalize one-dimensional models that are more efficient than the
Bethe ansatz approach. However the analytical nature of the latter and the characterization
of the states in terms of a set of quantum numbers render this technique very useful for un-
derstanding what are the relevant physical processes and to develop even better approximation
schemes. In particular, similarly to what we did for the Lieb-Liniger model, we will be able to
give a very accurate representation of the low-energy states of the system, which are particularly

important in view of taking a scaling limit.

!The first draft of these notes was based on [27] as well.
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3.2 Definition of the model

The Hamiltonian of the Heisenberg model of spin-1/2 in one-dimension with N sites with

periodic boundary conditions Sy ; = S; is given by

N
H o= —J) Su-Sun
n=1
N
= |58 S S + S35k . (3.1)
n=1

where ST = S? +iS} are spin flip operators. H acts on a Hilbert space of dimension 2V spanned
by the orthogonal basis vectors |07 ...on), where 0, =7 represents an up spin and o, =] a

down spin at site n. The spin commutation relations (with & = 1) are
[S2,8E] = £5E6,mr,  [S),S5] = 2520, (3.2)

The coupling J sets the energy scales, thus the Hamiltonian has the same eigenstates,
independently of J. However, the order of the states is reversed by changing the sign of the
coupling. J > 0 favors ferromagnetic alignment, while J < 0 gives an antiferromagnet. The
Bethe ansatz diagonalization gives the same result for any J, but the ground state nature (and
hence the low-energy excitations) will differ greatly in the FM and AFM case.

Looking for the solution of the model, we will take advantage of the symmetries of the
model. The (lattice) translational invariance will be used in constructing the eigenstates as
superpositions of plane wave (same as for the Lieb-Liniger model). The Heisenberg chain also
posses full SU(2) rotational invariance. However, we will only need rotational symmetry about
the z-axis in spin space, which we take to be the quantization axis. Thus, the z-component of
the total spin 5% = 27]:[:1 S? is conserved: [H,S%] = 0. Since the magnetization is conserved,
we can consider separately sectors defined by the quantum number S* = N/2 — r, where r is
the number of down spins. The full SU(2) invariance renders the spectrum degenerate in states
belonging to the same representation. These degeneracies are destroyed for the X X Z chain we
will consider in the next chapter.

The block with » = 0 (all spins up) consists of a single vector [0) = | 1 ... 1). It is an
eigenstate, H|0) = Ep|0), with energy Ey = —JN/4.

The N basis vectors in the invariant subspace with » = 1 (one down spin) are labeled by

the position of the flipped spin:
In) =S, 10) n=1,...,N. (3.3)

These states are clearly not eigenstates of H, but out of them we can construct N linear
combinations that take into account the translational symmetry, i.e., the invariance of H with
respect to discrete translations by any number of lattice spacings. Translationally invariant

basis vectors can be constructed from the vectors in (3.3) by writing

) = -2 3 (3.4)
w—\/ﬁnﬂe ny;, .
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for wave numbers k = 2rm/N, m = 0,..., N — 1. (The lattice spacing has been set equal to
unity.) The vectors |¢) are eigenvectors of the translation operator with eigenvalues el* and are

also eigenvectors of H with eigenvalues
E—Ey=J(1—cosk), (3.5)

as can be verified by inspection. The vectors (3.4)) represent magnon excitations (AS = 1
excitations), in which the complete spin alignment of the ferromagnetic ground state |0) is
periodically disturbed by a spin wave with wavelength A\ = 27 /k.

Note that the & = 0 state is degenerate with |0). It is easy to see that this state is the
S% = %—1 component of the S = % multiplet. Thus, its degeneracy with the fully ferromagnetic

state is a consequence of the full SU(2) invariance of the Heisenberg chain.

3.3 The two-body problem

The invariant subspace with r > 1 is not a simple superposition of magnons, as can be imme-
diately inferred from comparing the number of basis states. For r = 2, for instance, we write a
generic eigenstate as

Wy= > f(n,ng)lni,na), (3.6)

1<ni<na<N

where |n1,n2) = S, S, |F) are the basis vectors in this subspace of dimension N(N — 1)/2.

Bethe’s preliminary ansatz to determine the coefficients f(nq,n9) is
f(nth) _ Aei(k1n1+k2n2) +A/ei(k1n2+k2n1) . (37)

Setting A = A’ would correspond to a simple superposition of magnons, but this would be an
overcomplete set of nonorthogonal and nonstationary states. Superimposed spin waves are in
conflict with the requirement that the two flipped spins must be at different sites. The eigenvalue
equation for translates into N(N — 1)/2 equations for as many coefficients f(n1,no):

Q[E — E()]f(nl,ng) = J[4f(n1,n2)—f(n1—1,n2) — f(nl—l-l, ng)
—f(n1,n2—1) — f(n1,n2+1)], for ny >ni+1, (3.8)
2[E — Eplf(ni,n2) = J[2f(n1,n2) — f(n1—1,n2) — f(n1,n2+1)], for ny =ny1+1.(3.9)

Equations are automatically satisfied by f(n1,n2) in the form of a plain waves like ([3.7))
with arbitrary A, A’, ki, ko for ng > ny + 1 and for no = ny + 1, provided the energy depends
on k1, ko as follows:
E—Ey=J)» (1-coskj). (3.10)
j=1,2
Equations , which are not automatically satisfied by the ansatz , are then equivalent
to the N conditions

2f(n1,m + 1) = f(n1,m) + f(n +1,m +1) (3.11)
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obtained by subtracting (3.9) from (3.8 for no = n; + 1. The conditions (3.11)) imply the
following relation for the amplitude ratio:

. i(k1+k2) _ ik
A _go_ ¢ hlzzet (3.12)
Al eilkit+kz) 4 1 — 2¢ik2

This requirement can be incorporated into the Bethe ansatz as extra phase factors

. 1 . 1
f(nl,TLQ) —_ el(k1n1+k2n2+§912) + el(k1n2+k2n1+§921)’ (313)

where the phase angle 619 = —f2; = 0 depends on the as yet undetermined k1, ko via (3.12)) or,
in real form, via
0 k1 ko
2cot — = cot — — cot —. 3.14
cot 5 = cot — — cot 7 (3.14)
The quasi-momenta k1, ko of the Bethe ansatz wave function can be determined from the re-
quirement that the wave function (3.6)) be translationally invariant: f(ni,n2) = f(n2,n1 + N).

This condition is satisfied by the coefficients (3.13]) if
eiklN — ei@ , eikzN — efiG ) (315)
Equivalently, we can write (after taking their logarithm)
Nk, =2l + 0, Nko =2nly — 6, (3.16)

where the I; € {0,1,...,N — 1} are integer quantum numbers. Note that, due to the lattice
(and hence to the existence of the Brilluoin zone), the range of inequivalent quantum numbers
is restricted. This was not the case in the Lieb-Liniger model.

The total momentum of this state is
21
K:k‘l—i-k‘Q:N(Il—l-Ig) . (3.17)

The magnons interaction is reflected in the phase shift 6 and in the deviation of the momenta
k1, ko from the single (free) magnon wave numbers. This is because the magnons either scatter
off each other or form bound states. Note that the momenta ki, ko specify the Bethe ansatz
wave function (3.6), while the wave number K is the quantum number associated with the
translational symmetry of H and exists independently of the Bethe ansatz.

The allowed (I, I2) pairs are restricted to 0 < I} < [y < N — 1. Switching I with Iy
simply interchanges k; and ko and produces the same solution. There are N (N + 1)/2 pairs
that meet the ordering restriction, but only N (N —1)/2 of them yield a solution of Egs.
and . The solutions can be determined analytically or computationally. Some of them
have real k1, k2, and others yield complex conjugate momenta, ky = k. Note that, compared to
the Bethe equations we found for the Lieb-Liniger, the scattering phase does not depend
on the difference between the momenta of the scattering particles. This means that equal Bethe
quantum numbers are allowed.

If I; = 0 all solutions are real and k1 = 0, kg = 2wl3/N,0 =0and I, = 0,1,..., N—1. These

states are degenerate with the single magnon states and they belong to the same multiplet.
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The majority of solutions are real and different from zero. They can be determined by

combining (3.14)), (3.16)), and (3.17)) into a single equation for ki:

Nk k1 K -k
2 cot % = cot L — : 1
cot 5 cot 5 cot 5 (3.18)

Considering that the total momentum of the state is quantized (K = 27n/N), we can substitute
for different n in (3.18]) to determine ky and ko = K — k.

There are also few state characterized by complex quasi-momenta. To find them, we write
k1= g—kiv, ko = %—iv, 0=0o+ix, (3.19)

and use and for fixed K to obtain the relation
cos g sinh(Nwv) = sinh[(NV — 1)v] + cos ¢ sinh v, (3.20)

where ¢ = w(I; — I2), and x = Nv is inferred from the solution. Also K = 27/N(I; + I5) and
we can take v > 0 without loss of generality. The energy (13.10]) of any complex solution can be
rewritten in the form

K
E—-Ey= 2J<1 —cos cosh v). (3.21)

Complex solution exists only for Is = I1 (¢ =0) or Iy = I; + 1 (¢ = 7). Moreover, a careful
analysis of shows that only N — 3 choices of I7, I out of the possible 2N — 3 actually
give solutions. For more details on this, the reader is referred, for instance, to the first of [27].

For real solutions, in the large N limit the states are not too different from simple super-
positions of two magnons, as the quasi-momentum of each excitation differers from the “free”

quantization as
27 1
k12 =—

, NAQ+O<NQ. (3.22)

Thus, the dispersion relations of these states form a continuum with boundaries
K
E—FEy=2J lj:cosE . (3.23)
For complex solutions, one can show that in the large N limit,

K K
kio = 5 +ilncos 5 (3.24)

and thus this states do not form a two-parameter continuum, but all lie on a single branch with
dispersion

J
E—E0:§(1—COSK) . (3.25)

This is a clear signature of the bound-state character of the complex solutions, that shows how
the two magnons behave as a single entity. Substituting the parameters in the Bethe ansatz for
the wavefunction, one also sees that the wavefunction amplitudes vanishes exponentially as the
distance between the flipped spins grows larger, as we expect from a bound state. These states
are clearly different from the others (as it is clear from their dispersion relation) and the Bethe

ansatz construction provides us with a clear characterization of their different nature.
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3.4 The Bethe Solution

Now that we discussed the basic features of the two-body problem, we can proceed with the
construction of the eigenstates with generic r overturned spins. We generalize (3.6) and expand

the eigenstates in the form

|v) = Z f(na, ... np)|ng, ..o ). (3.26)

1<ni<..<n.<N

The subspace has dimension N!/[(N — r)!r!l]. The generalization of (3.13)) for the coefficients
in terms of 7 quasi-momenta k;, and the scattering phase 6 = —6;; for each (k;, k;) pair is as
follows:
T .
, i
f(ni,...,n.) = Z exp 12 kpin; + 3 Zlepj . (3.27)
PeS, 7=1 1<j

The sum P € S, is over all r! permutations of the labels {1,2,...,r}. For r = 2 the two
permutations are the identity (1,2) and the transposition (2,1), which produce the two terms
of . The consistency equations for the coefficients f(ni,...,n,) are extracted from the
eigenvalue equation H|¢) = E|¢). They are a straightforward generalization of the two-particle
case . The energy eigenvalue equation becomes

E—Ey=J) (1-cosky), (3.28)
j=1

and the eigenstate condition can be written as

2f(ni,...,nj,n; +1,...,n,) = f(n1,...,n5,n4,...,n0) + f(n1,...,n; +1L,n;+1,...,n,),

(3.29)
for j =1,...,7. These conditions relate every phase angle 6;; to the (as yet undetermined) k;
in (3:20):
. i(kj+k) 4 1 — 2¢iks
eifit = & rlmse (3.30)
el(kj"rkl) + 1— QQlkl
which can be casted in real form as
0; k; k
2c0t%:cot§j—cot5l, jl=1...,r. (3.31)
The translational invariance of (3.26)) implies that the coefficients (3.27)) satisfy the relation
fny,...,n.) = f(ng,...,nr,n1 + N). Consequently, we must have

T T

1 1

Z k‘pjnj + B Z H’Pi,Pj = 3 Z Gp/i,p,j —2nlpr, + Z k‘p/(j_l)nj + kpr(n1+N), (3.32)
7=1 1<J 1<J 7j=2

where the relation between the permutations on the left and the right is P'(j — 1) = Pj, j =

2,...,7; P'r = P1. If we take into account that all terms not involving the index P'r = P1

cancel, we are left with r additional relations between the phase angles and the momenta:

Nkj=2rl;+> 0,  j=1,....r (3.33)
1]
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where fj € {0,1,...,N — 1} as in l} What remains to be done is to find those sets of
Bethe quantum numbers (Iy, ..., I,) which yield (real or complex) solutions of the Bethe ansatz
equations (3.31]) and (3.33)). Every solution represents an eigenvector (3.26|) with energy (3.28))

and wave number

2T o -
K= Z;Ij . (3.34)
]:

3.5 String solutions

The scattering phase (3.30} [3.31]) does not depend on the difference of the quasi-momenta of the
particles. To restore this “translational invariance” it is convenient to introduce the rapidities

Aj to parametrize the quasimomenta:

k; 1. A +i
cot EJ =\j, or kj = Yln )\; =T 61(N;) , (3.35)
where A
0, (\) = 2arctan — . (3.36)
n

For the individual magnon, characterized by a real quasi-momentum k, we write its momen-

tum and energy as

1. A+i
po(A) = Yln SO k, (3.37)
dk 2J

The subscript 0 indicates that this particles correspond to a single (real) solution, i.e. a 0-type
string (as we will define below).

In terms of these rapidities, the scattering phase is
Gjl = *92()\]' - )\Z) + msgn [%()\] — )\l)] , (3.39)

where R(z) is the real part of x and sgn (y) = £1 denotes the sign of y. The Bethe equations
(3.33) in terms of the rapidities become

N@l()\j)ZQﬂ'Ij—I-ZQQ()\j—)\l), j=1...,r. (3.40)
I#j
The {I;},j = 1,...,r are the true Bethe quantum numbers characterizing the state. It is not

easy to relate them exactly to the fj, because of the second term in l’ The I; have the
same “fermionic” properties we found for the Lieb-Liniger model, i.e. we cannot have physical
solutions where two of them are equal. Different sets of quantum numbers give rise to different

sets of rapidities and eventually to all the eigenstates of the model, with energy and momentum
T

E = Ey+J> e)), (3.41)
j=1

T 27_[_ T
K = i) = —— I . 3.42
;PO( ]) Tr N]Z::l J ( )
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Some (actually, the majority of) states are characterized by complex rapidities. Standard
numerical algorithms to solve the Bethe equations have problems in finding some of these
complex solutions or have very low efficiency. It is thus desirable to understand ahead of time
the structure of these complex rapidities to develop more suitable ways to determine them.
Unfortunately, a complete understanding of this structure is still missing to date. But we have
a fairly good account of what happens in the thermodynamic limit. This structure goes under
the name of string hypothesis.

Let us look again at the r = 2 case (i.e. only two overturned spins). The Bethe Equations

written in terms of the rapidities are:

Ao\ Y A — o -+ 2i

- AT 3.43
<)\1—i> N — Ny —2i° (3.43)
Ao +i\V Ao — A\; + 2i

- Lz2-Aare 3.44
<A2—i> Xy — A\ — 2i (3.44)

As we need the total momentum of the state k(A1) + k(A2) to be real, we require

N\ N N\ NV
)\1+T >\2+% 1 (3.45)
)\1—1 )\2—1

We argued before that the Bethe equations admit complex solutions. In general, these

have to be found numerically and sometimes they are even hard to find. However, a simple
structure emerge if we take the thermodynamic limit N — oo. This structure is known as string
hypothesis, as it is not yet proven that the string solutions we are about to describe exhaust the
whole Hilbert space. However, this is commonly believed to the true, at least to the point that
the states missed do not contribute significantly to the thermodynamic of the model. Thus,
if A1 # 0, the LHS in (3.43]) will grow (or decrease) exponentially in N. Therefore, in the
thermodynamic limit the LHS is strictly zero or infinity and the RHS will have to do the same.
Thus, we must have

Al — Ao = £2i ie. A2 =AEi. (3.46)

The energy and momentum of this state are

) . N . A+ 2i
ip1/2(A) — Hipo(A+i)+ipo(A—i) _
e e ST (3.47)
dp1/2 . . 4J
e1/2(\) = —J dA/ =+t 1) = 5. (3.48)

which gives the dispersion relation

€1/2(p) = (1 - cospl/g) ) (3.49)

DN |

Moreover, for J > 0, €1/2(p) < €o(p —p') +€o(p') for every 0 < p,p" < 27, and thus these bound
states are energetically favored compare to the real solutions in the ferromagnetic regime.
For r > 2, more possible complex solution can appear and we describe them similarly. We

can have complezes (or strings) of 2M + 1 rapidities characterized by the same real value A/
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and different, by equidistant, imaginary part. Here M = 0,1/2,1,... and these complexes have
the structure
)\M;m:)\M—i—Qim, M <m<M, (3.50)

where m is integer or half-integer together with M. Counting all the complexes of length M by

vy, for a state with a given magnetization we have

r=> (2M + vy . (3.51)
M

It is important to notice that the existence and structure of the string solution is strictly valid
only in the thermodynamic limit N — oo and as long as the number and length of the strings is
not comparable to N. The fact that the complexes that we described are sufficient to exhaust
the whole Hilbert space is not a proven fact and goes under the name of string hypothesis.
For finite system sizes significant deviations from the string hypothesis are known to exist and
have been observed even for very (very) large systems. When the number of strings becomes
comparable with N, additional solution that cannot classified within the given structure could
arise, but they are believed to be too few to contribute significantly to the thermodynamic of

the model.
Let us therefore study a bit more carefully these string solutions. The first thing to notice is
that the rapidities belonging to a complex can be grouped together and treated as a single entity.
In fact, all the interactions of individual rapidities can be factorized and summed over separately

in the interactions between the complexes. The energy and momentum of a M-complex is
1. Au+i(2M +1)
A = -1 3.52
2JeM +1) J
A2+ (2M+1)2 2M +1

emv(Ayv) = (1 —cospu) , (3.53)

which is obtained by summing over all the rapidities in one complex. Due to their regular
structure we have a lot of cancelations: taking them into account we can see that we can
consider the scattering phase of a M-complex with a simple particle (0-complex) again by

taking the product with respect with all the particles in a given complex, obtaining

A+i2M A +i2(M +1)

_ = = .54
So.a1(ho = Anr) = Somr(A) = y——+ R (3.54)
and the scattering of two complexes of length M and M’ is
M+M'
SuarN) = J[  Sor(V), (3.55)
L=|M—M'|

which should remind some of you of the Clebsh-Gordan coefficients. This is not surprising, since
the whole structure we develop is very reminding of an SU(2) algebra.
We can then describe the scattering of complexes by concentrating just on their real center

A, where j = 1,.. .,l/Mﬂ As we argued above, this treatment is correct as long as v, i.e.

2To be clear in the notation used, Aar,; represent the real part of the j-th complex of length M.
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the number of single-particle solutions, is dominating over all other complexes. Then we can
assume the string hypothesis to be true and characterize the state simply by the Az ;.

The Bethe equation for the complexes is obtained by grouping all the rapidities belonging to
the same complex and performing fist the products within respect with them to have effective
consistency condition on their real centers A\ ;. Doing so, we get the scattering phase we found

before and the Bethe equations are:

el (A )N H H S ()\M,j — /\M’,j’) . (3.56)
M/ I
(M, )#(M.5)

As usual, we take the logarithm of (3.56)), introduce the (half-)integers I ; to take into account

the branches of the logarithms and, using the familiar identity

1. A+in A
Yln)\—in —W—Qarctanﬁ =71 —0,(N), (3.57)
we get,
Nosaror(arg) =20+ Y O (Aarg — Aarrge) (3.58)
(M’,5")#(M.5)
where
MM’
OvarN) = D (020N + bar2(V)] (3.59)
L=|M—M|

where the L = 0 is intended to be omitted.

Now, we shall see that, since the momenta are constraint within a Brillouin zone (due to
the existence of a lattice in real space), the quantum numbers Ijs; cannot take arbitrary values
and the existence of complexes poses additional bounds on their behavior. First, we notice that,
since

arctan +0o = :I:g ) (3.60)

for a diverging rapidity Ay 0o = ooE|

1 N
oo =— Y [2min(M, M) + 1] vpp — <2M + 2) (i =1+ 5 (3.61)
M'#£M

Then, since a M-complex has 2M + 1 roots, the maximum quantum number that characterizes

a finite rapidity (before it joins the complexes of infinite rapidities) is

IM,max - IM,oo - (2M + 1)
N 1

= 55" > J(M, M vy (3.62)
M/

where
2min(M, M"Y +1 M # M’

3.63
2M + % M =M (3.63)

J(M,M') = {

3The oo index does not refer to j — oo, but to a rapidity outside of the physical regime.
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Since all the scattering phases are odd functions of their argument, we have that

IM,min = _IM,maX ) (364)
which means that there are
Py =2Dymax + 1 =N = 2> J(M, M )vyp (3.65)
M/

vacancies for an M-complex.

Note that the range of allowed values becomes narrower for complexes of any size if any
string is added to the system. Using these results, one can estimate the number of states
accessible within the string hypothesis and it can be shown that it scales like 2!V as one would
desire, meaning that only few states are neglected in this framework and that these solutions are
sufficient to accurately describe the thermodynamics of the model. More subtle issues emerge
if one is interested in other aspects of the system, such as the correlation functions, or if one

wants to address the finite-size corrections.

3.6 The Ferromagnetic case: J =1

For a ferromagnetic coupling, the completely aligned state |0) can be taken as the ground state.
In fact, it is degenerate with all the other members of the S = N/2 multiplet, which can be
generated from |0) by adding zero-momentum magnons. The excited states can be constructed
in terms of magnon excitations, keeping into considerations that bound-states corresponding to
2M 4+ 1 complexes have lower energies compared to states with 2M + 1 real magnons. Thus,
magnons are the natural excitations and the ground state can be considered as the magnon-

vacuum.

3.7 The Anti-Ferromagnetic case: J = —1

The completely polarized state |0) that we chose as our reference state is clearly very different
from an anti-ferromagnetic ground state. Moreover, as we saw in the previous section, in the
ferromagnetic regime string solutions have lower energy than unbound, purely real ones, which
means that they will have higher energy in the anti-ferromagnetic regime. This makes intuitive
sense, since string solutions correspond to some bound states, i.e. clusters of flipped spins,
which are energetically favored in the ferromagnetic regime, but not in the AFM one.

From these considerations one can see that this time the ground state configuration must

be composed by single quasi-particle excitations, i.eE|

N 1
vy = — ; vy =0, M>—, (3.66)
2 2
in order to minimize the magnetization, since r = % and S* = % —r = 0. Now, from 1' we

know that the number of vacancies for this configuration is
N N
Py=N—-2J(0,0)y = — 5 =5 (3.67)

4Let us assume for now that N is even, so that we will avoid spurious degeneracies that emerge for odd N.
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which equals the number of roots. The quantum numbers are therefore occupying all the
vacancies in the interval N N
_Z"‘%SIOJCSZ_%’ (3.68)
and are integer (half-integer) for N/2 odd (even). Thus this singlet state is unique and will be
the ground state for the anti-ferromagnetic case. It has again a Fermi sea structure like the one
we observed for the Lieb-Liniger model.
To consider excited states over this ground state, we will progressively take away quasi-
particles from the single state and move them into complexes, i.e. we will characterize the

excited states by x, with

N
V= k. (3.69)

Let us remark that we always take x to be finite, which means that even in the thermodynamic

limit N — oo the number of excitations stays finite since

N
Z(QM—I—l)I/M:T—VOgE—I/O:H, (3.70)
M>1/2
where we used the fact that » < N/2.
For k = 1, we cannot excite any complexes, this means that only the r = N/2 — 1 configu-
ration is possible, which has total spin S = 1. The number of vacancies in this case is

1 /N N
Pp=N-2-2(=—-1)==+1 71
0 2<2 > 5 T (3.71)

which exceeds the number of roots by two. This means that we can used all the integers in the
allowed range but two, and the choice of these two holes characterizes the state.

For k = 2 we can still decide to keep vjs = 0 for M > 1/2 like before and have a state with
magnetization S* = 2. The physics is similar to what we describe just before (with 4 holes this
time) and we will not investigate it further. However, we also have a second possibility this
time: we can have v/, = 1 (and vy = 0 for M > 1), which keeps r = N/2 and S* = 0. The

vacancies are
N 1 1 N
Ph = N-2(—-2|=--2 — | == 72

N 1 11
Py = N—2(2—2>J<2,0>—2J<2,2>—4—3—1. (3.73)

Once more, the number of vacancies for real roots allows for two holes, while there is no freedom
for the 1/2-complex, whose state is therefore fixed.
From these examples we understand what is the general structure for general k. We can
have configurations with
N

=k vy =0, M>1/2 (3.74)

with Py = % + x vacancies, which give rise to 2« holes and states of total spin S*% = Then, we

can have states with smaller magnetization (all the way to 0) and a proliferation of complexes.

5These excitation are holes with respect to the construction we developed, but they should be considered as
particle excitations on top of the physical ground state of the AFM model.
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Before we discuss these further, let us stop for while longer on the given examples and analyze
them in the continuum limit obtained in the N — oo limit. As in the Lieb-Liniger model, we can
approximate the distribution of the real solutions of the Bethe equation with their continuous
distribution. Let us start with the ground state, for which the quantum numbers fill the allowed
interval of vacancies without holes. Let us assume that N/2 is odd (the even case requires just

minor modifications) so that

N 1 N 3 N 1
Iy,=3j =t = —— =, — — = .
0,5 7> J A +2a 4 +27 ) 4 2 (375)
The Bethe Equations can be written as
1 Ai— A
arctan \; = % Jj+ N ;arctan <J2k> . (3.76)

In the N — oo limit, the variable x = % becomes continuous and limited in the range —1/4 <
x < 1/4. The set of roots A; turn into a function A(z) and (3.76) becomes

et (2220, -

1/4
arctan \(x) = ma + /

—1/4
As observables depend on (are best expressed in terms of) the rapidities A\; and not on the

integers Iy j, we like to perform a change of variables and integrate over A rather than x:

1/4

S0 =N [ 0@)dr =N [~ fm0ir, (3.78)
P —o0

—1/4
where the change of variables + — A(z) maps interval —1/4 < z < 1/4 into whole real line

—00 < A < 0o due to the monotonicity of A(z). More explicitly, the density p(A) is

_dz_ 1
T A N(2)

po(A) (3.79)

z=A"1()\) .

Finally, differentiating (3.77) with respect to A we obtain an linear integral equation for the
density of real roots po(A):

11 1 [ 2
A= = — dp . 3.80
po(A) 1 w/;mk—uﬁ+4pdm‘L (3.80)

Notice that this integral equation is of the same time as the one we found for the Lieb-Liniger
model and can be casted in the same form by remembering the definition of the scattering phase
(14.24)

1, 1 >
) = 30 = 5= [ KO =) o (3:81)
where we introduced the kernel
d 2
= — = — .82



62 CHAPTER 3. THE HEISENBERG CHAIN

However, since in this case the support of the density is on the whole real axis, this integral

equation can be solved by Fourier transform:

Fo(w) = / e o (A | (3.83)
Using
1 / ey = el (3.84)
m ) A2 4 n? ’ '

we can turn the integral equation (3.80]) into
fo(w) (1 + e*2|w|) = ol (3.85)

which yields

1 [ . 1
A)=— A po(w)dw = ————— . 3.86
) = 5= [ e reo () (3.56)
The momentum and energy of the ground state are then given by
K = N / Po(N\)po(N)dA = f N mod 27 = Kapu (3.87)
E = FEj —i—N/ A)dA =N ( — ln2> = Farm, (3.88)

where po()) and €(\) where defined in (3.52] [3.53).
Now we can turn to the state with vg = N/2 — 1 and vj; = 0 for M > 1/2. We remember

that the state is characterize by two holes, that we place at j; and ja:
Ioj =j+9( =) +90 —Jj2) , (3.89)

where ¥(x) is the usual Heaviside step-function. The integral equation for the rapidity density

of the real roots py(A) (where t stands for triplet) is

1 1

P = T g [ KO- pldi = B0 400 - A (3.90)

where A 2 are the images of 1 = j1/N and z2 = ja/N under the map x — A(z). Since we are

dealing with linear equations, we can write the solution of (3.90|) as

pt(A) = po(N\) + % [TA = A1) +7(A = X2)] (3.91)

where 7(\) solves the equation

1 o0
o | KO- e+ 500 =0, (392)
m — 0o
whose solution, in Fourier space, reads:

Fw) = (3.93)

14 e 2l
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Its real space form is a bit convoluted, but we can evaluate its contribution to the momentum

and energy by working in the w space (fp(w) = 2r¢ M )

1

/90(/\)7(/\—/\’)d/\ = 5 Po(w)7(—w)e

—|w| iw\
e
1+ e 2wl jw
N
_ / o) / X ) | dw

N /
/ po(A) = arctan [sinh 72\] , (3.94)

/EO(A)T(A— X)X = /pg(A A')dA

_ L ~ iw\’
- 2w / —w)e
_ / 0 1w)\/ dw

T
= . 3.95
2 cosh ™ 7”\ ( )

NN

Hence the total momentum and energy of this state with density of rapidities given by (3.91)) is

K = N / Po(A) pe(A)dA

= Karm + k(M) +Ek(A2) , (3.96)
E = N/Eo()\) pe(A)dA
= FEarm+e(M) +e(N2), (3.97)
where
k(X)) = g — arctan sinh %)\ , e(\) = _2C()S7Th7r2)‘ . (3.98)

Thus, this is a state with two-particle excitations (spinons) and are their dressed energy
and momentum. Combining the two, we see that these excitations are characterized each by
the dispersion relation

e(k) = —gsink ,

<k< (3.99)

1\3\>]
N[

We see therefore that each hole in the quantum numbers generates a quasi-particle excitation,
which is called a spinon, i.e. an excitation with spin-1/2. Spinons only exist as collective
excitations (since flipping a spin-1/2 creates a spin-1 excitation) and they are an example of
fractionalization that happens in one-dimension. Individual spinons cannot be excited in a chain
with an even number of sites (while they can be present with an odd number of sites, due to

N % )

the degeneracy of a state with r = T_l and r =

spin-1 excitation made by two spinons shows it composite nature in that it makes a band and

. However, the dispersion relation of a

not a single line (as it is for a simple magnon).
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Let us now look back into a state we considered before, i.e. the state with vy = N/2 — 2,
vi2 =1, and vpy = 0 for M > 1. For the density of real roots ps(A) (s is for singlet) we get the

integral equation

11 1 [
e v tha B PO
1 1
N [5()\ — A1) +0(A = Ag) + - 00,12 A = Ar2)| (3.100)

where A12 stand for the holes and the last term in the RHS is the contribution from the
interacting with the complex of type 1/2 with rapidity A /2, solution of the Bethe equation (see
3.58)):

A1/2 1
2 arctan T/ = N Z 01/2’0 ()\1/2 — )\Q’j)
J
= / 91/270 ()\1/2 — )\) pS(A)d)\ N (3101)
—00
where
01/2,0 (A) = 2arctan A + 2 arctan g (3.102)

was given in (3.59) and in the second line we took the continuous limit for N — oco. As we
explained before, the quantum number I 51 = 0 in (3.101)), since its allowed range is limited

to just one point.

The solution of (3.100|) is

ps(0) = poN) + 1 [ = X) + 700 = X) + (A= Aiye)] (3.103)

where 7(\) is given by (3.92) and o(\) is the solution of

o+ 5 [ KO ) o)t 1 65,00 =0, (3.104)

™

which, in Fourier space, reads
a(w) (1 + 6_2‘“") =— <e_|w‘ + 6_3‘“}') , (3.105)

l.e.

5(w) = —e 0l (3.106)

To evaluate A;/, we can rewrite (3.101)) as

A1/2 e
2 arctan T == 91/2’0 ()\1/2 — )\) p0(>\)d)\ = (3107)

1 o]
+N/ 01/270 ()\1/2 — )\) [T()\ - )\1) + 7'()\ — )\2) + O'()\ - )\1/2)] dA.
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The last term in the RHS due to ¢ vanishes due to the oddness of the integrand. Moreover, we

have

1 n ~ iw
/91/2,0 ()\1/2 - )\) po(AN)d\ = o /91/2,0(w) po(w) e M/2dw

e_lwl e_3|w|
= — + —
1w 1w

—2|w|
€ ;
/ EIUJAI/2 :I )

i
N
/e—2w elw)\ dw
4

e_‘wl
1+ e—2lwl

eiw>\1/2 dw

w
A1/2
= / dN

e —— dA
B / N2+ 4

A
= 2arctan17/2 . (3.108)

This means that (3.107) reduces to

0 = /OO 01/2.0 (Mj2 — A) [T(A = A1) + 7(A = A9)] dA

1 ~ _ - |
= 271_/91/2’0(00) T(w) elwA1 /2 (e—lw)\l -I-e_l‘*’)‘?) dw

— /e_lw| |:eiw()‘1/27)‘1) + eiw@q/z*)@)] dw

iw
= arctan(A; /5 — A1) +arctan(Ay 5 — A2) , (3.109)
ie.
A1+ A2
Aljg = . 11
1/2 5 (3.110)

Thus, the rapidity of the type 1/2 complex is fixed and determined by the rapidities of the
holes.

Moreover, if we evaluate the momentum for this state we find:

K = N/po(A) ps(A)AX + p1 2 (A1/2)

A
= Kapm + k‘()\l) + k()\g) + po()\) o ()\ — )\1/2) + 2 arctan %

= Karm + k(M) +E(A2), (3.111)
since, using (3.106|),

/pO()\) (o) ()\ — )\1/2) = % /ﬁo(w) g(—w) ewA/zdy

2wl
e .
— _ / - elw>\1/2dw

iw
A
= -9 arctaan/Q. (3.112)
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Similarly, for the energy

E = Earm+ N/ﬁo()\) psdX + €175 (M1 )2)

= FEarm+e(M1) +e(N2), (3.113)
which can be easily derived from the previous result remembering that epr(\) = —%k()\).

Hence, we see that the contributions from the string cancel exactly and this state has exactly
the same momentum, energy (and dispersion relation) as the one without complexes that we
calculated before (3.96] [3.97, [3.99)). In particular, the two observable excitations in both cases
obey .

Thus, we saw that these two families of states with two holes in the distribution of purely real

roots have the same energy and momentum (when the same holes are taken in the two cases)
and they only differ in their total spin, being S = 1 in the first case and 5% = 0 in the latter.
One notices that, since applying the operator ST = 25:1 S;f to any of these states kills them,
these are highest-weight states. This supports the interpretation of each hole excitation as a
spin-1/2 excitation (spinon). In the first case we described the combination of two excitations
into a triplet (in its highest-weight state S* = 1), while in the second we got a singlet (S* = 0).

For general k the same picture holds: the states with vy = N/2—k and vpy = 0 for M > 1/2
are 2k-particle states in the highest-weight state of spin S% = k. All other states with the same
Kk are states of lower magnetization, entering into multiplets with a number of particles non
exceeding 2k. In all these case, the contribution of M-complexes to the energy and momentum
identically vanishes and so the energy/momentum depend only on the number of particles, i.e.
on the holes in the purely real solutions. These multiplets are exactly degenerate only at the
Heisenberg point (in zero external magnetic field) and will get split in the general X X Z model.

It is known that only spin-1 excitations are observed in the Heisenberg chain, but we see that
these excitations are not pure magnons, but a combination of an even number (since the number
of particles is 2k) of spin-1/2 excitations (spinons or spin waves) with dispersion relation ((3.99)).
Note that the dispersion relation for each spinon is defined only on half of the Brillouin zone,
while the dispersion for the integer spin collective excitation is defined for —7 < k < 7.

One should note that all the states we described so far are highest-weight state. To lower
the magnetization in a multiplet by one we place an extra rapidity at infinity, which corresponds
to an excitation with zero-momentum. This corresponds to adding a quantum number at Ijs
(remember that by adding one particle, one has to shift all the quantum numbers by 1/2),
which leaves the existing rapidities unaffected. Additional complexes at infinity generate all the
members in a given multiplet.

We have sketched how all excitations can be constructed in terms of spinon excitations over
the anti-ferromagnetic ground state |AFM), which can be interpreted as a spinon-vacuum. This
point of view is particularly suitable to describe the anti-ferromagnetic case. We saw that in
the ferromagnetic one, instead, the ground state is a magnon-vacuum and excitations are the
magnons. While the whole Hilbert space can be described perfectly in either pictures, the two
are somewhat dual to one another and it is not straightforward to see how a state constructed

in terms of magnons can be also be generated using spinons.
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3.8 Interaction with a magnetic field

In the presence of a magnetic field h, the Hamiltonian (3.1]) must be supplemented by a Zeeman

energy:
N N

H=-J> Sn-Sp1—h) Si. (3.114)
n=1 n=1

As the Hamiltonian commutes with the total magnetization, the magnetic field does not affect
the eigenstates and only alters the eigenenergies. For the ferromagnetic case J > 0, the ground
state remains the fully polarized one and the magnetic field only splits the energy of the element
in each multiplets.

In the anti-ferromagnetic case J < 0, the two parts of H are in competition. Spin alignment
in the positive z-direction is energetically favored by the Zeeman term, but any aligned nearest-
neighbor pair costs exchange energy. The 25 +1 components (with |S?| < S) of any S-multiplet
fan out symmetrically about the original level position and depend linearly on h.

The largest downward energy shift in each multiplet is experienced by the state with S* = S,
and that shift is proportional to S. The state |AFM), which has S = 0, does not move at
all, whereas the state |0) with S = N/2 descends more rapidly than any other state. Even
though |0) starts out at the top of the spectrum, it is certain to become the ground state in
a sufficiently strong field. The saturation field hg marks the value of h where |0) overtakes its
closest competitor in the race of levels down the energy axis.

The pattern in which levels with increasing S become the ground state of H as h increases
depends on their relative starting position along the energy axis. From the zero-field energies
of this set of states, we will now determine the magnetization m, = S*/N of the ground state
as a function of h.

The lowest energy state of a sector with S* = N/2 —r > 0 is characterized by vy = r and

vy = 0 for M > 0 and the Bethe quantum numbers for the 0-complexes of this state are

1 N
IO:J:2<SZ_1+2]_2>a ]:1,,7‘ (3115)

At h # 0, all of these levels experience a downward shift of magnitude hS*. All spacings
between adjacent levels shrink by the same amount h. The first level crossing occurs between
the state |AFM) with S* = 0 and the state with S* = 1, which thereby becomes the new ground
state. Next, this state is overtaken and replaced as the ground state by the state with S* = 2
and so forth. The last of exactly N/2 replacements involves the state with S* = N/2 — 1 and
the state |0) with S* = N/2. Their energy difference in zero field is 2J independent of N.
Consequently, the saturation field is simply hg = 2J.

The magnetization m, grows in N/2 steps of width 1/N between h = 0 and h = hg. In the
thermodynamic limit, the energy per site of the lowest level with given 5% becomes the internal

energy density at zero temperature,

u(m,) = lim E(S) —Eo _ lim

N—o00 JN N—)ooN 60(Aj) ' (3116)
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From ([3.116)) we obtain, via the thermodynamic relations,

du dm, R
h = y Xzz = dh = <dm2> (3.117)

In a finite system, where m, = S*/N varies in steps of size 1/N, Egs. (3.117) are replaced by

hm,) = E(S%)— E(S*—1), (3.118)
1/N
E(E*+1)—2E(S?) + E(S* — 1)’

Xzz(M2) (3.119)

Using these relations, one can also relate the susceptibility to the Fermi velocity of low-energy

excitations:
(m:) 2 (3.120)
m = . .
XZZ 4 7T/UF
One can show that x..(h) has a nonzero value at h = 0, grows monotonically with h, and

finally diverges at the saturation field h = hg. The initial value can be shown to be (vp = 2J7)

1

Xz2(0) = — . (3.121)

This is a non-trivial result of the Bethe ansatz analysis, which is impossible to obtain with any
perturbative approach, due to the logarithmic singularity which produces an infinite curvature

in m.(h) at h = 0. The divergence of x,,(h) at hg is of the type

el ——————} (3.122)
2m \/J(hs — h)

The characteristic upwardly bent magnetization curve with infinite slope at the saturation field

is a quantum effect unreproducible by any simple and meaningful classical model system. The

Hamiltonian (3.114]), reinterpreted as the energy function for coupled three-component vectors,

predicts a function m,(h) which increases linearly from zero all the way to the saturation field.



Chapter 4

The XXZ Model

4.1 Introduction

We consider the model defined by the Hamiltonian:

N
Ho= =T [STST0 +SUSY, + A SiSE] -2 S5, (4.1)
i=1

j=1

and we impose periodic boundary conditions: Sjﬁ_ N = Sj. Here, 5% = %0]9‘, where of are
familiar the Pauli matrices. For A = 1 we recover the Heisenberg chain we discussed in the
previous chapter.

In , J sets the energy scale and only its sign is really important: for J > 0 the ferro-
magnetic order is preferred along the z —y plane, while when J < 0 we have an antiferromagnet
in the plane. The parameter A sets the strength of the uniaxial anisotropy along the z direction
competing with the planar x —y term and distinguishes a planar regime (JA| < 1) from the axial
regime (|A| > 1). Clearly, for |A| > 1 we have a ferromagnet along the z direction for JA > 0
and an antiferromagnet when JA < 0. In the literature, sometimes the phases are named after
the planar ordering and other times after the axial one and one should pay attention in order
to avoid ambiguities. Clearly, there are some symmetries that relates these different phases.
For instance a rotation around the z axis of every-other spin, followed by the transformation
A — —A maps the J > 0 ferromagnetic case into the J < 0 antiferromagnet and viceversa.

The J < 0 antiferromagnetic coupling is the most relevant for physical realization of the
model (ferromagnets are more rare) and the case |A| < 1 is the most interesting from the
theoretical perspective, as it corresponds to a paramagnet, i.e. a critical (gapless) phase for
sufficiently low magnetic field. For A = 0 the model reduces to the isotropic XY model (also
known as the X X model), corresponding to free fermions on a lattice. The point A = 1/2 also
turns out to be very interesting, as it develops additional symmetries. For A — £o0o the model
tends to a (anti)ferromagnetic classical Ising model.

An interesting exercise is to apply the Jordan-Wigner transformation we introduced in Chap-
ter [1| to : one would find that the x and y coupling generates a standard nearest neighbor

hopping for the fermions, the magnetic field sets the chemical potential and the z interact-
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ing corresponds to a nearest neighbor interaction which corresponds to a lattice version of the

contact interaction (that we considered in Chapter [2| for bosons in the Lieb-Liniger model).

4.2 Physical preview

Much of the complications in discussing the physics of the X X Z chain can be avoided by a
smart choice of the reference “ground state” over which one consider excitations to constructs
the different eigenstates. In different parts of the phase-diagram, different choices are more
“natural” and thus low-energy state are characterized by different quasi-particles. A very good
account of this variety can be found in [28] and we already saw an aspect of this at the isotropic
point, when we argued that for J > 0 we should describe excitations as magnons, while for
J < 0 spinons are more suitable.

For instance, for JA — oo, the completely ferromagnetic state |0) = Hé\f: 1] T4) becomes
a natural ground state. Low-energy excitations can be constructed in terms of magnons (i.e.
single overturned spins), but also domains of consecutive flipped spins, since their interaction
cost only lies at the boundary between different domains and thus longer domains do not cost
more. These excitation have spin S = 1. For JA — —o0, there are two degenerate ground states,
the Neel states |N1) = | TJ11 ...) and |N2) = | J1I1) ...). Now the low-energy excitations
are domain walls, i.e. regions where the one type of Neel order changes into the other, thus
creating two consecutive ferromagnetically aligned spins. To create one of these domain walls
one needs to overturn a macroscopically large number of spins (that is, the number of lattice
sites between two consecutive domain walls), but, again, their interaction costs only lies at the
boundary and this their energy does not depend on the number of flipped spins. This means
that these are collective excitations. It is also clear that each domain wall carries spin S = 1/2
and they are thus spinons.

In the previous section we discussed in details the physical content of the Heisenberg model,
i.e. what happens at A = 1 and we also found that the low-energy excitations are magnons or
spinons, depending on the sign of J.

Another “simple” point is the free case A = 0, where the model can be exactly mapped
into free lattice fermions. Thus, the ground state is best characterized in momentum space as
a Fermi sea and excitations are easily constructed as particles and holes over this sea.

The intermediate cases interpolate between these extremal configurations. It is important to
remark that the Bethe ansatz construction is valid everywhere and generates the full spectrum of

the model. However, these initial consideration can be helpful to extract their physical meaning.

4.3 Bethe Ansatz Approach

To begin the study of the X X Z Hamiltonian (4.1]), we observe that it does conserve the mag-

netization along the z-axis (unlike the XY model):

=) 57, (4.2)
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The maximum magnetization S* = N/2 is given by the configuration where all spins point up.
Since a rotation along the z-axis followed by the transformation h — —h leaves the Hamiltonian
unchanged, we can consider only the case 0 < S% < N/2. Moreover, because [H, S?] = 0 we can
divide the Hilbert space in sectors with a given magnetization and consider them separately.

Let us start with the absolute ground state |0) = | 1171 ...) (i.e. a state with no excitations,
but not necessarily with the lowest energy) with all spins up (5% = N/2) as the usual reference
state. This is the highest weight state defined by

+ _ R
Sfloy=0, j=1,...,N. (4.3)

Acting on it with the Hamiltonian (4.1)) gives

J
H|0) = Ep |0) , Ey=— (4 A+ h) N . (4.4)
This is the only state in the sector with this magnetization.
If we flip one spin, we have N possible states in this sector with magnetization 5% = % —1,

corresponding to all the sites where the spin can be flipped. As we flip more spins, the dimension
of the Fock space of states with a given magnetization increases very quickly (exponentially).

We can write the generic state with r spin-flips as

\I/:Zf(nl,ng,...,m)|n1,n2,...,nr), (4.5)
{ni}

where the sum is over all the choices of r lattice sites out of N and

In1,m2,...,n0) =5, S, ... 5,.10) (4.6)
is the state with r spins flipped at the lattice sites {n;}. We order the coordinates such that
1 <n <ng <...<n < N. This state has magnetization S* = % — r. For the above-

mentioned symmetry, we can take r < N/2 and we notice that only for even N we can have a
SU(2) invariant state, i.e. S* = 0, while for odd N the magnetization is a half integer.

Instead of determining the two-body scattering phase by considering a system of just two
particles interacting like we did in the previous chapters, let us apply the Hamiltonian
directly to the state and see that a series of conditions involving the successive permutations
of two particles arise naturally, proving that every interaction can be decomposed in single two-
particle processes.

The eigenvalue equation for the Hamiltonian using the wave function is

(H—E)¥ = (4.7)

J r
_52 (]' - 5nj+1,nj+1) [f (nla" -5 N5 + 17nj+17"‘7n7‘) +
J=1
—|—f(’l’Ll,...,’l’Lj,7’Lj+1—1,...,7’LT)

+ |Bo— E+ (JA+20)r — JAY " 6np1m,y | F(nang,...np) =0,
j=1
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where we dropped writing the spin part of the wave-function, as it is assumed to be paired in an
obvious way to the coordinate part. Notice that acting with the Hamiltonian on the state, leaves
a diagonal part and a series of terms involving only two-particle (nearest neighbor) interaction.

Now, we make an ansatz for the coordinate wave function, the Bethe Ansatz, i.e. we

assume that it is written as a superposition of plane—waveﬂ in the following way:

r!
Z A[Plé! i1 kpiny

f(nlanQa-“an’r') =
= Z exp Z kpjn; + = Z @ kp], kp)| (4.8)
j<l
where P is a permutations of 1,2,...,7:

1, 2, ..., r
= , (4.9)

P, P2, ..., Pr
ki1, ko, ..., k. are called quasi-momenta and will be determined later and in the second line we

highlighted the fact that the relative amplitudes have unit modulus and can in fact be written
as a phase (the scattering phase).
The Bethe wave function (4.8)) has total momentum

Zk mod (27) , (4.10)

(where we took into account that on a lattice momentum is defined only within a periodicity)

and is an eigenfunction of (4.7]) with eigenvalue

= Eo+i[J(A—coskl)+2h]

= Eo—i-(JA—I—Zh)r—icosk‘l (4.11)
=1
if
A[P] (eik’Pj 1+ e ikpGy 2A> elFPG+1) 1
FATPG -+ D] (e 4 e7es —28) éhes =, (1.12)
i.e. for
~ (-)"]] ( (kpythpt) | _ 2Aei’f7’j) (4.13)
j<l

or, alternatively, by fixing the scattering phases as

S i(k+K) 4 1 _ 9 Ak
e ) P p—

ei(k+k’) +1— 2 Aelk’ (4’14)

!Please note that the assumptions of using plane-waves as a basis is not restrictive, as later we will find a

change of variable that will give a more appropriate basis for the expansion.
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or

o(k, k') Ok, k) —=
Asin (k- k')

cos(k+k)—Acosi(k—k) "

= 2arctan (4.15)

By applying periodic boundary conditions, we get the following quantization equations:
olkiN - Heié(kj,kl)

J#l

oI eilkith) 11 — 9Aelts

- #l el(k]+kl)+1—2Aelkl ) ] = 17"'7T . (416)
By taking its logarithm we get the Bethe equations
_ T
kiN =2nl; — ) O(kj, k), (4.17)

=1

where the {I ;} are the integer/half integers quantum numbers defining the state.

The two-body scattering phase has the unpleasant property of not being translational
invariant for shifts of the momenta and this makes it harder to show the factorizations of the
scattering matrix. It is then convenient to reparametrize the quasi-momenta by a change of

variable k; — A; to introduce proper rapidities:

ok _ sin% (Aj +1)

a sin% (Aj —1)

, (4.18)

where ¢ is a (yet-undetermined) parameter. The new variables A; (the rapidities) arise naturally
because the transfer and scattering matrices for the model have simple combination rules in
terms of them and we see that they will simplify our analysis in the same way. They also
introduce a different basis for the Bethe Ansatz expansion , which turns out to be more
natural than plane-waves for the model at hand. In terms of these new variables, one of the
terms of the products on the right-hand side of becomes

ei(kj-i-kl) +1— 2Aeik2j

ki Tk) 11 — 2Acik (4.19)
cos [% (Aj+ )\l)] (cosh¢ — A) + {A cos [% (Aj =N+ 21)} — cos [% (Aj — )\l)] }
cos [% (A + )\l)] (coshop — A) + {A cos [% (M= + 21)} — cos [% (Aj — )\l)] } .
To remove the unwanted terms we set
coshgp = A . (4.20)
With a bit more algebra we then get
i(kj+ky) iy osin |2 (A — N\ + 20)
eV + 1 — 2Ae" 2\ l (4.21)
e e ZAC L {% (Aj— N — 2i)] ‘ .
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An equivalent representation for (4.18) is

k; Yy
cot 5] = coth% tan <¢23> , (4.22)
which allows to write Bethe equations (4.17)) directly as:
Nov(N\) =27L;+ Y oA\ —N), j=1...1, (4.23)
1]

with

00 = 2artan e (22 an (2] "

In terms of the rapidities, the energy and momentum are given by:

E = Eg+2hr+Y e()), (4.25)
j=1
B _; tan (¢A;/2)
K = 22 ot o (0/2) (4.26)
with L
() = I sinhe (4.27)

cosh ¢ — cos(pA)
the quasi-particle energy. It should be clear that the phase 6;(};) is actually the original quasi-
momentum k;. This means that the momentum of the quasi-particle can be written in terms

of the rapidities as

p(Aj) = 01(N) = k; . (4.28)
Moreover, notice that we haveE|
e(A) _ sinh¢ d B
= W (=a-cosk), (4.29)

supporting our interpretation of A as a rapidity.
Note also that, while for A > 1 ¢ stays real, it becomes imaginary for A < 1. The isotropic
point A =1 (¢ = 0) can be found by continuity. In fact, taking the limit A — 1 we get

cot EJ =), or el = N (4.30)

and \
0n(\) = 2arctan — . (4.31)

n
Similarly, around the point A = —1, the parameter ¢ goes from purely imaginary to complex
and the A = —1 is defined by continuity. This is the main advantage of the parametrization

, since it spans the whole range of A with the only caution of tracking down the
analytical structure. Notice that is not the only transformation that gives translationally
invariant scattering phases and other choices can preferred for some purposes. However, other
parametrizations differs mostly for shifting and/or rescaling of the rapidities.

To be more explicit in these analytical properties, it is useful at this point to separate the
different cases A > 1, A < —1 and |A| < 1.

2The minus sign arises as a consequence of the different branch cut between the cotangent defying k; in (4.22)
and the tangent used for the phase in 1)
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4.3.1 Axial Case: A >1

In this case the angle ¢ > 0 is real and positive and the Bethe equations (4.16|) can be written

as
N

sin [%()\j + 1)} sin [% (Aj— N+ 21)]
= (4.32)
sin (50— 1)] g sin [ Oy = A — 20)|
4.3.2 Axial Case: A < —1
To work with real and positive angle ¢ > 0, it is more convenient to define
¢ = cosh ' (=A), (4.33)
i.e. we change from ¢ — ¢ + im. The Bethe equations (4.16) are as exactly as before
N
sin [%()\j + 1)} sin {% (Aj— N+ 21)]
_ = (4.34)
sin [g(Aj - i)} 5 sin [g (N — A\ — 21)]

4.3.3 Paramagnetic/Planar Case: |A| <1

In this case the angle ¢ is purely imaginary. Therefore, we prefer to use the real angle gamma
defined by:
v = arccos(—A) , O<y<m. (4.35)

With these notations the Bethe equations (4.16)) are
sinh [
sinh [

4.4 String solutions

(4.36)

(A +1)] )N e [2 (A — A+ 20)]
(A —1)] sinh [3 (Aj — A —2i)]

N2 (N2

1%

In chapter [3| we studied the isotropic point A = 1 and we discussed how string solutions can
be constructed and classified, and how their interactions can be factored out into interactions
between different complexes. We will not repeat the same construction for here for A # 1 since
most of it carries out in the same way. Also, most of the qualitative features survive, except
that many states that were degenerate get split.

One can repeat the analysis in chapter [3| to see the differences: most formulae remain valid

after the substitution of rational functions with trigonometric one like:

A+ia R sin [p(A + ia)]

A—ia = sin[p(\—ia)] (4:37)

The energy and momentum were given in (4.25| [4.26] [4.27). For a M-type complex

Mg =Am +i(M—j),  j=0,...,2M, (4.38)
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we still have cancelations as in the trigonometric case and using trigonometric identities we get

J sinh ¢sinh [(2M + 1)¢)]
cosh [(2M + 1)¢] — cos(pAnr)

tan (%)
tanh [(M + %) @] (4.39)

enm (Aur)

pyr (M) = 2cot™?

We can use the last one to solve for the rapidity as a function of Py; and insert it in the previous

expression to find the dispersion relation

cosh [(2M + 1)¢| — cospys

em(par) = Jsinh p—— [(2M + 1))

(4.40)

For a state where all the r flipped spins belong to a single complex of size r = 2M + 1, we
have
E =FEy+22M + 1)h + epr(pnr) (4.41)

For large A (or ¢), this energy tends to
E ~ Eo+2(2M + 1)h + JA | (4.42)

This state corresponds to a bound state of » = 2M + 1 consecutive spin flipped down in a sea
of up spins. For smaller A, the lowest energy state for such string solution is the one with
zero-momentum. Thus it has

E=——N—(N—2r)h+ Jsinh¢ tanh

JA ro
1 5 (4.43)

While the rapidities of a string are equally spaced along the imaginary axis, with steps that
do not depend on ¢, the corresponding quasi-momenta have imaginary part that grow further
apart as A increases. In the A — oo limit, the quasi-momenta acquire an infinite imaginary
component that creates infinitely tight bound state, corresponding to the domains we discussed

in the introduction. This phenomenon is sometimes referred to as stretched strings.

4.4.1 The planar (paramagnetic) regime: —1 < A <1

As we just saw that for larger A the strings become stretched and the bound states tighter,
as A — 0 the complexes progressively shrink and the bound states dissolves into elementary
excitations.

The paramagnetic regime is arguably the most interesting phase of the X X Z model, mostly
because it is an extended gapless phase, but also because the structures that we observed at
the isotropic point progressively crumble as one approaches the point A = 0. At this point we
recover the isotropic XY (or XX model), i.e. one of the critical lines of the XY model. As we
saw in chapter [1} on this line the Bogoliubov angle vanishes and the Bogoliubov quasi-particles
coincide with the physical fermions. Therefore the model is such of free fermions on a lattice.
To the best of my knowledge, a detail description of how the Bethe ansatz construction evolves
into these free fermions as A — 0 has not been worked out, but we will try to sketch the

qualitative picture.
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The first thing to notice is that the scattering phase (4.14]) has a special behavior if one of

the particles scattering has quasi-momentum kg such that A = cos ko:

olO(k, ko) _ (F2iko — _  Fibo (4.44)

Thus, the scattering phase is independent from the other momentum & and equal to 0y = m—2ky.
This mean that a particle with quasi-momentum kg factorizes out in the Bethe equations and its
only effect is to introduce an overall phaseshift for the whole system, as if a flux was threading
the system imposing and Aharonov-Bohm phase. This translate in writing the Bethe equations
as

ik L Heie(k;j,kl) — ol (4.45)

I#j

where in this case the phase is ® = +6;.

Moreover, this critical ko also corresponds to a threshold state, i.e. a type-1/2 complex
that has just coalesced into two real momenta. To see this, let us consider once more the
two-body scattering phase in its original form (4.14]). Following the treatment of section
let us introduce the center of mass coordinate and the total momentum of the two-body state

K = k1+ks and the relative momentum k = k; —ko = +ik. Using these variables, the scattering

phase is

blich) _ _ CoU/2) = AT (1.46)

cos(K/2) — Ae—ik/2

The condition for the bound state to be normalizable is that either ¢ = 0 or ¢ = oo (see
, ie.

cos(K/2) "2 = A | k>0, (4.47)
This implies that for —1 < A < 1, the total momentum of the complex of size 2 has to satisfy
cos(K/2) < A and the decay factor is e/? = cos(%(/2)' On threshold we have cos(Ky/2) = A,
ie. Kg= +2ko.

Therefore, we have determined that ko is the branch point of the scattering phase. As
A — 0, string solutions move in the complex plane coming closer to the real axis and they
coalesce to the real axis on the points 4k before splitting into two distinct real solutions. We
notice that exceptionally we can have more than one particle with the same quasi momentum, if
this is +k¢ and we can interpret these particles as remnants of a string solution. The rapidities
of such solutions are at infinity (k(A = £o00) = +kg) and they correspond to the maximum
allowed integer I,,. One also notices that these excitation do not contribute to the energy, since
€(£ko) = A — cos(tkp) = 0 and they only contribute to the total momentum (i.e. the flux). In
the previous section we mentioned that at the isotropic point these threshold rapidities can be
used to generate the non-highest weight state.

For |A| > 1 we can reason in the same way, but in this case the branch points occur for
complex values of the quasi-momentum and therefore it is much harder to observe a state that
would contain such excitations.

If we consider longer strings, we see that the total momentum of a type M complex is

bounded by the configuration where all quasi-momenta are +kg, i.e. Pj\r;}ax/ min +(2M +
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1)ko mod 27r. This means that for A = cos 53777, the range of allowed momenta has shrunk
to zero and the allowed string solutions have already completely collapsed on the real axis.
As A — 0, complexes with large M (2M + 1 > 7/arccos A) will have become unstable and
dissolved into real solutions and shorter and shorter complexes can be stable closer to A = 0,
until they completely disappear and only real solutions are supported at the XX point.

This can also be seen from the dispersion relation. In the paramagnetic regime,

becomes
cos [(2M + 1)~] — cos pas

sin [(2M + 1)4] ’
where A = —cosvy. We see that the region of stability of the bound states is bounded by the
points for which eM(pEaX/ ") = 0 and these are given by Pj\n/}ax/ "= £(2M + 1)ko mod 2,

since we observed that excitations with +ky carry no energy and these type-M complexes are

Mm(par) = Jsiny (4.48)

allowed as long as v > yy =7 —7/(2M + 1).

4.5 Interaction with a magnetic field

Until now, in the Bethe ansatz solution we always assume that there was no external magnetic
field. This implied that in the paramagnetic regime the ground state had zero magnetization.
This situation, in the particle language, is called half filling, since it corresponds to the maximum
number of excitations, i.e. to half of the spins in the system turned.

We remind that the ansatz wavefunction can be written as

. AT (sinh 3 (Apa +1)\™
f(nljnza...,nr):Z(_l)P Hsmh%()\Pj_)\Pz-}-?l) LEIl (2;2&;-3) ] ’

P <l
(4.49)
where v = arccos(—A).
Remembering that in this regime
tanh 22
k(\) = 2arct 21 =60(\)=0(\ 4.
o arcan[tang] 1) =60) (450)
and taking the logarithm of (4.36]) we get the Bethe equation in logarithmic form
k(AN = 01(0)N =271+ > 02(Nj — A (4.51)
=1
where \
tanh (%"
02(\) = 2 arctan [an(Q)] =0(\27), (4.52)
Y

and the I;’s are, as usual, integers or half-integers specifying the state for » odd or even respec-
tively.
In the thermodynamic limit, we introduce the density of momenta p(k) and by using the

counting function

k
y(k) :/ p(KdK' | (4.53)



4.5. INTERACTION WITH A MAGNETIC FIELD 79

from (4.51]) we have
= 2my(k / O(k — K p(kK')dk' . (4.54)

We are more interested in the density of rapidities, which we introduce by

p(N)dA = p(k)dk (4.55)
ie.
p(N) = K(Vp(N) (4.56)
We rewrite (4.54)) as
k() = 27y (A / B\ — N)p(N)dN (4.57)
where now N
y()) = / (V)N | (4.58)
By taking the derivative of (4.57)) with respect to A we get
1 /A 1,
o | KA =mp(p)dp = k() (4.59)
™ J_A s
where ) )
q .
K\ = S22 sin”(7) (4.60)

‘AN cosh(yA) — cosy
Eq. is very similar to the one we derived for the X X X model , but clearly with a
different kernel. However, the main difference is that in we noticed that A = oo, while
the presence of a magnetic field has the effect of shrinking the support of the density function.

The magnetization and energy density are given by

L5 1
A
m = / ()N | (4.62)
A
e= % = —sinv/ E'(AN)p(N\)dX — hm = / , (4.63)
where the bare energy is now
eo(A) = —sinyk'(v) — h . (4.64)
The momentum is clearly
K A
P=y= 2WZIJ- = /_ E(\)p(A)dA . (4.65)
J

From this point on, to study the thermodynamic of the system we can proceed like in the
previous chapter. We can introduce the dressed energy per particle e(\) as the solution of the

linear integral equation
1 /A
e =5 | K mwe(u)dp =eo(H) (4.66)
T J-A
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with the condition e(+A) = 0. And we can prove, like we did for the Lieb-Liniger model, that

¢ — / e = L [ Ry (4.67)
A 2 J_a
Equation has solution only if h < h, =1 — A as for h — h.,A — 0 and the ground
state becomes ferromagnetic. So, we see that a sufficiently large magnetic field destroys the
paramagnetic phase and turn the system ferromagnetic. On the other side, it can be proven
that
h —0 = A — o0 (4.68)

which brings back to the situation analyzed for the X XX model, where the integral equation

can be solved by Fourier transform, giving, for instance

() = {2(7r _ ) cosh [:_{y] }_1 . (4.69)



Chapter 5

Two-Dimensional Classical

Integrable Systems

5.1 Overview

The Algebraic Bethe Ansatz (ABA) method is essentially a second quantization of the coor-
dinate one. It uses the algebraic structure of the Transfer Matrix formalism to express the
wavefunctions in terms of creation operators acting on a reference state (known as pseudo-
vacuum). One of its advantage is the fact that it connects the Bethe Ansatz solution with some
of the most powerful techniques and concepts in the general theory of integrable system, like
the Inverse Scattering Method, Lax representation and Transfer matrix approaches.

To help understanding the ABA construction and to provide some physical intuition on
it, in this chapter we will use the general fact that any 1-D quantum model is equivalent to
a classical 2-D system and introduce the main ingredients in a two-dimensional settings. For
simplicity, we will focus on lattice model, say made by M horizontal sites and N vertical ones,
with periodic boundary conditions in both directions.

A key role will be played by the transfer matrix T. This is an operator that propagates a
given configuration from one horizontal line to the next, i.e. it gives the weight in the partition
function of a state with a given configuration on the N sites of a horizontal line and another
given configuration on the N sites of the next line. If one knows the transfer matrix for a given
model, the partition function can be found by taking the trace of M products of the same
transfer matrix T:

Z=TrT, (5.1)

where the products connects the different rows and the final trace allows to close the top and
bottom line together with periodic boundary conditions. It is then clear that we are primarily

interested in the eigenvalues A; of the transfer matrix, and in particular on its highest one Ay,

oy (A2)7
A

where the terms in the brackets converge to 1 in the thermodynamic limit M — oco.

since

Z=AM : (5.2)

81
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The main idea is that, instead of diagonalizing a single transfer matrix, we will try do
diagonalize a whole family of transfer matrices at the same time. We identify each member
within a family by a parameter \ (usually referred to as the spectral parameter), i.e. T(M),
and we try to diagonalize each T()) simultaneously for every A. This procedure might seem
too ambitious at first, since one turns the hard problem of solving a system into the seemingly
harder problem of solving a bunch of them. In fact, this technique brings out a deep structure
due to the integrability. In particular, we will find that all transfer matrices within a family
commute with one another and therefore they share the same eigenvectors. So, in spirit, for
each A we can look the “easy” eigenvectors of T(A) knowing that they are eigenvectors of all
other matrices. Then the rich algebraic structure will allow us to track down the eigenvalues of
each vector for every value of the spectral parameters.

In order to uncover this rich structure, we need to consider, in addition to the normal
Transfer matrix, also the monodromy matriz T (\), which is the operator that propagates an
open horizontal line to the next, i.e. without imposing periodic boundary conditions. Thus, the
monodromy matrix T posses an additional degree of freedom, compared to T, corresponding to
the state at the beginning and end of the line. The tracing of this degree of freedom is equivalent
to requiring the in and out state to coincide (i.e. imposing periodic boundary conditions) and
thus reproduced the transfer matrix.

If this boundary states belong to a Hilbert space of dimension k, the monodromy matrix
will be a k x k dimensional matrix (where each matrix element will be an operator acting on
the real N-dimensional space where the transfer matrix acts). These generalized commutation

relations are one example of a Yang-Baxter equation, which in this case can be written as

Ti(A) Ta(p) Raz(As 1) = Raz(A, p) Ta(p) Ti(A) (5.3)

where the subscript 1 and 2 highlights that the monodromy matrices do not act on the same
physical system (i.e. the same line of the same two-dimensional system), but on two different
spaces, which are then connected by the so-called R-matrix Ri2(A, ), also known as the in-
tertwiner. By taking the trace over the auxiliary space, we recover the original transfer matrix
T(A) = tr 7(A), and taking the trace of we immediately see that

[T(A), T(1)] =0. (5.4)

Therefore, as we claimed before, transfer matrices with different spectral parameters commute
and thus share the same eigenvectors. This fact will be crucial for the Algebraic Bethe Ansatz
construction that will be the subject of the next chapter.

In this chapter we will develop in detail what we have just sketched, taking as an example an
important 2-dimensional classical model, known as the ice-type model, or six-vertex model. The
choice of this model is clearly not accidental, as we will show that it is related to the X X Z spin
chain (studied in the previous chapter using the coordinate Bethe Ansatz). In particular, the
transfer matrix of the six-vertex model is the generating function for all the conserved charges of
the Heisenberg chain, including its Hamiltonian. This chapter is meant to ease the reader into

a clearer physical intuition of the ABA construction and its formalism. However, the algebraic
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Figure 5.1: The configurations allowed by the ice-rule, representing the six possible vertexes.

Bethe Ansatz construction will be postponed till the next chapter and it does not require the

knowledge of its two-dimensional analog.

5.2 Ice-type models

This model was originally introduced as a description of two dimensional ice. When water
freezes, each oxygen atom is surrounded by four hydrogen ions. However, the hydrogen will be
closer to one of its neighboring oxygen than to the other, but always in a way such that each
oxygen has two hydrogens closer to it and two further away. This is known as the ice rule.
This system is therefore modeled as a square lattice where each bond between two vertices
has an arrow pointing to either vertex, indicating to which of the two the hydrogen ion is closer
to. What is important to us is that each bond has a degree of freedom that can assume two
values, which we can represent as + and —, 0 and 1, (or with classical spin-1/2), etc. To satisfy
the ice rule we must have always two arrows pointing toward a vertex and two arrows point
away: this constraint limits the number of possible vertex configurations to only 6, which are
given in Figure [5.] and labeled from 1 to 6. This is the reason for which this model is also
known as the siz-vertex model. There are other models similar to this and we should mention
the 8-vertex model, where the ice rule is broken by adding two additional vertices, one with
all the four arrows pointing toward the vertex and another with all arrows pointing away. The
8-vertex model is connected with the XY Z spin chain and also to the XY model. It is also
called an elliptic model, since the parametrization of the coupling is achieve through elliptic
functions (i.e. analytic functions that are periodic both in the real and imaginary direction).
We will see that for the 6-vertex model this parametrization is done using just periodic function
(and it is therefore referred to as the trigonometric case), which reduces to rational functions

at the isotropic point (A = 1).
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The 6-vertex model is defined by the Boltzmann weights assigned to each vertex:
wj =e P4 | j=1,...,6, (5.5)

where 5 = 1/kpT is the usual inverse temperature scaled by the Boltzmann’s constant. The
partition function is given by the sum over all possible configurations of arrows on bonds,

weighted by the above expressions, i.e.

Z = Z exp [~ (ni€1 + naea + nzes + naeqg + nzes + neep)] (5.6)
{m}
where {n;} are the number of vertices of type [ in the system.

A first simplification arises because imposing periodic boundary condition forces the number
of vertices of type 5 and 6 to be equal, since they act as sinks (source) for horizontal (vertical)
arrows and vice-versa. This means that only the combination ns(e5+€5) appears in the partition
function and we can chose €5 = €5 = €. with no loss of generality (since a different choice is
unobservable).

If we further assume that the system is invariant under the simultaneous reversal of all

arrows, then nqy = no and n3 = n4 and the partition function can be written as

Z = Z exp{—pF[ni (e1 + €) +n3(e3+€1) +2 n5 €]}, (5.7)
{ru}

and for the same reasoning as before we can choose
€1 =€ = ¢€q , €3 =€1=¢p . (5.8)

The condition (5.8]), i.e. the invariance under arrow reversal, is known as the zero-field condition.
In fact, if we add a field E, (£,) in the vertical (horizontal) direction that couples to the arrows
in each bond giving each up/down-pointing arrow an extra energy +F, and each right/left-

pointing arrow the extra energy +F, we can break the degeneracy of the energies:

e’lzea—Ex—Ey, 6/2:€a+Ex+Ey,
es=e—E,+E,, e=e+E,—E,, (5.9)

and generates more vertices of one type or another. In the rest of this chapter we will always
assume the zero-field condition E, = E, = 0, but it is possible to consider the more general
case. For instance, a finite F, corresponds to a finite external magnetic field in the X X Z model.

If our lattice has M rows and N columns, we can write the partition function as a sum of

contributions from each of the M rows

M
Z = Z Z @m™tme pmstma mstme (5.10)
r=1{m7}

where {m]} is the number of vertices of type [ in row r and we introduce the parameters a,b, c

to identify the weights in the zero-field case:

a=w = ws, b=w3=wy, c=ws = wg. (5.11)
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We can rewrite the contribution from each row taking into account the configuration of

arrows below and above it. If we denote by

V=1 n) (5.12)

the configuration of arrows immediately below row r (since each arrow can assume two values
—up or down- for each row we have 2%V possible configurations spanned by {7"}) we can write

the partition function in terms of the row-to-row transfer matrix sz

2 3 M 1
Z = ZZ...ZT;T; T Ty
’Yl ,YQ ")/M
= trTM | (5.13)
where T is a 2V x 2% matrix with elements
TY =) amitme pmatma gmstme (5.14)

where the sum is over all configuration of vertices compatible with the vertical configuration
given by v and v/, i.e. a sum over all possible configurations of horizontal arrows on the N
bonds of the row.

As a side note, we should remark that the number of up (down) arrows is conserved from
one row to another (as a consequence of the toroidal boundary condition and of the fact that
on each row we must have the same number of sources and sinks, i.e. vertices of type 5 and 6).
This means that the transfer matrix has a block diagonal structure with blocks describing all
the configurations with n up arrows entering and n up arrows exiting the row, n = 0,..., N.
This structure is equivalent to what we observed within the Bethe ansatz, that is that there
is no particle productions and that states with n particles scatter and evolve only into states
with the same number of particles n, so that the scattering matrix has the same block diagonal

structure as the transfer matrix of the six-vertex model.

5.3 The Transfer Matrix and the Yang-Baxter equations

Let us now study the transfer matrix in more detail. Let us consider a configuration where
the arrows below the row are given by the configuration v = {~1,...,7n5} and the ones above
are v = {7],...,7y}. We denote an up arrow by v; = +1 or 7; = +1 and a down arrow by
v; = —1 and ’y;» = —1. We also denote the arrow on the horizontal bonds as a = {aq,...,an},
with the convention that a; = +1 corresponds to a right-pointing arrow and a a; = —1 to a
left-pointing one. With these notations in mind, we will refer to «;, v;, 7;- and so on as spin
variables with spin up/down depending if they have value +1/ — 1.

We can write the transfer matrix as

/ 027] P37 17}
Y — 1 2 N
T) = E E Lo Lasyz - Lany s (5.15)
a1 apn
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where Lgl;yl is a 4 x 4 matrix with entries given by the Boltzmann weights of the vertex config-

urations, i.e.

LIT=L"" = a, (5.16)
LIZ=L"T = b, (5.17)
Lif=rt7 = ¢, (5.18)

with all other elements being zero due to the ice rule. More explicitly, this L-matrix can be

written as
a 0 0 O
0 b 0
[= ¢ (5.19)
0 b ¢ O
0 0 0 a

As we mentioned in the introduction, our strategy at this point is not to attempt to diag-
onalize directly the transfer matrix, but instead to look under which conditions two transfer
matrices with different parameters commute. To this end, let us introduce a second transfer
matrix T’, defined as in (5.14)), but with Boltzmann weights a’, ', ¢’. Then

ey = Sy
,Y//

- Yy s (520

Qa1,..,aN B1,....0n j=1

where

O/B’h’ - I /
Sopi = e M, (5.21)

¥
is the double-row transfer matrix (i.e. the operator that propagates across two rows, with
different weights for each row) and with the understanding that ay4+1 = a1 and By+1 = fi.
The operator S is a 8 x 8 matrix. If we keep the two vertical indices as fixed, we can write it

as a 4 x 4 matrix as

SN ACRD T (5.22)
and ((5.20) as
(TT) =trS(m,71)S(2,7) - -- SO, 7y) - (5.23)

We can also consider to invert the order of the two rows, but keeping the external legs fixed

and write the resulting double-row transfer matrix as

(T'T)] = trS'(11,71)8'(12,73) - - S' (v, ) - (5.24)
where
O/ﬁ |’Y Oc”y” 6/ !
Sla Bly — Z Ly EB v (5.25)
,y//

We want to find under which conditions these expressions commute, i.e.

TT =T'T. (5.26)
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Figure 5.2: Diagrammatic representation of the Yang-Baxter equation (5.28]).

This will surely be true if there exists a 4 x 4 non-singular matrix R such that
Sv,7)=R S (7,Y)R, (5.27)

where we remind that S is also a 4 matrix and v = +1 and 7/ = +1 are taken as parameters.
If (5.27)) is satisfied, then plugging it into (5.23) and using the cyclic property of the trace we

get (5.24)) as we set to achieve.
We can write (5.27)) explicitly as

Soocan oSy RS = Y R L0 LY (5.28)

o B A o B!y
This is the Yang-Baxter equation for the L-matrices and it can be understood more clearly in
its diagrammatic form, fig. We see that the R-matrix acts as an intertwiner for the two
L-matrices since it connects the “horizontal” spins, but it does not act on the “vertical” ones.

At this point we make an ansatz, i.e. we assume that the R-matrix has the same structure
as an L-matrix, i.e. that we can write it as in (5.19), but with different weights, namely a”, b”
and ¢’: R = L”. This is not to say that the R-matrix can be identified with an L-matrix (since
they act on different spaces as operators), but only to assume that the ice-rules apply to R as
well.

Then we can look for solutions of by writing it as a system of 64 equations (coming
from equating each component of the resulting matrix multiplication, or corresponding to all
possible combination of the external spin variables). We take a, b, ¢ as given and we look for
which choices of d/, ¥, ¢ and a”,b",c” is satisfied. Notice that, since all equations are
homogeneous, they do not fix the normalization of the matrices £’ R, so the parameters can
be rescaled by a constant without violating , so only 4 out of the six parameters are
meaningful to solve the Yang-Baxter equation.

Of course there is one trivial solution:
LocL, and RS =daadss . (5.29)

but this amounts to say that the transfer matrix commutes with simple multiples of itself and it

is not interesting. To look for non-trivial solution, we notice that the ice-rule severely restricts
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the number of non-zero components of the L and R-matrices (see . In fact, Lg’y’ =
unless @ + v = o’ +4/. This means that both sides of are identically zero only if
a+ B+~ #da + B+~ and this leaves only 20 non-trivial equations out of the 64.

Moreover, the zero-field condition implies that negating all the spin variables leaves the
Boltzmann weights unchanged, so these 20 equations occur in 10 identical pairs. Finally, the
symmetric structure of under the reversal of spin pairs can be shown to lead to just these

three inequivalent equations:

ac/a// — bclb// _|_ Calcll ,
/I ! /1.1

ab'd” = ba'c + b, (5.30)
/I AR/ /I

cb'a” = ca'b +bcc.

This is quite a miracle that is completely due to (and responsible for) the integrability of the
model.
First, let us eliminate a”,b”,¢” from (5.30): this leaves the single equation

a2 + b2 _ 02 B a/2 + b/2 _ C/2 (5 31)
ab N a’'t ’
This means that we can associate to each L-matrix a quantity
2,312 _ 2
a®+b°—c
A= ——"— — 5.32
2ab ( )

which has to remain invariant for each member of a family in order for the transfer matrices
to commute. In other words, T and T’ can have different values of a, b, ¢, but they would still
commute as long as A = A’

It is convenient to look for a parametrization of a,b, ¢ that will identically satisfy .

The easiest choice is clearly
a=a, b=ax, c=avV1—-2Azx+ 22, (5.33)

where we recognized that an overall multiplicative constant can be factorized out. The problem
with this parametrization is that c¢ is not an entire function of z and A, due to the branch of
the square root (an entire function does not have branch point or branch cuts). This problem

can be solved by introducing a new parameter ¢ defined as

Tr — T

+— 5.34
= (534)
where x1 2 are the zeros of c, i.e.
1 1
A=—(r1+x2), and To = —. (5.35)
2 T
Solving (5.34)) for x we get
— 2
p=t 2 (5.36)

1—¢2
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so that
t
1-2Az+22= (1 —22)—— (5.37)
1—¢2
and we get
a x?—t? a t
_ h— — 1 = — (22 -1) —— . 5.38
“=o mi-e TnpTUiTe (538)

This is a entire parametrization of the L-matrix where keeping x; fixed assures that is
satisfied while a and t can be varied at will.

However, it is customary to make an additional change of variable from ¢,x7 to A, ¢ to
achieve a parametrization in terms of hyperbolic function. Different equivalent choices can be
made, we will use:

z; =e? | t=ere A = cosh ¢ . (5.39)

This gives
sinh A sinh ¢

a ST 1 9) = (5.40)

a=a, =

Y Sinh(A + ¢)
Other standard parametrization can be found by shifting or multiplying A. We also have freedom

in the overall normalization factor a. A natural one is to to eliminate the denominators:
a = p sinh(A+ ¢) , b=p sinh\, ¢=p sinh¢. (5.41)

In conclusions, we see that if the parameters of the L-matrices are chosen according to (5.41|)
with different p and A, but the same ¢, then is satisfied and the corresponding transfer
matrices will commute. Since p is an uninfluential normalization constant, the transfer matrices
belonging to a commuting family will be denoted as T(\), where A is usually called the spectral
parameter. The dependence of the transfer matrix on ¢ = cosh™' A is normally assumed and
not explicitly written and thus all transfer matrices in the following are taken with the same ¢.

As the R-matrix has been chosen of the same form as the L-matrix, it will also have a
parametrization like with the same ¢ as the L-matrices (this can be seen by eliminating
the prime variables from to get that A = A”).

Thus, two of the three equations in have given A = A’ = A”. Substituting our
parametrization for the unprimed, primed and double-primed variables in (5.30) we see
that the last equations gives

N=MN-)\. (5.42)

To conclude, we have proven that for a given £(\), we can construct a whole family of matrices
L(N') that satisfy the Yang-Baxter equation (5.28)) with R(A — \'). In matrix form

Ln(A) Ln(N) R = A) = RN = N Ln(X) Ln(N) | (5.43)

where the n indicates on which sites of the row does the L-operator acts.
Summing over all the configuration on a given row j corresponds to taking the products of

the L-matrices at different sites: this defines the monodromy matriz T;(\):

Ti(A) = Ln(A) Ln-1(A) ... L1(N) . (5.44)
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This is an 2V+1 x 2V matrix that depends on the N spin variable above and below the line
and on the first and last horizontal spin. If we consider two such monodromy matrices, acting
on different rows and with different couplings, i.e. different spectral parameter, by using the
Yang-Baxter equation for the L-matrices, we can shift the intertwiner R-matrix from one
end to the other of the chain to get

Ti(N) TiX) RN = A) = RN = A) Ti(N) T5(A) (5.45)

which is the Yang-Baxter for the monodromy matrix (here we explicitly write the index j and [
to remind us of the different spaces where these operators act and the R-matrix is intended to act
only on the space of the horizontal spins). Taking the trace over the horizontal spins in
corresponds to closing the chain with periodic boundary conditions: since tr7;(\) = T;(\),

using the periodicity of the trace we find
[T;(\), Ty(N)] =0. (5.46)

Let us remark that the proper Yang-Baxter equation is a condition on the R-matrix alone.
To see this, let us consider the product of three monodromy matrices and notice that by applying
(5.45) in different ways (order) we can get a different result:

T Tuw) Tev) = Ry =) RyH O =) Ry (p —v)
xTi(v) Ti(p) Tj(N)
XRiu(p —v) Rjp(A —v) Rj(A — p)
= Rp'(n—v) R A—v) Ry (A= p)
xT(v) Ti(p) Tj(A)
XRji(A = p) Rjp(A = v) Ryp(pn —v) . (5.47)

Thus, in order to preserve associativity, we must have
Rie(p = v) Rjr(A = v) Rj(A = p) = Rj(A — p) Rje(A —v) Ru(p —v) (5.48)

which is the Yang-Baxter equation for the R-matrices. This is the fundamental equation defining
an integrable model. It defines an algebra and finding solutions to is in a sense equivalent
to finding representations for the group. Every time a solution is identified for in some
k-dimensional space, one can construct the corresponding L-matrices and monodromy matrices
that satisfy and eventually identify the model one has just solved. In the case of
the six-vertex model, we have found a trigonometric solution of in terms of a 22 x 22
matrix]

The main advantage of having proven that transfer matrices at different spectral parameters
commute, is that we can now interpret the transfer matrix as a generator for the conserved

charges of the theory (which are in infinite number, since the model is integrable). In practice,

!Note that there are solution of the Yang-Baxter equation were the dimensions of the L and R-matrix are not

the same.
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it is more convenient to consider the logarithm of the transfer matrix as the generating function
of the integrals of motion, since in this way they turn out to be local operators with simple

physical interpretation. In fact, we can expand the generating function around A =0
oo
InT(A) =) JuA". (5.49)
n=0

Plugging this into ((5.46)) we see that

so that the coefficients of the expansions can be interpreted as conserved densities in involution
with one another.

Let us look at these conserved quantities. If we set A\ = 0, we see that
L’gi]/()\ =0) = p sinh @ 0oy dary - (5.51)

This means that the L-operator transfers the in-horizontal spin to the out-vertical state and the
in-vertical spin to the out-horizontal one. Successive application of this L-operator, progressively
shifts the in-vertical state in one column to the out-vertical spin in the next column. Taking
the final trace over the first and last horizontal spin closes the chain and effectively shifts the
last vertical spin. Thus the net effect of the transfer matrix is that of a shift by one lattice sit,
ie.

T(0) = p~ sinh™ ¢ ', (5.52)

where P is the lattice momentum operator. Similarly, one can take the first logarithmic deriva-

tive of the transfer matrix at A = 0 and show that

d

1
=0 ~ 2sinh ¢

N
Z [U;-”afﬂ +ojof, | +cosho (1+ U]'?sz-_i_l)} , (5.53)
j=1

where o are Pauli matrices, which emerge as matrix representations of Cronecker delta’s. Thus,
the logarithm of T at A = 0 is proportional to the lattice momentum and its first logarithmic
derivative gives an operator that is proportional to the Hamiltonian of the X XZ model (plus
a constant). This shows the connection between the six-vertex model and the Heisenberg chain
and implies that all higher logarithmic derivatives of the transfer matrix are in convolution with
the Hamiltonian and are therefore integral of motions as asserted.

Finally, let us mention that it is possible to construct an additional operator Q(\), called
the Q-matrix, that allows for an easy derivation of the Bethe equation and of the spectrum
of the transfer matrix. This construction becomes important in the algebraic version of the
thermodynamical Bethe Ansatz (which we will not cover).

The Q-matrix is defined as an operator that commutes with the transfer matrix

[T(V), Q)] = [Q(M), Q(\)] =0 (5.54)

and satisfies the following equation

TANQM) = QT =o(A—¢) QA +2¢) +o(A+¢) Q(A - 2¢) , (5.55)



92 CHAPTER 5. TWO-DIMENSIONAL CLASSICAL INTEGRABLE SYSTEMS

with
o(\) = [psinh A]Y . (5.56)

It can be proven [31] that a Q-operator satisfying (5.54} [5.55)) exists.
When we introduced the six-vertex model at the beginning, we argued that the periodic

boundary conditions imply that the number of vertical spin up and down is conserved from one
row to another (and hence vertices of type 5 and 6 appear in the same numbers in each row).
This means that the transfer matrix (and the partition function) of the six-vertex model have
a block-diagonal structure, where each block corresponds and connect only configurations with
a given number of spin down, say r. Since the Q-matrix commutes with the transfer matrix, it
shares the same eigenvectors and the same block-diagonal structure. Thus, we can diagonalize
T(A) and Q()) separately in each r x r block.

For a given A, in a given block, the eigenvalues Q(\) of Q(A) can be parameterized in terms

of r quantities \; in the following way
Q(\) = C [ sinh(A = N;) (5.57)
j=1

with some constant C. From (5.54)), it can be proved that the same parametrization, with the
same Jj, is valid for all values of the spectral parameters.

Since T and ) commute, they can be simultaneously diagonalized in each r x r block and
the TQ-relation (5.55) can be written as a set of scalar equations

ANQMA) =0(A=9) QA +2¢) + a(A+ ) QA —2¢) . (5.58)

From ([5.57) we see that Q(\) has r zeros located at A = ); (i.e. there are r values of A at which
the Q-operator has vanishing determinant): evaluating (5.58)) at such zeros we get

o(Aj = 9) QAj +2¢) + (A + ) QN —20) =0, (5.59)

i.e.

(St o) IO e

sinh(Aj —¢)/)  Lisinh(h — N —2¢)

which we recognize as the Bethe equations for the X X Z model and that specify the parameters
Ajin . So, in this construction, the Bethe equations arise as consistency equations for the
TQ-relation to be valid. Having found the eigenvalues of Q(\), we can substitute them into
to find the spectrum of the transfer matrix

r

sinh(A — X\j + 2¢)
H sinh(A — ;)

. T sinh(\ — Aj = 29)
+sinhV (A + ¢) 11;[1 sinh(\ — ;)

AN = pN [sinhN()\ — )
- (5.61)

Thus, we accomplished what we set out to do, i.e. to determine the spectrum of the transfer
matrices, from which we can access all information contained in the partition function. To this

end it was fundamental to extend the original problem of diagonalizing a single system to a
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whole family of commuting ones, since this gave us the freedom of choosing the most suitable
A for each eigenvalue, namely the one that vanishes the determinant of Q(\), see .

The TQ-construction has thus shown to be very helpful. Its limitation is that it does not
give us direct access to the eigenvectors of the system. When we derived the Yang-Yang equa-
tion for the thermodynamics of the Lieb-Liniger model we saw that one take a similar point of
view, focusing directly on the energy eigenvalues, instead of the eigenfunction. The operator
generalization of the Yang-Yang equation takes advantage of the TQ-relations to develop the
Thermodynamic Bethe Ansatz, but this subject will not be addressed in these notes. The Alge-
braic Bethe Ansatz is a different way to use the transfer matrix that starts from its eigenstates

construction to characterize the system. This is the subject of the next chapter.
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Chapter 6

Algebraic Bethe Ansatz

6.1 Overview

The Algebraic Bethe Ansatz (ABA) method is essentially a second quantization of the coordinate
one. It uses the Yang-Baxter algebra of the Transfer Matrix to generate the wavefunctions by
applying certain operators (which can be interpreted as quasi-particle creation operators) to a
reference state (known as pseudo-vacuum). The Bethe equations then emerge as consistency
conditions for these states to be eigenvectors of the transfer matrix. The Algebraic Bethe Ansatz
construction is one of the results in a long effort to understand the relation between seemingly
different kind of integrable systems. In fact, it is the quantum version of the Inverse Scattering
Method (ISM): a construction that, through the Lax representation of classical integrable non-
linear differential equations, has allowed a deeper understanding of these system and, even
most notably, the systematic construction of their soliton solutions. From another angle, the
ABA is grounded on the relation between two-dimensional classical integrable statistical physics
systems and 1-D quantum one. The connection between the transfer matrix T of the six-vertex
model and the Hamiltonian of the X X Z chain that was shown at the end of the last chapter is
one such example that means that the two models share the same eigenvectors.

All the techniques developed to solve non-trivial integrable models pass through the en-
largement of the physical Hilbert space with the introduction of some auxiliary space. This
is done to the goal of “decoupling” the interaction so that the physical degrees of freedom do
not interact among themselves, but only with the auxiliary space. This simplifies the problem
to the point of allowing the exact solution. Then, one only needs to trace over the auxiliary
degrees of freedom to project the solution to the physical space.

One can think of this additional space as describing a new degree of freedom, a sort of
a probe, that propagates inside the system (something like an unobservable gauge field that
encodes the interaction between otherwise free particles in a gauge theory). The transfer matrix
that takes into account the action on this auxiliary space is called the monodromy matrixz
T.(A) and tracing over the auxiliary space reproduced the original transfer matrix T(\) =
tr4Ta(A). The spectral parameter A belongs to the probe and identifies a continuous degree

of freedom it has. The auxiliary space allows to introduce generalized commutation relations

95
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for the monodromy matrices at different spectral parameters. If the auxiliary space admits
a rk-dimensional representation, the monodromy matrix will be a kK X k dimensional matrix
(while each matrix element will be an operator acting on the physical N-dimensional space
where the transfer matrix acts). These generalized commutation relations are one example of a

Yang-Baxter equation, which in this case can be written as

Ta(A) To(p) Rap(Xs 1) = Rap(A 1) To(p) Ta(A) (6.1)

where the subscript @ and b highlights that the monodromy matrices act on two different
auxiliary spaces, that are connected by the so-called R-matrix Ri2(\, ), also known as the
intertwiner.

Thus, all these constructions depend on the existence of an operator, the R-matrix, satisfying
the Yang-Baxter equation (YBE). Then, this R-matrix is used together with the L-operator and
the monodromy matrix to satisfy a similar YBE, which is a sort of generalized commutation
relationlﬂ The main limitation of these approaches is that in general it is not possible to
immediately write down the R-matrix for a specific system. In practice, one looks for solutions of
the YBE and, every time a R-matrix is found, the Inverse Scattering Method machinery is used
to identify the model at hand. Once the R-matrix is given, this identification is straightforward
and direct, like calculating the derivative of a function. The inverse problem of finding the
primitive of a function, however, is quite complicated and in general we do not have a systematic
way to do so (even if we have a number of tricks and techniques to help), but we rely on our
experience in taking derivatives. The situation is very similar to the problem of finding the
R-matrix of a given model.

The ABA method supposes that the R-matrix and the YBE for a given 1-D quantum system
are known. Then, the plain-wave expansion at the heart of the coordinate approach is replaced
by generic “modes”, which are taken as operators (i.e. they are second quantized) and applied
to a reference state, similarly to what one does to move from quantum mechanics to quantum
field theory. The fact that the states are now represented in terms of operators, simplifies its
manipulation (in comparison with having to deal with an explicit form for the wavefunction as
in the Coordinate Bethe Ansatz approach) and highlights its algebraic structures and proper-
ties. These features allow the formalism to express in a relatively compact way the correlation
functions of the system. The compactness of the formalism hides a growing computational com-
plexity when one wants to extract the behavior of the correlation functions for points further
and further apart. In this course, due to the lack of time and the growing complexity of the
subject, we will not show how to construct correlation functions using the algebraic approach.
The interested reader can find the foundations of this construction in the book by Korepin
et al. [19] and look in the current literature for the recent progresses in applying this formal
techniques to numerics to significantly reduce the computational difficulty and length (see the

works of J.S. Caux’s group, for instance).

!The YBE satisfied by the L-operator can be thought of as an algebra, whose structure factors are given by
the R-matrix. This algebra also has an adjoint representation, same as in traditional Lie-algebras, which is the
YBE satisfied by the R-matrix with itself.
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6.2 Preliminaries

Before we proceed with the algebraic construction, let us look once more at the two-body
interaction from the scattering matrix point of view. Let us write the two-body wavefunction

as
Uy, m0) = Y U(Q[P)e! =i "eshPi (6.2)
P

w201, 2)ei@ktazke) 4 g(1,2(2, 1)el@hetazk) gy < gy
| W2, 1)1, 2)el@kiteike) g2 12, 1)el(@2ka ek gy > gy

_ XK U(1,2[1,2)eF + W(1,2(2,1)e % | 2 <0 (6.3)
U(2,1]1,2)e 9 £ ¥(2,1)2,1)el"* | >0 ’
where we used center-of-mass coordinates
xr1 + 2o T1 — X2
X=—" = 6.4
2 o 2 (6:4)
K=k + ko, k=k — ks . (65)

We explicitly wrote the dependence of the amplitudes W(Q|P) on the order of particles (given by
the Q-permutation) and of the pairing with the different momenta (given by the P-permutation).

Let us now imagine a scattering experiment. We send in a beam from the left and we
measure a reflected component on the left with amplitude R(k) and a transmitted one to the
right with amplitude T'(k):

U(1,2[1,2) = R(k)¥(1,2]2,1) + R(k)¥(2,1]2,1) . (6.6)
Similarly, if we start with an incident ray from the right we have
U(2,11,2) = R(k)V(2,1]2,1) + T(k)¥(1,2]2,1) . (6.7)

We can cast these equations in matrix form, in several ways. We can write
v(1,2|1,2 R(k) T(k v(1,2]2,1 ,
v(2,1]1,2) R(k) T(k) U(2,1/2,1)

Where the identities of the particles are uncorrelated with the momenta. This representation

is called reflection-diagonal. An alternative choice is the transmission-diagonal representation
v(2,1)2,1 T(k) R(k v(1,2]2,1
U(1,2/1,2) R(k) T(k) U(2,1/2,1)

where we identify each particle with the momentum it carries. Other representations are pos-
sible, but we will not use them.

The reflection and transmission-diagonal representations are related by a matrix II =

0 1
(1 0> that exchanges the particles:

U (P) = IV (P) S"(k) = TIS'(k) . (6.10)
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Using II? = 1, we can in fact write
S"(k)=T(k)+1I1T(k), S'(k) =T (k) + I R(k) . (6.11)
If the particle have bosonic/fermionic statistics, we have II = £1, thus
S"(k) = R(k) £+ T(k), S(k) = T(k)+ R(k) = 5" (k) . (6.12)

The transmission and reflection coefficients are uniquely determined by the statistic of the
particles and their scattering phase S”(k) = —e %), Comparing with section (see , we
see that for a bosonic problem (for which every coordinate permutation Q reproduces the same
wavefunction) r(k) and ¢(k) are related to the two-body scattering phase 0(k) by

1— e—i@(k)

1+e—i9(k’)
Tk = —— _ite

R(k) = 5

(6.13)

In a lattice system, the two-body problem has also to be supplemented with the information
about the presence of a particle on the lattice site. Thus, the scattering matrix becomes a 4 x 4
matrix. Let us discuss this problem in its spin formulation (i.e. instead of discussing particle
on a lattice, let us perform a Jordan-Wigner transformation and take spin on a chain).

We shall take the X X Z Hamiltonian as an example of spin interaction. We write the
two body-interaction as a matrix connecting the 4 possible states | 1), | 11), | 41), | J1). Aligned
spins only scatter on the same state. Antialigned spins can be reflected on the same state or

transmitted by exchanging identity. Thus, the scattering matrix can be written as
S)

S" = = O(k) = 0(k)s"(k) (6.14)

o H v o
o o o

o N o
o =+ 3 O

0
t
r
0

o O O

0
0
0 ©
where we normalized by the amplitude for the aligned scattering and introduces the reduced
reflection and transmission amplitudes » = R/©, t = T/O. Here we work in the reflection-
diagonal representation, but we could also write it in the transmission-diagonal by using the

4 x 4 exchange operator

1000
0010
I = , (6.15)
0100
0001
as
100 0
0t r 0
S' = IIS" = O(k) " (6.16)
0 r t O
000 1

Notice that these matrices have a natural representation as a product of 2 x 2 Pauli matrices

st (k) = % (14 020t 4 1(k) (1~ 020%) + 7(k) (020, + 0y0) | (6.17)
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We also have Lo
I = % . (6.18)

Comparing with the results of chapter for the XX Z chain we have (using rapidities

instead of the momentum)

sin 2 (A 4 1) sin ¢
N =27 7 N= —"—7"% .
t) sin%(/\—i) ’ r( sin%(/\—i) ’ (6.19)

where ¢ = cosh ! A.

6.3 Construction of the Transfer Matrix

In chapter |5 we studied the classical six-vertex model and sketched its transfer matrix solu-
tion. This was done with the introduction of certain operators and their relations in a clear
physical context. We saw the natural emergence of the Yang-Baxter equation and how this im-
plies that transfer matrices at different spectral parameters commute and can be diagonalized
simultaneously. This fact can be used to generate all the conserved quantities of the model as
the coefficients of a power expansion of the transfer matrix (which then becomes a generating
function of the integral of motions). At the end of the chapter, we commented that one of this
conserved charges is the Hamiltonian of the X X Z model.

In this chapter we are going to show how this construction can be used to generate the
eigenfunctions and eigenvalues of the Hamiltonian, in a different way compared to chapter
However, this will be done without referring to the previous chapter, since all operators will be
introduced here anew to better show the general structure of the construction and to indicate its
generalization to other one-dimensional, quantum, Bethe Ansatz solvable models. Nonetheless,
a certain familiarity with the concepts of last chapter can help the reader in following the
various steps with some physical intuition and without getting lost in the mathematical details
or wondering about the origin of certain ansatz.

Let us start with some mathematical preliminaries. The Hilbert space H of the XX Z is
taken to be the direct sum of the Hilbert space at each site H;: H = @é-v:l?-lj. For the X X Z spin
chain, the space at each site can be represented by a two-dimensional vector, corresponding to
having the spin-1/2 up or down. We will also need an additional vector space V' as an auxiliary
space: this is in general x-dimensional and for the XX Z model x = 2 (in fact, #; and V are

isomorphic in this case).

We introduce the operator R, () : V, X Vi, = Vi x V3, which we can represent as a K2 x K2
matrix and we require it to satisfy the Yang-Baxter equation
Ri2(A = p) Rig(A —v) Ros(p —v) = Rag(p—v) Rig(A—v) Ria(A—p), (6.20)

where 1,2, 3 indicates the three different copies of V' where the R-matrix acts (in couple).
Different solutions to this equation can exist. In principle, for every k, one should take the
most general matrix and look for solutions. It can be proven that the first non-trivial solutions of

the Yang-Baxter equations appear for k > 4. Already for x = 4, the Yang-Baxter is equivalent
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to a system of 64 equations in 16 unknown and classifying all solutions is a demanding task. In
practice, one make as ansatz on the form of the R-matrix and checks whether this ansatz could
solve the Yang-Baxter and under which condition.
Thus, guided by the solution of the six-vertex model, we make an ansatz and we look for
solutions of the form
L+ 7i7¢
2

1—7i7¢

5 + T T, T, (6.21)

Ra,b()‘nu) = f()‘nu) + g(>‘a M)

where 7' are the Pauli matrices acting on V. Note that This is the form of the R-operator
we constructed in section [.3] Thus, without repeating the derivation, we know that it satisfies
(6.20) if

sinh(A — 1 + ¢) sinh ¢

JOwn) = sinh(A — p) 9A ) = sinh(A — p)

(6.22)

where the parameter ¢ is kept fixed and common to every matrix satisfying (6.20)).
We introduce a second operator L ,()\) : H; x Vo = H; x V,, which for the X X Z model is
also a 4 x 4 matrix. We require it to satisfy a Yang-Baxter equation with the above R-matrix

as:

LiaN) Lip(N) RapA—=XN) =Rap(A—=XN) Ljp(N) LjalN) . (6.23)

Since the R-matrix satisfies (6.20), we know that (6.23)) has a solution, which can be found
in the same for as the R-matrix. However, it is more convenient to write the L-operator in
the transmission-diagonal representation (this is accomplished simply by applying the exchange
operator ((6.15)) to the reflection-diagonal representation we have been using so far):

1+ 05T, 1—o277

Lia(N) = 5 + t(A) —=

5 + () (O+T;—|—O‘;7‘j) , (6.24)

J

where o are Pauli matrices acting on the chain at the site j and

_ 1 sinhA SO = g(A)  sinh¢
) = f(A)  sinh(A+¢)’ )= f(\)  sinh(A+¢) (6.25)

Note that, compared to , here the rapidities are rescaled A — i% (A +1) to reproduce the
same parametrization we used to solve the six-vertex model.

The form of the R and L-operator can be compared with the two-body scattering matrix
in the previous section and thus ¢(\) and r(\) can be interpreted as the transmission reflection
coefficient, respectively. The transmission-diagonal representation is convenient because at A =
0, t(0) = 0 and r(0) = 1 and thus the L-operator reduces to the permutation operator that

simply exchanges the two particle:

Z 2
L+oj7;

1
7+ (of7a +o7m) = ST OT+ T 07 =1, (6.26)

J

Ej,a(o) =

Hence we can interpret the L-operator as the scattering matrix of the auxiliary spin scat-

tering off the physical spin of the chain. It is convenient to consider the L-operator as a k X &
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matrix (in the auxiliary space) with matrix elements given by operators in the physical Hilbert

space
1N | 1t - .
Lja = 3 I % 1+t(A)T(A)1@£(A) . (6.27)
r(A)o? B il el o
B 1 sinh <>\ + H_;j ) o; sinh¢
sinh(A + ¢) a;-r sinh ¢ sinh ()\ + 1;Uj QS) 7

where in the second line we specialized the result for the X X Z model.

We can construct the transition matriz of the auxiliary spin as it moves across several sites:
Ta(n,m|A) = Ly o(A) Ln—1,a(A) -+ Lin,a(A) n>m. (6.28)

Here, the product between L-operators is the standard matrix product in a space, as they act
on the same auxiliary space. Thus the transition matrix remains a k X k matrix in V', but each
matrix element is an operator in the Hilbert space of the physical sites of the chain involved. The

transition matrix across the entire chain is called the monodromy matriz (or winding matrix)

A(A) B(A)
TaeA) =To(N, YA = Ly a(N) Ly—14(A) -+ L1a(A) = , 6.29
() = TalN. 1) = Lxa(M) £y-1a0) 100N (cmm) (6:29)
where A, B, C, D are 2V x 2V matrices acting on H.
Taking the trace over the auxiliary space of (6.29) we obtain the Transfer Matrix
T(A) =tr Ta(A) = AN + D(N) . (6.30)

The names of this operators come from their role in solving the respective classical two-
dimensional models, but have no particular meaning in the context of Bethe Ansatz solutions.
The reader who skipped the previous chapter should not read to much into these names, since
they are due to historical reasons.

Notice that the transfer matrix (6.30]) only acts on the physical Hilbert space H and does
not depend of the auxiliary space V. The exact form of the A, B, C, D operators is complicated,
but it will not be really needed. The ABA construction is based solely on their commutation
relations, as they will be read off from the Yang-Baxter equation. Even if we presented an
explicit derivation of these matrices, they should be treated as operators acting on a Hilbert
space and defined by their algebraic structure, more than by their specific representation in
matrix form.

Thus, what we have done is to consider the scattering of a probe spin (the auxiliary vector
space V') propagating through the whole system scattering on each physical spin according to

the L-operator. The monodromy matrix encodes this scattering through the entire chain and

can be interpreted as in (6.17} |6.27))
1

1
Ta(N) = 5 [A(N) + D(N)] Zs, + 3 [AN) — DN 72+ BT+ O\, . (6.31)
The operators A, B, C, D encode the effect of the interaction with this ghost spin on the phys-

ical system and we see that we can think of C' and B as some spin raising/lower operator,
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respectively. Taking the trace in (6.30) amounts to closing the system at infinity (with periodic
boundary conditions) and requiring that the probe emerges from the interaction in the same
state as it entered.

Let us consider two monodromy matrices, acting on different auxiliary space a and b and

with different spectral parameters A and A'. Repeated use of (6.23)) shows that
TaN) To(X) Rap(X = X) = Rap(A = N) To(X) Ta(N) (6.32)

or

RoyA=N) Ta(N) To(V) Rap(A = X) = To(X) Ta(A) - (6.33)

This is the Yang-Baxter equation for the winding matrix and we will see later that, from an

ABA point of view, can be considered as a generalized commutation relation. Physically, it

means that it is equivalent to let two probes scatter through the physical chain, or to let these

probe scatter on one another first, then propagate through the system and finally scatter again.
Taking the trace of and using the cyclic property of the trace we get

[T(A), T(\)] =0. (6.34)

The Yang-Baxter equation means that the entanglement process due to the probe
propagation that generates the monodromy matrix can be factorized at the border and, by
taking the trace over the ghost variables, the two chains can be disentangled. So, the transfer
matrices generated by two ghost particles propagating with different parameters commute.
This is the fundamental result of this whole construction, since it implies that the transfer
matrix is the generating function of all conserved quantities. In practice, it is most convenient
to consider the logarithm of the transfer matrix, since this way one can make the integral of

motions local. To see this, let us introduce an operator defined as

dn
Jio EZZ% T TR e (6.35)
n 7 v

for certain A;, where ¢, ; are some coefficients. It is clear that, using (6.34) we have
[J{c}, T()\)] =0 and [J{c}, J{C/}] =0. (6.36)

Expressions are known as trace identities and define integral of motions in involutions,
which can be used to define the state of the integrable system.

Let us consider, for instance, T(0). From we know that the monodromy matrix is
composed by product of exchange operators. That is, the probe enters the system and exchanges
its state with the first spin, then proceed to the next lattice site and exchanges it state, effectively
leaving that spin with the state of the previous one and so on. After taking the trace and closing
the chain, the net effect has been to shift every spin by a lattice site. In mathematical form,

since

Lja(0) =14, (6.37)



6.3. CONSTRUCTION OF THE TRANSFER MATRIX

one uses the identity for the permutation

o Xq = X100,

where X, is some operator acting on the vector space a. Thus we have

Hjallyq = 10115 0 = 11 o115,

and
;=11 .

Then

7:1(0) = HN,aHNfl,a .. -Hl,a

= IhLiollps.. . IIn_1 NINg .

Since tr ,Il; , = Z;, we get
T(O) = H172H273 .. -HNfl,N
= exp iP ,
where P is the lattice momentum operator. Thus

P =—ilnT(0).
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(6.38)

(6.39)

(6.40)

(6.41)

(6.42)

(6.43)

Next, let us look at the first logarithmic derivative of the transfer matrix. First, using the

properties of permutation operators

Ta(N)

R

= ZHNa L5501 (O 161

= Z L (O oIl 5. T 1 -

Taking the trace over the auxiliary space we get

Ta(A)

dx

= Z Uy g, aL (O)ijl,a o

= Z TR (V11 S IR I | IR TR

1 S

Al 4

Jy-q v -

B AT NE G

(6.44)

(6.45)

Finally, multiplying by the inverse shift operator most of the permutation operators cancel out

and we are left with

d d
— InT = —T, T !
T (\) . I () . (0)
N
- ZEJJ'H Ji+1
j=1

Y4
= D 5 L)

J=1

A=0

(6.46)
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Now, we notice that

d 1 1—o0%0%,, B B
aﬁj,jﬂ()\) L = e [ 5 JT° — cosh¢ ((I;'UjJrl +0; ‘7]—‘:-1)} (6.47)
and
1—-o0%0%, 3 3
L5105 = sinh ¢ [— cosh ¢ % + G;rajﬂ +0; a;-jrl] . (6.48)

The last identity is most easily derived in matrix form

0 0 0 0 1 0 00
1 0 1 —cosh¢ 0 0010
I 11 ; =
st O sinhg | 0 —coshg 1 0 0100
0 0 0 0 00 01
0 0 0 0
1 0 —cosh 1 0
= — cosh ¢ (6.49)
sinh¢ [ 0 1 —cosh¢ 0
0 0 0 0
We can conclude that
N Z 2
d 1 050541~ 1 b — +
Y InT(A) - = b Jz; [costh = + ofoigtojoi (6.50)

where we recognize the form of the X X Z Hamiltonian (4.1]), with no external field. In particular,

if we set cosh ¢ = A we have

N VAZ -1 1
Hxxz = i th()\) +-NA. (6.51)
2 dx N

Thus, we proved that the Hamiltonian of the X XZ model is among the conserved quantities
in convolution generated by the transfer matrix.

This is a generic feature and it all starts with the identification of an R-matrix that solves
the Yang-Baxter equation . Once a solution is found, it specifies an L-operator and thus
a monodromy matrix and a transfer matrix. At this point, one uses the trace identities to
find out the Hamiltonian of the model that has just been solved. In general, there is no way
to identify the model directly from the R-matrix and in practice one looks for solutions of
and classifies the kind of Hamiltonian that can be generated for later use. This is why
this construction is called the (quantum) inverse scattering method. In our case, we made an
educated ansatz for the R-matrix in , since we knew that it would generate the X XZ

chain.

6.4 The ABA solution

Comparing the construction so far with what we have done in the coordinate Bethe Ansatz

approach, we see that we have again factorized the interaction into a series of two-body scattering
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(but this time by introducing an auxiliary particle in the system) and that we quantized it by
closing the system at infinity with periodic boundary condition (in the ABA approach, by taking
the trace of the auxiliary state).

To determine the eigenfunctions of the model, we look for eigenvectors of the transfer matrix
and we construct them by injecting ghost particles from the auxiliary space V' and constructing
the eigenvalue equation using the Yang-Baxter equation. These conditions will turn out to be
the same Bethe equation we have found in the coordinate approach. But in the ABA way, we
will have a better characterization of the eigenstate.

In the previous sections, we have determined that transfer matrix is the generator of a
series of conserved quantities in convolution, among which we found the Hamiltonian of the
X X7 model. This means that the transfer matrix and the Hamiltonian can be simultaneously
diagonalized, since they share the same eigenvectors. Thus, to find the eigenstates of the X X Z
chain, we can look for the eigenvectors of T()), knowing that these will be eigenstates for every
A

TV = [AQN) + DOV [9) = AV |¥) | (6.52)

where we have used (6.30)).

The construction of the solutions, starts with the identification of a reference state |0), which
we call pseudo-vacuum. This is a “trivial” eigenstate of the system which can be recognized by

inspection. In general, it is specified by the requirements
AN0) = a0y,  DMN)[0) =dN)[0),  C\)0)=0, (6.53)

since in this way we will see that |0) can be interpreted as the highest state of a SU(2) repre-
sentation.
To find this pseudo-vacuum state, we look at (6.27) and notice that

L3000 1) = ( ) ) 1+ ( T ) ). (6.54

where | 1;) (] 1)) denotes the state with a spin up (down) at the j-th lattice site. Thus, | 1)

makes the L-operator upper-diagonal, hence the state
N
0) =111 (6.55)
j=1

makes the monodromy matrix ([6.29)) upper-diagonal as well and satisfies the conditions (6.53))
with
a\) =1, dn) =tV () . (6.56)

Notice that these eigenvalues depend only on the form of the L-operator.
Comparing (6.17] [6.27) and (6.31)) we see that if we “inject” in the system a ghost particle

(of the auxiliary space) with spin-down and we extract it in a spin-up state, this means that a

spin of the chain has made the opposite flip. This action is performed by the operator

(Ta [Ta(Xj)] La) = B(A)) (6.57)
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which can be interpreted as a spin-flip operator that creates an excitation over the pseudo-
vacuum |0) with rapidity ;.

Thus, we look for eigenstates of the transfer matrix of the form

v) = [[BO)I0) (6.58)
j=1

and we look under which condition (|6.52]) is satisfied.

The reason to use the spin-flip operator B()\ ) instead of the local one o; is that for B we can
use the algebra of the Yang-Baxter equation (|6 as defining a sort of generalized commutation
relations for the operators A, B, C, D. These can be worked out by writing explicitly the matrix
multiplications in (6.33)). A complete list can be found for instance in [19]. In the following we

will only need these

B(N)B(\) = B\B(W), (6.59)
NBWN) = F(N,A) BW)A) + g\, X)) BWAN) | (6.60)
(NBWN) = F\LN) B)DO) +g(N, \) BA)D(N) . (6.61)

The first equation is important to establish that in the order in which we multiply the
B’s does not matter, as we expect from the physical meaning of the Yang-Baxter, i.e. that the
order of the ghost interaction does not matter. Notice that the coefficients of these generalized
commutation relations depend only on the R-matrix.

To check whether is satisfied, we will need to progressively commute the A and
D through the B’s. This is physically equivalent to scattering the ghost particle with the
excitations created by the B’s through the whole system, giving rise to transmissions and
reflections of the ghost. Note that if we evaluate the transfer matrix at one of the spectral
parameters );, this means that one of the R-operators will become the permutation operator
and the ghost particle will simply exchange its identity with one of the physical spins.

In general, for the state to be an eigenstate it means that after each reflection, the
ghost particle propagates in a way that the cumulative effect of all these processes interferes
destructively and only the ghost that transmitted through the whole system keeping its degrees
of freedom reaches the end of the system. For instance, the first term on the right-hand side
of is a sort of transmission, since the operators keep their degrees of freedom, while the

second is a reflection, as rapidities are exchanged. We have

m

NI B H FOG B AN = B D g, M) T £, A)B(A) A(\) . (6.62)
j=1 Jj=1 j=1

=1

.
e

The first term come from the transmission part, the second from the reflection one, but requires

a bit of explanation. Let us single out one of the B-operator and write

B(\) . (6.63)

::13

ANBN) [T BOY) = Fu VB AQ) = g(\, A) BAAN) ]

=1
l

ol

Kl

Il
—_r
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Now we should commute the A-operator with the other B’s in the second term. However, any
additional reflection term would look like the the first term in and since we know that the
order in which we take the B’s does not matter we conclude that we can neglect all additional
reflection terms and arrive at .

Reasoning in a similar way we get

W ITB0) = TTA0A)B0) DO) = 3290020 B[00 A)BOS) DO - (664
j=1 j=1 =1 ;:11

Collecting these results, we have

m

TW)W) = [AN) + D] ] BO)I0)

j=1
(A Na) + [T Fx
]:

g(Ai, A) H (Aj» A1) B(A;)B(A)[0)

DA | )

ol
—r

g\ ) d()\l)

s

Fu; A5)B(A7) B(A)|0) . (6.65)

ﬁ

Kl
Il
—_r

For |¥) to be an eigenvector of the transfer matrix (6.52]) with eigenvalue

H (g, Ma) + JT O A)d) (6.66)
: j:l
we need to impose the vanishing of the off-diagonal terms, i.e.
g Na) [T AN + g dO) [T FonA) =0, 1=1,...,m. (6.67)
Jj=1 j=1
j#l j#l

From (6.22]) we see that g(\, u) = —g(u, A). Hence, we can remove from (6.67)) the dependence
on the spectral parameter \ of the ghost particle (remember that we proved that the transfer
matrices commute for different A\’s and therefore the eigenstate conditions cannot depend on it)

and get

d(\;) _ﬁ;(kz—%) i=1...m. (6.68)

Substituting d(X\) = tV()\), @(A\) = 1 and f(\) = 1/t(\) from (6.226.25) we have

sinh \; N B " sinh(\ — A+ )
s va) 1L

N i=1,... 6.69
sinh(\j + ¢ j=1....m, (6.69)
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which are the Bethe equations for the X X Z model (see chapter . One can take them into the
traditional form by shifting the rapidities \; = A\j — ¢/2 or A\; — i% (A+1).

Thus, we have proven that the state is an eigenstate of the transfer matrix if the
rapidities of the excitations satisfy the Bethe equations . Notice that both the parameters
of the L and the R-operator appear in this construction of the Bethe equations. Now, on one
side we could proceed like we did in chapter 4] to study the spectrum and the thermodynamic of
the model, by taking the logarithm of these equation and introducing the distribution function
and the integral equation they satisfy. But the main advantage of this construction of the
eigenstates is that now we have a better control of them, since the eigenfunctions are not
cumbersome superposition of plane-wave solutions like in the coordinate approach, but are
generated as creator operators applied to a reference vacuum. We have seen that the Yang-
Baxter equation provides us with the algebra that these operator satisfy and we argued that the
B operator can be interpreted as creator operators. Similarly, the C' operators are destruction
operators for the excitation (or creation ones for the bra states). It is also clear that this
algebra is similar to the familiar SU(2) algebra in a complicated representation in which the
pseudo-vacuum |0) is the highest weight state annihilated by every C'(A) and that the A and B
operators are the Casimirs. Hence, we have a complete representation for every state and every
operator of the theory and in principle we can use it to calculate the correlation functions.
In practice, this is still a hard task, since the algebra is quite rich and the complexity of
commuting a large number of operators for many-particles correlators becomes overwhelming.
Nonetheless, correlation function in system with few excitations can be easily tackled in the
ABA formalism and recently extremely promising progresses have been achieved in identifying
the algebraic processes that mostly contribute to a given response function, allowing to achieve
even asymptotic results. This has allowed to efficiently applying the ABA construction to the

calculation of correlation functions for the physically interesting problems.

6.5 The Lax Representation

The L-operator is the central object of the so-called Lazx representation of integrable systems.
This approach is not central for the understanding of the Algebraic Bethe Ansatz, but it is
worth mentioning it to recognize these techniques in relations with other aspects of integrability.
However, this section can be safely skipped by the non-interested reader.

The main idea of the Lax method is to map a non-linear problem into a linear one, by
enlarging the space of solutions with the introduction of an auxiliary field. In its original
form, it was applied to the solution of classical integrable non-linear differential equations. One
interprets the differential equation as the dynamical equation of a Hamiltonian system and,
once more, the auxiliary space is used to established the commutation of the transfer matrices,
from which the Hamiltonian is recovered using the trace identities. The explicit construction
can be quite cumbersome and non-intuitive (and we will not give it here: a short but clear
introduction, with explicit examples can be found, for instance, in [32] [19]), but in the rest of

this section we will briefly outline the formal manipulations that highlight the similarity with
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the approach developed in the rest of the chapter.
The Lax representation of the Inverse Scattering Method consists in representing a non-
linear differential equation through a pair of k X k operators U (x|\) and V(x|)), satisfying the

following zero-curvature condition
[0y — U(x|N), 0 + V(z|N)] =0, (6.70)

for every A at each point x. The matrix V(z|\) is called the potential and U(x|\) is the time
evolution for a an unknown vector function ®(z,t), valued in the k-dimensional auxiliary space.
The condition (6.70]) ensures the consistency of the evolution equations

0P (x,t) U(x|N)P(x,t) ,
0:P(x,t) = —V(x|\)P(x,t), (6.71)

which are easy to integrate.

For lattice models, with lattice spacing J, the evolution equations read

atq>(j7t) = U(]P\)(I)(j,t),

S+ 11) = LGNS (6.72)
The coordinate of the j-th lattice site is x; = jd and we have
L(G|A) =T = V(z;|\) + O0(6%) , (6.73)

where 7 is the kK X sk unit matrix.
The transition matrix 7 (z,y|A) in the continuous case gives the evolution of the auxiliary

field ® from point y to = > y satisfies the equation
[0 + V(@[N] T (z,y|A) =0, (6.74)

with the boundary condition
Ty yA)=T. (6.75)

This has formal solution

T (2, y)) :Pexp{—/:]/(z|/\)dz} , (6.76)

where P is the path ordering of non-commuting factor. (6.76)) is the continuous analog of (6.28))

and clearly guarantees that
T(x,2|\) T(z,ylA) =T (z,y|A), z>z2>y. (6.77)

After this, one can show that the monodromy matrix defined as the transition matrix for the
whole system satisfies a Yang-Baxter equation and therefore the trace over the auxiliary space
ensures that the transfer matrices at different spectral parameters commute. Using the trace
identities to construct the Hamiltonian among the various conserved charges. one identifies the

non-linear system at hand, which has just been solved by the inverse scattering method.
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As an example, let us consider the classical non-linear Schrodinger equation. We chose
k = 2 and we leave to the reader to check that the following Lax-pair satisfy the zero-curvature
condition ((6.70))

V() = i% o + Q) (6.78)
U(z|\) = if 0%+ A\Q(x) + 107 (0,2 + ¥ ) | (6.79)

where
Qz) =ive [T (z)ot — ¥(z)o™ | , (6.80)

o are the usual Pauli matrices, ¢ is a constant and ¥(z), ¥*(z) are complex fields with

canonical Poisson brackets
{¥(2), ¥ (y)} =i0(z —y) . (6.81)

The corresponding L-operator on the infinitesimal lattice is

1—i2 6§ —i/eW*§

cm = 70 TV L oge, (652
lx/Eq?jé 1 4‘15(5

where

1 [% i
¥, - 5/ O (z)dz (9,97} = <6 (6.83)
Tj—1

One can show [19] that the trace identities applied to the transfer matrix generated by this

Lax operator give the following conserved charges

Jo = / Tz (6.84)
3 = / 0, Wda | (6.85)
3 = / 0,070, + (T TV dz | (6.86)
J3 = /{xp*agxp—gcxy*\p*ax (PW®) | dz, (6.87)

We recognize that Jg is the number of particles in the system, J; the total momentum and
Js is the Hamiltonian of the non-linear Schrodinger model, that generates the Gross-Pitaevskii
equation

10,% = —02W + 200" T (6.88)

6.6 The simplest R-matrix: Lieb-Liniger & Heisenberg chain

In section [6.3] we used the solution of the six-vertex model we developed in chapter [b|to construct
the solution of the Yang-Baxter corresponding to the X X Z chain. The R-operator is a 4 x 4
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with the form

fp) 0 0 0
0 A, 1 0
Rap(A 1) = 900 : (6.89)
1 ghp) 0
0 0 0 f\w
with
sinh(A — u + ¢) sinh ¢
A ) = M) = ————— . 6.90
fXXZ( 7”) smh(/\—u) ) gXXZ( au) s1nh()\—,u) ( )
The L-operator was also chosen as a 4 X 4 matrix and is
1 0 0 0
0 ttA) r(A) O
Ljp(A) = &) ) , (6.91)
0 r(\) t(A) 0
0 0 0 1
with
sinh A sinh ¢
t A)= ———— AN=—77—-—7-—. .92
xxzN = SRt ) rxxz) = SR 9) (6.92)

The Heisenberg chain is recovered in the limit ¢ — 0 (A — 1). To take this limit, we first
rescale the rapidity as A — ¢A/c and then take the ¢ — 0 limit of (6.90}§6.92)) to get

c
A =14 — A = — 6.93
fxxx (A p) b gxxx (A p) N (6.93)
exx () = — k() = (6.94)
xxx(W\) =70 xxx (W)= :

This gives the following R and L-matrices

Rg(j(X(A7u) = ﬁza,b + 1.y, (6.95)
1 1 At co;
‘C])(a)(X()\) = Y= [)\ Ij,a +c Hj,a,] == 2 ]i_az_ . (696)
’ A +c )\ +c c o-j )\ +c 5 J

RXXX is the simplest solution of a Yang-Baxter. The Lieb-Liniger model can also be

generated from the same R-operator, but with a 2 x 2 L-matrix (since the physical Hilbert

space has dimension 1). Introducing an infinitesimal lattice of lattice space ¢

L —id5 —iyew!
ﬁLfb—Llnlger _ 1 15 0 1\/6‘?]5 + 052 , (6.97)
7 i/e®;o 1+i50

where W, \Il;r are quantum operator with commutation relations [\Ilj, \I!lT] = % d;1. This is the
quantum analog of the L-operator of the classical non-linear Schrédinger equation (6.82)).
With these ingredients and the general construction presented before, one can immediately

derive the algebraic solutions of these three models.
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6.7 A glimpse into Quantum Groups

As we mentioned, the X X X R-matrix is the simplest solution of the Yang-Baxter equation
. In fact, for every matrix dimension x, a solution of the form with the proper
exchange operator always exists.

For k = 2, we can use to write the exchange operator using Pauli matrices and the
identity. Thus, the Yang-Baxter equation is solved by because of the underlying sl(2)
algebra, i.e. the SU(2) group plus the identity. From this point of view, the algebra induced
by the Yang-Baxter is nothing else but the si(2) algebra.

In this final section of this chapter, we would like to show that the A % 1 solutions of
can be generated as a deformation of the sl(2) group underlying: in the literature, this
deformation is known as a quantum group.

Let us begin by introducing a complex parameter g and define the g-deformation of a number

_¢-q”

Notice that the ¢ — 1 limit is well-defined and limg_;;[z], = «. If we parametrize ¢ as ¢ = e?,

we can write two equivalent representation for the g-deformation (6.98))

_ sinh(¢z) o1 x4 mng !
7l = sinh¢ H 1+7mng—1’

=—00

(6.99)

where the first expression is better suited to study the ¢ — 0 limit of the second, while the
second representation has a physical interpretation as the change of the complex plane to a
strip via a multiplicative averaging.

It is easy to see that g-deforming the Heisenberg model generates the X X Z chain, with

A = cosh ¢. This can be seen, for instance, by looking at the L-operator (we can set ¢ =1 in

(6.96)) :

L) = LW,

[o.¢]
= I 3% (A +me™)
n=—oo
. 1+0% . _
1 [ simh (A +to— ) sinh ga; (6.100)
- N ) . 1—0? 9 .
sinh ¢ sinh gzﬁo;-r sinh ()\ + ¢ —7 )
or
1+o’§ _1 _ﬁ ( _1) .
rq 2 —x q 2 q—q o
LI = ot P I (6.101)
(g—q No; xqg 2 —aTlg
with z = e*. This L-operator satisfies a modified Yang-Baxter equation

Lia() Lip(y) Rap(®/y) = Rap(x/y) Lip(y) Ljal) , (6.102)
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with an R-matrix defined as

a 0 0 0
0 b 0
R = , (6.103)
0 ¢ 0
0 0 0 a
where
a=qr—q et b=x—a !, c=q—qt. (6.104)

As for the Heisenberg model the Yang-Baxter is satisfied because of the SU(2) algebra of the
Pauli matrices we are using to write the L. and R-operator, this Yang-Baxter for the X X Z chain

induces a deformed si(2) algebra. This is the g-deformation (?7?) of the traditional algebra:

¢ ot = ¢t (6.105)

z\ 2 z\ —2
+ - — (qa ) B (qU ) 6.106
[a , O ] p— . (6.106)

These equations define the g-deformation of s/(2) algebra, known as sl,(2), and this is one of the
simplest examples of a quantum group. Using this algebra, one can still think of the solution
of the Yang-Baxter as a gq-deformed exchange operator.

These deformations of known solutions of the Yang-Baxter can be used to generate new
solutions. For the interested reader, we suggest to start the study of this complex subject from
[33].

In closing, let us just explain why are these groups named gquantum. This is not because
they are related to some particular quantum process, but just because in the limit ¢ — 0 they
reproduces the “classical” group, just like quantum mechanics reduces to the classical in the
h — 0 limit.
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Appendix A

Asymptotic behavior of Toeplitz

Determinants

As we showed in Chapter [I, the asymptotic behavior of the correlation function in the XY
model can be calculated from the asymptotic behavior of the determinant of the corresponding
Toeplitz matrix. These determinants can be extracted from known theorems and conjectures
in the theory of Toeplitz matrices. These types of calculations have been done first in [8], 1] for
spin-spin correlation functions. It is well known that the asymptotic behavior of the determinant
of a Toeplitz matrix as the size of the matrix goes to infinity strongly depends upon the zeros
and singularities of the generating function of the matrix.

A very good report on the subject has been recently compiled by T. Ehrhardt [7]. Here we

want to recapitulate what is known about the determinant

D, [o] = det(Sp) = det |s(j — k)|7j1,k:0 (A1)
of an+1xn+4 1 Toeplitz matrix
s(0)  s(=1)  s(=2) s(—n)
s(1) s(0) s(—1) s(1—=N)
S,= | s(2) s(1) s(0) s(2—N) (A.2)
s(n) sn—1) s(n—2) ... s(0)

with entries generated by a function o(q):

s(l) = /_7; U(q)e_ilqg—;‘]r , (A.3)
where the generating function o(q) is a periodic (complex) function, i.e. o(q) = (27 + q).
In this work we dealt only with generating functions with zero winding number
Indo(q) = /7T g—jr (i]log o(q) =0 (A.4)
and this brief review will be limited to this condition. This was not the case in the study of
Barouch et al. [I], where the generating function had non-zero winding number in some regions

of the phase sdiagram.
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A.1 The Strong Szego Theorem

If o(q) is sufficiently smooth, non-zero and satisfies Ind 0(¢) = 0 (i.e., the winding number is 0),
we can apply what is known as the Strong Szegdé Limit Theorem ([34], [35]), which states that

the determinant has a simple exponential asymptotic form
D, o] ~ E[o]G[o]" n — 00, (A.5)

where G[o] and E[o] are defined by

Glo] = exp bo, Elo] = exp Z koo, (A.6)
k=1

and gy, are the Fourier coefficients of the expansion of the logarithm of o(q):

logo(q) = Z et (A.7)

k=—o00

A.2 The Fisher-Hartwig Conjecture

Over the years, the Szegoé Theorem has been extended to consider broader classes of generating
functions by relaxing the continuity conditions which define a “smooth function”, but it re-
mained limited to never-vanishing functions. Therefore, some extensions have been proposed to
the Szegb Theorem in order to relax this latter hypothesis. When the generating function has
only pointwise singularities (or zeros), there exists a conjecture known as the Fisher-Hartwig
Conjecture (FH) [36]. [1

When o(q) has R singularities at ¢ = 6, (r = 1..R), we decompose it as follows:

R
o(g) = 7(g) [[ e™Hamtrmod2r=ml (2 — 2.cos(g — 6,))™ (A8)
r=1

so that 7(q) is a smooth function satisfying the conditions stated in the previous section. Then

according to FH the asymptotic formula for the determinant takes the form
Dylo] ~ E 1, {ka}, {Ma}, {0a}] n=r )G 0 — oo, (A.9)

where the constant prefactor is conjectured to be

R

. —Kr—Ar ) or—Ar
E [7'7 {’ia}v {)\a}a {Ga}] = E[T] H T <610T> - (671&)
r=1
x H (1 B ei(gs_er))(nwn\r)(nr,\s)
1<r#s<R
B G+ e+ M\)C(L — K+ A
g 1:11 : CG(1+2)\,) : : (A.10)

!This conjecture is still not completely proven. For details and status of the conjecture see Ref. [39].
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E[7] and G[7] are defined as in (A.6) and 71 are defined by decomposition
7(q) = 7- () Glrry (7)), (A.11)

so that 74 (7_) are analytic and non-zero inside (outside) the unit circle on which 7 is defined
and satisfy the boundary conditions 74(0) = 7_(c0) = 1. G is the Barnes G-function, an

analytic entire function defined as

00 & 2
G(Z + 1) = (27T)z/2e—[z+('yE+1)z2]/2 H (1 + %) e—z-‘r%’ (A.l?)
n=1

where vg ~ 0.57721 ... is the Euler-Mascheroni Constant.

This conjecture is actually proven for some ranges of parameters k, and A, or fully for the
case of a single singularity (R = 1), see [37, 38].

In many simple cases it is possible to find the factorization of 7 into the product of 7 and 7_
by inspection. More complicated examples like the ones presented in this work require a special

technique to obtain this factorization, which is known as the Wiener-Hopf decomposition:

dz log (2
log 74 (w) = 27nz—(w) lw| <1,
dz log7(z
log 7 (w) = —7{% z —(w) lw| > 1, (A.13)

where the integral is taken over the unit circle.
In light of these formulas, it is useful to present the parametrization (A.8)) in a form which

makes the analytical structure more apparent. Changing the variable dependence from ¢ to

o(z) = 7(2) ﬁ (1 - ZZT)MKT (1 - ZZ")M_M , (A.14)

z = 'Y, we write

where z, = elfr.

A.3 The Generalized Fisher-Hartwig Conjecture

Despite the considerable success of the Fisher-Hartwig Conjecture, few examples have been
reported in the mathematical literature that do not fit this result. These examples share the
characteristics that inequivalent representations of the form exist for the generating func-
tion o(q). Although no theorem has been proven concerning these cases, a generalization of
the Fisher-Hartwig Conjecture (gFH) has been suggested by Basor and Tracy [39] that has no
counter-examples yet.

If more than one parametrization of the kind exists, we write them all as

R )
o(q) = 7'(q) [ ] erllafrimed2m=nl (3 — 2cos(q — 0,)) ", (A.15)

r=1
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where the index ¢ labels different parametrizations (for R > 1 there can be only a countable

number of different parametrizations of this kind). Then the asymptotic formula for the deter-

minant is
Dylo] ~ > E [ {i}, {0} {6a}] n®OGF]" 0 — oo, (A.16)
€Y
where
@) = > ()= (sD)7), (A17)

1

T = {z | Re [Q(1)] = mJaXRe [Q(])]} . (A.18)

ﬁ
Il

The generalization essentially gives the asymptotics of the Toeplitz determinant as a sum
of (FH) asymptotics calculated separately for different leading (see Eq. (A.18])) representations
(A.15)).

A.4 Widom’s Theorem

If o(q) is supported only in the interval o < ¢ < 27—« as in our model for v = 0, singularities are
no longer pointwise and one should apply Widom’s Theorem [40]. It states that the asymptotic
behavior of the determinant in this case is

n2

L 91/12.3¢ (1) (i & —1/4 2 _—1/4 n o
Dy lo] ~ 2" e <sm 2) Elp]*n " "G|p] (cos 2) , (A.19)
where E and G are defined in (A.6)) and

plq) =0 (2 cos ! [cos % cos q]) (A.20)

with the convention 0 < cos !z < 7.
For the case considered in Section ??, the generating function is constant, E[p] = G[p] = 1,
and (A.19) simplifies considerably giving

2

’ -1/4 n
Do) ~ 21/1263¢ (1) (sin %) / n~ /4 (cos %) . (A.21)



Appendix B

Application of BA to field theories

B.1 Introduction

While the Bethe Ansatz is quite efficient in providing us with the thermodynamics of a system,
the calculation of correlation functions is very involved and computationally very demanding.
In 141 dimensions, however, there are other advanced analytical methods to access correlation
functions, especially in the low-energy, long-distance limit: the bosonization approach and the
Conformal Field Theory CFT) description. Physically, they are the mathematical formulation
of the fact that one-dimensional systems do not conform to the paradigm of a Fermsi liquid,
and therefore the long-living quasi-particle excitations are not close to being free fermions, but
have novel features altogether. This is something that we noticed in the analysis of the previous
chapters, as we saw that one-dimensional (integrable, but not only) systems respond collectively
to any perturbation.

For simple systems, a new universality class emerges in 1-D and it is known as Luttinger
Liquid. This amounts to the observation that low-energy degrees of freedom have a sound wave
(phononic) nature, which allows to describe the system using just a free bosonic field. From a
CF'T point of view, the Luttinger liquid is a ¢ = 1 theory, and thus more information is needed to
uniquely identify its operatorial content. More complicated systems can have fractional central
charges or ¢ > 1, and thus they are not Luttinger liquids, but can still be described efficiently
within a CFT approach, possibly supplemented by a Kaz-Moody algebra.

In this chapter we wish to introduce how Bethe Ansatz can be used in conjunction with these
effective field theory approaches. In fact, these effective descriptions need to be supplemented
with the right parameters, and the BA solution is one of the few (the only?) analytical ways
to calculate them independently. This is a great advantage, since normally one has to fit a
couple of correlation functions from numerical calculations or from experiments to determine
these parameters and only at that point one can really check the predictions from the field
theory. This latter part could be a problem, as the number of independent measurements one
can perform on a sample is often very limited.

After the introduction of the main ideas, the material will become very mathematical. We

have tried to reduce the number of formulae as much as possible, but the topic does not help
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in this respect. The bosonization approach is well explained in [41l [42]. For the application of
Bethe Ansatz to the scaling limit we mostly follow [I9]. We invite the interest reader to the

original sources for better explanations and more details.

B.2 Bosonization

Bosonization is a way to describe the dynamics of a critical (i.e. gapless) system in term of its
collective behavior through a collective bosonic field. This is possible in one-dimension because
the system is very much constraint by its dimensionality: as one particle is excited, all other
particles have to rearrange to accommodate it, because there is no way for a particle to go
around another without interacting. This kind of phenomenon is familiar to us already from
our analysis of the excitations of integrable models from Bethe Ansatz.

Therefore, the description of the system in terms of its density of particle can be efficiently

use to capture the whole dynamics, provided that the density field

@) = Y d(a —a)) (B.1)

(where x; is the position of the j-th particle) can be approximated with a smooth function.
This amount to a hydrodynamic description for the system, where the field conjugated to the
density is the velocity v(x).

[o(z),v(y)] = —id"(z —y) - (B.2)

A general structure for the evolution equations for such a system gives

p— 0Oz (,O’U) = 0, (B3)
0 —v0,v+ 0. F(p) = 0, (B.4)

where the first is the continuity equation and the second is the proper dynamical Euler equation.

These equations are non linear and very difficult to treat at the quantum level (there is
no clear small-coupling expansion valid for all times). But they can be linearized around a
classical solution and a linear hydrodynamics gives essentially a wave equation. This is to say
that elementary (universal) excitations of a one-dimensional system are phonons.

Thus, under these general considerations we expect to be able to describe a 1-D system with
a bosonic operator and a quadratic Hamiltonian. This description is called bosonization, and it
should be remarked that even bosonic theories can be bosonized, since this just means to give
a linear-hydrodynamics formulation.

Let us describe how to bosonize a free fermionic theory, with microscopic Hamiltonian

1 k2

H=—5- Ul (2)02W () o Ul (k)U(k), (B.5)

where 0, = 0/0z and the last expression shows the spectrum of the Hamiltonian in the Fourier

space representation.
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The first step is to separate particles in left and right movers and introduce separate fields

for each type. The fundamental identity one uses can be written as (Right = 4, Left = —)

Ya(n) = — TV

where ¢ (x) are collective bosonic fields and : O := O —(0|O|0) stands for the normal ordering.

(B.6)

Note that the exponential mapping is periodic: the v/47 factor determines the periodicity of the
fields ¢+ (also called the compactification radius) and for free fermions is equal for both chiral
fields. The choice of v/4x is convenient to ensure that the anti-commutation of the fermionic
fields translate into canonical commutation relations for the bosonic ones. We will see at the
end of the section that in bosonizing interacting theories we take different compactification
radii for the two chiral fields, in a way that preserves the commutation relation (and also the
quantization of the conformal spins for the vertex operators).

While the identity between a fermion and a boson holds in generality in one-dimension,
the prescription for the normal ordering depends on the theory (and its ground state). This
prescription is pivotal for the bosonization construction to give meaningful results (and avoid
spurious divergences) and it is not available in generality. However, if we concentrate only
on low-energy excitations, we can linearize the spectrum and hence derive a clear and simple
normal ordering rule.

Thus, we write the free Hamiltonian (B.5)) as

1 ) 9
H=— > ¢l (0 + irkp)? (B.7)
r==+
and expand around the Fermi points as

k? kg

H o~ fﬁ Syl - i Pl Opts + ... (B.8)
r=+ r==+

where the first term is interpreted as a chemical potential (which can be absorbed in a re-

definition of the ground state energy), while the second term shows a linear spectrum for the

excitations around the Fermi points +kpr. Moreover, we defined left- and right-moving fields

14 as the fields obtained expanding around the left/right Fermi Point:

U(x) = : eikin,Z)+($) + e_iksz/J_(x) : (B.9)
_ Z oirkra . (iWiaTgr(z) .
r=+

We can use the mapping to calculate various bilinears in the fermions in terms of the

bosonic field. For instance, one can consider a quantity like

L@@ +e): = Yh@wel+ o — @L@)pi(e+e)
_ 1 [: TV (D (2+) == (2)) . _1} AT (ps (2) b (+6)) _

2T
_o, ! [eq:im(mﬂ(ﬁe)—mﬂ(x))_1] (B.10)

2iTe
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where we used the identity

2 2
ced 1B = eAtB  AB- ) (B.11)

and the fact that
«

(6(0)= () — 63(0)) = lim 4i In

S04 atiz (B.12)
Here, « is a regulator that mimics a finite bandwidth and prevents the momentum from be-
coming too large (thus limiting the bandwidth to A ~ 1/«).

The prescription to calculate bilinear like (B.10|) is known as point splitting and it takes into
account that the square of a field is coordinate space is not-defined and has to be regularized by
discretizing the space. In practice, we saw in the second line of that the normal ordering
amounts to subtract 1/e from the exponential, corresponding to the ground state contribution.
Thus, from one side « in captures the low-energy approximation, from the other € in
is related to the underlying lattice of the microscopic theory.

We can expand (B.10)) in powers of €

L@ = Y el @)slo)
n=0

- j:i |:e:Fi\/EZZO:1 SToRdL(w) _ 1} , (B.13)

2ime

which give the generating function of the chiral fermionic currents

(@) = vh(2) e (z) (B.14)

in terms of the bosonic field ¢4.
By matching powers of € in (B.13)) we can write down these expressions. The density of

fermion is

pi = i = ol () (z) = \} Des (), (B.15)

the current density is

it = vL(@)0ns (x) = £ (004 (2))* — faiqbi (B.16)
The third term in the expansion can be identify with the original quadratic Hamiltonian for

the left /right movers

jE = —2mHs =] (2)0%)s(2)

- g\/;r (ax¢i ($))3 +i (a’rd)i) (8923¢i) a3¢i

3\f
(B.17)

While the first line is a well defined Hamiltonian operator for fermions, the second line amounts
to a cubic potential, which is not bounded and thus cannot sustain a stable vacuum. Hence, it

can enter in the Hamiltonian only as a perturbative interaction term.
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In fact, we can neglect the last terms in (B.17)) as boundary terms since they are total
derivatives and thus write the bosonized version of (B.5)) as

H o (0:6+)" + (000-)" . (B.18)

This is cubic theory and therefore cannot be quantized, since the spectrum for the bosonic field
has no lower bound and the ground state of the theory is unstable and has an infinite energy.
This is the reason for which it does not make sense to directly bosonize a non-linear theory.

If one were, instead, to consider the linearized version of the free fermionic theory ,

using the expressions found above, the bosonized Hamiltonian would read

k

Ho~ i G ]
= (@00 + @0y + (B.19)

One can then include the additional terms like (B.17) neglected in (B.8)) in a perturbative way
and treat them as small correction.

Out of the two chiral fields we can define a bosonic field and its dual

¢(x) = oy (x) + ¢ (2) , 0(x) = ¢4 (x) — ¢ (2) - (B.20)

Using and the fermionic commutation relation, one can prove that these bosonic fields

satisfy the commutation relation

[¢(2),0(y)] =10(y — ) , (B.21)

where J(x) is the usual Heaviside step function. By differentiating we have

[6(2),9,0(y)] = [0(x), 0yb(y)] = 10(x — y) , (B.22)

which means that we can identify the derivative of the dual field 6(x) with conjugate of ¢(x)

(or viceversa):

1
II(x) = v—oﬁtgb(a:) = 0,0(x) , (B.23)
where vy = kr/m is the sound velocity of the free system.
Thus, the linearized free fermionic theory is mapped into a free bosonic theory

H="0 / (1) + @2(2)?] (B.24)

Physically, the bosonic field is the displacement field and one should notice the similarity between
the bosonization identity and the Jordan-Wigner transformation (1.10). In fact, ¢(x)

counts the number of particles to the left of z and its derivative gives the particle density, see

. In particular we have
p(z) = Wi(z)0(z)
= po+ Ul @ () + 0 @ @) + el @) (@) + Bl @)y (2)
1

= po— ﬁam(x) + %cos |:\/4E¢(.CE) —2kpzx| , (B.25)
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so that we identify the bosonic field with a density wave (pg is the constant, background, density
of particles).

Thus, we have shown that low-energy excitations of the free fermions Hamiltonian can
be described in terms of a simple quadratic boson, corresponding to a quantum sound wave. It
can be shown that any interaction term one can add to the free model can be bosonized using
the mapping and the point-splitting prescription and written in terms of the bosonic
field ¢(z) and its dual f(x). The great advantage of the bosonization procedure is that this
additional terms can be considered easily with a Renormalization Group (RG) analysis and
divided between relevant interactions that open a gap and irrelevant perturbations that do not.
The latter can be shown to contribute to only with additional quadratic terms and thus
only changes the coefficients in front of the two terms in (B.24). The renormalization of these
coefficients can thus be written as

%:“/qu@f+;GMQW<m, (B.26)

s

where u has the dimension of a velocity and can be interpreted as the Fermi velocity of the
interacting system and K is a dimensionless parameter that is related to the compactification
radius of the theory, or to the exclusion statistic area occupied by a particle in phase-space.
Interactions which open a gap generate sine or cosine terms in the field. A single term of
this kind gives a “simple” Sine-Gordon theory, more can make the resulting theory difficult to
analyze, but it can often be shown that only one of them is relevant in the RG sense.

To recap, the low-energy excitations of any one-dimensional gapless (fermionic) system can
be mapped using the bosonization procedure to a bosonic Gaussian theory , where all
effect of the interactions are captured by only two parameters: u and K. Notice that the
Luttinger parameter K can be removed from the Hamiltonian by a simple rescaling of
the fields

M@%J%M@, 0(z) = VE 0(x) . (B.27)

This corresponds to a redefinition of the compactification radius of the chiral fields. Using
(IB.20)

1
= ——|¢(x) = K 0(x)] . B.28
61 = 5 l0la) £ K () (B.28)
In general, K = 1 corresponds to free fermions. K > 1 encodes attractive fermions and

0 < K < 1 repulsive fermions. Free bosons are not stable in one-dimension and they would
correspond to K — oco. Thus, any finite K corresponds to repulsive bosons all the way to the
K =1 limit of perfectly repulsive bosons (the so-called Tonks-Girardeau limit, i.e. ¢ — infty
of the Lieb-Liniger model).

One of the fundamental advantage of having mapped an interacting system to a Gaussian
bosonic theory like is that the correlation functions are easily obtainable. For instance,

see (B.12) and (B.28)), we have
2?2 + (ut + a)?

(16(e,6) 60,0 = Jim 2 RS (5.29)
(O t) — 00,0 = Tim — &) (B.30)

a—0 2w K o?



B.3. BOSONIZATION PARAMETERS FROM BETHE ANSATZ 125

The principal operators of the theory are vertex operators of the form

V(B,z) = oAb+ (z=atiut) V(B,z) = eiBo—(F=a—iut) (B.31)

Correlation functions of vertex operators can be calculated using the power of a Gaussian theory:

<eizj [ﬁj¢+(zj>+6j¢_<zj)]> — o3 ([S5 04480 G]) (B.32)

which is non-zero only if 3, 8; = >, B;j = 0.

In general, these correlation functions decay like power-law (O) ~ r—2

¢ with a characteristic
exponent d. If d < 2 the corresponding operator is relevant in an RG sense; if d > 2 it is
wrrelevant, while d = 2 corresponds to the marginal case.

Using these formulae and it is easy to calculate the asymptotic behavior of physical
correlators. For instance

K? 1 cos2kpx

(p(z,t)p(0,0)) ~ o3 CEREE @2 22K T

(B.33)

Finally, let us mentioned that the bosonization construction is very general and applicable
to any one-dimensional critical system. Even if we showed the construction explicitly only for a
microscopic fermionic theory, it can be generalized to any model. The approximation to linear
spectrum (low-energy modes) is pivotal to ensure that the resulting theory is just quadratic.
To bosonize a spin system, one can first perform a Jordan-Wigner transformation to map it
into a fermionic theory and then bosonize these fermions (note that a spin chain at half filling
-i.e. zero magnetization- has kr = /2, which corresponds to having a smooth and a staggered
component in the spin density, see ) It is also possible to bosonize a bosonic theory, in
that the mapping does not have to do with the statistic of the particle, but with the fact that
fundamental excitations are collective, as we noticed while studying integrable models.

With systems with additional degrees of freedom, like the Hubbard model or various spin
ladders, one can bosonized each of degree of freedom and study their interaction (and competi-
tion) in the collective description. However, these systems often acquire additional symmetries

for which graded CFTs can provide a more powerful description.

B.3 Bosonization parameters from Bethe Ansatz

As we saw, the bosonization construction leaves only two free parameters (see that com-
pletely characterize the universal feature of the system. These parameters can then be fitted
with experiments or by some other independent approach, since for most system their micro-
scopical derivation is not possible. This is where Bethe Ansatz can help.

In fact, one can compare thermodynamic quantities calculated using the Luttinger liquid
description and derived with Bethe Ansatz. Since bosonization has only two parameters, we
need just two relations, and the choice of which to use is just due to convenience. In this section
we are following [41] and this is mostly a numerical approach. More accurate analytical methods
can be employed, but we do not have enough space/time to discuss them. However, we will

give a glimpse of them in the next sections.
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For instance, one easily available quantity is the compressibility

_1oL_ 10p
LOP — p20h’

(B.34)

where P is the pressure, p is the particle density and h is the chemical potential. We will use a
rescaled compressibility
0
R= 72 . (B.35)

The presence of a chemical potential adds to the Hamiltonian a term of the form
h
0Hy = h/dm plx) =— /dac Vo(z), (B.36)
T
which can be absorbed by a shift in the field
K
o(x) = o(x) — h;x : (B.37)

The compressibility is thus calculated to be

_ 1d(Ve(z)) K
R= =g = (B.38)

From Bethe Ansatz, the compressibility is just

N2 d’E
—1 _
YT L an? (B-39)
_ d°E E(N +2)+ E(N —2) — 2E(N)
1 _ ~
Fo= L =L < 1 : (B.40)

Notice that the calculation of this quantity requires the knowledge of the energy of the system
for system size differing by 2: this is very important, since it avoid some spurious effect that
might arise for step of size 1.

Another easily accessible quantity is the charge stiffness. Since we placed the system on
a ring (by imposing periodic boundary conditions), we can imagine to thread the ring with
a magnetic field, which will induce a phase shift in the wavefunction around one circle. The

minimal coupling of the vector potential with the field induce a shift

) )
SHa = / Az dr 0:6,  9(r) > 9(r) — T Kur, (B.41)
where @ is the flux enclosed in the ring. By varying the flux, we generate a current
1 1 deg, d dE
J=—(0;¢) = — —_— = — =—. B.42
00 = — dk d@?ek 4o (B-42)
The charge stiffness is defined as
dJ
D=nl — B.43
TAD |4y (B.43)
and we see that )
d°F
D=uK=nL 132 . (B.44)
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It is easy to implement the presence of a flux and the resulting phase shift in the Bethe
Ansatz solution. This is equivalent to impose twisted boundary conditions and it amounts to

modify the Bethe equations:

Lkj=2rLi+® > 0(k;— k). (B.45)
l

B.4 Sound velocity

The calculation of the sound velocity and Luttinger parameter sketched in the previous section
does not take full advantage of the power of Bethe ansatz and require the solution of the set of
N Bethe equations for different finite N’s and different boundary conditions. A third option
which (in principle) is purely analytical, is to evaluate the Fermi velocity v = vp directly from
the Bethe equations in the thermodynamic limit. Microscopically, it is defined as the derivative

of the dressed energy by the dressed momentum at the Fermi point:

_0e(N) _[0e(N) dp(N)
Sl ey N (%5)/ (%5) (B.46)
Comparing
e(\) — % /_q K p)e(p)dy = XN —h, (B.47)
P = 5= [ KO o) dn = 5 (B.48)
P00~ [0 w) s = kY, (B.49)
we have
d=(n) _
o = —2mp(N) (B.50)
and
Op(A) _
o = 2wp(A) . (B.51)
Using the latter we immediately get
1 0e(N)
u= 2mp(N) 0N |y, (B.52)

There is also another definition of the sound velocity, a macroscopic one derived from ther-

- Z-1(B)/(5)

where for A is the chemical potential, n is the particle density and for the pressure we have

8777__i 7 0e(N)
oh 2w —q oh

modynamics:

dA=n. (B.54)

One can prove manipulating the BA integral equations that these two definitions agree and

can be alternatively used according to convenience. More on this respect can be found in [19].
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The Luttinger parameter (and all the scaling dimension of the relevant correlation functions)
can also be calculated by analytical manipulations of the integral equations of the Bethe solution.
This approach is based on the finite size scaling for large system sizes. Before we sketch the
basics of this idea, we need some additional notions of conformal field theory. These will not
be developed here, so we will just set some notations and refer the reader to one of the many

sources to learn CFT.

B.5 Basics of Conformal Field Theory

The bosonization approach has a deep connection to CF'T, but we will now consider the latter
independently.

CFT is based on the idea that at a critical point there are no relevant length scales and
the theory is invariant under any rescaling. The group responsible for this invariance is the
conformal group. In a two-dimensional space, this symmetry is enhanced and becomes powerful
enough to constrain the theory and the correlation function in a significant way.

Conformal Field theory, being two-dimensional, is best represented in terms of complex
variables

z=iz+ut, Z=—-iz+ut, (B.55)

where u is the sound (light) velocity. CFT assume Lorentz invariance and thus massless exci-
tations all move with the same velocity U. CFT is also a chiral theory, therefore the left and
right moving sector tend to be independent from one another.

The quantum generators of the conformal transformations are called Virasoro operators

Ly, L, and satisfy the algebra (independent for holomorphic and antiholomorphic sector)

(L, L] = (n—m)Lnim + % n(n% = 1)dntmo , (B.56)
Loy L] = (n—m)Lnym + 1% n(n? = 1)6psm.o , (B.57)

where ¢, ¢ is the central charge, or conformal anomaly. The Ly, L, are nothing but the coeffi-
cients in a Laurent expansion of the stress tensor in powers of z, z:
o o T
Ly, = Ly,
TE)= ), e T@=) 55 (B.58)

n=—oo n=—oo

Under a conformal transformation
z = z(w), zZ=ZzZ(w) , (B.59)

a primary field ¢(z, Z) transforms as

o) = ()7 (2)" o 2 (B.60)

where the conformal dimensions A* characterize the field and specify the two-point correlation

function
(0(21,21)d(22, 22)) = (21 — 22) 227 (71 — 22) 24 . (B.61)
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To consider a space with periodic boundary condition in the space direction, we map the

complex plane into a cylinder with the mapping

= 2o/l w=izx4+ut, 0<z<L. (B.62)

z

The leading part of the correlation function becomes

At TAT .
(G (wy, 1) P(wo, Wa))y, ~ e L M@ —w2)bulti—t2)l o= 2 [i@r—wa)bulti~2)] (B.63)

Comparing this with a spectral decomposition
(G(wr, w1)d(wa, )1 =Y [(0]6(0,0)|Q)[* e~ 172 Fa=Fo) =iz =) (Fo=Fo) (B.64)
Q
where Ey, Py are the energy and momentum of the ground state, while Eg, Pg are the energy

and momentum of the intermediate state ()’s, which constitute a complete set.

The leading term of this expansion should give

2mu

Eg—Ey = T(A+ + A7) (B.65)
2
Po—Py = %(N — A7) (B.66)

Comparing the energy and momentum of the different states as obtained with Bethe Ansatz
with one can identify the scaling dimensions of the different operators in the theory.
Knowing the scaling dimensions of all the two-point functions and the central charge identify
the theory uniquely.

An easy thermodynamic way to determine the central charge is to study the finite size
effects. So far, we always considered the system in the thermodynamic limit (L, N — oo,
N/L = p = const). If the size of the system is large, but finite, there are going to be corrections.
From CFT it can be proven, for instance, that the total energy scales like

E~Le— CGlL vp +O(L72), (B.67)

providing us with a direct way to evaluate c.

B.6 Finite size analysis of the Lieb-Liniger model

The content of a QFT is specified by the central charge and the scaling dimensions of the primary
fields. We saw how to approach the scaling dimensions, let us now introduce the central charge
and show how to extract it from the Bethe Ansatz solution.

As the Hamiltonian is the generator of the evolution of the theory, we write it in terms of
modes -

H(z)= > Lpz". (B.68)
n=—00

The operators L,, are the generators for all the transformation of the Conformal Group. They
satisfy the Virasoro algebra:

(L, L] = (1 — 1) Ly + %n(n2 — )6t - (B.69)
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c is the central charge of the theory and it is a quantum anomaly, in the sense that classical fields
have ¢ = 0. This anomaly arises from the fact that a CFT is a chiral theory with a relativistic
spectrum. Below the Fermi point, the dirac sea extends indefinitely to negative energies and its
divergent presence is the source of the anomaly.

Here we want to sketch how to use the Bethe ansatz machinery to determine the correct QF T
describing the Lieb-Liniger model studied in chapter 2 We focus on this model for definiteness
(also being the simpler), but we shall keep the notation as general as possible to allow the
application of this method to other models with minimal corrections.

To evaluate the finite-size corrections from Bethe Ansatz, we will need the Euler-Maclaurin

formula:

N b
f
St = [ s 5

J=1

2 dx

e (B.70)
a
where by = % is the second Bernoulli, 1 = a and 2y = b. This formula gives us the corrections
due to approximating a series with an integral.

The energy of the ground state is given by
e=>Y K, (B.71)

where the k; are the solution of the Bethe equation with the quantum numbers /; symmetrically
distributed around 0. As N — oo, the distance between consecutive k’s is of the order of 1/L.

We define a function A\(x) as
IA
A <LJ> =k;. (B.72)

Using (B.70]) we have:

N/2L 1 0= n=N/2L
e= eo(A\(z))dx — — +... (B.73
/—N/2L ) 2412 Ox n=—N/2L )
where e(z) = 22 — h.
Similar corrections give
1 [
pL(A) — 2/ K, mw)pr(p)dp
T J—q
= L ) + o [Kvg) — K —q)] b - (B.74)
27 24L2p(q) ’ ’
Combining these equations we have
! ™ o(q)
E=1L Npr(A)dr — — Y B.75
/q€0( )pL( ) 6L27Tp(q)+ ( )
where, to zeroth order
1
=) —_ B.76

and therefore

o L/_q 50()\)p()\)d)\+487TL1p(q) /_q e [ q) — K/ —q)] A—Glmifp(?;) +... (BTT)
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Using the definition of the dressed energy function in ([2.87)) we have

1 [9
“0) = b(a) + 5= | Ka e (B.78)
—q
and therefore v
E:L/ eo(N)p(A)dA — T vp ... (B.79)
—q 6L
where the sound velocity was defined as
Oe 1 Oe

Vp = — = — B.80
7 ok a=q  2mp(q) ON |\, ( )

as per (B.52). Thus, we have found that ¢ = 1, which is what we would naively expect.

B.7 Conformal dimensions from finite size

To evaluate the conformal dimensions of the primary fields, we use (B.65|B.66) and we need
the momentum and energy gap of the lowest excitations of the theory. There are three physical

processes which generates these excitations

1. The particles at the Fermi points +q can be boosted: the quantum numbers I} and Iy
are changed by a finite amount N~ (at —q: [y - 1 — N~ )or Nt (at ¢: Iy — Iy +NT).

2. A number of particles AN can be added (or subtracted) to (from) the system and place

(removed) around the Fermi points.

3. Some particles (let say d) can backscatter, i.e. transfer from one fermi point to the other.
This process is equivalent to shifting all quantum numbers {I;} by d, i.e. to a state with
{I; +d}.

It can be calculated using Bethe ansatz techniques (see [19]) that the energy and momentum

of these elementary processes are

. 27TUF AN 2 2 + _
oF = 17 (22> +(Zd)*+NT+N" |, (B.81)
2
6P = 2kpd+— (N*-N"+ANd) (B.82)
where the Fermi momentum kg is
N
kp=mn= T (B.83)

and Z = Z(q) = Z(—q) is the value of the dressed charge function Z(\) at the Fermi boundary.

This function is defined as the solution of the integral equation
1[4
Z(\) — / K\v)Z(v)dv =1. (B.84)
27 ),
For the Lieb-Liniger model, the dressed charge is simply

Z(k) =2mp(k) , Lieb — Liniger model . (B.85)
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but is also satisfies
0e(A)

Z(A) =— B.86
n=-20 (B.56)
Using these results in (B.65} |B.66)) we can find the conformal dimensions as
1 (AN ?
AF=N*f+-(——+Zd)| . B.87
T3 ( 22 (B-87)

In the conformal language, N* describes the level of the descendants and AN is a characteristic
of the local field ¢(z,t).

For instance, to obtain the field correlator (¥(z,t)¥t(0,0)) of the Lieb-Liniger, one sets
AN = 1. To obtain the leading term, we further set N* = d = 0:

(U (z, 1)1 (0,0)) ~ Az + ivt| Y/ 22 . (B.88)

Higher terms are obtained in a series (B.64))

A(d, Nﬂ:)e—Qidkpx

U(z,)01(0,0)) = , B.89
(¥ (, £)¥1(0,0)) dzN:i (z —ivt)2A% (2 + ivt)2A~ ( )
where AT are given by (B.87), with AN = 1 and d and N¥ integers.
Similarly, for the density correlators we set AN = 0 and we have
A A cos 2kpx
{p(, 1)p(0,0)) = (p(0,0))* + (B.90)

(x + ivt)? + (x —ivt)? o+ iwt222

where the first term corresponds tod = 0, NT =0, N~ =1, thesecondtod =0, NT =1, N~ =
0, and the third to d = +1, N* = 0.

Note that these series are consistent with the Luttinger liquid universality and with the
result of bosonization. In particular, from the asymptotic behavior of the density correlators
one can extract the Luttinger parameter K = Z2, see . Thus, we have used the Bethe
Ansatz to determine the two parameters of Bosonization, i.e. the sound velocity and the K.

In this chapter we have given a quick overview of the methods used to extract field theory
parameters from Bethe Ansatz. While we think that the main ideas are fairly straightforward,
the derivations of these parameters are quite long and cumbersome. In an effort to keep the
ratio physical intuition/techinicalities as high as possible, we might have lacked of rigor and
preciseness. The interested reader is recommended to find in [19] all the details and explanations

we have skipped.

B.8 Bosonization of the X X7 model

The scaling theory of the XX Z model corresponds to a sine-Gordon theory [42]. To show
this, let us write the spin model using spin-less fermions, using the familiar Jordan-Wigner

transformation:

55 =y = — 5 (B.91)
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We expand the fermionic field around the fermi points, in terms of the chiral fields:

Vi = Va (=) ¢4 (2) + Vo (2)] (B.92)

where a is the lattice spacing, * = aj and we took the system at half filling (kp = 7/2), i.e. at
zero magnetization.
Then, the spin density can be written in terms of chiral fields and it decomposes into the

sum of a smooth and oscillating (staggered) component:

S7 = aS*(x), (B.93)
S*(@) = px)+(-1)'M(x), (B.94)
pla) = ol (@)or(x):+: ol (1)o_(x):, (B.95)
M(z) = :¢l(2)o-(2):+: ¢! (2)¢4(x) (B.96)

In the Hamiltonian
H = L StS S-St ASZS% B.97
—Z §(j j+1+jj+1>+ 9541 (B.97)
J

the first two terms are just the kinetic part of a free theory and in the linear spectrum approx-

imation give
Ho = —ivp / dz (810,04 — 60,0 | (B.98)

The interaction terms is
Hint = va/dx [ p(z)p(z+a): —M(x)M(z + a)] , (B.99)

and H ~ Ho + Hint-
The bosonization of the kinetic term clearly gives (B.24)), i.e.

Hy = %F [(H(z))2 + (am(x)ﬂ d . (B.100)

For the interaction terms we have

pla) = ;,ram) , (B.101)
Mz) ~ —% : sinvVaTd(x) : | (B.102)
iii% M@)M(z+a) = — (7;)2 cos V16w (x) — % (8:¢)* + const . (B.103)

The cosine term originates from the sa-called Umklapp processes gbl (ar:)gbirF (x+a)p_(z+a)p_(x)+
h.c. where two particles are removed from one Fermi point and added at the other. This scat-
tering event corresponds to a transfer of momentum 4k and it is possible only when the Fermi
point is such to allow the lattice to recoil and absorb this excess momentum, as it happens for
kp=m/2.
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Finally, putting these terms together, the continuous version of the X X 7 Hamiltonian reads

H= /dx {sz [HQ + (1 +42> (8$¢)2] + (UFZ?Q - cos V16m¢) :} . (B.104)

One can normalize the fields to transfer the interaction contributions into the effective

compactification radius of the bosons. Studying the conformal dimension of the cosine terms,
it is easy to see that it is irrelevant for |A| < 1. At A = 1 a chiral symmetry gets broken by
the Umklapp term and the cosine term turns relevant and opens a gap. This is consistent with
what we know about the X X7 model. In the paramagnetic phase, the cosine terms can be
thrown away and the effective Hamiltonian is .

The Fermi velocity can be calculated in the standard way using the Bethe Ansatz formulae

and it gives
T sin @

vp = o (B.105)
where A = cos . The Luttinger parameter can be extracted directly from the fractional charge
and is

K=" _. (B.106)

2(m — p)

This can be compared with the naive (perturbative) result one can derive from (B.104)) at small
A 2A
K~1-"=+0(A%. (B.107)
™
Notice that, since A = 0 corresponds to free fermions (K = 1), A > 0 gives attracting fermions
(K < 1) and A < 0 repulsive (K > 1). The Heisenberg chain (A = 0) has

K=— Vg =

B.108
2 ? ( )

T
5 -
Finally, one can show that the correct bosonization expression of the spin operators are [42]

S*(x) = \/gaxqb(x)—)\Z(—l)jsin\/47rK¢(x), (B.109)
SE@) = Ap(—1)YeFVE@ (B.110)
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