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Abstract

We give an introduction to the two fundamental methods to solve one-
dimensional integrable systems: the Coordinate Bethe Ansatz and the Alge-
braic Bethe Ansatz. We focus particularly on two widely studied Heisenberg
chains: the XXX model and the XXZ model.

After that we present a brief overview on the quench scenario, which has
led in the last decade to a great progress in the field of out-of-equilibrium
physics.

The fundamental techniques devoted to implement the quench approach
are the Generalized Gibbs Ensemble (GGE) and the Quench Action (QA).

We treat in more details the GGE approach, based on the infinite set of
local conserved charges of an integrable system. Recently the GGE technique
has been improved, adding to the set of local conserved charges, the so called
quasilocal conserved charges.

We finally propose a way to construct a set of quasilocal charges for the
XXZ model in the gapless regime, through the so called Y-system, a hierar-
chic system of equations, which usually appears in the context of integrable
theories.



Abstract

Diamo un’ introduzione sui due metodi fondamentali per risolvere sistemi
integrabili in una dimensione: il Coordinate Bethe Ansatz e I’Algebraic Bethe
Ansatz. Concentriamo particolarmente la nostra attenzione su due catene di
Heisenberg ampiamente studiate: il modello XXX e il modello XXZ.

Successivamente presentiamo una breve panoramica nell’ambito del quench
(in inglese il verbo to quench significa spegnere), che ha portato negli ultimi
dieci anni a grandi progressi nel campo della fisica del non-equilibrio.

Le tecniche fondamentali usate per implementare I'idea del quench sono
I’ Ensemble di Gibbs Generalizzato e I’Azione Quench.

Affrontiamo con piu dettagli la tecnica dell’ Ensemble di Gibbs General-
izzato, costruito attraverso I’ insieme infinito di cariche conservate locali di
un sistema integrabile.

Recentemente la tecnica dell” Ensemble di Gibbs Generalizzato é stata
migliorata, aggiungendo all’insieme di cariche conservate locali, le cosiddette
cariche conservate quasilocali.

Proponiamo infine un procedimento per costruire un insieme di cariche
quasilocali per il modello XXZ nel regime critico, detto anche senza gap
(salto), attraverso il cosiddetto Y-system, ovvero un sistema gerarchico di
equazioni, che appare spesso nel contesto delle teorie integrabili.



Chapter 1

Introduction

From the exact solution of the Ising model by Onsager in 1944 up to that of
the hard hexagon model by Baxter in 1980, the statistical mechanics of two-
dimensional systems has been enriched by a number of exact results. One
speaks of exact models once a convenient mathematical expression has been
obtained for a physical quantity such as the free energy, correlation functions
or other features of the physical model. Linked to two-dimensional classical
models, one-dimensional quantum models such as the linear magnetic chain
and Bethe’s famous solution have certainly contributed to the understanding
of fundamental excitations in many-body systems and have signed the begin-
ning of a prolific branch of Statistical Mechanics: Integrable Models and the
technique used to solve them, such as the various Bethe Ansatz approaches
(Coordinate Bethe Ansatz, Algebraic Bethe Ansatz, Thermodynamic Bethe
Ansatz, Asymptotic Bethe Ansatz, Nested Bethe Ansatz). Related to Bethe
Ansatz a wide field of mathematical physics has been also influenced, i.e.
group theory. With the Bethe Ansatz, many-body dynamics can be reduced
to two-body dynamics. The many-particle scattering matrix is equal to the
product of two-particle ones. This leads to the self consistency relation for
the two-particle scattering matrix, which is the Yang-Baxter equation, the
central concept of exactly solvable models. The role of Yang-Baxter equation
goes beyond the theory of dynamical systems. It is very important in group
theory, particularly in quantum group theory, as we stated above.

Recently the study of the thermodynamics of integrable systems has at-
tracted a lot of attention, particularly the analysis of the time evolution of
the physical model. The quantum quench is a modern application of these
issues.

A quantum quench is an instantaneous change in the parameters that
determine the dynamics of an isolated quantum system e.g. the masses or
coupling constants of its Hamiltonian. From an experimental point of view



this is a feasible way to bring the system out-of-equilibrium and study its
evolution under the quantum mechanical laws, in isolation from the envi-
ronment. In particular, the scientific interest in quantum quenches started
growing after the experimental realization of global sudden changes of the in-
teraction in cold atom systems, a novel technology where quantum statistical
physics can be experimentally demonstrated and probed.

Due to the confluence of various features, these quantum systems are
in many ways near-ideal systems for the study of nonequilibrium quantum
phenomena. Firstly, quantum gases can exhibit a remarkably high degree of
isolation from environmental sources of decoherence and dissipation. Thus,
to an excellent approximation, during duration of experiments they can be
regarded as closed quantum systems. Further, the dilute nature of these
gases and exceptionally low temperatures result in long timescales of dy-
namical effects (typically on the order of milliseconds or longer) allowing
for timeresolved studies of nonequilibrium processes resulting from phase-
coherent many-body dynamics. Secondly, an array of techniques have been
developed to dynamically tune various parameters of the Hamiltonian gov-
erning these quantum gases. This has made it possible to realize various
prototypical nonequilibrium processes such as quantum quenches discussed
above.

From a theoretical point of view the problem consists in preparing the
system in a particular trial state, which is typically the ground state of
some Hamiltonian, and study its evolution under a different Hamiltonian.
Apart from being one of the simplest and well-posed ways to study out-
of-equilibrium quantum physics, quantum quenches also give rise to a fun-
damental long-standing open question of central importance in statistical
physics, the question of thermalization: how do extended quantum physical
systems tend to thermal equilibrium starting from an arbitrary initial state?
Of particular interest is the case of (1+1)-dimensions where a discrimination
between integrable and non-integrable systems is possible.

For generic systems it is expected that after a sufficiently long time they
reach a steady state in which the expectation values of some class of relevant
observables are described by a thermal Gibbs ensemble (canonical ensemble).
The choice of the class of observables generally follows the idea that they are
supported on subsystems which in the thermodynamic limit are infinitely
smaller than the rest of the system. The rest of the system can then act as
a heat bath, leading to thermalization.

Thermalization, however, is only expected to hold for systems with generic,
i.e. nonintegrable dynamics. Integrable models are models that exhibit fac-
torization of the scattering matrix and can be solved exactly. Their classical
counterparts possess as many integrals of motion as their degrees of freedom
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and this fact prevents thermalization of an arbitrary initial state, as not all
of the micro-states of equal energy respect the conservation of all other inte-
grals of motion. This property is also expected to hold at the quantum level.
In a seminal experiment it was observed that a trapped (1+1)d Bose gas,
initially prepared in a non-equilibrium state, does not thermalize but tends
instead to a nonthermal momentum distribution. The absence of thermal-
ization suggests as a possible reason the integrability of the system which
approximates a homogeneous (141)d Bose gas with point-like collisional in-
teractions, a typical integrable model, even though the confining potential
used in the experiment breaks the homogeneity and therefore integrability of
the system. This experiment triggered an intense discussion about the role
of non-integrability in the thermalization process. It was soon conjectured
that in an integrable case the system does exhibit stationary behavior for
long times, described however not by the usual Gibbs ensemble but a Gener-
alized Gibbs Ensemble (GGE) where new Lagrange multipliers, in addition
to temperature related to energy, are introduced into the density matrix, one
for each integral of motion, for accounting their conservation.

The GGE can be derived by applying the maximum entropy principle
under the constraint provided by the conserved local-charges, therefore the
idea is very natural in the framework of statistical mechanics. Most initial
studies of GGE were carried out in theories equivalent to free fermions or
by numerical studies of relatively small systems. More recently it became
possible to examine interacting integrable systems such as the 1D Bose gas,
the XXZ Heisenberg spin chain or field theories. The validity of the GGE for
interacting theories has been called into question by a series of recent studies.
A crucial step in this direction was the development of the Quench Action
approach, which provided an alternative way to study the time evolution
using the overlaps of the initial state with the eigenstates of the post-quench
Hamiltonian.

The different way of study quantum quench has suggested that the GGE
can describe better the out-of-equilibrium dynamics if it is enriched by a set
of quasilocal charges, in addition to the above mentioned local charges. In
this thesis we want to construct a set of quasilocal charges for the gapless
regime of the XXZ model, taking advantage of the relation (see papers of
Destri and de Vega written in the early nineties) between this model and the
sine-Gordon model. The point of contact of the two theories (observe that
one is a field theory and the other is a lattice model) is the Y-system, i.e. a
set of functional equations peculiar to integrable models.

In the first two following chapter we give a brief introduction to spin
chains and to Coordinate and Algebraic Bethe Ansatz, used to solve them.
In the fourth chapter we study with more details the technique of quantum



quench and we give some new recent advances in this field. The fifth chapter
is devoted to the description of how to define quasilocal charges and we give
some example on how to construct them. The last chapter contains our
attempt to construct a set of quasilocal charges for the XXZ model in the
gapless regime.



Chapter 2

Spin chains

2.1 A simple Heisenberg chain: the XXX model

2.1.1 Introduction to the model

The Hamiltonian of the Heisenberg spin-1/2 chain with N sites and periodic
boundary condition S;;y = S; is

N N
H= = Y8, Sua == Y |5 (558 + S:850) + iS50 - 2)
n=1 n=1

where S,, = 1/2 (0%, 0Y,0%), 0% are Pauli matrices acting on the nth sites
and S = ST +4SY are spin flip operators. Since for each sites the possible
spin configurations are only up and down and each S, acts on the nth site,
the Hamiltonian acts on the tensor product of N two dimensions Hilbert
spaces, which gives a 2V dimensions total Hilbert space. The basis vectors
which span the latter space are |oy...0x), where o,, =1 represents an up spin
and o, =] a down spin at sites n. For subsequent calculations it is useful to

see how ST operates on each site. Knowing that

N LT R

if we have two basis state | 1) = < (1) ) and | |) = ( (1J ) then

1
ST =0, ST =14, ST =35I,

STh=0  STD=11  SIh=-gll)  (23ab)
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The fundamental commutation relations (with & = 1) are

[2,52] = 45%6um,  [S5 5] = 25 0m. (23)

The Heisenberg Hamiltonian enjoys a rotational symmetry about the z-axis,
so that the projection of the total spin on this axis S* = Zan S? is conserved
and [H, S%] = 0. Since the magnetization is conserved it is useful to consider
separately sectors defined by the number of S* = N/2 — R, where R is the
number of down spins.

With these tools we can begin studying the model, starting from the
vacuum state, defined by all spins up and so R = 0. Giving |0) = | 11 ... 1)
and observing that from the the operators S;' S, and S, S\ | give
zero and that SZS?_ | gives —1/4 acting on the vacuum state, we have

J

The states in the sector R = 1, i.e. all spins up except than one, are

constructed from the vacuum state, using the lowing operator:

In) =S, 10), n=1,..N. (2.5)

However these are not eigenstates of the Hamiltonian, but we can obtain an
eigenstate by a linear combination of the latter states:

1 = ikn
¥ = 7 2, (2.6)

for wave numbers k = 27m/N,m =0,..., N — 1.
We proceed with the calculation of the eigenvalues of (2.6). We have

J L1 N
U {5 (S Shia 5 5) +5282+1] D870} = \/_Z ¢15710).

n=1 7j=1
(2.7)
We calculate separately each summand, using the fundamental commutation
relations:

N
> SES, S e|0) = Z S:STS,1e™0) +22 257 .e%m0), (2.8)

n,j=1 n,j=1

N
> SuStaS;et0) = Z S5 S5 Siae™10) +2ZS S0,

n,j=1 n,j=1 n=1

(2.9)
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N
S S SN0 = 3 88552, ) Zs 5210 =3 251 o).

n,j=1 n,j=1 n=1
(2.10)
Collecting all members we have

N
P A _ _ 2 qe
> 55 () 3 (505 + st + SHSW] K

n,j=1

N
J
+ ——= S2S— et 4 §- 62 ekt _ g-gz  eikn _ gzg- ekt
< /—N) ;[ +1 n+1 n+1 +1 M )=
1 N
E— Y *g5-10). (2.11
\/N; 10). (211)

Observing that S, and S, always commute, that S?|0) = 1/2|0), using
the periodicity of the chain and shifting the sums where it is necessary, we
obtain

Bo) + - (% + e~ 2) [y) = BJy), (2.12)

so that F = Ey + J(1 — cosk). The vectors (2.6 represent the so called
magnon excitations.

We now turn to the R = 2 sector, where a generic state can be written as

) = Z f(n1,n2)|n1, na), (2.13)

1<ni<n2<N

where [ny,n2) = S, S;,.[0), i.e. there are two down spins respect to the
vacuum state. In order to |¢)) being an eigenstate of the Hamiltonian we
will find a relation between the eigenvalue E and f(ni,ns). To this purpose
we don’t use directly the commutation relations, but we calculate how each
operator acts on the basis state. First of all we have to distinguish the case

in which the down spins are not adjacent and case in which they are. Taking

into account the (2.3a,b)) we have that

N
Y Sy Salma,ma) =

n=1

|m1,m1—|—2) imeI’n"Ll:l:l,
|mq + 1,mg) + |my,me + 1) otherwise.
(2.14)
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To justify the latter equation we see that the operator ) S!S, ., acts non-
trivially on |m, ms) only when n = m; and when n = ma, if m; and my are
not consecutive and only when n = m; + 1 in the other cases.

With similar argument we have

N .

—1 1 f = +1
E :S;S:+1|m1,m2> = I 1+ 1) 1 ] m T
n=1 ‘ml - 1,m2> + ]mbmg — 1) otherwise.

(2.15)

The Y SZSZ., operator gives a contribution —1/4 for each pair of mis-
aligned adjacent spins and a contribution 1/4 for all other adjacent pairs
spins. If the two down spins are not adjacent, there are four pairs of mis-
aligned spins; if the down spins are adjacent there are two such pairs. In this
way we deduced that

=2
N

1 . _
_ 5) |mi,m;+1)  ifmg=my 1, (2.16)

=
|

- (
Z S’ZSYZL+1|m17m2> = {( 4
n=1

— 1) [mq, my) otherwise.

’h‘

Now we want to find a relation between the eigenvalue E of |¢) and
f(n1,n2), so that |¢) is an eigenstate of H. To this aim it is convenient to
split the case of adjacent down spins from the others:

N

H|Y) = Z a(ny,n9)|ny, ng) + Zﬁ(nl,ng)m,n +1). (2.17)

na>ni+1 n=1

Demanding [¢)) to be an eigenstate with eigenvalue E is equivalent to
have:

a(ny,ng) = Ef(ny,ng) for ng>ng+1 (2.18)
Bn,n+1)=Ef(n,n+1). (2.19)

It follows that
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N
2 — — 2z Qz
_jH’w> = E f(nh 712) E (S;vl;sm—i-l + SmS:H-l + 2SmSm-I—l) ‘nbn?) =

na2>ni m=1

Z f(n17n2) (|n1+17n2>+|n17n2+1>+|n1_17n2>

no>ni+1

N -8
Hnl,ng — 1> + 5 |n1,n2>>

N
L—4
+3  f(non+1) (|n,n+2>+|n—1,n+1)+ 5 |n,n+l>)
n=1

= > flu—Lm)ln,na) + > fna,ny — 1ng, no)+

n2>ni na>ni+2
Z f(m -+ 1,n2)|n1,n2) -+ Z f(nl,n2 -+ 1)\n1,n2>
na>ni+2 n2>n1
N —28
+ Z 2 |n17n2>
ng>ni—+2
al L—4
+Y  flnon+1) <|n,n+2) 0= Ln+ 1) + = —|n,n + 1>) . (2.20)

n=1

where in the last step we shifted the first sum so as to get |ny, ns) in every
term. We now change the sums over n; and ny such that all these sums all
run over ny > ni + 1, remembering that it is necessary to subtract the terms
that we add in doing so and vice-versa.
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“ZHRY = S (= L)+l — 1) f + 1)t

na>ni+1
f(nl,ng -+ 1) + ?f(nl,nﬁ) |n1, n2>
N
+Y (fn—Ln+1)n,n+1) = f(n,n+ 1)n,n+2)
n=1
—f(n+1,n+2)n,n+2)+ f(n,n+2)|n,n+ 1))
N
3 fmn+1) (|n,n+2>+|n—1,n+1>+L;4|n,n—l—1))
n=1
= Y (flni—T1n) + flna,ne — 1)+ f(m +1,m5)+
no>ny1+1

R e (R S) IS

N
+) <f(n—1,n+1)—|—f(n,n+2)+#—Ff(n,n—i—l)) In,n+1).

(2.21)

Comparing the coefficients of this equation with «(nq,ns) and G(n,n+1)
and remembering the values of Fy we obtain

2(E = Eo)f(n1,n2) = J(4f (n1,m9) — f(ny — 1,n2) — f(n1,n2 — 1)—
f(ni+1,n2) — f(ni,na+1)) for mna>ni+1 (2.22)

and

20E—-Ey)f(n,n+1)=J2f(n,n+1)— f(n—1,n+1) — f(n,n+2)).
(2.23)

The trick to determine the coefficients f(n,ns) is due to Bethe and is

the first step to implement the so called coordinate Bethe Ansatz technique.
The idea is to make an attempt with

f(ny,ng) = Aellkimthanz) o A gilkinzthen) (2.24)
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With this ansatz the first condition on the eigenvalue E and f(n,ns) is
automatically satisfied by

E=FEy+J Y (1-cosk) (2.25)
j=1,2

which also gives a relation between the coefficients A and A':

A ] i(k1+k2) 1—-29 ik1

e rlmee (2.26)
A eilkiths) 41 — 2eth2

This relation can be put in the real form

0 k k
2 cot 5= cot 31 — cot 52, (2.27)
as is shown in Appendix A.
Imposing the periodic boundary condition f(ni,ns) = f(ng,ny + N), we
derive the relation between the phase 6 and the momentum k; and ko:
eiklN — eig eing — e—iG‘ (228)

)

Taking the logarithm of the last equations and taking into account the
polydromicity of complex logarithm, we obtain the fundamental form of the
Bethe equations:

N]{/’1:27T]1+07 Nk2:27T12_07 (229)
where [; = {0,1,..., N — 1}.
The total momentum of this state is
2
K=k +ky= W(h + I). (2.30)

This state can be interpreted as the interaction of two magnons with mo-
menta k; and ko and phase shift 6. Since the momentum can have real or
complex solutions, the magnons either scatter off each other or form bound
states.

2.1.2 The generic solution

The case with generic R overturned spins is a generalization of the case
R = 2, so the first step is writing the state of the system as

Wy= > f(n,.ng)lnn, o ng). (2.31)

1<ni<..<np<N
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Knowing the ansatz for two overturned spins, we can use the following
expression for the coefficients f(ny,...,ng):

f(ny,....,ng) = Zeizﬁlkpinj+%zl<j9(k7’l’k7’ﬂ'), (2.32)
P

where the sum extends over all R! permutations P of the assignments of
momenta to each overturned spin and where we introduce the antisymmetric

phase shift 0(k;, k;) = —0(k;, k).
The energy eigenvalue becomes

R
E=FEy+J)» (1-cosk). (2.33)

J=1

From the consistency equations for the coefficients f(ng,...,ng) the phase
shift is related to momenta as

i0(kj,ky) _
€ o= eilki+k) 4 1 — 9¢iki (2.34)
or equivalently
0(k;, k k; k
2c0t% :cotgj —cotEl, j,l=1,....,R. (2.35)

The periodic boundary condition f(ny,...,ng) = f(ng,..,ng,ny + N)
allows to write the Bethe equations

Nkj =27L;+ Y 0(kj, k), j=1,..,R, (2.36)
1#]
where I; € {0,1,...,N — 1}.
Now it is convenient to parametrize the momenta in a different way,
introducing the rapidities A;:

k.
cot EJ =\ (2.37)

or using the complex representation of cotangent and the identity arctan(x)+
arcot(z) = m/2

k.:

J

1 Pt
A In Aj +Z, = —01()\)), (2.38)

j—l

where
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0,(\) = 2arctan % (2.39)

The energy and the momentum £ of an individual magnon are

1. A+

po(A) = - — =k, (2.40)
dk 2J

The subscript 0 reflects what we will call 0-complez in the next subsection.

2.1.3 String hypothesis

Now we want to analyze the interesting advantages of using the rapidities
parametrization. Using the complex representation of cotangent and knowing
that cot(6/2) = (A — A\2)/2, in the R = 2 case the (2.29)) become

MA\Y A =N+ 2i

_ M T AT A 9.49
()\1—@') A — Ay — 2 (2.42)
Mo i\ Ny — A2

Lz Aars 9.43
()\2—2') Do — A\ — 2i (2:43)

If Im(\) # 0, the left hand side (LHS) in the first of the preceding
equations grows (or decrease) exponentially in N. Therefore in the thermo-
dynamic limit the LHS is strictly zero or infinity and the right hand side
(RHS) has to do the same. So we must have

Al — Ay = +21 — )\1,2 =A=xz. (244)

The energy and momentum of this state are:

, . 1. A4+
pr2(A) = po(A +1) +po(A =) = —In~——- =k, (2.45)
‘ _ dk 4] J
61/2()\) = 60()\ ‘I‘Z) + 60()\ - Z) = —Ja = )\2—_'_4 = 5(1 — COSpl/Q). (246)

For R > 2 the Bethe equations become in terms of rapidities

N N R .
. _ 9
(AJH) :HM (2.47)

N —i e N = A2
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Now we assume that the so called string hypothesis is valid, i.e. the
complexes solutions of the Bethe equations are organized into complezes (or
strings) of 2M + 1 rapidities characterized by the same real value A, and
different, equidistant, imaginary parts. M can assume half-integer values
0,1/2,1, ... and rapidities have the structure

MM — X\ + 2im, m=—M,—M+1,...M—1,M. (2.48)

Denoting by v, the number of comlexes of length M, a state with a given
magnetization satisfies

R=> (2M + 1)vy. (2.49)

The energy and momentum of a M-complex are obtained by summing
over all rapidities within one string. By construction there are a lot of can-
cellations and the two quantities have a simple form:

al 1 Ay +i(2M +1)

Aar) = Aag + 2im) = =1
) = D polwr +2im) = - P —i(2M + 1)

=T = (92M+1<)\M)7

m=—M
(2.50)
al 2J(2M + 1) J
err(Anr) m_Z_M eo( Ay + 2im) N+ M 1E  2M 1( cos par)
(2.51)

Since we can interpret each rapidity as a particle and since rapidities are
strictly connected with phase shift we can obtain scattering matrix elements
through simple products. The scattering matrix element of a M-complex
with a single magnon (0-complex) can be obtained considering the scattering
of each particle with the magnon in order to fall in the case R = 2 and use

both value of A\; 5 as in (2.44). So we have

M

So.m(Ao—An) = Som(A) = H

m=—M

(A +14) + 2im + i ﬁ (A =)+ 2im +i
(W +i)+2im—i AL (N=4) 4 2im i
N+ 2IM A+ 2i(M +1)

_ . (2.52
A —2iM X —2i(M +1) (2.52)

For the scattering of two complexes of length M and M’ as written in the
lectures of Faddeev [5] we have
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M+M

S (A) = H So..(N). (2.53)

L=|M—-M'|

Now we want to describe the system in terms of the number of complexes
vy for each type M and by the real part of the j-th complex of length M
A, where j = 1,...,vp. Rearranging the (2.47)) in terms of complexes we
can write

M
el — H H SM,M/(AMJ - /\M',j/)7 VM;5=1,..,vm.
M 4

(M5 A(M.g)
(2.54)
Taking the logarithm of the latest equation, introducing the (half-)integer
(according to the value of M) quantum number ), ; due to the polidromicity
of logarithm and making use of the already known identity

] .
;lnf\\i—zz :W—Qarctan% =7 —0,(N), (2.55)
we have
Nborrsi(Aarg) =2l + D> Oaar Qarg — Ay ), (2.56)
(M’ 5")#(M.j)
where
M+M
O V) = D (62N + bari2(N)), (2.57)
L=|M-M'|

and L = 0 is intended to be excluded.

In string hypothesis each state is thus characterised by the number of
complexes vy and the Bethe numbers ), ;. However not all quantum num-
bers are allowed. In fact since the chain is limited and is a one-dimensional
lattice the momenta are constrained within a Brillouin zone. In particular
an infinite rapidity A3 = oo corresponds to a momentum at the edge of

Brillouin zone and defines a natural bound for the quantum numbers. Since
arctan(4o0) = +m/2, inverting (2.56)) we have
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0o Z . / 1 N
M’ #M

The presence of min(M', M) is due to the absolute value in the subscript
of the sum in (2.57). The second term in RHS is obtained by considering
the sum on j with M = M’ (1/(27)0pp(00) = 1/2r M (m+71) + 7 =
2M +1/2) and since j # j we have vy, — 1 terms. Since adding a M-complex
shifts this boundary by 1/(27)60,(00), the maximum quantum number that

characterizes a finite rapidity, before it joins the rapidities at the edge, is

e oo 1 1\ N-1 ,
IM :I](\J)_(2M+§_§):T_Z‘](M7M>V]VI/’ (259)
M/

where

JOMLM) = 2min(M', M)+ 1 if M # M,
’ | 2M + L, if M =M.

and where the additional shift 1/2 in takes into account that adding
a rapidity shifts the Bethe numbers from integer to half-integer and vice-
versa.

Since the inverse of the tangent is an odd function, we have that

(2.60)

I3 = —in, (2.61)

which implies that the allowed Bethe numbers (we call them vacancies)
for a M-complexes are

Py =205 +1=N =2 J(M,M v, (2.62)

M

2.1.4 The Anti-ferromagnetic case: J = —1

To study the anti-ferromagnetic regime we have to find firstly the ground
state which is intuitively different from the completely polarized ground state
of section [2.1.1}] The ground state is obtained by putting the spins alterna-

tively up and down, so that S* = 0 and R = N/2. From (2.49) the ground
state configuration must be composed only by 0-type complexes, i.e.

N
W=7 vy =0,M >

> . (2.63)

DN | —
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The number of vacancies are

N
which equals the number of particles. Hence

—E+l<1 <E—1 (2.65)

e ) '
Excited states over ground state are constructed by progressively taking
away particles from it and moving them into complexes, i.e. we will charac-

terised the excited states by x with

N
v =5 k. (2.66)
For x = 1 we cannot add any complexes (we can not overcome R = N/2)
and so we have R = N/2—1, which implies S = 1. The number of vacancies

in this case is

1 (N N
Pp=N-2-(%=-1)=%+1 2.
0 2(2 ) 2 (2.67)

which exceeds the number of particles by two. This means that Bethe
numbers of a state in this sector are all the allowed quantum numbers but
two and the choice of this two holes characterizes the state.

For k = 2 we have two possibilities: we can keep vy = 0 for M > 1/2
and have a state with magnetization S* = 2. The second possibility is to
have vy, = 1 and vy = 0 for M > 1, so that R = N/2 and 5% = 0. The
vacancies are

1 /N 1 N
Phb=N-2--|—-2])-2 — | == 2.
0 s (5-2) -2 (o) =5 o

1 /N 1 11
Po=N-2.-[2_9 —|=-2J=,=])=4-3=1. 2.
s 2(2 >J(o,2) J(M) 3=1 (269)

The number of vacancies for quantum numbers allows for two holes, while
there is no freedom for the 1/2-complex, whose state is therefore fixed.
For generic k, we can have configurations with

N 1 N
I/OZE—H, VMZO,MZ§:>R:§—/€, (270)
with By = N/2 + k vacancies, which give rise to 2x holes and a total
spin S* = k. In addition to these solutions, we can have states with smaller

magnetization and an increasing of complexes.



2.1. A SIMPLE HEISENBERG CHAIN: THE XXX MODEL 19

We now analyze the states with x = 0, 1.
Starting with x = 0 and assuming that N/2 is odd for we have for the
ground state

N 1 N 3 N 1
Ly, =7 = ——+ -+ =, — . 2.71
0,5 7 J 4 + 27 4 + 27 ) 4 9 ( 7 )
The equation (2.56|) becomes
‘ 1 Aj— A
arctan ), :W%Jrﬁgarctan( ] 5 k) (2.72)

Taking the thermodynamic limit N — oo, the variable z = j/N becomes
continuous and limited in the range —1/4 < x < 1/4. Thus turning the sums
into integrals and the roots A; into functions of x the preceding equation
becomes

1/4 A\ — A
arctan A(z) = mz + / arctan (M) dy. (2.73)
~1/4

Performing a change of variables © — A(z), so that the (2.73) depends
directly on rapidities and their density po(\) = % and differentiating (2.73)
with respect to A we obtain a linear integral equation for the density po()):

1 1 1 [ 2
AN)=——F——— —_ dpu. 2.74
W = 2= | G (2.74)
This integral equation can be solved by Fourier transform:
po(w) = / e X po(N)dA. (2.75)
Using
! / R SR G (2.76)
7] A2 + n? ’

which is obtained by residues theorem and the appropriate choice of the
path integration according to the sign of w, the integral equation reduces to

Po(w)(1+ &) = el — o) = %sech(w). (2.77)

This yields

I 1
- w do = ——. 2.78
po(w) s /Oo ¢ po(w)de 4cosh(—”2’\) ( )
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The momentum and the energy of the ground state are then

K= N/OO Po(N)po(\)dA = gN, (2.79)
E = Eo+ N/OO es(Mpo(N) = N G “n 2) | (2.80)

For the case kK = 1 we use again the continuous form of the Bethe equa-
tions, but we have to take into account that there are two holes. We can
suppose that the empty quantum numbers are j; and jo:

loj =7+ 0u(j— 1) +0u(j — j2), (2.81)
where
1 ifz>0
0 = - . 2.82
(@) {o if <0 (2.82)

The integral equation for the density, which we call p; for this case be-
comes

1 [ 2 1 1 1
pLt— /_Oo mpl(u)du VIl N (O(A = A1) +6(A = A2))
(2.83)

where A; o are the images of x; = j; /N x9 = ja/N under the map x —
A(z). Using once more Fourier transform we can obtain the momentum and
the energy of the state:

K= N/Oo Po(N)p1(N)dA = gN Fh(M) +R(N),  (2.84)

where

A
k() = arctan sinh(%), e(\) = #h(”—’\)' (2.86)
2

Combining the expressions of €(\) and k()\), we obtain the dispersion
relation of these excitations from the ground state:

(k) = Z cos k, —

<k<
5 SRS

. (2.87)

ro| 3
bo| 3
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2.2 XXZ chain

The Hamiltonian of the XXZ model is similar to XXX Hamiltonian, but for
the introduction of a degree A of anisotropy along the z-axes. We also add

a term, which takes into account the presence of an external magnetic field
h. We have

N N
H=-J> B (S} Sy + S, S41) + Asgsgﬂ] —2hn) Si (2.8
n=1 n=1

with the analogous conventions and symbols of the XXX chain.

We proceed following the steps as for the preceding model. We define
a magnetization S* = 25:1 SZ, which is conserved since it commutes with
the Hamiltonian. The reference state |0) with all spins up (S* = N/2) is an
eigenstate of H with eigenvalue

JA
Ey=— (T + h) N. (2.89)
As already done we can write the generic state with R spin-flips as
i) = > fna,ng)ng, . ng). (2.90)
1<ni<..<np<N
with
n1,...,ng) = S, ...5,,10). (2.91)
The ansatz for the coefficients f(ny,...,ng) is again
F(na, o nm) = Zeizﬁlkmnﬁ-%zlgé(kpz,km), (2.92)
P

where the sum is over the R! permutation P of momenta k;.
The wave function with these coefficients is an eigenfuntion of H with
eigenvalue

R
E=FEy+ (JA+2h)R — ZCOS k;, (2.93)
j=1
if the phase shift O(k;, k) satisfies
Oy by €T 1 — 28

e (2.94)

eilkitR) £ 1 — AQeiki
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We can redefine the phase shift for later convenience as

@(k’j, kﬁl) = @(k’j, k‘l) — . (295)
By imposing boundary conditions we obtain the Bethe equations
R
kN =2rl; =Y O(kj, k), j=1,..R, (2.96)
1]

where f] are integer or half-integer.
Now we introduce the rapidities )\; to parametrize the momentum £;:

. ¢ - . ~
A sin (A +1¢ . ,
etki — M, or cot @ = coth ?tan (ﬁ) . (2.97)
sing (% — i) 2 2 2

The parameter ¢ (which is renamed ~ in a particular case as we see right
now) depends on the value of A:

e Uni-axial ferromagnet (gapped regime) A > 1: A = cosh ¢
with 0 < ¢ < o0;

e Planar paramagnet (gapless regime) |A| < 1: A = —cos~y
with 0 < v < m;

e Uni-axial anti-ferromagnet A < —1: A = —cosh ¢ with 0 < ¢ < .

The cases A = +1 recover respectively the ferromagnetic and
anti-ferromagnetic regimes in XXX model.
With A = cosh ¢ the Bethe equations become

R
NOy(Nj) =201 + > 01(A — \), j=1,..,R, (2.98)
I#]

where A\ = ¢5\ and

A
0,(\) = 2 arctan (Coth %b tan 5) . (2.99)
In terms of rapidities the energy is given by
R
E=FEy+2hR+ ) e(\;), (2.100)

j=1
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with 2 ;
. Jsinh®¢ d
e\ = R ——— J sinh gzﬁd/\p(/\) (2.101)
and
p(A) =0:(\) = k. (2.102)

2.2.1 Uni-axial ferromagnet

For this regime we can introduce again the string hypothesis to group complex
rapidities. So we assume that each solution of Bethe equations belongs to a
M-type complex of rapidities:

A = Au + 2i(M — 5)o, j=0,..,2M, (2.103)

with Ay € [—m, 7.
Regarding each complex as an elementary excitation, its momentum and
energy are:

Zl sin £ (Aarj + i) 1l sin(Ay +i(2M +1)9)
—1n )
= sing YAy —i9) i sing(Ay —i(2M 4 1)9)
(2.104)
sinh? ¢ sinh ¢ sinh[(2M + 1)¢]
(A = 2.1
) JZ < cosh ¢ — cos Ay Jcosh[(QM +1)¢] — cos Ay’ (2.105)
which combined give the dispersion relation
sinh
ext(par) = ¢ (cosh[(2M + 1)¢| — cospar) - (2.106)

sinh[(2M + 1)¢]

In the thermodynamic limit, the centers (real part) of each type of com-
plex become dense on the interval [—7/2,7/2] (with another convention for
the interval of A\j/) and their distribution can be described by a set of conti-
nous densities p,,(A), where m denotes the M-complex, together with a set
of densities for the corresponding holes p (\). It can be seen (as exposed
in the famous monograph of Takahashi [26], that these densities satisfy the
equations (known also as Thermodynamic Bethe Ansatz TBA equations)
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[e.e]

P+ Py = am(A) — Z(amn * Pn)(A), (2.107)

n=1

for m > 1, where the convolution is defined by

/2
(P9 = [ dufO— woln). (2.108)

—7/2

The kernels are

Umn(A) = (1 = 0pmn) @m—n|(A) + 20)m—n|+2(X) + ... + 2msn—2(A) + dmpn(N),

(2.109)
with
1 2 sinh(mg)
m(A) = — : 2.110
am(A) 27 cosh(me) — cos(2N) ( )
A convenient rewriting of (2.107) is in the form
Pm(1+ 1) = 8% (Mm-1Pm—1 + Mmt1Pmt1), (2.111)

for m > 1 and where n,, = p” /p,. As convention we put 7o = 1 and
po(A) = 0(A).
The kernel s()) is

1 e—?ik)\

s() = o —~ cosh(ko)

(2.112)

Taking into account the definition of 7,,(A) and using the Euler formula
for trigonometric functions in order to use only positive integers in the sum

of s(A\), we obtain another useful form of (2.107)), i.e.

pm(l + nm) = 6k,1d + dx (pZ@fl + pgm+1>7 (2113)
where
=L cos(2n))
dN)=1+2 —_—. 2.114
() * Z cosh(¢n) ( )

n=1
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2.2.2 Planar paramagnet

For this regime the parametrization of momenta is
k(X) = 61(\) = 2arctan (cot (%) tanh (3)), so that real rapidities generate
real momenta constrained on the interval [— (7 —~), 7 —~]. Momenta outside
of this interval are allowed, provided for rapidities of the form \ + ¢7, with
A real.

Proceeding as in XXX model, for the ground state we obtain an integral
equation

I 1
— — = — 2.11
N+ 5 [ KO- s = 3600, (215
where
d B sin(27)

KN = —-0:(0) = (2.116)

and A is a parameter which tends to infinity if the external magnetic field
h is zero. Therefore we have

cosh A — cos 2’

N A
g =N _ N/ VA, (2.117)
2 “A
A
B F— N/ eo(N)po (AN, (2.118)
—A
Ath=0
1 TA
— —sech | — . 2.11
) = gosect (37 (2.119)

The excitations from the ground state are created by removing x real
rapidities from the ground state itself, generating two holes (spinons) among
the allowed vacancies. At h = 0 the contributions of spinons to total mo-
mentum and energy are

A wsin(y) 1
k(\) = arctan —, A)=J , 2.120
) 2y ) 27 cosh g—;\ ( )
which give the dispersion relation
msin(7y)
e(k) = J2— cosk. (2.121)
Y

Additional excitation can be generated by placing some of the x rapidities
removed from real axes on the ¢7 axis. We do not enter into details for this
case.



26 CHAPTER 2. SPIN CHAINS

String solutions are also allowed for paramagnetic phase, but their treat-
ment is a bit tricky, so we give only the principal results. The rapidities
are

Mrj = Mg+ ——r +2(M =)y, j=0,..,2M, (2.122)
where n = =1 is called the parity of the string. The energy and the
momentum of an M-complexes are

1. sinh2 (i(2M 4+ 1)y — Ay —i47
pu(Anr) = < In— §(< ) = )
i sinhi (i(2M + 1)y — Ay + i527)

: (2.123)

sinysin[(2M + 1)7]
ncosh Ay — cos[(2M + 1)~]

2.2.3 Uni-axial anti-ferromagnet

For h = 0 the ground state has zero magnetization and is given by N/2 real
magnons satisfying the Bethe equations. Energy excitations are 2x spinons
generated by removing  rapidities from ground state. Each spinon con-
tributes with energy

inh
e(k) = b+ 7 1T =R eos (2.125)

™

where I(k) is the complete elliptic integral.



Chapter 3

Algebraic Bethe Ansatz

In this chapter we analyze the Algebraic Bethe Ansatz (ABA), one of the
tools of the so-called Quantum Inverse Scattering Method, which is used to
solve integrable systems. We proceed constructing the fundamental elements
of ABA, which resemble some aspects of classical inverse scattering, taking
as a constant example the XXX model. From now on we use the follow-
ing Hamiltonian for the XXX model, which differs from that used in the
preceding chapter, only for a factor 1/4 and for imposing J = —1:

H= (J,fa,fH + cr,’Za,ZH + U;U;_H) , (3.1)

N
k=1

where

oy =1®.00°®..0I1 (3.2)

are 2V x 28 matrices and o® are 2 x 2 Pauli matrices.

3.1 Monodromy matrix and transfer matrix

Let be T'(u) a 2 X 2 matrix, whose entries are operators which act on some
Hilbert space ‘H. We call it monodromy matriz. It is usually denoted as

Atw) B
0= (2 D) .

We demand that T'(u) satisfies the following relation

R12(U — U)Tl (U)TQ(U) == TQ(U)Tl (u)ng(u — U), (34)
where R(u — v) is the solution of the YB equation found in appendix |B]:

27
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u—v+ec 0 0 0
0 U—0 c 0
R(u—v) = 0 e u—w 0 (3.5)
0 0 0 Uu—v+c

The relation above takes sense in the tensor product V; ® V5 ® H, where
Vi ~ C% Ris(u — v) acts non-trivially in V; ® V5, while T}, acts non-trivially
in Vi ® H. In this way the (3.4) can be seen as a relation between 4 x 4
matrices:

Ru—v)(T(u) @I R T(u) = (I T(u))(T(u) @ )R(u —v). (3.6)

Writing explicitly the components of matrices in (3.6, i.e.

R(u — v)"H = (y — 0)§7k§%8  cs7P ke, (3.7)
(Ta(w)™% = T7(u)o*”, (3.8)
(Ta(0)) %7 = T ()6,

we obtain the commutation relations for the monodromy matrix’s entries:

C

[T (u), T (v)] = (T% ()T (u) = T (u)T"(v)). (3.10)

U—v

We deduce immediately that [T%(u), T%(v)] = 0, i.e. that each operator

commutes with itself. This property will arise again in the frame of Algebraic
Bethe Ansatz, as we will see later on.

Turning to (3-4), multiplying it for Ry, (u — v) from the right, taking the

trace with respect to V; ® V5 and using the cyclic property of trace we obtain

trioTh (u)To(v) = trigTa(v) T (u). (3.11)

Since the trace of a tensor product is the product of the traces, we have

T ()T (v) =T )T (u), (3.12)
where

T (u) =trT(u) = A(u) + D(u). (3.13)

T (u) is called transfer matriz and should be intended in the sense of an
operator.
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Now the question on which is the form of T'(u) is essential. Remembering
the YB equation, we note that R-matrix itself satisfies (3.4). Indeed from
ng(u - U)ng(u — W)Rgg (U — w) = R23(U — w)ng(u — w)ng(u — U), (314)

we can say that T'(u) = R(u — v). In this case we consider H ~ C? and
as usual V;, ~ C2. Setting w = ¢/2

U — g 0 0
c 0 u— £ c 0 u—+ 0% co”
_ 2\ = 2 — 2

R(u 2) 0 c u— 3 0 ( cot U — g) , (3.15)

0 0 0 u+g

where 20F = 0% 4+ i0¥Y. Thus we can set

 (u+ gaz co~

T(u) = ( T3 gaZ) . (3.16)

This observation indicates a way to construct a more general form of
monodromy matrix.

Let V1 ®@Vo®H, and V) ® Vo ® Hy, two triple tensor product spaces, where
Vi, ~C2% k =1,2. Let be A;, and B, two matrices, acting non-trivially only
on Vi ® H, and Vi ® H, respectively. With these notations we demonstrate
a useful proposition.

Proposition 3.1.1. If both matrices A and B satisfies (3.4)

ng(ul — Ug)Al (Ul)AQ(Ug) AQ(UQ)Al (ul)R12(U1 — Ug), (317)
ng(ul — UQ)Bl(U1>BQ(U2) = BQ(UQ)Bl(Ul)ng(Ul - UQ), (318)

then their product AB also satisfies (3.4)).
Proof. Substituting the product AB in the lhs of (3.4) and knowing that

matrices which act in different spaces commute we have

R12(u1_UQ)Al(ul)Bl<ul)A2(u2)BZ(u2) = Rl2(U1—U2)A1(Ul)A2(U2)Bl(U2)B2(U2)-
(3.19)
Thanks to (3.17) we can move Rja(u; — ug) to the right, so that

ng(ul—UQ)Al(Ul)Bl(ul)Ag(Ug)BQ(UQ) == AQ(UQ)Al(Ul)BQ(Ug)Bl(UQ)R1(23<I;10;U,2).
Swapping A;(u;) and By(us), we obtain .
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R12(U1—U2)A1 (Ul)B1(U1)A2(U2)B2(U2) = AQ(U2)32(U2)A1(U1)B1 (U1)R12(U1—U2)-
(3.21)
L]

Consider now the space H as the tensor product V1 ® ... ® V,, ® ... ® Vy,
where V,, ~ C2.
We can construct the Laz-operator (L-operator) L,(u) as follows:

Lo(u) — (“+ 9 oo ) | (3.22)

coy u— 3o,

where the o2 are defined as in ([3.2)). We note that each entry of L-operator
acts non-trivially only on V,,. Since L, (u) has the same form of 7'(u) in (3.16)),
its matrix elements certainly satisfy the commutation relation , so that
for each L, (u) (3.6) is valid

R(u—v)(Ly(u) @ )(I® L,(v)) = (I® Ly(v))(Ln(u) D R(u —v). (3.23)

We define the monodromy matrix as follows:

T(u) = Ly(w)...Ly (u). (3.24)
Applying several times the proposition we deduce that T'(u) enjoys
equation ({3.6)).
Now we show that from ({3.24) it is possible to derive the XXX model’s
Hamiltonian. First of all it is convenient to write the Hamiltonian in the
following equivalent form:

N
H=2) Pgyn— NI (3.25)

k=1
where [ =1 ® ... ® 1, 1 is the 2 x 2 identity and P is the permutation
operator defined in Appendix [B] This can be shown, noting that the operator

hik1 = Ok 0%y + 040} + 0505 (3.26)
acts non-trivially only in Vi ® Vi1, so that it can be express as a 4 x 4
matrix

hkk+1 = == 2Pkk-+1 - ]_ ® ]_ (327)

oS O O =
ro |
—_
Lo
—_
— o O O
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We prove that the Hamiltonian of XXX model can be obtained from the
transfer matrix of the monodromy matrix (3.24)) by the following formula:

dT (u)

H=2
Cdu

T *u)| —N. (3.28)

u=

2

From the definition it is clear that each matrix element of 7'(u) acts in
H=V®..®Vy. But the monodromy matrix is itself a 2 x 2 matrix, which
acts in a space C?, which we indicate with V{ and call auziliary space. So
T(u) acts in Vo ® V) ® ... ® Viy and the operators L, (u) acts nontrivially in
Vo ® V.. Since Ly (u) = Rop(u — §), then

T(u) = Ry (u - g) .Ro; (u - g) (3.29)

and so

T (u) = trg <R0N (u — g) .Rp1 (u — g)) . (3.30)

Taking into account that Rox(0) = c¢Pok, we have

- o (B (5 5) (- 5)

N
= CNil Z t?“o (PONRE)};;(O)POl)

k=1

N
= NNt (ng(O)POk,l...POkH> . (3.31)
k=1

dT (u)
du

_c
u=3

_c
=2

Here we used the cyclicity of the trace and we intend Py = Poy and Pyyy1 =
Py. This means that trace operation automatically provides with periodic
boundary condition.

Multiplying from the right the product in the trace for P021<;+1 and using
the fundamental property of permutation operator we obtain

N
= N1 Ztro (R;{,Hl(O)Pk+1k71~--Pk+1k+2P0k+1> : (3.32)

U=z k=1

dT (u)
du

Since only Pyr41 acts in V4 and its trace on it gives one (the identity in
the space Vi11), we finally obtain (R, ;(0) = 14y4)
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dT (u)
du

c

N
=Y Pkt Pesinse. (3.33)
u=3 k=1

2 =

To calculate the transfer matrix at u = ¢/2 we repeat the same calculation
made above. We have

c

T (5) = N Py Pepir—1---Pry ks, (3.34)
where the k, i.e the space V}, we have chosen, is uninfluential, because

P, is always idempotent for all ¢ and b. The idempotency and the relation
(AB)™!' = B~'A~! allows also to write

1 /(C _
7- ! (5) =cC NPk+1k+2...Pk+1k_1Pk+1k. (335)

Multiplying the derivative of the transfer matrix by the inverse of transfer
matrix and using the same index k (it is arbitrary) between each term of the

sum in (3.33) and the (3.35), we finally obtain

_ dT (u)

u

N
=2 Pus1, (3.36)
=3 k=1

which is the Hamiltonian of XXX model up to a constant proportional to
the identity.

3.2 Implementation of Algebraic Bethe Ansatz

The first step to define the ABA method is to determine the Hilbert space
‘H on which the entries of the monodromy matrix act. The fundamental and
physical requirement is that it is provided with a vacuum vector |0) so that:

A(u)|0) = a(u)|0), D(u)|0) = d(u)|0), C(u)|0) =0,  (3.37)

where the eigenvalues a(u) and d(u) are general functions of u. The action
of operator B(u) on the vacuum allows to generate all the space H.
Now a proposition is very useful.

Proposition 3.2.1. Let the monodromy matriz T'(u) be given as in (3.24),
and every Lax-operator have the form

. an(u) /Bn(u) _
Ly(u) = (%(u) 5n(u)) , n=1,.,N. (3.38)
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Assume that there exists a vacuum vector |0) such that

an(u)|0) = @, (u)]0), On(w)[0) = ba(uw)[0),  Am(w)]0) =0,  n=1,.

) (3.39)

where &, (u) and 6,(u) are functions of u. Then the eigenvalues of the
monodromy matriz diagonal entries are

a(u) = [ an(uw), d(u) = ] on(w). (3.40)

Proof. In order to prove this statement, it is convenient to decompose the
Lax-operator as the sum of two terms: L, = L} + L, , where

L) = (“”é“) ?:EZ))) L) = (%‘()u) 8) (3.41)

Using the standard product between matrix, the monodromy matrix takes
the form

T=(LLi+Ly) (L +L])=Ls. . L +K=T"+K. (3.42)

The term K collects the sum of all terms, that contains at least one
L, . The action of any matrix elements of K on the vacuum vector is zero.
Indeed, it is easy to see that due to the form of L, each entries of K is a
linear combination of products which contains at least one 7, (u). Since the
entries of Lax-operators with different index n commute with each other, it
is always possible to move a 7, (u) to right, so that acting on the vacuum it
gives zero.

It follows that if

T* (u) = <0+(u) D+(u)’) (3.43)
then

A(u)|0) = A™(u)[0), B(u)[0) = B*(u)|0),

Using induction and the fact that L} is an upper triangular matrix, we
obtain the matrix elements of T (u):
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At(u) = [ en(u), (3.45)

D*(u) = [] 6u(w), (3.46)

C+_(u) =0, (3.47)

Bt(u) =) ( 11 an(u)> Br(u) (1:[ 5n(u>>, (3.48)

where in the last expression when the index n is N + 1 or 0 it is intended
that the relative factor is absent.

So the proposition is proved.
m

Now our purpose is to study the eigenvectors of the transfer matrix, in
order to find also the eigenvectors of the Hamiltonian, since, the transfer ma-
trix generates the integral of motion of the model, included the Hamiltonian.
This can be seen in an easy way.

Expand 7T (u) in power series over some point ug

T(u) =Y (u—up)L, (3.49)
k
where [}, are some operators acting on H. Then taking the kth derivative
over u and the nth-derivative over v at u,v = g in the equation (3.12)), we
find that all the operators I, commute

1., I,] = 0, Yk, n. (3.50)

So we a have an infinite set of operators which commute and fixing one of
them to be the Hamiltonian, we can construct an integrable model.
Returning to the ABA we now set some notations and conventions. First
of all we introduce the functions
uU—v+c c
f(u,v) = B and g(u,v) = o (3.51)
and we write the R-matrix of XXX model in the form

f(u,v) 0 0 0
Rwv) =T+ ——P=| | g(ulw) S (3.52)
0 0 0 f(u,v)
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This expression of R-matrix differs from that written before for a factor
u — v, but it is evident that the YB equation remains valid if we multiply
both members for the same factor. In addition in what follows we will see
that all steps do not depend on the explicit form of functions f(u,v) and
9(u,v).

We denote sets of variables by a bar: @ = (uy,...,u,). In this way we
can adopt a shorthand notation for products. If an operator or a function
depend on more variables, we write their arguments with a bar above. For
example

Am) = ] Alwy), a(®) =[] Alvy). (3.53)

Uj EU V€V

If we want to exclude a variable from the set we write uy = (uq, ..., u,) \ug.
So for the products we have for example

B(uy) = | [ B(uy), fe, o) = [ flvev0). (3.54)
U; EU v; EV
i#k i#k
Finally a product over the empty set is intended to be equal to one.
Now we write the sixteen commutation relations between monodromy ma-

trix entries (some of them are related to each others), which derives directly
from equation (3.6) and using the expression (3.52)) for R-Matrix:

[A(u), A(v)] =0, [B(u), B(v)] =0
[C(u),C(v)] =0, [D(u), D(v)] =0, (3:55)
[A(u), D(v)] = g(u, v)(C(v)B(u) = C(u)B(v)), (3.56)
[D(u), A(v)] = g(u, v)(B(v)C(u) = B(u)C(v)), (3.57)
[C(u), B(v)] = g(u, v)(A(v)D(u) — A(u)D(v)), (3.58)
[B(u), C(v)] = g(u, v)(D(v)A(u) — D(u)A(v)), (3.59)
A(v)B(u) = f(u,0)B(u)A(v) + g(v,u) B(v) A(u), (3.60)
B()A(w) = Flu,0) Aw)B() + g(v, ) AW)B),  (3.61)
D(v)C(u) = f(u,v)C(u)D(v) 4+ g(v,u)C(v)D(u), (3.62)
C(v)D(u) = f(u,v)D(u)C(v) + g(v,u)D(v)C(u), (3.63)

A(u)C(v) = f(u,v)C(v)A(u) + g(v,u)C(u)A(v), (3.64)
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C(u)A(v) = f(u,v)A(v)C(u) + g(v,u)A(u)C(v), (3.65)
B(u)D(v) = f(u,v)D(v)B(u) + g(v,u)D(u)B(v), (3.66)
D(u)B(v) = f(u,v)B(v)D(u) + g(v,u) B(u)D(v). (3.67)

Now we are ready to develop the main idea of Algebraic Bethe Ansatz,
i.e. looking for the eigenvectors of transfer matrix in the form B(w)|0). Since
T(u) = A(u) + D(u) we have to analyze the action of A(u) and D(u) on
B(w)]0). Let’s start calculating

A(v)B(@)]0). (3.68)

Using the commutation relation (3.60) we can move the operator A until
the extreme right, where it acts on the vacuum vector. If the set u consists
of n variables, then applying n times the we obtain 2" terms. This is
apparently a great obstacle to overcome, but if we pay more attention on the
structure of the commutation relation the problem is easier. In fact, we see
that the rhs of consists of two terms: the first preserves the operators’
arguments as in the lhs, the second exchange them. In this way moving A(v)
to the right, the operator A(v) preserves its argument or exchange it with
the argument of B(u;). In the last case the operator B takes the argument
v. When A reaches the vacuum, produces a factor (it is its eigenvalue) a(uy)
or a(v), where the index k indicates that a B(uy) is disappeared and a B(v)
is appeared instead. So the most general expression for A(v)B(u)|0) is

n

A(v)B(@)|0) = a(v)A(v, @) B(@)[0) + 3 a(uy) Ax(v, @) B(v) B()[0). (3.69)

k=1

We note that the last expression contains only n + 1 terms instead of
2N, Here A(v,u) and Ap(v,u) are coefficients which depend on f(u,v) and
g(u,v). Let’s now calculate them.

The first term in the rhs of equation (3.69)) is obtained, if only the first
term of is used. Otherwise using only one time the second term on the
rhs of A exchanges the argument v with one B(uy) and when moving
it further to the right, it can no longer accept v and so the factor a(v) does
not emerge. So using n times only the first term in rhs of we obtain
a product of f(ug,v) over uy and therefore

A(v,a) = f(u,v). (3.70)

In order to find the coefficients A (v, @), we take advantage of the (3.55)),
which allows to put any B(uy) in the extreme left position, i.e.
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A(v)B(u)|0) = A(v) B(ux) B(ux)|0). (3.71)

So if we choose k = 1 we are interested in the term of (3.69) proportional
to a(uy) and to Aq(v,u). The operatorial part of this term does not contain
B(uq). The only possibility to "eliminate" B(u;) is to use the second term

in the rhs of (3.60):

A(w)B(ui)B(u1) — g(v,uy)B(v)A(uy)B(uy). (3.72)

In commuting the operator A(u,) with all the other operators B(u;) with
J =2,3,...,n, we have to use only the first term in rhs side of (3.60|), otherwise
B(uy) appears again and it is absent in the term of (3.69) with A;(v,u).
Hence,

A (v,a) = g(v,uq) f(tr,uq). (3.73)

Due to the symmetry of the state B(u)|0), Ax(v,u) is obtained simply
exchanging u; with uy, i.e.

Ax(v, 1) = g(v, ug) f (g, ug)- (3.74)

The action of the operator D(v) on B(u)|0) can be found exactly in the
same way, but with a smaller effort than before, using for convenience the
explicit expressions of function f(u,v) and g(u,v). Indeed, the commutation

relation (3.67) between D and B can be obtained from the (3.60) under the
replacement of the constant ¢ with —c¢, noting that

f(u? v)‘cﬁfc = f(U7 u), g(u, v)lcafc = g(“? u) (3'75)

Thus, the action of D(v) on the vector B(w)|0) is given by (3.69), where
one should replace ¢ with —c and the function a with the function d:

D(v)B(w)|0) = d(v)A(v,a)B(w)|0) + ) _ d(w)A(v, ) B(v) B(1)[0), (3.76)
k=1

where

~ ~

A(v,u) = f(v,u), Ag(v,a) = g(ug, v) f(ug, ag). (3.77)



38 CHAPTER 3. ALGEBRAIC BETHE ANSATZ

Remark. The idea of writing the action of A or D operators on B(u)|0) as
in (3.69) is due to Faddeev and Takhtadzhan [27] and allows us to reduce the
terms in the final expression from 2" to n+1. But one can ask how all these
2™ terms collect together in order to give only n+1 terms. An example could
give a hint to explain this fact.

If the string of operator B(u) consists of only two operator B(uy) and

B(us), using twice the (3.60)) we obtain

A(v)B(uy)B(ug) = f(uy,v)f(uz,v)B(ur)B(uz)A(v)
+ g(v, ur) f (ug, ur) B(v) B(ug) A(us)
+ (g(v, u2) f (w1, v) + g(v, ur)g(ur, uz)) B(v)B(ur)A(uz). (3.78)

Since B(uy) and B(ug) commute, therefore

A(v)B(uy)B(ug) = A(v)B(uz)B(uy). (3.79)

Thus the expression (3.78) does not change, if we replace uy with uy and
vice versa:

A(v)B(uy)B(ug) = f(u1,v) f(uz,v)B(ui)B(uz)A(v)
+ g(v, ug) f (ur, u2) B(v) B(u1) A(uz)
+ (g(v, wr) f(u2,v) + g(v, ug)g(ug, u1)) B(v)B(ug) A(uy). (3.80)

Comparing (3.78) with (3.80) we see that they are equivalent if

g(v,uz) f(ur,v) + g(v, ur)g(ur, uz) = g(v, uz) f(u1, us) (3.81)

or

g(v,ur) f(uz,v) + g(v,uz)g(uz, ur) = g(v, ur) f(ug, u1). (3.82)

Substituting the explicit expressions of f and g for the XXX model the
last two equations become identities.

This kind of relations between f and g are emerged as a compatibility re-
lation, obtained reordering the operators in a triple product. Combining other
operators we can obtain other relations, so it is convenient to use directly a
triple product between three monodromy matrices. Using the conventions as
in (3.4), we want to reorder the product Ty (uy)Ty(uz)T3(us) in order to obtain
T5(ug)To(uz) Ty (uy). This can be done in two different ways (we indicate with
a number the respective monodromy matriz):
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123 — 213 — 231 — 321, (3.83)
123 — 132 — 312 — 321. (3.84)

FEach permutation of two monodromy matrices can be done using (3.4)):

R (g, wp) Ty (ug) Ty (un) Ry, (g, ) = To(ur) Ty (uy), j.k=1,2,3.
(3.85)
The first way of reordering the matrices T leads us to

T1(U1)T2(U2)T3(U3) =
Ry (ur, ug) Ry (ur, uz) Rog (ug, uz) Ty (uz) To (uz) T (ur) Roz(us, us) Riz(ur, uz) Ria(ur, us).
(3.86)

The second way gives

Ty (u1) T (uz) Ts(us) =

R531 (ug, Us)ngl (uq, Ua)szl (ur, u2)Ts(us)To(uz) Ty (ur) Ria(uy, ug) Rys(ur, ug) Rog(uz, us).
(3.87)

The last two equations are equivalent if

R23(U2, Us)R13(U17 Ug)Rm(Ul, UQ) = Rl?(ub u2)R13(U17 U3)Rz3(u2, U3),
(3.88)
which is nothing else that the YB equation. As a consequence of this, we
can claim that a lot of relations emerge between f(u,v) and g(u,v), which
in principle allow to collect the 2™ terms together in order to giwve the n + 1
terms. The result that we obtained confirms the importance of YB equation
in the field of integrable models.

Now we are ready to obtain the action of the transfer matrix on B(w)|0):
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The vector B(u)|0) is an eigenvector of the transfer matrix if in the rhs
of the last equation the coefficients of the terms in the sum vanish, i.e.
aug)Ap(v, @) + d(ug)Ap(v, @) = 0, k=1,...n. (3.90)
The eigenvalues relative to B()|0) is

~

a(v)A(v,u) + d(v)A(v,u) = a(v) f(u,u) + d(v) f(v,a) (3.91)

and is usually written as
alup) _ f(uk, )
d(ur)  f (g, up)’

The last system of equations is called the system of Bethe equations. For
the specific case of XXX model the Bethe equations are

+£N” .
(W §> ) | A k=1, .., (3.93)

up — § g — uj — ¢’

k=1,..n. (3.92)

j=1
ik

where we have used the proposition and the Lax-operator (3.22]), know-
ing that ¢Z|0) = |0).

Now we proceed with the XXZ-model.
The R-matrix of XXZ-model is

f(u,v) 0 0 0
B 0 1 g(u,v) 0
R(u,v) 0 o(u, v) ] 0 , (3.94)
0 0 0 f(u,v)
where
sinh(u — v + 1) sinh 7
= d = 3.95
flu,0) sinh(u — v) and . g(u, v) sinh(u — v) (3:95)
and A = coshn (A is the anisotropy constant).
The Lax-operator is
_ (sinh (u+ 207) o, sinhn
Ln(u) = ( o sinhn sinh (u — 202) )’ (3.96)

which generates through the monodromy matrix and then the transfer
matrix the XXZ-Hamiltonian:
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dT (u)

H = 251nh77 WT_I(U) — NA

u=

SIS

N
= Z (ofof ., +olol,, + Aoioi,,) . (3.97)
k=1

The Bethe equations for the XXZ-model are

(sinh (u; + %) ) N _ 12[ sinh (u; — wy, + 77)' (3.98)

sinh (u; — 1) e sinh (u; — u, —n)
j#k

3.3 Inhomogeneous XXZ7 model

In this section we introduce the Inhomogeneous-twisted XXZ spin chain 3]
and the related Algebraic Bethe Ansatz formalism, which will be useful in
the following chapters. The construction of this model is very similar to that
of the XXZ model with A = cos~. As usual we associated to each site of the
chain with N sites a triplet of Pauli matrices with the standard commutation
rules

(02, 07] = 206,07, (3.99)

m-n

with the greek letters being x, y or z and n = 1,2,...,N. The two-
dimensional auxiliary space is denoted with n = 0. For any complex spectral
parameter A and an arbitrary set of inhomogeneities 61, 0,, ..., 0y, the Lax-
operators L, are written as

where the R-matrices are

_ b
L Coiar + ¢ (ofon + o), (3:101)

with Py, = 1/2(1 + 0}, - g,,) the usual permutation operator and

Rkn(e) =

a = a(f) =sin(y — 0), b=0b(0) =siné, ¢ =sinvy, (3.102)

where « is the anisotropy parameter, which belongs to [0, 7].



42 CHAPTER 3. ALGEBRAIC BETHE ANSATZ

The inhomogeneous and twisted transfer matrix associated to the model
is

t(\, 01,0y, ..., Oy, w) = €“0trg[Ly Ly...Ly]. (3.103)
The twist angle w defines the relation between spin operators after a
translation after IV sites:

+ 4w _+ z _ z
oy =€ Yo N =0 (3.104)

n? n

The eigenstates of the transfer matrix related to the S* = N/2 — M
sector with M = 0,1,2,...,[N/2], are labelled by M distinct Bethe roots
A1, A2, ..., Aur, which obey the Bethe Ansatz Equations

h(A o, 2 » inh(A; — A
H sin + ? + Z/y/ ) 621w H S ( J 1+ l’)/)

. d
)\ + 40, —iv/2) - sinh(X; — Ay — 1) (3:105)

If we choose N even and 6, = (—1)""10/2, we obtain the twisted alter-
nating transfer matrix

tQN()\,Q,CU) = t()\,Ol = 0/2,92 = —0/2, ...,92]\7 = —9/2,&)) (3106)



Chapter 4

Quantum quench

4.1 Matrix density

The most important device to study quantum many particle systems is the
density matrix (statistical distribution in a classical context), which allows
to obtain the mean value and the probability of any eigenvalue of an ob-
servable. It is known in quantum mechanics that the state of a system is
described by a superposition of wave functions which are the eigenvectors
of an Hamiltonian and which represent a complete set, i.e. a base through
which one can construct any function by means of a linear combination of
the base elements. So if we indicate with 1, the elements of the complete
set, where n stands for a collection of quantum numbers characterising the

system, the state ¢ of a physical system can be written as
V=) cathn. (4.1)

The mean value of an observable f in a particular state could be obtained
by

F=>cemfum (4.2)
where
fom = / 02 Fimdy (4.3)

A

are the matrix elements of f (f is the corresponding operator).
The latest arguments are used in standard Quantum Mechanics, but in
Statistical Mechanics it is often more convenient to make use of the density

43
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matrix, defined as p,,, = ¢}, ¢, which can be thought as the matrix elements
of an operator p:

F=>" pmnfom: (4.4)

_The latest equation expresses formally the trace of the operator product
pf and so
f=1r(pf). (4.5)

4.2 Time evolution

It is known that in Quantum Mechanics the time evolution of a state is
expressed through the Schrédinger picture or the Heisenberg picture. In the
first case the physical objects which evolve in time are the eigenstates of the
Hamiltonian H of the system or a superposition of them, i.e.:

[¥s(t)) = U(t, )¢5 (t0)), U= e -] (4.6)

In the second case the objects which evolve are the observables, repre-
sented by an operator O, i.e.:

Oy = U'(t, t0)OsU(t, ty), (4.7)

where Og is the operator in the Schrodinger picture. The Heisenberg picture
allows to write the Heisenberg equation of motion:

(dA 0A

Both pictures are equivalent, so in what follows we make use of both of
them, without adding any label to kets or to operators.

(4.8)

4.3 Global quantum quench

Statistical Mechanics studies systems at equilibrium. An isolated system,
i.e. a system which is characterised by the absence of any coupling to its
environment, is at equilibrium if the physical observables are equal to their
mean values with a good approximation. Some examples of system at equi-
librium are a Bose gas, governed by Bose-Einstein distribution, a fermionic

'We put b = 1.
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gas, governed by Fermi-Dirac distribution and a perfect gas, governed by
Maxwell-Boltzmann distribution. All these distributions have a common
feature: they are independent of time. The time dependence (through a
unitary transformation performed by the time evolution operator U(t,ty)) of
the statistical distribution or of the density matrix is the first step to ana-
lyze system away from equilibrium. If a system is not at equilibrium, the
system necessarily evolves towards the same or another state of equilibrium
in a time interval, called relaxation time. The phenomena of non equilibrium
need more techniques than Statistical Physics. One of these is the quantum
quench, which we are going to analyze. If we have an Hamiltonian H(h),
depending on a parameter h, such that the system is prepared initially at
t = 0 in the ground state [1/(0)) of H(hy) and then we suddenly change (from
now we will use the term "quench") the parameter hg to a new value h, then
we are "quenching" the system. After a quench the system evolves with the
usual unitary time evolution operator with the Hamiltonian H(h). As the
change of the parameter is instantaneous, the systems remains in the state
|1)(0)), so that at ¢t > 0

(1)) = ey (0)). (4.9)
Through the Hamiltonian eigenstates
H(h)|n) = E,|n), (4.10)
it is possible to express the state of the system at time t as
() = D _(n[(0)e*|n). (4.11)

Using the latest expression we can write the expectation value of an operator
O in the state |¢(t)) as

WOIO[ (1)) = Y ((0) ) (ml1(0))(n|Ofm)e~"Fn=Ent, (4.12)

nm

An important property of a quantum quench is that the energy is con-
served during time (¢ > 0) and if we are working with a lattice the post-
quench energy density is larger than the ground state energy per site

e= Jim TWOIHE)0) > im =, (4.13)

where L is the number of sites and Ej is the energy of the ground state.
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Some definitions are now useful. In lattice models an operator O is said
local if in the thermodynamic limit O acts non-trivially only on a finite
number of sites separated by a finite distance. For example in a quantum
spin-1/2 chain with L sites the following operators are local

o5, ajc»“aﬁrk, (4.14)
where 0§ (a = x,y, z) are Pauli matrices acting on site j. We remember that
o} is expressed as

1 j L
4 + 4
0?:H®...®]I®0“®H®...®H (4.15)
and acts on a Hilbert space
1 j L
4 4 +
V. V.. V. (4.16)

An example of non local operator is ofof /25 where it is evident the de-
pendence on the "dimension" L of the lattice.

The range of a local operator O is the size of the largest interval on which
it acts non-trivially. For example we have that range(a]‘?‘af ) =k+ 1L

Now it is necessary to analyze some concepts related to the phase of
relaxation.

Suppose that the physical system taken into exam is divided into an
arbitrary but finite subsystem B and its complement A. Then we take the
thermodynamic limit while keeping B fixed. The system is prepared at ¢t = 0
in a state with density matrix p(0), which evolves at later times according to
the law

p(t) = et p(0)e (4.17)

The reduced density matriz of the subsystem B is obtained by taking the
trace on the degrees of freedom of A

pp(t) = Trap(t). (4.18)
We say that our system relaxes locally if the limit

lim lim pp(t) = pp(c0) (4.19)

t—o00 L—00

exists for any finite subsystem B (L represents the dimensions of the
system, like the number of sites in a spin chain for example).
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If a system relaxes locally, then its stationary state is defined as a time-
independent density matrix p°° for the entire system such that for any
finite subsystem B

lim Tra(p”®) = pp(o0), (4.20)
L—oo
where A is the complement of B.
Let p; and ps be two density matrices. The corresponding two ensembles
are said locally equivalent p; =, po, if in the thermodynamic limit the
reduced density matrices for any finite subsystem B coincide, i.e.

lm Tra(p) = lim Tra(ps), (4.21)
|A|—o00

|A]—o00

where A is as usual the complement of B and |A| denotes its volume.

As we are dealing with isolated systems, energy is always conserved, so
that

E=Tr(p(t)H) = Tr(e™ p(0)e "' H) = Tr(p(0)H), (4.22)

where we have used the cyclic property of the trace and the fact that H
commutes with e~

In absence of other conserved quantities isolated system are believed to
locally relax to equilibrium. This is known as thermalization. With the
preceding definitions a stationary state is described by a Gibbs ensemble

7BE H
Ss Gibbs € 7

_— S — 4.23
P loc P TT(e_BeffH) ( )

The inverse effective temperature [.¢; is fixed by the initial value of the
energy density

e = limwz lim

L—oo L L—oo

Tr(p®eH) (4.24)

The physical idea which is behind the latest definition is that the in-
finite complement A behaves like a thermal bath with an effective inverse
temperature [B.y.

If the system has other conserved quantities (called charges similarly)
other than the Hamiltonian (we remember that a physical model is integrable
if has an infinite set of conserved charges) the Gibbs distribution has to be
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generalized. The operators 1 Corresponding to local conservation laws
commute with Hamiltonian H and with each other

[H,I™] =0, [0, 1] = 0. (4.25)

Considering the (4.17)) and the fact that the Hamiltonian commutes with the
conserved charges we obtain that the expectation values of 1™ are indepen-

dent of time -
1 . 1 o\ E®
+Tr (p(t)I™) = =T (p(0)1™M) = T (4.26)

As a consequence of this it is necessary to modified the stationary state
density matrix in the generalized Gibbs ensemble (GGE) density given by

_ Ap (M)
pGCE — e xn
T’I" (6_ Zn A"I(n)) .

(4.27)

Here )\, are Lagrange multipliers that are fixed by the initial conditions

(4.26)), if we require that

E ) 1 GGE
1 f— 1 —_— (n)

The presence of symmetries in the Hamiltonian of a system is the key
to solve integrable models as well as to deduce interesting properties after
a quantum quench. If we denote the symmetry operator by U and suppose
that the initial state |¢)(0)) after the quench is not invariant under U we have

[H,U] =0, Ulp(0)) # [4(0)). (4.29)

Although this property of the initial state, it could happen that in the sta-
tionary state the symmetry is restored. In fact if

1™, U] =0, vn, (4.30)
we have that
(%%, U] =0, (4.31)
with o
_ Z )\"I n
SS GGE _ ¢ ="
P =loc P - Tr (e_ Zn /\nl(">) . <432)

2Tn our cases of interest (™ are usually expressed as a sum of densities, i.e. I(" =
(
T
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Conversely, if there is at least one conservation law for which [I™ U] # 0,
than the symmetry will remain broken in the stationary state.

Another interesting observation could be done on the conserved quantities
I™: one could ask if every of them is equally important to describe the
stationary state. We could select a finite subset {.J,,|m = 1,...,y} C {I™}
and verify how well the partial density matrices

A,

Tr (e‘ n=1 Aiy)lﬂ)

preeEy = (4.33)

approximate the original p““F. In this case the Lagrange multipliers A\
are fixed by an appropriate initial condition

i WOLL) T ()

L—oo L L—oo L ’

n=1..y. (4.34)

As showed in [6] a method to compare p““F and pPS“E¥ is through a
distance D(p, pZ) on the space of reduced density matrices on a interval of
length [. If this distance could be made arbitrarily small

D(p{", gy <6, VL (4.35)

pPEEEY is a good approximation of p““F. In the cited work it is found
that if a single conservation law with small degrees of locality, i.e. with a
small number of sites on which each conserved density I](-”) acts non-trivially,
the approximation (4.33) is rough, so that an expression like (4.33) works
properly if we retain all conserved charged with the smallest degrees of lo-
cality , which assures that is satisfied. This operation of selection the
proper 1™ is called "truncation", and the density p?““F+¥ is now denoted as
p!¢GEY where y is chosen, so that is satisfied.

As a consequence of these results we have that

pYEE = lim pt¢¢EY, (4.36)
y*)OO

4.3.1 Quench Action Approach

There is an alternative approach that not rely on the GGE assumption and
that, besides predicting the steady state after a quantum quench, also gives
access to the time evolution. This is the so-called Quench Action approach
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and it start from the idea to overcome the double sum in (4.12)), which we
rewrite in terms of Bethe states and the initial state (before quench) |Wy):

(w0 () Ze‘s BB, (4.37)

where S\ = —In (A\|Wg) are Called overlap coefficients.
The first step is to replace the above double sum by a functional integral
over Bethe root densities p = {p,}22;:

> = / ﬁDpn(A)eSYY(p), (4.38)

where Syy (p) is the so-called Yang-Yang entropy and have the following
expression

Syr(p) = NS / A) 4 AN = pu(A) I pa(A) — pE(A) In g (V)]

(4.39)
The expectation value of an observable becomes

(w(B)0lw(t) / HDpn e 2RSS B (plO]p),  (4.40)

where we have identified the Bethe states |A) with the collection of den-
sities p.
The Quench Action is defined as

Soa(p) = 2Re(In S,) — Syy(p). (4.41)

It is analogous to the free energy in thermodynamic systems. Minimizing
the Quench Action, through a variational equation

3Sga(p)
0pn
we obtain the so-called saddle point string densities p*P(\), which obey a
set of equation, called Generalized Thermodynamic Bethe Ansatz equations.
Knowing the p*”(\) we have that

=0, (4.42)

Jim L (W (@)[ON¥ (1)) = (p*(A)[O|p™(A))- (4.43)

We give an example of this procedure in the next section for a particular
case of initial state.
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4.4 An example: quenching XXZ7 model with
A>1

We illustrate the main steps for quenching XXZ model in the two approach:
the GGE and the Quench Action. We refer to the specific reference for the
explicit derivation of some results.

4.4.1 Generalized Gibbs Ensemble

First of all we write the conserved charges, which are defined by the ubiqui-
tous transfer matrix £(\):

: m > 0. (4.44)
A=i¢/2

Qm+1 = Z—Qm a)\—m hlt(/\)

We note that the total momentum is —(); and the Hamiltonian is JQ>.
In the thermodynamic limit rﬂ the eigenvalues of charge (),,,1 is given by

(A 222 Z / Do), m=0, (44

where |\) represents a Bethe state defined by the M Bethe roots, which
characterize a state with M down spins, the densities p, are obtained by

(2.107) and the coefficients cﬁﬁl(/\) are given by

L Sinh™(¢) o™ 1 sin(A +

. . )
e (N) = i(=1)" o3 ™ =)

(4.46)

NS
N~—

In the paper of Mossel and Cauz [I8] the so-called generalized Thermo-
dynamic Bethe Ansatz equations are obtained:

Inn, = —0p1(sxd) +s*[In(1+mn,-1) +1In(1+n,.1)], n>1 (4.47)

where 179 = 0 and s is given by (2.112)). In this case d is given by

Z e~ 2R Z B™ sinh™ () (ik)™ 2, (4.48)

kEZ

3The thermodynamic limit is indicated with subscript th.
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where the Lagrange multipliers or generalized chemical potentials (,, are
obtained by imposing the initial conditions on the conserved charges )1
like in (4.28):

1 o LT (QugrpYF)
lgln N(ﬁlo]Qm+1|‘I’o> = T}LH;O lgln N TrpGGE

(4.49)

where |Wg) is the initial state of the system before the quench. It is impor-
tant to note that |Wg) is a generic state and after the quench the expectation
value of an obsarvable O is given by

i Tim (W () |0 (£)) = lim lim (Wo|e™' O™ y) = {p*|0]p™), (4.50)

where |p¥°) is the postquench steady state. Therefore, p?° represents a
set {pYo}>, of densities, which have to reproduce the initial values of all
conserved charges. To proceed on we state that the claim of the GGE is
that for any local operator this set of densities reproduces the steady state
expectation values, i.e.:

(p"°|0]p"°) = (p““"|0|p““*), (4.51)

GGE __ GGE\ >
where pOGE — {GGE}x |

equations with (2.111]).

The first step to implement the GGE ideas is to impose the constraints

are obtained combining the generalized TBA

. 1 - /2 U (n)
i (ol l¥) = 3 / RO, mz0 (4)

Now we will see that the initial expectation values of local conserved
charges {Qm}>°_, depend only on the 1-string holes density. Observe that
the momentum charge is excluded (see for details [2]).

It is convenient to work with Fourier transform, with conventions

A o
Fk) = / DR, ke, (4.53)
—7/2
FR) =TSR, Aelor/aw/).  (454)

For m > 1, m — 1 integrations by parts gives a simple expression for the
Fourier transform of cisllz
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inh™ w/2 4
& (k) = —QW%#(M)W / , dNe*™a,, (N)

— —msinh™(¢)(ik)™ e HP | (4.55)

where the Fourier transform of a,(\) is obtained in Appendix D.
The eigenvalue of charge @),,+1 can then be rewritten as

Z /—7r/2 A Nen Z Z o (k) (

n=1 kEZ
= —sinh™(¢) > _(ik) Z eIklon (4.56)
keZ =1

Rewriting the sum over all string densities in terms of p"(k) (see [2]),
le.

s —lklo _ pibo (1)
E ~Wo k —lklgn _ € P1 ( 4
- P’ (K)e 2cosh(kp) (4.57)
we obtain that
. <‘I’0|Qm+1|‘1’0 —eHP 4+ pYO(R)
lim ——— -~ k)™, 4.
e N sinh™ (¢ Z 2 cosh (ko) (ik) (4.58)

Knowing the initial state |¥y), the method used in [7] gives an explicit
expression for p'’°:

PN = ar(\) + % (Qqu (A + %) + Qu, (A — %)) , (4.59)

where

Q, (V) = lim N@Oyt ! ()\ + ”’) Ot ()\ - —) W), (4.60)

The densities of the GGE can be found by solving (using numerical al-

gorithms) the generalized TBA equations for n > 2, combined with (2.111))

and the fundamental constraint ph¢¢F = ph%
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4.4.2 Quench Action for the Néel state-to-gapped XXZ
quench

We take as initial state the so-called Néel state, i.e.

[%5) = % (I TREY2 4+ 1 4)o?) = % (M) + 1IN ...(>>- |
4.61

We only consider Bethe states with M/ = N/2 flipped spins since the Néel
state lies in this sector of the XXZ chain. For the sake of simplicity we choose
N divisible by four such that M is even. We consider parity-invariant Bethe
states |{j:)\j}§vi/12> which have non-vanishing overlap (@§|{iAj}ﬁ/12>. A, are
Bethe roots, which can be collected in such a manner that they form the set
of n-strings. Obviously > nM, = M, where M, is the number of n-strings
and the sum goes to infinity in theory.

The overlap is given in [I7] and in references therein. We havd]

L WA % N <¢tan<Aj T i¢/2) tan(; — iqs/z))

\/<{i/\j}j{/fy{ﬂj}j‘i/f> e 2sin(2),)
2 dety/y G,
L ST (6
2 detN/4 G]k
where
N/4
GE =0 [ NEO) =D KON | + K50y M), gk=1,..,N/4
=1
(4.63)
K=\ p) = KO\ = ) = KA+ p), (4.64)
sinh(2¢)
K = (4.65)

~ sinh(\ +i¢) sinh(\ — i)’
Knowing the overlap coefficients, the variation of the Quench Action gives

the generalized Thermodynamic Bethe Ansatz equation for the Néel-to-XXZ
quench:

*det /4 indicates that the determinant is taken on a N/4 x N/4 matrix.
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7 (A) = dn(A) +5(A) % [I0(1 +7,-1(A) + In (1 +9042(A))], (4.66)

where

dy(A) = 3 e 2 D) gy ey (4.67)

k
kEZ

This equation combined with (2.111)), can be solved numerically. The
solution gives the p°P.



Chapter 5

Quasilocal charges

We have already stated that a physical system is integrable, if it is endowed
with an infinite set of conserved charges, which generate an infinite set of
conservation laws. Dealing with lattice models or spin chains the conserved
charges gain a fundametal feature, called locality, which means that the
densities of these charges act non-trivially only on a finite number of adjacent
lattice sites. Local charges cover an important role in the analysis of the
thermodynamics of such systems: we have seen that a generalization of the
canonical ensemble, called Generalized Gibbs Ensemble, which takes into
account the presence of the conserved charges in addition to the Hamiltonian,
is a useful tool to describe thermalization after a quantum quench.

But it has been recently shown that the GGE sometimes fails to describe
the correct quantum Quench Action, like in the gapped XXZ model (A =
coshn > 1,7 > 0. In this chapter we use n instead of ¢, because the last
letter is used for other quantities). Some researchers have proposed a solution
in order to solve the problem: the family of local conserved charges has to
be extended incorporating quasilocal conserved charges, whose meaning we
are going to analyze.

5.1 Definitions

The total Hilbert space, formed by a tensor product of d-dimensional single-
site Hilbert spaces, will be denoted by . The Hilbert space of a lattice
subinterval between sites x and x', # < 2, will be denoted by Hy, /) and the
corresponding operator subalgebra by Uy - An observable represented by
an operator a € U is local if it acts non-trivially only on a finite subinterval
[z, 2']:

o6
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a = a1 QInu) Uy o] € Upy 21 (5.1)

where Z denotes the set of integers, i.e. a one-dimensional lattice.
Denoting by Ty, ./ the trace over H, one defines the tracial state wy

as
wo(a) = ;T[I’z,]g[m 7 (5.2)
r[a:,x'] [@,2']
We define the Hilbert-Schmidt (HS) inner product as
(a,b) = wo(a'd) — wolah)wy(b), (5.3)
and denote the corresponding norm by || a ||gs= +/(a, a).
We also define a lattice shift automorphism by Sy(a[%x/}) = Ay o’y and

associate to each element a € U a translationally invariant sum
A=>"8"a), (5.4)
€T

which represents an extensive observable of a translationally invariant in-
finite quantum spin chain. The operator a is called a density of the observable
A. Any operator sequence satisfying extensivity, i.e.

) 1
0< A}lgnooﬁ(A,A) < oo (5.5)

and the finite overlap criterion, i.e. limy_ (b, A), with at least a one
local operator b , is called pseudolocal.

If the density a can be written as a sum of mutually orthogonal terms
a1,r]

N
a = Za[u], (5.6)
r=1

for which a condition, known quasilocality

lap ns< Ce™, £>0 (5.7)

holds, A is automatically pseudolocal. In other words a quasi-local oper-
ator has support on all lattice sites, though with an exponentially decaying
norm.
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5.2 Quantum Hirota equations

In the previous chapters we defined and used the fundamental tool of transfer
matrix on a two-dimensional auxiliary space. For what follows it is necessary
to extend the dimension of auxiliary space in order to treat with higher-
dimensional irreducible unitary representation of auxiliary space (s > 1/2).
These transfer operators are constructed from Lax operator Lg(\) associated
with (2s+1)-dimensional auxiliary spaces H, = V, & C**! and satisfy

1
[Ts(N), T, ()] =0, Vs, s € §Z+ and A e C. (5.8)

For s = 1/2 the standard set of local charges of XXZ model is generated
by an expansion of log Ty (A) around A = 0:

g — —z’@’i*l log T% ()\ + %) Ia=0, (5.9)

where H® is the Hamiltonian. The locality of conserved operators H*)

lies in the fact that each H®*) admits an expansion in terms of a sum of local
densities h®) of order k, i.e.

N—-1
H® =3 "8"(h®™) = " hd, (5.10)
=0

for any finite length N.

The higher-dimensional transfer operator satisfies an equation, known as
quantum Hirota equation or 7T-system, which is a bilinear equation which
takes the form

T, <)\ + %) T, ( - %) =¢ (A + s%) ) (A + s%>+TS_;(A)TS+;(>\),
1

= -7 5.11
S 2 +> ( )

with bar denoting complex conjugation and ¢(\) = Ty (A + %), where
To(\) = (sin(A\)/sinh(n))".

Higher-spin transfer operators 7T represent the canonical solution to the
Hirota equation. However, because of there is a gauge freedom in choosing
the operators Ty, it is convenient to define a gauge-invariant combinations
known as Y-operators, which are
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Ty 1T TrT- 1
= 2 2 = S~ S — ]L S = —Z R (512)
T0[25+1]T0[72571] TéQsH]Téﬁsq] +

}/vZS 2
where the following notation is introduced: fEM(X) = f (A £ k% Fi0™)
for n # 0 (gapped and gapless regimes) and fEF(X) = f (A ki Fi0T)
in the isotropic case (A = 1). For the sake of clearness we write f£(\) =
FEUN).
The Y-operators obey the so-called Y-system functional relation, which
is an ubiquitous structure of integrability:

}/j—’—Y;‘_ = (H+ Y]—l)(]l+ Yj-‘rl)? ] = 1727 SET) (513)

where it is assumed that Yy = 0.
Another important relation which involves the transfer operator is the
Baxter’s T'(Q-equation:

T.Q =T,y Q" + T, QM7 (5.14)

where () stands for the Baxter’s QQ-operator.
The @Q-operator allows to linearize the bilinear equation (5.11)), i.e.

Ty SEINESES Cos
s — Q 2s5+2 Q —2s ) , 5.15
TO[23+1] kZ:O QR(k=s)] QL2(k—s+1)] (5.15)
where the scalars are expressed by
l2(k=s)+1]
Cosn(A) = g Q) (5.16)

T()[Qs-l—l}.()\)

The TQ-equation (5.14) admits two linearly independent solutions, ¢
and @), whose independence is guaranteed if the Wronskian determinant is
non-degenerate, i.e.

Th=Q'Q -Q Q" (5.17)
Combining the equation (5.14) and the condition (5.17)), it is possible to
obtain an equation for the eigenvalues Q of Q:

Ty (\) Q)

Ty (A)Q3(\)

where the ); are the Bethe roots of the system, which are the zeros of
the eigenvalues Q.

=—1. (5.18)
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5.3 Quasilocal charges from unitary represen-
tation

Ilievski, Medenjak and Prosen [10] have proved that the gapped regime of
XXZ model has an infinite set of conserved operators

, T (N) 1
Xs<)\> = —Za)\ log W A€ ]R, S = §Z+, (519)

generated from the higher-spin transfer operators T and which are quasilo-
cal conserved charges. The proof of this statement starts from the inversion
formula

Té—QS—l] ()\)T(£28+1] (A)

which allows to write an alternative definition of the charges (5.19) in a
more convenient product form

LNVT N Moo, I, (5.20)

o To() T ()
Xs(A) =—i0, [—25—1] [2s+1]

, AreR. (5.21)
pn=A

The details of the proof are explained in [10], but one of the most impor-
tant achievement of the proof’s steps is exactly the inversion formula, which

can be deduced in an analogous form by (5.15)), taking the dominating term
at index k = 2s in the thermodynamic limit:

TN Nos, QUFI(N)
T[25+1](/\) Q[Qs}()\) )

(5.22)

As a consequence of (5.22)), the general version (for arbitrary anisotropy
A) of the unitary quasilocal charges admits a useful representation in terms
of Q)-operator

. Q[*QS] n
Xi(N) = =idslog gy, A€ = {)\E(C;\Im()\ﬂ < 5}. (5.23)

The charges X () can now be diagonalized using the fact that the eigen-
values of Baxter’s (Q-operator are polynomials with the zeroes coinciding with
the set of Bethe roots {\;},
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Q(\) = ¢ [sin(A = )), (5.24)

where ¢ is a constant.

5.4 Quantum quench and quasilocal charges

We have stated before that GGE fails to describe thermalization after a
quantum quench, if one does not also take into account quasilocal charges.
In what follows we explain the connection between the spectra of quasilocal
charges X, and distributions of Bethe strings. To this aim we briefly review
the main results of Bethe Ansatz for gapped XXZ model with some new
conventions.

The first important tool for an integrable model is the single-particle
S-matrix S, which for XXZ chain takes the form

sin(A — p — 42)

S 1) = SiA = p) = sin(A — p + 4
2

(5.25)

For states which consist of j excitations (j-strings) a set of fused scattering
matrices S; are introduced

sin(A — j42)

S\ = AT TS )
i) sin(A + j4)

=1,2, ... (5.26)

Scattering among two different types of strings is governed by string-to-
string scattering matrices

min(j,k)—1

)
Sjvk(A):Slj—k\(/\)SjJrk(/\) H S\Qj—kl—i-%()‘)' (5.27)

1=1

The quantization condition in a periodic system for the rapidities \; takes
the form

M
PN TT Sia(Ny — M) = —1, j=1,2,.., M, (5.28)
k=1
where M is the number of Bethe roots related to the magnetization state
and p(A) is the momentum of an elementary excitation of a ferromagnetic
vacuum state
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i) _ sin(\ + %)
sin(\ — )

2

. (5.29)

The string hypothesis states that in the large-N limit the Bethe roots for
an eigenstate become equidistantly displaced in the imaginary axes in the
rapidity complex plane:

: i
{)\273}5{)\2+(k+1—2j)g|j: 1,2, ... k}. (5.30)
Such string configuration corresponds to bound states of magnons.
In the continuum limit it is more convenient to use densities p;(\), which

describe the distribution of the string centers and obey the following non-
linear coupled integral equations

/2
N =0 =3 [ Haso-matm, a1
where
a;(\) = —idylog S;(N), ajr(A) = —i0ylog S; (M) (5.32)

and p;(\) parametrize distributions of Bethe holes.

To obtain the spectra of charges X, we make use of equation (5.23)):
Q[—2s] ()\)
Q[2s}()\) ’

where [{\;}) denote a Bethe eigenstate parametrized by a set of roots A;.
Working under the string hypothesis, the spectra of quasilocal charges X

{AHX A} = —i0xlog (5.33)

X = Jim (X)) (5.34)

can be expressed in terms of densities of string centers p;(\). Explicitly
we have

/2
=3 [ I Caesh — o). (5.35)

where
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k . min(2s,k)
. N
Gaur(N) =Y —idxlog Sy, (/\ +(k+1-— 2])317) = D ape1a (V).
7=1 7=1

(5.36)

To the aim of dealing with the quench operation it is also important the
following result. In section[5.2]it has been shown that higher-spin T-operators
constitute the canonical solution of Hirota equations. However, Hirota equa-
tions admit a class of non-canonical solutions, which are related to a class of
initial conditions, which relax to equilibrium steady states. Examples of these
states are the spin-singlet dimerized state |D) = 1/v/2(] 1)) — | {1))®V/?
and Néel state |N) = | 11))®N/2,

Indicating with ¢(\) and ¢(\) the non-canonical functions of Hirota equa-
tions, as the counterparts of the canonical operators T5(\) and Q(\) and
relaxing the constraint ¢, = ¢~ Hirota equations take the form

ter%q[zS] _ t;q[zsw] _ (b[zs]q[stfz] (5.37)
whose solution is
[25+1] 2s 2(k—s) 1]
— ¢l 4 [2541] =[—25—1] )
k=1

With these tools in [12] it has been found explicitly the expectation values
of quasilocal charges X; for the dimerized state and the Néel state.

5.5 Explicit calculation of quasilocal charges for
the XXZ model

In what follows we refer to the paper [2I]. For the conventions adopted here
and some formalism related to quantum group we refer to appendix C.

Now we want to show how to obtain a quasilocal charge from the two-
parameter conserved quantity which is odd under parity

N

Z(z,u) = Z tr(Agy... Aoy — AL ALY H o (5.39)

o) j=1
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Using the inner product defined in section We want to compute (Z1,7) =
2~NTr(Z'T), where Tr denotes the trace over the quantum space V&V, It
turns out that

(1, 7) = 2tr aga(Ti(z,u, 0)N — Ty (z, u, 0)™). (5.40)

Here Ty (z,u,u)™ and Ty(z,u,u)" are transfer matrices in A ® A

Ti(z,u,u) = Z CoAl(z,u) @ Az, 1), (5.41)
{a=0,z,%}
Ty(zu,m) = > Codi(z,u) @ Al(z, 1), (5.42)
{a=0,z,1t}
where
1
Co = §TT(UQ(JQ)T). (5.43)

We focus on the analysis of the operator

Iy=Z(z=1ti,u=1). (5.44)

With these values of the parameters z and u the operators, which con-
struct the Lax operator become

Ag(l) = Ag(z=t,u=1) = Z_ cos(Ar)|r)(r|, (5.45)

A =0 (5.46)

A=A (z=t,u=1)=1 Z_ sin(A(r + 1))|r)(r + 1], (5.47)
A=A (z=t,u=1)=—i : sin(Ar)|r + 1)(r|. (5.48)

The transfer matrices (5.41) and (5.42)) become
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m—1
= Z cos(Ar) cos(As)|r, s)(r, s|
r,5=0

m—2
1
+5 > sin(A(r+ 1)) sin(A(s + 1)) |r, s)(r + 1,5 + 1
r,s=0
1 m—2
3 sin(Ar) sin(As)|r + 1,5+ 1)(r, s, (5.49)

TS

0

m—1
L) =Th(z=t,u=u=1)= Z cos(Ar) cos(As)|r, s)(r, s|
r,5=0
1 m—2
+3 Z sin(A(r+1))sin(A(s+1))|r, s + 1)(r + 1, 5|
r,s=0
m—2

sin(Ar) sin(As)|r + 1, s)(r, s + 1|. (5.50)

N | —

0

T8

Since we are interested in the thermodynamic limit, we restrict to the sub-

space in which the transfer matrices have their largest eigenvalue. Denoting
|r, £r) with |r) we obtain

m—1

1
Ti=)  cos’(Ar)|r)(r 52 A(r+ 1)) (r + 1]

r=0

m—2

+ = Zsm (Ar)[r + 1)(r|, (5.51)

m—2

Z cos?(\r)|r)(r| — = Z sin(Ar) sin(A(r + 1)) x

X (|r){r+ 1|+ |r+1)(r]). (5.52)
The matrix 73 is symmetric and since 73|r = 0) = |r = 0) = |0), |0) is an
eigenvector of T5 with eigenvalue (the largest one) 1. 77 is not symmetric in-

stead and so we have to distinguish the right eigenvector |0), which coincides
with that of 73, from the left eigenvector (0|, which has the form
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0= 3= Dyt (5.5

In order to calculate the thermodynamic limit, the following relations are
useful:

T 77 = [0) (0, (5:54)
lim 75" = [0){0]. (5.55)

The norm (Z!,7Z,) is zero, because it can be shown that 7; and T3 are
related by a similarity transformation. But we can find a quasilocal operator
by expanding Z(z = i,u) about u = 1, i.e.

I(z=i,u=1+¢) =€, + O(), (5.56)
where
0L (z,u)
I, = 5.57
! au z=t,u=1 ( )

From (5.41) and (5.42) the norm of Z; is

2

ouou

(ILIl) =21tr ( Tl(z,u7u)N)
z=t,u=u=1

—2t ” Ty(z,u,w)™y
r a 87 202, U, U

uou

(5.58)

z=t,u=u=1

Using the following notation for the derivatives of the reduced transfer
matrices

n l
70 = L 0w (5.59)

T ouroat T u=u=1

with z = 1,2, the (5.58)) becomes
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(ILIl)
N

— 2ty (TN*T(“) + )

) Z tr ( T (O, ”’le‘Z‘”)

+2 Z tr (RO T ") (5.60)
n=0

In order for Z; to be quasilocal, the rhs of must approach a finite
value in the limit N — oc.

First of all we explicit the expression of the derivatives of the reduced
transfer matrices:

’7'1(170) — ’7'1(071)

. m—1 . m—2
- % > sin(2r)|r) (| + % ; sin(2xr)|r + 1)(r|, (5.61)

m—1
7'2(0’1) =1 Z sin(Ar) cos(Ar)|r) (r|
r=0

+ii:sin()\r) cos(A(r+ 1))|r + 1)(r|, (5.62)
7;(1’0) =1 - sin(Ar) cos(Ar)|r) (r|
— iy sin(A(r + 1)) cos(Ar)|r + 1)(r|, (5.63)
= Z_ sin?(\r)|r) (r| + 2 Z_ cos?(Ar)|r + 1)(r|, (5.64)
T = - sin®(Ar)|r) (r| + 2 z_: cos(Ar) cos(A(r + D)|r + 1) (r|.  (5.65)
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Noticing that

7710y = TVj0) =0, (5.66)
7,"710) = (0|7, =0, (5.67)
and recalling the projection (5.54)), we are left only with the first term in
the rhs of (5.60):
(T T (1.1) (1,1)
A === 2(0r|T77]0) + 2(0|7;"7]0). (5.68)
Using the (5.53]) we finally obtain

. (ILIl) _ 1

mey o) (5:69)

proving that Z; is quasilocal for m > 1.



Chapter 6

Quasilocal charges in the gapless
XXZ model and relation to SG
model

6.1 A brief overview on Sine-Gordon (SG) model

The SG model is an integrable field theory with the following Lagrangian:

£ = % 0" o + g\/g_ﬂ oS (\/i_ﬂgo) . (6.1)

The SG model is well defined within the interval 0 < 8 < +/8w. The
dynamics of the model depends on the parameter 5. Therefore we have to
distinguish two cases:

1. 0 < B < V4m: it is the so called attractive regime. The dynamics
is described by the scattering of particles (or quasi-particles), i.e. the
soliton-antisoliton scattering, the soliton-breather scattering and the
breather-breather scattering. The breathers are considered as bound
states. The mass of a breather M, is related to the mass M, of a
soliton: M, = 2M, sin(m€j/2), where

52
f=—51_ (6.2)
T 8m

2. VArm < B < +/8m: this is the so called repulsive regime. The dynamics
is described by a scattering of a soliton and an antisoliton, a soliton
and a soliton or an antisoliton and an antisoliton.

69
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For more details on the SG model see the book of G. Mussardo Statistical
Field Theory [19] and the literature therein.

6.2 SG model and its Y-system

In the paper of Vernier and Cubero [29], using the approach of Destri and
de Vega [3], it is shown that the inhomogeneous XXZ chain (with w = 0)
in the gapless regime (see section becomes with an appropriate scaling
limit (@ — oo) the repulsive SG model. This procedure is called light-cone
regularization. The connection between these two models allows to write a
relation between the respective densities, which constitutes the TBA equa-
tions. As hinted in the preceding chapter, there is a relation between the
quasilocal charges and the TBA densities. In addition since the quasilocal
charges are defined through the higher-spin transfer matrices, it possible to
make a link between the quasilocal charges and the Y-system (the Y-operator
is obtained by a gauge transformation on TY).

Following [29], the parameter of the SG model and the inhomogeneous
XXZ chain are related as follows:

2
F_o v 0 L, T
8r  p+1 T p+1

where p is a positive integer, and it is used to number the densities.

In what follows we attempt to generalize the results of the just cited paper
to rational values of p. To this aim we take advantage of the work of R. Tateo
in [28] in order to construct the Y-system for the attractive regime. Thanks
to the so called duality property of this system, we obtain also the Y-system
for the repulsive regime and so for the inhomogeneous XXZ chain.

Tateo [28] works directly on the £ parameter, which is expressed through
the continued fraction formalism. In the attractive regime £ < 1. We have
that

(6.3)

2 de 1
g = % = f(nl,ng, ,np) :f 1 s (64)
¢-Pp o

np—1

where p, ¢ are integers, which satisfies the inequality ¢ > 2p in order to
remain in the attractive regime (p has not any relation between the p used
in [29]).

The TBA equation at this point contains n; breathers, a soliton and
25;2 n; magnons (these are quasi-particles introduced to describe the colour
interchange of the soliton) for a total of ny = S.5 n; (quasi-)particles.
Defining the shifts
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51 = m%, Sg = m%, o Sp = ZW% (6.5)
with
& = é(nianHl? MR, (6.6)

we associate to any (quasi-)particle a node in a D,,,. Dynkin diagram. An
example of this kind of diagrams is shown in Fig. 6.1.

ny + na+1 {ﬁ‘_(} """ ':3'_(:H:):(:3
ng +ng &

ny + na—1 {T, :
np-ng )
m + 2

1 2 m—1 ™ m + 1

Figure 6.1: The TBA graph associated to the SG model in a rational point.
The black or white spots are called nodes. There are n; black nodes associ-
ated to the breathers, the node n; corresponds to the soliton, all the other
nodes are magnons. The links on the bifurcation are horizontal if F' is even
or vertical if F' is odd. The double-link defines the concatenation of an hor-
izontal(vertical) with a vertical (horizontal) sub-diagram with a change of
the shift S;. For conventions we indicate as f = nr and f = np — 1 the two
nodes on the bifurcation of the D, diagram.

We define for any nodes a shift

a—1 a
S; = Sq, an <1< an, (6.7)
k=1 k=1

so that ¢ runs on the same horizontal or vertical sub-diagram.
In addition we define for any pairs of nodes (i, 7) an exponent
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a—1 a
cij = cjq = (—1)*"L, D om<i f <14 m, (6.8)
k=1 k=1

with ¢; ; = 0 if ¢ and j are not adjacent. We finally put ¢; = ¢; 1. The
Y-system for the nodes in the set {ny,n; + na,...,ny —np —np_1}, i.e. the
index k of the Y-operators is > ;" n; and a < F — 1, is

Yie(A+ Si)Yi(A = S) = (14 Yt (A) 1) 551 (1 + Vi 11 (A) )

k+na41
X H (1 + Y;()\ + (k + Nag1 — ])S] + Sk+na+1+1)ék)ék
j=k+1
k+na41
x JT @+ Y50 = (k4 nas1 — 5)S; = Skampans1)®)*. (6.9)
j=k+1

For the node &k = ny — ny we have

()\ -+ Sk)}/k(A Sk) (1 + Yk 1 (/\)C’“’k*1 )Ck’kfl (1 -+ Yf()\)ék)ék (1 + Yf()\)ék)ék

npr—2
X H L+ YA+ (np — 1 —5)8;)%)%*
j=k+1
npr—2
x J] @+Yi(\ = (np — 1—5)S;)™)*, (6.10)
j=k+1

and for the remaining nodes

Ye(A+ SV = S) = [ (@ + vy, (6.11)
J€E€adj
where the product runs over all adjacent nodes in the Dynkin diagram. A
crucial properties for our purposes is that the Y-systems at ¢! in the repul-
sive region can be obtained from those at { changing c¢; ; with —¢; ; and s;
with €7 1s;. This is the so-called TBA-duality in the SG model.

Now we have to link the notations of [28] and that of [29]. From the
definition of ¢ in the we have that 3?/87 = p/q and it is obvious that
B2/81 < 1/2. Defining £~ = £ we have that

6 = —pa

p (6.12)
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and so
. 22 8 22 _
P 1—32/8n 8 q q Q
This implies that
gy, T
= £ d < —. 6.14
=7, an 1< 3 (6.14)

In this way we have the Y-system for the repulsive regime (thanks to the
duality property) and the corresponding Y-system for the inhomogeneous
XXZ model, which in turn is related to the gapless XXZ model by setting
the inhomogeneity 6 equal to zero.

In the TBA context the Y-operators are related to the TBA densities
through the relation

Y, =, (6.15)

This fact establish a deep contact between the integrable structure (Y-
system) and the thermodynamics (densities p) of a system.

Since the Y-operators are related to the higher-spin transfer matrices 7}
(now we label the transfer matrices with j-th representation of the auxil-
iary space, while before we labeled them with the spin s) through a gauge
transformation (see (5.12))), we can take advantage of the relation found in
[12]

11 T, (1)
X;(p) = —=—0,In ———"— 6.16
(1) N 2w * T (6.16)

to connect the indices of the Y-operators, and so the indices of the densi-
ties, to the indices of the quasilocal charges (here Tj[ik] (n) = T;(pxikvy/2)).
This is the so called string-charge duality, where the string content, referred
to the Bethe roots densities, is now governed by the continued fractions de-
composition. The eigenvalues of X; could be calculated once Y-operators and
higher-spin transfer matrix 7); are known, for example solving numerically the
TBA equations.

We conclude with the expression that could have the GGE density matrix,

once that the quasilocal charges are added to the set of local charges:

1
pGGE _ ¢ 25 X BjnXjm ) (6.17)
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where the 3;, are the generalized chemical potentials, Z is chosen so
that the trace of the density is one and the double indices follows from the
definition

Xjn=— (ax)"*lxj(A)}Azo. (6.18)

With j = 1 we have the usual local conserved charges.

6.3 Conclusions and perspectives

In this thesis we have proposed a construction of quasilocal charges for the
gapless XXZ model, using the functional relations of Y-system, which are
related to the thermodynamics of the model. This method has allowed to
connect the gapless XXZ model with SG model, which is an interacting,
integrable field theory.

For further developments in this line of research one can envisages to apply
this same reasonings to the restricted SG theories, i.e. the minimal models
of conformal fields theory perturbed by ¢, 3 (the least relevant operator), as
well as to many other integrable models, where TBA technique is known.



Appendix A

Bethe equation

From the definition of cotangent we have that

cos e 4 o0
cotd = — =1i— =
sin 6 e — et

and so

; e? 4+ 1
cot — = i— )
2 e? —1

Using ([2.26)) we have

2eik1 _ Qeikz
eilki+ks) 4 1 — 9gtka
2eilkitha) 19 _ etk _ 9pik2

eilki+k2) 4 1 — eike

el 4 1=

6i0_1:_

From the ratio of the two last equations we obtain

e 41 otk _ pika
e — 1  eilkitk) 11 — eik1 — gik2
etk 41 et 1 0 ky ko
= 2t — 1) — 2k — 1) == 2cot§ = cotE —cot;.

75

(A.3)

(A4)

(A.5)



Appendix B

Tensor product

Given two finite-dimensional linear spaces V; and V, with bases {e*} and
{f*} respectively, their tensor product V; ® Vs is the space generated by the
basis elements e”* = e’ ® f*. It is clear that if the dimensions of V; and V;
are respectively Ny and N,, the space V] ® V5 have dimension Ny Ns.

The operation of the tensor product is linear:

(axy 4+ bro) @y = ax; Ry + bra Ry, x1, 10 € Vi, y € Vs, (B.1)
T ® (ayr + byz) = ax @ y1 + bx @ ys, r e Vi, y1,y2 € Va. (B.2)

Then given two vectors z € V; and y € V5 and considering their expan-
sions on basis elements

N1 N2
r=) e, y=>_ mf", (B.3)
i=1 k=1
we have

N1 Nz

TRY = ZZ)\ipkeik. (B.4)

i=1 k=1

If the spaces V; and V;, are C?, the basis of the space V; ® V5 consists of
four vectors
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—~
oS,
ot

~—

(1) (1)-

In general the components of the tensor product z = x ® y of two vectors
z,y € C? are labeled by two indices 27* = xiy*:

PO coor
PO oOo cor o

11 l’lyl
12 l,lyZ
21 - :BZyl
22 $2y2

(B.6)

W W W

We note that the components of z are grouped in a way so that the first
two belong to a block labeled by 1 and the last two to a block labeled by 2.

This order of the components suggests a way to write the elements of a
4 x 4 matrix acting on V; ® V. If A is such a matrix, its elements are A7,
where each indices takes values 1, 2:

A11,11 A11’12A12’11 A12,12
A11,21 A11,22A12,21 A12,22
A21,11 A21’12A22’11 A22,12

A2L,21 A21,22 422,21 A22,22

(B.7)

The matrix A can be seen as 2 x 2 block-matrix, where each block is a
2 X 2 matrix. The first pair of superscripts a and b corresponds to the space
V1 and specify the block number, while the second pair 5 and k corresponds
to the space V5 and specify the element number in the block. Therefore, if
z € V} ® V3 the usual row/column product gives

(Az) = Abk bk, (B.8)

Analogously the standard product C' of two matrices A and B acting on
Vi®Vsis

Cab,jk — Aac,lecb,lk' (Bg)
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For our purposes the matrices acting in V; ® V5 which act non-trivially
only in one of the two spaces, while act as the identity in the other, are of
particular interest.

Denoting by subscripts 1 or 2 the space in which a matrix acts non-
trivially, if A is a 2 x 2 matrix we have

Az ®@y) = (Ar) ® v, Ary(z®y) =2 ® (Ay). (B.10)

The 4 x 4 matrices A; and Ay have entries

Aﬂllbajk _ Aab&jk’ Agbvjk — §“bAjk7 (B.ll)
or explicitly
AH O A12 0 All A12 O 0
0 Al 0 A2 AL A2 0
A=l g a2 o | =179 o an g B
0 A21 0 A22 0 0 A21 A22

Now we define the tensor product of two matrices. Given two 2 X 2
matrices A and B acting in V; and V5 respectively, their tensor product
A® B is

(A® B)(x ®y) = (Az) ® (By). (B.13)

Using the notations above we have

AiBy(x ®y) = Ai(z ® (By)) = (Az) ® (By), (B.14)
ByAy(x ®y) = Bu((Az) @ y) = (Ax) ® (By). (B.15)

We note that

(A X B) = A1B2 = BQAl, (B16)

which is proved by direct calculation:

(AlBQ>ab’jk — Atlzc,legb,lk — Aa06j15chlk — Aaijk, (B17)
(B2A1)ab,jlc _ Bgc,le(lzb,lk _ 5achlACb5lk — Aaijlc. (B18)
The tensor product of the matrices A and B is 4 x 4 matrix having a block

structure, whose blocks are 2 x 2 matrix B multiplied by the corresponding
element of the matrix A:
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AllBll AllBlQ AlZBll AIQBIQ
A11B21 AllB22 A12321 A12322
A2lBll A21812 AQQBH A22312
AQIBQI AQIBQQ AQQBQI AQQB22

(A® B) = (B.19)

The tensor product of matrices of other dimensions could be easily gen-
eralized.

An important operator acting in the space V; ® V5 is the permutation
matrix P, which has the property

Prx®y) =y®ux. (B.20)
The entries of P are
Pebik — §akghi (B.21)
i.e.
1 000
0010
P = 0100 (B.22)
0001

We immediately note that P2 = 1. P acts similarly on matrices:
P(A® B)P = B® A. (B.23)
In addition P swaps the pair of the indices of a matrix C' acting in V; ® V5:
(Pop)ab,jk — Pac,jlc«cd,lepdb,ek — 5alacjcvcd,l65dk5be — C«jk,ab' (B24)
This operation can be written as

PClgp = C21, where Cgf’jk = C{éc,ab. (B25)

The subscripts indicate to which space the pairs of superscript refer to.

Working with the tensor product Vi ® V5, it is possible to take the trace
of a matrix only over one space: triA = A% and troA = A%, In this
way the partial traces are 2 x 2 matrices, which act in V5, and V; respectively.
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Now we generalize the discussions above to the tensor product of several
space. Let V; ®...® Vy, where every Vj, is isomorphic to C2. Each vector has
2NV components, which are numbered by a sequence of superscripts 2N,
Every index a, corresponds to space V, and takes two values a, = 1,2. A
matrix acting in V; ® ... ® Viy is 2V x 2, whose entries are numbered by N
pairs of superscripts A®101@bn and its products for a vector or for a matrix
B are

v = Az — p®aN — Aa1b17---7anbnzb1---b1\r’ (B.ZG)

C — AB — Calbl,.‘.,anbn — Aa1cl,..‘,ancnBclbh...,cnbn' (B27)

A matrix 2V x 2V which acts non-trivially only in the V} and in the V,,
spaces is indicated by Ay, and its components are

N

Azzbl ----- agbi,....anbn,....,anbn :Aakbkaanbn H 50,]'1)]-. (B28)
j=1
J#kn

The permutation operator acts in the V; ® ... ® Viy as:

PoV1®.0V®. 0V, 0. 0VWw=V®.0V,0.0V,®.Vy (B.29)

and has entries

N
P]?ﬁbl ..... anby — 6akbn6anbk H 5‘1.7'1).7'. (BSO)
j=1
J#k,n

Remembering that the subscripts indicate the space in which an operator
acts non-trivially, we have that

Pk:nAl k..n NPkn:Al n..k..N (B31)

and

PknAl..‘k‘..n—1n+1..‘NPkn - Al..‘n.‘.n—ln—&—l...N- (B32)

For the partial trace we have

t?ﬂkA — Aa1b1,...,akak,...aNbN (B33)
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B.1 Yang-Baxter equation

As an application of the tensor product rules we want to analyze a partic-
ular solution of the famous Yang-Baxter (YB) equation, which is of great
importance in the field of integrable systems.

Let R(uj,us) a 4 X 4 matrix acting on V; ® V5 and depending on two
complex variable u; and uy. Considering a space Vi ® Vo ® V3 and using two
subscripts to indicate the space in which an operator acts non-trivially, the
YB equations is

Rm(uh UQ)Rls(Ul, U3)R23(U27 Us) = st(UQ, U3)R13(U17 Us)Rn(Uh U2)~
(B.34)
We try to find a particular solution of YB equation, which depends only
on the difference u; — uy and that takes the form R(u) = f(u)l + cP, where
f(u) is a smooth function and ¢ is a constant. Changing the variables in
U1 — us = u and ug — ugz = v, the YB equation becomes

ng(u)ng(u + ’U)Rgg(v) = RQg(U)ng(U + U)ng(u). (B35)

Substituting R(u) = f(u)l + cP in the last equation and separating the
terms according to the powers of ¢, we do not obtain an identity only for the
c? power, i.e.

J(u) Pra Pos+f(v) Pra Pis+f (u+v) Pia Paz = f(u) Pa3 Pis+f (v) Pis Pro+f (u+v) Pas Pra.
(B.36)
Multiplying (B.36]) from the left by Pjs, then from the right by P53 and
finally from the right by P,3, we obtain

f(u)Poz + f(v) Poz + f(u~+v) Py = f(u)Pia+ f(v) P2+ f(u+v) P, (B.37)

or equivalently

(f(w) + f(v) = flu+0)Pos = (f(u) + f(v) = flut0v)) P (B.38)

Since Pjs and Ps3 are different matrices the equality is possible only if

fu)+ f(v) = f(u+v), Yu, v. (B.39)

This is a functional equation, i.e. an equation in which the unknown is a
function, whose only smooth solution is f(u) = au, where a is an arbitrary
constant.
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Including a in the constant ¢ the matrix

R(uy,us) = (ug — ug)l + cP (B.40)

is a solution of YB equation.



Appendix C

XXZ model in quantum group
formalism

In this appendix we describe briefly the way to construct the two parameter
conserved charge Z(z,u), from which we have derived a quasilocal charge.
For this aim we need the help of some tools of quantum group formalism.
The Lax operator of XXZ model for an arbitrary auxiliary space Q can be
written as a matrix in V; (the physical space, whose Nth tensor product
generates the total quantum physical space of the system) with entries that
act on Q :

12K —-2'K' z(qg—q')S~
L](Z) = 5 (z‘l(q N q_l)S+ Zf((_l . 221K> ) (Cl)

where z € C, ¢ is related to the anisotopy parameter A, ie. A = (¢ +
¢ 1)/2 and K, ST, S~ are operators acting on Q and obeying the so called
quantum group algebra U,[SU(2)]:

KSt =¢STK, (C.2)

KS™ =q¢'S7K, (C.3)
K2 _ K—2

St 8= —-——. C.4

[ ] = (C.4)

For example choosing Q = C?, we can use the spin-1/2 representation

K = qg, S* =o* (C.5)

The monodromy matrix and the transfer matrix are as usual:

83



84 APPENDIX C. XXZ MODEL IN QUANTUM GROUP FORMALISM

To(z) = Ly(2)Ln-1(2)...L1(2), (C.6)

to(z) = tro(To(z)), (C.7)

where trg denotes the trace over the auxiliary space Q.

The quasilocal operators have the property that they can not be written
as a linear combination of the local conserved charges because they have
different symmetry properties, like spin inversion. The first step is to find
conserved quantities which are not invariant under spin inversion. For this
aim it is convenient to introduce another transfer matrix which commutes
with to(z) but employs a different representation of quantum group algebra.
Let us consider an auxiliary space A with dimension d4. Denoting with £;
the Lax operator defined in V; ® A, we have

TA(Z) = ﬁN(Z)EN_l(Z>...£1(Z), (CS)

ta(z) = tra(Ta(2)). (C.9)

Using Yang-Baxter relation it can be shown that

[to(z), ta(w)] = 0. Vz,w € C. (C.10)

Since the XXZ Hamiltonian is among the operators generated by tgo(z),
we are allowed to use t4(z) as a generating function of conserved quantities.
We shall work with the so called highest weight representation of U,[SU(2)]:

Klr) = ug"|r), (C.11)
Stry = —a,|r + 1), (C.12)
S7|r)y =br — 1), (C.13)

where u € C is arbitrary and a, and b, are functions of ¢ and u. The
dimension of the auxiliary space depends on the value of the anisotropy
parameter. We shall focus on the case in which ¢ is a root of unity, i.e.
q = e with A = [7/m and [,m € Z coprimes. In this case we can restrict
the auxiliary space index r to 0 < r < m — 1, so that the representation
has finite dimension d4 = m. It is important to notice that for ¢ = /™,
A = cos(ml/m), therefore |A| < 1, which corresponds to the gapless phase
of the XXZ model.



In analogy with (C.1)) the Lax operator £; can be written as

L;(zu) =i (L;® Ay(z,u) + 07 @ A.(z, u)

—I—(I;r ® Ai(z,u) + 05 ® A_(z,u)),

where

(g—q")S*(u).

It follows that the transfer matrix can be written as

A_(z,u) = :

2

N

ta(z,w) = i3 tra (Aan-AwzAar) [] 057,

{ay} J=1

where a; € {0, 2,4+, -} and o} = 1T;.
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(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

. . . . —1 Clj _ aj
Using parity transformation P, i.e. P~"0;’P = oy, _;, we can construct

the two parameter conserved quantity, which is odd under parity as

I(z,u) = (—i)N (P_ltA(z,u)P — tA(Z,u)) ,

whose explicit expression is given in (5.39).

(C.20)



Appendix D

Fourier transform of coeflicient

an(A)

We want to evaluate the integral

/71'/2 d)\GQik)\a ()\) — /ﬂ—/2 d/\GQik/\i 281Hh(n¢) (D 1)
)2 " I 27 cosh(ng) — cos(2)) '

After the change of variable 2\ = y the integral becomes

| sinh(n¢)
dye™ — : D.2
/_7T Y or cosh(ng) — cosy (D-2)

We use the residues theorem to solve the integral. For £ > 0 we choose a
rectangular counterclockwise path ABC' D, so that AB is the interval [—7, 7],
BC' is the interval [r, 7 + ioc], CD is the [ + ico, —m + ioo] and DA is the
interval [—m + ico, —m]. So we have

g1 inh g1 inh
/ dyemy— sinh(n¢) = 2m Z Res |e™v — sinh(n¢) .
ABCD 27 cosh(ng) — cosy 27 cosh(ng) — cosy

(D.3)

We note that the sum of the integrals on BC' and DA is zero and the
integral on C'D annihilates thanks to exponential factor of the integrand and
the fact that £ > 0.

The poles of the integrand is of order one and they are given by the zeros
of the denominator, i.e. y = +in¢ + 2mn with m € Z. The only pole which
is contained in the inner region of the path ABCD is y = in¢. Since the
pole is a simple pole we can use the following formula:

86



87

Res f(2)] = plzo) (D.4)

zZ=z0 q/ (ZO) )

where f(z) = 58 and ¢(z9) = 0, zo being a simple pole.

In this case we have (we remember that k& > 0)

p—, sinh(ng) —ie"‘“"‘b‘ (D.5)

o2rsining 2w

Res |V —

1 sinh(ng)
27 cosh(ng) — cos y]

y=ind

For k < 0 we use use the same path, but reflected on the real axes (it is
worth to note that now the path is a clockwise curve and so a minus appears
in the calculus of residues). The pole contained in the inner region of the
path is y = —in¢. The result is:

_|kjne Sinh(no) —ie~lkin¢
= e = .
27 sin ing 2T

(D.6)

o 1 sinh(n¢)
ilkly_—
hes [e 27 cosh(ng) — cos y}

y=—1ind

Combining the results we finally obtain from (D.3)

L | sinh(n¢) _
dye™ — — ¢ lkine, D.
/ o cosh(ng) — cosy ‘ (D7)

—T
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