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Introduction

Happy families are all alike
(Lev Tolstoy, Anna Karenina)

Mathematical techniques in statistical physics have developed in recent years along several
directions. In particular, integrable models have received considerable attention because they
represent prototypical examples which can be exactly solved, either to gain some intuition
about the behaviour of more complex systems or to approximate a class of real systems in
certain limits.

Models of interest in this thesis are constituted by a large number of quantum degrees
of freedom, which either will be or will be reducible in the form of spins. Moreover, a key
role in our analyses will be the fact that they are based on ezactly solvable models. The first
exact solution of a quantum statistical system goes back to Bethe’s treatment of the one-
dimensional Heisenberg spin chain [I]. He found that the eigenvectors of this hamiltonian are
written is a certain specific form (Bethe’s ansatz), and that the eigenvalues are described by
a system of algebraic equations nowadays known as Bethe’s equations.

Bethe’s technique has been systematized and applied to various other models, including
two-dimensional models of classical statistical mechanics, allowing the exact computation of
the low-lying eigenvalues and of the free energy and the access to thermodynamic properties,
such as phases [2].

Through all these developments, it was recognized that at the heart of the method there
is a single algebraic relation among the “building blocks” of the models, called Yang-Bazter
equation. Schematically, each solution of this equation gives rise to a class of exactly solvable
hamiltonians. The way in which these hamiltonians are written and diagonalized has been
systematized in the so-called quantum inverse scattering method [3] or algebraic Bethe ansatz
[4].

For two-dimensional systems at the critical point that identifies in the phase space a
second order phase transition, a totally different approach, based on the effective description in
terms of a conformal field theory, was initiated in [5]. In this situation, an infinite-dimensional
algebra constrains the theory and allows its exact solution, which amounts to the computation
of multi-point correlation functions. It was soon realized that away from the critical point,
specific field theories admit a description in terms of particles, whose interaction can be
summarized in terms of scattering matrices, which are forced to satisfy the Yang-Baxter
equation [6]. Also in this context, this stringent requirement allows ultimately for the exact
solution of the theory.

The aim of this thesis is to provide further examples of the great impact that the tech-
niques related to the algebraic Bethe ansatz to integrable models have on modern problems



of condensed matter physics, as well as to highlight the single algebraic structure that unites
many of them. In facts, the relative flexibility of the underlying formalism allows somewhat
“unorthodox” applications: among those illustrated in this thesis, there appear disordered
and even nonintegrable hamiltonians, as well as quantum field theories on some nontrivial
support. One essential characteristic of this work is the emphasis posed on matriz elements
of quantum observables, which are explicitly obtainable by algebraic Bethe ansatz.

The first chapter is an introduction to the general concepts about integrable lattice models
and to the Yang-Baxter equation. One important solution to this equation is presented, and
it is shown how to derive from it two important hamiltonians, namely the Heisenberg and
the Richardson hamiltonians, which will be considered extensively throughout the thesis.
Moreover, the algebraic Bethe ansatz method for writing eigenstates and eigenvalues of these
hamiltonians is presented in general terms.

The second chapter deals with the Richardson model, as a few-body description of Bardeen-
Cooper-Schrieffer (BCS) superconductivity. In particular, the BCS equations are reviewed
and shown how to be derived from the scaling limit of the model. An original investiga-
tion of the Josephson current flowing among two coupled few-body superconductors is pre-
sented, having in mind experiments featuring trapped cold-atoms with tunable interaction.
The crossover among the superconducting regime and the one to a Bose-Einstein condensate
(BEC) is studied. Part of the results are contained in my paper [7].

The third chapter analyses the effect of disorder on the properties of the exact many-
body eigenstates of the Richardson model, with attention to their localization properties in
the Hilbert space. Motivation for the work, which lies in the study of thermalization and of
hopping conduction in quantum systems is presented, together with the original results of my
article [g].

The fourth chapter introduces the basics concept of integrable field theory, with attention
to the computation of correlation functions. The sine-Gordon/massive Thirring theories are
presented and shown to be particularly relevant in condensed matter and statistical physics.
This is a review chapter.

The fifth chapter tackles the problem of computing correlation functions of the sine-
Gordon field theory in finite size. The technique used is based on an already known lattice
regularization, which is reviewed in the first part. Then a new formula, contained in my
article [9], for the generating function of connected correlation functions in finite volume is
derived, using the algebraic formalism introduced earlier in this thesis.
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Chapter 1

The models and the algebraic
formalism

This chapter provides an introduction to the formalism of algebraic Bethe ansatz and of the
models which will be used in this work. Connections among the various Hamiltonians are
highlighted from the point of view of their algebraic construction.

1.1 Integrability in quantum systems

1.1.1 Spin systems

Consider a system with 2N sites and a spin—% degree of freedom on each site. The Hilbert
space of the system is spanned by the direct product of the single-site basis

{11, 1} (1.1)

For the time being, the geometry is that of a one-dimensional chain with periodic boundary
conditions. Each site is labelled by an integer m,n,... and carries a local Hilbert space
upon which a spin-1/2 representation of su(2) acts. It is possible to carry on part of the
construction without specifying a particular model. In other words, as we will see below, it
is possible to diagonalize an Hamiltonian without even knowing its expression.

An essential step for constructing a lattice model which is integrable through algebraic
Bethe ansatz amounts to finding a matrix that satisfies the Yang-Baxter equation (YBE).
Given three "local" Hilbert spaces a, b, ¢, the so—called R-matrix satisfies:

Rap(N) Rac(p) Rpe(A — 1) = Rpe(A — 1) Rae(p2) Rap(A) (1.2)

for any choice of the complex "rapidities" A and pu. Here and in the following, whenever
useful, matrix representations will carry subscripts with local space labels. The Yang-Baxter
relation is fundamental in quantum integrable systems, and may be taken as a definition (see
also [10]) of quantum integrability itself. The analogue formulation in quantum field theory
will be reviewed section It consists on a relation on the two-paricle S-matrix of the
theory and can be seen as a necessary condition on the factorization of the full S—matrix into
two—body processes.

There is an analogous formulation of the relation above for open boundary conditions,
which takes the name of boundary Yang-Baxter equation [II] and holds in the same form in
the context of integrable quantum field theories [12].



Another property (see, e.g., [13],[14]) of the R-matrix is (provided b(\) # £c(X)), unitar-
ity
Rab()‘ - M)Rba<u - )‘) =1 ’ (13)
which follows from inverting one matrix in and applying the permutation operator. This
requirement is functional to the construction and diagonalization of integrable Hamiltonians
through algebraic Bethe ansatz and will find application later on in section [I.3.1]

Some classes of solutions to are know EI . The simplest and by far the best known
is the R-matrix associated with the six-vertex model and with the corresponding quantum
chain [2], upon which the models analysed in this thesis are based.

We write here the “six-vertex” and the “rational” R-matrix, represented on the local C?
spaces « and f3:

(1.4)

a7B
where the functions b and ¢, for the XXZ family are takenﬂ as:

sinh(\) sinh(—iv)

T R ) (19

and the anisotropy parameter ~y is related to the coupling of the spins along the z axis.
With this choice, the matrix enjoys the property of crossing symmetry

(C®1) Raplim — A) (C© 1) = R, () (1.6)

in which C is, in general, an appropriate 2 x 2 matrix such that C? = 1 and C* = +C and
in this case C' = ¢*. The superscript t1 indicates transposition in the first of the two spaces
only, in other words, the exchange of the order of |1) and |]) in the first basis.

For the rational model, which is the starting point for obtaining the Richardson model
studied in the following, we have instead

A 1

b(A) = ——, A)=— 1.7

N=53r W= (1.7

and, similarly, the isotropic XXX is obtained by specializing the value n = i, so that we have
i A

b(A\) = A) = 1.8

=1 N =5 (18)

The models are not independent. The hyperbolic R-matrix (1.4[1.5) can be analytically
continued to imaginary values of the anisotropy parameter

e — e (1.9)
for some small real e. Then, vanishing values of the argument e* ~ 1+ev and of the anisotropy
parameter reduce the XXZ R-matrix to the rational form ([L.7)), i.e.:

1

R(u) = pygraes (n1+4uP) (1.10)

!due to the fact that the above relation is a representation on a, b, ¢ of a defining property the "universal
R-matrix" of a quantum group, they are classified accordingly
2an overall multiplying function can be considered as well



which is itself a solution of the Yang-Baxter equation.

As it will be seen in Chapter [4] integrable two-dimensional quantum field theories can be
formulated in terms of a two-particle scattering matrix. Integrability of the theory will imply
the constraint that such an object has to satisfy. The solution will then be the
exact two-particle scattering matrix between the fundamental excitations in the sine-Gordon
field theory.

1.2 Introduction to Algebraic Bethe Ansatz

Algebraic Bethe ansatz (ABA) [I5] is a powerful technique that allows to write exact eigen-
states and eigenvalues of a class of lattice models. Both the effectiveness and the main
limitation of this technique are not confined to the exact diagonalization of a particular
Hamiltonian, but also consists in the possibility of generating a class of Hamiltonians starting
from the underlying requirement of integrability itself.

There are two main classes of quantum systems that can be dealt with through the ABA,
namely periodic chains and fully connected models. In the following, we shall review the
construction for the most noticeable representatives for each class: the Heisenberg chain and
the Richardson model. Open chains, as well as "ladders", can also be dealt with under suitable
modifications.

A great advantage of the algebraic version of Bethe ansatz stays in the fact that, despite
the technical difficulties, it has proven to be possible to solve the "inverse scattering" problem,
at least for some simple prototypical models. This means reconstructing matrix element of
operators in terms of generalized creation and destruction operators, which satisfy algebraic
relations that ultimately allow the reconstruction of matrix elements of the operators. More
details will be provided below.

1.2.1 The Yang-Baxter relation at work

The ingredient in the algebraic Bethe ansatz construction which actually specifies the model
under study is the so-called Lax L-operator, which we will represent as a matrix valued
function of a complex argument ("rapidity"). It acts on a couple of local Hilbert spaces
C% @ C2
For definiteness we anticipate that for the XXZ chain we have the following form:
SZ—i\ _ —SZ4i) -1\ -
Lan,);Z ()‘) = < 1 (q _ q—({) S:Lr qfsgifig_ Zg:inﬂ)\ >m = Rm,n <)‘ + Z%) (1-11)

with ¢ = e™*, whereas for Richardson

1/ A+nS2  nS;
Lfﬁ,n(A)ZA< 77573 Ain&i) (1.12)

and once again the isotropic Heisenberg chain is obtained from the value n =i
A+ 157 Sy
XXX _ n n

This operator is a function of a complex variable A and must satisfy a specialized version of
the YBE:

Lab(:u>Lac()‘)Rbc()‘ - :u) - Rbc()‘ - :U)Lac()‘)Lab(U) (1'14)



This relation is generally derived by (1.2]) by defining L as the R-matrix itself with some shift
of its argument along the imaginary axis, as it will seen below. Moreover, it is required that
it reduces to a permutation between local spaces

Paplt)g @ [¢'), = [¥'), @ [¥), (1.15)

for some special value of its argument. The reason for this is in the great simplification that
is obtained in the construction of the Hamiltonian (see below).

We will now define the basic operators which are necessary for constructing the Hamil-
tonian and the conserved charges, the latter being operators on the "physical" Hilbert space
built as the closure of the tensor product of the single-site Hilbert spaces C2 ® ...®C2. In-
troduce an auxiliary space a and consider a family of Lax operators that act on this subspace
and on one (say, the n-th) of the local Hilbert spaces L, ,, while behave as the identity on
all other local spaces. Then we can define a monodromy matriz as follows:

T(A) = Laon (M) Lazn-1(A) ... La1 (M) (1.16)

We will actually need a generalization of this basic definition, obtained by introducing site-
dependent shifts h,, a = 1,...,2N in the arguments of our operators, called inhomogeneities:

To(\) = KuLaan(A — hon)Laan—1(A — han—1) - .. Lai(A — hi1) (1.17)

The Sklyanin’s matrix K, is present whenever the boundary conditions are not strictly peri-
odic: instead, the local state in the m-th and the 2N + m-th sites are identified only up to
the action of this operator

|wm> =K, |¢m> (1.18)

Since it is nontrivial only on the auxiliary space, such an action reduces, in the physical space,
to the multiplication by a phase factor called "twist". This can also be written as

KoBmK] = Bpion (1.19)

with B, a generic operator acting on the m-th physical space. The lattice structure is still
periodic, because the twist affects only the quantum mechanical properties,
Such a matrix acts nontrivially on the auxiliary space only and satisfies

[Rab(A — 1), Ka( W) ()] = 0 (1.20)

For our purposes, it will be sufficient to consider a K, as independent from the rapidity and
diagonal. With this choice, the above requirement is automatically satisfied. It is convenient
to specify since now the parametrization of the twist as:

Ko = a1 (1.21)

in which the usual Pauli matrix appears.

An important property of the monodromy matrix is that it braids like , by virtue
of the so-called "train argument". In facts, denoting a second copy of the auxiliary space as
b, we can apply one after another the various copies of and as follows:

Rop(A — p) KaLaaN (A = han) - . Lag (A — h1) Ky Ly oan (A — han) ... Ly 1 (A — ha)
= Rap(A — ) Ko KpLaon (A — hon) Lpan (A — han) - .. Lo (A — ha) Ly 1 (A — ha)
= K KpRapy (A — 1) Laan(A — han)Lpoan (A — han) ... L1 (A — h1) Ly 1 (A — he)
= KyKoLpan (A — han)Laan (A — han)Rap(A — ) - .. Lai (A — hi) Ly 1 (A — hy)

)

= KpKoLpon (A — han)Laan(A = Ban) ... Lyt (A = h1) Lt (A — h1) Rap(A — 12)(1.22)



Then we have a crucial identity in the ABA construction, named "RTT-relation" for obvious
reasons

Rap(A = 1) Ta(A)To (1) = Ty (1) Ta(A) Rap(A — ) (1.23)

Let’s now introduce a standard parametrization for the monodromy matrix:

AN B
T,(\) = ( 20y DY ) (1.24)

when is represented on the auxiliary space. The elements that appear in the matrix above
are operators on the Hilbert space of the chain and will be used.

The braiding relation fixes the relations between the elements of the monodromy
matrix in terms of those of R. We write in extended form on the auxiliary spaces, for the
sake of clarity, the product

1 AN) A(p) AN B(p)  B(A) A(p)  B(A) B(u)

b c AN C(p)  AND(r) BN C() B(A)D(w)

c b C(A) A(n)  C(A)B(u) D(A)A(p) D(A) B(p)

1 CAC(u) CAN)D(u) DA)C(n) D(A) D(u)
A(p) AQA) - B(p) AN) - Ap) B(A) - B(u) B(A) 1
_ | CwAQR) D(p)AA)  C(p)B(A)  D(p) B(A) b c (1.25)

A)C(A)  B(p)C(A)  A(u)D(A)  B(p) D(A) c b '
C(n)C(A)  D(p)C(A) C(r)D(A) D(p) D(A) 1

By equating term by term the elements of the RTT-relation, we obtain a set of quadratic
algebraic relations among operators acting on the physical Hilbert space of the chain, which
is named Yang-Baxter algebra:

BO,BG] = [CO),C)] =0 (1.26)
AN, AG)] = [DO),D()] =0 (1.27)
B 1 (A=)
AGBO) = s B AGH) = 31 B AQY) (1.28)
DB = 5 B DO = 53— B D) (1.20)
QLD = 5310 (B Clw) ~ Bl €OV (1.30)
_oc(A—p)
B0.C0] = 53— (A D) — Al D) (131)
B 1 c(A—p)
CONAW) = G AW = 3= A () (1.32)
CONDO) = e PVCG) — 53— D) Y (1.33)

The trace over the auxiliary space of a monodromy matrix defines the transfer matriz
7(A) = Trg [T(V)a] = A(N) + e 2D(N) (1.34)

which again acts on the Hilbert space of the chain.

5



This object is crucial because we can write from a set of 2NV algebraically indepen-
dent operators @; (as many as the size of the system) and to show that they commute. As
a consequence, these objects will act diagonally on all the eigenstates of the transfer matrix.
Most importantly, as long as one of these operators can be chosen as a physically meaningful
Hamiltonian, our quantum system is endowed with a set of charges that commute among
them and with the Hamiltonian, i.e., that are conserved in time. All such charges can be
generated by differentiation

Qn = o log7(N) (1.35)
oA A=ivy /2

An important property of the transfer matrix is that
[F(A),7(W] =0, VA, u (1.36)
which can be proven starting from and inverting the R-matrix
Rap(A = ) Ta(N) Ty (1) Rap(X — 1) ™" = Ty (1) Tu(N) (1.37)

and then tracing over the space a ® b and using the cyclic property of the trace

Trags [Rav(A — 1) Ta(N) (1) Rap(A — 1) ™" = Ty(1) Ta(N)] = [Tra [Ta(N)], Try [To(w)]] (1.38)

which proves (1.36). From this property, which must be true for arbitrary choices of the
spectral parameters A, p, it follows that all the charges defined in (1.35) commute among
them.

1.2.2 Counstruction of the eigenstates

Our goal is to construct a set of eigenstates of the transfer matrix since these states are
simultaneous eigenstates of the Hamiltonian and of all the conserved charges.

Within the formalism of second quantization, a state with, say, n free fermions on momen-
tum levels ki,...,k,, is created by the action of ladder operators CLI, .. ,c;r(n on a vacuum
state |0). Such a state is defined to be the one which is annihilated by all the lowering op-
erators, i.e., by cx; [0) = 0 Vj. The framework of ABA somehow extends these notions to
strongly interacting systems. The key idea is that an eigenstate can be built as the repeated
action of generalized ladder operators, the role of which will be played by the Bs in ,

on a reference state:

[W({A})) = B(A1)...B(\y) |ref) (1.39)

where the interacting nature of the system is encoded in the fact that the arguments of
the ladder operator are not independent one from another, but must satisfy a system of n
algebraic equations, which will be written below.

As for the reference state, also called "pseudovacuum", it is defined by the property:

CON) ref) =0 (1.40)

In order to construct such a vector, we require that the action of the monodromy matrix

to be:
T(\)|ref) = ( R ) ref) (1.41)



From the specific spin models and L-matrices that are under study, it is clear that if we
. : . 1
chose every local variable to be in the "spin-up" state |1) = ( 0 > then the Lax operator

will act as a triangular matrix on it

w=mty = (O E ) (142

Multiplication of many of these upper-triangular matrices in (1.17) on the different sites will

preserve the upper-triangularity, leading to (1.41]).
The action of the transfer matrix on this state is then simply written as

A)|ref) = (Ha A—Nhy)+ 2““H5 A—Ny > Iref) = (a(X) +d(N)) [ref) (1.43)

and defines the functiond’| @ and d that are to be used in the following. For the sake of
definiteness, we write them here for the XXZ model:

ON . . ON . )

sinh ()\—hm—i—zl) sinh ()\— hom, —11)
\) = 2 d(\) = 2 1.44
a(A) ,El sinh (A — ) ) gl sinh (X — fiyn) (1.44)

and for the rational case:
2N 2N
A—hy, — g A—hp + g
_ - 2 1.4

and the XXX chain, that can be obtained from this expression for n = —i:

2N ; 2N ;
)\_hm‘i‘l )\—hm—l
(=11 =257 =11 === (1.46)

m=1 m=1

We turn on the action of the two parts of the transfer matrix on a generic Bethe state.
Using the exchange relations (|1.26)), we see that:

A(p) B(A1) ... B(Am) [ref) = Hb (1) B(A1) ... B(Awm) [ref) +

+ Z Co(uH{A}) BOW) . BN ... Bw) B() [ref)  (1.47)
=1

where the symbol~denotes ellipsis. The first term gives back the original state, multiplied by
a factor, while the other terms have the same number of rapidities, but one of those relative to
the state has been replaced by the argument of the operator. Because of the commutativity of
the Bs among them, we can focus on one term only and obtain all the others by permutation.
If in the exchange with B()\;) one takes the second term in (1.26)), then a factor

M

G =~ =2 T = Aot

3actually, the ratio of the two is determined



is generated, multiplying the state in which the rapidity p replaces A;. This state is not
generated by any other exchange, hence commutativity of the Bs imposes that

Ci(ul{A}) = Hb (A — Aa(\) (1.48)
J#l

We can focus on the action of the other part of the operator and compute similarly:

D(p) B(A1) ... B(Awy) [ref) = Hb (b — A)d(p) B(A1) ... B(Aw) [ref) +

Cr(ul{A) BOW) ... BON) ... Bwar) B() [ref) — (149)

HM:

and once again we have M unwanted terms, one for each root of the state, multiplied by a
factor

Ci(ul{A}) = Hb )d(Ar) (1.50)
J#l
In order to obtain a diagonal action of the element of the transfer matrix, we add
to and ask that all unwanted terms cancel. This produces a system of M algebraic
equations for the M unknown rapidities {A} that form the state:

M
a(\;) Hb (A= A) — e 2d) [ o (A= A) =0 j=1,....M (1.51)
J#l J#l

These are the Bethe equations (BE) for a state defined by a set of M rapidities. Of course,
various solutions with the same number of roots can exist.

To associate a physical meaning to this number, we need to remind that we are construct-
ing spin models, and specifically from the Lax operators . It is easily seen
that the reference state will be the state in which all the local spin variables have a definite
orientation, pointing upwards along the z axis

ref) =11,...,1) (1.52)

Then, one can see from the form of the Bethe ansatz ladder operators (see below) that the

total magnetization of the state is:
M

S=N — - (1.53)

To rephrase, to find all the states with given magnetization S, one should find all the
solutions of (L.51)) with M = 2(S — M) rapidities. Completeness of the set of all solutions
of the Bethe equations is shown by direct inspection for small size systems, but there is no

available proof for generic sizes.

1.3 The Heisenberg chain

The Heisenberg chain is a paradigmatic model for ferromagnetism in one dimension. The

Hamiltonian reads:
2N

Hoypo = —J Y [SEST + SYSY + cosvS%S7] (1.54)

n=1



with the anisotropy parameter v introduced earlier.

There are several physical systems that can be modeled by this kind of Hamiltonian. For
example, the structure of KCuFj is such that the unpaired electron on Cu is in a d orbital
which has its maximum overlap with the F'~ ions in the x direction and weak antiferromag-
netic exchange along the y and z direction. Then, if the temperature is high enough (higher
than the latter exchange interaction), the system behaves effectively as one-dimensional.

One more example is provided by the whole family of Bechgaard salts (TMTSF),X, which
have been objects of intense study, as the first organic superconductors. They appear in
crystalline form, in which piles of (TMTSF) are sided by PF (hexafluorophosphate) or ClO4
(perchlorade) anions, which provide a negative charge and bind the salt together. The 7
orbitals of sulfur have a high overlap among them, hence allowing high conductivity along
the direction of the cations. Conversely, due to the ionic nature of the compound, the transit
of an electron in the perpendicular plane is highly suppressed. In particular, there is one ion
for two (TMTSF) molecules, which implies that the chain is at quarter filling.

More recently, the Heisenberg chain has been applied to explain the results of neutron
scattering experiments [I6] on Azurite (Cus(CO3)2(OHz)), with success in the prediction of
the dynamical properties in a magnetic field. Other applications can be found in |17, [I8].

1.3.1 Construction of the Hamiltonian

We start by rewriting the operator (1.11)) as
A 2

LA am — . . N . a,m . . é fn 1.
Aa, sinh(A +1i7v/2) sinh(A+iv/2) & smh(A—}—zy/Q)U ? (1.55)
with
1
fix) = 5 (sinh(A + 475 /2) + sinh(\ — i+ /2) — sinh(i 7))
fp(A) = sinh(ivy)
1
fz(\) = 5 (sinh(A + 47 /2) — sinh(\ — i /2) — sinh(i 7))
In the homogenous case, the monodromy matrix is
1
T\ = 1+fpP, 1+ fpPyon_1+ fo070in 1) ...
(A) Snh(x 17 /2N (f11+fpPapn + fo0%05N) (il +fPPaan—1+ f2005N5_1)
(il +fpPun + feo07) (1.56)

The transfer matrix is defined as usual as the trace over the auxiliary space of the previous
expression. In particular, we have that

T(Z’)//Q) = Tl"a [T(Z’)//Z)] = PLQPQ’?, e PQN_LQN = V (157)

is the shift operator.
Being V' a translation operator, a lattice momentum can be defined as its generator, as
V = e~P with a the lattice spacing. It follows that the first integral of motion is simply

Qo =logT(ivy/2) = —iaP (1.58)



The second integral of motion has to be computed by using that

d , cosh?(i~y /2) 1 — cosh(i am—smh22 2)oioZ,
I Lamlin/2) = (iv/2)1 (i) F (iv/2)o.

sinh(i~)
Lom(iv/2) = Pam

Then the derivative of the transfer matrix is

dr
d)\ Z’Y/Q) = ZTra a,N - aj—l—lDa]Pa] 1- Pa,l]

Da,m =

= Z Dj 1 ;PnN-1-- - Pjyoj1Pjr1j1Pj 15 2... P (1.59)
J
and the logarithmic derivative is simply written as

dlogT
d\ 1’7/2 ZDJ 17J j—1,5 (160)

then one has
2N
(iv/2) = = [cosh®(iv/2)Pyni1 — cosh(iv) 1 —sinh®(iy /2)of07 ]

n=1

2N
Z [ oy ]+1+ ]+1+C05’)/O']0'j+1 + const (1.61)

n=1

dl
% sinh(i~y) og T

J
1

which is just , apart from a constant term.

It is instructive, now that we have , to try to understand the action of the B operators
for this specific model. In order to do this, we can try to construct them explicitly, for a few-
sites chain. Obviously, for one site only, the ladder operator just flips an up spin downwards.
For a two-site chain, it reads:

B(A) = A1(A —h1)Bs — B1A2(A —h2) (1.62)
and for a three-site chain:

B(A) = A1 (A —h1)A2(A —h2)B3+B1BaB3— A1 (A —h1)B2Az(hs—A)+ B1Aa(ha—A) Az (hs—A)
(1.63)
where the notation used is:

A =g S —gr g B = (Q—M _qm> s; (1.64)

In principle, one can go on to higher and higher sizes, but the main feature of the operators is
already clear: as anticipated by (1.53) the Bs act on a state by flipping downwards one spin,
which is localized at a given site with a certain amplitude.

1.3.2 Scalar products and matrix elements

A beautiful formula, due to N. Slavnov [19] [13], is known for the scalar product of two states,
provided that at least one of them is an eigenstate of the Hamiltonian of the XXZ chain:

N M
s ] BOI0)y = —— Lazi dlite) At H({ph, D) (163)
j=1

[ sinh(pq — pp) sinh(Ay — Aq)

a>b
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in which H is

M
s = a(\) tu, Aj) [ [ sinh(u — A; — i)
=1
M
—2iw . .
—e 22d(\) t(Ng, ) | ] sinh(u = Aj + i) (1.66)
=1
with 1 < j,k < M, a, d defined in (1.44)) and
—48in 7y

t(u,A) = (1.67)

sinh(p — ) sinh(p — A —é7)
We would like to emphasize that the rapidities of the "bra" set satisfy the Richardson equa-
tions and therefore are an eigenstate of the transfer matrix, while those appearing in the "ket"
are just M complex numbers.

The quantum inverse problem (QIP) amounts to reconstructing the operators of the quan-
tum system under study (the ST, S~, S* operators on every site of the spin chain) in terms
of the ABA operators A, B, C, D. Since these operators are used to build eigenstates and
they form the algebra , the solution of the inverse problem [I3], [I4] opens the way to
the computation of matrix elements and from these of expectation values and correlation
functions. For the Heisenberg chain, the results are:

m—1 m -1
S = {H%(M)}B(%){H%(m)} (1.68)
1=

1 =1
m—1 m -1
S = { 11 %(m)} C(hm>{H%<hl>} (1.69)
=1 =1

m—1 m -1
Srzn = { 7A—(hl)} Tr, [Ta(hm) : Sg] { 7A—(hl)} (170)
l

Matrix elements of operators in the context of quantum spin chains are denominated
"form factors". Throughout this thesis, we would like to reserve such a denomination to the
corresponding objects in quantum field theory. As explained in Chapter [5] the two families
have a close relationship in a lattice model of our interest: the inhomogeneous XXZ chain.
Because of this, to avoid confusion, we will refer to the ones coming from the lattice simply
as matriz elements, reserving the denomination of form factors to the corresponding objects
in the content of integrable field theories.

Given this solution, it is easy to show that the matrix element of the site magnetization
operator Fm ({1}, {\}) = ({u}| SZ, |{\}) between Bethe eigenstates can be represented as a
determinant

S o () 15 sinh(ij — by + i) det [H — 2P, .
Foe (b M) = Pm-1({A}) ll_[l sinh(Aj — i +47) [ 15 sinh(pg — 1) sinh(A; —(Xkl)l)

where the matrix H has been given in (1.66) and P is the rank-one matrix:

M

(Pm)jx = t(5 — o) [ [ sinh O = A + i) (1.72)
=1

11



The coefficients ¢, ({Ar}) are instead:

n m

om0} = [T TT0 " % =€), (1.73)

k=1 j=1

with b defined in [LL5l
The proof is given in [I3] and uses the solution of the inverse problem (1.70) by writing

N

mH A+D)(hj) - A(hp) - H (A+D)(h;) -1, (1.74)

j=m+1

Ttherefore, taking the matrix element between two states, one hase

Fi(m, {n}, {0} = 2 ¢, () dm1({153) Prlhom, {u}, {A}) = S{u}, {A})
with

Py(hum, {1}, {A}) = (0| HC 1) A(hm) ] BO) [0). (1.75)
k=1

To compute the function P, one uses the formula (1.47) for the action of the operator
A(hp,) on an arbitrary state:

- Zsinh(A\g —hp, — 7)) 1
H )\k: |0 H smh /\k— H )\k |0
k=1 k=1 k=1
N n n
sinh (i) sinh(\g, — A\g +i7)
B(hm) || B(A&) [0
;smh)\—h <1_[a sinh(Ax — A\q) ( )ILIQ (Ar)0)

(1.76)

Hence P1 reduces to a sum of scalar products, therefore to a sum of determinants according
to . It can be rewritten as a single determinant by means of the following formula for
the determlnant of the sum of two matrices, one of which being of rank one. Indeed, if A is
an arbitrary n X n matrix and B arank one n xn matrix, the determinant of the sum A+ B
is:
n .
det(A+ B) =det A+ " det AV,
j=1

where

flé]b) = Ay for b7,

A0 _p

A;i = Bg.

A determinant representation for the matrix elements

n+1

Fy (m, {u},{N}) = (0] HCuJ om [1BOR) 10), (1.77)
k=1

and

Ff(m, {p},{\}) = (0] Hc M) o ] Bwsi) 10), (1.78)

12



where {Ag}, and {g;}n+1 are solutions of Bethe equations, is also known. For two Bethe
states with spectral parameters {A;}, and {y;}n41, the matrix element of the operator o,
can be represented as a determinant,

bm—1({p;}) TI121 sinh(r; — &m + 1)

m 1 (O}) Iy Snh(hs —Em + 1)
det,y1 H-(m, {1}, {\})

Ey (m, {u}, {A})

X A . )

Hn+12k>j21 sinh(pg — Mj) H1§,8<a§n Smh()\ﬂ —Aa)
(1.79)

and the (n + 1) x (n+ 1) matrix H~ is defined as
sinh(1) n+1 n+1
H,(m) = simh(jta — Ny) (a()\b) | H sinh(pj — Ap +n) — d(Ap) | H sinh(u; — Ay —77)>
Jj=lj#a j=lj#a
for b<n+1, (1.80)
_ sinh(n

Hypia(m) = () (1.81)

sinh(pg — &m + 1) sinh(pg — &n)

The matrix element F.F(m, {u},{\}) of the operator o, admits a similar representation,

+(m, ¢m(/\k) Pm— I(Ak)
B (), () = S B (), (A (1.82)

The proof of these representations is rather straightforward using as the local oper-
ator o, can be expressed in terms of the transfer matrix and the operator B(&,,) as

N

H (A+D)(&) - Bém) - [ (A+D)(&)

j=m+1

Since the Bethe states are elgenstates of the transfer matrix,

(A(&) + D(E) HB () [0) = (Hb Aa,@)HB(Amw, (1.83)
k=1

the product of the operators A(§;) + D(&;) contributes to the function F,; (m, {u},{\}) as a
global factor:

n+1 n

Fy (m {u} AN = o ({0}) dm-1({115}) (0] HCM m) [[BOw) 10).  (1.84)

k=1

Here we used a simple property of the solutions of Bethe equations,

[T 0w -

k=1j=1
The right hand side of (1.84) thus reduces to a scalar product,

Fyy (m, {p}, AN} = o (D) dm—1({153) St ({5} {&ms A< M), (1.85)

which, {4} being a solution of Bethe equations, can be computed by means of . Writing
this explicitly, the representation is obtained.

The form factor Fr(m {,u} {)\}) can be calculated analogously using the representation
for the operator o, given by |1

13



1.4 The Richardson model

The Richardson model [20, 21} 22] belongs to the class of fully connected models. The
Hamiltonian is written in terms of creation and destruction operators of fermions in energy
levels « = 1,..., N with spin 1 or | and reads:

N N
Hp = Z ha (cLTcaT + CL¢CQ¢) —g Z CLTCL¢05¢CBT (1.86)
a=1 af=1

where the h, are the single-particles energies of the N levels and g is a real (positive or
negative) parameter, which models the matrix element of the scattering among Cooper pairs
of spin-reversed electrons.

The Richardson model has been studied for long time in the context of nuclear super-
conductivity, where it was first applied [20, 2I].More recently, it has been applied with great
success to the study of the tunnelling spectra of metallic nanograins [23], 24] 25], where the
spectroscopic gap between Al grains with an odd or even number of electrons was explained
with the existence of pairing correlations among these [26]. Moreover, the model is important
in connection to the finite-size scaling of the BCS theory of superconductivity [27, 28|, [29] [30].

Justification for the use of in condensed matter will be given in Section in the
context of BCS theory of superconductivity. To fully exploit the formalism presented for spin
models, one can rephrase the Hamiltonian in terms of the su(2) algebra generators:

N N N
Hp=—-2) haSi—9g Y SIS5+> ha (1.87)
a=1 aB=1 a=1

or equivalently in terms of Cooper pairs of fermions, i.e., of hardcore bosons:

N N
Hp =2 hablba—g Y blbs (1.88)
a=1 af=1
under the definitions:
bl =S, = CLTCLi , b =St =cacar, 255=1- cLTcaT - CL¢CO¢ (1.89)

Note that the Hamiltonians (1.88|[1.87)) above are truly equivalent because, in addition to the
formal mapping of the operators, there is also a one-to-one correspondence among the states
in the Hilbert space of hard-core bosons and of spins, since:

e, 0) <) (1.90)

On the other hand, the Hilbert spaces on which the operator acts is only a subspace
of the full space on which acts. In facts, the states which are singly occupied, i.e.,
those in which there is only one electron with either 1 spin or | spin, are unaffected by the
interaction and the net effect arising from their presence is that of "blocking" the level, by
preventing the scattering of the other pairs on it. In other words, the full Hilbert space is
divided into sectors with a given number of unpaired electrons and with given distribution
over the levels. In each of these subspaces, the bosonic Hamiltonian only describes the
doubly occupied ("unblocked") levels, while the free part of describes the remaining

electrons.

14



1.4.1 Algebraic construction

Integrability of the model [31] was not realized immediately. Here we would like to emphasize
the fact that it can be constructed from the general solution of the Yang-Baxter equation of

section An important property (quasi-classical” property) of the matrix (1.10) is that
it reduces to the identity in the limit:

lim R(u) =1 (1.91)
n—0

and because of this, it can be parametrized as:
R(u) = 1+4nR(u) + O(n?) (1.92)

Here we follow the construction of [32]; the starting form of the monodromy matrix is the
one given in , but here we chose to scale also the twist parameter with n as w = n/g.
In other words, the Sklyanin matrix is K, = e~ 2"/9(?a=1)  Note that we consider the explicit
form of the L-operator anticipated in (|1.12).

Considering the reference state |f,...,1) as above, we can compute the action of the
monodromy matrix, yielding . From this, the Bethe equations are readily derived to be

M
a(wj) Y Wi —wk =1
=1 1.93
d(wj),g.wj—wwn (193)

as well as the eigenvalue of the transfer matrix on a Bethe state (1.39)) defined by a set {w}
of rapidities:

M M
uU—w;+1n 27 U—w; —n
j=1 J j=1 J

Once again, we define the transfer matrix according to (1.34), but in the following the
construction of the Hamiltonian will slightly differ from the one for the Heisenberg chain. In
facts, we can define 2N operators by:

u — hg

2% (u) (1.95)

To = lim lim
nN—0 u—heo n

called Gaudin Hamiltonians. They can be written explicitly as:

2 25, - S,
Fo= -84 ﬁhﬁ (1.96)
I a8
and possess the key property of being mutually commuting:
[Ta, T3] =0 (1.97)

as derived from the commutativity of transfer matrices and the definition (1.95). We are in
the position of defining an Hamiltonian through:

2N 93 2N 92 2N 2N
HR =—g Z hoﬂ:oz + Z Z 7~_a7~_5 + ? ~a —g Sa : Sa (198)
a=1 a,f=1 a=1 a=1
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which produces exactly (1.87). Due to this construction, we have 2N integrals of motion (|1.96])
commuting among themselves and with the Hamiltonian. Note that this is so independently
of the spin representation of su(2), but throughout all this work, we are going to use the

spin—1/2 representation.

Since the RTT-relation (1.23) must be satisfied order by order, then one also has:

T(u)q = 1407 (u) + O(n?)

(1.99)

then the second order defines the Gaudin algebra (GA) much in the same way as for the YBA,

since

| Ta(w), To(0)| = [Ta(w) + Ty(v), Rap(u — v)
Again, writing the components of (1.99) in full:

(u) = 1+4nA
(u) = nB(u)
(u) = nC(u)
(u) = 1+nD(u)+O(n%)

a® >

>}

u

one obtains their commutation relations

[Aw.Aw)] = [Bw).Dw)] =0

Bw),Bv)] = [Cw),Cw)] = [Aw),Dw)] =0
B(u),C(v)| = A(U)—A(viilj(v)—D(u)
A(w),B)] = B(“iif(v)

A(w),C(v)|] = C(UZ:S(U)

D(u),Bv)| = B(Uiilj(u)

D(u),C(v)| = C(utf(v)

(1.100)

(1.110)

(1.111)

The realization of the Gaudin- Yang-Baxter algebra associated with the monodromy matrix

in the semiclassical limit can be written explicitly in a simple form:

; 1 s
A(w):—§1+z —

D
B =3 7
ow) =y 5

mm-;—;wim

(1.112)

(1.113)

(1.114)

(1.115)



We are going to repeat now the construction of eigenstates of the transfer matrix to first
order in the “quantum” parameter n exactly as in Section The only difference is that
we are using the Gaudin algebra to write the states:

[{w}) = Blwy) ... Blwa) 1. 1) (L116)

Note that the generalized ladder operator B (1.113) flips a spin(creates a boson) on every
level with an amplitude of probability which depends from its argument. The filling of the
level « of a state which is created by the action of one operator (|1.113]) is just:

Jo = ;‘2 (1.117)

|w—ha
B |w—h/3‘2
Also the functions a, d defined from the eigenvalues of the transfer matrix on the reference
state (1.43)) are expanded in #:
a(u) =1+mna(u) +O(m?),  du)=1+nd(u)+ O(n?) (1.118)

and the rapidities {wi,...,wps} of the eigenstates satisfy a system of equations which is
derived from the rational model ones (1.93) system by expanding in n to first order:

1 L1 Mo
ey ——— -y —= =0 j=1,....M (1.119)
g az:le—ha gﬁ;wj—wk

Since first proposed by Richardson, these equations are are named after him. Analogously,
all eigenvalues of the conserved operators (1.96) on a Bethe state |{w}) are obtained from

[£95) and (T99) to be:
2 1 2

Ao = — _ = R — 1.120

+ > % (1.120)

By substituting the eigenvalues (1.120)) into the Hamiltonian (1.98)), it is possible to write the
eigenenergy of a state (1.116]) as:

M 2N
Bray=2) w;j— Y ha (1.121)
j=1 a=1

1.4.2 Matrix elements

The rational limit of the formula (1.65]) allows to treat the Richardson model and the isotropic
Heisenberg chain:

[T, d(w))
[Tk (ws — wi) (v — v;)

{uw} [ Bw;) Iref) = det F (1.122)
J

The matrix appearing above is now given by:

 ma(u) I, (w = v+ 1) nd(uy) TT2, (w — v —n)
Hjp = (wi — v;) (W — v +1) (Wi — v;) (wh — 05 — 1) (1.123)
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where the functions a, d refer to the rational case ([L.45).

Hjj\/il d(w;) ~

(WEDITIBED 1) = = o = o) 2 (1.124)

where by ¥({w}) we want to emphasize that the rapidities of the "bra" set satisfy the Richard-
son equations and therefore are an eigenstate of the transter matrix, while those appearing
in the "ket" are just M complex numbers. The matrix H appearing above is obtained from

(1.123)) in the quasi-classical limit:

2N
_ 1 1Y, (wy =) 1 1 2
Hijp=lim —H,;,==="2_F 2 + 1.125
= R (wj —ve)? \g azl U — ha ; v — Wy (1.125)

An important case of the above formula, necessary for extracting numerical values for
observables, is the one {w} = {v}, for which the Slavnov formula yields the norm of the
Bethe state:

fwh{w}) = detk (1.126)
where
i = | F00) = dw) = Ty e = Tok wrrr ~ L e 1=
jk — 2 7& k
(wj—w)? J

(1.127)

To compute the matrix elements for S7, one uses that D has simple poles when the

argument assumes the values of one of the levels h,. The derivation goes like for the XXZ

case, or one can directly make use of in the rational case, then consider the quasi-
classical limit, so that:

({fw} SZH{v}) = — lim (u—ha) ({w}|D(u) {v})

u—hq
M
— ha 1 -
. - det [l — 2P| (1.128)
=1 v = ha Hk>j(vk - UJ)(wJ wk)

The rank-one matrix P is obtained from lb by applying the usual procedure of analytic
continuation v — ¢, the rational limit and the quasi-classical limit:

[~]' im L), = Ml =) (1.129)

(wj — ha)

We will also need the action of S*, S~ between two states, which can be obtained either
from (1.79) the or by using the explicit form of B, D as follows:

({v} Sa Hw}) = {w} ST {v}) = lim (u—he) ({w}l{v} u)

u—heq

M rr—
- Hg_ll(wl a) det H (1.130)
=1 (v —ha) [Ljck (vk = vj) (wj — wy)

where

i, = s W (1.131)
7 @

~ {I:Ij’k k<M
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Figure 1.2: Real and imaginary parts of the roots of Richardson equations for an excited state
with N = 12, M = 7, as g is varied. Roots collide and form a complex conjugate pair, or
recombine and split. When ¢ grows, they can go to —oo alone or in pairs, or they can stay
finite, "trapped" between two adjacent levels.

1.4.3 Properties of Bethe states

The eigenstates are constructed like in , but with the use of the operator B in and
rapidities satisfying (1.119).
This system of equations have a simple analogy in clas-

sical electrostatics: they left-hand side is the force act-

ing on a mobile particle ("pairons") with unit charge

at position w;, as produced by the electric field gen- y

erated by a set of sources ("orbitons") with double "Orbitons’ {

charge, fixed on the real axis at positions h,. More-

over, external field, whose value is 1/g, is present. The /. ’

set of equations express then equilibrium con- o’

dition for the mobile charges. This is shown in Figure \\:

L1l

With this picture in mind, it is easy to figure out
that mobile charges may either be found in between
two fixed charges (real roots) or in pairs, symmetri-
cally disposed on the two sides of the real axis (com-
plex conjugated roots).

Solutions of the Richardson equations are easily
guessed in the limit ¢ — 0, when the Hamiltonian
just accounts for independent hardcore bosons distributed on different levels. In facts, the
divergence from the first term must be compensated by an opposite one from the second term,
which tells us that the solutions are all real and lie slightly below (O(g)) one of the energy
levels. The full Hilbert space is then obtained by the 2V configurations in which M roots are
assigned to levels for each M =0,1,..., N.

In the opposite limit g — oo, the Hamiltonian becomes

Figure 1.1: The electrostatic analogy
of the Richardson equations

Higosoo ~ —g (5 S —(87)% - SZ> (1.132)

and conserves the total spin of the state and its z-projection. Numerical solutions shows that
rapidities can either diverge to —oo proportionally to g or remain finite, with real part which
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stays between two energy levels; consequently, the Richardson equations assume a simplified
form [33] . For the r diverging roots, energy levels and finite roots can be neglected in a first

approximation, and (1.119)) become:

r

1 N 2(M- 2
LN _2M-r) =3 (1.133)
g Wwj Wj ey wj; — Wk
Instead, for the remaining M — r roots, one has:
i\[: _ =0 (1.134)
o1 ’LUj — ha

If one multiplies each of the (1.133)) by the corresponding w; and adds all of them, then the
leading part of the energy can be computed as:

E~ —gr(N—2M+7r+1) (1.135)

by comparing this expression with the strong coupling Hamiltonian (1.132)) the number r of
roots that diverge in the strong coupling limit and the total spin of a state are related [33]
by:

N

r=s+ M- (1.136)

An algorithm which can follow the evolution of the roots with g has to take into account
these changes in the nature of the solution, where the roots become complex conjugate. These
critical points, for random choices of the h’s can occur at particularly close values of g and
this can create troubles for the algorithmE] In order to pass the critical points a change of
variable is needed, and one natural choice is [34]:

w4 = 2h, — w1 — wo
w_ = (w; — wy)?
in which w; and ws are the root colliding on the level A..

When more than a pair of roots collide in a too small interval of g this change of variables
may not be sufficiently accurate and one should think of something else (if one does not want
to reduce the step in the increment of g indefinitely). The most general change of variables
which smooths out the evolution across critical points is that which goes from the roots w;
to the coefficients ¢; of the characteristic polynomial p(w) —i.e. the polynomial whose all and
only roots are the w;’s.

This polynomial is quite interesting in itself as it satisfies a second order differential equa-
tion whose polynomial solutions have been classified by Heines and Stjielties [35]@ Following
the evolution of the coefficients ¢;(g) is a viable alternative to following the roots but we
found out that the best strategy is a combination of both evolutions. Therefore we follow the

“This problem is not so serious for the ground state and first excited states so one can go to much higher

values of N without losing accuracy.
5The equation is —h(z)p” (z) + (% + h'(:c)) P (z) — V(z)p(z) = 0, where h(z) = [["_,(z — ha), V(z) =
25:1 }ﬁp(fizi“ The problem to be solved is to find a set of A,’s such that there exists a polynomial solution

of this equation. The solution will automatically satisfy also A, = ’;: ((::))

.. For a more general method based
on similar approach, see [36]
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evolution of the roots, extrapolating the coefficients and using them to correct the position of
the roots at the next step in the evolution. In this way we do not implement any change of
variables explicitly and we do not have to track the position of critical points. This algorithm,
implemented in Python, can be used on a desktop computer to find the roots of typical states
with about 50 spins.
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Part 1

Integrability on the lattice
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Chapter 2

Coupled Richardson models

This chapter approaches the study of the Josephson effect, with particular reference to the
BCS-BEC crossover, through the few-body approximation constituted by the Richardson
model.

Important technological applications of this effect are already widely used. For instance,
superconducting quantum interference devices (SQUIDs), very sensitive magnetometers that
operate via the Josephson effect, superconducting single-electron transistors (SSETSs), circuit
components constructed of superconducting materials making use of the Josephson effect
to achieve novel properties, and rapid single flux quantum (RSFQ), a digital electronics
technology that relies on Josephson junctions to process digital signals.

As it will be seen in this chapter, the Richardson model captures the essential features
of the BCS theory of superconductivity, with the important extra feature of being exactly
solvable. Moreover, it gives access to the few-body physics of superconducting devices, which
has proven to play an important role in nanoscopic physics and may be relevant in issues
related to miniaturization.

A review part, containing essential information on the BCS superconductivity, on the
Josephson effect and on the BCS-BEC crossover, is contained in the first section. Our new
results are presented in section 2.4 A warning for the reader is that here we will label the
inhomogeneities in the construction of the transfer matrix as €, since we are going to use
them as single—particle energies (unlike in Chapter [3)): all the formulas of Chapter (1] hold,
provided one substitutes hy, — €q.

2.1 The BCS theory of superconductivity

Conduction electrons, residing in a crystal lattice, may be subject to an effective attractive
interaction, resulting from the coupling with the lattice phonons [37, 38]. Although weak,
this interaction is enough to bind quasiparticles of the Fermi liquid together [39] into Cooper
pairs, with a finite binding energy 2 Agcs. As a result, couples of fermions behave as bosons,
that at low temperatures can form a Bose condensate.

Let us consider, in the grand-canonical ensemble, the many-body Hamiltonian obtained
by a generic density-density interaction:

_ T T i
H—uN = § (ex — 1) Cx,oCk,o E : E : Vklykz;ksyk4ck1,a1Ck27g2ck3,030k4704 (2.1)
ko 01,---,04 k1 +ko=k3+ky

where IV is the total number operator and the ci 4, CL , are fermionic operators that destroy
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or create an electron with momentum k and spin orientation ¢ =71,|= +, —. They obey the
anticommutation rule

{Ck,aa CL,O”} = 5k,k’50',o" (22)

Moreover, we have the matrix element

Vool = [ 4o [ dnads () s (a2) V(a1 — sl (o) (23

describing the momentum-conserving scattering of pairs of electrons among levels. If we
assume that the dependence on momenta of the matrix element of the potential is weak, we can
approximate (kiks|V |ksky) ~ g which corresponds to a potential of the form V(z) ~ gé(x),
i.e., a point contact interaction. The resulting Hamiltonian is

g
H—pN = Z (Ek o M) CLGCk7U o 5 Z Z CL17U1 cL%Uzak?wU?ak‘lle (2'4)
ko 01,02 k1+ko=ks+ky

with © the volume (or any other appropriate normalization). We will incorporate this factor
into the coupling constant, in the following.
To treat this Hamiltonian, it is convenient to define the following canonical transformation
[40]:
k. = ugAx + viiBT_k , ck,| = uxBx — vfiAT_k (2.5)
with the constraint
Jure” + [vie|* =1 (2.6)

necessary for the new quasiparticle operators to satisfy the anticommutation relations ({2.2).
The Bogolubov transform above may be inverted to give

Akﬂ = UkCk+t — UUkCT_k7¢ , Bk’g = ukCk| + U'Ukcf_kﬁ (27)

The diagonal part of (2.1)) is readily written, on the pseudovacuum, as

Z(ek _:“)CLJCkJ = Z(ek — 1) [21}12{ + (uf — vi)(ALAk + B;;Bk) + 2ukvk(AlT(Bik + B_xAg)
k,o k,o
(2.8)
The attractive interaction can make the Fermi sea unstable [4I]; as a consequence, the
quasiparticle operators above play an important role, since they defines an associated pseu-
dovacuum in a natural way as:

Aiclv) =0 (2.9)
Let us consider a simple expectation value on the newly—defined state
<ClT<,va,U> = 5k,q”12( = Ok,q"k,0 (2.10)

which shows how the electronic occupation number is related to the Bogolubov transform.
The interaction part can be separated into two contributions, according to the spin ori-
entation of the scattered pairs which read:

1 P
Vo = D) § :Vk,k/;kJrq,k’qu :Ck,ack’,ack/*‘lzﬂckﬂ‘%a
kk’q o
_ P
Vi = =D Vi Kikta-K-aCkiCh, 0 —a, Cktadt (2.11)
kk'q
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By substituting the definition (2.5)), they are brought into the form:

Vo = N(Va) =Y (Viwiki — Vi) [vEve + vl (uf — o) (AL Ak + BN, B_y)
KK/

+2v12(,ukvk(ALBT_k + B_xAx)]
Ve = N(W)— Z(Vk,—k;k/,—kfukvkukka/ + Vi —k/sk Kk Vi Upr)

k. k’
- Z[Vk,fk’;k,fk/ (uf — v)vd — 2Vie 1o Vi vie ) (A A + B B_y)
k,k’
— Z[Vk,*k;k’,fk’ (’U,IQ( — vi)uk/vk/ + 2Vk,7k’;k,7k’ukvk012c’}(ALBT_k -+ B,kAk)]
k,k’

(2.12)

where N (O) denotes the normal ordered form of the operator with respect to the state ,
which does not contribute when contracted on it. We now define a new single-particle energy
€k = €k — ) 1 kak;k/,k/vf(, and measure it from the chemical potential £ = e —pu. We also
introduce the energy gap by the relation

Ay = Z Vi, —k:k/,— K/ Ui/ Ui/ (2.13)
k/

Then, following [42], it is possible to collect together all the similar contribution and to rewrite
the Hamiltonian as:

K =U+ H, + H (2.14)
where
U = 2) & — > uctcli+ Y Viewak — Viows k + Vi -1 ) Vi U
K K KK/
- Z Vk7_k;k/,_k/ukvkvk/vk/ (215)
KK/
H = 2 —uf 2up v A (AL A + BY B 2.16
1 [(ui — vid) &k + 2ukviAk) (A Ak + By B-x) (2.16)
K
Hy = Y [2uviée — (uf — o) AW(ALBT, + B_i Ay) (2.17)
K

Here, we see why the choice (2.5)) is successful in dealing with the pairing interaction in ({2.1):
it is possible to impose the constraint

28k = (up — vi) Ak (2.18)

to make the part which is not diagonal in the new operators vanish. The above equation,
together with (2.6, has the solution

1 1
T R . (2.19)
V&t AL V&t AL
while the constraint becomes
2uv = Ak/ 512( + Ai (2.20)
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and, together with (2.13)), defines the BCS gap equation:

Ay
ZVk ek e (2.21)

V& + AR

for the unknown function Ax. Whenever the two—body potential allows a nontrivial solution
Apcs of this equation, the latter is called a superconducting solution.
Then the Hamiltonian becomes:

K=U+Y /& +Apcs*(Af A+ BT B_y) (2.22)
k

which shows that the state (2.9) is indeed a vacuum state, above which positive-energy

excitations (pseudoparticles) can be created. They have energy \/512( + Apcs?, so that there
is a gap in the spectrum whenever this equation has a nonzero solution.

Note that the expectation value of the total number of electrons on the vacuum, according
to (2.10) and (2.19)), is given by

k
n=Y (mey+ne )=) 208 = ] - —= (2.23)
zk: o zk: ) zk: \/ &2 + Apcs?

taking the name of number equation.
A great simplification is made if we assume that the matrix elements are constant in some
region around the Fermi surface and vanish elsewhere:

Vi, —Kiq,-q = 9O (w — [Ek])O(w — [&ql) (2.24)

which is applicable when the interaction is originated by the scattering of phonons, as in the
BCS theory [43]. In this case the gap is indeed independent from the level. If we write our
pairing Hamiltonian only for the levels within this region (the others are free) within the
approximation and we relax the constraint of conservation of momenta, we obtain a
mean—field approximation or reduced BCS model, being nothing else but (1.86)).

Substitution of into the expectation value of the grand—canonical Hamiltonian
on the new vacuum yields the ground state energy:

Z &1 Apcs? (2.25)

\/€2 + Apcs® \/512( + Apcs?

These equations are correctly reproduced by the Richardson model in the thermodynamic
limit, as will be shown in the next section.

2.1.1 Large-N limit of the Richardson model

The Richardson model arises from by loosening the requirement of conservation
of momentum in the interaction. Using the behaviour of solutions described in section (|1.4.3))
in the thermodynamic limit, it is possible to show that the Richardson model reproduces
the BCS theory of superconductivity [44], 28] 29]. We remind the reader that in the ground
state of a large system in which an even number of roots (particles) is present, all the roots
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come in complex conjugated pairs, provided the pair scattering g is large enough. These pairs
distribute in such a way to form an arch I in the complex plane, with extremes at the points:

1t i Apcs (2.26)

The thermodynamic limit we are interested in is obtained by letting the number of energy
levels go to infinity in such a way that their range = [—w/2,w/2] is kept constant, in a
way that mimics a Debye energy. In other words, the energy spacing decreases like d ~ 1/N.
Moreover, we should always consider a fixed filling x.

N—-sc~x, M-, M/N=z, g—0, G=gN (2.27)

The energy levels will therefore be most conveniently described by a density p(e) of negative
charge, located on the real axis. The total charge in the interval will be given by

N = 2/9,0(6)de (2.28)

in which the factor two comes from the fact that the "pairons" have double charge with
respect to the "orbitons". The total number of pairs and the total energy are fixed by:

2M = /r(w)|dw[ (2.29)
r
E - /wr(w)|dw (2.30)
r
whereas equations (|1.119) become

2/ p(e) de_zp/ 'O g+ L0, wer (2.31)
w w—v G

We imagine to start from the case in which we have a finite number of levels and we look for
an analytic field H(w) outside the curves I and €2 in the complex plane, in such a way that
the poles of the field are in the position of the mobile charges and their residues correspond

to the charge values.
1

2mi

Res(H,¢e,) = (2.32)

In other words, we are looking for a function that for a finite number of rapidities looks like:

2 1 1
H(w) — _1 2.33

where the w;s are the positions of the roots in the ground state. In the thermodynamic limit,
all sources come closer and closer one to the other and a line of discontinuity I' is created.
The value of the field on the two sides of the cut provides the charge density of this region,
or:

r(w)|dw| = % (H(w"*) — H(w")) dw (2.34)

where we denoted w* = w 4 € for some vanishingly small e. In order to achieve this, we
should look for a double-valued function with a cut along the curve. A good candidate is:

E(w) = /(w—p—iApcs)(w — pu+ i Apcs) (2.35)
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Moreover, since the position of mobile charges is fixed by the Richardson equations (1.119)),
from ([2.33]) we can argue that the final form of the field will be:

H(w) = v/~ 1 Bwcs)(w — i+ 18ncs) | 2 Dae (2:36)

0€E—w

where ¢ is an analytic function that is required to possess all the moments:

/ €"p(e)de < o0 m €N (2.37)
Q

To determine this function, we make use of (2.31)) and define a closed contour L that encloses
all the "pairons", but not the "orbitons" positions. It follows that:

r(v) - ﬂ\/(v—ﬂ—iABCS)(U—MJriABCS) o(e€)
P/Fw—v|dv| = / /Q de

211 w— v €—v

_ /Q(p(e)de_/g80(6)\/(6_N_iABCS)(e_M+iABCS> (2.38)

€ —w

in which the first integral contains the poles at infinity and the second the ones in (2. Plugging
(2.38) into (2.31)), we find that the unknown function ¢ is determined to be

N ple)
A1) V(e —p—iApcs)(e — p+iApcs) (239)

ple)
2G / \/ 6 — =1 ABCS)(E —p+1 ABCS / \/ 2y ABCS (2.40)

therefore

e ——— ple)
H(w) = /(w—p—iApcs)(w — p+ ABCS)[)dh(Ew)\/(e,uiABCS)(e:“"i'iAf%S)
2.41

whose value at infinity is fixed by (2.40). We easily recognize in the latter the BCS gap
equation (2.21)) in the continuum limit. We now manipulate (2.29)) as:

o /2772 ) _/ \/ )2 + Apcs?® /L;Z;;\/(w_j)j:ABCS2
/\/ +ABcs <\/(6_M)2+ABCS2_(€_M>

(e —n)

:/Qp(e) 1- \/(E_M)2+ABCS2

in which the second term comes from the residue (e — u) of the second-order pole of the
function E(w)/w at infinity, after deforming the contour of integration in order to encircle
the interval Q. This equation corresponds to the number equation (2.23) in the BCS theory.
Following an analogous path for , we obtain that the ground state energy is:

(2.42)

dw €— Apcs?
Ey = / o wH(w) = / eple) | 1— K dh — ECC;S (2.43)
@ \/( )% + Apcs®
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One has, for instance, that at vanishing interaction between pairs, the pair chemical potential
(twice as much as the single electron chemical potential) is just equal to the Fermi energy
€r = 2, i.e., the system is composed of noninteracting fermions doubly occupying the lowest
energy shells.

What can the Richardson model tell us for a nanoscopic superconductor? When is g
already big enough for the system to show superconducting behaviour? For answering to
these question, we need the analysis of [28] 45], which is based on a 1/M expansion and on
the electrostatic analogy of section This generalizes the results above and shows that
the first order in 1/M yields the discrete form of the BCS equations .

One way of characterizing the superconducting behaviour is the presence of a gap in the
spectrum, which can be computed from the Bethe roots (see eq. . Here and in the
following, in order to account for a finite single-particle level spacing, we need to define an
intensive Richardson gap [36], which is related to the BCS gap by

Agcs = NA (2.44)

Note that the LIS is the parameter which can be extracted from the root configuration. The
gap is roughly proportional to N g. If one chooses as a criterion the condition Apcs ~ d,
then this is met for g* ~ 1/N. It is also possible to exploit the analysis of [28] 45], which is
based on the electrostatic analogy the Richardson equations [44] 29]. In the large-N limit,
the parameters of the model satisfy the BCS equations:

Ea —

(Ea - N)2 + A2Bcs

(2.45)

N-2M=>)" 1—\/

and
L > ! (2.46)

29 P \/(aa — )2+ A%

A more refined way is to use the fact that the gap is directly related to the occupation
number of each level since, as we saw, the superconducting ground state is characterized by
a smoothing the Fermi surface arising from the scattering of the pairs. Then, following [46],
one can consider the order parameter

=2 uqvq (2.47)

which reaches its saturation value (unit value) when the occupation of the levels is uniform
over all the energies. This would actually be a condition for strong superconductivity. Opera-
tively, one can obtain the Bogolubov parameters in the expression above from the expectation
values:

<bTaba> =2, <babL> =u? <b];b5> = UaVaUBVS (2.48)

tate =/ (Sa ) (S48 ) = /1/4— (52)? (2.49)

and also:
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Computation of the right-hand side by v

the aid of allows to estimate '°f _ ppaessuoesensmnsetsuntass N-22
(2.47). This is plotted in figure at  o0af pp*’# R:E
half filling: assuming as a threshold a 41 ff R::ﬁ
value of U* = 1/2, we can claim that wsb [/ N-12
the system shows strong superconduct- / ey

ing behaviour for g > ¢* ~ 0.25. Finite-
size effects play a negligible role, in this o= o - T
case, as argued in [36]. The supercon-
ducting parameter is related to the gap
as

Figure 2.1: Order parameter at different sizes at
half filling

—2-= (2.50)

2.2 Tunnelling currents in fermionic superfluids and bosonic
condensates

A striking feature of superconducting metals is that when connected with a low-resistance
junction, a current can flow among them even in the absence of an applied voltage bias.
This phenomenon is called a Josephson current [47], 48]. Examples of such settings are the
so-called "SNS" junctions: two superconductors are separated by a thin metal in the nor-
mal state. Due to the diffusion of Cooper pairs into the metallic layer, the inset becomes
weakly superconducting, which realizes a Josephson junction. Other possible settings are the
Superconductor-Quantum Dot-Superconductor (S-QuDot-S) Josephson junctions, which are
implemented by the use of carbon nanotubes, but many more examples are known.

2.2.1 The Josephson current

The passage of electrons from one lead to the other is the result of the penetration of the
electron wavefunction through the junction, therefore a consistent theory should deal with
the system as a whole. In facts, formation of Cooper pairs of electrons belonging to different
metals is possible. This leads to the possibility of pair tunnelling with a probability which
is comparable with that of a single electron and on the appearance of a condensate current,
that can flow across the junction even in the absence of applied voltage.

A microscopic derivation (see [40]) can be given with the method of the tunnelling Hamil-
tonian. We shall consider two superconducting grains coupled by a weak Josephson tunnelling
term and study the Josephson current between the two. The Hamiltonian is written as:

H=H;+ Hgr+ XApcs Hr (2.51)

where Hy, and Hp are two Richardson Hamiltonians (1.86)), Apcs is the BCS gap and Hyp is

a fermion tunnelling term

Hy == 3 3 (Tupchopcoon + hoc.) (2.52)

U:T7J/ avﬁ

which conserves the total number of electrons within the two-lead system, but energetically
favours the states which hybridize different fermion numbers on the two sides. The total
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current from the left to the right is equal to the rate of decrease of the number of electrons
in the left metal, multiplied by the electron charge. Then

J:—(BJVL:—z

© [, Ny) =~ [Hp, N (2.53)

where the last equality holds because the tunnelling term is the one that leads non conservation
of the number of electrons in the left and right lead separately. Substituting its explicit form,

one has
Z Z ( ,Bcaa 1.C80,R — h. c) (2.54)
o=1l a
We now suppose a small value of A, much smaller than the other two scales involved, i.e., d
and g.

Perturbation theory on the ground state of the system, yields

Wo) = y<1>0+z mo O\qlm> (2.55)
_|_

where the sum runs over the excites states of the system and the superscript 0 identifies the
factorized ground state of the two separate Hamiltonians. It follows that

. (HT)m,O
= B~ EY +i0

(Wol|J|¥y,) + c.c. (2.56)

The tunnelling term is written by creation operators for single electrons. On the other
hand, we have seen that a convenient description for the ground end the excited states is in
terms of quasiparticles. It follows that there are two families of intermediate states which are
involved in the process. The first kind of states are those which transfer one quasiparticle back
and forth and that conserve the total number of quasiparticles. These states give rise to a
normal current, which vanishes if there is no applied voltage. The second kind of intermediate
states contains one more or one less quasiparticle on both sides of the system, even if the
total number of electrons is unchanged. These processes give rise to a voltage-independent
Josephson current.

and using the explicit expression for the current operator , one sees that the terms
of the first family are those that contain the product T ﬁ One is left with the differences

1 1
EQ—EY +i0 EY - EY -0

= —2mis(EYY) — EO) (2.57)

m

And the final result is

2me
() = 5o 3 Taple(E” — BY)

m,o,a,8

(coshi)y,, (hoonn), o= (coean),,, (oscha), | @9

where we recall that indexes a, 8 label single-particle levels, o is for spin, while the latin index
m is for a full many-body state of the unperturbed Hamiltonian, while the subscripts of the
round brackets refer to the states upon which the matrix element is computed. Reminding
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that ny denotes electronic occupation number in the ground state, the expression in brackets
results in

Na,r(1 —ngr) — (1 = na,L)ns R = Na,L. — Np.R

If the two occupation distributions are the same, then summation in (2.58)) provides a null
result. The only way to have a normal current is then evidently to shift the relative energies
on the two sides by applying a voltage difference to the junction. Then the current becomes

(1) = TN gl e —eV) — nlep) (259
o,a,f

Let us go back to (2.54) and consider the other contribution. The expression for the
current expectation value also contains terms of the form

.€e [ + + 1 1
i— To T s (c cg, ,R) (c ' 1.Cs, ’,R) +
p 2 |TeTs(Cogscpnn),  (Soitson), EV-EY 10 BY - B —io

a7ﬁ7o—7m

1 1
T3 5T (ot .0.8)g m (€00 16k ) + | 60
o Om N B0 R o \ O — B9 0 B — B — o

We would like to diagonalize the quadratic expression above by the use of a Bogolubov
transformation [49]. However, in contrast to the thermodynamic quantities, the Josephson
current depends on the phases of the condensates on the two leads. Therefore, the coefficients
u, v are allowed to be complex in:

Cg4+ = U5A5 + UEBE , cg,— = U5Bﬁ — UEAE (2.61)

with the constraint |ug|? + |vg|?> = 1 in order for the new operators to satisfy ordinary
anticommutation rules. The next steps, for each of the two grains, can be carried on as above
and yield:

1
|’U6‘2 = 5 1- 65 ’
,/6%+‘ABCS |2

with the (complex) BCS gap function

1
ugl* = = [ 1+ i (2.62)

2 HQ%‘HABCS‘Q

ABcs = ¢ Z U U, (2.63)
(7

The phase of the Bogolubov coefficients can be explicitly factored out
ug = lugle’® ,  vg = |ugle” (2.64)

To proceed, we would like to compute the average of the operator at given temperature
T, so that one needs to average over many states, weighted with the Gibbs distribution
factor. However, one can use the fact that in realistic systems of weakly interacting fermions,
composed of a large number of particles, the occupation number of states within a given
energy window is the same. Up to small fluctuations, this is the Fermi distribution ng(e) at
given temperature.
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We then make the hypothesis that T, g is real. When there is no applied voltage, the
expectation value of the current is found to be

eg .
(J) = = Z ]ukvkuqvq\Tgﬂ sin(¢r, — ¢r)
k,q
[nk(l —ng) g | (L-m)(l—ng) (1—mni)ng (2.65)
€k — €q €x +€q €k + €q ek +€q '

This is already an exact expression that shows the Josephson relation. If the two supercon-
ducting leads show phase coherent behaviour, the overall phase difference is well-defined. The
Josephson current only depends on it through the law

J = Jesin(¢r — ér) (2.66)

which is expected to hold at all times. The critical current j. is model dependent. For

instance, it can be computed to be
_ 7w ABcs

L=

2eR
for two equal infinite leads at temperature 7' = 0, connected by a conductor with resistance
R [48], 40].

(2.67)

2.3 The BEC-BCS crossover

In conventional superconductors (like Al, Hg, Sn, ...), electrons with opposite spin can form
Cooper pairs at temperatures below the superconducting critical temperature under the con-
dition that an attractive interaction among them exists. In this superconductors, the average
"size" of the pair &4 exceeds by some orders of magnitude the typical interparticle distance
k:l}l and turns out to be about {puirkr ~ 103 — 10°. This means that the different pair are
highly overlapping with all the others. The discovery of high-temperature cuprate super-
conductors has changed completely the picture of Cooper pair superconductivity, as in these
materials the size of the pair is about {y4irkr ~ 5 — 10. In other words, the description of
the pairs lies somewhere between strongly attracting, tightly bound pairs of fermion forming
composite bosons and overlapping, loosely correlated Cooper pairs (see [50]).

Therefore, the investigation of the crossover between these two situation (BCS-BEC
crossover) has become of great interest to the condensed matter community, and has re-
ceived further impulse by the development, on the experimental side, of the techniques and
the machineries to investigate ultracold trapped Fermi atoms. In particular, it is possible to
achieve in the laboratory the tuning of the effective attractive interaction between fermions
of different species, therefore realizing the crossover. This is achieved by the use of the Fano-
Feshback resonances, which are characterized by a resonant coupling between a two-atom
scattering state with vanishing energy and a bound state in a closed channel.

A simple description of the BCS-BEC crossover in an homogeneous system can be given
at zero temperature in the approximation (2.24). The low-energy physics is encoded in the
s-wave scattering length a, which is related to the bare fermion coupling strength (see [42],
sec. 35) by:

Ath?a
g =

(2.68)

m
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for the interaction (2.24). It is given by the integral:

~ mgV _ gV d3k 1
dra 2 (27m)3 €

(2.69)

which is divergent whenever a cutoff (i.e., a Debye frequency) is not present. Nevertheless,
combining it with (2.24]) and the integral form of (2.46)), one obtains a convergent expression
in terms of the scattering length itself:

, 1 1
A /&k— (2.70)

dma 2(2m)3 /51% + Apeg? Gk

This equation, together with (2.45)), can be used to characterize the crossover. In the BCS

limit a — 07, and the solution can be found to be p ~ er > 0 and Apcs x €p e~ T/2kra
Instead the BEC limit is characterized by u < 0, a — 0" and one finds
A2(9m)3/2 2m)3/2 A2

oo A2 em) ] <1+ 2) -
167/ | 4ma 8 16

which imply for the chemical potential
1 am
~ - 2.72
K 2ma? + m (2.72)

If we accept the picture of a pair of fermions binding together to form a boson, then we
can set [51],[52] the number of bosons to be M = n/2, their mass mp = 2m and the scattering
length ap = 2a. The chemical potential for the pairs is up = 2u + €g, with the definition of
the molecular binding energy ey = 1/(ma?). Then (2.72)) can be seen as the equation of state

mp up

M = ~ = 2.73
47mBMB 95 ( )

which is associated to a system of superfluid bosons and can be derived from the Gross-
Pitaevski formalism [51], 52] and the last relation comes from (2.68). In other words, varying
the scattering length through the bare coupling induces a crossover between the physics of
fermions in a superconducting state to a bosonic condensate.

In the case of attracting fermions, one has p > 0, a < 0 and the physics described by
the system is the one associated with the BCS theory. The vanishing of the left-hand side
corresponds to a diverging scattering length and is called unitary limit [53]. It is associated to
a change of sign in the scattering length, which in turns signals the formation of metastable
pairs of fermions and, for growing attraction, of stable bosonic pairs [51), 50].

Previous work about the tunnelling current through the BEC-BCS crossover [54], involving
the numerical solution of the Bogolubov-De Gennes equations, has shown two important
aspects of the crossover. First, that the Josephson relation is modified when passing
from a fermionic superfluid to a true Bose condensate. Second, that the maximum current
attainable for a given barrier shape between the two sides of the system is maximum around
(not exactly at) unitarity.

The BCS-BEC crossover can be argued in the framework of the integrable Richardson
model. The issue was first tackled in [55], where the model (1.88)) was considered in the
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Figure 2.2: Dependence of the intensive gap and chemical potential per particle from the bare
pairing strength g, as computed from the ground state root configuration for M = N/2 — 1
and the discrete version of the BCS equations in systems with different sizes. The chemical
potential for the sizes N = 14 — 22 on the rightmost part of the graphic is computed by
extrapolating the intensive gap.

thermodynamic limit and it was suggested there that root configurations at strong enough
coupling can be used to identify the boundaries of the crossover.

A generic feature of the crossover from a fermionic to a bosonic behaviour of the con-
stituents of the gas is that the chemical potential g must change sign. In our canonical
model, the number of particles M is kept fixed and p is not a free parameter, but is fixed
from , which we can solve for the chemical potential. Note that the correct setting
for a few—body problem would be that of solving for a time-dependent chemical potential.
However, having in mind application to large system, we keep the average expectation value,
the procedure standing as an approximation for which the error scales as the inverse of the
size.

Summing up, given a root configuration computed “evolving” the lowest M energy levels
to a given value of g, the gap and the chemical potential are determined. The results are
shown in Figure Note that, whenever M < N/2, the chemical potential becomes more
and more negative while increasing g: at some point, it crosses the real axis to negative values,
suggesting the presence of a crossover. In the BCS scaling, in which the level spacing goes
to zero as the inverse of the size, the crossing point tends to gx = 0.5 in the thermodynamic
limit, whereas in our equally—spaced model, we have ¢g* o« IN. In all cases, we remind that the
single—particle levels can be chosen arbitrarily and in particular that they can be translated:
the value for which the chemical potential crosses the real axis is only conventionally identified
as an indication of the crossover. As a matter of fact, what we learn from the model is that
the chemical potential varies from the Fermi energy when g — 0 to arbitrarily negative values
as the bare attraction between fermions is increased.

It is also possible to have some insight on the crossover from the functional form of the
eigenstates themselves, if one goes back to the explicit one-particle states (see .
The Richardson model has no notion of space, in its bare formulation. Nevertheless, having
in mind the description of a lead, it is clear that the energy levels must be associated with
the momentum bands of the conduction electrons through a quadratic dispersion relation
er = h%k%/(2m). Analogously, the spatial variation of the wavefunction can be encoded in
the phase factor e’%T.

According to , the energy of a state is simply given by the sum of the Richardson
roots. It is then tempting to interpret such roots (or their real part) as squared momenta. It
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follows that the single-pair wavefunction can be written as:

pulrt) ~ Y (2.74)

w—e&
I k

with m the effective mass of the pair. Then, in the noninteracting limit v2mw ~ k¢, so
that the wavefunction is delocalized over the whole sample; in the strong-coupling limit,
instead, the ground state has w ~ —g%g with some positive "localization length" & and the
wavefunction is exponentially localized.

Tunnelling on the BEC side

The macroscopic condensate wavefunction W = W(r,t) of a Bose-Einstein condensate obeys
a nonlinear equation known as Gross—Pitaevski equation.
L 0P h?
th— =

2 2
— V204 g |02 O 2.75
5 5 + g || (2.75)

with g a bare interaction strength. A fairly general description of the tunnelling of bosons
between trapped condensates can be given by considering a two-state model in which a
uniform amplitude over each sample is taken, modulated by a phase [56]. A variational
ansatz for a system of two weakly linked condensates is

W(r,t) =1 (t)@1(r) + o (t)Pa2(r) (2.76)

Given that M o particles are present in the two sides of the sample, with phases ¢ 2 one can
chose a model amplitude like 12 = 4 /Mmei‘z’lﬁ?. The resulting equations are:

iha(;il = (EY + Ui M) ¢1 — Ko (2.77)
maawt? = (B3 + UsMs) tpo — K4y (2.78)

where K is the coupling matrix element. The parameters Ej2, Uia can be derived by
substituting the ansatz (2.76) into (2.75]) and are provided in the original papers [56] [57], but
we will not need their expression in the following. By substituting the ¢ and massaging the
system, one arrives at the couple of differential equations:

826.;@ = —V/1—2%sing (2.79)

o z
PR Az + ﬁcosqﬂ—éE (2.80)

for the fractional occupation difference z = %gﬁz and the relative phase ¢ = ¢1 — 2. The
dimensionless parameters that appear are

EY—EY U U,

0B = “ My (2.81)
Uy + Us

A = ——=M 2.82
4Kk T (2.82)

and Mt = M; + Ms is the total number of bosons.
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An useful mechanical analogy to be noticed is that the system (2.79) can be seen as derived
from the Hamiltonian of a non rigid pendulum

A
H= 522 — V1 —22cos¢+0Ex (2.83)
in which the time evolution of the conjugated variables ¢, z can be found from:
0H . O0H
s - 2.84
" 0z (2:84)

We can rephrase these relations by defining a fake "angle" variable 6, such that z =sinf €
[—1,1]. Tt follows that

0 =—sing (2.85)

¢ =tanfcos¢ + 0E + Asinf (2.86)

this form explicitly shows that the instantaneous relative occupation is a function of time
only through the relative phase ¢.

Note that a simple form is obtained as long as the number of particles in the system
tends to infinity, being A oc M, 1 whatever the ratio of the interactions over the tunnelling
parameters may be.

Starting from and identifying with a prime the derivative with respect to ¢, we
write

o dodo o
= digba =0 tanf cos¢p = —sin ¢

which implies

0
tan Hd— = —tan ¢

d¢
This is easily integrated, yielding the dependence
Ao
0= 2.87
cos pr—_ (2.87)

where the constant Ay = cos ¢gcos by is fixed by the initial conditions. Substituting into
(2.79) one has that the dependence of the current on the phase is simply:
M M Ag

. M :
I((]ﬁ):? —?cos(%?_—

We will see that this picture is partially recovered in our numerical analysis. However, for
our small particle unbalances, we have to remark that the variable z appears not to be the
only relevant quantity in the dynamic.

tan ¢ (2.88)

2.4 Study of coupled Richardson models from integrability

We show in the following that, remarkably enough, integrability can be crucial in simplifying
the problem even when the model under study is non-integrable. In particular, we will
couple two Richardson Hamiltonian through a fermionic tunnelling term and study the phase
relation and the current. The interest lies both in the fact that many observed properties
are expected to hold also in the thermodynamic limit, therefore for real superconducting
leads, and in the application in cold-atoms experiments, where few-body Hamiltonians can
be explicitly investigated.
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2.4.1 The Hamiltonian

We are interested in studying the Hamiltonian (2.51)), in the approximation in which all
matrix elements are equal. The tunnelling term is then

Hy == 3 (o scoon + hoc) (2.89)

O—:Thl/ 0575

The present work shows the exact numerical dynamics of the system. With slight abuse of
terminology, we shall refer to each side of the system as “grain”ﬂ

We will now argue, following ([58]) that for small values of A\, an effective Hamiltonian
can be written only in terms of the pair operators, therefore greatly simplifying the problem.
Since the single-site Hamiltonian contains only interactions among pairs, eigenstates of
are classified in terms of their seniority v, i.e., the number of the unpaired electrons. In the
regime (A Apcs /d)? < 1, the second order effective tunnelling term can be written as:

Hy = — Z Z ZHT ’aLﬁRU%W <04L/3RU§ V|HT (2_90)
o v af

arpBrV

in which the sum runs over all the possible intermediate states that can be reached from a
v-seniority couple of states |[N/2 + v); ® |[N/2 + v)p, by removing an electron of spin o from
the level Br of the right grain and adding it on the level o on the left grain (or viceversa).
The quantity E,, g, is the corresponding excitation energy relative to the initial state.

We will now try to limit the space of states the intermediate sum runs over to the lowest
energy ones, having in mind to act with on the lowest-energy states of the two grains,
in which all electrons are bound into Cooper pairs.

The energy FE,, g, Will include the energy necessary for moving an electron from the
starting level to an intermediate level on the other side, the energy needed to break a pair
and the effect of the blocking of the states on the collective excitations on both sideﬂ In
other words, it is the energy of a collective excitation, arising from the fact that the levels «
and S are singly occupied. This limits the space of intermediate states to the ones with the
lowest energy, in which such collective excitations are quasiparticles , created on top of
the superconducting vacuum.

In the BCS regime we expect that the breaking of a pair associ-
ated with the tunnelling of a single electron to be energetically costly.
When going to the second order, it is more convenient to the system % S
to regain the gap energy by the tunnelling of a second electron among =7 7
the two levels, in order to reconstruct the Cooper pair in the other w0 A
grain [47]. On the other hand, we have seen that single-electron
tunnelling does not produce a current in the absence of an applied
driving force. To second order, in two kinds of processes can
happen, which are summarized in Figures [2.3][2.4]

In the first kind of processes, one electron on one side undergoes
a transition to a level on the other side, then is re-created on the

Figure 2.3:

!For more realistic modelling of nanograins, their high charging energy should be taken into account

In principle, the charging energy due to the transfer of one unit charge to the grain should be taken into
account, due to the limited number of levels in our system. We address to the situations in which one can
neglect such charging energy, or to experimental settings in which ultracold neutral atoms can tunnel among
two neighbouring traps
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same level of the starting grain. On the other hand, coherent pair tunnelling involves both
electrons of a pair and can be written in term of the bosonic operators blebij or bayLb;,R
directly. Processes in which one electron hops on the other grain and then back on a different
level from the starting one are energetically suppressed, since they involve both the breaking
of a pair with an energy cost equal to the BCS gap Apcg and the blocking of a level, which
affects all the levels above it and has therefore an energy cost roughly proportional to N.

Assuming the two superconductors to have a well-defined phase
(which will be checked in the following), the coherent tunnelling in-
volves a phase shift on the state in which it takes place and a cor-
responding variation of the relative number of particles M = +2.
Conversely, in the back-and-forth electron tunnelling process the en-
ergy shift does not depend on the relative phase, nor any electron
or Cooper pair is effectively transported from one side to the other,
unless there is an applied bias. The net effect of this last process is
then a shift of the single-particle energy levels, due to the second-
order coupling to the other grain.

We shall therefore focus on the coherent pair tunnelling, for which
the effective Hamiltonian [58] is then written as:

Figure 2.4:

bE,LbB,R + ba,Lb};’,R

(2.91)

Hy = —-2(AApcs)® Y
o,B \/§§,L + Apcs® + \/5/%73 + Apcs?

and the excitation energies have their BCS value with the gap Agcs. We remind the reader
that the Hamiltonian does not involve any single-electron scattering and that the
Hilbert space is divided into seniority subspaces. The ground state for a system with an
even number of electrons is the one in which all of them are paired and there are no singly-
occupied levels. The form is then particularly relevant because it formalizes the fact
that preparing the system in its ground state and adding a weak fermionic tunnelling term
to the grain Hamiltonian will not destroy the Cooper pairs picture. This provides an evident
simplification in the problem, since, together with , allows us to study the Josephson
junction problem only in terms of hard-core-bosons only, since the subspaces with different
seniority will not be accessed neither by the single-site dynamics, nor by the coupling between
different sites.

2.4.2 Numerical analysis

The goal of this section is to study the exact dynamics of a two-grain system after switching
on of a tunnelling term, extracting the time-dependence of observables such as the Josephson
current or the number of pairs in the two grains, as well as the evolution of the bulk phase
difference between the superconductors.

The most realistic setting is the one in which the two superconductors are exactly degen-
erate in energy, and share the same value of the pair scattering strength g. Moreover, we
shall chose equally spaced, non-degenerate single-particle energy levels.

Integrability enters the game in that it gives the exact eigenstates of the two uncoupled
grains and, most importantly, the exact hopping matrix elements. This is not all, since it
also provides an efficient truncation mechanism to select the most important eigenstates in
the dynamics.
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To see this, we shall consider the two limits g — 0 and g — oo. In the noninteracting case,
the single-level occupation numbers are good quantum numbers for the system. It follows
that all the excitations above the Fermi sea ground state induced by the coupling, in the
regime in which the Josephson coupling small (A/d < 1), are the one particle-hole states,
obtained from exciting one pair from below to above the Fermi level. In the opposite limit, it
is sufficient to consider the spin formulation to see that the total spin quantum number
of the eigenstate is conserved in the dynamics, since:

Hpp =500 =9 (Stot - Stor = (Si)” = Sio) (2.9
and, e.g., at half filling (zero magnetization) has eigenvalues:
Higoroo|5,0) = —gs(s + 1) |5,0) (2.03)

In the strong coupling limit, also the effective tunnelling Hamiltonian simplifies, in that
the bes gap diverges linearly with g and all the couples of levels in (2.91]) factorize a common
term, yielding the simple form:

A Agpcs
Hjgsoo = T
VApcs® +up

The ground state is the unique state in which all the rapidities diverge in the strong coupling
limit and is the one with highest (total) spin. From the relation one can argue that
it is sufficient to restrict the single-site Hilbert space to the root configurations with one less
(or one more) rapidity and only one more (or one less) rapidity which diverges at large g, i.e.,
again the ground state of the new sector.

Algorithms for connecting the number of roots that eventually diverge to the initial state
configurations have been given in ([36],[59]) and are based on the sizes of contiguous roots or
holes.

This class of states is a subset of the one-particle-hole excitations, therefore no other state
is needed. We don’t have a rigorous argument to proof that this set of states, certainly the
most important one, is sufficient to describe the dynamics also in the middle of the crossover.
nevertheless, we can compare the results with exact diagonalization (for N = 6) or the effect
of adding more total spin subspaces to the dynamics (for N = 8). In all these tests, the same
results were found. A more drastic approximation, like the one adopted in ([60]), seems not
to be satisfactory for weak coupling.

Sior. LSt T C. (2.94)

2.4.3 Features of the spectrum

The effect of the weak tunnelling on the level spacing depends essentially on the coupling
among fermions. In facts one can identify clearly a regime of nearly non-interacting particles,
in which the nearly degeneracy of the levels is given by the number of ways of promoting
one or more particles in an excited level to obtain a given energy. The latter is a feature
of our choice of equally-spaced levels, yet it is the most natural one . In this regime, the
perturbation splits the levels of one band as far as the band spacing, hence giving rise to a
spectrum in which the original degeneracies are not seen any more.

On the other hand, in the strong coupling regime states group in eigenstates of the total
angular momentum (see the spin representation . Since the distance among the energies
of these subspaces is of order g, in this regime, even a tunnelling term of several times the
gap cannot mix the different subspaces among them.
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Figure 2.5: Change in the energy levels while varying the tunnelling parameter for a system
with N = 8 in the half-filled subspace, with g = 0.1 (left), g = 1.2 (centre), g = 6.2 (right).

In the crossover region, the strong coupling subspaces are already quite defined, but not
far one from the other. It follows that a sufficiently strong perturbation can still hybridize
them.

To make these aspects more quantitative, we may evaluate how much the levels are shifted
by turning on A. This, however, would not convey all the information we have highlighted
before: in facts, the absolute value of the shift can be said to be large or small only in
relation to another energy scale. This scale is the level spacing in a situation where levels are
well-distinguishable (intermediate couplings) and the band spacing in the presence of strong
degeneration (g — 0 or g — 00).

We find therefore more convenient to bin energy levels in classes, in such a way that the
band structure is captured. As a second step, we can estimate the change of the distribution
when swithching on A, by considering the difference among the classes for the two values of
the perturbation: this tells us whether the original band structure is still intact and whether
levels from a band have moved enough that they have come close levels from another band.
To be precise, we define

Xm = (# levels in the m — th class)(\) — (# levels in the m — th class)(0)

Since the number of levels is unchanged, the average of this quantity (with respect to the
class index m) is zero. To estimate the change we need therefore to consider its standard
deviation o,. The result is that it has a maximum around g ~ 1, when the degeneracies of the
noninteracting picture are already destroyed, while the energy bands of the strong coupling
regime are not evident yet.

For fixed size, the Richardson Hamiltonian describes the physics of a crossover between
weakly attracting fermions and strongly coupled bosons. From the point of view of the
energy spectrum, this can be seen through the creation of energy bands out of the pair
levels, which are more and more separated by increasing ¢g. This is also seen at the level
of the coupled spectrum, where the doublet structure characterizing coupled noninteracting
systems is melted into an highly—degenerate band structure.

In general, the main difference is for even and odd number of pairs in the system. In
the odd case, the ground state is always doubly degenerate without coupling and splits when
turning on the perturbation. It is also important to characterize the splitting in their depen-
dence on the gap: it turns out that, as long as the gap opens more and more, the energy
difference between the components of the level doublet reaches a maximum splitting.
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Figure 2.6: Left: estimate of the susceptibility associated with the level structure, as described
in the main text, in a system with N = 8, Mp = 7. Right: energy difference between the
first excited state and the ground state, as a function of g at fixed A = 0.05.

2.4.4 Definition of the phase relation

Without coupling among grains, an eigenstate of the Richardson Hamiltonian can be
written as a superposition of eigenstates of the free Hamiltonian (with g = 0), where the
single levels have a well-defined occupation number. From the expression it is clear
that the components of any many-particle eigenstates on each level occupation configuration
has the same phase at a reference time and at any later time.

An important issue we want to check, however, is whether the grains actually behave as
superconducting also when coupled. As a matter of fact, in the presence of a tunnelling term,
eigenstates will in principle be written as a combination of many of the factorized states
of the two uncoupled Hamiltonian. Nevertheless, as we will see, when the initial particle
unbalance is small, the number of involved states is rather small. Moreover, even for higher
particle unbalance, when the tunnelling is weak and the pairing strength is strong enough, the
Hilbert space of each grain organizes in subspaces, labelled by eigenvalues of the total spin
(see section . It then follows that in most cases, even if the exact states involved are many,
the corresponding energy eigenvalues are not very different, therefore the time evolution takes
place with nearly definite phase.

Being the overall phase of the single grain undefined, we can only detect phase differences
among two configurations in which one particle has been displaced from one level (a) to
another (), by computing the correlation function:

(@ (1)  blbs |9(1)) = uguse’® (2.95)

and being the latter always real, we conclude that the phase difference is always vanishing.
Nevertheless, as soon as the two leads are coupled, the initial state will be a complicate
superposition of eigenstates, each component evolving with its own eigenenergy

W) = Y cvayxan(t)|Pr)|Pr) (2.96)
&L, PR

Therefore, the phase difference ¢ between any two levels in (2.95) will be, in general, a function
of time.
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Figure 2.7: Phase difference as determined from correlation functions zy/; and wyys, as
defined in ([2.98), for two coupled grains with N = 8 levels each, total number of pairs
Mp = 8, pairing strength g = 0.6, tunnelling parameter A = 0.06 and initial unbalance
20 = 0.25

In our canonical setting, the expectation value (¥(t)|b, 1 g |¥(t)) is always vanishing,
since the operator does not conserve the number of particles. Nevertheless, we can easily
recover phase differences between two levels on different leads, by the use of the formalism
of Section [I.4] Two-point functions where the operators act on different grains are easily
evaluated, while on the same grain can be computed as well [61], 62], but we are going to use
the former procedure because it gives a clear quantitative understanding of the amplitude of
fluctuation, as described below, not to mention the fact that it is computationally simpler.

From the correlation function

(@(t)| b, , bg, |P(1)) = ta, g, e’ Pt 95.0) (2.97)

we can extract how much the phases of two distinct levels differ at a given time. In particular,
we can follow two different procedures for the choice of the levels; we define:

2a(t) = (D) ], brjo g |R(E) . walt) = (B(1)|D], ba,r |B(1)) (2.98)

In the first case, the subscript refers to the level on the left grain and a reference state is taken
on the right grain; conversely, with the other choice of correlation function, the level is chosen
to be the same on both grains. The two are expected to produce the same phase only when
the grains show coherent behaviour, which means that the phase difference between them is,
within a good approximation, given by the phase difference between any two levels chosen.

Note that, on general grounds, the functions are functions of both time and of the
level index. It is then necessary to verify whether, for most of the time, levels have small
phase difference. We start by the analysis of the mean m,, .(¢) and the standard deviation
Ow,z(t) of the level phases, at each given time, as computed from both w and z functions.
The corresponding figures, for a model initial state, are shown for different pairing strengths
in Figures 2.8 and

The information at given time is useful, but not complete, as we need information about
the time ewvolution of the system. In particular, to assign a unique phase difference to the
grains, one needs assess whether a given value of g shows a satisfactory degree of phase variance
when taking into account different couples of levels for most of the time. In order to give a
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Figure 2.8: Phase difference mean (blue) and standard deviation (purple) with respect to level
index, as determined from correlation functions z (right) and w (left), for two coupled grains
with IV = 8 levels each, total number of pairs My = 8, pairing strength g = 0.6, tunnelling
parameter A = 0.1 and initial unbalance zg = 0.25
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Figure 2.9: Phase difference mean (blue) and standard deviation (purple) with respect to level
index, as determined from correlation functions z (right) and w (left), for two coupled grains
with N = 8 levels each, total number of pairs My = 8, pairing strength g = 0.2, tunnelling
parameter A = 0.1 and initial unbalance zg = 0.25
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Figure 2.10: Left: parameters C? (blue) and S¢ (purple). Right: parameters C (blue) and
S9 (purple), as defined in the main text. Grains have N = 8 levels each, total number of
pairs M = 8, tunnelling parameter A = 0.1 and initial unbalance zg = 0.25

more quantitative estimate of this property, we consider the mean of the standard deviation
presented above over sufficiently long times (several periods) Cﬁw = %fg o.w(t)dt’. To
establish a comparison, we need to evaluate also the magnitude of the mean phase difference
among the condensates. This is a rapidly varying quantity, whose characteristic frequency
is proportional the absolute value of the ground state energy. Since it has zero mean, we
are interested in computing the characteristic range over which it varies, i.e., its standard
deviation computed during the time evolution 5%, = 7 fot m2,,(t")dt'.

In Figure we plot C? and S? as computed from corresponding levels on the two sides
and by taking a reference level on one grain. As a function of the pairing parameter, the
two procedures convey the same information: the highest the pairing, the more grains show
coherent behaviour.

By applying this line of reasoning, we could verify some features about the phase rela-
tionship between grains for growing g. First, that the smaller the tunnelling parameter, the
sooner (in g) a well-defined phase is established. Equally, that a small initial unbalance allows
a definite phase to be built for relatively small values of g, while it is necessary to enforce
stronger pairing if states with large initial unbalances are selected. This is due to the fact
that the initial states are projected on few states in the lowest part of the spectrum when
the initial population difference is small. Conversely, large population differences at ¢t = 0 are
projected to many states in the middle of the spectrum, each having its own energy.

An important aspect to consider is the presence of fermion tunnelling. As a matter of facts,
the original Hamiltonian is written in terms of fermionic operators, while the results
obtained — that the phase coherent behaviour is established with relatively small pairing —
refer to the bosonic approximation, acting on the restricted subspace. If, on the one hand, it is
plausible that at vanishing g pair-breaking excitations may play an important role, a natural
question to ask is whether the presence of fermionic degrees of freedom, aside of bosonic pairs,
may spoil the phase-coherent behaviour of the grains for sufficiently large pairing. The issue
can be rephrased into the question of whether the initial state, during the evolution generated
by the coupled Hamiltonian, containing a fermionic tunnelling term, may give rise to a huge
number of states in which two or more electrons are not paired, which evolve incoherently
with respect to the states in which only pairs appear.
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Figure 2.11: Left: phase difference, as a function of time. Right: averaging over short times
removes fluctuations.

These states must be written as linear combinations of the factorized states of the two
uncoupled Hamiltonians. On each grain, the energy of such states can be computed exactly
for any value of g. In order to have an estimation of a lowest bound for the energy, we can
consider a state in which the most energetic pair is broken and one electron is promoted
into the next level, which reduces the number of pairs by 1 and the number of unblocked
levels by 2, as seen in section [I.4] The energy of the lowest pair-breaking excitation has been
considered in [33] and reads:

€M+ Ept1

S g(M - (N =2) = (M 1) +1) (2.99)

Epair =
The bare energies in the first term of the above do not depend on g, unlike the ground state
energy, all the pair-conserving excitations and the second term in the previous equation. It
follows that, by taking the pairing strength sufficiently high, all pair-breaking excitations can
be made to lay at arbitrary energy above the ground state and are therefore suppressed with
respect to pair-conserving excitations.

Checking explicitly that the insertion of states with unpaired electrons does not spoil the
phase relation requires much larger computational effort, in that the Hilbert space should be
enlarged to the (ﬁ ) (N A}m) configurations in which the m electrons can “block” part of the N
levels, with fixed number M of pairs. We therefore rely on the standard argument based on
the presence of a gap. Note that this should already hold for values of g > 0.25, as discussed
earlier.

We also mention that, even if the phase is quite well-defined, residual fluctuations can still
be observed, in such a way that the widest, slowest oscillations are superimposed with faster
and narrower ones. What is relevant are only the former ones, so that we find convenient
to isolate them by computing time averages on intervals much smaller than the period of
the largest oscillations: this allows to better understand the structure of the diagrams. An
example of the procedure is provided in Figure [2.11}

2.4.5 Occupation—phase diagram and current—phase characteristic

In order to achieve the largest possible freedom in selecting the initial conditions, we imagine
to prepare the two uncoupled leads at ¢ = 0 in a linear superposition of the states in which

the total number of pairs is fixed to be My = N —1. Calling

@;L]{f )> the lowest-energy state
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Figure 2.12: Phase diagram for different values of the parameter ¢ in the BCS regime, with
N = 8, MTOT = 7, g = 0.571.

with M pairs of either the left or the right grain, we prepare the system in the state

1 L R ; L R
o) = s (|o8h) @@l 1) +eg ol ) @@l ) (2.100)
where the initial phase difference ¢y and the initial population unbalance é My = % can be
selected by choosing the corresponding parameters appropriately. We then turn on a small

perturbation (% = 0.01 — 0.1 in our runs) and compute the time evolution of the state after

exact diagonalization the Hamiltonian. The main limitation of this protocol arises from the
consume of RAM by diagonalization subroutines; by limiting subspaces appropriately, one
can study systems of up to N = 10 levels, below half filling and for a small initial population
unbalance.

The first, already nontrivial, issue we would like to check is whether it is possible to draw
a population—phase diagram in the spirit of [57, 56] and if it can be seen to fit a two—level
model. The confined phase can be explored by tuning the initial state to different particle
unbalances. We report an example of the results in figure [2.12

The phase diagram in the plane ¢, z shows a remarkable agreement with the "pendulum"
law of motion in the small oscillations regime when the initial unbalance is small (see figure
above). In addition to that, as the oscillations become more pronounced, we see that the
motion receives important corrections. It is a characteristic of the BEC regime the fact that
the phase does not overcome the value ¢ = 7/2 when the initial unbalance is of one particle,
which agrees with the predictions of . This fact has been checked also with exact
diagonalization and is certainly not and artefact the Hilbert space truncation. Instead, it is
connected with the fact that the main contributions to the wavefunction arise from the first
two lowest-lying states of the interacting system with equal weights. The very high coherence
of the grains confirms this aspect.

It is also possible to study the diagram while varying the initial phase in the initial state
(2.100). Also in this case, as shown in figure the “stretched pendulum” with A — 0
seems to agree with the figures. But it has to be remarked that this picture seems to hold
only for the unbalance 6 M = 1. For larger values, the phase is allowed to oscillate further,
and more complicate picture emerges.

We now focus on the pair current between the models, defined as the time derivative of
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Figure 2.13: Phase diagram for different initial phases (N = 8, Mpror = 7, M (0) = 1,
g=9.7).

the occupation number of the left subsystem.

Z ba,Lb%,R - bL,Lbﬁ,R
a,f \/fi,L + AQ + \/5%71% + AQ

From a computational perspective, we can easily evaluate the time evolution of the occupation
number difference M = Ny — N and take the derivative numerically.

It is possible to verify, for M = 1 that, in this configuration, the levels involved are
mainly the first two, with minor contributions from the ones above. The frequency observed
is then trivially the difference of the two and, as a function of g, goes to a constant value that
characterizes the bosonic side.

One feature of the the evolution of the phase is that it never crosses the value ¢ = 7/2.
It follows that the current—phase characteristic can be fitted with a form

I(t)=4[H Ny =i[Hp, N =i (2.101)

1(¢) = I.(g, \) tan 6 (2102)
The critical current is seen to have a maximum around ¢g ~ 1 and can be fitted in the form

6_0/92

I.(g,\) = IoA (2.103)

with ¢ ~ 0.27, nearly independent on A. This relation has a maximum at ¢* = v/2c.

Please, note that it is possible to roughly fit these data in the two—mode model with
A = 0. This must be true, as long as the two lowest levels are the ones mainly involved in
the dynamics. The fact that the noninteracting model is reproduced arises from the linearity
of the problem and from the fact that the two levels are well separated from the rest of the
spectrum.

The dominant frequency v, i.e., the Fourier component with the highest weight, can also be
investigated by our methods. It turns out to be proportional to the critical current, therefore

given by (2.103)).

It is an interesting issue to explore what happens when more levels, inserted in a band
structure as the one described above, participate to the dynamics: in this situation, the effect
of the interaction should be evident. Additional care must be paid to check that the spreading
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Figure 2.14: Left: tangent fit for ¢ = 2.3, 6M(0) =1, N =8, My = 7. Right: critical current
fit with the law in the main text.
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Figure 2.16: Occupation—phase diagram for N = 8 M (0) = 2, My = 7 and g = 0.4 (left),
g = 6.4 (right). The phase range increases with the pairing interaction.

Figure 2.17: Left: sine fit for ¢ = 2.6, M (0) = 1, N = 8, Mp = 7. Right: amplitude fit with
the law in the main text.

of the phases is constant: for this reason, we were not able to study particle unbalances
overcoming the value dM = 2.

For what the phase diagram is concerned, we found that it fits the expectation from a
two—mode model, showing the typical ellipsoid form. The phase range depends only on the
interaction, while the amplitude of the population oscillations depends on the initial relative
phase given to the system through .

However, no explicit trapping can be observed. What is observed, instead, is that the
amplitude of the fastest oscillations is increased and that the period of the slowest decreased
more and more, as 1/g. The scenario is that of a large crossover to a confined regime, in
which the occupation oscillations have infinite period at ¢ — co. This may be a finite—size
effect, leading to a transition in the thermodynamic limit. The dependence of the frequency
one the pairing strength is given by . Our finding is that the law is

I(¢p) = I.(g,\) sin% (2.104)

with the same dependence for the amplitude as in (2.103). The dependence on the phase
was predicted for a weak, pointlike barrier in the WKB approximation in the Bogolubov-de
Gennes equation [63]. Here we qualify the dependence on the pairing strength of the critical
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current.

The initial phase can also be varied with initial unbalance d My > 1. It is interesting to
note that the for most of the values of g, the phase runs. Nevertheless, the time evolution of
the mean phase locks it around some large—period oscillation. Quantitative evaluation of the
phase diagrams remains a nontrivial task.

2.4.6 Conclusions

We have performed a numerical analysis of the exact dynamics of two coupled Richardson
Hamiltonians, with attractive interaction and fixed level spacing, initially prepared in the
ground state of the unperturbed system. From the behaviour of the chemical potential, we
suggested that the model can describe the crossover the BCS and BEC regimes and shown
that these regimes are clearly distinguishable by the spectrum of the coupled models. We
have explained a criterion for assessing the formation of a definite phase relation and found,
for the cases in which the coupled models showed coherent behaviour, that a unique relation
connects the occupation number and the current with the phase difference, throughout the
Crossover.

In the strongly coupled regime, one expects that an effective nonlinear dynamics for the
condensate density would emerge. Nevertheless, we are dealing with a linear Hamiltonian,
which couples a set of discretely—spaced levels. One way of seeing the effective nonlinearity
is in the highly—degenerate banded structure that is created when g — oo: a given initial
state, eigenstate of the unperturbed Hamiltonian, is written as a linear combination of states
in different bands. When the occupation unbalance at ¢ = 0 is equal to one, the behaviour
is well described by a noninteracting two—mode approximation, since the involved levels are
mainly two and are well-separated by all the others. Whenever the levels involved are more,
one has to consider the effect of the band structure. With more than two bands, a multi-mode
level may be needed to describe the effective many—body dynamics.

It stands as an open question how our findings scale with the size of the system. This was
mainly due to the need of diagonalizing and multiplying large matrices, which is both time-
and memory- consuming. This is an important issue, which we intend to investigate in the
future.
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Chapter 3

Many-body localization in the
Richardson model

Recently [64] [65] it has been pointed out that the phenomenon of Anderson localization [66],
usually associated with single-particle hopping in a random potential, can be present even in
the many-body eigenstates of an interacting quantum system and manifest itself as a phase
transition at finite or infinite temperature.

This phenomenon has been dubbed many-body localization (MBL) and can be conceived
as an example of Anderson Localization (AL) on configuration space, rather than real space.
As the geometry of configuration space for a many-body system is quite different from that
of a regular lattice in few dimensions, many-body localization is thought to have properties
distinct from those of the single-particle localization.

This phenomenon should be responsible, among other things, of the exact vanishing of
the DC conductivity of metals below a critical temperature [64] and of the failure [67] of the
simplest version (and possibly of all versions) of the quantum adiabatic algorithm [68] for the
solutions of NP-complete problems; it has also been studied in disordered Heisenberg spin-
chains [69], [70] where the phase transition has been linked to the infinite-randomness fixed
point. The similarity of some features of many-body localization to the glass transition in
spin and configurational glasses makes it the closest to a quantum analog of a glass transition,
where the assumptions of equilibrium statistical mechanics fail.

As we said, in some problems, many-body localization is found in typical many-body
states|71], namely states sampled with uniform distribution from the spectrum (therefore
corresponding to infinite temperature). These states are difficult to study directly, much more
than the ground states for which many approximations (DMRG, MPS etc.) can be devised:
indeed the only strategy here seems to be exact diagonalization (as used in [70] for example),
the exponential complexity of which limits the size of the systems to less than 20 spins;
alternatively the study of correlation functions with time-dependent DMRG was used, whose
failure to converge due to growing entanglement can signal the onset of delocalization|72].

In this chapter, an introduction to many-body localization is provided in section [3.1]
An original contribution is illustrated in section where the disordered version of the
hamiltonian is studied, focusing on the localization properties of the exact many-body
eigenstates. Asit will be made clear below, the possibility of computing exact matrix elements
between eigenstates of hamiltonians, as well as exact overlaps, even for different values of the
interaction, turns out to be essential in our approach.
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3.1 Localization in the Fock space

3.1.1 Hopping conduction

A single-particle wavefunction ¢(7) in a d-dimensional disordered potential may have different
properties, with respect to the spatial extension of its support. In particular, for an eigenstate,
a major role is played by the strength of the disorder. To be specific, the eigenstate can be
either localized, when peaked around some point in space and exponentially decaying away
from that point:

1 =7
|67 o T : (3.1)
with & the localization length, or eztended, when
1
2
~ 3.2
6 ~ —— (32)

in words, when there is a nonvanishing probability of finding the particle approximately at
every point in space.

It is currently accepted (see [73]) that localized and extended states cannot coexist at
the same energy, so that the spectrum splits into bands of localized and extended states,
separated, in d > 3, by a mobility edge at energy £. The presence of such a feature in the
spectrum implies that conduction is provided only by the states which have enough energy.
This leads to a conductivity of the form

_E—ep
oxe FBT (3.3)

known as activated conductivity, in which only states above a certain energy, which are present
in the thermal mixture with an exponentially suppressed amplitude, conduct.

In the limit of very strong disorder, when all single-particle eigenstates around the Fermi
level are localized, it is possible to model our sample as a collection of sites, which are
characterized by a set of randomly-distributed single-particle eigenstates. These sites are
distributed in a regular lattice and some mechanism allowing hopping from one site to the
other is needed for conduction.

One possible mechanism in that of thermal activation, if the density of states at the Fermi
energy v is finite. The energy which is necessary to hop from one localized state to the other
can be provided by a bath, in equilibrium at some temperature 7. The details of the bath
are not essential and one just requires continuous spectrum of delocalized excitations down
to zero energy. One example of such bath is a phonon bath [74]: due to the continuity of the
spectrum, any energy mismatch can be absorbed by a phonon of appropriate energy. As a
consequence, o(T) turns out to be finite, although very small, at any finite 7' even when all
one-electron states are localized.

As described in [75], if the electron is supposed to move always to the nearest empty site,
the temperature dependence of the conductivity would still be of the form , in which
the energy appearing is that of the state. However, it was pointed out in [74] that at low
temperature the dominant process would not be to a nearest neighbour. In facts, within a
range L from a given site, the density of states per unit energy range near the Fermi energy
is

Np = QqLPv (3.4)

where Qp = 27P/2/T(D/2) is the angular integral in dimension D. It follows that for the
hopping process through a distance L with the lowest activation energy, this energy mismatch
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would be the reciprocal of this number §E = 1/Np. Then, the further the electron hops, the
smaller will be the energy required for the process.
However, hopping over a large distance involves a tunnelling whose probability is sup-
pressed by the factor
e 2L/¢ (3.5)
where ¢ is a localization length characterizing the the decay of the localized wavefunction.
There will be an optimum hopping distance L, maximizing the probability

_ __OE_
¢ 2 apT (3.6)

which happens when the exponent has its minimum value, i.e., when

/ D
L: D+1 g )
QQDV]{}BT (3 7)

This model gives the conductivity of the system to be

o= O'Oe_BdT_l/(HD) (3.8)

2D D1
ziPQpv
Together with Ty, it depends on the details of the model. This form takes the name of Mott’s
variable range conductivity.

Even when the dominant mechanism of conduction is provided by the phonon-mediated
hopping, but one has many particles on many accessible levels within a small region, the degree
of localization of an electron on the levels at a specific site modifies the energy mismatch which
has to be overcome in the transition. Somewhat oversimplifying, if one assumes a uniform
delocalization over the whole local configuration space, it is reasonable to expect that the
highest tunnelling rate will occur for the couple of levels which exhibit the smallest energy
difference. This process accesses an energy mismatch which is given by

in which Bp < and o has some weak (power law) dependence on temperature.

1
E=—rs (3.9)
(QpLPv)
Then, by repeating the above arguments, one finds that the conductivity (3.8)) is modified to:
o1
o= er_BDT o (3.10)
2/(2D+1)
with Bp = <§DQQ%> ((2D)1/(2D+1) + (2D)2D/(2D+1)). One sees that in the two ex-

trema — on each site either only one level or the whole set of accessible levels are occupied
— correspond to two different temperature dependence of the conductivity. This drives the
interest toward the presence of a many-body localization transition on the local space and in
the possibility of intermediate situations, in which the wavefunction does not cover the whole
local space.

In this case, the "local" space is constituted by the set of levels within the single-particle
localization length. On the other hand, whenever within the same range many electrons
are present, the interactions among them imply that the many-body wavefunction may be
expressed as a linear combination of several many-body eigenstates of the noninteracting
problem, the latter being labelled by the single-particle level occupation numbers. As a
result, the interaction strength drives the degree of many-body delocalization, playing a role
in the hopping conduction process. The simplest approximation for the local hamiltonian
is provided by , where a uniform interaction couples a set of otherwise independent,
randomly distributed levels.
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3.1.2 The role of interactions in conduction

A question which is legitimate to ask is whether an interaction between electrons on the
same site may be an efficient mechanism for hopping conduction, even in the absence of a
phonon-mediated hopping, at low temperatures. The issue has been explored in [64], where a
non-trivial answer was found. Below a critical temperature, conductivity is exactly vanishing,
while above it, interactions can actually determine hopping efficiently and the behaviour
is that of a metal. The mechanism at the roots of this peculiar behaviour is many-body
localization.

To be more precise, an hamiltonian describing a simple system of spinless electrons with
two-body interactions is given by

H= Z hac) co + = Z Vags, Vgcac;cwc(; (3.11)
a,B,7,6
with matrix elements:
Vagos = [ dF [ dr6a(os() V(7 = )6, (7)65(7 (3.12)

where ¢, stands for the single-particle wavefunction relative to level a. These levels are, by
definition, eigenstates of the hamiltonian in the absence of the interaction term.
Consider a weak, short-range interaction of the form

V(ry—ra) = 26 (i~ 1) (3.13)

where ) is some generic dimensionless parameter, controlling the interaction strength and
the ¢ function means simply that the decay of the potential is exponential and the range is
much smaller than the electron mean free path, with some characteristic scale given by the
localization length &.

Following the exposition of [65], the relevant energy scale in a problem where a the wave-
function is exponentially decreasing away from a given site, with localization length &, is the
energy spacing between states localized nearby, which can be written as

1

R

(3.14)
where v is the one-particle density of states. We can moreover write the typical value of the
interaction matrix element as V' ~ gd¢. In the many-body problem, one has that the energy
mismatch of a virtual two-body transition is given by |hq 4+ hg — hy — hgs|, which has typical
value d.

The matrix element | embodies the process of the decay of a fermion in the state «,
which is one single- partlcle exc1tat10n into two fermions in the states v and d, plus an hole in
the state 3. During time evolution, under the action of (3.13), newly produced single-particle
excitations (electrons injected in the sample) will decay on thelr turn into more and more
single-particle excitation.

—>}B,’y,&>—>|§,6,w;p,...>—>... (3.15)

The actual weight of the newly-created excitations into the resulting many-body wavefunction
depends on the matrix elements (3.12)). In particular, a localized state is the superposition
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of very few quasiparticle states, which possess a sufficiently well-defined energy, so that the
initial electron is never completely decayed by adding orders in perturbation theory. On
the other hand, delocalized states possess components with higher and higher number of
single-particle excitations, and the original single-particle excitation spreads irreversibly (in
an infinite system) onto all the accessible many-body states.

The issue can be looked also from the perspective of the quasiparticle spectral function

Ao = 3| wlch 120 8(e + By — B) (3.16)
k

seen as a function of the interaction strength. In facts, the eigenstates of the interacting system
can be obtained in perturbation theory, which in turn defines a perturbative expansion for
the spectral function

Ale)a =Y AN (3.17)

The initial bare particle peak corresponds to A(®). Each order in perturbation theory will
spread this peak either further and further, or conversely on nearby energies, retaining the
shape of a well-defined resonance.

A result corresponding to a localization in the many-body Fock space was found in [64] for
the hamiltonian , by using many-body perturbation theory. Two phases where found:
a metallic and an insulating phase. A metal-insulator transition was shown to take place at

0,
T,= ——
Caglog(1/g)
where C is a model-dependent constant.
Consider a many-body eigenstate |¥;) of the full hamiltonian (3.11). If one creates an

electron-hole pair on top of this state, the outcome will not be an eigenstate any more, but
may still be expanded in terms of all the other eigenstates as

W) = cheg W) =Y Co7 W) 5 D JCSP)P =1 (3.19)
k k

(3.18)

The quantity characterizing the localization of a state [¥;.,3) (on the "computational" basis
or configuration space C) is the inverse participation ratio:

-1
z:( D sty 50 Wias) |4> (3.20)

814.-3SN

where s1,...,sp7 18 the configuration of the noninteracting system, either given in terms of
spins or of level occupation number. An insulating phase corresponds to localized many-body
states, such that the inverse participation ratio does not diverge in the thermodynamic limit

1
lim ———— <oo (3.21)
Size—00 Zk |C]}€ |4

which signals that the excitation cannot propagate over all states. Conversely, when an
infinite number of eigenstates enters the expansion (3.19)

1

lim ——— =00 (3.22)
size—00 Zk |C’]}C |4
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we call the many-body state eztended and the corresponding phase metallic. This is not
equivalent to ergodicity within a given energy shell, since for the latter property to occur, one
needs the many-body wavefunction to be almost uniformly delocalized over the whole energy
shell and not simply over an extensive subspace. Then the expectation value over the exact
many-body state is equivalent to averaging over the microcanonical distribution around the
state energy E.

Assuming thermal equilibrium can be done only in the latter scenario, in the thermody-
namic limit. In this situation, the definition

cv-(2). oz

holds and can be used to connect the energy of a many-body state to a temperature. In
particular, the critical temperature T, in (3.18) corresponds to a mobility edge, above which
states are conductive and below which are insulating. An important difference with respect to
the single-particle-localized scenario discussed above is that the dependence of conductivity
from the temperature is different, when taking the infinite volume limit. In facts, assuming
a Gibbs distribution at temperature T' for the eigenstates, we have:

_ [dEo(E)N(E)e E/T

o(T) = ;Pka(Ek) = T EN(E) BT (3.24)

sizexs(E)

where N(F) is the number of states at a given energy F, i.e., by definition N(FE) = e
where s(F) is the intensive Boltzmann entropy. The temperature defines a dominant energy
E(T) via the saddle-point approximation of the integral, when the size of the system tends
to infinity. It follows from the vanishing of conductivity of localized states that in an infinite
system

o(T) = { o(T)=0 E(T)<¢&
o(T)=0(E(T)) E(T)<E&

which represents a striking feature of the conduction mechanism.

To conclude, the possibility of studying some version of exactly is of extreme inter-
est. In this perspective, the Richardson hamiltonian is a simple version of the one studied in
[64], where all the matrix element between levels are equal to gd¢ ~ g/N. This is the scaling
which will be adopted in [3.2]

(3.25)

Thermalization

Note that the above considerations can be rephrased into an analogue analysis about the time
evolution of a weakly interacting system after the interaction g has been suddenly turned on
at, say, time ¢ = 0. The time evolution of the expectation value of some observable O soon
after the switching on, by the aid of the Zassenhaus formula, can be written as:

<\I/0‘ 6i(Ho-i-gH[)t Oe—i(Ho-‘rgHI)t |\IJO> =0 +i <\I/0‘ [HO + gHy, O] “I/0> ¢

1
3 (Wo| [Ho + gHy, [Ho + gHy, O]] [¥o) *
)
—3 (Wo| [Ho + gHy, [Ho + gHr, [Ho + gH1, O] [Wo) * + O(t*) (3.26)
As time goes by, higher and higher orders in the interaction become relevant, and the resulting
state will be a more and more complicate superposition of states which are further and
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further away (in the Hilbert space) from the original eigenstate. After long enough time,
a sort of "ergodic" behaviour may effectively emerge and one can therefore expect that the
delocalization/localization properties may be connected with the appearance of thermalization
after a quantum quench of its absence [76], when the system size goes to infinity.

3.1.3 A large critical region

The problem of localization on the Fock space is also intimately connected to the lifetime of
single-particle excitations over the many-body ground state, as discussed in [77]. This paper
pictures the many-body delocalization process as a diffusion on a simplified Hilbert space and
provides a convenient framework for the analysis of the spreading in the Fock space of the
exact many-body eigenstates, as resulting from the particles interaction.

Given the M-particle vacuum |M) of the free hamiltonian, obtained by filling the first M
levels, one can consider all the Slater determinants constructed by creating m holes and m
particles in the state

‘I/M:CTm---CLIC,Bm---Cﬁl | M) (3.27)

(0}

where the s are below and the as above the Fermi level. This state has an energy which is

given by the sum:
m

Euy =Y (a; —€s,) (3.28)

j=1
and can be represented by a string of zeros and ones to label the occupation number n, of
the states.

Uar=10,...,0,10,,0,...,0,10,,0,...,1,1,...,08,,1,...,1,05,1...) (3.29)

The Hamming distance is defined on the many-body Hilbert space as the number of labels
which differ in the two configurations:

d(0,0) =3 (na(¥) - na(¥))? (3.30)
[0
It follows that the interaction term in connects only states at distance d =0, 2, 4.

It is useful to think to the Hilbert space as divided in generations, arising from the
hierarchical processes described in . Given the ground state with M — 1 particles
|M — 1), all states of the form b, |M — 1) with one particle in the state a added to the
ground state, are in the first generation, while those of the form Z)ngbV |M — 1) are in the
third generation and generation 5 is composed by all states like bgbbgbgbe |M —1). It is
essential that any state from generation n + 1 is connected by only to those states
within the same generation or in generations n 4 3 or n — 1.

We now add a particle over the ground state with energy € > ep, therefore obtaining a
state of generation 1. A quick computation shows that the density of states coupled to the
starting one in generation 3 with the same energy is

© dey /Oodeg/o des €2
v3(e) = —_— — —d(e—€1 —€a+€3) = — 3.31
= [ T[T Pea-ara =5 (3.31)

with d being the quasiparticle level spacing. Tterating the process (taking care that states of
further generations are unconstrained provided n < (/e /d) analogous considerations show
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Figure 3.1: Bethe lattice with connectivity K = 3.

that for the (n 4+ 1) — st generation the density of states grows like ﬁfed Note also that
the number of particle is conserved throughout all the hierarchy, which represents a major
simplification in computational approach.

However, in order to split this contribution in elementary steps, we focus on the contribu-
tion to the amplitude of a state in generation (2n + 1) stemming from the direct access from
a given state of generation (2n — 1), which is given by vo,411 = v3/n, as only one particle
can decay out of n. The starting state under the action of H;y may also annihilate one of
the n particles with one of the n — 1 holes and jump back to the previous generation, with
associated density of states n(n — 1)(2n — 3)/A, or stay within the same generation with an
associated density of states e /A2. For sufficiently small n, the latter are considerably smaller
than the "forward" contribution.

To sum up, looking to the effect of interactions as a succession of elementary contributions
on a given starting state and selecting only the most relevant ones yields a picture of the
process as taking place on a Bethe lattice, in which each site is a many-body eigenstate,
identified by an occupation configuration. From each site of generation (2n — 1), the system
can jump to the (2n 4 1)-th generation.

Please note that this analysis, up to now, is valid for the fairly general hamiltonian of
spinless electrons of the previous section. The somewhat drastic, yet useful, approximation
that allows the problem to be treated is that of assuming all the matrix element in (3.11)) to
be equal V5.5 ~ g, which brings the hamiltonian in the game.

Let us refine the predictions of perturbation theory for the Richardson model with coupling
g/N. Let us start at g = 0 from state a, with energy F,. The states at distance 2 from a
have energies

A® = h, —hg (3.32)
where the couple (o, ) € Sy x S| defines the spins which have been flipped up and down
in going from a to b. The typical value of A® is |/((A®)2) = /2 = O (1) however the
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minimum value is O (N~2) which we write 2 /N? where (2 = O (1). So the corresponding
term in perturbation theory for the wave function is
N N
) g

b= LBINE 0@ (3.33)

In this way we can go on at arbitrary distance 2n, to the state ™, the amplitude thus having
n denominators of O (1/N?)

(gN)"
:p(Q);p(4) x(Zn) ’

where = are random variables of O (1). For any given a there are only O (1) neighboring
states with A ~ 1/N?2 so the number of such b" states at distance 2n from a is O (1) out
of N?" (also the number of relevant paths does not grow as n!). These can be called a
direct or percolating contribution. However already at distance 4 we observe another type of
contribution, which one is tempted to dub a tunnelling contribution, in which although the
final denominator A® = h, — hg 4 hy — hs = z(4)/N4 each of the two paths leading to the
minimum h, — hg =~ —(h, — hs) = y@? = O (1), where a,y € Sy and 3,5 € S|. Again this

contribution is of order: )
4 - W/N) (9/N) _ (gN)
y(2) 2(4) /N4 y(Q)Z(‘l) ’

while the amplitudes corresponding to the distance-2 intermediate steps are O (1/N). The

distribution of z, z can be found by using the theory of extreme value statistics [78], while y’s

are typical values of field differences and none of these distribution depends on N. We will

stop here our analysis of perturbation theory as this would require a separate work by itself.

It is sufficient for us to notice that only the combination g/N appears in all terms of the series.
In our fully connected model, we have a well-defined connectivity, which is

K = (%)2 (3.36)

(3.35)

at half filling.

The problem of estimating the degree of localization of quasiparticle on the Fock space
is then reduced to the localization on a Bethe lattice of a many-body state. This has been
studied in [79] through the computation of the behaviour of the particle self-energy in the
thermodynamic limit. The answer provided in the case of uniformly distributed on-site en-
ergies in the interval [—W, W]EI was that there exist a localization-delocalization transition
determined by the condition

Ky
w

Instead of considering the original derivation, one has a clear picture by focusing on the
amplitude, at given energy €, connecting a site of the first generation to site in the (2n+1)-th
a matrix element g. The term is the biggest amplitude that connects a given initial site
to one site in generation 2k + 1. For a generic state in the same generation, the amplitude
reads:

log K ~ 1 (3.37)

A, = ﬁ J (3.38)

€— €5

!computations for any other distribution are not so simple. This provides anyway a reasonable estimate
also in other cases.
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In [77], the probability that this quantity is significant after n steps is p(|A,| > C), where C
is some arbitrary O(1) threshold value. One can define

log|A,| = nlog % +Y, (3.39)

W
€—¢€;

with Y,, = Z?:l y; and y; = log ‘ Under the assumption that energies are independent

and identically distributed random variables, the probability distribution for the y;s is
P(y;) =e ¥ (3.40)
from which the probability for Y can be obtained and consequently for the amplitude

g/w_ 1
(n — 1! Ap[?

P(|An]) = [log (| 4n|(W/g)™)]" " (3.41)

Then the probability that the module of A,, exceed some value C' ~ 1, in the case of weak
interactions, is

1 1 wrCol"
p(lAn] > C) ~ [9 }

=1 42
(n—1)! Clog 5 W T (342)

from which it follows that the probability that there are no direct paths between the original
site to any of the states in the (2n + 1)-th generation is

e m = (1-p(|A,] > O)*" (3.43)

When the probability is much smaller than one and n > 1, (3.42) provides a criterion of
localization by considering the behaviour of

o1 1 gKe —WI"
= fanc log(W/g) [ w8 } (34)

If the expression above increases at large n, then for far enough generations one has f,, > 1,
signalling a large "flux" of amplitude away from the first generation. Conversely, small values
of mean localization in the Hilbert space. A transition between the two scenarios takes
place when the last factor in the previous equation takes unit value, which determines a
critical g as a function of the effective connectivity and of the noise width

g Ke ) w
o
7 los

=1 (3.45)

In addition to this, we can focus only on a one-step contribution to the diffusion: the
condition that all generations are well connected with the first is
Ky
=—=>1 3.46
fi= s (3.46)
, which provides another critical value g* for the coupling.

An articulated picture arises at this point. In the localized phase g < ¢**, the first
generation is weakly connected with the rest of the network. Therefore, the exact eigenstates
are written as a superposition of few occupation configurations; similarly any injection of a
further electron (or flip of a spin) will overlap with few exact eigenstates. For g > ¢*, there are
significant trajectories that connect all the generations and we call the states delocalized. This
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may still not be sufficient to give ergodic behaviour, since only a portion, although extensive,
of the Hilbert space may be covered. For intermediate regions g** < g < g*, there are paths
that connect generation 1 to any generation, yet eigenstates of the noninteracting problem
are connected to few states in the various generations. For a given realization of the energy
levels, a finite number of generations is connected to the initial state. Moreover, different
initial states will be arguably spread onto different states of any given generation.

Our work, in the following section, will show that the the the second scenario is the one
met for the physical scaling of the interaction as 1/, where the condition g > ¢* is satisfied.
In particular, despite being the spreading on the Hilbert space extensive in the size of the
system, only a small portion of it is occupied by typical states.

3.2 Numerical study

The Richardson model can accommodate quenched randomness in the arbitrary choice
of the fields h,. As it is clear from the construction, these fields are just the anisotropies in
the monodromy matrix, hence they can be assigned arbitrarily while — remarkably enough —
retaining integrability. From earlier studies on the disordered model, it was concluded [80]
that the effect of disorder is that of enhancing pairing correlations, while not modifying the
crossover. In this section, we choose a Gaussian distribution for them, with mean h = 0 and
variance h2 = 1.

Since the total spin 57 is conserved, a simplification comes from focusing on the subspace
S, = 0 (which exists for even N). Moreover, the integrability of the model allows us to go
to spin numbers (N = 50 spins for single states and we will collect extensive statistics up to
N = 40) which are sensibly higher with respect to those achievable by exact diagonalization
and therefore allows to make some educated guesses on the thermodynamic limit of the
system.

The picture that emerges from this analysis is that there is no many-body localization-
delocalization phase transition in this model although the states appear de-localized on the
computational basis for any finite g, the average single-spin observables are always localized.

3.2.1 Entanglement, average Hamming radius of an eigenstate and a local
entropy

We will see that for all g > 0, logZ « N, so an exponential number of sites of the hyper-
cube of spin configurations is covered, although by the definition common in (single-particle)
Anderson localization studies we would always find satisfied the limit

z
lim —Z— 0, (3.47)
N=roo (NA/IQ)

which flags instead a single-particle localized phase. In facts, the analysis of single-particle
observables will confirm this scenario.

The amplitudes (s, ..., sy|E) can be calculated as ratio of determinants of (N/2) x (N/2)
matrices (therefore in time ~ N3) once the roots w; are known. However the number of
terms in the sum is exponential in NV so the calculation of Z requires an exponential number
of termsﬂ and we are limited again to twenty spins or so.

?We have looked for a shortcut to evaluate this sum but to our knowledge integrability does not help us
here.
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We found two ways around this difficulty, they are complementary and we checked one
against the other for consistency. First, we devised a Montecarlo algorithm for the evaluation
of Z. Define the probabilities p, = | {(a|E) |* where a € C stands for one of the (N]\/[2) allowed
configurations of spins which constitute the configuration space C. We perform a random
walk with the probabilities p,’s, namely start from a random configuration a and we try to
move to a random one of the (IN/2)? neighboring states, say b, by accepting the move with
probability min(1,p,/p,). This involves only one computation of p,, which takes time ~ N3.
The random walk proceeds in this way, generating a history of configurations a for which we
can take the average over Montecarlo time of p,. The inverse of this value gives 7.

The intensive quantity is logZ /N, which can then be averaged over differen states and
realizations. We observe that for all ¢ = O (1) the value of InZ o N, testifying then that
each state occupies an exponential number of states in the configuration space.

The second method is to find another quantity which can be computed in polynomial time
and to link it to Z. Since the average values (E|sZ |E) can be expressed again in terms of
determinants they can be calculated in O (N3) time: therefore one is led to consider a micro-
canonical version the Edwards-Anderson order parameter associated to a single eigenstate

N
4
q(B) =+ > (E|sL|E)”, (3.48)
a=1
with this normalization ¢ € [0, 1]. The average over eigenstates is

1= 5y Y alE). (349
E

Following [70] we start with a slightly magnetized spin « in an infinite temperature state:
po = (1 +esz) /2N (3.50)

with magnetization (s2)g = Tr [pos?] = €/4 (as s> = 1/4). The same magnetization at large
time ¢ in the diagonal approximation reads

«
t—o00

z : —1 [ z € z
(52)00 = lim Tr [e= " ppeMtsz] = TNZ (E|s% |E)? . (3.51)
E

Therefore, averaging over «a we obtain the equality with eq. (3.49):

0=y 2 - (3:52)

namely the previously defined EA order parameter is the average survival fraction of the
initial magnetization after very long times.

We notice two more things:|81] one, that ¢ is related to the average purity of the state
(here we use the total S* = 0):

q= %Z Tr [p2] — 1 (3.53)

and two, that ¢ is related to the average Hamming distance of the points in configuration
space when sampled with the probability distribution p,:

N

1 —4/{als? |a) (b| s* |b
I et CUEADICE 1L} 550

a=1
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and multiplying by ps, pp and summing over a, b we find:

L={d)= g(l —q). (3.55)

So g is computationally easy and it captures both some geometric properties of the covering
of the configuration space by an eigenstate and the long-time correlation function for s*. We
averaged ¢ over the spectrum (sample over typical states) and then over realizations (the
number of which depends on the size of the system but it will never be less than 100).

We found this average § as a function of g for g € [0,40] and N = 16, ...,38 and studied
the pointwise finite-size scaling (in the form qn(g) = q(g9) +¢1(g9)/N +c3(g)/N?) to obtain the
thermodynamic limit of ¢ (see Figure [3.2)). We fit the data using a ratio of polynomials with
the condition that ¢(0) = 1 and we found that averaging over the state and the realization of
disorder

1+3x107% 1
1+1.003g +0.009¢g2  1+g¢g

works in the whole range of data to an error of at most 0.5%. We therefore conjecture this
to be the correct functional form of the EA order parameter at infinite temperature.

7= (3.56)
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Figure 3.2: The pointwise extrapolation of the function ¢ as a function of g. The fit ¢ =
1/(1+ g) is not distinguishable from the data.

We can now go back to the relationship between the IPR and ¢, better expressed as a
relation between logZ and L. We notice a one-to-one correspondence between average values
these two quantities already at the level of second-order perturbation theory in g starting
from a given state with N/2 spins up Sy and N/2 spins down S:

29° 2
I:1+WA+O(9 ) (3.57)

where we defined a sum over pairs of up and down spins of the given state:
1
A= —_— 3.58
aGSZ (ha N hﬁ )2 ( )
1+, BES,

Since A is dominated by small denominators, it will be typically A = O(N*) and therefore
from the expression for IPR we see the perturbative regime is valid for ¢ < 1/N. With an
analogous computation we get:

492
L:R§A+df) (3.59)
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Eliminating g between the two relations and using (3.55)) one gets, independently of the state
and of the quenched randomness (therefore the relation holds also on average):

L
logZ ~ 5 (3.60)
So the relation is linear for small g. To see how this relation is modified at higher values of
g we have again to resort to numerics. From the data it is clear that a strict relation exists
between logZ and L as one can see in Figure
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Figure 3.3: logZ as a function of the average distance L. The points are (blue, pink, yellow)
N = 28,30, 32 averaged over 100 realizations: the dashed straight line is the second order
perturbation theory approximation Eq. (3.60).

By using the previous Montecarlo calculation for Z we can plot logZ vs. L, showing that
the relation is almost linear. The degree of non-linearity is measured by the ratio
_logZ

= 3.61
§= 57 (3.61)

which can be interpreted as a local entropy[82]. In fact, 2L = N(1 — ¢q) can be interpreted
as the number of free spins (whose value of s* is close to 0) while Z is the number of config-
urations. If we want 2L spins to be responsible to Z states then each of these spins should
account for a degeneracy of €®, from which the interpretation as an entropy density.

The distribution of L over states and realizations becomes more and more peaked as N
grows, since we observe the variance §L? o< N. The same occurs to logZ, whose variance
goes x N in the region of g considered. Therefore the average value of s becomes typical in
the large-N limit.

In the curves of Figure the entropy s grows from the value of 1/4 = 0.250 predicted
by perturbation theory to an asymptotic value of s = 0.383 + 0.003.@ This value is not
what one would expect from a uniform superposition over ( N]\/IQ) states, since in that case
L = N/2,logZ ~ Nlog?2 and the familiar value s = log2 = 0.693 is roughly twice as much
as we expect. This leads us to think that the most probable structure of the delocalized state
at increasing ¢ still retains a pair structure. We can build a toy model of delocalization in

3In the figure we show also a rational function best fit s(g) = 0.403 8:;2212, which has however an error

of 5% in the asymptotic value s(co) = 0.403 instead of 0.383, the value obtained by averaging on many more
realizations and including smaller N in the fit.
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Figure 3.4: Local entropy as a function of g. The points are N = 28,32,36 (blue, pink,
yellow) all averaged over 100 realizations. The fit is a (1,1)-Pade’ approximation conditioned
to s(0) = 1/4.

the typical eigenstates, by assuming that Ngq spins are localized on their ¢ = 0 values and
that the remaining N (1 — ¢) spins are instead divided into couples, where couples are formed
between almost resonating spins of opposite orientation. The couples are in one of the random
valence bond states 1)) &= /1) which are indeed the two S, = 0 eigenstates of the two- body
hamiltonian g

H, = _N( 185 +s5s7) — h(sf+s3) (3.62)

where we have assumed that hy ~ ho = h. This predicts that
T ~2N0=0/2 — ol (3.63)

and so that we should have a constant entropy s = log(2)/2 = 0.347, slightly smaller than the
observed value at large g and off by 40% at small g. The pair structure of a given eigenstate
can be observed in Figure where we plot the values of m2 = (E|s? |E>2 for a given
eigenstate |F), ordering the spins by increasing h,, (so that almost-resonant spins are nearest
neighbours). We see a clear valence bond-like pair correlation in the values of the squared
magnetization.

With the available data, we can discuss issues like the presence of multiple clusters in
the same energy level |E). In fact, by randomly restarting the Montecarlo routine with the
same p,’s if multiple clusters exist, we would expect to sample them according to their basin
of attraction. Moreover we can rely on analytic results (such as those for ¢) to compare
the Montecarlo averages with: clusterization and ergodicity-breaking would translate in a
difference between these two results (as the random-walk would get stuck in a cluster and
would not explore the whole configuration space). In the region where we can trust our
numerics (g 2 0.02) Montecarlo averages converge to the analytic results, though a slowdown
of the dynamics is observed (see below).

3.2.2 Dynamics of Montecarlo and other quantities

The Montecarlo routine which allows for importance sampling of the distribution p, allows
other measures of the geometry of the state. We can now study the similarities between the
dynamics of importance sampling on p, and that of random percolation on the hypercube,
which has been proposed as a model of relaxation in a glassy system [82]. We will find that
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Figure 3.5: Squared magnetizations for increasing g (from white to black), where the spins
are ordered by increasing magnetic field h,. A consistent number of valence bond pairing is
observed as a good fraction of neighboring spins (e.g. n = 8,9, n = 15,16 and n = 31, 32)
have the same speed.

in both cases, a stretched exponential is the best fit and that the exponent depends on the
coupling constant g. This, we believe, is a remarkable similarity.

An important quantity in this sense is the time dependence of the average distance from
the starting point. Consider the Hamming distance H(¢) (¢ is Montecarlo time) from the
starting point H(t) = |a(t) — a(0)|. For t > 1, H(t) is fit quite accurately by a stretched
exponential ansatz of the form:

t

H(t) =L <1 - e(f)ﬁ> , (3.64)

where L is the average distance introduced before and 3 is a new characteristic exponent. Let
us consider the behaviour of the exponent 8 with respect to g, as plotted in Fig. Even if
the results become quite noisy for small g, we can still see that for small values of g, 5 stays
close to 1 (with some noise) as g increases, 3 decreases, although quite slowly. Instead for
the time-scale 7 we find, apart from the monotonic decrease with g, which is to be expected
on general grounds, that for ¢ > 1 7 oc N3/2, which we propose without explanation.

The small time behaviour of H(t) can be used to obtain some information about the local
structure of the state. In particular we can set

k

H(1 4 .
é) =2 Z min(pq, pp) (3.65)
(a.b)

where the last equality follows from the Montecarlo rate and the sum is over nearest-neighbour
states. This quantity can be considered as a measure of the local connectivity, that is, the
average fraction of active links.

From Fig. [3.7] we may deduce two things: one is that the connectivity stays well below 1
even for large g, confirming, as we claimed before, that the typical state is never uniformly
spread over the hypercube; the second is that the connectivity scales with N as N1 for small
g and with N~1/2 for large ¢ (a fit k = A/N® shows a continuously decreasing a from 1 to
1/2). Since the number of diverging roots is proportional to the total spin of the eigenstate
at infinite g, and since the more roots diverge the more equally distributed the terms of each
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Figure 3.6: Left. The stretched exponential exponent 5 data as a function of g for N =
28,32,36 (blue, pink, yellow) together with a fit of the form (1 4 aig)/(bo + b1g + bag?).
Right. The timescale 7 as a function of g for N = 18,20, ...,34 (red to green). The scaling
T o< N3/2 is evidently good, in particular in the region ¢ > 1.
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Figure 3.7: Local connectivity as a function of g. Different lines corresponds to N = 18,24, 30
(blue, pink, yellow)
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creation operator B are, we can argue the state will be better spread for larger total spin S.
As for large IV, the total spin of a typical state will increase only as v/ N this explains the
depletion of the local connectivity.

3.2.3 Setup of an exponential IPR

From perturbation theory (and from the Bethe-lattice approximation result [79]) one could
argue that, if a phase transition occurs, it is at g ~ 1/N (with or without the extra 1/log N,
which would however not be noticed for our moderately large N). But does a phase transition
in the geometric properties of the eigenstate occur?

First we analyze the quantity for which we have more extensive statistics (because of his
polynomial complexity), L. A phase transition in L would mean that, set v = gN, there
exists a 7. > 0 such that for v < 4., L/N — 0 and for v > 7., L/N ~ (v — 7.)® where § is a
critical exponent. We have analized our data for ¢ > 0.01 and g < 0.2 and we can conclude
that this is not the behaviour observed. The behaviour is more consistent with v. =0, é =1
or with a crossover, in which the limit L/N when N — oo is a smooth function of g which
vanishes at ¢ = 0. The matching with the part of the curve at finite g is smooth and the
limiting behaviour is as described before.
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Figure 3.8: The logarithm of the inverse participation ratio divided by the size for N between
8 and 18, computed exactly and averaged over states and realizations. This graph shows no
hint of a phase transition at g < 1/N.

There is the possibility however that although L ~ N always, we have two phases: logZ ~
1 and logZ ~ N between which a transition occurs. This could happen if an eigenstate spread
along one (or a few) directions without covering an exponential number of spin configurations.
We have excluded this by both direct analysis of logZ /N data and by the observation that
the relation between logZ and L remains valid all the way to small g (small here means
g S1/N). AslogZ /N becomes soon independent of N without any scaling of g needed (see
Fig. we are led to conclude that no phase transition occurs as the system occupies an
exponential number of sites of the computational basis for any g > 0.

3.2.4 Breaking of integrability

By considering the Richardson model essentially as a hopping process on the hypercube with
random site energies given by the unperturbed energies we have found that the eigenstates are
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always covering an exponential number of spin configurations but nonetheless ¢ > 0 meaning
thermalization is not achieved. From this point of view it is not clear which role, if any,
integrability plays.

On the other hand, one would infer that the integrability of the model must play and es-
sential role beyond providing the methods used for its solution. In particular, if the integrals
of motion are too much “local", integrability can have the effect of freezing the expectation val-
ues of local quantities. To support such a claim we investigated a very similar non-integrable
model, in which the hopping coefficients are not uniformly equal to g as in but instead
N(N —1)/2 random variables g, g = g(1 + €n4,5) where 1, 3 = 13, = £1 with probability
1/2. Randomness in the fields is retained. The hamiltonian is

H———Zg 1+ €N p)st Sg — Zhs (3.66)
7/8

We observe a decrease of the value of g (averaged both over E,n and h) as expected, in
particular for sufficiently large g we are confident to say that ¢ — 0 for N — oo and the
system becomes ergodic.
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Figure 3.9: Averaged microcanonical ¢ for the non-integrable hamiltonian eq. (3.66) for up:
g=0.1, ¢ =0.4 and down: g = 4.1,e = 0.4. The data in the lower panel are fit by a power
law aN =7 with a = 290 and v ~ 4. The exponent v seems to be g-dependent.

For small g however the situation is not so clear. The limit N — oo could actually be zero
or not, what is clear is that the N-dependence is not settled (compare the upper and lower
panel of Figure for N = 16, the largest system size that we can attain. This leads to
two competing scenarios: in the first we have ergodicity as soon as € > 0; in the second, one
could identify a finite g.(€¢) such that for g < g., ¢ > 0 and for g > g. we have ¢ = 0 in the
thermodynamic limit. The latter would have a many-body localization transition at the said
ge. Much more extensive numerical work is needed to decide between these two scenarios.
We leave the resolution of this issue for the future.

3.2.5 Conclusions and some directions for further work

We have performed a numerical study of typical states of the Richardson model with quenched
disorder (an example of Gaudin magnet and an integrable system). We have found no evidence
of a full delocalization phase transition although typical eigenstates occupy an exponential
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number of states in the basis of si’s for any g > 0. This better clarifies the "delocalized”
scenario that has been introduced in previous works.

We have devised a method to calculate the IPR without summing over exponentially many
states and studying its connections with a microcanonical version of the Edwards-Anderson
order parameter, which measures the fraction of surviving magnetization at infinite temper-
ature and for long times. Of this order parameter, we have conjectured the thermodynamic
limit at infinite temperature as ¢ = 1/(1+ g). We were unable to obtain the temperature de-
pendence of this quantity, as sampling from the Boltzmann distribution is not straightforward
within our framework.

For what concerns the absence of a many-body localization phase transition we can point
out two peculiarities of our system as responsible for its absence. One is integrability and the
other is the infinite range of the hamiltonian. We have therefore studied small-size systems
(up to N = 16 spins) with an extra integrability breaking term of size e. We observe a sharp
reduction of ¢, which in some range of parameters could lead to think to a phase transition
where ¢ = 0 for g > g.(€). However it is possible that in the complementary region (g < g.(€))
the decrease with N starts from a value of N impossible to reach with our limited numerics
so we are unable to see that ¢ = 0 for all g as soon as € > 0. Unfortunately this dichotomy is
unlikely to be settled with the currently accessible values of V.

We point out that the Richardson model is one of a family of integrable spin systems
(generalized Gaudin’s magnets, see [83]) which can be studied with minor modifications of
the methods introduced in this paper.
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Part 11

Integrability in field theory
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Chapter 4

A review of integrable field theories in
condensed matter

A system of particles moving in one dimension has no single-particle, but only collective
excitations. This allows to treat the low-energy part of the spectrum of a wide class of
problems, characterized by the feature of not showing gap in the thermodynamic limit, by
the use of the same technique: it consists essentially in rewriting the Hamiltonian in terms
of a “free” scalar bosonic field, a procedure that can be implemented effectively even for
interacting systems [84].

As will be seen in the following, if one considers a one-dimensional system of fermions
with a fairly general interaction, the density and the spin excitations can be decoupled.
In particular, one can write a free effective action for the density part (Luttinger liquid),
whereas for the spin part an additional term appears in the action, which may produce a
gapped spectrum. This action is that of a particular integrable field theory: the sine-Gordon
theory.

Moreover, even if one considers more general (bosonic, spin, ...) models or spinless
fermions, there are many kinds of perturbations that can drive the action out of the Lut-
tinger liquid point and produce a gap in the spectrum. We will recall, in particular, some of
the (several) perturbations that produce an action of the sine-Gordon kind.

This chapter serves as a review of some aspects of quantum field theory in 1+1 dimension.
The techniques that connect many problems of one-dimensional quantum physics with a fairly
general low—energy action of quantum field theory are briefly reviewed in section while
we will focus onto the formalism of integrable field theories in section The aim is to show
that the original work on sine-Gordon presented in the next chapter has a general interest in
one-dimensional physics.

4.1 Lattice systems in one dimension

Consider a system of fermions on a line. For the moment, following [I8], we shall take them
to be spinless and subject to the Tomonaga-Luttinger Hamiltonian:

H=—vp Y (k—kp)cjer (4.1)
k

where the Fermi velocity vp and momentum kg are parameters of the model.
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Particle-hole excitations have a definite energy, which is independent of kr and are there-
fore well-defined excitations that can be quantized. They are created by the transform of the
density operator

(@) = T () (2) (42)
where the subscript r stands either for R, + (right) or L, — (left). Excitations with definite
momentum are created by the operator

pl(q) = Sttt 170 (4.3)
" Yo Ci,kcnk’ =N, ¢g=0
where the momentum ¢ is measured with respect to kp for right movers and to —kp for left

movers. Being p(z) real, we have p(p)t = p(—p).
It follows from the expression above that

PLp>0)[0)=0,  php<0)j0)=0 (4.4)

which is to say that left movers with positive energy have negative momenta (less than the left

Fermi edge), while right movers have positive momenta (bigger than the right Fermi edge).
One can show (see [18]) with periodic boundary conditions that

qL

2

The ground state |0) of (4.1 is the state in which all the levels with negative energy are

occupied and all the ones with positive energy are empty. According to this, let us now define
bosonic creation and destruction operators as follows:

2w
- T
by = \/ L|p‘psgn(q)(q)
27 t
by = \/ L’p‘psgn(Q)(_q) (4.6)

A remarkable property of these operators is that also the operators associated to fermionic
degrees of freedom can be written in terms of the (4.6). In particular, the Hamiltonian reads

lor(q), ps(p)] = —r Or,s0p,—q (4.5)

i
H=uvp > [plbhby + ZNE (4.7)
p#0
Single-particle operators can be determined as well [84]: their expression is
ipx 2rr
) = U= gl (1) (148)

in which the operator U, is a Klein factor, that suppresses one fermion of species r uniformly
on the state where it acts and commutes with the boson operators.
It is convenient to introduce the fields

. T 2
Oa) = ~F(Nu+ Nz —iz 3 (oh(r) + rf(0)) (49)
p#0
T T e—alpl/2
o) = F(Nu+Npjotip 3 = (Phtv) = o} @) (4.10)
p#0
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Figure 4.1: Counting function for a given number of particles in an homogeneous and a non
homogeneous configuration: the slope of the function is proportional to the local density.

where a cutoff o has been introduced to regularize the infinite sum. Then (4.8)) becomes

ir(kp—mp/L)x
dr(z) = Uy lim & i(0@)=ré(@)) (4.11)

a—0 2Ty

and the density of the two species of excitations can be reproduced as

V(@) = — [pr(@) + pi(2) (4.12)

Formula (4.12]) suggests a clear interpretation of the bosonic field ¢ as a counting function.
To be precise, suppose that the position x of the n—th particle is identified by the condition

é(zn) = 2, (4.13)

where I,, is some integer. Note that, since we are in one dimension, we can define an ordering
for the particles, so that the function ¢ is always monotonic. It follows that in the regions in
which the increase is the steepest, it will cross many quantization points in a relatively short
interval, signalling a high density; conversely, regions in which ¢ is almost flat correspond to
a low concentration of particles.

By rewriting the expressions above in terms of the bosons as from (.6)), one can show
that in the infinite-volume limit

[6(), 0(y)] = i sgn(y — @) (1.14)
hence the field )
II(z) = ;V@(m) (4.15)

[0(x), T(y)] = id(y — x) (4.16)

and the action becomes

=2 / dx [(Wﬂ(m))2 + (Vé(2))? (4.17)



Note that the relation 7Il = 0;¢/vrp — m(Nr — Nr)/L holds. The action associated to this
Hamiltonian is the free Gaussian action

So = % / drdz [(8T¢)2 — (Vo) (4.18)

after the change of variable 7 — vp7.

Interactions

It is now possible to consider interactions among fermions, in the rather general form

Hy = / dedyV (z — y)p(x)ply) (4.19)

In this situation, we cannot expect the dispersion relation to be linear as in the Tomonaga-
Luttinger Hamiltonian. Nevertheless, if one considers low temperatures, in such a way that
the excitations involve only a small region of the whole spectrum and that the curvature of
the spectrum is not sensed, it is reasonable to linearize the dispersion relation in the vicinity
of the two Fermi edges.

The fermionic field then becomes

Y(x) ~ — Z ekep 4 Z ek ey (4.20)

and the density-density interaction can be rewritten in terms
sl of left and right fields.
In a low energy description, interaction processes involve
Figure 4.2: Linearization scattering of quasiparticles only in proximity of the Fermi edges
of the dispersion relation and can be grouped in three categories [85]. They correspond
around the Fermi edges to the terms that appear when using to rewrite .
The corresponding effective strengths are g;, g2 and g4. In the
first kind of process, a particle is scattered from the "left" to
the "right" side of the Fermi sea, thus gaining a momentum
q ~ 2kp, while another one loses the same momentum and goes from around the "right"
to around the "left" edge. The "go" process, instead, involves only the transfer of a small
amount of momentum ¢ < kp from one particle to another on opposite sides of the Fermi
sea. Note that, in the absence of any internal degree of freedom, such as a spin, it will
be undistinguishable from the first. The g4 scattering, instead, is the momentum exchange
among particles on the same side of the Fermi sea.
Approximating the two-body potential by a delta function one obtains momentum inde-
pendent couplings, and the corresponding terms in the action are given by

G (Whrh bR + Ohvrthvr) = (29;)2 (V)2 + (V)] (4.21)
gvhvnvlin = 555 (V0 - (V0 (4.22)
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The g7 processes, being the particles not provided with an internal degree of freedom, are not
distinguishable from those of the go type. The effect of the g4 term is that of renormalizing
the velocity of the excitation away from the Fermi velocity to

u=(vp+ %) (4.23)

Moreover, with respect to the the free bosonic action, the term g represents a marginal
perturbation, which can be absorbed at the Lagrangian level in a redefinition of the field. A
new parameter K ~ 1 — 27€5F can be defined.

All the terms obtained are expressible by means the scalar fields (4.9), so that the final
form only contains derivatives of 6 and of ¢ in the quadratic effective Hamiltonian

H= ;;/dx [K (nT(x))? + % (Vo(x))? (4.24)
where u sets the energy scale and K is a dimensionless parameter. Both are model-dependent
and contain all the information about interactions of the original system. If these are weak,
u and K can be determined perturbatively, while in the general case one needs to rely on the
computation of thermodynamic quantities by other means, such as algebraic Bethe ansatz,
to obtain them.

The corresponding action is given by:

g 1 1 u
S = _/ dT/dJ: [@ce&gb - (uK(@wQ)Q n (amﬁ)] (4.25)
0 us 27 K
but is more conveniently written in momentum space as:
1 . o 1 [ PuK  ikw, 0q
S = ZBLZb:k (0 03) — ( i Pull > ( o ) (4.26)

with the notation q = (wp, q)

If one is only interested in expectation values of composite operators of the field ¢, such
as, e.g., the magnetization correlation function in the Heisenberg chain, then the field 6 can
be integrated out by completing the corresponding square, which yields:

1 w?
-S _ - _ n o
c p{1; §qj [~ 5 tdl@o(—a)
uK¢? Wy, Wy, ug?

- o o(— —q)) - —q)] .27
o (00 + 2@ (-0 + o)) - 2 s@e-a) J2n
Then one is left with a gaussian integral in the variable 6, which cancels with the partition
function in the correlators. Then, it is possible to write an action with respect to a single

scalar field only as:

S = 27T1K,/0Lda:/06d¢ [i (aT¢)2+u(6z¢)2] (4.28)

Another way of obtaining this action is by noting that at the Gaussian point, the momentum
is (proportional to) the derivative 9;¢. With either the above action or its analogue containing
only the # variable one can obtain [I8] the correlation functions

((6(r) = 6(0))*) = KR (r)
((0() = 0(0)°) = =Fa(r) (4.20)



with

1 22 4 (u|7| + a)?
908 a?
while the mixed ones can be extracted from the complete action (4.26)), by Fourier transform

(4.30)

(6(r)0(0)) = 3 Fo(r) (131)

where
Fy(r) = —iarg (ur + asgnt + ix) (4.32)

It is sufficient to apply these formulas for evaluating all expectation values. For a quadratic
Hamiltonian, in facts, one has

<ei Zj(A.i¢(Tj)+Bj9(T,j))> — 1/232 i [(Aj AR K+ B B K ™) Py (rj—rie)— (A B+ Ay Bj) Fa (rj =) (4.33)

from which general correlation functions can be evaluated.

A remarkable advantage of the Luttinger liquid approach to the study of one-dimensional
problems is that most interacting systems of spinless fermions allow a description in terms of
a "free" bosonic effective model, under an appropriate choice of the parameters. Note that
the parameter u in (4.28)) just sets the relative scale of space and time and is incorporated in
the time variable with 7 — wur.

The parameter that encodes the information about the large-scale behaviour of the inter-
acting system is K; according to , one has K < 1 for repulsive interactions and K < 1
for attractive interactions, at least at the perturbative level. Most importantly, it sets the
scaling dimension of the field: whether a perturbation is relevant or not with respect to the
Luttinger point ultimately depends on its value.

Fermions with spin

When fermions carry a spin degree of freedom it is again possible to use the boson represen-
tation , but one needs to treat separately the spin-up and the spin-down particles, by
introducing two sets of fields ¢4, 04 and ¢, 0. It turns out to be more convenient to separate
the charge and spin degrees of freedom by defining the corresponding densities as:

plz) = \}5 () + (@) . o) = \g [pr(2) — py (2) (4.34)

From these one writes the bosonic fields

1 1

Gl = o) F o)) Gola) = Elorle) — @] (435)
Op(a) = Z 0@ +0,@)] . O(w) = = 01(a) Oy (a) (4.36)

A general density-density interaction term appears to be

Hi= ), / dzdyV (z —y)po()pa (y) (4.37)
o0’ =11
Also in this case one considers the excitations around the Fermi edges only and rewrites the

density-density interaction in terms of the analogues of the linearized fermion field. Again,
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we shall consider the contact approximation for the interaction in , and denote by the
subscripts || the strength of the interaction among electrons with parallel spin and by L
the one among electrons with opposite spin. By using the fields , we can write the
interaction terms as:

H, = ;r:%;:n / dx [g4)proPro + 94 LPropr—o)
= I L e (90,74 (907 + LU [0 (90,0 + (900709
and
Hy = Y /d;r [921PR0PLo + 921 PR6PL,~ o)
o=tl
= BT [ [(90,2 - (v0,2) + L [ e (900 - (V6,7 43)

Here an essential difference arises. In facts, when particles carry spin, the processes of the g;
kind that correspond to the scattering of a right mover with given spin to the left Fermi edge
and a left mover with opposite spin to the right Fermi edge are to be treated separately. It
can be split into two contributions. The first one is:

g1 I Z/dxqﬁggw};,gwhowlia = -0 || Z/dmpL,apR,o (440)

which is indeed equal to a go process. However, the term corresponding to the second contri-

bution is
dx

ey / eyl b L —otRe = / Wcos(z\@%(a;)) (4.41)

Summing up, the Hamiltonian for the spin excitations is given by

dz Uy dzx
H= / o [UUK(, (7T,(2))* + z (V¢U(x))2] +2g11 / Wcos@x/iqbg(x)) (4.42)
This is a sine-Gordon type Hamiltonian. The effect of the cosine term is that of trying to
lock the field ¢, into one of the minima of the cosine, therefore competing with the kinetic
part that allows the field fluctuate. The resulting ground state out of this competition, can
be determined from a renormalization group analysis. In Lagrangian form:

Sy = 27r1Kg /d:z:/dT [ug (8,00)% + ;(V@%)Z] —y/dx/chos(Z\/Zbg) (4.43)

with y = g1, /(27a)?.

The scaling dimension of the perturbing operator at the conformal point can be
extracted from the operator product expansion of the operator with the energy-momentum
tensor (see, e.g. [86]). For the vertex operator

V, =: e (4.44)

it is given by:
Yo =20° K/8 (4.45)
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which implies that the perturbing operator : cos(2v/2¢) : is relevant for K < 1 and irrelevant
for K > 1.

Moreover, the appearance of a gap in the charge sector is also possible, when a relevant
operator perturbs the Luttinger point. This is associated with the so—called umklapp terms,
of type

w}w}, 1YRAYR, (4.46)

which usually occur at commensurate filling. This general formalism has many applications
in one dimension. In particular, the XXZ spin chain with interaction along the z axis
smaller (in module) than those along the other two axes can be mapped into a free bosonic
action; when the interaction parameter along z is antiferromagnetic and its absolute value
bigger than one, the spectrum becomes gapped and the sine-Gordon action describes the low
energy physics of the chain (see [I8], [87]). Also, the chain in the regime 0 < v < 7 with
total magnetization equal to zero (or when the number of “fipped” spin with respect to the
reference state is a fraction of the length), it may develop a gap, depending on the parameter
~ and on the magnetization. Moreover, the Hubbard model, paradigm of hopping conduction,
can be rewritten in the continuum limit as the massive Thirring model and bosonized into
the sine-Gordon model. This and other examples are collected in [88].

4.2 Integrable massive field theories

In the spirit of section .1}, we now turn to the definition of a class of two-dimensional quantum
field theories that emerges as perturbation [89] of conformal field theories.

S =S8crr + / d’z ® (4.47)

where ® is a relevant operator of the conformal theory.

Sufficient conditions, ensuring that an infinite set of commuting charges exists also outside
the critical point, can be given for certain families of perturbing operators [90], 89]. When
this requirement is met, the theory is called integrable: the particle content, the associated
scattering amplitudes and the two-point functions can be computed exactly.

4.2.1 Factorizable S-matrices

Let us denote the conserved charges by Qg, labelled by the corresponding spin s, which char-
acterizes the transformation under a Lorentz boost L,. Given a boost that shifts the particles
of a state as Ly |01,...,0,) — |01 +a,...,0, +a), then the corresponding transformation of
the charge under the boost can be written as

U, Q.U =e*Q, (4.48)
The set of charges must include the light-cone momenta

p=p"+p', p=p"-p' (4.49)

0 0

with eigenvalues w; = me” and me™", respectively. Under a Lorentz boost § — 0 + «,
they transform with spin 41, according to the previous definition. The energy-momentum
operator, which is conserved after translational invariance in the two direction, is a linear

combination of the two.
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Physically relevant problems involve generally interactions among fields; nonetheless, hav-
ing in mind a scattering problem, it is convenient to consider a basis of ingoing or outgoing
asymptotic states, in which excitations are so far away one from the other that they do not
interact. Specifically, a "particle" basis can be defined by the requirement that all charges
act diagonally on it:

M
QS |p17 AR 7pM>(z1’.,.,aJu = ng‘] (p]) |p17 A 7pM>CL17...,CL1\1 (450)

=1

In particular, eigenvalues of all charges are additive in the particles.
Suppose to have a set of n particles with a species label a. In the remote past, particles
are arranged with decreasing momenta

in

IP1y- - Pn)ay . an pL>p2> ... >y (4.51)

One may think to such a state, as an heuristic guide, as having the particles in definite
positions x1 < 2 < ... < z, as well. A scattering process has taken place, in the far future,
particles are arranged with opposite ordering for coordinates and momenta

(q1,- .. 7q”’b1,...,bn O <qgp<...<gp (4.52)

These sets of states serve as a complete basis for the "in" and "out" Fock spaces.
1
> 2 [ @ dpa P PM) gy oy (L M| =11 (4.53)
M

Then, a scattering matriz can be defined by

n 2 : § : b1,...,b0 . out
|p17 c. 7pM>a1,..‘,aN = Sai,m,a]]\\lf (p17 -++3sPNq1,- -+ CIM) IQIv v 7q]\/f>b1,...,b]w
M qu,..,q0301,-,00M

(4.54)
where the set {a} and {b} label the particle kind or any other internal quantum number. The
S-matrix can be defined as an operator by specifying its matrix elements

in/out

& wn/out
ar an (p1y---som| Slar, - anm) /o (4.55)

b1,...,bns

In other words, it gives the probability amplitude of finding the system in a given final state
long after the collision, given the specified initial state long before the collision.

2

Pal,...,aN—>b1,...,bM = lai,....,an <p17 s 7pM‘ S |qla e 7q]\4>b17__1b1W (456)

The presence of these charges and the fact that they transform differently under the
Lorentz group implies [91] that, in any process, the scattering matrix factorizes in the
product of two-particle S-matrices. Moreover, the fact that there are an infinite number of
charges implies that in any scattering process particle production cannot take place, i.e., that
the final number of particles of given mass m, after a scattering process is the same as the
initial one, and that the final set of two-momenta is the same as the initial one [6].

In a particle description of a relativistic field theory, it is customary to parametrize the
energy-momentum of a particle by using a rapidity 6 as

p° =mecoshf p' = msinh 6 (4.57)
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which ensures the on-shell condition
2 2
(po) — (pl) = m? (4.58)

By relativistic invariance, the two-particle scattering amplitude between a and b can
only be a function of a Lorentz scalar. In a two-dimensional world, there exist only two
such independent Mandelstam variables characterizing the process, namely s and ¢, which
correspond to the processes

s a+b—c+d
t a+d—>c+b

in which the k denotes the antiparticle of kind k. It is customary to use the total energy in
the center-of-mags frame:

s = (pa + po)" (Pa + b)" N = M2 +mi + 2mgmy cosh(0, — 6,) (4.59)
In the "crossed" channel, the relevant variable is instead the relative squared momentum
t = (pa — pa)" (Pa — Pa)” M = M& + m3 — 2mgmg cosh(0, — 64) (4.60)

From the parametrization (4.59)), the two-particle S-matrix can be written as a function
of the rapidity difference and is defined as

100, 00) 0, = ZS b) 10y, 002" (4.61)

This matrix has to meet the analytic structure of a general scattering matrix [92], with
the major simplification that no particle production can take place. When formulated in
terms of the rapidity variable, it is possible to identify a physical strip 0 < S0 < 7, which is
separated by a cut from a second strip m < 60 < 27. Because of the overall 2mi-periodicity
of the parametrization, these two strips determine the function over all the complex plane.

The Yang-Baxter equation is, in this context, a relation that constrains the two-particle
S—matrix of the theory. It can be derived as a consequence of the factorization of the full
scattering matrix, since the process involving three ingoing particles a,b,c with rapidities
04,0y, 0. and three outgoing particles a’, b, ¢ with permuted rapidities can be written as:

Z’/U‘flt)/ <9a ,9[)/ 9 |0a’ 9[), >a be T
Seh (012) Sd,é (61,3) Sd,}’/ (02.3) = Sy (B2,3) ST (61.) 5 ) (012) (462)

In other words, the S-matrix factorization is well-defined only if the Yang-Baxter equation
is satisfied. This factorization can be argued by considering, instead of single-particle states,
wavepackets centred around a position. Then different shifts of the centre of the packet can
be induced by the application of the different charges, without changing the amplitude of the
process, which only involves momenta.

The relation and orthonormality of both in- and out-states, together with the fact
that in an integrable field theory we cannot have intermediate states with a different number
of particles, imply

> Sh0) [siizo)] = ooz (4.63)
b1,b2
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Figure 4.3: Yang-Baxter equation in the context of integrable massive quantum field theories:
factorization of the three-particle scattering into a product of two-particle processes

Figure 4.4: Left: graphical representation of poles in the S—matrix. Right: the mass triangle.

which is the unitarity of the two-particle S-matrix and is the analogue of .

It is essential that quantizing a theory in a scheme where space and time are rotated by
/2 gives the same scattering amplitude, which results in the requirement that the amplitude
is the same when 6 — im/2—6. Then a particle when the s and in the ¢ channel are exchanged,
is the same:

Se(0) = C Sgh(im —0) C (4.64)

with [93] the matrix C' being a charge conjugation matrix that satisfies C* = C and C? =
1. This matrix acts on one particle space only and depends on the specific theory under
examination. We have C' = i0? for the massive Thirring model and C = ¢! for the soliton-
antisoliton sector of the sine-Gordon S-matrix. this is called crossing invariance, and is
formally equivalent to apart from the overall scalar function p.

Poles of the scattering amplitude, if present, correspond to bound states, either in the
direct or in the crossed channel. In the variable 6, they appear in the imaginary axis in the
physical strip. The residue is related to the on-shell vertex I'y , of the incoming particles a, b
and the bound state c¢:

: iy
Sip O) ~ G (4.65)

By specifying the parametrization (4.59)), it is possible to recognise the triangular relation

m2 =m2 +mj — 2mgmy, cos u’, (4.66)
among the masses of the particles involved, where = m — u (see Figure . Moreover, the
charges are conserved through the fusion processes a + b — ¢ and it follows that the set of
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Figure 4.5: Graphical representation of the bootstrap equations

conserved charges of the theory, through the eigenvalues for different spins, provide
nontrivial constraints on the particle content of the theory.

The bootstrap approach to the problem of determining the scattering amplitudes assumes
that the set of intermediate bound states and the set of asymptotic states are the same. This
has the important consequence of allowing the determination of the scattering amplitude of
a particle, say d with a particle ¢ in the various channels, by only knowing the scattering
matrices with the constituents a and d of ¢. This results in the bootstrap equations

T5, S50 (6) = T St (0 — inhe) S5 (0 + i) (4.67)

This together with (4.62)) and the constraints of unitarity and crossing, allow to determine
both the particle content and the S-matrix iteratively [94].

4.2.2 Integrable deformation of free bosonic theories

According to section [f.1], one of the most interesting scaling models in one dimension is the
Gaussian field theory, with the action:

L
S = 817T/d7—/ dx0,¢(T, )0 P(T, x) (4.68)

on a cylinder of circumference L. This action has conformal symmetry.
We require quasiperiodic boundary conditions for the field:

¢(r,x 4+ L) = ¢(7,x) + 2rmR | meZ (4.69)

The latter amounts to say that when the spatial coordinate travels across the support, the field
winds m times around its compact target space, which is just a circle of radius R. It follows
from the mode expansion of the field (see [86]) that the eigenvalues of the field momentum:

L 1
T = /0 derm(r,z), w(r,z)= EV@S(T, ) (4.70)

are quantized as n/R, n € N /2, otherwise vertex operators are no longer well-defined. The
topological charge:
¢(T7 L) — d)(Ta 0)
4.71
2R ( )

1 [Fde
Q= | Gromira) -
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has integer eigenvalues, given by the winding number m. It is also useful to define the fraction
of topological charge in a given interval:

T dx! , 7,7) — ¢(7,0
Q(x)z}l%/o %az/¢(7,$):¢( )%qu( ) (4.72)

where translational invariance implies that only the width of the integration interval is rele-
vant.

It should be evident the relation of the compactified with the Luttinger action
([1.28)). In facts, the velocity parameter u of the Luttinger model amounts to a redefinition of
the time scale 7 — w7 (the time direction is infinite). One then sees that the model is free
for K = 1, which corresponds to a period of 27 on the target space of the free boson, i.e., to
a compactification radius R = 1. On the other hand, a redefinition of the fields as

¢ — R¢ (4.73)

yields the condition (4.69) back in the "free" form, but with an explicit presence of the
compactification radius in the action

RQ L
5= / ir / d20,,0(7, )0 (, 7) (4.74)
™ 0
from which one obtains the relation 4
2
= — 4.
R e (4.75)

so that, with respect to the action (4.74]), the dimension of the vertex operator (4.44]) is:

(4.76)

The action of the sine-Gordon field theory on a cylinder of radius L is usually found, in
literature, written as:

) L 1 M2
S :/ dT/ dz [8 0" ¢ — = cos 4.77
[ [ e | 00070 - g eon (4) (4.77)
where p and S are real parameters. With respect to the previous parametrizations, there
holds:

a7
B? = Tz =K (4.78)
which implies that operators (4.44) have dimension
2 32
o fs
= 4.79
Yo = 1 (4.79)

In other words, the cosine term in the action constitutes a relevant perturbation, provided
B < V8r (4.80)

Terms containing multiples of the field in the cosine, such as the ones arising from the per-
turbations studied above, can be equally treated, by proper resizing of the field. Only the
theory that contains one cosine term is integrable and will be considered in the following;
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nevertheless, multiple perturbations can still be treated with the formalism of integrable field
theory along the lines of [95] 96].

In infinite volume, the fundamental excitations are known to be the soliton, with mass
m = m(p?) and unit topological charge, and the antisoliton, with equal mass and opposite
charge. In particular, the mass gap is related to the mass parameter in the Lagrangian [97
by:

L 2-2B
2T'(B) vl (2—23) m B 32 (4.81)
/J = s = — .
INQIE > A 8
I J\ or (m) "
A soliton and an antisoliton can bind together and form a breather with mass
mp, = 2msin np% (4.82)

and breather scattering can lead to the production of a higher mass breathers as well. To be
specific, bound states are labelled by integers and their number depends on the value of 5. By
defining the parameter p = %, it is possible to distinguish two regimes: a repulsive one,
in which only the soliton and the antisoliton are present in the spectrum, and an attractive
one, in which a number |1/p] of bound states are allowed.

The sine-Gordon S-matrix has a structure which derives from the topological charge of
the elementary excitations and can be represented on the soliton-antisoliton sector, as:

1
_ b() c(0)
1
where the overall scattering phase is:
— dr _9,p, sinh (1l —p)mx
S(G)ii =S50)-==506) = —ew (/ ?e " coshTr(x sinﬁﬂpx) (4.84)
and the soliton-antisoliton components are:
i L sinh(i%)
b(0) = S(0)1-=S0)"7 = .hﬁs(@)
S11 (T)
_ _ sinh (i /p)
0) =St =S80 = g 4.85
o) = ST = SO = TEgis() (4.85)

Please note that, apart from the overall phase, it has exactly the same form as (1.4), with the
spin orientation degree of freedom replaced by the topological charge. Given the discussion of

Chapter |1} and in particular the underlying algebraic constraints (4.64] 4.62)), this should
not be surprising at all. Soliton-breather and breather-breather scattering can be determined

through the bootstrap equations above and can be found, e.g., in [98] 93].
The massive Thirring field theory describes an interacting Dirac fermion in two dimensions

[e] L
S = / dr / dx [@(maﬂ +m)T — g%ﬂq@yﬂxp} (4.86)
—00 0
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where the gamma matrices are

O A B

and the spinor and the vector current are

U= ( Z/;’L% > ;=W (4.88)

The S-matrix of the Thirring model has been determined in [99] and the scattering of
fermions was found to coincide with the one of sine-Gordon solitons, apart from an overall
phase factor. In the attractive regime, bound states of fermions are seen to scattered with
the amplitudes of the sine-Gordon breathers.

Both theories can be seen as relevant perturbations of a ¢ = 1 conformal field theory. In
the sine-Gordon model, the theory is a free bosonic theory and the perturbation is given by
the cosine term in , while the massless Thirring model is a ¢ = 1 theory of chiral free
fermions, perturbed by a mass term. Correlation function of the perturbing fields YW and
: cos ¢ : are equal in the neutral sector [100], under the identification

g
3 14 p (4.89)

In facts, both models can be seen as perturbations by the same operator of two mutually
nonlocal sectors of the operator content of the Gaussian theory [101].

At the operator level, it was shown in [102] that a fermionic operator satisfying the massive
Thirring equation of motion can be constructed as a nonlocal functional of a bosonic field
that satisfies the sine-Gordon equation of motion. The boson and the fermion, however, are
not mutually local, hence they do not interpolate the same particle. In facts, the two theories
are not equivalent [I01], since they can be seen as perturbations of the, respectively, bosonic
and fermionic ¢ = 1 conformal field theories associated with the Gaussian fixed point.

Nevertheless, the charge associated to the lattice U(1) symmetry can be identified and put
in one-to-one correspondence in the two theories at the operator level. Then, both theories
possess different sectors labelled by the "topological charge" (in SG), or the "fermion number"
(in mT); in the common subspace with even topological charge, among which the vacuum
[100], the two theories are indeed equivalent.

4.2.3 Correlation functions in integrable field theories

Solving a quantum field theory means to be able to compute all its multipoint functions
exactly, the most relevant of which, being related to the response of the theory to the change
of external parameters, are two-point functions. In the case of field theories with factorized
scattering, an elegant and rather general approach for tackling the problem is provided by
the form factor approach.

We start from a genera two-point function (O(z,t) @(0,0)). Let’s suppose that we have,
within the operator content of our theory, a field such that

Ol or(z) 101, 0n)o, 0, 0, n=12 ... (4.90)
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this field is said to interpolate the particles. Let us now exploit the completeness of the set
of asymptotic states to insert the decomposition of the identity in between of the operators:

a9,  db,
Zn'/ ! 0L 00) (601 (4.91)

This defines [103], 104} 03] the form factor of the operator O

FO(6y,...,60,) =(0|0161,...,0,) (4.92)

ai,...,an al,...,0n

The basic assumption is that F is a meromorphic function of its arguments, i.e., the particles
rapidities 61,...,6,, within the strip 0 < J(6; —0;). Moreover, it is possible to further
constrain the functional form by a set of equations derived from general principles of quantum
field theory and from the structure of the two-particle S-matrix.

e Relativistic invariance
FO01+a,...0,+a)=eFO0,...0,) (4.93)

where s is the Lorentz spin, that characterizes the transformation of the field O under
a boost.

o Watson theorem
transfers the notion of particle scattering as in (4.61)) to the form factor analytic struc-
ture, by defining the analytic continuation to states where rapidities are not ordered.

FO01,...0;,0,41...0,) =

A15000505,05 41500500

Z Sgﬁagﬂ ‘ Hj-i-l)]'-o (01, .- 0541,0; . .. 0”>a1,-~.,b7c7~--7an (4.94)

e Locality
An important concept in two-dimensional field theory is mutual locality. To be more
precise, one considers the the relative displacement of two fields in terms of the variables

z = x +47 and Z = = — i7. Then, when performing a rotation e’“z, e~z with
a =0 — 27, any correlator
(oo 0j(2,2)$%(0,0) ...y — ™k (. pi(z,Z)$x(0,0)...) (4.95)

When not specified otherwise, the notion of locality of a field is intended to be referred
to the Hamiltonian density h(z), i.e

[h(z),6(z")] =0, r#a (4.96)

The form factor inherits semilocality of the field O with respect to the field which
interpolates the particle

FO (01 +2mi,...... On)ay...ap = €T 700CFC (0,00, 01) 0, 4 o (4.97)
e Crossing
Let us consider the matrix element
a (0110 102...00)ay. a, (4.98)
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The latter is interpreted as the interaction of a set of particles with labels from 2 to
n with the operator O, projected on an out state containing only one particle. If
the rapidity and the particle kind on the left correspond to one on the right, this is
interpreted like a process where one particle exits the process unscattered. This process

factorizes out the overlap
016) (4.99)

which, as common in quantum mechanics, is a 6(0) in infinite volume. On the other
hand, if no such overlap takes place, it is possible to use the crossing symmetry of the
theory to consider the out state as the analytic continuation of an in state, where one
particle has been brought to imaginary part equal to im. We have then

a1 <01| O |02 . 9n>a2...an = <O’ O |01 + iﬂ', 92 ce. 0n>a1,a2...an
+3 " 275(61 — 6,)(0[ O |61 .0k .0,)  (4.100)
k#£1

with the " denoting exclusion.

Kinematic pole relation
As a consequence of the crossing and of (4.94] , one has

—iResgr_yg FO (0 +im,0,61...0,) = <1 — e?™eao TT S0 - 9k)> EO0;...60,)
k=1
(4.101)

where for notational simplicity, only one particle kind has been considered and the
number of particles has been explicitly indicated. This is a recursion relation for form
factors, allowing to express F,, in terms of F.

Bound state pole relation
Suppose the two-particle scattering matrix has a pole like (4.65))

2
S 0 ' (FZ"’“”“> 4.102
QAn,Qn41 ( ) ~ Gn _ 0n+l _iug,,“anJrl ( . )

identifying a bound state. Then, as a consequence of (4.94), the form factors inherit
bound state poles from the S-matrix

b
i
FO (01, ., Ons1) ~ Zn ] FO01,...,001,0)
T Q15eees@nt1 72/ yrry¥n=b ¥ ay .. ,an—1,b
nt en - 9n+1 71/uan,an+1 "

(4.103)
which relates different families of form factors.

Altogether, the conditions define the boundary conditions of a Riemann-Hilbert
problem for the unknown function F of an assigned number of variables. It is then on physical
grounds that different families of solutions are put in correspondence with given operator and
interpolating field.

It has been shown in a series of works (see, for instance [105]) that the spectral repre-

sentation for massive theories has a fast convergent behaviour, therefore accurate estimates
of correlators can be obtained by just using the first few exact terms in the form factor
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expansion of the correlation function. This feature can be ultimately tracked down to the
peculiar behaviour of the n—particle phase space in two dimension [98], when such particles
are massive.

However, not much of this analytic structure is left in finite size L. In facts, not all the com-
binations of rapidities are allowed in the form factors , which makes problematic their
determination. Moreover, being proportional to the volume, kinematical poles are expected
to be smoothed out. In addition to this, whenever we cannot neglect exponential corrections
in the size e #%, with p of the order of the mass of the lightest excitation, the masses of
asymptotic particles themselves are corrected, which forces to reconsider . This
will be explored in the next section.

4.3 Field theories in finite volume

We are interested in studying the effects of having an integrable quantum field theory defined
on a finite geometry. The simplest situation is the one in which one dimension is compact
and runs on a circle of size L, in other words, when we study the theory on a cylinder.

Finite size effects are known to play a fundamental role in sta-
tistical physics and are widely studied [106]. In particular, in a
certain interval around the critical temperature of a second order
phase transition, the divergence of the correlation length is necessar-
ily smoothed by the limited geometry. Analogously, the asymptotic
behaviour of correlation functions at the critical point is changed
from a power law to an exponential decay by the introduction of
a length scale [107]. In facts, it is known that no phase transition
takes place in a finite volume; nevertheless, information about the

Figure 4.6: critical theory, such as the conformal charge, of lattice models can be
obtained from the finite—size scaling of thermodynamic quantities.
In the approach of section to the low-energy description of
one-dimensional quantum models, when these are defined on a finite ring, finite size effect
play a major role [108].

The interest also extends to the study of these systems in the scaling limit at finite
temperature. The definition of a quantum field theory at finite temperature is based on the
correspondence with statistical mechanics: a generic partition function for a quantum system
with Hamiltonian H with one or many degrees of freedom is

Z(L) =Tr [e "] (4.104)

and can be written as

/ da(gleL|g) (4.105)

in which the integration runs over all the possible configurations |¢) of the system, hence it
represents a multiple integral if there are many degrees of freedom. The expression above
represents the evolution along an imaginary time direction of the state |¢) according to the
Hamiltonian H, projected on the initial state (¢| and then summed over all the possible initial
configurations |¢). This can be written in a path-integral formalism as:

/ Dq(T)e™ Jy dr [ ety (4.106)
q(L)=q(0)
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When the number of degrees of freedom goes to infinity, the latter can be used to define a
quantum field theory at finite temperature 1/L.

In facts, that there are two different ways of defining a quantum theory on a cylinder. On
the one hand, the infinite direction can be chosen as quantization line and the evolution of
the corresponding space of states takes place along the —z direction, where the sign is chosen
for preserving frame orientation. In this case the space would be infinite, but the (imaginary)
time is periodic. On the other hand, one can consider the field theory states on the circle
and the vertical axis plays the role of time direction. From the field theory point of view, the
two ways of quantizing the theory generically amount to different labels for space and time
directions in the Lagrangian and are therefore equivalent.

In the finite-size case, the allowed momenta of one-particle states are quantized according

to
eiLmsinh0 — (_1)F

with F' the fermion number. For multiparticle states, a similar quantization condition should
be written, keeping into account the scattering of a particle with all the others. This is
straightforwardly done for diagonal S-matrices

eiLmal sinh 01 Sa1,a2 (‘91,2)Sa1,a3 (0173) s Sal,aM (917]\/[) = (_1)F (4'107)

and similarly for all the other particles. These take the name of Bethe-Yang equations. In
the nondiagonal case, the complete scattering process should be diagonalized, which results
in a more sophisticated treatment (see e.g. [109]).

Integrability of certain 1 + 1-dimensional quantum field theories allows to computed ex-
actly the finite—volume ground state energy (Casimir energy) from the thermodynamic ap-
proach [I10] for theories with diagonal S—matrices or kink-like particle content, exploiting
the Bethe-Yang quantization. For the sine-Gordon model, instead, we need to first introduce
the nonlinear integral equation formalism, which will be done in section

In an interacting quantum field theory, each particle can be seen as surrounded by a
vacuum polarization cloud of virtual particles. If we put the particle in a box of linear size L,
the cloud is somehow compressed into the box, and finite-size mass shifts become appreciable
as soon as the cloud becomes of the same size as the box.

The leading finite mass shift can be computed exactly [I1I] and is constituted by two
contributions. The first one arises from all the diagrams in which the worldlines of the virtual
particles of the cloud wind around the cylinder once before annihilating. This is called F-
term in the formula of mass correction. The second contribution comes from virtual processes
in which the original particle decays into two constituents, which travel around the compact
direction before recombining to give back the original particle. This is called p—term.

Then both the particle content of the theory and the amplitude and its dynamical prop-
erties enter the determination of the mass shifts [I12]. The mass correction formula take
a simpler form in 1 + 1 dimensions [113], where it can be written in terms of the exact
two-particle S-matrix:

/
Amg(L) = - Z G(m?z - ’ml% - mg‘)ﬂabc(FZb)Q
b,c

!/
- ;7’ / %mb cosh 0 (Seh(0 + im/2) — 1) b 4 O (7o)
(4.108)
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Figure 4.7: Left: one virtual particle is emitted and travels across the cylinder before anni-
hilating (F—terms). Right: an asymptotic particle decays into two virtual particles, which
recombine on the other side of the cylinder (u—terms).

where © is the step function, pep. = mpsinug, = m.sin ugc and we assume that I', =

if the particle ¢ is not a bound state of a and b, i.e., if there is no bound state pole in the
¢ channel in the a + b scattering amplitude. The prime sign reminds not to include in the
sum any contribution which is smaller than the error term. This error term is estimated in
[113] as 04 = pa11- We recognise in the first line the py—terms and in the second the F—terms

contributions to the mass corrections, as depicted in figure [£.7]

As we saw in section , the problem of computing correlation functions on the Eu-
clidean plane can be solved in a very elegant way by the standard form factor approach.
Conversely, for finite size, while studies of form factors have been carried on in semiclassical
approximation in [I14] [TT5], the lack of a simple expression for the vacuum of the theory and
its excitations still constitutes an obstacle for the method.

A possible way to tackle the problem may be that of considering the system at finite
temperature. With this setting, it is possible to use the “infrared“ form factors, but a suitable
regularization is nonetheless necessary. One-point functions can be efficiently computed by
series [116, [117], while the formalism for two-point functions, perturbative in the exponential
corrections in the volume, relies on a double series expansion containing suitably regularized
infinite-volume form factors [I1§].

Going back to the original perspective, it is known [I1I] that corrections to the particle
masses which constitute the spectrum in the infrared limit are exponentially suppressed in the
system size. This fact allowed the proposal [I19] of a finite-volume formalism, based on the
infinite-volume form factors, that is correct up to terms which are exponentially suppressed
in the volume. The method has been applied to the sine-Gordon theory in [120} 121] 122] to
soliton and breather form factors. An alternative regularization has been proposed in [123]
and applied to the computation of the dynamical structure factor in prototypical integrable
field theories, although it is presently unclear how to extend the scheme to more general form
factors.
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Chapter 5

Correlation functions in finite volume
from the light-cone lattice
regularization

This chapter presents the problem of computing correlation functions of the integrable sine-
Gordon field theory. We introduce a novel approach, by exploiting the algebraic construction
of its (known) lattice regularization. Necessary explanations, which range from the definition
of the lattice to the identification of the necessary operators, are provided in section[5.I] while
the original contribution is presented in section

5.1 The light-cone lattice approach

In this section, we will present the construction of [124], which shows how the massive Thirring
field theory can be discretized on a properly defined lattice. We shall pay some attention
to introduce this construction, since it is necessary for our purposes to identify the lattice
representation of the sine-Gordon field operator, as well as for fixing the notation. We will
then use the correspondence at the operator level of the U(1) charge in sine-Gordon and
Thirring models.

Let’s begin by considering a square lattice, rotated by 45 degrees, as in the figure below

This will be referred to as a light-cone lattice. One can think to this lattice as a discretization
of a two-dimensional Euclidean spacetime, by interpreting each site as an event and by as-
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signing time to the S — N direction and space to the W — FE direction. A fermionic variable
will be defined on the links (which go either in the NW or in the NE direction).

The dynamics along the lattice links naturally defines a light-cone, or a set of events which
can be causally connected, both in the past and in the future. At each time step, a particle
can move on the edge of its light-cone either to the left with fixed "bare" rapidity —A or to
the right with rapidity A, so that we can divide them into left (L) or right (R) movers. A
local R-matrix is assigned to each lattice site and represents the scattering of left-movers on
right-movers. If unscattered, a particle will continue to move to the left or to the right with
lattice rapidity +A, which therefore represents the maximum allowed, i.e., an UV cutoff for
the theory.

By imposing that the sum of ingoing particles, i.e. in the SW and SE directions from
each vertex, is equal to the sum of outgoing particles in the NE and NW directions one
exactly has an "ice rule" [2], which is equivalent to a requirement of conservation of the
number of particles. To be clear, by denoting |1) = occupied and | | ) = empty, the allowed

configurations are
W W3 Ws

These configuration are invariant under the U(1) transformation

U s Ws

1) =€) and 1) = e 1) (5.1)

for some real A\, whose associated charge is indeed the particle number (see below).

Without loss of generality, one can naturally assume the normalization of the vacuum-
to-vacuum amplitude to be wy = 1. Moreover, symmetry under parity (L <> R) implies
ws = wg = ¢ and ws = wy = b, while unitarity imposes

b2+ c>=1 b +bc=0 (5.2)

so that the local R matrix assumes the form (1.4):

R(\) = PR\ =«" # = (5.3)

in which a generic dependence from a complex parameter A has been inserted and we have also
assumed that the vacuum-to-vacuum amplitude is equal to the particle-to-particle amplitude.

According to the discussion of Section we can make sure that this system is integrable
at the lattice level by requiring that the local weights satisfy the Yang-Baxter relation (|1.2).
The requirement of relativistic invariance of the scaling limit implies that this scattering is a
function only of the lattice rapidity difference A —(—A), which is constant through the lattice,
so that the local "weights" of the vertexes depend on a single parameter.
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5.1.1 Dynamics on the light-cone

Each link represents a possible portion of the particle wordline. A state of the system at a
given time will be represented as a vector |aq,...,asn) containing the occupation numbers
aj = 0,1 of each link intersecting an horizontal line at a given vertical position.

The elementary dynamics on the light-cone lattice is generated by the operators Uy and
U_, which act as in figure:

& R B
DL R e Qv

The operator U, connects the, say, odd lines of the vertex model to the even ones, which
are displaced in the time direction by half a step in lattice units. On the other hand, the
operator U_ connects the even lines to the odd ones, by producing a shift of a/2 in the vertical
direction.

In terms of the microscopic amplitudes, they read

N
<Oél,...,0é2N|U+|O[/1,...,C¥/2N> = r‘[leZ:_isz: (54)
n—=
N
/ / . 021,020 41
(a},...,aby|U_|on,...,c0n) = l_IlRO‘&Zva'z:H (5.5)
n—=

The unit time translation operator can be chosen to be:
U=U,U_ U=U_U; (5.6)

The one to be used depends on whether the initial state is on an odd or on an even line. In
general, it acts like:
U]al,...,agN,t):|o/1,...,a'2N,t+a> (5.7)

and defines a light-cone transfer matrix.
Omne can similarly define a translation operator V, that operates a shift by a/2 in the
horizontal direction, as:

Vi]ag,...,aon, t) = |aon, a1, ..., an—1,t) (5.8)
or, in terms of the permutation operators defined in (1.15)), as:
V=PoP3...Pon_12N (5.9)

so that V? is the space translation operator by one lattice unit step to the right and is a
symmetry of the problem once we require periodic boundary conditions. Both Uy and V are
unitary operators and the commutation relations

V2us =0 = [VZ,U(')]:O (5.10)
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hold. At the same time:
Up =VUgVT, U =vUvT (5.11)

It is natural to identify these operators as the exponentials of the lattice Hamiltonian and
of the lattice momentum operators, generating a lattice unit time and space shift

N (5.12)

It is moreover useful to introduce operators that implement transport in the light-cone
directions. These are defined to be Ur and Uy, that produce translations by a/2 in the
vertical direction and by a/2 in the horizontal direction, and Uz, (or U;), that implements
translations by a/2 in the vertical direction and by —a/2 in the horizontal direction. In
formulas:

Up=VU_=U,V U, =U, Vi =viU_ (5.13)
Up=VU; =U_V U =u_vi=viu, (5.14)

It should be clear that
UL _ e—ia(H—P)/Z UR — e—ia(H+P)/2 (515)

5.1.2 Lattice fermion fields

We can represent in our model of fermions the group relations of the previous section, by
defining a fermion field ¢,, defined on the links of the model. It turns out to be convenient
to use both the equivalent notations:

YL = Yan—1 YR = Yon (5.16)
where we defined left movers on the odd sites and right movers on the even ones. A reference
state at a given time is given by |0,...,0). Lattice fields will act on this as

il 10,0.,0) =10 1y, ... 0.0 1y, . 0) (5.17)

The local R-matrix in (5.3)) is a representation on the basis {|0),, ,|1),,} of the operator
I{nﬂn ::1‘+b}(nnn +*(C‘4*1)l(3ﬂn (5.18)
with
Knm = Y} m + whion (5.19)

and reduces to the exchange operator (1.15) for special values of the parameters, such that
b=1,¢=0:

Pom =1+ Kpm+ K2, (5.20)

An essential point for the subsequent discussion, is that the fermion operators on a given

time slice can be constructed by means of spin operators through a standard Jordan-Wigner
transformation:

n—1 n—1
V=0, [[oi  vh=ol[]of (5.21)
=1 =1
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This implies that the R-matrix can be written in spin language as

« 1+¢ 1—-c b
Rimn(A) = 5 Lun —i-?afnafl + 3 (o, 08 + 0¥ c¥) (5.22)

which allows us to exploit the discussion of Chapter [I] about integrable spin models.
An important consequence of the definition of the light-cone evolution operators Uz, g

(5.13) and of the representations (5.4) and (5.9) is that

Urt2a—2Ul = Urty2aU} = Ran—1,20 Y201 R;n—mn

URan—IU}; = UL¢2n+1U£ = Ron—1,2n Yon R;n—l,Zn (5.23)
which allow, together with the definition (5.18]), the computation of the lattice field equations

UphonUl = ¢thapot + b*ay — (0" + b)Nop_10, + (¢ — ¢ )Pon_1Nay  (5.24)
UR7/)2n71U1T3 = b1+ o — (0" + b)vh2n—1N2p + (¢ — ¢ ) Nop—1tb2,  (5.25)

where the local number operator
No = 4ftn (5.26)
has been introduced. These lattice field equations are local, involving only products of opera-
tors on neighbouring links. Moreover, they contain products of up to three operators, which
suggests that they may be seen as generated from an Hamiltonian with a quartic interaction.
In facts, one can regard the linear part of as a "free" part and the cubic part as deriving
from interactions. By requiring ¢ to be real and b to be purely imaginary one recovers the
noninteracting, massless case.
A reduction analogous to holds also in the case of the bilinear field . Explicit
computation allows to check that

ULN2nU£ = URN2n—2U;rg = Ny +|c|*(Nap_1 — Noy) + b*C(lb;n,ldﬁzn + ¢2n—1¢;n)
URNanlU]T{ = ULN2n+1U}L, = Nop_1 — |e[*(Nop_1 — Nap) — b*C(lZJ;n,ﬂﬁQn + ¢2n71¢£n)

(5.27)
A straightforward consequence is that the bare fermion number operator
2N
Q=> N, (5.28)
n=1

is conserved. To show it, it is sufficient to evolve J,, = Noyp_1 + Noy, either by Uy, or by Ugr and
to sum over site indexes in (5.27)). This charge, as we have seen, is associated to the invariance
under the U(1) transformation of the lattice dynamics. In the sine-Gordon language, it
is the solitonic charge , the number of solitons minus the number of antisolitons present
in the state. In terms of the spin formulation associated with , it becomes

Q= :zle (; + S;i) (5.29)

which just counts the total number of up spins. We anticipate here that the normal ordering
prescription for these operators amounts to the subtraction of their expectation value on the
vacuum. It will be seen in section [5.1.3|that the vacuum can be specified in terms of the roots
of the Bethe equations of this system. For the time being, we only need to state that it is
and half-filled state in the fermionic formulation or, equivalently, has zero total spin in the
spin chain formulation. In other words, the normal ordered is the total spin operator.
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Continuum limit

We now wish to identify the continuum limit of the lattice field equations and define
the interacting field theory according to such equations. The problem that is met when
performing this operation is that any Hamiltonian identified in this way is to be considered
heuristic, since in general it must be renormalized in the scaling process.

The strategy followed in [124] is then to consider a "bare" continuum limit, which is
defined by letting the lattice spacing go to zero while keeping the size constant:

a—0, N — 0, L=2aN (5.30)

In a second step, the spectrum of the theory are computed ezactly at any given value of a, N,
A and is therefore free of renormalization effects: from that, it is possible to fix the correct
scaling of the parameters. With this at hand, it is possible to evaluate nonperturbatively the
scattering amplitudes of the elementary excitations of the theory and show that it agrees with
the scattering matrix of the sine-Gordon model [125].

With the scaling , the field has naively dimension y/a on the plane, i.e., Yr/Rm =
vayr r(x). This means that when a = 0 exactly, the lb reduce to

UL/R¢(£) L/R - b*¢L(x)+C*¢R(x)
Ur/r(x)RU L/R = b"Yr(z) + c*Yr(z) (5.31)

To conveniently identify the right and left movers in this limit, we can assume that |¢| = 1
and b = 0 when a = 0, by which the local scattering amplitude is reduced to (5.20). We can

then define the quantity
b .
li “ 5.32
as0 o] ~ € (5:32)
and we refer to v as anisotropy parameter, since it will be clear soon that it is exactly the
one appearing in ([1.5)). Then the spaces at two neighbouring links are at a distance a, which

implies that they will not be distinguishable in the thermodynamic limit and that

] L
Upla=0)=Ugla=0)=e?, Q= /0 (w}m + szwR) (5.33)

in which the operator @ is not normal ordered, yet. Analogously, we must have at least
that ¢ o< a to meet the above requirements. Unitarity (5.2]) implies that the proportionality
constant has a phase which is shifted by 7/2 with respect to the one of b and one can set

¢~ —iel 2 a(l+0(@@®), b=¢€"(1+0(a%) (5.34)

where m is a free parameter of the theory and is the fermion mass parameter in the Lagrangian
of the Thirring model and the mass of the elementary excitations in the sine-Gordon model.
One can define two generators of translation along the light-cone edges as

Lo
HL/R:(EI—RI(I)CL( 'YQUL/R—1> (535)
in such a way that
H=Hpr+ Hp, P=Hrp—-Hp, (5.36)
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Using this definition, which amounts to the substitution Ug,j, ~ e (1 —iaHpg/, + .. ) in
the lattice field equations, one obtains

1 .
[HR, Yrn—1] = lim— Ibl [¢Rn - gwm - m%%mfl — (1+¢) <NL,n1/’R,n - ng,nNR,n> }
1 2 c
[Hg,Yrn] = hm |b| [1/1Ln - *1/1 Rn — mlﬁL,n — (1+¢€*7) (¢L,nNR,n — ENL,an,n) }

(5.37)

and analogous relations for the light-cone evolution of the other operators. Special care must
be kept when performing the continuum limit of composite operators, such as bilinear fields
containing operators at adjacent sites. In particular, one must remember that (5.16]) implies

n ™~ \/&ZJR(UU + O) ’ wL,n ~ \/&PL(?C - O) (538)
We refer the reader to the original paper [124] about this aspect stating only that the pre-
scription is

g T (ntL) (2) (5.39)

where the definition

(Yayp) (z) = % (Ya(z+0)¢p(z —0) = alr - 0)¢p(z +0)) (5.40)

has been introduced. By substituting the latter into the two (5.37) and the two analogues
with exchanged chirality, we obtain the continuum field equations

[H vp(@)] = ()~ Son(e) — g (wLvrvn) @)

Hr,vo(@)] = —Zva) —g (vhvrve) (@)
(Hebr(@)] = —Zvu@) —g (vLvevn) @)
(Hown@)] = —iufa) ~ Ton(e) — g (Vhomer) @)
(5.41)
with the definition
g = —2cot~y (5.42)

being the Thirring coupling constant.
Finally, from the equation of motion (5.41), one can recognize the Hamiltonian of the
massive Thirring model

L
H=H;,+Hr= / [—i\]ﬂ (75835 + imfyo) U+ %JMJ“] (5.43)
0

with mass m, coupling ¢g and the matrices

When changing the reference state from the state annihilated by all the ¥, to a state
where the sea of negative energy levels is filled up, it is necessary to normal order products of
operators, removing the leading singularities of the bilinears 1,/12 / r¥r/r- Theissue is discussed

again in [124] and leads to the normal ordered version of (5.43).
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The requirement of integrability at the lattice level, together with the unitarity
constraint, leaves the local R-matrices determined to be of the form . In particular,
one has a local Hilbert space associated to every link which is intersected by an horizontal
line, at any given time ¢t = #y. These links are alternatively associated with a left- and a
right-mover, i.e., with a local lattice rapidity FFA. The particular choice of the inhomogeneity
parameters which defines the sine-Gordon light-cone lattice regularization is then

By = (=1)"T1A (5.44)

In the absence of interactions, these are the only allowed lattice rapidities. Conversely, in
the presence of a nontrivial local R-matrix, states with different numbers of excitations, each
characterized by a set of bare rapidities, will be allowed. The purpose is then to determine
the eigenstates of the evolution generated by the Hamiltonian , which at the discrete
level amounts to diagonalizing the lightcone transfer matrix

Algebraic formulation

We will use here the spin formulation of the lattice model to cast the problem in the algebraic
formalism. We follow the general procedure of Chapter [If and write the monodromy matrix

(1.17)) for these inhomogeneities:

To(\) = e®90Ry1 (A —A+iv/2)Roa(A+ A +iv/2)... Roan(A + A +iv/2)
eiwa(z)Loyl()\ — A)LO’Q()\ —+ A) .. RO,QN()\ —+ A) (545)

we remind the reader the expression (1.11]) and write the associated transfer matrix [126] in
terms of

I(A) = PL(\) (5.46)
as ‘
T()\) = TI‘O [ezwao PO,1l0,1(>\ — A)PO’QZ(),Q()\ + A) . P072Nl0’2N()\ — A)] (547)
in which [(\) has the property
I(—iv/2) = PR(0O)=1 ,  I(=A—iy/2) =1(A—iy/2)"" (5.48)

Specializing the argument and exploiting this property, one sees that

F(=A —iy/2) = Tro[e™0Py1lo1(—2A)Po2Poslos(—2A) ... Poan]
= Pon_1an.--PraRia(=2A) ... Ron_1an(—2A) = VIUT = U], = 5(H+P)
(5.49)
and
7A'<A - Z’Y/Q) = Tl"() [P071P0’21072(2A)P073 cee P072Nl072N(2A)]
= Pyv_1an-.-PiaRa3(20)... Rony1(20) = VIU_ = Uy = e 3H-F)
(5.50)

apart from a proportionality constant. This shows that the eigenstates of the evolution
operator U generated by the lattice version the sine-Gordon/massive Thirring model are
those which diagonalize the light-cone transfer matrices derived from the spin monodromy
matrix (5.45)) [124] 126].
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5.1.3 Bethe roots in the thermodynamic limit

As we have seen at the beginning of the section, the regularization features another parameter,
namely the rapidity of a particle moving on the light-cone A, whose scaling has not been fixed
yet. It will be done in this section, while studying the eigenvalues of the transfer matrix in
the thermodynamic limit.

We rewrite here the system of equations relative to the eigenstate identified by the
roots {u}, for the above choice of the inhomogeneities, in the form:

Blal{u)) = Bi(o) = 5 ] oot e (5.51)

with, as in [T.44}

sinh(z — A —i3)sinh(z + A — i3 )]N

ale) = [ sinh?(z — A)

i) = [smh(m—A—'i—z%)smh(x—i—/\—kz;)] (5.52)
sinh“(z — A)
The Bethe equations are then written as:
Bi(pj)=-1, j=1,....M (5.53)

In the following, it will turn out to be useful the use of the rescaled variables (the “rapidi-
ties” of the field theory) and inhomogeneities, and in particular of:

T ™
0= "ui,  ©="A 5.54
i= . (550
The logarithmic form of (5.51)), i.e., of (5.53)) when considered as a function of one rapidity

fj, defines in this region the counting function:
Z(x) = —ilog B(lx) (5.55)
T

which takes its name from the fact that solutions of the logarithmic form of the Bethe equa-
tions are characterized by:

Z(Qj)ZQﬂ'Ij , I €Z+1%5 s 5:(N_S)mod2 (556)

for some integer or half-integer I, with 6 = 0,1 specifying the sector of the field theory the
state belongs to, as explained in [127, 128], 129, 130]. In the perspective of section this
procedure is in a way analogue to the one used to associate a function to a configuration. For
the roots on the real axis, the situation is exactly as depicted in in addition, there can
appear complex Bethe roots as well, yet a counting function can still be defined as a function
of the complex plane through the same quantization condition.

Setting
sinh  (imv — 6)

0 = —71 .
$(0,v) oe sinh I (imv + 0) (5.57)
the counting function can be written as
M
Z(0) =N[p(0+0,1/2) + ¢ (0-0,1/2)] = > ¢ (6 — 0, 1/2) + 2w (5.58)
k=1
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We specify that the branch cut of the logarithm runs along the negative real semiaxis and
that it is taken in the fundamental determination (FD) in (5.57), with —7 < S(logarg) < .
Moreover, using the representations for the lightcone evolution operators in terms
of the transfer matrix, one has:

M

A = D0 (8(0 +5,1/2) 4 6(0 — Ay, 1/2) — 2m)
=1
1 j
P = =) (6(0+X,1/2) = ¢(0 = A;,1/2)) (5.59)
j=1

for the energy and momentum of a state defined by the set {A} of roots.
The Bethe roots are obtained as zeros of the equation

1+ (=1)%%™ =0 (5.60)
Solutions can be classified according to their position in the complex plane:

e real roots of the equation (5.60)) constitute the Dirac sea in the field theory limit. They
will be labelled by using a tilde on the variable and their set by {A}.

e holes are real solutions of (5.60) that are not among the Bethe roots. Their number is
Ng.

e special solutions are real solutions of (5.60)) in which the counting function has a negative
derivative (Z’ < 0). Their number is denoted by Ms.

e close roots are present in pairs and have imaginary part in the strip between — min(p, 1)7
and min(p, 1)7. Their number is M¢.

e wide roots are present in pairs and have the absolute value of the imaginary part in the
strip between min(p, 1)7 and 7(p + 1)/2. There will be My, wide roots.

o self-conjugated roots sit on the boundary of the periodicity strip and have imaginary
part equal to 3 (p+ 1).

The analytic structure, and in particular the width of the fundamental strip, of the counting
function may or may not coincide with the one of ¢, depending on whether the roots in the
state are all real or there appear complex pairs.

Elementary excitations and conserved charges

Quite remarkably, the conserved charges of the "infrared" sine-Gordon field theory are also
correctly reproduced by the light-cone regularization. In order to see this, one has to evaluate
the scaling limit of the perturbed model in such a way that the physical size of the system L —
oo together with the number of lattice sites. In this section, we show how the computation
[125] works for the repulsive regime v < /2.

For the antiferromagnetic ground state, one can argue from the quantization of rapidities
in the thermodynamic limit (see below) that the separation between two successive roots
scales like ~ 1/L. This means that in infinite volume, roots are conveniently described by

means of a density p(f) = ﬁZ’(G) of solutions. The latter can be obtained in the ground
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state directly from the definition by using (5.58) and transforming the sum on the RHS in an
integral.

1 1
pl6) = 5 [66+0) +0(0-0)] = [ 48/ -0'(6-8)p(0) (5.61)
Then, solving explicitly for p by Fourier transform, one can see that:
dk ;.9cos(kO)
= [ el 62
p() /27T€ cosh%k (5:62)

The simplest excitation is constituted by one hole in the Dirac sea. Due to the interacting
nature of the system, the removal of one roots from the Dirac sea determines a variation of
the whole root distribution. This can be taken into account by explicitly inserting the term
containing the hole position

1
(5.63)
in which the last term arises from the removal of the root at § = h [I31], 132]. One can solve
then for the variation in the particle density

_ it 2T L
ont0) = [ gt 2 (o) 1) (5.6

This expression is interesting in connection with the excitation energy, which we can compute

by using (5:59).

p(6) = o [6(6+0) + 5(0-0)] — [ 40" - 5/(6—8)p(6") + 5 (0 —1) =

™

cosh wh /v

2
while its momentum reads
B 2 sinh wh/~

From these expression we can fix the scaling of the inhomogeneity parameter A with respect
to the lattice spacing. In facts, from the expansion

3
arctanz = x — % + O(x) (5.67)
we see that, making use of the rescaled rapidity 8, = wh/~, a relativistic spectrum is associ-
ated to the hole
Py(61,) = mcosh 0, Py (6y,) = msinh 6, (5.68)

This is true only in the double scaling limit

0="A , ©—>00 , a—0 , ae
8
with m being the soliton mass . This fixes the scaling of the last parameter of the
lattice regularization [125]. Analogous treatment can be carried on for multiparticle states,
and allows to identify the kind of excitation (solitons, antisolitons, breathers...) from their
scattering properties. We shall come back to this point later on.

4
© = const = — (5.69)
m
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It is also possible to compute [125] the eigenvalues of the transfer matrix 7(\), as defined
from ([5.45)) in the infinite volume limit. The eigenvalue 7(\) of 7(\) on a generic k—particle
state can be read off as

~
=) = 2 t On .
T(W = exp { i Z arctan e’ } (5.70)

where the 6, = %)\n are the rescaled (physical) particle rapidities. As we have seen in
Chapter[l| one can obtain a set of commuting charges from the expansion of the logarithm of
the transfer matrix in the rapidity parameter. In this case, since the cutoff rapidity ©® — oo,
we obtain operators which commute with the evolution operators generated by the transfer
matrix by expanding around A = 400, which will be nonlocal with respect to the spin chain
sites. Applying this procedure to the eigenvalues, with expansion parameter z = eT™Y | we

have that: ( )
; _ —1)! +(25+1)0, 2j+1
i210g7<2)_;(j+1/226 (2j+1)0n | ,2j (5.71)

From this expression, one can reconstruct the identity in operator form:

+ilog 7(\) = i (i’j) I (5.72)

J=0

For instance the combinations of the light-cone energy and momentum Iar + I; yield the
energy and momentum of the multisoliton solution. Analogously, eigenvalues of the higher
conserved charges are reproduced:

ok .
—1)7 m 2j+1
JE m i, _
J ‘¢+U23;(46 ) (573)

and can be compared with the general eigenvalues (4.50) and with the results of [I33] for
sine-Gordon.

The nonlinear integral equation and a useful summation formula
Given that the twist parameter w is a real number, the counting function Z is real analytic
Z(0%) =Z(6)" (5.74)

In order to derive a single equation for Z in the thermodynamic limit, a strategy has been
set in 125 134, 135, 127]. Details of the derivation, that we briefly summarize here below,
have been provided in [136]. To avoid dealing with logarithmic cuts, it is convenient to take
the derivative of the counting function and to separate the contributions coming from the
different kinds of roots:

Mgr Ngy
Z'() = N[§(0+6,1/2)+¢'(0-0,1/2)] <Z+Z>
Ny
+> ¢ (0-M) - qu (0 —\e) qu’(e—Aw) (5.75)
h w
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Assuming that a function f is analytic in a connected region of the complex plane, that
contains all the roots {A}, satisfying (5.53), we want to compute the sum of the function
when evaluated in the position of the roots. To begin, we write it as:

L[ dui (1)’ Z ()t Mc My
%:f(/\])_%%i 1+ (1) eiZ(w) _zh:f(Ah)ﬂLZf +Zf Zf )(5.76)

in which the contour in the first term surrounds the real axis and no other root and accounts
then for the sum over holes and real roots. Holes are subtracted by the second term, while
the other families of roots are separately added by the successive summations. Then we make
use of the simple relation:

iz (1))
1+ (-1)°e-iZ™) iZ'(u”) (1 i o= ) (5.77)

to obtain

Z'(u?)
;f()\J) = / O-Zi/ 27’[‘1+ e— 10 Z(u%)
Mo

My Ns
—Zf ) +Zf )+ FOw) =D F ) (5.78)

By applying the above to the sums of ¢’ in (5.75)), one can write
Ny

/ {6(9 —x)+ %qb'(@ - x)} Z'(x) =N [¢'(0+0,1/2) + ¢'(6 —0,1/2)] + Z &'(0—\p)
h

Mw

6 (0
_qu 0-\) 2925 6~ +Z/ & (6 1+(E_11))5Ze—(wz)<x“> (5.79)

It is useful at this point to introduce the inverse of the integral operator 1 +% appearing in
the left hand side of this equation. It is defined through its Fourier transform

- 1
Ak) = L0 (5.80)

Note that the convolution of A with ¢’ can be performed exactly by using the Fourier trans-
form:

7 (k) = 27r5lnh (f — 1/7) k

/ = 5.81
9, (k) T (5.3)

assuming the argument is on the real axis. The result is:

1
dx A0 — "(24+0,1/2) = ———— 5.82
[ s -nsares - e (5.82)
We hereby define the kernel by the integral
dk ¢ dk  sinh 221k

G9:/ —=(p+1 — 2 cos(0k 5.83
(6) 27 27 4 ¢/ (1) 27 cosh % sinh prk (6%) (5.83)
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The second expression holds as long as the imaginary part of the argument remains in the
fundamental strip |36| < min(1, p)m, since the function has a singularity in those points.
Nevertheless, the definition is still valid also outside this domain, but special care must be
taken when one performs the Fourier transform of through the residue theorem and
the imaginary part of the argument lies outside the above range. Then the function Gy is
defined [125] for |36| > min(1, p)7:

isgn 30 [COthQ — coth 9—i7rsgn%9} p> 1
p p p

2rGrr(0) = (5.84)
. 1 1
ngnge [sinhG " sinh(@ fiﬂpsgnge)] p<l1
In terms of the function G, one can also write
A(x) =6(x) — G(x) (5.85)

Denoting x* = z4in, with 1 some small real quantity, the derivative (5.75) of the counting
function can now be rewritten as
Nu

Z'0) = = 7t L ] +) " 27G(0 - Ap)
h=1

N
[cosh(@ +©) cosh(d—0O)

Mo M

_ Z 271G (0 — \e) — ZW 2rG(0 — Ayy) — i Z /de(G — %) i(-1)° Z'(2°)
c=1 =1 o==+ 1

+ (_1)5 e—10Z(z)

w=

(5.86)

We now pause a bit on the last term of the above expression and connect it to the logarithmic
derivative of the quantity f(x +in) =1+ (—1)5 eZ(@+in) Tt is possible that the latter may
cross the branch cut of the logarithm, in which case the latter has a discontinuity £2m4. This

happens when
SZ(x+1in) <0, (5.87)

and

geié}%Z(m—Hn) =0, R (_1)5 eiERZ(x+z’n) <0 (588)
By expanding in the shift from the real axis, one sees that the condition is met for
Z' when 1 — 0, while defines in the same limit a root . In other words, in the
presence of special roots the logarithm of f in the fundamental determination has a jump
discontinuity. However, the last ratio in has no such a discontinuity, so that the correct
manipulation (see [125, [136]) is

(‘1)5i2/(33i> d 8 +iZ(zh) . N
— D log (14 (1) FiZ@ 2mid(z — .
1+ (1) 7265 da Og( +(1)%e >3F mid(z —3) (5.89)

where ¢ stands for a special root. We can then manipulate further the derivative of the
counting function

1 1 uLl << =
Z'60) = N [cosh(@ o) + cosh(0 @)] + ) 2mGO - M) = Y _2rG(0— X)) — Y 2wG(0 — \y)
h=1 c=1 w=1

Ng
> 2w (GO -9 ) +GO—-57)) =iy a/da:G(e — 29) log’ (1 +(1)° e—iozw)>
Yy o=+
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With this expression and (5.89) at hand, the sum (5.78)) may be written as

Np,

Z fi) = /Cziz <cosh(]1j— ©) + cosh(];[—i- @)) flu) = Z(A *F)()
j

k=1

My M,

M,
Y (A f)er) + ) (Arrx f)(wy) +2) (Ax f)(si)

=1 k=1

k=1 k
. du o ioZ(u’
+z£/27r(A*f)(u )logp (1+e z >) (5.91)

where the symbol % represents the convolution and the operator appears, having used
with slight abuse of notation and the understanding that the ¢, when integrated with
a function, yields the function evaluated in the point that corresponds to the zero of its
argument, even if such a zero is outside the real axis. By the aid of this expression, one can
compute the scaling limit of the spin chain form factors.

By integrating and performing the scaling limit , one obtains the nonlinear
integral equation (NLIE) for the counting function:

Z(0) = m Lsinhf + g(0| {I}) — i Z /d:cG(H —x%)logrp (1 + (—)‘Sewz(xg)> +a (5.92)
o=+

with o = p;%lw for neutral states and w < /2.
Ny Mc
g01{1}) = D x(O0—x) =D x(0-A\) (5.93)
th ) My

> (O =57 +x(0—5)) = > x11(0 — M)

x(0) = 2« ’ G(z)dx (5.94)
0

(5.95)

The subscript “II” reminds that the function y must be considered in the second determina-
tion when the imaginary part of its argument exceeds min(1, p)m, as in the case of wide roots.

It is computed [136] from ((5.84) as:

; . . _ o~
1sgn 0 |log sinh % — log sinh 0 —imrsgnSo

isgnS 0 [log (—tanh &) + log (tanh Q_L;‘gn%)} p<l1

p>1

x1(0) = (5.96)

By this equation [I35] 127], one accounts for an infinite number of Bethe equations
and substitutes the computation of a thermodynamic number of Bethe roots with the self-
consistent determination of non-extensive number of effective excitations.

The ground state of the sine-Gordon model is realized as the unique state which has all
the roots on the real axis, quantized with all consecutive half-integer quantization numbers.
In the scaling limit, excited states are seen to have positive energy with respect to this state
and to be completely specified by the quantum numbers of the holes and of the complex roots,
whose combinations correspond to the IR excitations. The rapidities corresponding to these
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objects are determined according to , and self-consistently determine the source term
in (5.92), hence the counting function itself.

As seen in section [5.1.2] the total spin of an excited state above the antiferromagnetic
ground state is, in field-theoretical language, the topological charge @Q of the state itself. One
can paraphrase the relation for the total spin in terms of the excitations defined above
as:

Q=2S=Nyg— Mc—2Ng— (1+sgn(p—1)) My (5.97)

In general [135], it can be stated that in the repulsive regime, each hole in the source terms
carries a unit U(1) charge, which in the language of spin chain corresponds to a unit spin, i.e.,
to a missing creation operator. Such a charge is lowered by one for every close root and by
two for every wide root. On the other hand, in the attractive regime, wide roots correspond to
independent excitations, not carrying any U (1) charge. We then expect that the wide roots
correspond to creation operators, therefore lowering the spin by one, only in the repulsive
regime p > 1. Conversely, in the attractive regime p < 1, wide roots enter the expression
of a state only through their effect on the other roots and the determination of a counting
function.

With respect to the infrared description of the spectrum, it is known [127, 128 [129] that

e soliton and antisolitons correspond to holes in the Fermi sea, quantized with half-
integers.

e the solitons polarization states are described by arrays of the first kind, having common
real part and containing in any case exactly one pair of close roots. The position of
the roots for asymptotically large volumes [125] can be determined with exponential
precision in the size and is reported here below. Arrays can be either:

— odd degenerate

1 1— 1
90=9+mp; : ekzeim<2p—kp) k:O,l,...,pr (5.98)
with real 0;
— even 1 1
O =0 +in | = — kp k=0,1,...,|— (5.99)
2 2p

e the breather degrees of freedom, when p > 1, are described by arrays of the second kind,
containing wide pairs only. These are, for m L — oo:

— odd degenerate

1 1-—
90:9+i7rp;, Gk:Hiiﬂ<2p—kp> k=0,1,...,5 (5.100)

— even

1
OkzeiiTr(Qkp) k=0,1,...,s (5.101)

with 0 < s < % — 1 and real 6. In particular, they describe the 2s + 1 and the 2s + 2
breather, respectively.
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For simplicity, we will consider in the following only states in which the number of special
objects is null and the counting function is monotonic on the real axis, which is the case
for sufficiently large values of the size. With proper modification, the treatment can be in
principle extended to account also for non monotonic counting functions, but this appears to
be more cumbersome and will not be reported here.

The function Z(0) is suitable for numeric computation and can be determined in a time
of the order of minutes for the simplest root configurations. For a fairly larger amount of
time, one can determine the counting function on a suitable grid on the complex plane, even
if only its knowledge on three contours surrounding the real axis and the complex roots will
be needed in the following.

5.2 Finite volume correlation functions of the sine-Gordon the-
ory

The goal of this section is that of deriving an exact expression for the generating function of
correlation functions in finite volume, including exponential corrections in the size. We will
show that the finite-volume vacuum expectation value of the generating function is given by
the expansion:

ia(g(0)-4(0)\ _ (W)~ E)HiP (V)
<e >L ga(L)%:e Ar(®) (5.102)

where the brackets on the left-hand side denote the vacuum expectation value in finite volume
L and on the right there appear the finite—size energies and momenta of the exact eigenstates
W and the generating functions of the finite-size form—factors.

The framework will be that of lattice integrable regularizations of the SG field theory and
in particular of the one proposed in [124]. The expression derived will be written in terms
of the counting function which solve the Destri-De Vega nonlinear integral equation (NLIE)
as an expansion over the basis of the eigenstates of the theory: despite being in principle
numerically computable, it assumes the knowledge of the solutions of the NLIE relative to
the system with given coupling in a given volume, that is only partly available at the moment.
We will moreover take advantage of the algebraic Bethe ansatz results relative to the one-
dimensional (inhomogeneous) Heisenberg magnet and in particular of the computation of the
matrix elements of the magnetization operator in the limit [137, [138] in which the number of
sites goes to infinity.

By means of algebraic Bethe ansatz, a determinant representation for the generating
function has been the goal of [I39], a work based on the lattice sine-Gordon regularization
proposed in [140]. We believe that the subsequent advances on quantum spin chains (such as
[13]) allow more explicit results. In connection with the inhomogeneous XXZ spin chain, the
one-point functions of primary fields and their descendants in the sine-Gordon model have
been analysed in the framework of the recently explored fermionic structure of the model in
[141] [142], while the computation of form factors by separation-of-variables has been tackled
in [T43] recently.

5.2.1 The generating function

A convenient method for writing connected correlation functions is by differentiation of a
generating function. In particular, we are interested in the expectation value on the vacuum

109



of the operator:

—2imw/B(p(z)—¢p(0)) 1
(e ), (5.103)

in which w is here a real number and the subscript L stands for the size of the system. The
field in the exponent is proportional to the fraction of topological charge in the interval [0, z]
(see [124]) and is realized on the lattice by a string of operators acting on the local spin
Hilbert spaces as:

(p(z) — ; Z (5.104)

with o® the usual Pauli matrix. A similar operator, the sum over projectors on the spin-up

state, reads:
2m

1
Qo1 = 5 Y (1= 0f) (5.105)
=1

A convenient representation of the exponential of the operator (5.105) was provided in
[137] in terms of the transfer matrices 7y, 7, of two spin chains: one corresponding to the
actual physical system, and the other to an analogous system in which a twist in the boundary
condition w had been introduced the results presented in section the solution of the
inverse scattering problem for arbitrary inhomogeneities & [ =1,...,2N. The expression for
the magnetization operator (1.68]) allows to write down [I37] the generating function in the
inhomogeneous chain as:

m m —1
i S of H i ( —i7/2> (llj[lfo ((—1)1A—m/2)> (5.106)

We will associate here the set of rapidities {u} to the ground state and introduce a complete
set of eigenstates of the twisted transfer matrix on the right of this operator. The transfer
matrices act diagonally on the respective eigenstates, so that the expression obtained is:

({p} |0

), T — i7/21{\})
AN [Te 2] w (5.107)
({m}]td), {% 1 ’A —i7/2[{n})

with

R
AN = 00100, (0T, (5-108)

The product on the right hand side yields, in the scaling limit, the phase:

L= hagy T e
=1

which has been seen in section B.1.2]

What written above is then a formal decomposition of the generating function of con-
nected correlation functions. Its derivatives with respect to the twist w provide a form factor
expansion familiar in the framework of field theory. For simplicity, we retain the form (5.107))
and refer to it as amplitude expansion.

Once properly normalized, the overlap of any twisted state on the ground state is a
complex number with modulus between zero and one; nonetheless, it will be convenient for
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comparison with the field theory formalism to compute the scaling limit with respect to a
reference amplitude:

ol {de) s [N l{n}) 2
[{nol{nh) o {Ael{A o), (5.110)

Hence, we rewrite the above generating function in finite volume in terms of "normalized”
amplitudes as:

A({)‘}wa {M}w’ {/‘L}) =

(290my = Ay |14+ S e TPOAN W, (b (1)) | (5-111)
excited {A\}u

where
),
Ao = T0T) s (ol (o) (5.112)

The amplitudes in will be the object of our concern in the next sections. The factor
Ag represents an overall normalization of the exponential operator. Its physical meaning in
the scaling limit can be argued by considering very large values of x, in which all the terms
in the expansion become rapidly oscillating except the first oneﬂ: we therefore expect it to
correspond to the (squared) vacuum expectation value of the operator e2miw/Bo(x) in finite
size.

The intermediate states are defined by the root structure which is encoded in the source
term of , i.e., by the number of holes, close, ... roots and by their quantization numbers.
The question about the completeness of the presently known solutions of the nonlinear integral
equation is still open, to our knowledge.

5.2.2 The result

Suppose the ket |0) to be the (finite volume) vacuum, which corresponds to the state in
which all the roots lie on the real axis and are quantized by half-integers, without holes. The
set of integers {1} defines instead an the excited state in the twisted system. The sine-Gordon
sector [127, 128 [129] is reproduced by the configuration of roots having 25 + § + M. € 2Z
and we will consider, for definiteness, half-integer quantization numbers for the rapidities, i.e.
0 = 0. Hence, in the following, the number of self-conjugated roots is required to be even. To
have a non vanishing matrix element, it is moreover necessary that the total number of roots
in the excited state is the same as that of the ground state.
The amplitudes have the property:

AT}, z,t) = e PEAD2HEEAN=E)t A({T}, 0, 0) (5.113)

where P({\}) is the total dressed momentum of the state W({\}) and £({\}) its energy, while
&o refers to the energy of the ground state. Then,

Ny, N M. My
P = stinhhj - Z (msinh y+ + msinh y;) — stinhcj - stinhwj
J J J J
1 70
—— /d@’ cosh 0/ log(1 4 €4 +)) (5.114)
T

lupon subtraction of the bulk momentum 2w.
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Np, N Me My,
E—Epir = choshhj - 2ZmCOSh Ys — choshcj — choshwj
J J J J

—jr/de’ sinh 0'F Slog(1 + 40"y (5.115)
for which explicit computations can be found in [136] 144, 127, 128 129, 134] 135]. The time
shift phase comes from applying the double-row transfer matrix along the vertical direction.

Here below and in the following, we will denote the indexes relative to the holes of the
excited states by h and the ones relative to the complex roots, generically, by a c¢. This
shouldn’t generate confusion with the "close” roots, as notation will be clear from the context.
Moreover, to shorten notations, we write the signs {c;}, with the convention that cperes =
1, Ceomplexroots = —1. We define hereby the functions:

mL sinh X(z — y)

e 5.116
! Z,@) ~ Z,(y) (5.116)
o(z) = /duA(:c — u)log(1 + e/7%u(u%))
K(m) = /dUA(fB — u) log(l + eiUZ/\(uU))
o 1 _|_€iO'Z(u‘7)
E (x) — /dUA(Q'J — U) log W (5117)

With this notation, the expression for the amplitude defined by the twisted excited state
{A}, evaluated in the origin, is:

AP = aw&HC(AC)HH(Ah)R (5.118)
c h

cosh? ¥

in which there appear the quantities:

det [1— W] det [1+ (4 — 1) G| det [1 = W), ] det [14+ (a3 = 1) G|

R =

det [1 — WM} det [1 — W,\}

(5.119)

,sinh L(A\. — Ay ysinh 2 (A, — Ay
D — Hc;éc .71-( )Hh;téh 71-( h h) (5120)

[, sinh Z(Ac — \p)sinh 2(A. — Ap)
12
det [1 n Kw]

4y =|—t 4 (5.121)

det [1 +K]
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Zo(Ae)

_ ECOS 2 _27/7 3 1 —
CAe) = Y 700 exp[ — /du\9£+(u) co‘ch7T(>\C u)
+2/du<§ G\, —u) — E G(Ae —u) — E Grr(A >logsmh (Ac—u)]
h c
Zo(An)
7 cos =25
= ——= -2 1—p)M,y,
R exp | — 2sgn(1 —p)
d
+2/7:L (EBL(U)@E IOgSOO()‘hvqu) _ﬁ;\'—(u)aﬂc log(p/\(/\h’qu))

—2/du (Z Ap — ) ZG/\ — u) ZGU )logcpA(Ah, )} (5.122)
h

® = exp Z /dﬂ?C] G(); —x)/dyckG()\k— y) log o(x,y) — My,
j,k=h,c
/

-y (J—Uz / dzL” (z) / dy[£5(2)0; , log (27, y" ) — LG (2)0; , log wo(27,y”)]

o0/ =%+

+30c0 [ L6000 [ a3 [£1 @0, logele.y") ~ L7 ()0, log ol )] |

«

(5.123)

1
Slmh2 L(xo —yo —im)

’y dzx

S = exp[

dyLs(

oo

'= :t
/d:c/dyA y) logsinh — ( —x —m)

ol A sinh X(y7 — x)
= — A (5.124
+7r(;[ 2mi /dx/dy (x>£0(y)sinh%(y‘7 —m—m) sinh X (y° —:z:—Fz'Tr)\}5 )

We have made use of the notation A to denote:

/duA Zc]f ch /duG()\j —u)f(u) (5.125)

where the sum is over all the sources appearing in (5.92) and the prime excludes the wide
roots from the sum if p < 1.

dz , , 1 1
> = / 277 (Z ( ) ZO($)) (;::I: (1 4 eco(@{A}) - 1+ esg(:c)) - 1) - ch)‘j (5'126)

J

The soliton and antisoliton pseudoenergies [145] satisfy the integral equations:
e4(0) =mLcosh — / d0'G (0 — 0')1og(1 4 e+ (0)) + / d0'G_(0 — ') log(1 + =)

£ (01{A\}) = mLcosh + ig(6 + im/2/{\}) — 3 / 40/ Go (6 — 0 log (1 + e= 1Ay 127)
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and

e_(0) = 2.(0) G.(0) = G(0) G_(0) = G(0 +in™) (5.128)

With these functions, one can express the integral operators appearing in the overlap
determinant. They depend either on two complex variables w,v and on two species indexes
0,0’ = + (“bulk” parameters) or on the rapidities that define the excitations. They read:

pp—; 1 A(w 4+ iom/2 .O'*OJ _ o,0’
WA:H (w,v) = 27'['(]__’_650(7«U<) <G_w <UJ—U+Z 2 ™ > +F—Zd (’LU,’U))
o' ResA )\c ,0',7[' o’
W/\,,U,(Acv ’U) = 1—|—e'LZ(O(>\2) (G_w ()\C — UV — 7,2> + F—w ()\c, ’U))
s 1 AlwHion/2) X -
Wi u(w, A)? = o 14 eeew) (G—w (w At Z§7T> + F7, (w, )\c))
ResA( M.
W)\,u()\m )\c’) = 1_|-eiZ(0(>\2) (G_w (AC — )\c’) + F_, ()\C, /\C/)) (5.129)
00! 1 A Y (w +ion/2) o—d _ oo
Wi (w,v) = o 14 e <Gw <w —v+1 5 7 > + F? (w,v))
o’ A_l )\h ,0'/7'(' o
WiaOwv) = _Z’()\(h)) <G“ <Ah v _Z2> T “’“”)
o 1 A Yw +ion/2) Ny -
Wiaw. ) = 5o (Gw (w — z§7r) +EC (w, )\h)>
A7 (Ow)
Wiur(An, Aw) = 70w (Gw (An = Ap) + Fo (Ans Awr)) (5.130)

and

T s

A(w) = exp [z% U/ ;i—x (COth l(w — 2% —im) — coth %(w - x”)) L (x)
-

_ . sinh X(z — w — im)
—H/dmA(x) B on I — ) } (5.131)
and in particular: ‘ .
A(w +im/2) = Ay (w) = e~ (W)= Zo(w))=2iw (5.132)

The determinants are of the Fredholm type, integrals are performed on the real axis and the
the species indexes and the excitations variables are summed over as well. In facts, complex
roots of the bra state must be explicitly summed over as well as holes of the ket, if any,
subtracted. Strictly speaking, the above representation is valid only for p > 1/2. However, it
will be clear how to extend it for smaller values once the derivation is made in section [5.2.4]
The source function needs, for some configurations, to be evaluated in regions in which the
imaginary part of the argument exceeds min(p, 1)m: it is therefore necessary to use the second
determination.
The integral operator G, is defined as:

K 2 e~ sinh ZF + sinh [(£ — ) k — iw]
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which reduces to (5.83) for w — 0. Moreover,

F3% (w,v) = Z/dm oo dzn Gy, <w —z+iZ 7T> (1= Ay(21)) Gy (21 — 22) ...
n=1

(1= Ay (2)) Ga <:1:n—v+i120/7r> (5.134)

with and obvious extension to the case where one or both rapidities in the argument appear
in the source.
For evaluating the overall normalization amplitude Ay one also needs the factor a, in

(5.118]), with kernel:
Ku(z) = coth X (z — im) — ¢ coth \ (a + ir) (5.135)
T T

and z on the real axis. The latter determinants are not of trace class and we have not found
a way of evaluating them so far.
For what the norm determinants are concerned, their expression can be written as:

det [1 - Wx} (5.136)
where z stands for one of the two states and:
WZ?"'(w,v) = 21771—1—6150(7~U)G <w —v+iZ _2 alw‘)
W;’Ul(w,v) = 217714—653(“1'{)‘})G (w —w+4iZ _2 0177_)
WY (An,v) = _Z’(l)\h)G ()\h —v- f?)
W (w, Ay) = ;ﬂma (w2 +i57)
WA ) = =756 (= ) (5137)

where the “holes” terms are present for a generic excited state.

An interpretation in terms of pseudoparticles is therefore possible: the finite-size vacuum
can be written in terms of the fundamental excitations (solitons and antisolitons) of the
infrared theory, which occupy the available levels according to a filling fraction containing the
vacuum and excited pseudoenergies. Excitations constructed upon such a vacuum interact
both among them and with the background pseudoparticles and the matrix elements of the
operators show such features of the theory.

5.2.3 Scalar products and norms

We need to perform the computation of the scalar products of the ground state with a
generic “twisted” state. The computation of scalar products in the framework of algebraic
Bethe ansatz has a long history. We use below the formulas of section . From eq. ,
we can extract both the overlaps and the norms of the states after some manipulation, in
which we make explicit use that the rapidities {\} also satisty (5.53)).
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Two alternative expressions, which are suitable for the scaling limit, can be provided for
the overlap. We refer the reader to [I37], where the determinant of the overlap matrix was
written as a Fredholm determinant on a contour. With some variation of their method, in
which use of the Bethe equations and of the definition is explicitly made, the scalar
product can be written in a form which is more suitable for subsequent manipulation.

To compute the determinant, we multiply the matrix H by a conveniently defined matrix
M and its inverse. In the case of a twisted state defined by the roots {\} and the state defined
by the roots {u}, we consider the matrix

_ cosh(j — k) [ 25 sinh(p; — \r) (5.138)

Hl;ﬁj sinh(u; — u)

M
whose elements are ¢m-antiperiodic functions of the rapidity p;. Its determinant is

det M = H sinh() cosh( Z Al — Z ) (5.139)

sinh( u — p)

Then the matrix product H inMpj, can be computed by considering the integral

(5.140)

j{ dw sinh(—i~) cosh(w — A) []; 2, sinh(w — Ar)
2mi sinh(w — Aj) sinh(w — A\j i) [, sinh(w — 1)
which is vanishing when the contour of integration surrounds the real axis and the strip
[—7/2,7/2] along the imaginary axis.

Then the result of the matrix multiplication is

Hz;&a sinh(pa — pur)
T, sinh(rza — A

[HY-M],, = (= 2*)d(\a) (1+ B (pa)) [ [ sinh (N = pra + i)
l

{5 I sinh(pa — Ar) 1 sinh(pq — py — #y)
‘ 1+ BY(pa) Il sinh(pia — ) sinh(pg — A — i7)
(coth(pa — pp — i) — €** coth(pg — pup + z*y))} (5.141)

from which the Fredholm determinant in the limit in which the size of the matrices goes to
infinity can be recovered.
In the following expressions, the quantity w denotes the relative twist of the state |, {A}).

e~ 2wM -d )‘j d i 1+ B )\j sin G 1 N
WD) = [1; d(Aj)d(k;) (1 + B( ))H h(pj = A +17) 4 (1—U w)
ik

cosh(Do A — > ) sinh(p; — Ag)

IL, 40s)dl0s) 0+ Bslos) 7 Sinh(\; — g + i)
cosh(3 N — > ) sinh(u; — Ar)

det (1 - (7“) (5.142)

with the matrix

_ K_o(A\j —Xg) T1;sinh(N; — 1) sinh(\; — A\; — i)
U- w — J - J - J " 5143
T TR0y Ty ety ) Hanoy ey O
w Koy — ) TIsinh(uy —N) ppsinh(u) = — i) (5.144)
ik 1+ Bx(uj) Tlipysinh(uy — ) L2 sinh(p; — A — i)
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and the function (5.135)).
For the computation of norms, one considers the limit {\},{u} — {v}, for which the
matrix above becomes simply:
K(v; —v)
uvr = —J__F 5.145
gk 14+ B;LjV(Vj) ( )
For the remaining part of the section, we shall be using rescaled rapidity variables. More-
over, unless otherwise specified, we shall consider the state p to be the ground state of the
(untwisted) inhomogeneous chain, while the state {A} is considered as having a twist.
As a preliminary step, one observes that by applying the definition of counting function
and a representation of the cosine as an infinite product:

1+ B%(z) = 9e—1/2 Zu(x) ﬁ (1 — %(Zk“%> (5.146)

k=—o00
from which, considering the ground state with 2M roots {u}, having labels ranging on half-
integers between —M + 1/2 and M — 1/2, we have:

M—1/2
1+ BZ)(SU) _ 2€—i/2 Zy () H/ <ZM(H1) _ Z/l(x)> F(éw + %)2 ~
I=_M11/2 Zyu(pr) (M + 3 — 29T(M + 3+ 52)

(5.147)

The last ratio tends to unity in the limit in which the number of roots goes to infinity and will

not be rewritten in the following. The case in which there is a finite number of excitations

yields the same result, if one considers in the product above the set {fi} of all the real roots
of (5.60)).

We underline that for the states in which the Bethe roots are quantized with integers,
an analogous product representation for the sine allows to rewrite the factor 1 — By/(x) in
terms of differences of counting functions evaluated at distinct values of the argument. All
the subsequent scheme of calculation can be straightforwardly adjusted.

Having established this fact, we consider the state {A} to be excited and the state {u}
to be the vacuum, identified hereby by the subscript 0. We are moreover interested in the
normalized matrix elements, so we divide the overlap by the norm of the two states.

Let us multiply and divide by the holes and the complex roots, in order to obtain ex-
pressions in which all and only the real solutions appear. This is convenient in that we
can consider the ratio between each hyperbolic sine appearing in the denominator of the ex-
pressions and the differences of the counting function computed at the points in the
argument of the sine, as arising from the product representation . Following [137] this
defines the functions (5.116)).

After illustrating the general procedure, it is simpler to consider two additional states,
whose rapidities we label by {p}, {v}: at the end of the computations, we will send {p} — {A}
and {v} — {u} and show that the poles arising from the factors of the kind are cancelled
by the zeros of the hyperbolic sines in the expression for the scalar product. In order to obtain
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a product involving only the real solutions, we consider the ratio:

H sinh 2(X\; — py)sinh 2 (pj — vg)  [lew sinh Z(Ae = per) [T 40 sinh 2(An — pir)

sinh 2(\; — vg) sinh 2 (pu; — p) I1.; sinh Z(Ac — pp) sinh X (pe — Ap)

Jk

sinh T(\; — ) sinh 1 sinh (A — p;) sinh X (py, — A))

Hsinh%()\] A k) sinh 1 ,uj V) HHsmh (An — pj) sinh X(pp, — pu5)
j7k

HHsmh (Ae —pj)smhf( —)\j)

sinh T(Ae — pj) sinh X (pe — p15)

(5.148)

On the other hand, for what the factor involving the counting function is concerned, we can
write:

1 + ei%o(p;) 1 + eiZo(pe) 1 + etZo(pn) 1 + ¢iZ(pn)

2 A
_ (
H 14 eiZ(ps) H 1 + eiZ(pe) 1;[ 1 4 eiZ(pn) 1;[ <1+eiZO(Ph>> H 1+eiZ(ﬁf>‘5'149)
J ¢ J

By multiplying the first and the second product with the first ratio of (5.148]) and taking the
limit to coinciding states, we obtain the term (5.120)), which already contains a finite number
of rapidities, apart from a phase factor.

The factors in the first term that contain the same index for the hole, together with the
third term of ((5.148]) and the third term of (5.149)) yield:

1+ e ZuOn) 0 oAy — uj
= 1
[THOw . HOW) zow W0, = (5.150)

while the last of (5.149)), accompanied by the corresponding product in the u rapidities, with
the second in (5.148|) provide the factor:

b — %0 (MJ?M]C)SD(S\J?S%)
‘PO(M] A )‘P(Nw)\k)

(5.151)

From all the previous expressions, one also obtains a phase factor containing sum over ra-
pidities of the difference of the two counting functions, that will be of no relevance in the
following.

The last product in is already in a form suitable for the scaling limit; together
with the part of the product in the first term that contains the same index for the close root,
it may be rewritten as:

2
1+ eZn(Ae) sinh (A, — \;)
[[coo . cOo)=—4 ——r
iZ5 (Ae) - sinh 2(Ae — i)

(5.152)

and constitutes a multiplicative contribution from complex roots.
According to our previous analysis, we write:

(AN { ) det (1 Ug,,) det (1-U,%)
wnwoprE S e Lo ITeon | ==t —a,
(5.153)
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Where the definitions (5.120) and

s — H sinh(p; — A — iy) sinh(A\j — pg — ) (5.154)

T30 Sty — g — i) sinh(X; — Ay, —i7)

have been used.

5.2.4 The scaling limit
The determinants

We want to reduce the expressions above to a standard Fredholm determinant form det(1 +
K) = X" IE/n Ror an analytic function (at least on the real axis), one can write

f() 7{ dw  f(w)

T~ 3 F 2w Tw — ) (159

This is applied to the matrices (5.141]), by considering the variables A\,, Ap as two complex
variables w, v integrated on a closed contour. In order to do so, one employs the function:

H sinh X(w — py)  sinh X(w — A\ — i)

Alw) = (5.156)

[ sinh T(w —py —im)  sinh I(w —N)
The latter expression contains both the poles in the values of the A roots to be summed over
and the zeros in the values of the u roots to be avoided, a fact that allows us to keep the
contour of integration under control for every couple of states. Be the reader aware that we
are using rescaled variables.

If we consider first the state {u} to be associated with a (twisted) excited state and the
state {A} with the ground state, it is sufficient to consider a contour that encircles the real
axis. We underline that all the zeros of the factor

1+ B2(Ag) — 1 + €Zi ()

are all the real roots and holes in the state {u}. This means that the product
. v
h—(w—
|l| sin ﬂ_(w L)

will cancel all the poles corresponding to real roots, but not the ones corresponding to holes,
which will be treated separately.

With w a generic complex variable, having 0 < |[Sw| < mmin(1, p) strictly, it is possible
to exponentiate the product and apply the formula to the sum of logarithms. It is
however necessary to choose the contour in a way to avoid the branch cuts, which is simply
done, also numerically, if v is not close to m or to zero. The result of this is the expression
(5.131).

It is necessary to subtract from the sum over poles the unwanted ones corresponding to
holes, which is done by using a term like:

2 L Alpn)
" Klpn = 5.157
T };8 sinh X (w — pp) 27 Z'(pn) (pn —v) ( )
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Figure 5.1: contours surrounding roots of the Fermi sea on the real axis and complex roots
for p < 1. The dotted lines are at S0 = +75, £mp.

as long as the number of holes is of order of unity.

It is also possible to extend our analysis to the case of {u} being the ground state and
{A} an excited state: holes need not to be subtracted anymore (the ground state has all the
Dirac sea filled), but complex roots outside the contour need to be explicitly added when
computing the Fredholm determinant.

This cannot always be done by deforming contours, because of the poles in the kernel
at u — v = Zm,+7rp. It then follows that roots lying beyond min(%, %) must be treated
separately and enclosed in different contours.

Taking into consideration neutral states with rapidities quantized with half-integers [127),
128, [129] the close pairs of complex roots approach their infinite-volume position keep-
ing their distance larger than 7. Moreover, as was observed in Section the wide roots
do not correspond to any creation operator in the attractive regime, since their presence does
not modify the total spin. Then, in the attractive regime, the prescription for the external
contours is to surround the region whose imaginary part is 5 < |30 < 7p. On the other
hand, it is known that the antisymmetric soliton-antisoliton states are described by a pair of
close roots, so once again, the prescription applies.

The Fredholm determinants are computed on a contour:

det [1 - %OA} = exp{Zi (Z)nf dvl, j{dU"O (v1,v2) O(vg,vg)...O(vn,vl)}

271
(5.158)
The contours have to surround the real axis; moreover, for excited states, they also need to
encircle the complex roots. In principle, one can surround each root by a small circle, taking
care to avoid that two points in contours may be separated by %, i%?. This is the prescription
for the repulsive regime.

In the attractive regime, the contours encircle only close roots, with |30 < 7p. In
particular, it is known that the pair of close roots describing the polarization of a soliton-
antisoliton pair, has an imaginary part which reaches the values +i7 from above. The same
arguments extend to all the close roots quantized with half-integers. Hence, our contours

™

surround the region of the complex plane § < [36| < mp.

Indicating by a subscript the states that enter in the matrix element, the overlap kernels,
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as function of the field theory (rescaled) rapidities, are:

1 A(@)
W) = gty e et Y
1 Alz)™! o 1 An)
W, ) = ——-—~Kolx—y)—— : Ko,(Ap 61059
pAE9) = o ez el ) ﬁzh:smhq(:r—)\h))QWZ’()\h) O ef)
and the norm kernels
W _ L K
p(zy) = 27 1 + eiZo(x) (z—y)
1 1 ~ 1 1
- __ _K(z—y)= 2L K(An — .1
W) = iz K ) T 2 Gk - ) ez )T B0

The previous expressions are valid in the scaling limit, provided w is not on the real axis.

More on determinants

Note that the integral operators above are not of trace class. To proceed with the numerical
evaluation, one is forced to introduce a cutoff. However, the function A above, which is
present in the overlap integrals, tends exponentially to unit value when its argument has
large real part, for any couple of the states. It follows that the asymptotic behaviour for large
rapidities of the “overlap® kernels is the same. Then, by considering ratios of overlaps as in
, one can argue that the result is independent from the cutoff and the difference of
series is finite.

Given an integral operator @ and the kernel K, we have that:

det[1 — (Q — K)] = det [1_Q*1+K

} det [1 + K] (5.161)
This can be seen by taking the logarithm of the above expression, expanding and reordering
terms:

1 1 1 1

Q-Q+K+Q+K?—Q+xK*®+Q+«K™..)
(@2 —2Q *x K +2Q * K*? + (Q+ K)*? - 2(Q* K)?+ K ...)

S U I N

(@ —3Q"* K+3Q% «x K™ +3Q+«K+«QZ«K +...)

(@ —4Q K +..) |
= Tr [1;>g(1 —Q*x(1-K+K?-K%+..)))] +Trlog (1 + K)]
(5.162)

which is used both for the norm and for the overlap kernel, with different s and either
K, or Ky. note that when taking the ratio of amplitudes in the expansion the last
trace will not play any role, being independent from the states considered. It only enters the
computation of Ag.
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Considering the kernel in the expression of the norm, we note that the integral on the
contour can be written as:

%dwK(w,—v) _ /°° dw ( K —v) K@ —v) o _U))> (5,163

2mi 1 + eid(w) oo 2mi \ 1 4 e~ Z(wT) 1 4 eiZ(wT)

By writing down explicitly the first terms of the Fredholm determinant expansion with this
form for the kernel and noting that the function K has no poles on the real axis, it is possible

to see that:
- K]
2T

Z1f{M-"j{dwﬁK(wl,_wQ)...K(w”._wl) = Trlog
~ n
dwy dw, (G —w§)  Glugr —wd)
! Z Z / o / 2w < 1+ e—iZ(wol) e 1+ e—iZ(’wal) (5164)

27 2mi 1 4 eiZ(w1) 1 + ¢iZ(wn)
0'1 On=

where we have used the fact that the kernel in the NLIE (5.92)) can be expressed [124] in
terms of the spin chain kernel as:

Glw) = S (~1)" L (=iK)*™ (w) = / dqeiwa__ii% (5.165)
n=1 o

in which the superscript *n denotes n-times convolution. In order to deal with the overlap
determinant, one can similarly set:

:i (KL ) /dq 1_2K(()> (5.166)

n=1

The Fourier transform is performed by separating the asymptotic behaviour of the function
and by regularizing through a damping exponential. In the end of the computation, the
regularization parameter is sent to zero, therefore obtaining the "dressed” kernel . A
reasoning analogous to that for the norm leads to the following overlap determinant:

det |1 — Z

o,0' =%
1 A(w?)
A o
UUO_, (w,y) = —27‘_ <1 n efaiZ()(wa) — 5g7+ (A (’UJ+) — 1)) wa(w — 'U) (5167)

which is manifestly of trace class due to the presence of the soliton and antisoliton filling
fractions and to the asymptotic behaviour of the function A.

The contour indexes will be interpreted as species indexes. This is so because, by deform-
ing the contour up to |Sw = 7/2| and following [145], one can define the (complex) soliton

and antisoliton pseudoenergies (5.127)) as:

ci(6) = —iZ(0+i3)
e () = iZ(Q—ig) (5.168)
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and understand the factor containing the exponentiated counting function as a filling fraction.

Wi (w,0) = o (1 féﬁfzﬂfﬁ/m Oy (Ag(w) = 1>> G (w v+ Ul”)
Wy (Ao, v)? = mc;_w <)\C —v - z";>
Wiu(w,Ae)? = % (1 fégg{fuz{fi/z) ~ 0ot (A (w) — 1)> G (w ~Act Z%ﬂ_)
WiuOes Aer) = <m - 1) G s (Me = Aor) (5.169)

00! 1 [ A Y w+ion/2) 1 o—o _
Wi (w,v) = or (1 + e—i0Z(w+tion/2) 0oy (A7 (w) = 1)) Gu (w —vte 5 T >
o A7\ o'n
WM7/\(A}L,U) = _Z/(g\hf;)Gw ()\h—U—22>
- 1 A Y w +iom/2) 1 o—o _
Wlh/\(w’ Ah) = E (1 + e—10Z(w+iom/2) o 5G+ (A+ (w) B 1)> Go (w —vt 2 ™ >
A=\
Wur(An; Aw) = — (Z’(ghh)) - 1> Gow (An — Awr) (5.170)

It is then possible to apply again the partial summation of some families of terms in the
Fredholm determinant series along the route described above. Unfortunately, it is not as easy
as in the previous case to Fourier transform and sum over all the terms, so that the result is
given in the rather implicit form ((5.134]).

The expressions above imply explicit subtraction of holes in the ket and summation of the
complex roots of the bra.

The prefactor

We start by the analysis of the factor . Here the complication lies in the double product,
but there are no conceptual difficulties in exponentiating this expression and performing the
sum of the resulting logarithms with the procedure described above, since the arguments of
the logarithms never cross the cut. The first step is

™ (1og sinh(\j — i —17) o sinh(p; — A — i7)
sinh(A; — Ap — ) sinh(p; — pu — i)

1 102y inh(\; — 29 — i
:E {—E J,/dz:(A*log' +€.Z>logs?n (N~ W)
- 1 2mi 1+eto sinh(p; — z7 — i)
A sinh(A; —u — i)
dulA(u)l :
+/ uB(u)log sinh(p; —u — i)

Then one is to apply again to the j index. After passing to the scaling limit we
find the result (5.124).

The complex roots are, by definition, away from the real axis. Since in the product defining
the complex root factor there appear all and only the real solutions, it is natural to
consider the logarithm and chose a suitable contour around the real axis to perform the sum
over roots. The resulting expression is given in (5.122)).

(5.171)
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We turn to the analysis of the factor containing the position of the holes. The counting
function itself may be non monotonic in some region of the real axis for some class of states
and at small volumes mL ~ O(1), a circumstance which is connected with the appearance of
special roots when the counting function also crosses a quantization point within that region.
We assume that this is not the case, even if, in principle, such a case can be worked around
by splitting the sum over different regions in which the counting function is monotonically
increasing. Having written the product in terms of positive functions, we can now
take the logarithm and perform the scaling limit.

Such limit is somewhat simplified by the fact that the sum is performed only over real
solutions of the . It can be performed by standard techniques, but some details are in
order. After applying the summation procedure, one of the terms has the form

_ [du N N vo(z,u)
fo= / 2 <cosh(u - 0) * cosh(u + @)> log o(z,u) (5.172)

This integral is similar to the ones needed for the computation of energy and momentum
([135], 127, 128, 129], see also [136], [144]): one uses the fact that the counting function has a
well defined limit when the argument is sent to infinity

{Z(—i—oo) = Nm+Po 7rS+27rsgn( — )My + 2w (5.173)

Z(—o00) = —Nm— p+17rS 2msgn(p — 1) My + 2w
where My and My are for the number of wide roots below and above the real axis. It

follows that:
Zo = sgn(p — 1) Mw (5.174)

This integral enters both in the evaluation of the “hole” factor and in the product (5.151)).
Here below, we report the result of the summation an the first index:

) i0Z(u’)
Zlog )\la)‘k‘ o(, pr:) _ Z/dUdﬂl? 1+€4 = U)A( ) log wo(fij, %)
)\la ;uk) ()‘jaluk 2mio 1 + etofote ()‘jvxg)
+an / duG(Na —u) (log p(3y,u™) — log o (i u™) ) }
(5.175)

the second step, again by taking into account the asymptotic behaviour (5.173)), can be
analogously performed and yields (5.123) as a result.

5.2.5 Conclusions

We have presented an exact expression for the generating function of connected correlation
functions on a cylinder, with compactified space direction and infinite time direction, for the
sine-Gordon quantum field theory.

To take into account corrections which enter as exponentials in the size, the knowledge
of the spectrum and of the form factors of the theory in infinite volume is not enough. To
circumvent this problem, the computations were carried on in the framework of the Destri-De
Vega lattice regularization, formulated in terms of an inhomogeneous XXZ spin chain.

In this framework, the problem was similar to the study of the expectation value of the
magnetization of the spin chain in a given interval: due to the available results for this model,
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the most important of which is the solution of the quantum inverse scattering, we have written
the matrix elements and performed the appropriate scaling limit to obtain the result .

The expression is written as an expansion on the states of the field theory in finite volume
of the generating functions of form factors. The determination of such states relies on the
ability of solving self-consistently the Destri-De Vega nonlinear integral equation for all the
allowed source terms, which is in general a difficult task and limits for the moment the
practical applicability of the method to some classes of finite volume states.

Having shown its relevance in the computation of correlation functions, we hope to be able
to extend the analysis of the nonlinear integral equation in the future. Further work would
be moreover required to explore the advantages and limitations of this kind of formalism in
the actual computation of correlation functions, as well as to identify the features which may
be generally valid for other integrable field theories.
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Summary

In this work, we have studied three problems of current interest in condensed matter and
statistical physics. Despite looking very different at first sight, they are intimately connected
from the point of view of their algebraic structure, as shown in Chapter

The Josephson currents between two Richardson Hamiltonians coupled by a tunnelling
term have been analysed in Chapter 2] By the use of the exact solution of the separate
systems we were able to implement an algorithm that allows to study the exact dynamics of
the system after the tunnelling term is switched on. In particular, the phase relation among
the two parts of the system and the population-phase diagram were studied. The question of
scaling with the size and the effect of the charging energy are for the moment open, yet the
approach is promising and allows useful insight on the physics of Josephson currents. This
formalism serves as a basis for the study of finite-size effects in BCS superconductors.

An example of exactly solvable interacting and disordered system was presented in Chap-
ter [B| The properties of its eigenstates were studied with respect to the interplay between
disorder and interaction and to the many-body localization characteristics. It was shown
how a delocalization transition happens only at the trivial noninteracting point and how a
delocalized, yet nonergodic phase is set. It is an interesting question, not fully addressed yet,
to study how the breaking of integrability affects this scenario.

The sine-Gordon integrable field theory was studied in Chapter[5] An exact formula for the
generating function of connected correlation functions in arbitrary finite volume was derived,
by the use of an integrable lattice regularization of the theory. This expression encodes the
exponential contributions that the asymptotic approaches presented so far were not able to
include. Nevertheless, its use appears to be rather cumbersome for numeric, at the moment,
and will find its application in the study of single form factors.

All these achievements were possible by the use of the algebraic Bethe ansatz technique.
In particular, the recent progresses in the computation of the exact matrix elements have
been widely exploited in this thesis. The common structure shared by both integrable lattice
models and integrable field theories is ultimately at the roots of part of the work, and is worth
further attention. Such a beautiful algebraic structure proved to be versatile enough to tackle
very different problems, arising in sectors of physics which are far one from the other.
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