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0.1 Introduction

0.1.1 Integrable systems and Bethe ansatz

Quantum low dimensional systems attract huge interest since they provide a test area for the
investigation of the general behaviour of complicated nonlinear systems. Indeed, a lot of inter-
esting phenomena in condensed matter, high-energy physics and quantum field theory emerge
due to the presence of complicated non inear interactions. The study of these systems is often
an extremely complicated task that is out of the reach of perturbative approaches. However, it
is known that in many cases interesting nontrivial many body effects prevail even if the system
is restricted to 1D. Moreover, the simplified but still nontrivial cases of 1D system allows one to
concentrate on key properties of a system while avoiding bulky technical problems. Sometimes
this allows to make crucial simplifications because the system will exhibit integrability, i.e. can
be solved exactly. We also see that a lot of specific, interesting properties emerge in 1D systems,
especially in integrable models, thus making 1D integrable models interesting in their own right.

Among these interesting systems it is worth noting t-J [16, 73-79] and Hubbard [6, 7,
71, 72] models, which describe lattice gases of strongly-correlated electrons and are expected
to exhibit the high-T superconductivity behaviour. While this phenomenon was intensively
studied over the last 50 years, still most of the mechanisms of high-T superconductivity are
unknown. One of the main open questions of the field is the mechanism of formation of electron
pairs. The derivation of exact solutions of the t-J and Hubbard models can help to answer such
a question and thus to understand the nature of the high temperature superconductivity. These
are important models from the perspective of studying the entanglement entropy and Kondo
model [9] which describes an anomalous low-T behaviour of conductivity of doped metals (Kondo
problem).

Some other widely studied integrable 1D systems are models of ions with exchange interac-
tion (Heisenberg magnets or quantum spin chains) [8] used for description of ferromagnets or
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lattice models of ferroelectricity [10]. These models were intensively studied both theoretically
(see sort review [17]) and experimentally [1-5].

The various 1D Fermi [24] and Bose [29] gases generate significant interest as their invest-
igation could allow for the creation of stable qubits, a crucial ingredient for the development of
a quantum computers. Also, motivations arise from the recent successes in the realisation of
1D optical traps that open up new possibilities for experiments with 1D systems. In the 2000s
series of such experiments were performed [11, 12, 19, 136].

In field theories, integrable models appear in the context of quantization of the gravitational
interaction in two dimensions, where Einsteins equations of general relativity are reduced to
the Liouville equation whose quantization leads to the Liouville field theory. Non-perturbative
solution of this theory could be an important step toward understanding quantum gravity.
One more integrable system is the Gross-Neveu model that describes a simple 2D version of
the quantum chromodynamics [31]. The key property of this model is an existence of the
asymptotic freedom, while in contrast to the 4D analog called Nambo-Jona-Lasinio model the
Gross-Neveu model is renormalisable. While the understanding of asymptotic freedom is one
of the most complicated and important questions in the theory of the fundamental interaction,
the understanding of this property on the simplest example can help to get an insight into the
4D problem.

Despite study of quantum integrable systems track down to work of H. Bethe published in
1931 [13] and fascinating success gained during last 80 years, a wide range of questions still
open up to now especially in field of multicomponent and nonequilibrium systems. Nontrivial
questions remaining are also system behaviour dependence on temperature, external fields,
interaction strength, etc. The reason lies in the extreme complexity of integrability. The
obtaining of the non-perturbative results requires a lot of specific and complicated mathematical
techniques. Since the publication by H. Bethe in his celebrated work on the Heisenberg spin
chains, the method, called the Bethe ansatz, became one of the most powerful and common
instrument of study of integrable systems. The method allowed to exactly calculate the spectrum
and the eigenvectors of a wide range of models. Thus, this method was used for solving the
problem of 1D Bose and Fermi gases (e.g. mixtures of gases with different particle types
and higher spins), Kondo problem, various 1D field and lattice statistical systems. Later the
approach was also generalised to the case of non-zero temperature.

From the technical sight the Bethe ansatz is roughly nothing but expansion the eigen-
vectors of the periodical system in the basis of planar waves, where each wave describes a single
(quasi)particle of the system (say, boson in 1D Bose gas or spinons in the Heisenberg magnet)
while the equation for the spectrum is nothing but a periodicity condition for the wave functions
of (quasi)particles. Consider, for example, the Heisenberg spin chain

L
H:JZU?U}’?H—FU?U?H—&—AUJZ-UJZ«H. (0.1.1)
j=1

Here L is the chain length, operators o; (Pauli matrices) are spin operators on site j. This
Hamiltonian describes (quasi)one-dimensional electrons connected to heavy ions, on a periodic
lattice. A typical example of such system is KCuF3 (A = 1 in this case). The proposed
method, called also coordinate Bethe ansatz can be applied to periodical system (so a,’—f 1= a’f)
and based on presenting of system of eigenvectors in the form of a linear combination

|\II> = Z a(p17'-'7pj’k17"'7kj)0(_k1)"'U(_kj)Q, (012)
k1..k;j
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where a(p1,...,pjlk1, ..., k;) are j-particles wavefunctions of corresponding (quasi)particles ex-
citations with rapidities {p1,...,p;} at positions {ki,...,k;}, Q is the state with all spins
ordered up, and a(_kl), a(_kQ), ... are spin-flip operators that create excitations (j = L/2 cor-
responds to case where half of spins are flipped). Such linear combinations are called Bethe
vectors. The periodicity condition imposes restriction on these rapidities (called Bethe para-
meters or spectral parameters). For the isotropic (or XXX) spin chain (A =1 in (0.1.1)) the
system of Bethe equations (BAE) is

/9 L J B .
(M) N Rt Ty j<L/2. (0.1.3)
e — i/ #kpk—pe—l
Since the set {p1, ..., p;} univocal defines the energy, equation (0.1.3) can be considered as equa-

tion for the spectrum of the system. Thereby a linear combination of the secondary quantised
multiparticle wavefunctions span eigenvector of the system if their spectral parameters satisfy
the BAE. Such Bethe vectors are called on-shell. In the case where no restrictions are imposed
on spectral parameters Bethe vectors are called off-shell and they are no more eigenfunctions
of the system.

Further, that approach was generalised for an anisotriopic (or XXZ) chain [14, 15], Bose and
Fermi gases [18, 20-24], multicomponent systems [25, 27| (Nested Bethe ansatz, NBA), finite
temperature [30] (thermodynamic Bethe ansatz, TBA) and field systems [31]. Bethe ansatz
became one of most universally used approach for calculations in quantum integrable systems.

As a very simple and an intuitive approach Bethe ansatz is widely used in different fields
and proved itself a fruitful and powerful method. It turns out, however, that the method is very
complicated technically to apply to the calculation of the correlation functions of operators.
Thus, the method allows to build eigenfunctions of Hamiltonian of integrable systems, but
even the calculation of the norm of these eigenfunctions in case of many (quasi)particles is a
complicated problem [32], while the calculation of matrix elements of physical operators was
completely out of reach.

In the 70th a new method, called an Algebraic Bethe ansatz (ABA) was developed by the
Leningrad school of physics (L. D. Faddeev et al.) [34-42]. The main components of this
approach are the monodromy matriz [43-45], whose matrix entries are (quasi)particles cre-
ation/annihilation operators, the R-matrix (introduced by C. N. Yang [25] and R. Baxter [26]),
that defines 2-particle scattering processes, and the RTT'— and Yang-Baxter relations on these
operators and scattering matrix entries. The new approach allowed to establish a more unified
way to construct the eigenvectors (that now are certain polynomials on the monodromy matrix
entries) and the spectrum of the system. It allows explicitly build transfer matriz of a system
(operator of evolution on the lattice), that produces in a certain way all integrals of motion.
New formulation of the Bethe ansatz allows deeply understand the nature of integrability that
now can be seen as a condition of factorisation of scattering processes into 2-particle scatterings.

Further, ABA was generalised to the case of multicomponent systems, higher spins, etc.
The method gives more simple structure of the eigenvectors, that no more contains multiple
summations on the coordinates of the (quasi)particles of the system. Calculation of the matrix
elements of operators (form factors) however still was complicated problem: although it was
possible to calculate the form factors explicitly (Izergin-Korepin formula), the final result was
given by quite bulky expression and was not suitable even for the numerical analysis.

The most important results in this direction are work [46], where the norm of eigenvectors
was calculated and work [47], where the scalar product of on-shell and off-shell Bethe vectors
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was obtained in a compact form (determinant representation of a scalar product). There was
shown, that the scalar product can be rewritten as a determinant

S({pit{k;}) ~ det (N (i, p; {p}, {k})) , (0.1.4)

where N is special matrix, {k} are spectral parameters of the off-shell and {p;} are spectral
parameters of the on-shell Bethe vectors, #{p} and #{k} are n. The fact that one of the Bethe
vectors is still off-shell (no restriction on spectral parameters) is very important, since form
factors FO, of arbitrary physical operator O between eigenvectors |m), |n) can be rewritten as

FO = (m|O|n) = (n|¥), (0.1.5)

where |V) = Oln), as it can be shown, is a linear combination of the off-shell Bethe vectors.
In the same work [47] a determinant representation for the form factors of T-matrix entries
was calculated in determinant form

F{AY {u) ~ det (M(pi, AiI{AY {n}) (0.1.6)

where F is the form factor, the matrix M (pu;, A\j|{\},{1}) depends on particular operator, the
sets {\} and {u} are rapidities of the (quasi)particles in the left and the right eigenstates.

In work [97] one-point (ultralocal) physical operators were expressed via the matrix entries
of monodromy matrix 7' in quantum spin chain solving a quantum inverse problem. Later, for
arbitrary models form factors of local operator were expressed via form factors of matrix entries
T;; in work [110] using composite model approach.

The discovery of the determinant representations for the form factors of ultralocal' operators
allowed to make a breakthrough in the study of correlation functions both numerically and
analytically. Such determinant representations are very important, because they are the only
known compact form for the representation of the form factors. The two point dynamical
correlation functions of arbitrary local operators O can be presented then as the form factor
series

(n|O(0,0)|m)(m|OT(0, 0)|n)eiwmnnt=Fwn=izpmn
(O(x,1)07(0,0)) = 27"
Z (m|m)(n|n)
(0.1.7)
= Z_l Z }‘7:7271‘2 eiwmnt_ﬁwn_ixpmn’
where ’]-"gn‘ is the form factor of the operator O
79, = — tnlolm) (0.1.8)

V{nfn)/(mlm)

between the eigenstates |m) and |n), Wmn = Wn — Wi, Pmn = Pm — Pn are energy and momentum
of states and [ is an inverse temperature and Z is a statistical sum

n]e B“’"]n
Z = . 0.1.9

'Below we often use term form factor of local operators implying, in fact, the form factors of ultralocal (i.e.
acting in one point, not on interval) operators.
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Figure 1: The image of zero-temperature correlator (o (t)o7,,(0)) in the Heisenberg spin chain
is given in the energy—momentum coordinates (by J.-S. Caux et al. [60, 61])

The method can be easy applied for many point function too.
Finally, in a linear response theory, the transport coefficients o can be expressed via the
correlators of correspondent currents (Kubo formula)

TL€2

o(gw) = iv / e T (g, 1), (0, 0)]) + e (0.1.10)

w 0

where V is a system volume (in 1D length), n is density and e? eigenvalue of a charge conjugated
to current.

The summation of form factor series is a complicated problem. A huge contribution to the
study of the analytical properties of low-temperature Bose gases, critical spin chains, etc. was
done by the Lyon group [50-52]. This method allowed finally to move to consideration of the
correlation functions, that allow to calculate, using Kubo formula, all transport coefficients in
a model under consideration. Important progress was made by Wuppertal-Shizuoka group that
allows to calculate correlation functions at non-zero temperatures [53-56] and in the dynamical
case [58, 59]. The large part of progress connected with the method of the quantum transfer
matriz [111-113], that allows to reduce double summation to just a single in (0.1.7).

The numerical algorithms for the form factor summation were developed in works of Wupper-
tal-Providence [159-162] and Amsterdam groups [60-62, 104, 135, 163]. With these algorithms
Fourier images of the form factors of were produced (see (1)).

These results show a perfect coincidence with experimental measurements [3-5] (neutron scat-
tering experiments) despite the real Heisenberg magnet is not pure 1D but rather quasi 1D that
demonstrates that restriction of real system to toy 1D model conserves the general behavior
and justify results of the long time development of the mathematical physics of 1D integrable
Systems.

The key moment here become basis scanning algorithm. Performing the summation over
all states is nontrivial (and in the case of very large system an unsolvable problem), since the
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number of terms grows exponentially with the system size and degrees of freedom. But in fact
only a very limited number of form factors give a significant contribution to the form factor
series. The proper choice of such form factors is a necessary part of the numerical algorithm.
Up to now such a problem was solved for wide range of models at zero-temperature but still
unsolved for quantum transfer matrix.

One more interesting application of the ABA appears from the connection of the Bethe
vectors scalar products with the super Yang-Mills theories [118]. Thus, it was shown that the
scalar products of off-shell and on-shell Bethe vectors define many point-correlation functions
in the super-Yang-Mills theories.

0.1.2 Nested Bethe ansatz

Since all information about a physical system is encoded in the monodrom matrix, it is natural
that systems with a more complicated structure of the monodromy matrix have more rich
physics. The generating function of the integrals of motion is the transfer-matrix that is nothing
but trace of monodromy matrix. Original ABA allows to deal only with the systems whose
monodromy matrices posses algebra symmetry gl(2). Therefore, it is interesting to approach
a theory that allows to work with the monodromy matrices associated with algebra symmetry
gl(N) or graded algebra symmetry gl(m|n). Systems with such monodromy matrices have
more degrees of freedom. For instance, both Gross-Neveu field model and 1D Fermi gas are
fermionic, so that their analysis requires to take into account the spin degree of freedom. Another
important example are t-J and Hubbard lattice models or many-component Bose and Fermi
gases with (iso)spins, discussed earlier.

ABA that allows to work with such multicomponent systems is called Nested ABA (NABA).
In this approach Bethe vectors have a much more complicated structure, than in the case of
ordinary ABA. The first method of derivation of such vectors for algebra symmetry gl(3) was
developed in [63, 64] and later generalised for algebra symmetry gl(N). It was shown that in
this case Bethe vectors are polynomials of very special form in the monodromy matrix entries
contrary to ordinary ABA, where they are just monomials. The calculation of scalar products
and form factors of operators in this case is much more involved. The first results for algebra
symmetry gl(3) were obtained in [65-68]. Generalisation of such results for algebra symmetry
g[(4) and higher is still an open problem. An important point here is the fact, that monodromy
matrices associated with certain symmetry still have many degrees of freedom, so physically
different systems can have monodromy matrices associated with the same algebra symmetry.
If form factors of monodromy matrix entries that possess certain algebra symmetry are found,
the problem of calculation of one-point correlation functions is solved for all these models. For
instance, both Heisenberg spin chain and 1D spinless one-component Bose gas have monodromy
matrices associated with algebra symmetry gl(2).

This thesis is devoted to the application of NABA to the calculation of form factors and
correlation functions in case of algebra symmetry gl(2|1). It is the first non-trivial example of
such calculations in a graded algebra symmetry. Such calculation is first step in generalisation
of ABA for higher-rank algebra symmetry case, that is important, since huge number physically
interesting systems posses algebra symmetry gl(N) or gl(m|n). This case is interesting in itself,
since it has physical applications. In particular, t —.J model at t=J/2 (see (1.1.31)) and 1D one-
component Fermi gas (Gaudin-Yang model) have monodromy matrices with algebra symmetry
gl(2]1). t-J model was already studied using NABA by [73-76] (see also [80, 82]). Gaudin-Yang
model was studied in [123-130, 150] (see also review [122]). Other interesting examples with
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such symmetry are models of 1D lattice gases [28, 83].

The goals of this thesis are calculations of one-point (also we call them ultralocal) form
factors and correlation functions in such model. The first step consists in the calculation (like
in usual ABA) of the determinant representation of scalar product. Such representation is
among the main results of this work. The second problem is the calculation of the determinant
representations for form factors. The last step is the numerical calculation of the correlation
function using form factor series summation.

Summarising above, we can calculate correlation functions in 1D integrable systems associ-
ated with algebra symmetry gl(2|1) using the following approach.

1. Initially the systems with finite (but still arbitrary) number of (quasi)particles are con-
sidered. In the ABA terminology it means that there is a finite number of spectral parameters
and Bethe vectors consist of a finite number of (quasi)particles creation operators. Bethe vec-
tors of the systems with gl(2|1) algebra symmetry were obtained in work [84]. As first step the
action rules of the (quasi)particles creation/annihilation operators on the Bethe vectors should
be found. Such action rules can be found relatively easy using recursion relations for the Bethe
vectors and commutation rules between the creation/annihilation operators, that are known
from the definition of monodromy matrix of system. Creation(annihilation) operators act trivi-
ally on the left(right) vacuum, so despite complicated commutation relations between these
creation and annihilation operator the computation is, in fact, nothing but normal ordering of
the operators similar to ordinary quantum field theory. It can be shown that actions of these
creation/annihilation operators on Bethe vector |¢) spawn a linear combination of the off-shell
Bethe vectors |psi(™)

Oly) =Y Culp™). (0.1.11)

2. Using rules, established above, and a fact that a (dual)Bethe vector is special polynomial
on creation/annihilation operators that acts on (dual) vacuum €2, it is possible to examine scalar
product of ordinary Bethe and dual Bethe vector. This technically cumbersome procedure
and result has pretty bulky form. In particular, the final expression is given by the bilinear
combination of two scalar products of special form, so called highest coefficient (details are given
in chapter 3). This form is an analog of a representation for the scalar product found in [85]
for the gl(3) algebra symmetry case. The calculated expression at this stage contains multiple
summations and barely can be applied to calculation of the correlation functions.

3. At the next step the multiple sum expression for the scalar product should be reduced to
compact form (namely, to determinant of special matrix). This is the most nontrivial phase since
there is no general approach for the calculation of such sums for arbitrary algebra symmetry
and method should be developed independently for algebra symmetry gl(2|1). In particular,
the details of calculation and result for the graded algebra symmetry are quite different form
algebra symmetry gl(3) systems.

4. Further, using already obtained scalar product and action rules of zero modes (see [86]),
the form factors of T-matrix are calculated. Since all form factors of ultralocal physical operators
can be expressed via form factors of monodromy matrix the problem of one-point correlation
function calculation is solved.

5. Finally, the form factor series should be calculated using the explicit determinant repres-
entation of the form factors and the numerical summation algorithm. At this step the “scanning
algorithm”, that allows to make a scan of the basis for choosing the most contributing form
factor, is required.
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Results, given in this thesis, were published in works [87-90].
The thesis contains 6 chapters and two appendices:

In chapter 1 the basics of ABA are introduced, the preliminary facts given and necessary
notation are defined.

Chapters 2-3 are devoted to steps 1-2 correspondingly of the plan above. Some cumbersome
but technically simple calculations here are not shown, but they can be found in the Appendices.

Chapter 4 devoted to the calculation of scalar product in the determinant form, and, as
particular case, the norm of Bethe vectors.

In chapter 5 form factor of the monodromy matrix entries are derived.

In chapter 6 numerical algorithm for the form factor series summation is developed and
correlation functions are calculated.

Appendix 1 devoted to details of calculation of the multiple actions from chapter 2.

Appendix 2 devoted to description of some properties of the highest coefficient from chapter

0.2 Acknowledgments

I appreciate to my colleagues A. Liashyk, N. A. Slavnov, S. Z. Pakuliak and E. Ragoucy with
whom a large part of this work was done. I am appreciate to N. A. Slavnov, A. Liashyk,
F. Gohmann, A. Kliimper and M. Karbach for the numerous discussions on the Bethe ansatz
computations. I am thankful to F. Gohmann, R. Kleinemiihl and C. Babenko for the careful
reading and useful commentaries on this work.



Chapter 1

Algebraic Bethe ansatz

1.1 Algebraic Bethe ansatz

Here the necessary tools of integrable systems are given. Nested algebraic Bethe ansatz is briefly
described. Specific terminology introduced.

1.1.1 Monodromy matrix and RTT-relation

We deal with 1D quantum integrable systmes on the lattice. In case of Heisenberg magnets, or
lattice gas models the systems are defined on a lattice, in case of Gaudin-Yang or Lieb-Liniger
type models we can define the model on a lattice for the technical convenience and consider a
continuous limit later.

The main component of integrable systems theory is the L-operator, that defines the par-
ticular physical system. L-operator satisfies the relation

R(u,v)(L(v) @ 1) (I® L(v)) = (I® L(v)) (L(v) @ I) R(u, v), (1.1.1)

called RLL-(or RTT-)relation.

Both sides of (1.1.1) act in a tensor product of three spaces CV ® CN ® H, where H is
a Hilbert space of a system under consideration, called also quantum space, while spaces CV
are called auxiliary spaces. Variables u, v traditionally are called spectral parameters, in case
they satisfy a special system of equations (see (1.1.20)) we will also call them Bethe parameters.
Each L-operator acts in the tensor product of auxiliary and quantum spaces (further we will
write it as a matrix in the auxiliary space which matrix elements are operators that act in the
quantum space), R-matrix also acts in two auxiliary spaces and itself satisfies the Yang-Bazter
equation

Ria(z,y)Ras(@, 2) Raz(y, 2) = Ros(y, 2) Raz(w, 2) Ria(z, y). (1.1.2)
Both sides act on a tensor product of 3 spaces CV, subscripts denote the space number where
certain matrix acts nontrivially. There exist many solutions of equation (1.1.2) — rational,

trigonometric, elliptic. Further we will use only the simplest case of the rational R-matrix

R(z,y) =T +g(z,y)P,  g(z,y) = wfy, (1.1.3)

that posses gl(N) symmetry. Here ¢ is an arbitrary constant, I is the unit operator and P is

13
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operator of spaces permutation,

pP= ZEU ® Ejj, where N x N matrices E;; are defined as (Ejj)i = 0ix0j (1.1.4)
ij
Further we consider the case of gl(/V) algebra symmetry, implying the use of a rational R-matrix
and auxiliary space CV.

In terms of lattice model L-operator defines lattice systems consisting of one site. In order
to have many site system the product of operators Lo;, j = 1,...,n should be taken. Subscripts
0 here denote an auxiliary space (it is common for all L-operators), while subscripts j index
quantum spaces, each of them corresponds to one site of system

Correspondingly, the resulting operator will be matrix acting on the auxiliary space and an
operator on all quantum spaces, i.e. in all sites of the lattice. It can be easily shown, that if L-
operator satisfies (1.1.1), their product also satisfies same equation, where H will denote tensor
product of all quantum spaces j = 1,...,n. Operator (1.1.5) is called monodromy matriz.

From relation (1.1.1) and explicit expression (1.1.3) follow commutation relation for matrix
elements of T (here and further indecies numerate matrix element, not the quantum spaces, if
opposite is not stated explicitly):

[Tij(w), Tra(v)] = g(u, v) [Trj(v)Tig(w) — Tij(u)Ty(v)] . (1.1.6)

Transfer matriz is defined as trace of the monodromy matrix
N
T(u) = trT(u) =Y Tis(w). (1.1.7)
i=1

It is easy to show, that from (1.1.1)-relation follows
[T (u), T(v)] =0. (1.1.8)

Expanding (1.1.8) in Taylor series with respect to u and v at point ug, we obtain commutation
property of all coefficients of the expansion T = suml;u’

These coefficients are some operators that act in Hilbert space H. Identifying one of I; with
Hamiltonian of some system we obtain the model with a set of mutually commuted integrals of
motion I;.

It follows from (1.1.31), that eigenvectors of the transfer-matrix will also be eigenvectors of
the Hamiltonian and all integrals of motion.

Since operator L;(u — ) also satisfies RT'T-relation, it is possible to introduce monodromy
matrix

T (ul{é1,. - 6n}) = Lu(ulén) - .. L1(ulér). (1.1.10)
We call the model, defined by this monodromy matrix, the inhomogeneous model, and the set
of parameters {£1,...,&,} — inhomogenities. Transfer-matrix, integrals of motion, etc. are

defined for inhomogeneous model in similar way.
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1.1.2 Graded algebra case

RLL-relation and Yang-Baxter equation, introduced in (1.1.1), can be extended for the case
of graded algebras gl(m|n). Space grading C™" can be defined in following way : [i] = 0 for

i=1...m, 1] =1, for i=m+1,...,m+n, square brackets denote parity. Matrices E;; have
grading [E;;] = [i] + [j]. Tensor product is defined according to rule
(Eij ® Ep)-(Epg ® Erpg) = (—1) D PHD BB © By E,,. (1.1.11)

The graded unity matrix and permutation operator P, acting on the tensor product of spaces
C™n @ €™ are defined as

P=> (-1)VE; @ Ej;, (1.1.12)
ij
m-+n
1= Eq (1.1.13)
=1

Taking into account the grading of a tensor product and using graded R-matrix commutation
relation for matrix elements T' can be written as:

(T35 (w), Tra(v)} = (=)D g (0, 0) [T (0) T (1) — Ty (w) T ()] (1.1.14)
where the graded commutator is used
(T35 (w), Tra(v)} = Tij(w) T (v) — (= 1) FHEDEHD T ()T (). (1.1.15)

Graded transfer-matrix is defined as graded supertrace of monodromy matrix

m+n

T(u) =strT(u) = Y _ (=) Tjj(u). (1.1.16)

i=1

All terminology introduced above conserves in case of graded algebras up to replacement
gl(N) — gl(m|n), introducing the graded tensor product, trace and spaces C™™ and replacement
I, P in definition of R-matrix (1.1.3) by graded.

Further we will consider graded algebra case gl(2|1).

1.1.3 Eigenvectors of transfer-matrix and Bethe equations

ABA allows to build eigenvectors of the algebra gl(m|n) case in explicit form. In particular,
these eigenvectors are polynomial of special form on matrix elements of the monodromy matrix
Tij(u) with @ < j acting on vector €2, that define pseudovacuum. Vector € satisfies following
properties:

TM(U)Q:)\l(u)Q, izl,...,N,

- (1.1.17)
Tii(u)Q =0, N>i>j>1.

Here \;(u) are scalar functions, that depend on the particular physical model. Further we
also use ratios of these functions

ri(u) = r3(u) = : (1.1.18)
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The particular form of polynomial, that defines Bethe vectors depends on the algebra sym-
metry. For instance, in the simplest case algebra gl(2), Bethe vectors are monomials with respect
to matrix element To(u)

Ba(’a) = Tlg(ul) e Tm(’ua)Q. (1119)

T12(u) can be considered as a creation operator of (quasi)particles with rapidity w (correspond-
ingly T»; can be considered as an annihilation operator). Further we will use the following
notation for the subsets: @ = {u1,...,un}, v ={v1,..., 00}, 7={m,..., 0}, etc. Bethe para-
meters here are arbitrary complex numbers. In special case they satisfy system of equations,
called Bethe equations.

A1(u;) f[uZ —uj +ic

-
ui—uj—zc

1=1,...,a, a = F#u. (1.1.20)
J#i

Definition 1.1.1. In the case when Bethe parameters u satisfy the system of Bethe equations,
Bethe vectors become eigenvectors of the transfer-matriz. In this case we call them on-shell
Bethe vectors. Otherwise they are called off-shell Bethe vectors.

In addition to right, the left (or dual) Bethe vectors are used. In the algebra symmetry gl(2)
case they are
(Ca(@) = QTTgl(Ul) e TQl(Ua). (1121)

Vector QF here is a dual vacuum, normalised in such way that QfQ = 1.

Similarly, dual Bethe vectors become eigenvectors of the transfer matrix if the set of ©
satisfies the same Bethe equation system (1.1.20).

In case of algebra gl(/N) the procedure that allows to build Bethe vectors is based on the
modification of ABA called “nested” ABA (NABA). Consider the monodromy matrix in case
gl(2). It can be represented as a square matrix of size 2 x 2. Matrix elements of this matrix
traditionally are called as T1(u) = A(u), Thi2(u) = B(u), To1(u) = C(u) and Tha(u) = D(u).
The monodromy matrix in case of algebra symmetry gl(3) can be represented as matrix of size
3 x 3. It can be presented as a block matrix of size 2 x 2, whose matrix elements B, C are
vectors, and element D is a 2 x 2 matrix :

T11 T12 T13

> — | 1 I _ (A B 1o To3
21 22 To3 ( ) D= (
C D C D)/’ T T ,
T3 T3z 133 32 33 (1.1.22)

B = {Bi, Bs}, C = {Cy,C)T.

Obviously, in the case of gl(/N) algebra symmetry a matrix of size N can be rewritten as a
matrix of smaller sizer. In this case block D of size N — 1 also can be rewritten as a monodromy
matrix with with matrix element D’ of size N — 2, and i. g. In such a way consequence of
embedding (“nesting”) can be build: gl(2) C gl(3) C --- C gl(N), that give the name to nested
ABA.

Such consequence of nesting allows to establish explicit forms of the arbitrary (off-shell)
Bethe vectors for algebra symmetry gl(N). In work [63] using the consequence of embedding an
explicit form of the polynomials that define Bethe vector was found for an arbitrary NV in case
of fundamental representation of the monodromy matrix. The following procedure was used
there.
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Consider the case of the fundamental representation of algebra symmetry gl(3). In this case
the action of Th3 on the vacuum {2 is trivial, so the only possibility is to use an ansatz for the
Bethe vectors that contains only Bj(u;) and Ba(u;)

B (a) = Fg(2) B (2)%,
BY(u) = Bg, (w1)... Bg, (ua),

where the sum is taken over repeated (multi)index 8 = {f1,...,08a}, Bi = 1,2. Coeflicients
Fpg, . g, here is convenient to present as components of some vector F of size a, that acts in
space H? = C? @ .- @ C? (tensor product of a spaces). The structure of vector F should
be fixed from the condition that vector B,(uz) is an eigenvector of the transfer-matrix 7 =
A(w) 4+ D11(w) + Daa(w). It can be shown that this leads to the following condition on F

(1.1.23)

T2 (w)F = 73 (w|a)F, (1.1.24)

here 73 (w) and 7() (w|@) are the transfer-matrix of the spin chain with the algebra symmetry
al(2) (T®(w) = Dyi(w) + Doz(w)) and its eigenvalue, @ here satisfy the system of Bethe
equation for gl(2) spin chain. In such way vector I is an eigenvector that acts in space H®?) | that
is Hilbert space of inhomogeneous spin chain of length @ = #a, with vacuum Q2. Eigenvectors
of this model are already known

F=B) Bw)Q?, b=0,...,aq, (1.1.25)

where B are B operators in case of algebra symmetry gl(2) and Q3 is a corresponding vacuum.
Parameters v should satisfy Bethe equations of inhomogeneous spin chain

f[—”i_uj+c/2 1“H”Z ”’“+C i=1,....b (1.1.26)
jzlvi—uj—c/Q - O — Ui+ T o

or using shorthand notation

h(vi,ﬂ)
h(ﬂ,vi)

b—1 h(vi7 T)) .

= (=1) o)’ i=1,...,b, (1.1.27)
#0=>b<a, h(x,y) is defined in (1.1.36). We come to the conclusion, that eigenvectors of the
model with algebra symmetry gl(3) should depend already on two sets of Bethe parameters ©
and u, that satisfy coupled system of Bethe equations.

Generalisation of this approach to another model (nonfundamental representation of the
algebra) is also possible.

Remark. It is clear, that embedding can be organised in such way that matrix element A
will be itself matrix 2 x 2 while D just a scalar

T Tho Ti3

<g g) — TQl T22 ng = <é %) . (1.1.28)
T3 T3 T3

Such embedding leads to the same Bethe vectors, written, however, in different form.
The approach introduced here can be generalised for the graded algebras gl(m|n), differences
appear only the details of calculation.
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In the later works [91-93], the method of off-shell Bethe vectors calculation based on the
Drinfeld’s current realisation of the affine algebra was developed. This approach leads to the
same result and gives the hierarchy of embedding of Bethe vectors in the same way but is more
unified for all models and more simple technically. This approach can be gengeralised for the
graded algebra case. The details of calculation are to cumbersome to give here, but in worth
to note that Bethe vectors for algebra symmetry gl(2|1) case, given in the next chapter, were
obtained using exactly this approach. Work [94], where an alternative method of Bethe vectors
calculation was derived, should be also mentioned.

Remark. The definition of the off-shell Bethe vectors are not unique. The only requirement
is that under condition on the spectral parameters (the Bethe equations) any off-shell Bethe
vector should become on-shell Bethe vector that is an eigenvector of the transfer-matrix. It
is clear, that such definition allows some degrees of freedom. But all the methods, mentioned
above, result in the same off-shell Bethe vector.

As its already clear from (1.1.23)-(1.1.25), polynomials that define Bethe vectors for algebra
symmetry gl(N) are quite more complicated than in gl(2) algebra symmetry case. Thus, it
consists of all possible matrix elements T;; with ¢ < j. Such matrix elements also can be
considered as creation operators of few types of (quasi)particles, thus in the case of algebra gl(3)
(or gl(2|1)) elements Ty9, Tos create particles of the first and the second types respectively, while
operator T3 creates (quasi)particles of both types (so in NABA approach for algebra symmetry
gl(n) there exist n — 1 sort of (quasi)particles). Operators T;; with ¢ > j are the operators of
annihilation of (quasi)particles, and the diagonal matrix elements define the transfer-matrix,
that is the generation function of the integrals of motion (1.1.8)-(1.1.9). In the vacuum state
(quasi)particles are absent.

Moreover, Bethe vectors in the gl(N) algebra symmetry case depends already on a set of N—1
variables {u,v,w,...}. Thus, in case of algebra symmetry gl(3) (or gl(2|1)) vectors B, ;(u;v)
depends on two types of variables with cardinalities @ and b correspondingly: @ = {uj, ..., uq}
and v = {vy,...,vp}, with a,b = 0,1,.... Explicit form of vectors and Bethe equations for
algebra symmetry gl(2|1) are given in next chapter.

Parameters @, v are rapidities of (quasi)particles of corresponding types (we have exactly
N — 1 types of (quasi)particles and N — 1 types of spectral parameters). Bethe equations
are nothing but spectral equations. Naturally, Bethe equations also depends on the particular
algebra symmetry and the particular physical model (e.g. on set of \;). Bethe equations for
the algebra symmetry gl(2|1) are given in the next chapter.

Terminology of definition (1.1.1) can be used in the highest rank algebra too up to replace-
ment of one set of spectral parameters by N — 1 sets, that should satisfy a coupled system of
Bethe equations.

Since on-shell (dual)Bethe vectors are eigenvectors for (1.1.7) (or (1.1.16)), by definition

T () B (150) = 7(w], ) Ba(50),  Ca(s0)T (w) = 7(wlt, ) Cap(@:v),  (11.29)

where 7(w|u, v) are eigenvalue of (1.1.7) (‘or (1.1.16)). An explicit form of 7(w|u, v) for algebra
symmetry gl(2|1) together with the explicit form of Bethe equations are established in the next
chapter.
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1.1.4 L-operators. Gases and t-J model

One of the simplest models is the Heisenberg spin chain (0.1.1) with A = 1. The Hamiltonian

of this model can be presented as
L

H=17Y P, (1.1.30)
j=1
where Pj; is the (graded) operator of particle permutation, the Hilbert space of one site is C2.
In the presence of multiple components model is generalised by replacement of space C2 — C™I"
and replacement of permutation operator by operator acting in this space. In case of Fermi
particles permutation leads to appearing of sign —1.
Consider the representation of the one-dimensional model of strongly correlated electrons
called t-J model it terms of L-operators. THe Hamiltonian of such system is

L
1
H= Z {—tP Z (C}7O_Cj+l,o' + h.c.) P+J (Sij+1 — 4njnj+1> } ) (1.1.31)
j=1

o==+1

Here t is the hopping constant (probability of tunneling of electron on neighboring site), J is

. o . . . . I
spin-spin interaction of neighboring sites, operator n;, = € oCio defines the electrons number

in the j-th site, n; =nj1+n; -1,

1
S;'L = 50350;,0{03',57 «, /8 :Tv \1/7 a=1,Y,z, (1132)

is the spin operator (where o are Pauli matrices), P = Hle(l —nj4nj ) is the projector on
the states that do not contain double occupancy, i.e. allowing only states , | 1); = c;f’lQ,

| 1) = c;_lﬂ i.e. states with no electrons in sites j or single electron with spin up or down,

{cj,o,c};T} = drd07. As was shown in [75, 76, 117] in case t = —J/2 this system can be
described by L-operator

(1 —mn;)(1 —Tnm) (I=njeir cu(l- ?m)
Lij(u) =ul+ | (1=nj)ej, (1 =5 )njp —cjuciy |- (1.1.33)
el (1—n;q) el cjt nj (1 —mnjt)

This L-operator satisfies the RTT-relation, with R-matrix that posses gl(1]|2) symmetry. Space
gradation is given by [1] =0, [2] = [3] = 1.
The permutation operator Pj; can be written terms of fermions c,, ¢l in the following way

PG =1—(cl, —cf )cjo—ro),  Gk=1,...,L, o=N1,  Py=P)P}=PPl
(1.1.34)

Define now permutation operator that acts on a restricted Hilbert space where double occupancy
is prohibited.

Pj = Py, P. (1.1.35)
Using this representation it is possible to rewrite (1.1.31) in form (1.1.30) up to constant terms,
and L-operator become the graded (1.1.3) up to common multiplier. In this form the RLL-
relation coincides with the Yang-Baxter relation. The Hilbert space is H = H1 ® --- ® Hy,

where H; become space (C;l2 with components Q, | 1); = c} +8, | 1) = c} ke
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1.1.5 Notation

In order to make our formulas more compact we use several auxiliary functions and conventions
on the notation.
In addition to the functions g(z,y) we also introduce the functions

_ _rT-y+te _fl@y) _z-y+c
f(@,y)=1+g(z,y) = B h(z,y) = o) - e (1.1.36)
2
and t(z,y) = 9(z,9) _ < . (1.1.37)

These functions have obvious properties

1 1
sey—o TETev =gy

We always denote sets of variables by bar: w, u, v etc. Individual elements of the sets are
denoted by subscripts and without bar: wj, ug, vy etc. As a rule, the number of elements in the
sets is not shown explicitly; however we give these cardinalities in special comments after the
formulae. Subsets of variables are denoted by Roman subscripts: 4, vy, w;; etc. For example,
the notation @ = {u;, uy} means that the set @ is divided into two disjoint subsets @; and y.
We assume that the elements in every subset are ordered in such a way that the sequence of
their subscripts is strictly increasing. For the union of two sets into another one we use the
notation {u,w} = &. Finally we use a special notation u;, o) and so on for the sets @\ u;, v\ vk
etc.

In order to avoid excessively cumbersome formulae we use shorthand notation for products
of functions depending on one or two variables. Namely, whenever such a function depends on
a set of variables, this means that we deal with the product of this function with respect to the
corresponding set, as follows:

u) = H Ni(uj);  g(ag, we) H g(xp, wj);  f(Ug, ) = H H fluj,ug). (1.1.39)

uU;EU wjEW U EUT Uk EUT
wjFwe

g(z,y) = —g(y,z),  h(z,y) = (1.1.38)

This notation is also used for the product of commuting operators,

w) = [] T (ur)- (1.1.40)

UL €U
One can easily see from the commutation relations (1.1.14) that in case [i] + [j] = 0
[Tij(u), T;j(v)] = 0, and hence, the operator product (1.1.40) is well defined. However, if
[i] + [j] = 1, then [T;;(u), Ti;(v)] # 0, therefore we introduce symmetric operator products

Tyz(v1) ... Tj3(vn)
Hn23>m21 h(U@, ’Um) ’

Ts;(v) = Tsj(v1) - .- T3 (vn) j=1,2. (1.1.41)

Hn2£>m21 h(Vm, ve)

Tj3(v) =

Due to the commutation relation
[Tig(v1), Tix(v2)] = 0, if [Tw] =0,
h(vi,v2)Tj3(v1)Tj3(ve) = h(va, v1)Tj3(v2)Tj3(v1), Jj=12 (1.1.42)
(

h
h(v2,v1)T35(v1)T55(v2) = h(v1, v2)T35(v2)T55(v1), j=12,
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in the symmetrised product all operators can be written in arbitrary order.
The shorthand notation can be used also for \;(z), r;(z) For instance,

Aa(2) =[] 22(z); mm) = [ ry) (1.1.43)
Z;€Z 75 €M1
In various formulae the Izergin determinant K, (Z|j) appears'. [44], [46]. It is defined for
two sets & and y with common cardinality #& = #y = n,

n

Kn(zly) = h(@,9) [ 9o, 2m)g(Wm, ve) det [t(zi, y;)] - (1.1.44)

<m

According to shorthand convention notation h(Z,y) in definition of (1.1.44) implies double
product h over sets Z and y. Subscript n in the determinant denotes the size of matrix under
determinant. It is easy to see from definition (1.1.44) that K;(z|y) = g(x,y) and

Kn(&§ + c) = (—1)r =2 (1.1.45)

Other properties of K, are given in Appendix 8.1.
For the set w = {wy,...,w,} we define

N(w) =[] gtwjowr),  A@@) =[] 9wy, wy). (1.1.46)

J<k i>k

1.1.6 Antimorphism

The algebra (1.1.1) possesses an antimorphism [84]

$(Ty(w) = ()T (), p(AB) = (-)EY(B)y(4), (1.1.47)
where A and B are arbitrary operators of fixed gradings. It follows from (1.1.47) that
G(Ar L An) = (D) p(A) L p(Ar),  da= D A 4], (1.1.48)
1<i<j<n

For the graded algebra gl(2|1) it is easy to check that if [i] = [j] = 0, then

U(Ty(w) = Tyi(a), ¥(Tis(@) = (1" D2Ty(@), ¢ (Tsi(a) = (—1)"" T 2Ty(a),
(1.1.49)
where n = #u.

!Note that by definition this function depends on two sets of variables. Therefore, the convention on shorthand
notations for the products is not apply in this case.
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Chapter 2

Multiple action rules in algebra
symmetry gl(2|1)

Since in ABA monodromy matrix is basic object whose entries are building blocks for both phys-
ical operators and Bethe vectors (that are in particular on-shell case eigenvectors of Hamilto-
nian), it is natural to consider commutation relations between Tj; carefully. These commutation
relations follow directly from RTT-relation, but work with them in case of large operators num-
ber is not easy. For instance, in order to commute operators T71(u) and The(v), it is enough to
put i = j =1,k =1=21in (1.1.14). Obviously, this commutation rules leads to appearance
only terms T12(u)T21(v) and Th2(v)To1 (u) with some coefficients in r.h.s. Commutator of oper-
ators’ products [T (@), Th2(v)] in case #u, #0v > 1 is, however, much more involved. Successive
application of formula (1.1.14) spawn more and more terms of different form. In general the
commutator rules for product of operators can be established [109], however, on practice only
the action rules of monodromy matrix entries onto Bethe vectors rather than commutation
relation are required.

In this chapter the action rule of T;; onto generic Bethe vectors, e.g. polynomial on T3, i < j
acting on pseudovacuum vector are found. These results are necessary for further calculation
on scalar products and form factors. This chapter is based on the papers [87] and [90] published
by the thesis author in collaboration.

2.1 Bethe vector in gl(2|1) algebra symmetry case
Explicit representations for gl(2|1) Bethe vectors were obtained in! [84].

Definition 2.1.1. For #u = a and #v = b define a Bethe vector

Bua(w0) = Y glon ) 5 O AT 1 o) Ty (. (211

Here the sum is taken over partitions v = {Uy, 0y} and u = {uy, uy} with the restriction #u, =
#v; = n, where n = 0,1,...,min(a,b). Recall also that we use the shorthand notation for the
products of all the functions and the operators in (2.1.1).

'The formulae for the Bethe vectors obtained in [84] differ from (2.1.1), (2.1.2) by a normalisation factor
A2(0)A2(w) f (v, 1)

23
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An alternative formula for the Bethe vector is

_ Ulaun) (UIU@I) _ _ _
Bob(1;0) = Y K (0i|h) Aalan ()7 (5.3 T13(01) Tas(on) Tz (i), (2.1.2)

where K,, is the Izergin determinant (1.1.44). Other notation is the same as in (2.1.1).

As mentioned, the distinctive feature of the Bethe vectors is that under certain conditions
on @ and v (Bethe equations), they are eigenvectors of the transfer matrix. We will show in
section 2.1.5 that the vectors (2.1.1), (2.1.2) do possess this property.

These vectors are identical as it was shown explicitly in [109] by reordering of operators
using commutation relations. Initially to distinct form appear due to two different embedding
of matrix block 2 x 2 in matrix 3 x 3 during the nesting procedure (see (1.1.22) and (1.1.28)).

Further, in addition to the right Bethe vector (ordinary) we will need left (dual) Bethe
vector. Here to representation for them are given [84, 109]:

Copl; 0 bg‘bZK ()5 U;;\Zlglugl}ﬂ(’:li)QTTgl(uH)ng(vH)Tgl(vI) (2.1.3)
and
Caa(@) = ()5 T oo, m) TR 1Ty (0 T () T (),

(2.1.4)
Here the sum is taken over the same partitions of the sets « and v as in (2.1.1).

It can be shown [91], that the action of any monodromy matrix entry T;; on a Bethe vector
reduces to a finite linear combination of Bethe vectors. However, it is not so obvious if we
deal with explicit representations (2.1.1), (2.1.2). Furthermore, in spite of the action of T;;(z)
onto B, ,(u; ) formally can be derived via (1.1.14) and (1.1.17), actually it is pretty nontrivial
problem.

Fortunately, similarly to the gl(3) case [95] the gl(2]|1) Bethe vectors possess recursions over
the number of the Bethe parameters [84]. The first recursion has the form

b

T12(2) Bap(@;0) = A2(2) f (0, 2)Bag1p({u; 2};0) + E 9(z,v5)g(v,v5) Th3(2)Bap—1(; ;).
=1
(2.1.5)
The second recursion reads

To3(2)Bap(U; 0) = A2(2)(V, 2) f (2, U)Bap41 (@ {U z})

+ Z g(uj, Z)f(Uj, ﬂj)Tlg(Z)Ba,Lb(ﬂj; ’l_)). (2.1.6)

We recall that in these formulas v; and @; respectively mean v \ v; and @ \ uj. The shorthand
notation for the products of the functions ¢ and f is also used.
Equations (2.1.5), (2.1.6) allow us to built recursively Bethe vectors starting with the
simplest cases
_ T12(u) Ta3(v)
Ba,o(u; 0) = - =
o0 =5 w) (0

One can also easily derive the actions of T;; onto either B, o(a;0) or B ,(0; ©), and then, using
induction over a or b obtain the action rule in the general case. This is main task of this chapter.

Q) Bo,b(wﬂj) -

Q. (2.1.7)



2.1. BETHE VECTOR IN 6£(2|1) ALGEBRA SYMMETRY CASE 25

2.1.1 Bethe vectors and antimorphism

Define the action of antimorphism (1.1.47) on the Bethe vectors [84]. We can always choose the
grading of Q and Qf such that [Q] = [Qf] = 0. Then we set [AQ] = [QTA] = [A] and define

P =0, p(4AQ) = Qfy(4),
YY) =Q, (@A) =940,
where A is an arbitrary product of the monodromy matrix entries. It is easy to see that

[Ba,p(; )] = [Cqp(; )] = b (2.1.9)

(2.1.8)

It is also easy to check that
w(Ba,b(ﬂ; Z7)) = Ca,b(a; T})a TZJ(Ca,b(@; T})) = (_1)b ]Ba,b(a; 27)' (2110)

Indeed, fixing partitions in (2.1.1), (2.1.3) such that #u; = #v; = n and using (1.1.49) it is easy
to obtain

¢(T13(ﬂ1) Tho(ty) T23(5n)> = (*1)"(n_1)/2+(b_n)(b_n_l)/2+n(b_n)T32(171[) To1(uy) Ta1 ()
= (—1)P =02y (5y) Toy (i) T1 (), (2.1.11)
and, similarly,
1/J(T32(17n) To1 () T31(ﬂ1)> = (—1)n(n+1)/2+(b_n)(b_n+1)/2+n(b_n)T13(111) Tho(ty) Toz(vn)
= (=)D 5 (i) Tho () Tos(vg).  (2.1.12)
These equations immediately imply (2.1.10).

2.1.2 Multiple action rules

The main result of this paper consists of explicit formulae of the multiple actions of the mono-
dromy matrix entries onto Bethe vectors. We show that this action always reduces to a finite
linear combination of Bethe vectors.

Everywhere in this section we assume that u, v, and Z are three sets of generic complex
numbers with cardinalities #u = a, #0 = b, and #z = n, a,b,n = 0,1,.... We also set
i = {a, 2} and & = {5, 3}.

Actions T;;(z) with i < j

e Multiple action of Ty3(z2):

Ty (2) B (7 0) = Aa(2)h(T, 2) Bt i (7 ). (2.1.13)

e Multiple action of Th2(z2):

Ti2(2)Ba,p(;0) = A2(2)h(E, 2 Z J gu,& Banp(7; &x)- (2.1.14)

1

Here the sum is taken over partitions & = {&;,&;} with #51 =n.
e Multiple action of Th3(2):
T23(2)Bas(u; 0) = (—1)"A2(2)h(v, 2 ZK 2| + ) f (7, ) Babrton (775 ). (2.1.15)

Here the sum is taken over partitions 77 = {7, 7x} with #7; = n.
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2.1.3 Actions of T;(2)

In formulae (2.1.16)—(2.1.18) the sums are taken over partitions €= {&,&) and 7 = {7, 7}
With #61 . #77][ =n.

e Multiple action of T11(z2):

T z ]Ba u; v n)\ 7]]17nl (gn’gI)Kn _I _I ]Ba _]I. _]I .
11(2)Bab (1 0) = (—1)"\2(2)h(E,2) > (i hE ) Kn e+ o) ,b<n(2,iiﬁ)

e Multiple action of Tha(z2):

T (9Baalm8) = (1) Na(2)A(E, ) 3 L 5“’51) Ko (214 0By (s ). (2:1.17)

I7

_ _ )9 (Ex, &) (7, 1) _ .z
T33(2) B, p(u; 0) 27”3 V() f 6. 7o) Bap(7r; &n). (2.1.18)

2.1.4 Actions of T;;(z) with i > j
e Multiple action of T (2):

Ton () By (3: 9) Y nm 1 G, 1) f (s 7w O, 70) 9 (€, &1)
h(&, Z)fffnvnl) B
n(5|7711 + C) n(ﬁl’gl + C)Ba—n,b(ﬁm; 5]1) (2119)
Here the sum is taken over partitions & = {&, &} and 7 = {7y, g, T } With #& = #q; =
#77]]] =n.
e Multiple action of T53(z):

T Bas(as0) = ()T (6 2) Tora(@) G fe

X h<7717771) Ba,bfn(ﬁﬂgm). (2.1.20)

Here the sum is taken over partitions & = {&, &y, €n} and 7 = {7y, n} with #& = #& =
#77]1 =n.

e Multiple action of T31(z2):

g(f_na f_l)g(ggla gﬂ)g(gﬂla 5_1)
h(ﬁlv Z)h(fl, ﬁl)h(§H7 2)

Kn(ﬁn‘gn + C) Bafn,bfn(ﬁﬂl; gm)- (2-1'21)

g1 (2)Bap(0) = (—1)"2 A2(2)A(E 2) 3 ra(E)ra ()

f (0, ﬁﬂ_)f(ﬁla ﬁll})f(ﬁm 77_11)h(7717 )
f(é.lv ﬁll)f(flv ﬁﬂl)f(éﬂla 77]1)
Here the sum is taken over partitions €= {&,&,&n} and f = {0y, Ty, T} with #& =
#Héy = # = #in = n.

The proofs of multiple action rules are given in sections 2.2-2.4.
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2.1.5 on-shell Bethe vectors

The action formulas (2.1.13)-(2.1.21) are valid for generic complex numbers z, @, and . In
this section we consider them for on-shell Bethe vector B, ,(@; v), that is when the parameters
@ and v satisfy a system of Bethe equations (see (2.1.30)).

In order to find explicitly the result of the transfer matrix action onto B, ;(%; ) one should
set n = 1in (2.1.16)—(2.1.18). Then the subsets 7; and & consist of one element only. Obviously,
there are two essentially different types of partitions of the set 77 = {z,u}:

=z, o = 4, (2.1.22)
= uj, M = {2, 4}, ji=1,...,a. (2.1.23)

Similarly, there are two different types of partitions of the set £ = {z,v}:

& =z, & =1, (2.1.24)
=, & =1{z0}, k=1,...,b. (2.1.25)

Thus, the action of 7(z) onto B, ;(%; v) can be written in the form

T (2)Bap(0) = 7(211 0)Bap (@ 0) + Y AjBap({z ;};0)
j=1

b a b
Y MBap(@s {2, 0}) + > MixBap({z. 5} {z,0:}), (2.1.26)
k=1

j=1k=1

where 7, Aj, Ay, and My, are numerical coefficients. In order to find 7(z|u; v) we substitute the
partitions (2.1.22) and (2.1.24) into (2.1.16)—(2.1.18). We obtain

(2|0, ) = A (2) (@, 2) + Xa(2) f(2,0) (0, 2) = A3(2) f (0, 2), (2.1.27)

where we have used h(z,z) =1 and Ki(z|z+¢) = g(z,2+¢) = —1.
In order to find A; we substitute the partitions (2.1.23) and (2.1.24) into (2.1.16)—(2.1.18).
We find
(@, uj)
f(v, uj)

Similarly, in order to find A, we substitute the partitions (2.1.22) and (2.1.25) into (2.1.16)-
(2.1.18). This gives us

Aj = A (2)h(0,2)9(v, 2)g(2, u;) <7“1(Uj) — f(ug‘auj)> : (2.1.28)

- rs(v

Kb = Mo (2) £ (2, 0) g (O, v )W Tk, 2) g (2, v3) <1 _ ra(vw) ) . (2.1.29)
f(vk’au)
If B, p(u; 0) is an eigenvector of T(2), then the coefficients A; and Ay must vanish for arbitrary
z. Setting Aj =0forj=1,...,aand A, =0 for £ =1,...,b we arrive at a system of equations
fug,ug) L ,
ri(u;) = === f(v,u;), j=1,...,a,

(1) fug,ug) (0., (2.1.30)

r3(vg) = f(vg, ), k=1,...,b.
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Let us check that M;, = 0 provided the system (2.1.30) is fulfilled. Substituting the parti-
tions (2.1.23) and (2.1.25) into (2.1.16)—(2.1.18) we obtain

Mje = Mo(=)h(B4, 2)g(50 1) (Wg(vk,uj>g<z,vk>

+ fug, 15)g(uj, 2) [g(z,vk) + f"”(?’l)(:’fq_i)g(vk,uj)}). (2.1.31)

Substituting here ri(u;) and r3(v;) from equations (2.1.30), we immediately find that M;; =0
due to the identity

(v, uj)g(z,v) + 9(uj, 2)g(2z, vk) + g(uj, 2)g(vg, uj) = 0. (2.1.32)

Thus, the system (2.1.30) can be treated as the system of Bethe equations for the parameters
@ and ©. If (2.1.30) holds, then the corresponding Bethe vector B, ;(%; v) is on-shell, i.e. it is
an eigenvector of the transfer matrix 7 (z). The eigenvalue of this on-shell vector is given by
(2.1.27). At the same time, it is easy to see that the function 7(z|u, v) has no poles in the points
z=u;,j=1,...,a, and z = vy, k =1,...,b due to the system (2.1.30).

2.1.6 Twist

Apart from the usual monodromy matrix it is convenient to consider a twisted monodromy
matrix Ty (u) [48, 115]. For the models with gl(2|1) symmetry it is defined as follows. Let
k be a 3 x 3 diagonal matrix k = diag(k1, ke, k3), where k; are complex numbers. Then
T..(u) = KT (u), where T'(u) is the standard monodromy matrix.

One can easily check that the twisted monodromy matrix satisfies the RT'T-relation (1.1.1)
with the R-matrix (1.1.3). The supertrace of the twisted monodromy matrix 7y (u) = str T} (u)
is called the twisted transfer matrix. The eigenstates (resp. dual eigenstates) of the twisted
transfer matrix are called twisted on-shell Bethe vectors (resp. twisted dual on-shell Bethe
vectors). A generic (dual) Bethe vector becomes a twisted (dual) on-shell Bethe vector, if the
Bethe parameters satisfy a system of twisted Bethe equations

b
_ K2 f( u],u;C .
=1,...
1 U] H Uk, Hf Ul,u] i , ,a,

= (2.1.33)

Ky .

(Uj):/?EHf(Uj,uz), j=1,...,b.
I=1
Then
T (0)Bap(0;0) = Ti(w|@, 0) Bap(@50),  Cop(@0)Te(w) = 7(wl|a, v) Cop(a;v), (2.1.34)

where the eigenvalue 7, (w|u, v) is given by (2.1.27), in which one should replace \;(w) by x;\i(w)

7(2|U, ) = kA1 (2) f (U, 2) + k2A2(2) f(2,0) f (0, 2) — Kr3A3(2) f (2, 2), (2.1.35)
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2.2  Proofs of multiple actions for 7T;; with i < j

Bethe vectors consist of the elements from the upper triangular part of the monodromy matrix
applied to pseudovacuum € (2.1.1), (2.1.2). Then, it is intuitively clear that actions of the
elements T;; with ¢ < j are the simplest. We begin our consideration from the right-upper
corner of monodromy matrix and will move along anti-diagonal direction successively proving
the action relations.

2.2.1 Proof for T3

For n = 1 equation (2.1.13) follows directly from the definitions of the Bethe vectors. Let us
take, for instance, (2.1.1) and set there @ = {z,@'} and v = {2,7'}. Then the product 1/f(7, @)
vanishes, as it contains 1/f(z, z). This zero, however, can be compensated if and only if z € 4,
and z € 7;. Indeed, in this case the product g(v, %) contains a singular factor g(z,z). Thus,
we should consider only such partitions, for which z € @; and z € v;. Therefore we should set:
;= {z, 4} and v; = {2,9]}; uy = u; and vy = ). Then we obtain

! =1

Busl(on' s 0)) = Y otef o) TG MO0 P g,

f(za UH)Q(UH, Z)h(Z, ul)h(un Z) T13(Z)
X
Ao (2) f(V, 2) f(z, ) h(uf, 2)
After evident cancellations we arrive at
T13(2)

Bas({z @l {20 = 3o @)

which coincides with (2.1.13) at n = 1. The same result arises from the analysis of equation

T15(@)) Tro (@) Taz (7). (2.2.1)

Bo-1,5-1(a;7"), (2.2.2)

(2.1.2).
Now we use induction over n. Assume that (2.1.13) holds for some n — 1. Then
T n T 777/ JER—
Tia(2)Bu(mi0) = D25 B o)
h(v, z, o o
= ) T Bt (0 20 0. 50))
= )\Z(E)h(ﬂv Z)Ba-‘rn,b-i-n({aa Z}; {777 Z})a (2'2'3)
and thus, (2.1.13) is proved. O

Using (2.1.13) one can recast recursions (2.1.5) and (2.1.6) as follows:

Ti2(2) B p(w;0) = Xo(2) f(D, 2)Bay1p ({1, 2};0)
b

+20(2) S 9z 0)) 987, v,)h(D, 2) Barrp({a, 2} {0, 2)), (2:24)
j=1

T (2) B (13 0) = Ao (2)h(0, 2) ( (2 @B (5 {0, 1)

£ g5, 2) (5 1B (35,21 0,2))). (225
j=1
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One can easily recognize in these equations the actions (2.1.14) and (2.1.15) for n = 1. Then
one should use induction over n.

2.2.2 Proof for T,

Assume that (2.1.14) holds for some n — 1. Then

g fmfl))BaJrnl,b(n;gH)' (2.2.6)

T12(2)Ba,p(;0) = Ti2(2n) A2(Zn)R(E, Zn Z

Here 77 = {z,,u}, ¢ = {%,,0}, and the sum runs through the partitions & = {&,&;} with
#& =n — 1. Acting with T12(z,) we obtain

Ti(2)Bap(7) = ho(z) 2 E %) Zg&“& Mo S g &), 22)

Zmzn I n (§17 n)

Here already 77 = {Z,u} and £ = {Z,0}. The sum first is taken over partitions {Zz,, 7} = {&, &}
with #& = n — 1, and then over partitions {z,, g}[} = {&, &} with #& = 1. One can say that
the sum is taken over partitions {z,7} = & = {&, &, &} with restrictions z, ¢ &, #& =n — 1,
and #& = 1. Presenting &; as &g = {&, &} \ {zn} we obtain

> h(&n, zn) = h(&, z0) (&, 2n), L
PR (&us 2n) = h(&i, 2n)h(&ii, 2n) (2.2.8)

9(5_117 gl) =
and hence,

h(, zn) 9(&. &) 9(&i, £)9(&i, &)

T12(%)Ba,b (5 0) = A2(2) h(zn, Zn) 9(2n, &) (&1, Zn)

h(f_ii, Zn) Ba-{-n,b(ﬁ;gﬁ)' (2'2'9)

Observe that the condition z, ¢ & is ensured by the product g(zn,g_l) in the denominator.
Hence, we can say that the sum is taken over partitions & = {&, &, &;} with the restrictions on
the cardinalities of the subsets only. Setting {&, &} = & we recast (2.2.9) as follows:

T12(2)Bap(u;0) = Zg&’&z ngl) (?’zn)g(gii?go) Batn(7; &) (2.2.10)

Znazn ns§ ) (5072)

The sum over partitions & = {&, &} can be computed via lemma 9.3.1

> 9(6,&)9(zn, &G Zn) = 9(2n, £0)h(zn, Zn), (2.2.11)
fo={&1.4i}

where we took into account that #&, = n. Thus, we arrive at

Tio (2) B (:9) = Aa(2)A(E,2) 3 gh(éo i?)) Bo (77 &), (2.2.12)

which coincides with (2.1.14) up to a relabeling of the subsets. O
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2.2.3 Proof for Ts;

Assume that (2.1.15) holds for some n — 1. Let #z = n. Then we have

T53(2n)Ta3(2n)
h(Zn, zn)
h(v, z,

— ) )

h(Zn, zn)

T23(2)Bgp(w;0) = By (u;v)

> K1 (Zalil + ©) f () Tos (20) Bapen—1 (73 §). (2.2.13)

Here 77 = {z,,u}, £ = {Z,,0}, and the sum runs through the partitions 1 = {7, 7y} with
#m =n — 1. Acting with Th3(z,) we obtain

h(v, zZ,)
h(Zn; 2n)

X D K1 (Zalily + €)f (7, ) R(E, 20) K (20 + ©) f (7, i) Baprn (i3 €)- - (2:2.14)

T23(2)Ba,p(w;0) = (=1)"A2(2) 3 =

Here already 7 = {2, u}, £ = {, 0}, and the sum is taken first over partitions {z,,u} = {7, 7z}
with #7; = n — 1, and then over partitions {zy, 7u} = {7, 71} with #7; = 1. Substituting here
e = {7, i} \ {zn} we find

Ta3(2)Bap(u;0) = (—1)"A2(2)h(v, 2)

% Zanl(anﬁI + C)Kl (Zn|77]i + C)f(ﬁlvﬁi)f(ﬁhﬁii)f(ﬁiu ﬁii) B

f(ﬁla Zn)

Setting o = {7y, i} and using K (zn|7 + ¢) = =K1 (7] 2n)/ f (7, 2n) we obtain

a,b—&-n(ﬁiiQ g) (2215)

To3(2)Ba,p(4;0) = (—1)" ' Xa(2)R(D, 2)

X Zanl(zn‘ﬁI + C)Kl(ﬁ1|zn) (771’ UI)M B

f(770> Zn)

Now we can compute the sum over partitions 7o = {7;, 7} via (9.3.17)

a,b—&-n(ﬁiﬁ g) (2216)

Z K1 (Zn|ih + o) K1 (7l 20) f (1, ) = — f (M0, 20) K (2|70 + ©), (2.2.17)
To={71,7: }

which gives us
T23(2)Ba,p (1 0) = (=1)"\2(2)h(0,2) Y Kn(Zli0 + ) f (70, M) Bappn (73 €)- (2.2.18)

This is exactly (2.1.15) up to the labeling of the subsets. O

2.3 Proof of the multiple action of the operator 75,

The proofs for the actions (2.1.16)—(2.1.21) are much more involved than the ones considered in
the previous section. Fortunately, they all are quite similar. Therefore, we only detail one as a
typical example, the other actions being proven in the same manner. We focus on the operator

Too(u).
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The strategy of the proof is the following. First, we prove equation (2.1.17) for a = #u =0
and n = #Zz = 1. This can be done either via the standard consideration of the algebraic Bethe
ansatz or using induction over b = #v. In both cases we use (2.1.7) and the relation

Too(u)Tos(v) = f(v,u)Tas(v)Tee(u) + g(u, v)Tos(u)Tra(v), (2.3.1)

that follows from (1.1.14).
The next step of the proof is an induction over a. We assume that (2.1.17) is valid for n =1
and some a and use recursion (2.1.5). Hereby, we use some of commutation relations (1.1.14)

Too(u)Ti2(v) = f(u,v)Ti2(v)To2(u) + g(v,w)Ti2(u)Tra(v), (2.3.2)
[Toa(u), T13(v)] = g(u, v)(Tlg(v)ng(u) — le(u)ng(U)). (2.3.3)

Finally, when equation (2.1.17) is proved for n = 1 and arbitrary a and b we use induction over
n.

Remark. We begin the proof with the case n = 1, a = 0, and arbitrary b. However, one
could also begin with the case n = 1, b = 0, and arbitrary a. For the action of the operator
T52(z) this is a matter of choice. For other operators these two starting cases could be essentially
different. For instance, one can easily see that T1(2)Bo (0, v) = 0 for arbitrary b. On the other
hand, the action Tb1(2)Bg 0(@, ) is highly nontrivial, although it is clear that it should coincide
with the similar action in the models with gl(3)-invariant R-matrix. Obviously, in this case it
is better to begin the proof with the vector By (0, v).

2.3.1 Action of Ty (z) at a=0and z =1

In the particular case a = 0 and n = 1 equation (2.1.17) turns into

Toa(2)Bos(050) = Ma(2)h(5, ) 3 & 5“’51 (0: ). (2.3.4)

1

The sum is taken over partitions {z,0} = £ = {&, &} with #& = 1. We prove this action using
the standard scheme of the algebraic Bethe ansatz. The vector B ;(0; 0) is given by the second
equation (2.1.7). Thus, we should move the operator Th(z) to the right through the product
of the operators Th3(v;). Using (2.3.1) we easily find

Toa(2)Bos(0;0) = ABop(0; 0 +ZA Bos(0; {05, 2)), (2.3.5)

7j=1

where A and A; are some coefficients to be determined. Obviously, in order to obtain the
coefficient of By ,(; v) one should use only the first term in the r.h.s. of (2.3.1). From this we
immediately find

A= Xa(2)f(v,2). (2.3.6)

Then, due to the symmetry of To3(v) over v it is enough to find A; only. Permuting T52(z2)
with Th3(v1) we should use the second term in the r.h.s. of (2.3.1). We have

ng(’l_))
A2(0)

Ty3(v1)T23(v1)
A2 (Q_})h(’l_)l , ’Ul)

Too(v1)Tos(v1)
A (’l_))h(l_)l, ’01)

T22(Z) Q= TQQ(Z) Q= g(z, vl)ng(z) Q+UWT, (2.3.7)
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where UW'T means unwanted terms, i.e. the terms that cannot give a contribution to the
coefficient A;. Now, moving The(v;) through the product Ty3(v) we should use only the first
term in the r.h.s. of (2.3.1), which gives us

Tyo(2) 2223((1_?))Q = g(z,v1)g(v1, Ul)T23(Z)TijZ;> Ao(v1)Q+UWT, (2.3.8)

where we used g(v1,v1) = f(01,v1)/h(01,v1). It remains to combine Th3(z) and Ta3(v;) into
Ta3({#,01}) and we arrive at

ng(z)ﬂ;\f’((;;) Q= Xa(2)g(z,v1)9(01,v1)h (01, z)mﬂ +UWT, (2.3.9)
leading to
A1 = A2 (2)g(z, v1)g(v1, v1)h(01, 2). (2.3.10)

Thus, we eventually obtain

Ta2(2)Bop(0; D) = Ao (2) (D, 2)Bo (05 0) + Aa(2) D g(z,0))g(05,v;)h(D;, 2)Bo s (0; {D), 2}).

j=1

(2.3.11)
It is easy to see that this formula coincides with (2.3.4). Indeed the first term in (2.3.11)
corresponds to the partition & = z and & = © in (2.3.4). The other terms arise in the case of

the partitions & = vj, j =1,...,b, and & = {z,9;}. Thus, action (2.3.4) is proved. O

2.3.2 Induction over a

For n = 1 equation (2.1.17) takes the form

T2 Baali0) = Da(e)ho,) 3 LTI g, ). 2312

The sum is taken over partitions &€ = {&, &} and ) = {7,y } with #& = #i; = 1. We assume
that (2.3.12) is valid for some a > 0 and b arbitrary. Then, due to recursion (2.1.5) we have

Ti2(22) Ba p(u;0)
A2(22) f (D, 22)

b i)g\vj,v; 22)Bg p—1(U; Vj
—T22(Z1);g(22’vj)g( 1\2(;);;2’;2? -1 (E0) g 54

Toz(21)Bag1,p({U; 22};0) = Taa(21)

We see that in order to compute the action of Ty2(21) onto B,y1,5({22, @}; v) we should calculate
the successive actions of the operators Tha(z1)T12(22) and Tha(z1)T13(22). This can be done via
(2.3.2) and (2.3.3)

T (21)T12(22)Bgp(w; 0) = (f(Z1, 29)T12(22)T22(21) + g(22, 21)T12(21)T22(22))Ba,b(@; v),
(2.3.14)

Tyo(21)T13(22) By p—1(1; 05) = T13(22)T22(21)Bap—1 (U 05)
+ g(21, 22) (Th2(22) T (21) — Th2(21)Tos(22) ) Bap—1 (15 0;).  (2.3.15)
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Thus, we have reduced the action Ty (21)Bq+1,({%; 22}; ) to the calculation of several successive
actions. In all of them the operator Ty acts either on B, ;(@; v) or on B, p—1(%; v;), which are
known due to the induction assumption. The actions of other operators T;; with ¢ < j are
already known for a and b arbitrary.

Successive action of 119 and Ths
We begin our calculation with the successive action of the operators T2 and Th3. Using (2.1.15)
we have

T19(22)To3(21) By (1 0) = Ao (21)h(D,21) Y WTH(ZZ)Ba,b—H(UH?f)' (2.3.16)

21)

Here i) = {1, 4} and & = {z1,0}. The sum is taken over partitions 7 = {7, 7z} with #m; = 1.
Then we use (2.1.14) and find

(§H7§1)3a+1,b+1({ﬁﬂa 22};511)-
(517 )

_ (2.3.17)
Here already & = {z, v}, however we still have 7 = {z1,u}. Replacing {7y, 22} by 7z we recast
(2.3.17) in the form

Tha(22)Ta3(21)Ba b (1; 5) = Aa(2)h(D, 21)h(E, 22) Zf "717?71[)

S (7 )9 (6, &)

T1o(22)Ta3(21)Ba b (W ) = Ao (2)1(0, 2)h(21, 22) Y | F, 22) b7, 21)h(E 22

)Ba+1,b+1 (7_71[5 gﬂ)‘

) ) 7(2.3.18)
Here 7 = {Zz,u}, and the sum is taken over partitions 7 = {7, 7} and £ = {&,&} with
#m = #& = 1. Note that the condition z2 ¢ 7; is ensured automatically. Indeed, if zo € 7,

then 1/f(my, z2) = 0.
Replacing here z; <> z5 we obtain

F (i, )9 (En, &)
f(ﬁhzl) (771>Z2) (fla ?1

T12(21)To3(22)Bap(1;0) = X2(2)R(0, Z)h (22, 21) Z )Ba+1,b+1(ﬁn§gn)-

(2.3.19)
Thus, we find
9(z1,22) (T12(22) Tas(21) — T12(ZI)T23(Z2))IB¢1 b(; V)
Z Nl 771’7721 g117gl)IBgaJrl,bJrl(ﬁlﬁgll)
fa1.2) (T N G
. {g(ﬁn@)h(&m) gt eonte

Successive action of T3 and Ty

Combining the actions (2.3.12) and (2.1.13) we obtain

T13(22)T2(21)Bap(u;0) = A2(2)R(0, 21) Zf 7717771717 S])]’Z) S])I’ZQ)

X Bast o1 ({70, 22} {€n, 22}). (2.3.21)
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Here 77 = {@, 21} and £ = {9, z1}. Replacing {7y, 22} with 7y and {&;, z2} with & we arrive at

f (7, 7711)9(5_117 %)Baﬂ,bﬂ(ﬁl{; 5_11)
[ (s 22)g(22, §)R(i, 21) (&, Z)

T13(ZQ)T22(21)Ba7b(’EL; ’D) = )\2(2)]7/(@, Z)h(zl, 2’2) Z (2322)

Here already 7 = {u, 2} and £ = {v,z}. The sum is taken over partitions 7 = {7, 7z} and
§ = {&, &t with #n = #&§ = 1.

Now we are able to calculate the successive action Thp(21)713(22) on B, p(4;0). Indeed,
due to (2.3.15) this successive action is given by a combination of (2.3.20) and (2.3.22). A
straightforward calculation leads us to the following representation:

) (gﬂagl)
2)h(&, 21)

Remark 2.3.1. Tuking into account (2.1.13) we conclude that if the action (2.3.12) is valid
on the vector B, (u;v), then it is also valid on vectors of the special type Bgiqp11(0';7"), if

' Nv #0.

Tz(21)T13(22)Bap (13 0) = A2(2)h(V, 2)h(22, 21 Z A i )9 Bot1b41 (7 &n)- (2.3.23)

Successive action of 175 and Ty

Using (2.3.12) we obtain

§1§T12(22)Ba,b(7_7]1;511)- (2324)

T12(22)To2(21)Bap(1;0) = Xa(21)h(0, 21 Z f

Iy

Here 7j = {u, 21} and € = {, z1}. Applying (2.1.14) to this formula we find

Th2(22)T22(21)Bap(w; v) = Xa(2)h (0, 21) Z
< h(En, >§E§ wo({ 22} &), (2.3.25)

Here we first have partitions 7 = {@,21} = {7, 7} and € = {0,211} = {&,&}. Then we
combine &; with zo and divide this set into new subsets {&5, 22} = {&, &i}. The restrictions are:
#HE = H#HE =H#m =1, 20 ¢ 7y, and 20 ¢ &. As we already did before, we replace {7y, 22} with
7 and use & = {&, &) \ {z2}. Then

E)h(zl,zQ)
n)9(&, &)g (& &9 (i, &)
. Z f(ﬁlazQ) (7_717 )h(£I721) (227gl)h(51722)h(gi7z2)

Bot16(7n; &i).  (2.3.26)

)g(ﬁ_iaé_x)g(f_ﬁ,go) _
M, 2)h(&, 21)g(22, &) (6o, 22)

X

Boy16(7n; &i).  (2.3.27)
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The sum over partitions of the set £ = {21, 22, 0} is organized as follows: first, we have partitions
€ = {&i,&o}; second we divide & = {&, & }. The latter sum consists of two terms and can be
computed straightforwardly. This leads us to

f(ﬁlaﬁu) (giiag(])
g(ﬁhz?) (7717 ) (507 )

Ba-t1.6(7n; &)
(2.3.28)

T12(22)To2(21)Bap(U;0) = A2(2)h(v, 2)h(Z, 2) Z

and relabeling &y — &, & — & we finally obtain

£ (7, )9 (En, €1)
g(ﬁ1,22) (7717 ) (517 )

IBa+1,b("711; g}l)‘

(2.3.29)
Here the sum is taken over partitions 77 = {7, Tu }, £ = {&, &} The cardinalities of the subsets

are #7; = 1, #& = 2.

Ty9(22) oo (21) B (15 7) = Ao(2)(0, 2)h(2,2) Y

Successive action of Ty and Tio

Using (2.3.14) and (2.3.29) we are able to calculate the action of T2(21)T"2(22) onto B, p(@; 0). It
is clear that for this we should take the following combination: equation (2.3.29) multiplied with
f(z1,22) and the same equation with z; <> z9 multiplied with g(z2,21). This straightforward
calculation gives

Ty (21)Tra(22)Bu (i B) = Aa(2)A(T, D)h(5, 2 Zf T, )9 i{l’&)) Boyis(iniéy).  (2.3.30)

Here the sum is taken over partitions 7 = {f;, 7}, € = {&, &} The cardinalities of the subsets
are #i = 1, #& = 2.
2.3.3 Recursion formula

Now everything is ready for the use of recursion (2.3.13). Due to (2.2.4) we can write it as
follows:

Ba—f—l,b({@, 22}; 17) = W(TQ(ZQ) me(ﬂ;@) — \I’>, (2.3.31)
where
U = Ap(22) (0, 22) ) J (2[53 Bat1.5(7; &n)- (2.3.32)

22¢€1

Here 7 = {z0,u} and £ = {z9,7}, and we used h(z2, z2) = 1. The sum is taken over partitions
£=> {51, 511} with #& = 1. One more restriction 2o ¢ & is shown explicitly by the subscript of
the sum.

Recall that we assume that the action of Th(21) on the vectors B, ,(u; v) is given by (2.3.12)
at some value of @ > 0 and arbitrary b. All the vectors in the linear combination (2.3.32) have
the form B,y1({@, 22}; {9, 22}), that is {@, 22} N {0j,22} # 0. Hence, taking into account
remark 2.3.1, the action of Th2(21) on these vectors is known and it is given by (2.3.12):

9(&n. &) S (s 1) 9 (i &) -
To2(21)¥ = Xa(2)1(D, 22 ZQ%:E (6. 22) h(n, 21) (77,Zl)h(gi,Zl)Ba_i_Lb(nH,gn). (2.3.33)
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In this formula 7 = {2, 4} and £ = {z,0}. At the first step we have partitions {zo,v} = {&, &1}
Then we obtain additional partitions {z,v} = {&,&)} and 7 = {;, 7y }. Hereby #m = #& =
#& = 1. Thus, one can say that the set ¢ = {z, 7} is divided into subsets {&;, &, &} with the
restrictions z1 ¢ & and 2z ¢ &. Substituting &; = {&, &} \ {z1} into (2.3.33) we obtain

9(&. €)9(&i, &) f (7, )P (G, 21) B

g(z1, &) (&, 22)h(7y, 21) a+1,p(Mn: &) (2.3.34)

TQQ(Zl)\IJ _ )\2( U 22 Z g 511751
22¢&1

Observe that the restriction z; ¢ & holds automatically due to the factor g(z1,&)~!. In order
to get rid of the restriction zo ¢ & we present Tho(z1)¥ as a difference of two terms. The first
term is just the sum over partitions in (2.3.34), where no restrictions on the partitions of the
set & are imposed. In the second term we simply set & = zo. Thus,

TQQ(Zl)‘IJ == ‘If/ - \I’”, (2335)
where
11y 61 IERN | 7ii)7i 71) 7]1 h’ 7ii7 — ~
V= X (2)h(T,22) Y 6 8)s Ei f&)) ((55_1 gzg)fh(?ﬁl 7721)) e Ba1,6(7us &ii) (2.3.36)
and

oo 3 MO E S INEA) o) aam

n (2.3.37) we have {&,&;} = {1, 21}, therefore

_ )\2( ) 7, Zl U 22 Z g fllafi 771’211]; ]B%aﬂ,b(ﬁn;gﬁ). (2338)

In (2.3.36) we can take the sum over partitions into subsets & and &, because it consists of
two terms only:

g(&, &) (&, &) h(z1, 2z2)
&1, 51) \endi) _ Ma,z) 2.3.39
S EhEn ) g Eh(En ) h(Eoz) (2.3.39)
where 50 = {517 51} Thus,

iy 5 7 h _ii7 —
U = X (2)h(D, 22) (21, 22) ) 9(Gis£0). s 7n) (5 1) Ba-1,6(7; &) (2.3.40)
50722) (771721)

and extracting the product h(&, z1) we recast (2.3.40) as follows:

V= M (2)h(v,2)h(z,2) Y 2 5&] fo)f :77“21)) B 1,6(7; &i)- (2.3.41)
y % 1y

Here the sum is taken over partitions 7 = {7}, & = {&o, &} with #i, = 1, #& = 2.
Comparing this expression with (2.3.30) we see that

U = T22(21)T12(22)Ba7b(ﬂ; ’17). (2342)
Thus, we find from the recursion (2.3.31)

TQQ(Zl)TlQ( )B b(ﬂ; 77) — 0 4w _ o
A2(22) (0, 22) A2 (22) f (0, 22)

To2(21)Bay1,6({t, 22};0) = (2.3.43)

N
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Substituting (2.3.38) in this expression, we arrive at

Toa(21)Bag1o({T, 2233 0) = Aa(21) (0, 21) D g gn’fl Th’zug Bat1,6(7; En), (2.3.44)
Iy 1 1
where we have relabeled & — & and &; — &;. Thus, the induction step is completed. (Il

2.3.4 Induction over n

Actually, the induction over n for the action of The(Z) is a combination of the corresponding
proofs for the actions of T12(2) and Th3(Z). Assume that (2.1.17) is valid for some n — 1. Then

7711 (§Ha 51)
(517 Zn)

TQQ(E)Ba,b(ﬂ;'D) = ( )n 1)‘2<Zn Sazn Z f ik n 1(2n|771 +C)T22(zn)18a,b(ﬁll;gﬂ)-
(2.3.45)
Here the sum is taken over partitions {z,,v} = & = {&,&} and {z,,4} = 7§ = {f;,7a} with

#& = #n = n — 1. Acting with Tha(2,) onto B (7 &1) we obtain

T (2)Ba (1 ) = (—1)"A izz’"”n Zf "1’”21 Zgn’gl)Kn_l(zn\m—i—c)

J (s, 7711) (fua fl)
h(fi, Zn)

Here already & = {z,0} and i) = {z,4}, and we have additional partitions {&;, z,} = {&,&:}
and {nn,zn} = {771,1711} with #& = #0; = 1. Thus, we can say that we have the sum over
partitions £ = {&, &, &} and 7 = {7y, i, M} with restrictions z, ¢ 7; and z, ¢ &.

Substituting & = {&, &} \ {zn}, T = {7, 7i} \ {zn} and denoting & = {&, &}, 7o = {7, 7}
we obtain

X h(&n, 2n) K1 (zn| + ¢)Bap (s &) (2.3.46)

T |1 (%) £ (1 1) f (70, i) 9. €09 (i, o)
T2 Bapl0) = (U230 25 2 20 s E)(Es 2o, 2n)
X Kn_l(in’ﬁl + c)Kl(zn\ﬁi + C)Ba,b(ﬁii; fﬁ). (2.3.47)

Observe that the restrictions z, ¢ 7y and z, ¢ & hold automatically due to the factors f (7, z,)
and ¢g(z,,&) in the denominator of (2.3.47). Using Ky (z,|7 + ¢) = —K1(Tilzn)/ f (T, 2n) we
recast (2.3.47) in the form

Tr2(2)Ba(#:0) = (=1)""Aa(2) JZ“ Z)> 2 f(no]j (z«n0>gn<z)g§)>ff<0§)o 2)

% { 98 &)9 (2 &G 20) b Kt (i + € Ky Gl20) £ (s 1) | B (s Gi)- - (2:3.48)

The sums over partitions & = {&,&} and g = {7, 71} (see the terms in braces) were already
computed (see (2.2.11) and (2.2.17)). Thus, we arrive at

Ton(2) By (5:9) = (—1)"Ma(2)h(E 2) 3 L ”0’"‘;0 960:80) i (ol + ) By (s &), (2:3.49)

which ends the proof. O
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2.4 Induction over n for the actions of T;;(Z) with ¢ > j.

The action formulas for all other elements of the monodromy matrix can be proved exactly in
the same manner. However, it is clear that the technical difficulty of the proofs increases when
moving from the right top corner of the monodromy matrix to the left bottom corner. It is
due to the form of the recursion formulas and the commutation relations (1.1.14). For example,
we have seen that for the derivation of the action of T53(Z) one should know the actions of
T12(Z) and T3(Z) onto Bethe vectors. The latest are relatively simple. However, one can easily
convince oneself that to get the action of T;;(Z) with ¢ > j, it is necessary to know the actions of
the diagonal elements T;;(Z), which are more involved. Therefore, we omit the detailed proofs
of the multiple actions of the operators T11(Z) (2.1.16), T33(Z) (2.1.18), and the operators T;;(Z)
from the lower-triangular part of the monodromy matrix (2.1.19)—(2.1.21). However, as an
illustration of the method, we prove the multiple action of the operator T51(z) assuming that
the action of a single operator To;(z) is known.

As previously, the proof goes by induction over n = #z. We assume that the action (2.1.19)
holds for some n — 1. Then acting successively with T51(Z,) and T51(zy,) on B, ;(@; 0) we obtain

To1(2)Bap(u; ) = Xa(2)

}Z(i:étl)) Zﬁ(m) S (T, ) f (( - Z )) ((g:;:;) 9(&, &)
f (i, 1) f (Uii, i) f (7t )9 (i, &)

h(&, zn) £ (&iis )
x Kj (Zn|f]ii + C)Kl(ﬁi|€i + C)Bafmb(ﬁiﬁ; én) (2.4.1)

X Kpn—1(Zn|mn + C)Kn—l(ﬁl‘gl +¢) h(«f_u, 2n)71 (1)

Here #m = #0y = #& = 1 and #7; = #n = #& = n — 1. Originally we have partitions
{Zp, 0} = 7 = {0, 70, 7n} and {Z,,0} = &€ = {,&}. Then we have additional partitions
{zn, T} = {771,7711,77111} and {2z,,&} = {&,&}. Thus, in equation (2.4.1) we have {z,4} = 7
and {Z,0} = £. Setting there Ay = {7, i, Tt} \ {2n} and & = {&, &} \ {2z} we arrive at

_ - _, h(&2) S ) f (s ) f (Tssis 1) 9 (i, &)
T (2)Bao @ 9) = Xa(2) =25 3 i) () WE 2 P n)
y F (T, ) f (7, ﬁizf(ﬁny ﬁii_)f(ﬁ]la ﬁi_ii)f(ﬁi; fh)f(ﬁiiv ) f (it ﬁl)g(gh gl)g(giia gl)
h(fl, Zn)h(fb zn)f(gb ﬁl)f(gib ﬁl)f(ﬁllv Zn)g(zn, 51)
X K1 (Zniin + ¢) K1 (20| + ) Kp—1 (7|& + ) K1 (716 + ¢)Ban,p (7ii; §it) - (2.4.2)

Now we set {7, 7} = 7o, {7, i} = 7o, and {51151} = 59. We also transform K (2|7 + ¢) =
— K1 (7| 2n) ) f (i, 2n) and K1 (7|6 + ¢) = —K1(&|7)/ f (&, 7). Then (2.4.2) takes the form

h(, 2) r1.(10) f (7o 70) f (7o » i) f (7 770)9(511;_50)9(_51, &)
h(zn, Zn) h(&, 2) f (& 70) f (s 2n) f (i, 70)9 (205 E) (s 2n)

Ty (Z)Ba,b(ﬂ; 1_}) = )\2(5)

X {K 1z + ) K1 (il 20) f (T, i) } { K- 1 (10]& + ) K1 (&l i) f (7, 70) } Ba—n,b(ﬁiiﬁ(gii)' |
2.4.3

The sums over partitions in braces can be computed via (9.3.17):

Z K1 (Znlin + ) K1 (7ii|2n) f (M, i) = = f (o7, 20) Kn (2[00 + ©), (2.4.4)
7ot ={7m,7ii }
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and _
n—1En(80lM0)

> Kna(lé + oK (&lm) (7 ) = (—1) FE o)

o={71,7 }

(2.4.5)

Substituting this into (2.4.3) we arrive at

_ oy — (s ME2) r1(7i0) f (o, 70) f (o i) f (7 7o) 9 (i €o)
Ta(EBas(50) = 2B T2 (&0. ) (G )9 (. )

x K (Z|iy + ¢)Kn(7o|é0 + C){g(é, E)h(&, Zn)9(2n, &)}Ba—n,b(ﬁin; &Gi), (2.4.6)

where we again replaced K, (&|7o) by Ky (7o|éo + ¢) via (1.1.45). The sum over partitions in
braces can be calculated via lemma 9.3.1

> 96 &G Zn)g(2n, &) = M2n, Zn)g(zn, &0)- (2.4.7)
So={&.6i}

Thus, we finally obtain

Ty (£)Ba(10) = Ma(2)h(€, ) 3 P Ty ) o )

x K (2|7 + ¢)Kn(0l€0 + ¢)Ba—np(Thii; &),  (2.4.8)

which coincides with the original formula up to the labeling of the subsets. U

2.4.1 Conclusion

The result of this chapter is explicit multiple action formulae for the monodromy matrix entries
T;; on the generic (off-shell) Bethe vectors. Comparison of these multiple action formulae
with algebra rank symmetry gl(3) case [84] demonstrates, that formulae are similar. The main
difference is that replacement of Izergin determinants K, (u|v) by functions g(@,v) (that is itself
determinant of Cauchy matrix). This property provides some simplification of formulae and
give a hope that scalar product of tho Bethe vectors in case of graded algebra symmetry is
simpler than in algebra symmetry gl(3) case and determinant representation can also be found.
Computation of this scalar product is further step, considered in next chapter. Formulae,
established here, is a necessary step for this calculation.



Chapter 3

Scalar product of the Bethe vectors

As it is described in the previous chapter (dual) Bethe vectors are special form polynomials on
the entries from (lower)upper triangular part of the monodromy matrix applied to the (left)
right pseudovacuum. Here the entries from lower triangle part (7;;, i > j) acts trivially on
the right vacuum while the entries from upper triangle part (T35, i < j) act trivially on the left
vacuum. The diagonal operators actions on both vacuuma are known. Hereby, for calculation of
the scalar product of the usual and the dual Bethe vectors it is required to perform the normal
ordering of operators. The multiple action rules is very convenient for this purpose, because as
was already mentioned direct application of the commutation relations (1.1.14) can be bulky
problem. Instead, action rules allow to act by monodromy matrix entries 7;; with ¢ > j from
the left (dual) Bethe vector on the right Bethe vector and application of these formulae provides
much more efficient way of normal ordering.

The result should be a function that does not contain any operators. Here this function is
calculated and a formula for scalar product derived. This chapter is based on the paper [88]
published by the thesis author in collaboration.

3.1 Generic form of scalar product of Bethe vectors

The scalar product of Bethe vectors is defined as
Sap = Sap(u; 0907 07) = Cop(u;07)Bap(a”;77), (3.1.1)

where all the Bethe parameters are generic complex numbers. We have added the superscripts
C and B to the sets 4, ¥ in order to stress that the vectors C, ; and B, ; may depend on different
sets of parameters.

Being a scalar function, the scalar product is invariant under the action of the antimorphism
¥ (1.1.47)

w<Sa,b(ﬂc; v°|a”; 173)) = Sy p(a; v%a”; v"). (3.1.2)

On the other hand, acting with ¢ on the r.h.s. of (3.1.1) and using the explicit representations
(2.1.1) and (2.1.3) for the Bethe vectors we find

0 (Cap (@ 5V Bap (8707) ) = Cap(8%5 5B (a50°) = Sup(@5 070 0°).  (3.1.3)

Here we have used ¢ (T}3) = T3; and ¢(T3;) = —Tj3 for j = 1,2 (see (1.1.47)). Then using
(1.1.48), and the fact that the total number of odd operators T3; and T3 with j = 1,2 in the

41
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scalar product is equal 2b, we arrive at (3.1.3). Thus, we conclude that the scalar product is
invariant under the permutation of the sets {a“,v°} « {a”,v%}:

Sap(u®; 09" 07) = Sqp(a”;0%|u;09). (3.1.4)

In order to calculate the scalar product one can take an explicit formula for the dual Bethe
vector ((2.1.3) or (2.1.4)) and then use the formulas of the multiple actions (2.1.19)-(2.1.20).
Basing on these formulas we can present the scalar product of Bethe vectors in the following
schematic form:

Sa,b(ac§ ECWB; @B) = Z 1 (wi)T‘g(wii)Wpart(QDi; Wii; wiii)- (3.1.5)

Here a set w is the union of all the Bethe parameters: w = {u“,u”?,0v v?}. The sum is
taken over partitions of this set into three subsets w = {w, Wi, wiii}. The functions Wiy are
some rational coefficient. Their explicit forms are not important for now. We stress in (3.1.5)
that a part of the Bethe parameters w; becomes the arguments of the functions r1, while the
parameters w; become the arguments of the functions r3. The remaining parameters w;; enter
the rational functions Wy, only.

Let us call the set {a“,u”} the parameters of u-type. Correspondingly, we call the set
{v°, 0%} the parameters of v-type.

Conjecture 3.1.1. The set w; in (3.1.5) consists of parameters of the u-type only, while the set
wy; consists of the parameters of v-type, that is, w; C {u®,u”} and wy C {v°,0%}. Moreover,
#w; = a and #wy = b.

Proof. Let us prove that w; C {u®,u”}. For this we take the dual Bethe vector in
the form (2.1.4). Let us fix a partition a“ = {uf,af} in (2.1.4), such that #u’ = n,
n =0,1,...,min(a,b). Calculating the scalar product we first act with the operators T (uy)
onto the Bethe vector. Then due to (2.1.19) we obtain a sum over partitions of the set
{a§,u”}. The terms of this sum are proportional to the products of the functions r(7;),
where 7; C {af,u”} and #7; = a — n. Hence, the parameters 7j; are of the u-type.

Next, we act with the operators Ts;(af) onto obtained Bethe vectors via (2.1.21). We
get new partitions of the set {{EC,TLB} \ 771} and new products of functions ry, say, r1(7y).
Obviously, 7y C {{a,u”}\ 7} and #iy = n. Thus, the total number of the functions r; is
equal to a, and all their arguments are of the u-type.

Finally, we should act with the product of the operators T3z(v5). But due to (2.1.20) this
action does not produce new functions r;. Thus, we have proved that w; C {u“,u”} and
#w; = a.

Similarly, one can prove that wy C {09,097} and #wy = b. However, for this one should
take representation (2.1.3) for the dual Bethe vector. Then all the functions r3 will be produced
under the successive actions of the operators Ts2(v¢) and T3 (05 ). Repeating the considerations

above we prove that all the parameters wj; are of the v-type and their total number is equal to
b. O

Due to proposition 3.1.1 one can recast (3.1.5) in the form
Sap(a; 070" 0%) = Zrl (711)73 (&) Woart (775; 7in |15 €n).- (3.1.6)

Here f = {u“,u”} and £ = {v°,9"}. The sum is taken over partitions 7 = {7, 7u} and
€ = {&, &}, such that #7; = a and #& = b. Setting in (3.1.6)
i = {u?, aS}, = {ay, i}, #ul =#uf =k, k=1,...,q (3.1.7)

EI:{T}IBa 61?}7 511:{17]]137 UIC}) #T}IB :#@Icz’nﬂ nzlv'”7b7
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we arrive at a representation

=C =B =C =B ~C =B =C =B
S (7 51 aP o) — ri(ag)ra(ar)rs (v )rs (0] )W . Up Uy Uy 5 Up ) 3.1.8
a:b(u v "LL v ) Z f(”f)c,ﬂc)f(”DB,ﬂB) part "Elcaqu7 17]?777]? ( )

Here the sum runs over all the partitions «“ = {a{,uf}, u® = {uf,uf}, v¢ = {v7,v{} and
07 = {of,v7 } with #uf = #u; and #0{ = #v. The functions Wiy, are rational coefficients,
which depend on the partitions but do not depend on the functions r; and r3. We also have
extracted explicitly the product f(v¢,a)~!f(v”,a”?)~! that plays the role of a normalisation
factor.

Definition 3.1.1. We call the highest coefficient Z,(u“;u"|0%;0") the function Wyar that
corresponds to the extreme partitions af = af =0 and v = v8 = (:

u’,u”, 0,0 ¢ BlC. -
Whart (ZC,ZB, @7@>:Za,b(uc;u3|vc;v3). (3.1.9)

In other words, Zg,(u; u”|09;07) is the coefficient of the product ri(u®)rs(v7).
One also can define a conjugated highest coefficient corresponding to the extreme partition
u{ = uf = 0 and v¢ = o = (, that is the coefficient of the product 1 (a”)r3(v°). However,

due to (3.1.4) it is clear that

C
’

B

B’) = Zap(a”; 0" 09). (3.1.10)

S
4|

0,0,
Wpart <® Q) C

) ) v )

<

We will show that all other coefficients Wpyart are equal to bilinear combinations of the highest
coefficient and its conjugated.

Conjecture 3.1.2. For a fized partition with #uf = #uP = k and #vF = #0F = n, (where
k=0,...,a andn=0,...,b), the coefficient Wpart has the form

W ﬁgvﬁHB’ alc7ﬂlB _ ~B ~B —C ~=C —~B =B —~C =C —~C ~C —B ~—B
part 1—}0 1—)]3 @c 1—}3 - f(unaul )f(ul y Up )g(vn »y U )g(vl 7U]I)f(vl y Ur )f(vn ’un)
1% oY

X Do (0530803 0F) Zi o (F 3 0 |07505) . (3.1.11)

The main goal of this paper is to find an explicit formula for the highest coefficient Z,; and
to prove the representation (3.1.11) for the coefficient Wiay.

Comparing (3.1.11) with the similar formula for the gl(3)-based models [85] one can see
that they are very similar. It is enough to replace the product g(vf,v7)g(v¢, o) in (3.1.11)
with the product f(v7,0F)f(v5,0f) in order to reproduce the formula of the paper [85]. One
should remember, however, that the highest coefficients also have different representations in
the models described by gl(2|1) and gl(3) algebras. In particular, it will shown that in the
case under consideration the highest coefficient Z,; admits a single determinant representation,
while in the gl(3) case such a determinant formula is not known.
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3.2 Successive actions

In the previous section we have described how the scalar product depends on the functions 7.
Our goal now is to find explicitly the rational coefficients Wyart. For this we calculate successive
action of the operators T;; with 7 > j onto a generic Bethe vector. This calculation is based
on the results of previous chapter where the multiple actions of the monodromy matrix entries
were computed.

3.2.1 Successive action of T3 ()7 (y)

We start with the successive action of the products Ts;(Z)T21(y). Let #Z =n and #y =a—n
where n = 0,1,...,min(a,b). Define

T31(2)T51(7)
A2(Z)A2(Y)

Using successively (2.1.19) and (2.1.21) we obtain

Gno(Z,9) = By (u;0). (3.2.1)

S s 0) f (s ) f (7, ﬁl)g(f_m 5_1)

(517 )f(fnaﬂl)
(5117 fl) (‘51117 fn) @iii, 5_1)
Wi, 2)h(&, )P (i, T)

K (7ii|&i + ©) Bop—n(0; &) (3.2.2)

n(n+1)

Gna(@,9) = (=1)" 2 h(0,9)h(5,9) Y (%)

X Ko (@il + ) Kan (i€ + )h(Ex, D)h(T, 2)rs(&)r1 (77)

" S (s 1) 1 (75, )
f (&) f (i i)

The sum is organized as follows. First the sets {y,u} and {y,v} are divided respectively into
subsets {7, Ty, Tm} and {&, &} with the restriction #& = #i; = #fy = a — n. Then the
sets {Z,7n} and {Z,&} are divided respectively into subsets {7, 7} and {&, &, &} with the
restriction #& = #&i = #1 = #7i = n. )

It is convenient to introduce the sets 7 = {y,Z,u} and £ = {y,Z,v}. Then we can understand
the sum in (3.2.2) as the sum over partitions 7 = {7, 7, 7, i} and € = {&,&, &, &} with
the restrictions mentioned above and an additional constrain z N {7, 7, SI} = (). Hereby 7y =
{771, ﬁii} \ T and & = {fi, §ii,§iﬁ} \ Z. Then we have

S s ) f T, 73) £ (0, 1) f (i, )
f (i, @) f (T, 71) ’

S, M) f (M, 1) =

(3.2.3)

and

9, &) 96, §)9(&ii, €09 (&iiiy &) f (T, )

f&wm) (@ &) (&) £ (Gis ) f (it )
Observe that the restrictions N7y = @ and ZN& = () hold automatically due to the presence of
the product f (i, Z) in the denominator of (3.2.3) and the product g(%,&) in the denominator
of (3.2.4). Indeed, 1/f(7y,Z) = 0 as soon as TNy # 0 and 1/g(7,&) = 0 as soon as T N & # (.
Actually, one can easily see that the condition z N #; = () also holds, although the product
f(z, ) in the denominator of (3.2.3) is compensated by the same product in the numerator of
(3.2.4). Indeed, we have seen that z N & = 0, that is to say, Z C {gi,gﬁ,giii}. But in this case
Z N7 = 0 due to the products of the f-functions in the denominator of (3.2.4).

(3.2.4)
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Thus, we can recast (3.2.2) as follows:

Gn,a(£7ﬂ) = (_1)"("+1) h :?) ?56 j 27"1 771 1 7711 743 )

(7w 735).f (s 77it) f 7 70) f (i 70) (7 753) 2 )
z) f (&, ) f i ) f o 70) f (s ) f (S 7351)
 60)9(&ii> €9 i, £)9(&ii» &9 (&, €i1)9 (i, &)
(f )h(gla ) (7]1, ) (51,771) (5117 ) (‘Tafl)

X Kan(§l7n 4 ¢) Ka—n(Ti|& + ¢) Kn(7il&i + ) Bop—n(D; ). (3.2.5)

0]

£ (7,
s
h

Here we have also used

h(&, 7)
Wz, 2)h(&, ) = (3.2.6)
! (éla )
In (3.2.5) the sum is taken over partitions 1§ = {7, 7, 7, i} and & = {&,&, &, &}, The
restriction are imposed on the cardinalities of the subsets only.
One can reduce the number of subsets in (3.2.5). Let 79 = {m, 7 }. Then (3.2.5) takes the
form

Kafn(g’ﬁn + C)

Gra(@9) = (-1)5 i ;L e, 2) 27“1 7io)r3(§ :}f

x f(ﬁllvﬁi)h(nhnl) (gly I)

A iis ii 9(5111 )
(i, D& G)(&, T)

(nla ) (517771) (11 j)g(i‘v&)

X ?EZ:ZI; Kan(il& + ¢) Kn(mil&i +¢).  (3.2.7)

IB0 ,b— n(m 5111)

We see that the sum over partitions 79 = {7, 7ii} involves the terms in the last line only. This
sum can be computed via lemma 9.3.2. Using (9.3.17) we find

S E 0z J (7t )
Ko n(m|& Ko (i) i —
770:‘%7;7%} e+l (il + ) f(&i, 7o)
_ o K1 e Kl e — D Ea({& i)
R S" Kaonlilé + ¢) Kn(Gli) f (7, ) FE e (328

To=>{71,7ii }

Thus, (3.2.7) takes the form

Gl 5) = (1) 5 MDD S ) 6 o1 + )

S (0w, M0) f (i, ) f (s 70) 27, 1) 9 (&,51)9(:5_11,5_1)9@111,5_1)9(51751) (Gt &) g (Eiii;éi)_
f(ﬁu»i")f(fuﬂlO) (5177]0) (1113770) (517ﬁo)h(fhg)h(élvj)h(f/i’j)h(glanl) (&iivl‘)g(jvgl)

x Ko({&, &} o) Bop—n(0; &ii).  (3.2.9)
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Now we define & = {&;,&;}. Then (3.2.9) can be written as

o W D r1(0)7s(E) Kan (3l + €) Ka(Eolo)

~ f(ﬁﬂ,ﬁﬂ)f(?ﬂvﬁi)f(__ 770) (7717771) €17*£0 g( 111750)9(&}11751) B[)b (@5—)
s ) o, 10)f s o) F (&5 o), DR(E, WOA(E0, ) 0"

« 7g(gii7 EI) _
h’(gh g)g(‘f7 51)
The sum over partitions £y = {&;, &;} involves the terms in the last line only. It can be computed
via (9.3.16):

(3.2.10)

9(&i, &) D™= g(Gi, &g 511, z)
Zg(jvgl)h(ghg) 50 iL' Z 617
n(a n) _ h(.i’,g)
= 15 §I ii, L 1Y — - = - 3.2.11
50, > 9 &)g(i, )9(&,5 - ©) e g 321

Thus, we arrive at

G, 5) = (—1)™ "5 (&, ), )Z(?(’é—i)_)Kan(ﬂlﬁnJrC)Ka(folﬁo)

o)
h(&o, )R

oo £ (s 10) £ (i, ) £ (73, 720) (7, 7). (&, €0)9(Giir €0)9(&ii, &)
f (i, ) f (€0, 770) f &ty 70) S (&, 7o) W (7, Z)h(&i, 7)

Finally, after a relabeling of the subsets Ny — i, i — T, Tn — Tm, & — &1, &0 — &n, i — Em,
we recast (3.2.12) as follows:

a(0:6). (3.2.12)

= ) — at+ =l r1(7)r3(&) ) =
Gua(Z,9) = (1) h(E, (T )Zm&w(ylnmd&(éu!m)

S s 710) f (R 7). f (s 70) 2 (7, 70) 96, €) 9 Em, €) 9 (Em, &)
S (0w, &) £ (&, 7) P, Z) B (&1, )

We recall that the cardinalities of the subsets are

X Bop—n(0;Em). (3.2.13)

#ﬁl = a, #77/11 =n, #ﬁﬂl =a—-n,

#&=n, #&=aq, HE —b—n. (3.2.14)

Remark 3.2.1. Strictly speaking, the sets ij and € in equation (3.2.13) should be understood as

n={Z+e,7+e,u+e},

= t —0 k=1, 2. 3.2.15
E={T+e,y+€,0+ e}, “w K ’ ’ ( )

The point is that individual factors in (3.2.13) may have singularities, if we set €, = 0. For
instance, if & Niy # 0, then the Izergin determinant Ko (&x|my) is singular. However, these poles
are compensated by the product f(&,7)~t. Therefore, for appropriate evaluating the limit we
should have €, # 0. In order to lighten the formulas we do not write these auziliary parameters
€, explicitly, but one has to keep them in mind when doing the calculations.
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3.2.2 Successive action of T3(2)Ts;(Z)T21(Y)

Let now #zZ = b — n. Then we define
T32(2) T31(2) T21(9) T52(2)
A2(Z) A2(Z) A2(Y) A2(2)

In order to act with T32(Z) onto Gy, o(Z,y) we should use (2.1.20). Let us denote the union
{Z,7y} as u“ (as it will be in the case of the scalar product). Then we obtain

Ba7b(’t_t, 1_1) =

Gﬂ,a(i'ag) = Hn,a,b(jaga 2)Q~ (3.2.16)

Hyo(7.5.) = (-1 25 ey e o) 3 LTS (&)

h(&w, a®)
X Ko—n(§|Tm + C)Ka(gnml)f(ﬁm,nl) (ZI;I];IT]H; Eg ﬁ)) (T, T
9(&,&n)9(Ew, En)9(Em, &)

. _
(T 2V h o ) 9(&i, &) (3.2.17)
Here the partitions of the set 77 remain the same as in (3.2.13). The partitions of the remaining
variables are organized as follows. We first have the partitions of the set {u®,v} = £ =
{&, &, &}, Then we combine {Z,&y} and obtain additional partitions {2, &n} = {&, &} with
the restriction #& = #& =b—n

We should substitute & = {&, &} \ 2 into (3.2.17). Then, using

9(5[[[, gn)g(gm, 51) _ 9(517 gﬂ)g(éia Eﬂ)g(gi’ gl)g(giia EI)

F&m)  f@afac,mg(z &)z &) (3.2.18)
we arrive at
Hy (2,5, 2) = (=1) 5+ o, af)h(ad,af) Y n(n;z)gn(%)cg?’(&)
% K (3l ) EC o (Gl LT DS (s ) (s ) T, ) £ (2, )
o 77f([7m7)(1) -
9(&, En)9(&i, En)g(&ii, €n)9(&i, §1)g (fii,&)g(fﬁ,&)' (3.2.19)

h(ﬁﬂﬂj)h(gbnﬂ) (nyl) (zvgll)
Here we have denoted by ¢ the union {z,a“ v}. This set is divided into four subsets & =

{5175117 €Ia §]I} with the cardinalities #51 #5_11 =b— n, #EI =n, and #EII = Q.
Let & = {&,& ). Then

Hyop(Z,9,2) = (— )atn+D+ 0 1)h(@,v?ac)lz(fac,fac)ZL Jrs fO)Ir'(a_n(:ﬂlﬁm+c)

Kol ———
f
g(giv 51)
h(&, ) g(Z, &)
The sum over partitions &y = {&, &} involves the terms in the last line only. It can be computed
via (9.3.16):

(3.2.20)

g(élv I) g 617& 517 h(zﬂ 7711)
- = = —= . 3.2.21
Z h(ﬁunn) (Z § Z fO Z 51:"711 h(§077711) ( )
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Substituting this into (3.2.20) we find

Hy (2,5, 2) = (~1) D05 ”h(v,ﬂc)h(ﬂcvﬂc)zm
f(771117771)f(77m777H)f("7ﬂ>771)h("jn>7711)f(27 771)9(7_ 11)9( 117§H) (éiiago) (2, )
S (7w, @) £ (€, 0) 2 (7, )20, Tn) 9(Z, En)

X Koq n(§|m + ¢)Ko(&lT).  (3.2.22)

Finally, relabeling &g — & and &; — &q we arrive at

= 5 3 a+n bibh&u c |= —|=
Hyop(7,9,2) = (-1)*" (b+0+ 3 ZTl 7)73(&1) Ko (&a|h) Ka—n (§]7m + ¢)

h(§, u”)
h(z,uc)
» f (70, m)h 77077711)90711[77711) (z, 1) h(Z, ) 9(&, &) 9(Em, &) g (émaéu).

h(& ) f (€ )M, ) f (T, )9 (2, En) A&, T°)

Recall that in this formula 7 = {7,9,4}, £ = {%,%,9,0}, and we denote u° = {z,7}. The
sum is taken over partitions 7 = {7, Ny, M} and & = {&, &n, En}. Hereby 7o = {fy, fu}. The
cardinalities of the subsets are

(3.2.23)

#ﬁl = a, #ﬁ]l =N, #77]]]1 =a—n, (3 5 24)
#glzba #EH:CL, #gm:b—n o

3.3 Highest coefficient

Equation (3.2.23) allows us to obtain an explicit representation for the scalar product of Bethe
vectors. Using (2.1.4) we find

1=
Sa,b = W Z g(ﬁlca Ulc)f(al(lja alc)f(ﬁlca ﬂg)g(ﬁf, ﬁlc)h(ﬂlca ﬂlc) Hn,a,b(alc7 TLHC, 61?) (331)

The sum is taken over partitions u = {uf, a{} and v° = {07, 07}, where #v7 = #u = n, and
n =0,1,...,min(a,b). The function H, ,;(af,uy,vy) itself is given as a sum over partitions
described in (3.2.23). Namely, the union {a“,@”} is divided into three subsets and the union
{0, u“, 0%} also is divided into three subsets. Although the resulting formula is explicit, it is
inconvenient for later use. Therefore, we will try to simplify it. To do this, we introduce a new
function.

Definition 3.3.1. Let Z, 7, t, 5, and [ be five sets of generic complex numbers with cardinalities
#T =n, #y =m, and #B = n + m. The cardinalities of the setst and 5 are not fived. Define
a function

Tnm (T 515 518) = A (B)AL(@)AL,(5) det T, (3.3.2)
where
‘7.7/6 = g(ﬁj’xk)v k = ]-a y 15
h(ﬁjaiﬂk) ji=1, ,n+m. (333)
h(ﬂja E)

j,k+n = j o RN k‘Zl,..., ;
Tjk+n = 9(B; yk)h(ﬁj,s) m
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Developing the determinant in (3.3.2) with respect to the first n columns (see Appendix 9.2
for more details) we obtain a presentation of J, ,, as a sum over partitions of the set 3:

9(Bas )9 (Ba, 5)h(Ba, D
BB Db (Brs)

Here the sum is taken over partitions 3 = {3, By}, such that #5; = n and #3; = m

Tnan (015 58) = > Kn(Bi|2 (3.3.4)

3.3.1 First representation for the highest coefficient

Let us find the highest coefficient Z, ;(u”;u|v”;0). We recall that up to the normalisation
factor (f(ﬁc,ﬂc)f(f)B,aB))_l it is the rational coefficient of the product ri(a?)rs(v“) (see
(3.1.10), (3.1.11)).

Obviously, for this we should set 7, = @” and & = ©° in (3.2.23). However, & C {09, %, v"}.
Hence, one can have & = ¢ if and only if 7¢ = 0, and thus, o¢ = (). But #0° = #u° = n in
(3.3.1), therefore ¢ = () and n = 0. Thus, (3.3.1) takes the form

—B ) 7 (uB: uClvB: u¢ -1
r(@)rs(07) Zop(@h a0t o) (ZL7E g g g g0)

f(@°,a°) f (02, u?) Foc,ac) 0 e (3.3.5)

Substituting the conditions 7; = @” and & = © into (3.2.23) we should take into account that
#ir = n = 0 (see (3.2.24)). Hence, 7y = 0, which implies 7y = 7o = u°. Thus, substituting
these subsets into (3.2.23) we find

r1(a”)rs(0°) Zgp(a”; a0";09) = (—=1)*h(0",a%)h(a®, a®)ri(a”)rs(v°)

—C|-C F =B g(éﬂvﬁc)g(gmgn)
K010+ 0 3 Kol L0 ) (g5

where the sum is taken over partitions {a®, 9%} = & = {&y, &y} with #& = a and #&y = b.
Due to (1.1.45) we conclude that K,(a“u® + ¢) = (—1)%, and we arrive at

Zap(0”; 01075 0°) = h(0”, a€)h(@C,u) Y  Ka(&u|u”) &“’( )a(g)’&‘). (3.3.7)

Finally, using {a°, 9"} = £ we recast (3.3.7) as follows:

Zap (@0 [0%0) =) Ka(&al®)g(&m, ©°)9(Em, &n) P (Em, 1)

e

Comparing (3.3.8) and (3.3.4) we conclude that
Zap(u”;uC0";09) = h(0”, 0" )h(a®,u”) Jqp(a”;0°a; a0 {07, u}). (3.3.9)

Thus, we have obtained an explicit representation for the highest coefficient Z, j(a”;a|v?; )
in terms of the determinant of the (a + b) x (a + b) matrix Jj; (3.3.3).
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3.3.2 Second highest coefficient

In order to obtain the second highest coefficient Z, ;(a“;u”|v“;0”) it is enough to make the
replacements u¢ <> u® and v° <> v” in (3.3.9). On the other hand, this coefficient should arise
if we set 7; = 4 and & = v® in (3.2.23). However, if we do so, then we do not obtain (3.3.9)
with the replacements mentioned above. Instead, we obtain much more sophisticated formula
involving many sums over partitions. This ‘break of symmetry’ occurs because we use a specific
representation (2.1.4) for the dual Bethe vector. If we would use equation (2.1.3) for C, (u; v),
then we would have an analog of (3.3.9) for Z, ;(a; u”|v°; v7), however, we would have a more
complex formula for Z, ;(a”;a|0";09).

A ‘complex’ formula for the highest coefficient provides us with a very non-trivial identity
for Z,p(u; u”|v°;07), that will be used later. In order to obtain this identity we first make
several additional summations in (3.3.1). Let us rewrite this equation explicitly

u a+n ~C - —C - —-C = —C = —
DS 0 g u gt a5 o o (e )
X 11(71)73 (&) Ka(EalTh) Kamn (T [7m + c)
% [ (o, ﬁl)h(ﬁoaﬁn)g(ﬁmyﬁn)f(vu ) h(vg 77711)9(&:@)9@%§I)9(fﬂlyfu) (3.3.10)
(&, ) S (€, 70) P, 0F) f (T, @) g (0F s ) (€, 0°)
The sum over partitions into subsets &; and &y, as well as the sum over partitions 4 = {af, uf'}
can be computed in terms of the function J (3.3.2). Let &y = {&y, &m}. Then

Sab = Ao, Qévg i j

)

Z Ka(fﬂ’ﬁl)g(&gn)g(gm?gl)g(gmagn)
9(v, &) h(&n, uC)
(=1)*+7+bg(Eo, &) (&0, 1)

B Jap—n (75 05 [ 70|€0). (3.3
9(v¢, &)h(Eo, a) bon (7605 [0 m60). (3.3.11)

So={&n.ém}

Similarly, one can verify that

T Ko—n(ug |m + c)g(uy, a7 )h(v7, uy)h(ac, af)
h(vC,u“) o _ _
= (—1)etntan 2L Z g (w080 + ey + cla® —¢). (3.3.12
(St I s 01 et el — ). (3312)
Substituting these results into (3.3.10) we find
h(v?, u®)h(u®, u) abtn(a
Sap = 7@, @) D (=)@t Dy ()13 (60) Jab—n (M O 157 7/0)
X Jafn,n(ﬁm EICWC + ¢ 7o + C‘ﬂc —¢) f (70, 1) " (70, M) g (T 7))
h(og s ) f (o7, @) g(of, 5 ) g (€0, &) _(fo,ﬁl)
97w, u®) f(u®, ) f (08, ) b (517 )g(vg, §0)h(&o, u”)
The sum is taken over partitions:
(1) v = {of, o7 } with #07 = n and #v; =b—n;
(2) {u“, 07,05} =€ = {&, &} with #& = b and #& =b+ a — n;
(3) {aC7fLB} = 77 = {fhaﬁO} and 770 = {ﬁ]laﬁﬂl} Wlth #771 = CL7 #77]1 = na and #ﬁm =a—n.
In all these partitions n = 0,1,...,min(a,b).

(3.3.13)
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Due to proposition 3.1.1 the function r3 depends on the variables of the v-type only. Hence,
&Nac =0, that is u® C &. Therefore, we can set &y = {u°, &y }. Substituting this into (3.3.13)
we obtain

WZ(1>b+“<a+b+%<n1>r3<a> (218 71| ()
X Ja—nn(m; 0C [0 + ¢; 0 + c|u® — ¢) £ (7o, 1) P(To, 7a) 9 (T, T
BTG ) £ (07 ) g (05 000G, &), 1) g (61, )
9(771]17 ﬁc)g(ﬂc’ ﬁl)f(’DB, 771) (fla 7711)9(77% €H>h(gn7 ﬂc)g(ﬁga ﬁc).

In this formula & = {0, 9"}, #& = b and #&; = b — n. All other subsets are the same as in
(3.3.13).

Now everything is ready to formulate the second representatlon for the highest coefficient
Zap(u;u”|0°;07). For this we set ; = u° and & = 7. Then automatically 7y = @, & = 05
and we also can set 7y = U7, flu = Uy . Substituting this into (3.3.14) and keeping in mind
remark 3.2.1 we obtain

Sa,b =

(3.3.14)

Zap(0C; 0”0 07) = f(07,0”) f(@”,a%) D (—=1)" g (o] of) f(of, aC)

h(@?, ur)g(uy, u)h(vy , ar)g oy, v°)h(vy , u)
g(ag, u®)h(v?, up)g(vy, u®)h(vy, uc)

X Jg—nn(Uy; o0 |0 + ¢; u” + c|u® — ¢)

Jap—n (75 05 |0 | {a®, &x })

x lim ke LN (3.3.15)
1—aC g(a®,m)g(vg, &)
&HH’D]?
Using (9.3.3) and (9.3.4) we find
Ja —n_S_C _C;_ _Ca_ o —
tim_ Jotmn O 60d) gy e ey, (3:3.16)
—aC g(a®,m)g(vf, &)
f[[‘)’lf)]l
and we thus arrive at
L@ 5 15557) = (07,5 F(5°,5) S0 S (050N + 5 + el — o
3 7 B
< h(a?, ) f(a?, a7) L0 )h(vn’ul 900, 0 )90, 0%) g 547

h(v?, up)g(ug, u)

Here the sum is taken over partitions u”? = {a?,uf} and v° = {vF, 07} with #v° = n and
#uf =a —n.

This is the second representation for the highest coefficient discussed above. It will play the
key role below, therefore we formulate it as a proposition.

Conjecture 3.3.1. For arbitrary sets of complex numbers t, T, 5, and i with cardinalities
#t = #T = a and #35 = #i = b the following identity holds:
Zap(E:215:9) = F(@ O f@,7) Y (1) Ty, (Zs 5ifE+ ;T + c]f - ©)

% h(-fl, -fl)f(i'ﬂ, jl) f(gh E)h}(LSHy’ ii))g(‘;ﬂna ‘SEI))g(SIU g) (3318)
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Here Uy = #xy, n1 = #5;. The sum is taken over partitions
= {2, 2}, 5= {5u51}, (3.3.19)
with a restriction #8, = #x; (which is equivalent to la +ny = a).

Proof. Setting in (3.3.17) u“ =t, u” =z, v° = 5, and v? =y we obtain (3.3.18).

3.3.3 General formula for the scalar product

Now we turn back to equation (3.3.14). To proceed further we should specify all the subsets.

Let v¢ = {7, 05,05} and 0” = {07, 05 }. We set
UI 6111’ - {vl ) 11 #U —n
= {v7 05}, with * s = i, ii, iii. (3.3.20)
#USB = m87
gl_{/l)l’ Ui gll_{vu? Vi g
It is easy to see that the following conditions for the cardinalities hold:
ng=mn, Mm+ni=b—n, mi+mi=>b, m;=n; (3.3.21)
Let also
ac _ uC —C ,ELC — UC, =C.
A a5 = by
u” = {uy,ug uf = {uf, ﬁi}, with #_I; ' p=0,i,ii,iii.  (3.3.22)
_ o Uy = Lp,
7712{“1’“0}’ 770:{”87”{3}’ b P
We have the following conditions for the cardinalities:
kit+ko=li+bly=a, ki=4¥t, ky=~/¥. (3.3.23)

Observe that we do not fix a distribution of the parameters ¢ and u” among the subsets 7y
and 7. It is important, however, that #7; = n = ny and #7y = a — n.
Using (9.3.3) and (9.3.4) we obtain

Ja,b—n(ﬁl;2_}I?|ﬂc;ﬁl|{_ﬂcvgﬂ}) :( 1)b ng(vu7“0)9(613717’10)}1(”57”0)
g(ﬂc,ﬁl)g(@%{u) g9(u g of, v

ug )g (v, vf )h(vg, ug)

X Jéoffll (u07 Uy |U0 ) u() |{U07 13}) (3324)
Due to (3.3.9) this function reduces to the highest coefficient
C

ZK 7nl(u ,U ‘,Ul ) 1)
Jfoynl(uov 1|u0,u0|{u0, o )— h(ouo u(;)h(zv uo) . (3.3.25)

Now we substitute (3.3.24), (3.3.25) into (3.3.14). We also write explicitly the products
g(0¢,0°), g(&n, &), (70, 71), and combine {95, 95} = v§. Then we have

5 7C)f(u1 i) f (v, u”)
v

Sap = > i Z
ab ’UC ) ri(al)r(a)rs (00 ) rs(08) Zoy s (Gf, 0l |07, 0 (@8, a8) f(o?, )

X f (S, 7) £ 789 08, 50908 55) { T s TG + 5770 + el — )

¢ ¢ WS . 7
X (—1)n(a+b7m)h(ﬁuaﬁu)f(ﬁmﬁﬂ)f(vm,u 905, U39 (v, Ui (Uuﬂ?n)}‘ (3.3.26)

9(Nm, u)h(0f, )
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Here the sum is organized as follows. First, we have partitions

u® = {u’,uf}, a” = {u’,uf}, #aul = #uf = lo,

3.3.27
v¢ = {vF, 0§}, " = {of 05}, #07 = #07 = n;. ( )

After this we have two additional partitions: the set o is divided into subsets v and v;; the
union of the subsets 779 = {a§,u} is divided into subsets 7y and 7y (see the terms in braces in
(3.3.26)). Hereby we have one restriction for the cardinalities #vm #1 = n = nyi. Let us
write separately this additional sum over partitions in braces of (3.3.26)

—C.= .=C =B\ _ ~ L C|=C el
F(u®;10; 05,05 ) = E Ja—nn (Mm; V5[0 + ;70 + c|u” — c)
ng:‘{mgm]é}
:>{1}11 7’U111

)y - - o vS . 1) g(vs , 05, h(vS, )
x (—1 n(atb nl)h s s f(vm,u )g(vlnvm)g(vll’vll) iy 7/ . 3.3.28
= (e 5 ) s i) 9T, uC) (D, ) ( )

Comparing (3.3.28) with (3.3.18) one can see that they coincide after appropriate identi-
fication of the subsets and their cardinalities. Namely, (3.3.28) turns into (3.3.18) under the
replacements b — n; — b, u° — t, o — &, 5§ — §, v5 — y. Thus, due to Proposition 3.3.1 we
obtain
Zap—n; (U 70|05, U7 )

f(70,u) f(0F, 7o)

Thus, substituting this into (3.3.26) we arrive at

]:( an()aﬁOv B) = (3329)

1

)

> (@) (g )ra(of )ra(of) Zeg (6, w5100, 0F)

o o poB By C oy nn py Dab—ni (8730|105, V)
X f(u07ui )f(ul 7“0)9(”07% )g(vi 7vii) f(ﬁO Uc)f( 770)
9 jja

It remains to simplify the ratio Z,p_n, (0%; 70|05, 05 )/ f(70,u). It can be done via (3.3.9),
(9.3.3):

(3.3.30)

Za7b—n1 (ac; 770|17ga ﬁi]_?’) _ f(ﬁg? ﬂg)Za £o,b—n; (u uB|U0 ) 1?)
f(ﬁ()vﬂc)f(l_}faﬁ(]) f(ﬂiBaaic)f(vuvul )f(vaﬂg)
Substituting this into (3.3.30) we obtain

(3.3.31)

Sap = Y (@) (ag)rs (o )ra(of) f (af , af) ) f (af, ug) g (o , o7 ) g (0, 0F )
f(ﬁgaﬂg)f(ﬁf,ﬂf)
f(we,ac) f(v?,a?)

It is easy to see that after appropriate relabeling the subsets we arrive at

X

Zfo, (UO’UO ‘01 y U ) Za—eo,b—m (ﬂf,ﬂf|@g7@f), (3'3‘32)

Sap = Y ri(af)ru(afyrs(of)rs(oP) f(af ) f(ag, af)g (o7, o7 )9 (o7, of)
X ;(’UI 7uI ) v u

(09, a)

faap) P
f(o5,a%) 7 ko (U Uy |07, 0F) Zgp—n Ty, 4y [0y, Ty ), (3.3.33)

where k = #uf = #ul and n = #0v7 = #v. Comparing this result with (3.1.8) and (3.1.11)
we see that proposition 3.1.2 is proved.



54 CHAPTER 3. SCALAR PRODUCT OF THE BETHE VECTORS

3.4 Scalar product in the gl(1|1) sector

Consider a particular case of the subalgebra gl(1|1), generated by the operators Tas(u), Too(u),
T33(u) and T2(u). In this case one should set u¢ = 4” = ) in the formulas for the scalar
product. Then the highest coefficient simplifies as

Zo(05015:5) = A(S)A5(5) det g(s. ) = 9(5.9), (3.4.1)
where we used an explicit representation for Cauchy determinant
det g(uj,vx) = M (3.4.2)
m a)
The scalar product (3.3.33) takes the form
Sop =Y ra(0)ra(v)g (@, o7 )g(v7, 0 )g (7, 07)g(vF, vF), (3.4.3)

where the sum is taken over partitions v¢ = {v7,vf } and 0% = {v7, 07} such that #vf = v].
It is easy to see that this sum reduces to a single determinant

Sop = A (07)Ap(0?) dbet [g(v]c, o) (ra(vg) — T3(Uf))j| ) (3.4.4)

Indeed, developing the determinant in (3.4.4) via Laplace formula and using (3.4.2), (9.2.5) we
obtain the sum (3.4.3).

Thus, the scalar product of Bethe vectors in gl(1|1) integrable models admits a determinant
representation without any restriction on the Bethe parameters. This is not surprising, as these
models are equivalent to free fermions [76, 80].

3.5 Different representations for the highest coefficient

If o¢ = v” = (), then formula (3.3.33) describes the scalar product in the gl(2)-based models. In
this case the scalar product admits a determinant representation, if one of the Bethe vectors is
an eigenvector of the transfer matrix. One expects that in the general gl(2|1) case the sum over
partitions in (3.3.33) also can be reduced to a single determinant for some particular cases of
Bethe vectors. To make this reduction one should have different representations for the highest
coefficient Z, ,(¢; Z|5; §). In this section we give several formulas for Z, in terms of sums over
partitions and multiple contour integrals.

We have already obtained an expression for Z,; as the determinant of an (a + b) x (a + b)
matrix

Zua (5 15:5) = h(, D) () AL (A (5) det Ty (3.5.1)
where w = {Z, 5} and the matrix Jj, is defined in (3.3.3):

g(wy,ty)
Tit = hiwy, t)’

h(wja-f)
. a: " - k:1,7b7
\7j,k+ g(w] yk’) h(wj’a
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Developing the determinant with respect to the a first columns we obtain
Zab t; f 59) = ZK w1|f)h (g, 7)g(Wy, §)g(Wy, Wy). (3.5.3)

The sum is taken over partitions {z, 5} = w = {w;, wy} with #w; = a and #wy = b.
Let us give several alternative representations for the highest coeflicient.

e As a sum over partitions of ¢ and 7:

e s _ _ __ h(t7 e
Zap(:7|5:9) = f( ,f)f(y,w)zg(nl,nn)h((s nﬂ))Ka(:r\m)- (3.5.4)
s 1L
Here the sum is taken over partitions {¢,7 + ¢} = 77 = {7, 7u} such that #7; = a and

#/’7]]] - b
e As a sum over partitions of ¢ and Z:
Za,b(t_; ‘%‘g; g) = (_1)ah('f7 j)h(§7 j)g(fa g)g(§7 g)

ZKa(z_c\gl)h(&’5222’39(5’&) (&) (355)

Here the sum is taken over partitions {£,Z — c} = £ = {&, &} such that #& = #& = a.

e As a sum over partitions of 5 and ¥:

Zap(2|59) = (=) (@D (5,0 9(7r, i) K ({71, T — ¢} {7, 5}) (3.5.6)
Here the sum is taken over partitions {5 — ¢, y} = 7 = {01, 7y} such that #;, = #vy = b.

All the sum formulas listed above follow from (3.5.3) and can be proved via reduction of
the sums over partitions to multiple contour integrals of Cauchy type. Let us show how this
method works.

Consider a b-fold integral

(=1)° % e __9(z.9)g(z,w)
= _¢K, t, h(z,2) =22 dz 3.5.7
(2mic)bb! ) Al @{E 2+ cPh(z )7 A(2)Ayz) (357
where w = {8,z} and dz = dz,...,dz,. We have used a subscript w on the integral symbol in

order to stress that the integration contour for every z; surrounds the set w in the anticlockwise
direction. We also assume that the integration contours do not contain any other singularities of
the integrand. Similar prescription will be kept for all other integral representations considered
below.

The only poles of the integrand within the integration contours are the points z; = wy.
Evaluating the integral by the residues in these poles we obtain (see appendix 9.1 for details)

T = (1" Kayp(@|{t,wn + c})h(y, 2)g(@n, §)g(wn, @), (3.5.8)

where the sum is taken over partitions of w into subsets w; and wy with #w; = a and #wy = b.
Due to (1.1.45) we have
Kaso(0|{F, 0 + ¢}) = (—1)" Ka(wilf), (3.5.9)
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and comparing the obtained sum with (3.5.3) we immediately obtain Z = Z, j(t; |S; 9).
Similarly, one can check that the sum over partitions in (3.5.3) can be presented as an a-fold
contour integral

e @ DE) [ KaGgm)
Zulfslsn = VIR e s OEE 0810

where now dz = dz1,...,dz,. Indeed, taking the residues in the points z = w; we obtain

Zos(E:7)5;9) = (~1)°h(w )y h

wxlf)g wlvwﬂ)
wlv wla ) ‘

(3.5.11)

Multiplying the terms of the sum with the prefactor h(w, z)g(y, w) we arrive at (3.5.3).

Let us turn back to the integral (3.5.7). Obviously, it can be calculated taking the residues
in the poles outside the original integration contour. It is easy to see that for arbitrary z;
the integrand behaves as 1 /2]3 at z; — oo. Hence, the residue at infinity vanishes. The poles
outside the original integration contours are in z; = y;, and z; = s; — ¢ (the poles at z; = x, — ¢
are compensated by the zeros of the product h(z,z)). Thus, we can move the original contour
surrounding w to the points v = {y, 5 — ¢}

Zus(E 25 ) = (mlc)bb! f{ Kosy(0[{F, % + cA(Z, j)Ab(z)AZEz) iz. (3.5.12)

It is convenient to transform the integrand, applying (8.1.6) to K, p(w|{t, Z + ¢}). Then sub-
stituting w = {z, 5} and using elementary properties of f(z,w) we obtain

Dot Ko w({t— ¢, 2} w) f(w, ) h(Z,2)g(Z,9)9(Z, %)g(Z,5) ,_
27”6 ! 7{ G 2)f(z,5)M(2) A ) 4z (35.13)

Zap(t; T35, 9) =

and after simplification we arrive at

( a+bfwt‘)

9(z,7)
i 74 Koo ({7 = e 2}H)

T() dz. (3.5.14)

Zap(t;2]5:9) =
Now all the poles are explicitly combined in the product g(z,7). Hence, the result of the
integration gives the sum over partitions of 7 = {7, Iy} with #;, = #y = b, which coincides
with (3.5.6).
Applying (1.1.45) to Izergin determinant K, ({71, t — ¢}|{Z, §}) in (3.5.6), we have

Kopo({7,t = c}{2,5)) = (=1)" Koy ({7, = c}|{Z, 5, + c})
= (1)Ko 00({7,5 — ;T — c}{Z, 5, 0p + ¢}) = Ky ({7, — c}{Z, 7n + ¢}).  (3.5.15)
Then the sum over partitions in (3.5.6) is equivalent to a multiple contour integral

- )(2750{2[)]: & Ka+b {g.t—c}{z, Z+C})¥dz. (3.5.16)

Zap(t; 7|5;9) = Ay(2)A5(2)

Using (8.1.6) we recast (3.5.16) as

(=1 f(5,t) Kab{fC*CZH{y,t*C}) 9(z,v)
Zap(t; |55 9) = 27”0 bbl j{ . VF(ZE—c) Ay(2)A)(2)

dz.  (3.5.17)
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Setting now 77 = {t,§ + ¢} we obtain

(_1)bf(g7j)f(§7£> = _— h(g,{)g(é,f]—2c) _
(2ric)bb! Z{Kaer({x — ¢,z —c) 7z, 5) 0 (2) AL 2) dz. (3.5.18)

Zap(t;)5:9) =

Now we can evaluate the integral by the residues outside the integration contours. All of them
are collected in the product g(z,7 — 2¢). Taking the residues in the points 77 — 2¢ and using
h(z — 2¢,y) = —h(y, z) we immediately arrive at (3.5.4).

Similarly, starting with the integral representation (3.5.10) one can obtain the sum formula
(3.5.5).

Conclusion

In this chapter the scalar product of two generic (off-shell) Bethe vectors was calculated in
model with algebra symmetry gl(2|1). The final formula is expressed via the highest coefficient
that were calculated using multiple action fomulae. In general expression resemble the similar
representation for scalar product of Bethe vectors in case of algebra symmetry gl(3) but details
and explicit expressions for the highest coefficient differs. An interested and useful property
is existence of a determinant representation for highest coefficient in algebra symmetry gl(2|1)
case in contrary to gl(3).

The final formula contain multiple summation and barely can be used in application. The
exception is gl(1|1) subalgebra case, where the compact formula (3.4.4) was obtained. However,
it is expected that similar to gl(2) and gl(3) under some restriction on the spectral parameters
the final formula can be reduced compact form, and similar to gl(2) and gl(3) case it is naturally
to expect that this form should be determinant of some matrix. Such compact representations,
of course, is more acceptable for both numerical and analytical calculation of the form factors.
The calculation of scalar product performed in next chapter.
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Chapter 4

Determinant representation of scalar
product

Scalar product representation (3.3.33) is extremely bulky due to presence of multiple sum over
partition. It is possible to obtain similar expressions for one-point form factors, but, as already
mentioned, application of such formulae to calculation of correlation functions via form factor
sum is not easy. Even application of such expression numerical computation does not look
promising.

Up to now both set of spectral parameters were free. However, in case of gl(2) algebra
symmetry it is possible to rewrite (3.3.33) in compact form in case when one of the Bethe vectors
is on-shell (i.e. spectral parameters of this vector satisfy Bethe equation) [47]. This compact
expression is determinant representation of scalar product. In case of algebra symmetry gl(3)
determinant representation was also derived (see [67, 68, 119]) but with more heavy restriction:
the second vector was twisted on-shell (i.e. the second set of spectral parameters satisfy the
system of twisted on-shell Bethe equation). This was, at least, enough in order to obtain
determinant representation for the ultralocal form factors.

For further study of integrable systems with graded algebra symmetry it is important to
obtain as general as possible formulae for the scalar product. Thus, an ideal case could be
the situation when the determinant representation exists for the scalar-product of on-shell and
off-shell Bethe vectors. It allows to calculate form factors and correlation of any multi-point

operators since for any set of local operators O1, ..., O, their action on on-shell Bethe vector
create a finite linear combination of off-shell Bethe vectors |¢y) with known coefficients Cy.
010 ... Ogltp) = Cilthr), (4.0.1)
k

The knowledge of scalar product between on-shell and off-shell Bethe vectors allows to derive
[48, 49, 57, 100, 101, 103, 110] representation for the ultralocal form factors (n|O; ...Oy|lm)
and, at least zero-temperature, correlation functions without form factor series calculation®.

It turns out, that in the algebra symmetry case gl(2|1) it is possible to find determinant
representation for the scalar product in more general case than in gl(3). The determinant
representation can be found if both sets of spectral parameters satisfy only part of the Bethe
equation. We call such case product of semi-on-shell Bethe vectors.

Tt should be noted that correlation functions and form factors in this approach are given by multiple sums
or, thermodynamic limit, integrals (so-called integral representations). Computation of these integrals is itself
quite complicated problem (see [156-158]).
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The result and the details of calculation are given below. This chapter is based on the paper
[89] published by the thesis author in collaboration.

4.1 Generalised model

In concrete quantum models the functions 71 (z) and r3(z) are fixed. Then the system of Bethe
equations (2.1.30) determines the admissible values of the parameters @ and . Eventually these
values characterize the spectrum of the Hamiltonian of the quantum model under consideration.

In the framework of the generalized model one can consider the Bethe parameters {u, v}
and the functions {ri(u;),r3(vx)} as two types of variables [46]. The first type comes from the
R-matrix, the second type comes from the monodromy matrix. In the case of generic Bethe
vectors these two types of variables are independent. Of course, in the case of (twisted) on-shell
Bethe vectors they become related by the (twisted) Bethe equations.

One can also consider an intermediate case, when only a subset of {r1(u;),r3(vg)} is related
to the Bethe parameters {u, v} by a part of the Bethe equations. For instance, we can impose
the first set of equations (2.1.30) involving the functions r;(u;), without imposing the second
set of equations for 73(v;) (or vice versa). In the case of a concrete model this means that
a part of the Bethe parameters remains free, while the other parameters become functions of
them. We call a Bethe vector possessing this property a semi-on-shell Bethe vector. Thus, the
semi-on-shell Bethe vectors occupy an intermediate position between generic and on-shell Bethe
vectors.

4.2 Scalar products

4.2.1 Scalar product of semi-on-shell Bethe vectors

The main result of this chapter is a determinant representation for the scalar products of semi-
on-shell Bethe vectors. Consider the scalar product (3.1.1), where the following constraints are
imposed:

a C C
() = [T S o). i=1ena
J fuf,uf) J
k=1 17 =1
oy (4.2.1)
T3(U§):Hf(vl§aulB)7 k:L ,b

Here s is a complex parameter. If we set s = ko/k1, then we easily recognize the first set of
equations (2.1.33) for the parameters {u“,v°} and the second set of equations (2.1.30) for the
parameters {a”,0”}. Thus, B, ;(@”; ") is a semi-on-shell Bethe vector, while C,(a“;7) is a
dual twisted semi-on-shell Bethe vector.

Let £ = {a”,0°}. Define an (a + b) x (a + b) matrix N with the following entries:

ooy @

(=1)* "y () 1
1,...,a+0b,

Nk = f(09, @)

t(uf, zp)h (@, xr) + set(zg, uf )h(zy, u), (4.2.2)

J
k
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and
. _g($k755)< ~ ra(w) >
Ntk = g5 \" ™ Tl a?)
c o (D (@) rs (vf ) (T, wy) j=1,...,b,
X <g(xk;,vj Vh(zk, u”) + zf(vjo,ac)f(ﬂB,leg)h(vf,xk)) : k=1 4+, (4.2.3)

Conjecture 4.2.1. The scalar product Sqyp (3.1.1) with constraint (4.2.1) has the following
determinant representation

Sap = Daip(T)AL ()AL (07) gig N, (4.2.4)

where A and A" are defined in (1.1.46).

The proof of representation (4.2.4) will be given in section 4.5.

It follows from (3.3.33) that the scalar products are symmetric under the simultaneous
replacement ¢ «» u® and v° <> v”. Therefore making this replacement in (4.2.1)—(4.2.4) we
obtain a determinant presentation for the scalar product of another set of semi-on-shell Bethe
vectors.

It is interesting to see how the matrix elements Nj; depend on the functions r; and r3.
Namely, one can easily show that A, might depend on r3(v ), however, they do not depend on
r3(uy). Indeed, if x), = uj in (4.2.3), then r3(zy) is multiplied with the product 1/ f(xy,u”),
which vanishes for x; € 4”. Similarly, the function 7 (xy) always enters either with the product
1/f(v°,x) or 1/g(v°,x). Both these products vanish for xzp € v, therefore the matrix
elements Nj;, might depend on 71 (u}) only.

Finally, looking at (4.2.3) for k > a (that is, z; € v9), we see that N, ~ d;; due to the
product 1/g(v°, z). Thus, the right-lower block of the matrix A is diagonal.

4.2.2 Scalar product of twisted and usual on-shell Bethe vectors

Equation (4.2.4) has important particular cases. First of all, it describes a scalar product of
twisted and usual on-shell Bethe vectors. Let the twist matrix be k = diag(k1, K2, k3). Then
one should set » = k9 /K1 in (4.2.1) and impose two additional constraints

e g uf)
k#j (4.2.5)
K a

rofe) =TT A ), k=1,....b

In this case the vector B, ,(2”; ”) becomes an on-shell Bethe vector, while C, ;(u; 7“) becomes
a twisted on-shell Bethe vector. Then their scalar product has the determinant representation
(4.2.4), where

o B c f(@F, xp)h(u, ) k2 c M C
Nji = h(zy, u”) (t(uj ’xk)f(ﬁc,xk)h(ﬁB,xk) + mt(mk,uj >h(a:k,u3)) . j=1,...,a,
(4.2.6)
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o g 9(2, 07) (0 Ko f (@, U) c K1 L
Naovip = h(@e @ )g(fﬂk,i_fc) <1 K3 f(ffk,ﬂB)> (g(xk,vj )+ k3h(v§,xx) | §=lisb
(4.2.7)

and k =1,...,a+ b in both formulas.

4.2.3 Norm of on-shell Bethe vector

The second particular case of (4.2.4) is the norm of on-shell Bethe vector. For this one should
set? & = 1 and consider the limit uf — ujc = uj, vjc — vf = vj. Then the result has the form

b a a b
Bas(@; 0)|1* = (=0 TT T £Cvsowe) TT £Cujou) T 9(vj0n) d$£N~ (4.2.8)
j=1 k=1 k=1 k=1 ¢
otk ik

Here A is an (a + b) x (a + b) block-matrix. The left-upper block is

/ a 2 b 2
o ] (ug) 2¢ 2¢
Al = G [ ) @ 2 “”m’“k)] g

=1 m=1 kj

jok=1,...a, (4.2.9)

where uy; = uy — u; and rj(u;) means the derivative of the function 71 (u) at the point u = w.
The right-lower block is diagonal

. rh(vr)  — .
tadkta = 0ip |22 t(vy, . dk=1,...,D, 4.2.10
Njtak+a = Ojk [C ra(0r) +; (vk W)] J ( )

where r4(vy) means the derivative of the function r3(v) at the point v = vg. The antidiagonal
blocks are

Nikra=tog,us), j=1,....,a, k=1,...b, (4.2.11)
and R
A/}+a7k =—t(vju), j=1,...,b, k=1,...,a. (4.2.12)

It is easy to relate the determinant of the matrix N with the Jacobian of the Bethe equations.
Namely, let

_ ri(uj) 1 Sk, uy) -
Q)j_log(f(ﬁ,;j)kl_[lf : ]), ji=1,...,a,
k] (4.2.13)
)

r3(v; .
<I)+~:log< _>, j=1,...,b.
o f(vj,u)
Then the Bethe equations for the sets u and v take the form

<I>j:2m'nj, j=1,...,a+b, (4.2.14)

where n; are integer numbers. A straightforward calculation shows that

~ oy
/\fj,k:cgj k=1,...,a,
“5(1)’ j=1,..,a+b. (4.2.15)
Nigi = c—2 k=1,...,b
N?, +k Ca'l)k, ’ L

2Here and below the notation & = 1 means k1 = ko = k3 = 1.
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4.3 Orthogonality of the eigenvectors

Consider the scalar product of twisted on-shell and usual on-shell vectors. In this case the
entries of the matrix A are given by (4.2.6), (4.2.7). Assume that {a°,v“} # {u”,0"} at
k = 1. Then in the limit kK = 1 we obtain the scalar product of two different on-shell Bethe
vectors, which should be orthogonal. Let us show this.

To prove the orthogonality of on-shell Bethe vectors we introduce an (a + b)-component
vector {2

1
Q = — guc7uc7 ]:17 7a7
’ g(u;-’,uB)kli[1 (7 )
Nz
77 (4.3.1)
1
Q ] — — gUC7/UC7 j_]‘7 7b
a+y g(ch,’UB) l}_Il ( 7 k)
k#j

Due to the condition {u®, v} # {u?,v?}, the vector 2 has at least one non-zero component.
Using the contour integral method (see Appendix 9.3.1) one can easily calculate the following

sums:
a _ _ b _
h(a® xy)  g(ag, u) g(wg, )
t(u QO = J . ) Ny = 2L 1,
2% =G ) gty e =, )
= " (4.3.2)
- gz, u®)  h(zy,u”) Qatj h(v", xg)
t N, = — AL
D L e Bl e M Y Yroves R Trcovry
Using these results we obtain
h(xk’uB) f(voa‘rk) f(uBa$k) K1 f(xk"uB)
and
b
- _/\/'a . Qa . —C ~B ~B
> -1 ity _ <1_ @f(xk,%_t )) Kﬁl _1> 9(11 , Tk) Lo (1_1 ;l’k)]. (4.3.4)
h(xk, u?) K3 f(xK, uP) K3 g(v°, ) K3 f(0°, )
Note that if 25 € {@”,9°}, then (f(xk,ﬂB)f(T}C,xk))_l =0, (f(:vk,aB)g(Uc,xk))_l =0, and
(f(aB, xg) f(0°, a:k))_l = 0. Therefore the terms proportional to these products vanish. Thus,

neglecting such the terms we find
a+b _ _ _
Zjil'/\/’ijj 12 (m — 1) <g(vB,xk) _ f(UB7$k)> 4 (g, %) (’{2 _ ’%2> (4.3.5)
h(l‘k,?TLB) R1 K3 g(l_)cka‘) f(q_jca xk) f(kaaB) . o

k1 K3
We see that this linear combination of rows of the matrix N vanishes at &£ = 1. Hence, the
determinant vanishes at £ = 1, which means that two different on-shell vectors are orthogonal.

4.4 Form factors of diagonal elements

We define form factors of the diagonal monodromy matrix entries as matrix elements of the
operators Tj;(z) between two on-shell Bethe vectors. We use a standard method for their
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calculation [95, 115]. Let
Q = C) (% %) (str T (2) — str T(2)) Bay (a”; 7). (4.4.1)

Here Ty(z) is the twisted monodromy matrix and 7'(z) is the usual monodromy matrix. We
assume that B, ,(u”; ") is an on-shell Bethe vector and Cé’fg (u;v°) is a dual twisted on-shell
Bethe vector. In order to stress this difference we have added a superscript x on the dual twisted
Bethe vector. Obviously, (C((fg (u®;09) turns into the usual dual on-shell Bethe vector at & = 1.

On the one hand

3
Q = > (=1 = 1)CL (@5 5°) Tia(2) Bop (@™ 5). (4.4.2)
i=1
On the other hand
Q = (Tn(zmc, TJC) _ T(Z|QTLB’ ’DB))(CEZZ (ﬂc; UO)anb(ﬂB; ,l—}B), (4.4'3)

where 7, (z|a%,v9) and 7(z|u?,0?) respectively are the eigenvalues of the twisted and usual
transfer matrices. Comparing (4.4.2) and (4.4.3) we find

Cop(0%;09) Tii(2) Bap(a”;07)

g d
— (=)l
S

[(TH(ZWC,@C) — 7(2[a”,57))C) (@ 07 Bap (@ 07)]| . (4.44)

’ R=1

7

Here C,(a“;v%) is the value of the vector (Cg'j"g (u®;v%) at & = 1. Since this vector is a dual
on-shell vector, we obtain a form factor of Tj;(z) in the Lh.s. of (4.4.4). In the r.h.s. of (4.4.4)
we should distinguish between two cases. If {u®,v“} = {u”,v"%} = {u,v} at &K = 1, then the
derivative in (4.4.4) acts on 7,(z|u“,v“) only, and we find

d T (2]u”, 09) : (4.4.5)

d:‘ii aC C_p

Ca,b(a; 'D) Tu(z) IEBa b(ﬁ§ 6) = (_1)[i}HBa,b(ﬂ;T))H2

=, ¥
r=1

Note, that here we have the full derivative over ;. Therefore, it acts also on the Bethe paramet-
ers {u®, v}, because due to the twisted Bethe equations they implicitly depend on the twist
parameters: u° = 4 (k) and v = 09 (k).
If {a°,v°} # {u”,0"} at K = 1, then universal form factor [86] of operators T;;(z) can be
defined )
. a,a
, Fe (2] 5 )

(i.9) <a0 a? )“ o vh__ 4.4.6
§ e om )y = 70, 00) — 7 (zla”, 07) (4.4.6)

where )
Fad) (5|38 a2\ ¢ (@ 5T (2)Basy (@P; 7°) (4.4.7)
5 B )y, T oy (U750 i5(2)Bg p(u”;07). A.

It is easy to show that the functions ) do not depend on z. Indeed, it follows from the
commutation relations (1.1.14) that

[T(2), Tij(w)] = [T(w), Tij (2)]; (4.4.8)
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where 7 is the transfer matrix (1.1.16). Hence, for arbitrary on-shell Bethe vectors Cgs p (0; 0¢)
and B, ,(a”; 0”) we obtain

Corp (05 09) [T (2), Tij (w) By p (07507 ) = Cor py (a5 0°) [T (w), Tij(2)|Bap(a®;0%).  (4.4.9)
Using (1.1.29) we find
(T(2|u®, ) — 7(2|a”, 7)) Cyo p (0 0°) Tij (w) By p (a”; 07)
— (r(w]a®, 5) — 7 (w]a®, 7))o (83 5°) Ty (=) B (a5 07),  (4.4.10)
where 7 are eigenvalues of the transfer matrix. Equation (4.4.10) immediately yields

Car (@ 0) T35 (w)Ba p(a”;07) _ Cary (05 0)T55(2)Ba p(a”; 07)

r(w|ac,v°) — T(w|a?,v?)  7(z|ac,vc) — 7(z|u?,v?)

(4.4.11)

It is clear that the Lh.s. of (4.4.11) depends on w, while the r.h.s. depends on z. Thus, the
ratio (4.4.6) does not depend on the argument of the operator Tj;.

Form factors (4.4.6) are called universal, because they are determined by the R-matrix
only. In other words, for a given R-matrix they do not depend on the monodromy matrix, and
hence, they are model independent. Indeed, all the dependence of the form factors on a specific
model is hidden in the functions r; and r3. However, since the Bethe parameters satisfy Bethe
equations, the dependence on r(u;) and r3(v;) actually disappears due to (2.1.30). Hence, the
only functions which ‘remember’ about the original model are r1(z) and r3(z). But we have
seen that the universal form factors do not depend on z, therefore they do not depend on r(z)
and r3(z). Thus, as we have claimed above, they do not depend on the monodromy matrix of
the model.

Remark. Strictly speaking the universal form factors do not depend on the functions rg, if
u°Nu® = and v°Nov*? = (), that is when the Bethe parameters of both vectors are all different.
Otherwise, if, for instance, u$ = uj, then the universal form factors depend on the logarithmic
derivative log'r1(uf) of the function ri(u) [86]. Similarly, if v{ = v, then the universal form
factors depend on the logarithmic derivative log’ r3(vf) of the function rs(v).

Particular case of diagonal form factors, considered in this chapter, is given by following
formulae
Cap(u®;09) Tii(2) Bop(u?;07)

T(z|uc,v°) — 7(z|u?, v?)

399 (@ 0% a"; 07) =

) , (4.4.12)

here ' = a, b’ = b. In this case, due to the orthogonality of Bethe vectors at {u®, v} #
{u?,v"}, the derivative in the r.h.s. of (4.4.4) acts on the scalar product only. Therefore we
obtain for the universal form factor of Tj;(z)

3 @ 0%a; ") = (—1)[ildi<c§fg (@ 0°)Bap (a5 07)| . (4.4.13)
’ Ki @ R=1

Thus, for the calculation of the Tj;(z) universal form factors, it is enough to differentiate w.r.t.

k; the scalar product of the twisted and usual on-shell vectors and then set & = 1.

Suppose that €, # 0 for some p € {1,...,a + b} in the vector (4.3.1). Then we can add
to the p-th row of the matrix N all other rows multiplied with Q;/€,. It is clear that after
this the elements of the p-th row are given by (4.3.5) with the common prefactor Q;l. Then to
calculate the form factor of Tj;(z) it is enough to differentiate the p-th row with respect to k;
at & = 1. Hereby we should simply set & = 1 everywhere else. We obtain

FUD @505 u”;07) = QL (0, @P)h(a®, w”) A (@) A®@”) A ) A (0) dets A, (4.4.14)
b a+
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Here the entries ./\/'k of the matrlx ./\/ do not depend on 7 = 1,2,3, for all j # p. In other
words, they are the same for all 8 “ b. More precisely, if 1 < j < a, then

@) _ f(0", zp)h(aC, zy) oy Mg, 1)
j )t =1 4.4.1
Mk t(u xk)f(ﬁc,l'k)h(ﬂB,xk) +t(mk’u])h(xk7u3) k ) 7a+b7 ( 5)
and if 1 < j < b, then
(i) 9(wg, %) f (g, uc)
=\ 17— )t k=1.... b. 4.4.1
Notin == ga ) ' 0 152 eret (4:416)

The p-th row depends on the specific universal form factor S’Ejib), 1=1,2,3:

N(l) =1+ g(ﬁB,xk) f(ﬁBaxk?) B f('rk’ao)

Pk g(ﬂc7xk) f(l_}C’;L‘k) f(l’k,l_tB)’

N = E=1,...,a+b. (4.4.17)
D 9y

N =N+ NP,

Recall that here p is an arbitrary integer from the set {1,...,a+ b} such that €, # 0. Observe,
that equations (4.4.17) imply the vanishing of the form factors of str7(z) between different
states, in accordance with the orthogonality of on-shell Bethe vectors.

Form factors of the non-diagonal matrix entries T;; are considered in the next chapter.

4.5 Calculating the scalar product

In this section we prove Proposition 4.2.1. Our starting point is the sum formula (3.3.33) for
the scalar product of generic Bethe vectors that contains multiple summations. With the semi-
on-shell condition on the spectral parameters of the Bethe vectors this formula can be rewritten
in determinant form.

4.5.1 Summation over the partitions of u“ and v”

It is convenient to use two different representation for highest coefficients in (3.3.33). For the
first one we us representation

Zap(t; 7|5 9) = Zg (@n, 1) W@y, T)g(&n, §) Kol(@wt). (4.5.1)

Summation is taken over partitions {Z, 5} = @ = {w;, wy} with restrictions #w; = a, #wy = b.
For the second highest coefficient following representation is used:

Zap(G:2|5:9) = [(5,017,2) Y gl (7, Thu) ud ZH;Ka(fv\m)- (4.5.2)

The sum is taken over partitions {¢,§ + ¢} = 77 = {7, u } with restrictions #; = a, #ijg = b.
Substituting (4.5.1) for Z,_j,(ay,uf|v7,v7) and (4.5.2) for Zyp—(a?, uf |7, vF) into the
representation (3.3.33) we obtain

Sap = Y ri(@g)r (@ )rs(of )rs(oF) f (af , ag) f (ag, af ) g (o7 , o7 ) g (07, 07)

Ko p(@lay) Kp(@g|a) o ey ey P )
f(@°,a$) f(v?, u?) 9(@u, i) h(n, ) g(@n, 07) g (7 Tu) 77— —
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Here we have additional summations over the partitions {af,vf} = w = {w;, w0y} and {a?, 05 +
c} =7 = {M, M}, such that #o, = a — k, #wy = n, #7q; = k, and #ijgy = b — n.

Let suppose that the constraints (4.2.1) are fulfilled. Then taking the products of (4.2.1)
with respect to the corresponding subsets we obtain

5C
(€ :%a—kf(unaul) ¢, 4°),
1) f(ﬁ?,ﬂuc)f( r) (4.5.4)
r3(v7) = f(o7, u”).
Substituting these expressions into (4.5.3) we arrive at
—~B =B ~C =C — — -
Sap =) #" 0)ra(oy) f (' w)g(vf, 7)) g (@n, 00) g (7, )
oy, VP
x h(af,mh(wn,af)[f(aﬁ‘,a?)KawImg)Kk(aﬂm] [otog. e 2em)) 455
h(vn 77711)

Here in the second line we have allocated with square brackets the terms depending on the
subsets of @ and the subsets of v” respectively. The sum over partitions u“ = {uaf, uf} can
be computed via (9.3.17):

Y Koor(@lad) Ky (af i) f(af af) = (=1)* (@, i) Ka ({7 — e, @i} ). (4.5.6)

The sum over partitions v? = {07, v} can be computed via (9.3.16):

g(wy, v N B - n (07, On)h (O, Tn)
Zg v]] vvl ’L)B,ﬁlu = Zg U]IaUI /UI ,Wn)g(vf,ﬁn - C) = (*1) h(Q_JB,ﬁH) ’
(4.5.7)

Substituting these results into (4.5.5) we arrive at

Sup = A H (1) (P yrs(09) (@l al)g (o, 0F) £ (0,

< g(@n, )9 ) (0%, @o)h(an, o) IO (4w} ja). (455)

We recall that in this formula

#ul =k, #ug =a—k,  #v =n, #07 =b—n, (45.9)
#@I:a_k, #(D]I:n, #ﬁI:ka #ﬁH:b_n e
4.5.2 Partial summation over the partitions of u” and v°
In order to go further we specify the subsets in (4.5.8) as follows
’L_LF = {1—1457 ,L_LS ’ = { v wr = {_111 ,U Wy = {ulv7 /Ulc;l (4510)
17?:{17161’17651’ UH:{ ?71:{31_1+C} nH:{ul’vll+}

The cardinalities of the introduced sub-subsets are #ﬂf = k; and #ﬁjc = n; for j = i,ii,iii, iv.
It is easy to see that ky + ki = k, ny + niy = n, kiv = niv, and k; = n;.
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Equation (4.5.8) takes the form

Sup = 3 5K (1) (38 )y (8 (5 s >ji<““>

x fug, ai’) f (g, u ) f (i, ai) f(ag, o) (0, 07 g(vf, o) g(0f;, 05 ) 9 (viy, 057
x g(uiy, uiy) g, v)9(05, ugy) 9(0f, o5 ) g (s, ai ) g(aff, v 4 ¢)g (o7 + ¢, i’ )g(vf, o)
g9(v", 4y )g(v”, v5;) Wi
h(o?,aP)h(v?, 05 + ¢)
x h(a?, ul)h(uf, ul)h(a?,v5 + c)h(uf, o5 + c)

X h(ﬂﬁ,,ﬂf)h(uw,vu + C) (71117 1B)h( 1117Uii —I-C) Ka({uii ) Ui 7175/7@51}’@0)‘ (4'5‘11)

uw? ulll)h(aﬁﬁ ﬁﬁ/)h(ﬁi?b ﬂﬁi)h(®%7 711?/)

Here we have used the relation f(z,y+c¢) =1/f(y,x).
Now we combine the sub-subsets of @” and v into new subsets

af = {af, af},  of = {of. 1), 512

uy = {ug, ug}, vy = {v, v} .
Due to (4.5.10) we have #uf = #0 = n; + niy = n;. Observe that these new subsets are
different from the subsets used, for example, in (3.3.33). We use however the same notation, as
we deal with sums over partitions, and therefore it does not matter how the separate terms in
these sums are denoted.

Then using (1.1.38) we recast (4.5.11) in a partly factorised form

Sap=(=1)" > f@ar,ap)h@’ ap)g(vf,of)g(0", al)g(v”, o7 )g(vf, uy )h(vf, u”)

x Gy (aF |00) £ (g, 5 }a) £ (o6 |a7). (4.5.13)

Here the partitions of the sets @? and ©¢ are explicitly shown by the superscripts of the sum.

The functions G, E((lu), and El()v) in their turn are given as sums over partitions into sub-subsets.
We have for G,

—B|~C —n BY (=B =B\, (=C C g(ﬂﬁ,,f)ﬁ,)
G (@’ |o0) = > s Mig(0f )i (af)g(ad, ufl)g (v, v )7h(‘c Z5)’ (4.5.14)
Bi{u ,aB Ui
:>{v1 ,vs

where we introduced new functions 71 (uj) and 73(vj’) through the following equations:

ri(u?) = i1 (u?) UC

7%
5B B
f('LL] uj

, )f(T)B,uf), r3(v§) = 73(v§) f (v, u). (4.5.15)

For the two other functions we have

Oag o ey = Y Ka({af e o af}ac)

aB={af uB

ii >l

et (ayin TV pe gy a)fd al), (45.16)

f(@c’ aﬁ?) iy i ii
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and

ol = Y (—1)”“]%. (4.5.17)

=C s [5C =C 1’
o ={5,0

We would like to stress that passing from (4.5.11) to (4.5.13) we did not make any transforms.
One can check that substituting (4.5.14), (4.5.16), and (4.5.17) into (4.5.13) we turn back to
(4.5.11).

The sums over partitions in (4.5.14), (4.5.16), and (4.5.17) can be easily calculated. The
most simple is the sum (4.5.17)

‘Cz(f) (vC]a?) = H (1 — M) . (4.5.18)
c 77

v eng
If we introduce
p(z) =1- fg(;)B) (4.5.19)
and extend our convention on the shorthand notation to this function, then
£ (¢ ]a") = p(a). (4.5.20)

The sum (4.5.14) also is quite simple, because actually this is the Laplace expansion of the
determinant of the sum of two matrices (see appendix 9.3.2 for more details). Indeed, it is
enough to present (see (9.3.15))

9(iify, 05) = By, (55) A, () det (g af, . 75)).

L s @ ! 1 ) (4.5.21)
(o, ar) o) S S e ap) )
j k
and we immediately recognize the Laplace formula in (4.5.14). Thus,
Gy (@ [5) = Dy ()2, () det (g(ufl o)) + H(uf vf))), (4.5.22)
where £ (0P ()
r3(v$) 1 (ug
Huf v¢) = —21 "2 4.5.2
(ukﬂv]) %h(v]c,uf) ( ) 3)

Finally, the sum (4.5.16) can be computed via Lemma 9.3.3. Namely, if we set in (9.3.18):
m=a, {=u w={ul, v°} and

-7 (’LU)

few)’

then we obtain equation (4.5.16). Indeed, in this case one has C1(v§) = 0 due to the product
1/f(v°,w) in (4.5.24). Hence, we automatically have v C wy, otherwise the corresponding
contribution to the sum vanishes. This means that when splitting the set w = {uf, v} into
two subsets we actually should consider only the partitions of the set uf into @} and u,
have in (4.5.16). We obtain

C(w) = Co(w) = », (4.5.24)

as we

£ (@]7) = A4 (1) g (1) det (M(uf,wk)), (4.5.25)
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with

M(u§ wy) = (— a1 Tk 0

f(@°, wy) J ’wk)h(u ,wy) + set(wy, u Uy )h(wk, C), (4.5.26)

and w = {uf, vf}.

4.5.3 Final summation over the partitions of «” and v¢

Let # = {u”,0v}. Consider a partition of Z into subsets z; and Zy. Let z; = {af,v¢} and
Ty ={u?,v{}. Then (4.5.13) can be written in a relatively compact form

Sap=(=1)" > h(@y, @")g(0", Tn)p(Tu)g(Zv, 1)

z={Z1,Zn}

ATLI(fUI )A/ (_ )
g(af,vf)

de t( (ui,ug)+ﬂ(ug,vg)) A;(QC)AQ(@)dgt(/\/l(uf,xlk)) (4.5.27)

Here we have used ¢(uj) = 1.
Our goal is to reduce (4.5.27) to an equation of the following type:

Z 9(Zn, T1)Ag (xl)det(A ($Ik)) Ab(xn)det( (xnk)) = Ayyp(T) det

a+b
F={%1,71} B;

Aj ()
i (k)
(4.5.28)
Here in the r.h.s. we have a matrix consisting of two parts: the entries in the first a rows are
Aj(xy), while in the remaining rows one has Bj(zy).
Looking at (4.5.27) we see that we can set A;(zx) = M(u§,xx). We also have a product
9(Zy, ;). The products h(zy,u?), g(v?,zy), and ¢(Zy) can be easily absorbed into the determ-
inant of the matrix Bj(z). It remains to construct this matrix Bj(zy).

Consider a function Fy(z|v¢) depending on b variables z and b variables ¢
Fy(2]09) = AL(2)Ap(07) dgt(Bj(zk)), (4.5.29)

where

9(zk,vf) + H (21, v5)
g (Zk, 1—]0) .

Obviously, Fy(z|v°) is a symmetric function of z and a symmetric function of v¢. Let z = Zy =

{uf,v$}. Due to the symmetry of F,(Z|t“) we can say that the parameters @ correspond to

the first n; columns of the matrix Bj(zy), i.e. 2, = uy, for k=1,...,n;. Then in the remaining

columns we should set 2,4, = v,fk, k=1,...,b—n;. It is easy to see that in these last columns

Bj(z1) = (4.5.30)

k=1,...,b—n, (4.5.31)

where 9, = 1 if U]C = v]fk, and ¢;; = 0 otherwise. Thus, the determinant reduces to the
determinant of the matrix of the size n; x n;. Simple calculation shows that

Ay (07) A, (@f)
g(af,vf)

Fy({uf, o5 Ho®) = det (g(ufl,of) + H(ull,vf) ) (4.5.32)
ni
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which is exactly the expression in (4.5.27). Thus, we recast (4.5.27) as follows:

Sap = (FALE)VAL@T) Y 9w, 1) Ay(Tn) Aa(@)

z={z1,Z1}
X dgt(h(:cuk,EB)g(T)B,:I:Hk)np(arnk)Bj(xnk)) dgt(/\/l(u]q,mlk)) (4.5.33)

It remains to use (4.5.28) and we end up with

Sup = M)A (@) Aga(@)det | — = = = = = =~ = = . (4534)

a

where z = {u”,v“}. Substituting here M(uf,z)) and Bj(xy) we arrive at the statement of
Proposition 4.2.1.

Conclusions

In this chapter determinant representation for the scalar product of two semi-on-shell Bethe
vectors was derived for integrable model with gl(2|1) algebra symmetry. The particular case of
such scalar product is product of on-shell and twisted on-shell Bethe vectors.

It should be noted, that this result is more general in comparison to the gl(3) algebra
symmetry case, where only determinant product of the on-shell and twisted on-shell Bethe
vectors was derived. Such generalisation was expected from a comparison of the scalar products
in two particular cases: gl(2) (subalgebra of gl(3)) and gl(1|1) (subalgebra of gl(2|1)). While
in the first case only determinant representation for the scalar product of on-shell and off-shell
Bethe vectors was known, in the second case the compact formula (3.4.4) was obtained for two
generic Bethe vectors. Since, it was natural to expect that grading provide some simplifications
in the scalar product computation.

The form factors of the diagonal monodromy matrix entries also were derived here. Using
determinant representation for the form factors and zero modes approach (see [86]) determinant
representation for all monodromy matrix entries Tj;(u) can be derived.
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Chapter 5

Form factors

In the previous chapter form factors of the diagonal entries of monodromy matrix and scalar
product of two semi-on-shell Bethe vectors were derived. Now, using zero modes method, all
remaining form factors can be derived. This chapter is based on paper [90] published by thesis
author in collaboration.

5.1 Form factor of monodromy matrix entries

In previous chapter form factors of the monodromy matrix entries were defined as

aC aPf @' ~C. =C —B.-B
1) = Ca (3 0°)Ty(2) B (0”5 07). (5.1.1)

F:d) (z u
CalVA R

Here both Cy y(u%;9) and B, p(u”;9") are on-shell Bethe vectors, the parameter z is an
arbitrary complex number, and
a =a+ 61— 01,

W =b+ 65— 0. (5.1.2)

Universal form factors §7) were also defined, for {a,7°} # {@”, 7"} case. The set of connec-
tions between form factors can be found even without knowledge about their explicit form.

Conjecture 5.1.1. Form factors F9) and FU?) are related by

/

i) (] aC @B\ _ _\0i G (] @B ac \?
7 (z ¢ @B>b,,b (=1)"F (z up ﬂc)bb, : (5.1.3)
where
(91'3‘ = O, [Z] + []] = O, mod (2),
0ij =, [il=0, []=1, (5.1.4)
Oij:b—i- 1, [Z] =1, [j] =0.

Proof. Since a form factor F(»7) is a c-number function, it is invariant under the action of
the antimorphism 1):

— — a 7a
s gﬁ) . (5.1.5)
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On the other hand, action of ¥ on the r.h.s. of (5.1.1) gives

0 (Car gy (83 59T (2) Bup (@ 57))

where (1.1.47), (2.1.9), (2.1.10) is used, and
0ij = ([i] + 7)) (b + ) + 0'b+ " + [i][j] + [i]. (5.1.7)

Thus, we have reduced the form factor F(4) to the form factor F@9. In order to simplify the
phase factor we can use (5.1.2)

b —b=0d;3—diz = [j] - [i]- (5.1.8)
After elementary algebra we obtain
0ij = (7] + [i)b + [ (5] + [2], mod (2), (5.1.9)

and it is straightforward to check that this expression is equivalent to (5.1.4). t

It follows from (5.1.3) that form factors of diagonal matrix elements (%) are invariant under
the replacement u¢ <+ u” and v < v2. This invariance yields the following transformation of
the corresponding universal form factors

(i) (€ aB \"" _ _ (i) (-B -C)“’“
3 (gc gB)M =50 (510),, (5.1.10)

The minus sign appears due to the denominator in (4.4.6). For the universal form factors of
the off-diagonal matrix elements it is easy to obtain obtain

(3.1) ( aC ab a,a+1 o \bla(13) <7B 7c>a+1,a
§ (i-fc o8 >b,b+1 =D o8 5C b+1b (5.1.11)
3,2) (@€ @B V" _  {\b+1~(2,3) (—B —C)a’“
§ (gc 75 )b,b-ﬁ-l ==DTE o5 o br1b’ (5.1.12)
and
1rg(?,l) u® uB a,at1 _ 3(172) aB a¢ atla 5.1.13
(ﬁC®B>b,b - (53730)@(; ’ (5.1.13)

5.2 Determinant formulas for form factors

Considering form factors of the monodromy matrix entries one should distinguish between two
cases': (1) {a% v°} = {a®,v%}; (2) {a®, v} # {u”,v"}. The first case occurs only for form
factors F(*) of diagonal matrix elements Tj;(2). Indeed, the condition {u,v°} = {a?,v"}
implies @' = a and b = b (see (5.1.2)), which is possible for diagonal entries Tj;(z) only. We
first present the results for this case.

'Here and below for brevity we write {a,7°} = {@”, 5"}, although one should understand this condition as

u° = a@® and v° = v”.
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5.2.1 Form factors between identical states

Let 4° = @? = @ and ©° = % = 0. The form factors F() have the following determinant
representations:

b a a b
_ _\aa ~
20)" = o TLIT S ) TT S TT owsv) det N69. (5.2.)
’ j=1k=1 j,k=1 j,k=1
J#k Jj#k

Fld) (z

In order to describe the (a + b+ 1) x (a + b+ 1) matrices N ) we combine the sets @ and v
into a set = = {uy,...,uq,v1,...,0}. Then

Aj(;i):giz 5, k=1,...,a+b,
J\Af(ﬁii,)ﬂyk_(—nmw, k=1,...,a+b,

'/(\/"]'(’Zi)_b_i'_l = 0i1 — di2, j=1,...,a, (5.2.2)
/\AG(,ZQMZ@?’—@% J=a+l,...,a+b,

'/\Afa(i?-&-l,a—i-b—&—l = (_1)[1']87%(;,3’“)_

Here ®; are given by (4.2.13), and the eigenvalues of the usual and twisted transfer matrices
7(z|u,v) and 74(z|u,v) are defined respectively in (2.1.27) and (2.1.35). The proof of the
determinant formula (5.2.1) is given in (5.3).

5.2.2 Form factors between different states
Notation

If {a“,v°} # {u”,v%}, then the universal form factors are well defined. We assume that the
sets of Bethe parameters u¢, v°, u”, v” are fixed and their cardinalities are

#u’ = d, #u” = a, #0° =V, #0" = b, (5.2.3)

where o’ and ¥ are related to a and b by (5.1.2). Before giving explicit determinant presentations
for the universal form factors we introduce several new functions.
We introduce a function

H (5% % 0%) = f(5°, 0 )h(a®, ") A (@) A(a")A(0°) A (7). (5.2.4)

The function H plays the role of a universal prefactor that appears in all determinant formulas
for form factors. One should remember, however, that in spite of this function has the universal
representation (5.2.4), the cardinalities of the sets 4, @”, and v¢ are different for the different
form factors.

Since we consider the case {u®, v} # {u”,v?}, there exists at least one component of vector
(4.3.1) Q,, such that Q, # 0.

Finally, for fixed sets of variables @°, u”, v¢, and v® we introduce two rectangular matrices
L and M. The matrix £ has the size a’ X (a + V') and its entries are

(=1)" 1y (wp)h(a, zx)
f(f)c, :ck)h(a:k, fLB)

h(zg,u®) J
h(Ik,ﬂB)’ k

1,...,d,
1,...,a+0.

Ljk =t(uj, zr) + t(z, uf) (5.2.5)
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The matrix M has the size b’ x (a + V') and its entries are

My = =) M2 (1 oo,

9(v°, 1) (T, uP)

LY
La+b.

1,..
o (5.2.6)

J
k

Here the set Z is the union of two sets: & = {a”,0°}. Actually, both matrices £ and M consist
of two blocks depending on whether x; € @” or x; € v°. The structures of these blocks are
very different, and we give now a more detailed description of them.

First of all, we note that 1/f(v%, x) = 0 if z € v°, and 1/f(zg,u?) = 0 if z; € aP.
Therefore we obtain

h(v,ﬁ,ﬁc)
L kta = t(vg, uf) RoC, 77)" k=1,...,V, (5.2.7)

and .
Mj:k - _t<vf7ul}j)w k= 17 <., a. (528)

g9(v¢, uljg ) 7

The product 1/g(v, zy) also vanishes, if x € v¢. However, this zero can be compensated
by the pole of the function t(vjc,xk), if ¢, = vjc. Therefore, the block of the matrix M with
k > a has diagonal structure:

S|

Mark = —0jk

g(v”,vy) (1_f(vlgv C)) E=1 y 5.2.9
9(oF vf) e ) b (5:2.9)

f(vk , uP)

Here we replaced the function 73(vy) with the product f(vy,u“) due to the Bethe equations.
One should remember, however, that this replacement is possible only if v No? = (). Otherwise,
if some parameters vjcl, e vﬁ from the set ¥ coincide with the parameters val, ... ,vﬁ
the set ©”, then one should first take the limits vf — vj in (5.2.6) and only after this we can
impose Bethe equations for the functions r3(vy,).

Similarly, if a“ N @” = (), then the matrix elements £;; with j =1,...,d’ and k =1,...,a

take the form

from

f(@7, ug)h(a®, uy))
F0ud)h(, up)

Li = (=1)"4(uf, uf) + t(ug, uf)

; (5.2.10)

Determinant formulas

Here the list of determinant representation for universal form factors of monodromy matrix
entries T;;(z2) is given. Certainly, it should be enough to give explicit formulas for § () with ¢ < j
only, because making replacements u¢ < u” and v <+ v” one can recast the remaining form
factors (see (5.1.11)—(5.1.13)). However, the matrices £;; and M, as well as the prefactor
H are not symmetric over these replacements. Therefore, changing ¢ «+ u” and v° < ¥ in
the determinant formulas given below we obtain more representations for the universal form
factors.

e Diagonal form factors. F@%. In this case ' = a and b’ = b.

These determinant representations were derived [88] and already were given in previous
chapter (see (4.4.14)-(4.4.17)). It should be noted that the form factors are symmetric with
respect to any of the four sets of Bethe parameters. This symmetry follows from the symmetry
of the Bethe vectors. Therefore, without any loss of generality one can assume in (4.4.14) that
p=aorp=a-+b.
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e For the universal form factor 3(1’2), we have ¢’ =a+ 1 and & = b. Let Q411 # 0. Then
3(1’2) has the form

_ _ 17(,1 H
(5 UB>G+ = det N(1?) 5.2.11
§ ¢ o8 b,b Qa+1 a-&e—bN ’ ( )
where
'N;'(7:}§72) = ‘Cj,k’ Jj=1...,a,
(1.2) ‘ (5.2.12)
'/\/'j+7a,k:Mj:k7 jzl,...7b,
and k=1,...,a+b. Theset z = {uf,...,u},vf,..., v}

e For the universal form factor %3, we notice that a’ = @ and b = b+ 1. Let Qaipr1 # 0.
Then §%3) has the form

§C (w8

S|
sy

b H
B>aa — ()T et NG9, (5.2.13)
b+1,b Qatpr1 atbtl

where
2,3 )
NG =rLin, G=1....a,

NP =My, G=1,...0, (5.2.14)

(23 _
Na+b+1,k =1,

and k=1,...,a+b+ 1. Theset z = {uf,...,ui,vf,...,v5}.

e For the universal form factor 3(1’3), one sees that @’ =a+1and V/ =b+1. Let Q441 # 0.
Then 13 has the form

L 1,a H
(1,3) (uC uB)a+ — (1) et N(1B) 5.2.15
S o0 o8 )iy (-1 Qs a+§+1N ) ( )
where
'/V‘-j(}c’g) :ﬁj,k) j: ]_,...,CL,
. . (5.2.16)
'A[j—&—,a,k:Mj,kv J=1...,b+1,

and k=1,...,a+b+1. Theset = = {uf,...,ui,v{,..., v }.

e For the universal form factor F®V, one has @’ = a — 1 and ¥ = b. It has the form

a—1l,a
F@D (gc gg )b’b _ 1L1~216L3};)'/\/(2»1)7 (5.2.17)
where
Nﬁ’l) =Lk, j=1,...,a—1,
ka,l) — 1, (5.2.18)
N =M, G=1,....0,

and k=1,...,a+b. Theset z = {uf,...,u},vf,..., v}
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e For the universal form factor 32 with @/ = a and ¥ = b — 1. It has the form

_ _ a,a
508 (1 8), ., = (VT det MO, (5:2.19)

where

3,2 .
Nj(,k):*cj,k) j:]-a"'aaa

3,2 .
Nitoe =M 3=1...b-1,

and k=1,...,a+b—1. Theset z = {uf,...,uf,vf,...,v5 |}

y» Ya

(5.2.20)

e For the universal form factor 3 and @’ =a — 1 and ¥ = b — 1. It has the form

SO () = (-1 det MOV, (5.2.21)
where
/\/J{i;l) =Lix, J=1,...,a-1,
/\fﬁi)k =Mk, Jj=1,...,b—1, (5.2.22)
ABD (—=1)* ey ()R (a®, z1) _ h(zg, u)
ak f(0°, z) (g, ©P) h(zg, u?)’
and k=1,...,a+b—1 Theset z = {uf,...,uf,vf,...,v5 |}

The proofs of the determinant representations for the universal form factors of off-diagonal
matrix elements will be given in section 5.5.

5.3 Proof of determinant formula for diagonal form factor

Form factors of the operators Tj;(z) were calculated in chapter 4.4 (see also paper [89]). It was
shown that F() are proportional to derivatives on k; of twisted transfer matrix eigenvalue:

eIl
S|

by (1) e a:1Ca’b(ﬂ; 0) By (1 9). (5.3.1)

i) (Z ) i 47 (2|17, 07)

A peculiarity of this representation is that we have a full derivative of 7.(z|ua“,v°) over k;.
In other words, one should consider the Bethe parameters 4 and v¢ as implicit functions of
Ki, whose dependence on the twist parameters is determined by the twisted Bethe equations
(2.1.33). In this section we show that representation (5.3.1) and (5.2.1) are equivalent.
Consider a solution {u“(x),v°(k)} of the twisted Bethe equations such that {a“(k), v (k)} —
{u,v} as k — 1. Then, similarly to (4.2.13), we introduce an (a + b)-component vector ¢ as

(5.3.2)

Comparing this vector with the vector ® (4.2.13) we see that ®° — ® as? & — 1.

2Here and below &

1 stands for k1 = ko = k3 = 1. We also assume that the condition & = 1 automatically
yields 2 = @ and v = o.
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Taking the logarithm of the twisted Bethe equations (2.1.33) we obtain

(5.3.3)
K2
<I>a+] = log </€3> ) J=1 ;b
Differentiating these equations over x; at kK = 1 we find
0®; duy, 0®; dvy
— = d09; — 015 =1,...
Z Ouy, dr; 1r=1 Z Qv dry la=1 2 O J e
(5.3.4)
=4 03 =1 b
Z auk dK,,L Z ka d/‘iz 24 3ty J ) s Uy
where we have taken into account that <I>]¢ =, ujc = uj, and ch =v; at R =1.
Let 2 = {u{,...,ug,v{,...,vy}. Then using (5.2.2) we recast (5.3.4) as follows:
a+b ( )d.’L‘
Cr(iyi) Tk s s .
kz_ljv}’k Tm R:1_62Z 512> ]_17--'aa7
- (5.3.5)
a+b i) d:ck
/L,Z — . . >
ZN‘I—H’kTHi E:1_622_53Z’ j—l,...,b.
k=1

Hence, if we multiply the columns /(\/'](lkl) with k = 1,...,a+b by the coefficients dzy /dk; and add

this linear combination to the last column of the matrix A (i) then we obtain zeros everywhere
except the right-lower element. For this non-zero entry we obtain

A\/- (z i dxk:
+b+1 a+b+1 Z at+b+1.k g, dk;

=1

ot ot (z|u”,v%) day,
oxy, dk;

1] 97x (24, V)

= (-1 o (-

1) d7s (2|0, 09)

= (-1)

5.3.6
r=1 dr; k=1 ( )

k=1

Thus, we arrive at

]_-(z‘,z') (z %%) o a+bHHf v],uk H f u],uk H g vpvk:
j=1k=1 k=1 Jk=1
i#k Jj#k
1 dT(2|uc, )
iz EE o m Qe NGO (5.3.7
X( ) dr; R= 1aEbN ( )

where now the size of the matrix N0 is (a 4 b) x (a 4+ b). Comparing this expression with
(4.2.8) we reproduce representation (5.3.1). O
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5.4 Zero modes

It was shown in the paper [86] that in the models with gl(/V)-invariant R-matrix all the form
factors can be obtained from one initial form factor and taking special limits of the Bethe
parameters. Our method was based on the use of zero modes of the monodromy matrix. This
approach can be applied to the models with gl(m|n) symmetry without significant changes. In
this section we give a brief description of this method and find simple relations between different
form factors.

The basis of the zero modes method is an expansion of the monodromy matrix 7'(u) into a
series over inverse spectral parameter

-—%H+§: ) (5.4.1)
Note that the expansion (5.4.1) yields similar expansions for the functions \;(u) and rj(u)

_1+§:A (&)™, i=1,2,3
(5.4.2)
n+1
—1+§:m k=1,3.

Assumption (5.4.1) implies that the Bethe vectors remain on-shell if one of their parameters
tends to infinity. This is because the structure of the Bethe equations (2.1.30) is preserved when
re(u) — 1 at u — oo.

The operators T;;[0] are called the zero modes. They span a gl(2|1) superalgebra. Sending
in (1.1.14) one of the arguments to infinity we obtain commutation relations of the zero modes
and the operators Ty (z)

[T3[0], Tha(2)} = (—1)DEHEDHELT (5,735 (2) — 63 Tu(2)), (5.4.3)

showing that the monodromy entries form an adjoint representation of the gl(2|1) superalgebra
generated by the zero modes.

5.4.1 Action of the zero modes onto Bethe vectors

The explicit formulas for the action the operators T;;(z) onto Bethe vectors were derived in [87].
Taking the limit z — oo in those expressions we obtain the action of the zero modes T;;[0]. The
action of Tj;[0] with i < j is given by

Ti3[0]Ba p(t;0) = — lim (—9)"" Busr o ({i w}s {v,w}), (5.4.4)
T3 [0]Byp (1 9) = — lim_ (=) By (a3 {0, w}), (5.4.5)
TIQ[O]Baﬁ(a; 6) = wh—Igo % Ba-ﬁ-l,b({a? w}; Q_})' (5'4'6)

Let us show how one can obtain these equations. For this we consider the simplest case
(5.4.4). The action of the operator Ti3(w) onto a Bethe vector B, (u;v) is (see [87])

Ti3(w)Bg p(w; 0) = Ao(w)h(0, w) Bey1p+1({G, w}; {0, w}). (5.4.7)
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Multiplying both sides by w/¢, taking the limit w — oo, and using the asymptotic properties
of the functions h(v,w) (1.1.38) and Aa(w) (5.4.2) we immediately arrive at (5.4.4).

The parameters 4 and v in (5.4.4)—(5.4.6) are a priori generic complex numbers, but they
may satisfy the Bethe equations in specific cases. Then in the r.h.s. of (5.4.5) and (5.4.6) we
obtain on-shell Bethe vectors, because the infinite root w together with the sets u and v satisfy
Bethe equations due to the condition (5.4.2).

Applying the antimorphism v to the actions (5.4.4)—(5.4.6) we obtain

Ca,p(0)T51[0] = lim ()" Caprpr ({a ws {B,w}), (5.4.8)
Cap(@;0)T5[0] = Tim_ ()" C oy (1 {0, w}), (5.4.9)
Cap(@0) T [0] = lim 2 Coprp({u, w};0). (5.4.10)

As in the above case, if the parameters {u, v} satisfy Bethe equations, then {u, v, w} also satisfy
Bethe equations as w — oo.

Similarly to the gl(N) case (see [96]) the on-shell vectors (resp. dual on-shell vectors)
depending on finite Bethe roots are singular weight vectors of the zero modes T;;[0] with i > j
(resp. T;;[0] with 7 < j):

Ti'[O]Ba,b(a; T)) =0, ©> 7,

5.4.11
Cap(u;0v)T35[0] = 0, 1< j. ( )

These equations can be obtained from the explicit formulas of the actions of T;; onto Bethe
vectors 2.1.2.

5.4.2 Relations between different form factors

The zero modes allow us to find simple relations between different form factors. As a starter,
we consider an example. Setting in (5.4.3) j =k =1 =2 and ¢ = 1 we obtain

[T12[0], Tha(2)] = —Th2(2). (5.4.12)

Let Coq1(u”;0°) and B, p(a”;97) be two on-shell vectors with all their Bethe parameters
finite. Then (5.4.12) yields

Cat1,(a”;09)Th2(2)Bap(0”;07) = —Cqq1,5(a; 09)T12[0]T22(2)Bgp(a”; 07)
+ (C(H_l,b(’L_LC; 5C)T22(Z)T12[0]Ba7b(ﬂ3; @B). (5.4.13)

The first term in the r.h.s. vanishes as T12[0] acts on the dual on-shell Bethe vector. The action
of T12[0] on the on-shell vector B, ,(u”;0") is given by (5.4.6), hence,

Cat16(a09)T12(2)Bap(u”;07) = Coprp(u; 09)Tha(2) wlgrolo Y Boy1p({a”, w};0%). (5.4.14)

Since the original vector B, (@”;7”) was on-shell, the new vector B, q,({a”,w};v") with
w — oo also is on-shell. Therefore, in the r.h.s. of (5.4.14) we have the form factor of Tha(%),
and we arrive at

F1.2) (z

o g)aH,a: lim & F22 (z

b,b w—o0 C

_ _ a+1,a+1
ac {“va}> . (5.4.15)

¢  -B bb

U
v

SIS

v v
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Thus, the form factor F(2) can be obtained from F(22) by sending one of the Bethe parameters
to infinity.

The relation (5.4.15) can be easily reformulated for the universal form factors. Indeed,
looking at the explicit expression (2.1.27) for the eigenvalue 7(z|u,7) we see that

lim 7(z|u,v) = 7(2|u;,0), lim 7(z|a,v) = 7(z|u, vg). (5.4.16)
Uj—>00 Vi —00

Thus, if one of the Bethe parameters goes to infinity, then the transfer matrix eigenvalue 7(z|u, v)
turns into the eigenvalue depending on the remaining Bethe parameters. Hence, we arrive at

5(12) <gg gg >“+1’“ — lim 222 (ac {aB,w}>“+1’a+1. (5.4.17)

bb w—00 ¢ ¢ B bb

Similarly, starting with the universal form factor 22 and using commutation relations
(5.4.3) we can obtain all the universal form factors §*7) with |i — j| = 1:

F(23) (gg gg )@,a = lim <w>b+1 §22 (?,g {1—,%2})%1 (5.4.18)

b+lb  w—oo \ ¢ b+1,b+1
o (1) - L (SR YT s
509 (s )", =~ () 50 (W B (5:4.20)
The universal form factors §*/) with |i — j| = 2 can be obtained as the limits of §*7) with
li — j| = 1, for example,
o (£ () (F )T, ey
SO0 (), = dm 50 (V) (6.422)

Thus, starting with %2 and taking different limits of the Bethe parameters we obtain all the
universal form factors of the off-diagonal matrix elements of the monodromy matrix. Formally,
F®D and 33 can be also included in this scheme, for example,

S0 (ug a? )“’“ _ 522 (@C ab ) — fim 2302 ({ac,w} a® )““’“, (5.4.23)

U™/ b,b ¢ o bbh w—oo ¢ ¢ 0B Jpy

However, in our case this relation is not needed, because determinant representations for all
diagonal universal form factors were already derived in previous chapter.

It should be noted that the possibility of considering the limit of an infinite Bethe parameter
is based on the use of the generalised model. On the one hand, in this model, the Bethe
parameters are arbitrary complex numbers. Hence, one of them can be sent to infinity. On the
other hand, the existence of an infinite root in the Bethe equations agrees with the expansion
(5.4.2). At the same time, since the final expression for form factors depends on r1 and r3 only
through the eigenvalue 7(z|u, v), the condition (5.4.2) is not a restriction on the form factors.
It can be checked for instance in Bose gas models [69], where the relations between form factors
and the zero modes method both apply, although the condition (5.4.2) is not fulfilled.
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5.5 Form factors of off-diagonal elements

In this section we deduce from the zero modes method determinant representations for the
universal form factors of the operators Tj;(z) with ¢ # j. Consideration is restricted with two
typical examples of F12 and 2. All other determinant representations for the universal
form factors can be obtained in a similar manner.

5.5.1 Form factor 2

Due to (5.4.17) the form factor §1?) is a limiting case of the form factor F*2). The determinant
representation for the latter is given by (4.4.14)—(4.4.17), where without any loss of generality
we can set p = a + 1. In these expressions we also should replace a with a + 1 and %® with
{u”,w} Then we have

lLa H
(12( >a+ = lim ——— det N, 5.5.1
§ ¢ 55 bb w00 ¢ Qg a+b+1N (5:5.1)

For taking the limit it is convenient to multiply the first a rows of the matrix N (32 by the
factors —w/c. Then we obtain

a+1l,a — a H
g2 (g 7;3) = lim <C> W et NP (5.5.2)

b,b w—00 \ W cQgq1 atbtl

where

N _BNRD g,
c (5.5.3)

Nj?'f sz,f), j=a+1,...,a+b+1

Now let us give explicit expressions for the prefactor and the matrix elements in (5.5.2).
The factor H is

H(u% {u”, wh; o) = f(0°,0”)h(u”, u”) A" (@) A(@”) A (@) A'(09)
x f(@0°, w)h(w, u”)h(a”, w)g(w, u”) = f(0°, w) f(w, w”)h(@”, w)H (@ u”;v7), (5.5.4)

where H(u%;u”;v%) is given by (5.2.4). Hence, due to (1.1.38) we find

lim <C>aH(uC; {u”, w};v9) = H(a; u”;v°). (5.5.5)

wW—00 w

The coefficient 2,11 is equal to

1 C , —C Qa —C; —B
Qor1(a%; {u”, w}) = = g(ua—gl ufgl) = +1£u “ ), (5.5.6)
g(ua+17 w) g(ua+1’ U ) g(ua+17 ’LU)
and therefore
lim — Qa+1(u {u”,w}) = —Qquy1(a;u”), (5.5.7)

w—00 W

where Q441(u%; u?) is given by (4.3.1). Thus, the prefactor coincides with the one in (5.2.11)
up to the sign.
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Consider now the matrix elements /\/’;2’ First of all /\/ +1 ,=—1lforallk=1,...,a+b+1.
If j,k # a+ 1, then

)

NP (@ (@, w); o)

_w <(_1)%1(%)75(“?’$k)h(ﬂc’$k) t(ﬂikvuf)h(wk,ﬂc)> h 11 AR
c f(l_ic,.l‘k)h(.iﬂk, aB)h(l‘k,w) h(l’k,ﬂB)h(l‘k, 'UJ) ’ k 7& a7+ 17 ’
(5.5.8)
(2,2 _ o
N, {8 w); 5% 07)
L j=1,....b,
- —t(vf,xk)g(ljc’q:k) (1 — T;”;g(x’“) ) : k=1,...,a+b+1, (559)
9(v°, ) f (g, uP) f(zk, w) kta+l.
Here {z1,...,2q} = {uf,...,uf} and {zaq2,...,Taqpr1} = {v{,...,v;}. Taking the limit
w — 0o we obtain
lim N (0 {0, w); o)
)% (z)t(uS, 25)h(aC, t(xg, us ) h(xy, u€ j=1L....a
) 1(_:)(] Wh(U% o) | Hw ), 07) T L (5.5.00)
f(U 7xk)h‘($k‘a UB) h(xkauB) k 7& a+1
wlgrolo'/v’a+1+] k({aB7w}7Q_}c7’l_)B>
. j=1,...,b,
— —t(of xk)M<1—W>, k=1,...,a+b+1, (55.11)
9(v°, ) f (g, u?) ktatl

Finally, for the elements N g a2+1 with j # a + 1 we have

°(22) (. j-B  y.mcy_ —W c (=) (w)h(ac,w)  tlw,uf)h(w, u) _
M hsn) = S (100 St ST S ) <
(5.5.12)
2,2) g(v”,w :
N§a+1({u ,wh v 07) = —t(vfjw)w, j>a+1, (5.5.13)
and sending there w to infinity we obtain
lim N(2 (@ {a”, w};0%) = hm N a+1({u ,wh; v 0%) = 0. (5.5.14)

w—00

[e]
We see that the (a + 1)-th column of the matrix N gzk,;Q) contains only one non-zero element

N fﬁ’a 41 = —1. Thus, the determinant in (5.5.2) reduces to the determinant of the (a + b) x
(a 4+ b) matrix with the matrix elements (5.5.10) and (5.5.11). Obviously, this representation
coincides with the expressions (5.2.11) and (5.2.12).
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5.5.2 Form factor &2

The form factor §*2) also can be obtained as a limit of the form factor %2 via (5.4.20). We
use again representation (4.4.14)—(4.4.17), but now it is convenient to set p = a + b. We also
should replace v¢ with {v°,w}. Then

32) (aC a8 \"" _ _ w\b H (2,2)
§ (ﬁc ﬂB)b—Lb wh—rgo(c> Qats gﬁEN ' (5:5.15)

For taking the limit we multiply the rows with j =a + 1,...,a + b — 1 of the matrix N 22 by
the factors ¢/w. Then we obtain

32) (@ a8\ _ _ 1 B(E)Q’H H (2,2)
§ (776 53>b—1,b wlgrolo ¢ \c Qatb g—?lta'/\/’j’k ) (5:5.16)

where

(22) _ pr(2,2) S
J\/'jJ§ _Nj,k , j=1,...,a,

Nﬁ”ii G2 j=a+1a+b-1, (5.5.17)
°(2,2) _ ar(22)
'N'a-&-in’ - Na+b,l<: = -1

Now let us give explicit expressions for the prefactor and the matrix elements in (5.5.16).
The factor H is

H(u%u” {v°, w}) = f(0°, u®)h(a”,a”) A (a”)A(u”)A(07) A (0)
X f(w,a”)g(w,v)g(v,w) = f(w,u”)g(w,v°)g(v°, w)H (a;u”;v), (5.5.18)
where H(u;u”;v%) is given by (5.2.4). Hence, due to (1.1.38) we find

lim (9)%_2 H (% a%; {5°,w}) = (=1)*"LH (a%; a®; 5°). (5.5.19)

w—00 \ C

The coefficient Q444 is equal to

~C .=B\ __ g(w,ﬁc)
Qurp({09, wha”) = o(w.77) (5.5.20)
and therefore .
lim — Qq ({07, w};u”) = 1. (5.5.21)
w—00 W

Consider now the matrix elements A/ ﬁf). If £ # a + b, then

N2 @0 (v, w})

)

(—1) 1y (i)t (u§, zK)h(a, o) t(ag, uf)h(Tg, u)

ij=1...,a,
= .5.22
F%, 2) F (w, 2 (@, ) e F=1,...a+b—1, 522
°(2,2) ,_ _ _
./\/'((Hj?k(uB;{vc,w};vB)
c g(v%, xy) r3(xk) j=1,...,b—1
= ——t(vf 1— T 5.2
w (v7 7$k)g(ﬁc,xk)g(w,:pk) ( f(zg,uB) )’ k=1,...,a+b—1. (5.5.23)
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Here {z1,..., 2.} = {uf,...,ul} and {zaq1,...,Zeqp—1} = {v{,...,v5 ;}. Taking the limit
w — 00 we obtain

B (—1)“*17“1(xk)t(ujq,:Uk)h(ac,xk) t(@p, uf )h(zk, u) j=1,...,a, (5.5.24)
f@° wp)h(ak, u”) h(zy,a?) k=1...,a+b-1 77
l}grgof\?gz;i-?k(ﬂB;{ﬁc,w};ﬁB)
g(v”, zy) r3(T1) j=1,...,b,
= —t(v§ 1l - B 5.5.25
oot () A ey 0929
Finally, for the elements N/ ﬁj-)b with j # a + b we have
v e B tH(w, u )h(w, u®) .
Ngi’j_)b(uc; uB; {UC’ w}) = h(]w ﬂB) s ] = ]., L., a, (5526)
(2,2) =B, [=C . 5By _ . _ _
N i@ {09, w0} 07%) = 0, j=1,...,b—1, (5.5.27)

o
and sending there w to infinity we obtain that N ﬁi)b —0asw— oo forj<a+bd.

o
We see that the last column of the matrix N §2é2) contains only one non-zero element

/\O/((i?a% = —1. Thus, the determinant in (5.5.16) reduces to the determinant of the (a +
b—1) x (a +b— 1) matrix with the matrix elements (5.5.24) and (5.5.25). Obviously, this
representation coincides with (5.2.19), (5.2.20).

Remark. In all considerations above we assumed that Bethe parameters of on-shell Bethe
vectors Cpr y (u;0¢) and B, (u”; 07) were finite. However, if r;(2) — 1 at z — oo, then Bethe
equations (2.1.30) admit infinite solutions as well. The peculiarity of such infinite roots is that
the corresponding Bethe vectors are no longer singular vectors of the zero modes T;;[0] with
i > j (respectively, the operators T;;[0] with ¢ < j do not annihilate dual on-shell vectors with
infinite parameters). This property played an essential role in our derivations, therefore one
might have impression that the case of infinite Bethe roots requires a special study. However,
as it was shown in [86] for the models with gl(3)-invariant R-matrix, all relations between the
form factors remain valid even in the presence of infinite Bethe parameters. The method of the
work [86] can be used for the models described by the gl(2|1) superalgebra without any changes.
Therefore we do not give here a special consideration to this problem.

5.6 Form factors in the models described by gl(1|2) superalgebra

As already mention, models possessed gl(1|2) and gl(2|1) symmetry are isomorphic. To dis-
tinguish object belonging to these two algebras below everything pertain to gl(1]2) algebra
symmetry case will be marked with tilde symbol. In particular, the new gradation appears
[1] = 0 and [2] = [3] = 1. Monodromy matrix entries are denoted as ﬁj, and their vacuum
eigenvalues as Xj, Bethe vectors are denoted as Ea,b(a, ), ete.

Isomorphism ¢ defined in following way.
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Definition 5.6.1. Let j=4 — j. Then
bl = b=+

o ATy = (—D)BEREF (5.6.1)

Hence,
P(AB) = p(A)p(B). (5.6.2)

Remark. There is a big freedom in the definition of ¢. Namely, we can use the following
action Tj;(u) — (—1)bll+all+8ll+y fﬁ(u), where «, 3, and v are arbitrary constants. Indeed,
if the operators Tw( ) satisfy the commutation relations of gl(1]2), then multiplication by
(— )O‘[ZHB[JHV is equivalent to the multiplication of the monodromy matrix T by diagonal
twists (from the left by diag((—1)*") and from the right by diag((—1)?V147)). It is clear that
after this multiplication the commutation relations are preserved. We have used this possibility
n (5.6.1) in order to have

o (str(T(u)) = str T (u). (5.6.3)
However, even this additional restriction does not fix completely the action of . We could

choose, for instance, Tj;(u) — (—1)VIEHEHI T (4).

5.6.1 Bethe vectors

Bethe vectors in gl(1|2) were constructed in [84]:

Boy(; 0) 9L, 00) (01, Ow)g (W, WO BT 0 T (59T 10 () 0. 5.6.4
ab( N Ro(in) o (5) (3.7) 13(01) T23(Vn) T12 (@) (5.6.4)

The dual vectors have the following explicit form

~ a<a D 98, 00) f (0, On) g (tn, w)R(01, 0) S s
Cap(u;v) — — Q g )T32(05)T31(0;).  (5.6.5
’b( Z )\2 uu))\z(l_f)f(ﬂ,@) 21( 11) 32( 11) 31( 1) ( )

Then, assuming that ¢(Q) = Q and ¢(Qf) = QF we find

¢ (Bap(0)) = Boa(0;3),  ¢(Cap(T7)) = Coa(T: 7). (5.6.6)

Here we have (dual) Bethe vectors of gl(2|1) in the Lh.s., and (dual) Bethe vectors of gl(1]|2) in
the r.h.s. One can also easily check that

¢(Ea,b(a; 1_})) = (_1)aca,b(ﬂ; ﬁ)a w((ca,b(ﬂ; 6)) = IBa,b(’a; 2_})' (567)

5.6.2 Form factors

Form factors of the operators Tj;(z) depend on the functions Ay(z). Therefore they are not
invariant under the action of ¢:

(p<]:(i7j) (z 7

/ /

e}

B)a ,a
C =B Wb

SIS
QQ
SRS
W W
—
IS}
e
~——
|
<
/N
N

S|
S|

. 5.6.8
A (2) =g (2) (5:6:8)
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On the other hand we have

@ < Flid) (Z

aC uB a',a . C 2C. 5T, B. . (35 o8
o 5B )y =@ a’,b’(u ;0°) ZJ(Z) a,b(u ;07)

. ~ ~ Pt b.b
= (_1)[.7“Z]+[J]+1Cb/7a,(@C;ac)’_rjj(z)Bb’a(@B;ﬂB) = (—1)blEHbH FGD (Z gg g’;) C . (5.6.9)
Thus, we obtain
~ b'b aa
I+ £G2) () 0C 0B ) (1.) (5| aC aB )"’
(=1) 7 (Z ua“ ﬂB>af,a 7 (Z ¢ o )b/,b A (2)=—Ag(2) (5.6.10)
Changing here
a9 098, a < b, a v, 7, 7454, (5.6.11)
we find
~ aa v'.b
(i.3) (| aC aB " — (_\DE+E+L 23 (4] 9C 98 )
F <z al a7 )b’,b (—1) F (z o ﬂB)a/,a N, (5.6.12)
It remains to use m = [J] + 1, and we finally arrive at
~ a'a ~r o v'.b
(i.9) ‘uc aB " )Wl G ‘ oC o8\ 7
7 (z 7@ o )b/,b (=1) 7 (Z a® ﬂB>aI,a Ae(2)=—Ag(2) (5.6.13)

Thus, the form factors of the monodromy matrix entries in the models with gl(1]2) and gl(2|1)
symmetries are related to each other by the replacement of variables (5.6.11).

Conclusion

The main results of this chapter are formulae for determinant representations of the monodromy
matrix entries form factors in the integrable models possessed gl(2|1) and gl(1]2) algebra sym-
metries. These results can be directly applied to the computation of form factors of ultralocal
operators and, correspondingly, correlation functions of integrable models using form factor
series (0.1.7). This problem is considered in next chapter.

Calculation of form factors and scalar product in the models with algebra symmetry gl(m|n),
m,n > 2 is an open question. Any results for such algebras will be extremely important for
description of integrable higher-spin and multicomponent Fermi gases (see review [122]) and
supersymmetric Yang-Mills theories [118]. Zero modes method can be applied also there, so in
order to obtain all form factor it is required to compute just one and other can be obtained
by taking special limits. However, it is clear that even computation of single form factor is an
extremely complicated problem in the higher rank algebra symmetry case. For instance, it is
not clear what can be possible generalisation of formulae for the matrix block (5.2.5)-(5.2.6) in
the determinant.

One more interesting problem is a computation of the form factors in case of the trigono-
metric R-matrix.



Chapter 6

Correlation functions in
Gaudin-Yang model

The problem of representations of ultralocal operators form factors via monodromy matrix
entries form factors was solved in [68, 86] for arbitrary algebra gl(/N) and generalised for graded
algebra symmetry case in [98]. For fundamental models the solution of the quantum inverse
problem can be also applied (see [80, 97]). It provides us iwth the possibility to calculate correl-
ation functions using form factor series summation (0.1.7). This summation can be performed
both analytically and numerically. Below the numerical approach is developed for integrable
1D Fermi gas described by Gaudin-Yang model.

6.1 1D Fermi gases

One-dimensional gases have been intensively studied during many years. Such models attract a
lot of attention since there was found that they are often exactly solvable by the Bethe ansatz
technique and other methods [18, 20-25, 27]. The non-perturbative description of Bose and
Fermi gases was studied in a giant number of works (see reviews [122, 134]). The experimental
progress in the realisation of the 1D optical traps [138-141] and the search for the perspective
methods for realisation of quantum bits renew interest on these models.

The object of our interest is an integrable model of one dimensional Fermi gas described
by the Gaudin-Yang model [25, 32]. This model among with the Lieb-Liniger model (Bose
analog) is the simplest example of the low-dimensional models with the ultralocal interaction.
We restrict ourselves here to the model with spin-1/2. Integrable models with the higher spins,
multiple components and mixtures of Bose and Fermi gases also exist but their description
requires calculation of the form factors by ABA approach in algebra symmetry case gl(m|n)
with m 4+ n > 3 that is an open problem.

The experimental realisations of 1D Fermi systems were done in [136, 137]. Properties of the
Gaudin-Yang model were studied in [123-130]. Spectrum, phase diagrams, thermal behavior,
relaxation properties were considered. Correlation functions were examined in [131-133] using
CFT prediction or Luttinger liquid approach. However, the description of correlation functions
in such models is far from being complete. The goal of the current chapter is to present the
numerical algorithm that allows to describe the correlation functions of the 1D spin-1/2 Fermi
gas. This method is loosely based on the ABACUS algorithm that was developed in the works
[60, 61, 104, 135] (see also [159-162] and review [163]) and gave perfect description of the

89
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one-component spinless Bose gas, Heisenberg spin chains, etc. This technique is, in fact, the
procedure of the numerical summation of the form factors of ultralocal (one-point) operators,
that can be calculated using the algebraic Bethe ansatz approach (ABA). Our current task is the
generalisation of the ABACUS technique to the spin-1/2 Fermi gases and t-J supersymmetric
model. The final result is a Fourier map of correlators called dynamical structure factor (DSF).
We present our result as a density diagram in energy-momentum coordinates. Experimentally
such image can be obtained via the light scattering measurement.

6.1.1 Ultralocal operator via ABA

Form factors of the monodromy matrix entries T;; with algebra symmetry gl(2|1) were calculated
in [90] and are given in chapters 4-5 ((4.4.14)-(4.4.17) and (5.2.11)-(5.2.21)). Any ultralocal
physical operator can be expressed via these operators. Particular cases are given in the next
section. Form factors of the ultralocal operators O(m) are connected to the universal form
factors of the monodromy matrix entries T;; as [98]

5 )“"a _ (W _ 1) 5 (12 )a/’“ (6.1.1)

C
¢ b.b 1 (a?)l3(v°) o 0P g

o (o

S|
S|

where ¢, ¢35 are r; and r3 for the one-site model, m is the discrete coordinate on the lattice.
Finally, the connection between physical operators O and the ultralocal operators O;; depends
on the specific model and particular operators.

6.1.2 Gaudin-Yang model

The Hamiltonian of the one-dimensional Fermi gas with the ultralocal interaction is given by

L
1= [ "o {ouiove + colvlpsm}.  af =L, (6.1.2)

(k@) 5 } = dasdle — ). (6.1.3)

the sum is taken over repeated indices. The Bethe ansatz description of this model was given
by [32] (see also [25]). Gaudin-Yang model corresponds to the choice ri(u;) = —1, r3(v;) =
—exp(iv;L) in (6.2.8). The case of zero magnetic field is considered for simplicity and chemical
potential is chosen to be zero since we consider case of fixed particles number and chemical
potential gives just trivial shift of the ground state. Variables v are momenta of the fermions.
Variables @ are rapidities of the excitations corresponding to spin flipping. Experimentally
coupling constant ¢ can be tuned by external magnetic field using Feshbach resonance [142—
145]. Here and below h=m=1 convention is used.

A similar system of one-component Bose gas with the delta-interaction was studied numer-
ically in [104, 135]. Below we study only the case with repulsive interaction, so ¢ > 0.

The connection of form factors of the monodromy matrix entries to form factors of local
operators (6.1.1) in the Gaudin-Yang model is given by

P a+2—k,a
Cara-rpir (8,50 @)Bua(@”,57) = iv/eg®D (15 05) 70 k=12, (6.14)
. B - . o a—i+j,a
Caissal@, DWW @) Bas @, 2%) = —P(", 7Y 720500 () T

i?j = 1727
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with the energy and the momentum of the excited states are given by

b
w=w@") —w®’), W)=Y v,  q@®)=> v, P=q@")-q@°). (6.1.6)
] =1

These formulae are direct corollary of the general formula (6.1.1). The derivation for the Fermi
gas coincides with the one for the Bose gas given in [68].

6.2 Calculation of the DSF in 1D integrable model via ABA

6.2.1 Form factor series

Two point dynamical correlation function of arbitrary operators O (0.1.7) at zero temperature

can be presented as the form factor series

(010(0,0)[m) (m|O(0,0)|0)
(m|m)(0]0)

(O(z,)01(0,0)) = 3

m

ctontoimmn = S FOJ entn,(62.)
m

where |.7-"2‘ is the form factor of the ultralocal operator (0.1.8) between the state |m) and the
ground state.

The problem is the summation of series (6.2.1). Analytically such form factor series was
studied in [50-55, 58, 59]. However, quite often summation of (6.2.1) can be performed only
numerically. The method of numerical calculation of the DSF based on the form factor summa-
tion formula was developed in the works of M. Karbach, G. Miiller [159-162] and J.-S. Caux et.
al. [60, 61, 104, 135, 163]. Our current task is the generalisation of this method to the higher
rank algebra symmetry case.

6.2.2 Eigenstates

Generic (off-shell) Bethe vectors become the eigenvectors if their spectral parameters satisfy the
system of BAE. Naturally, the different solutions of BAE correspond to different eigenstates.
Hence, in the ABA approach the states are numerated by the solutions of BAE. The number
of BAE solutions should coincide with the dimension of the Hilbert space of the model under
consideration'. This property provides completeness of the Bethe ansatz and was conjectured
since the very first work of H. Bethe [13] but was never rigorously proven for a wide range of
models, except some cases, such as XXX or XXZ Heisenberg spin chains [152-154, 164]. Quite
a general proof was done in [146], where the string hypothesis (see 6.2.3) was developed?. The
string hypothesis provides a classification of all solutions of Bethe equations and allows to proof
the completeness, however, it is not proven itself and often is violated [147-149, 151]. An im-
portant remark here is that the number of violations growths as square root of a (quasi)particles
number that is infinitely slow in comparison with the total number of solutions. Thus, it can
be expected that in absolute majority of situations violation of the string hypothesis does not
play significant role, and even if some solutions are lost (hence, some terms in form factor series

Tt should be noticed, that there also exist some solutions of the BAE that do not corresponds to any Bethe
state, these solutions are called nonphysical. Of course, only the total number of physical solutions coincides with
the dimension of the Hilbert space.

2Firstly the string hypothesis was conjectured by H. Bethe.
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are omitted), the deviation of form factor series (6.2.1) from the correct value is expected to be
negligible. The experience shows that this expectation is correct and dropping part of basis in
series (6.2.1) is acceptable.

6.2.3 Classification of solutions

We refer to the first and the second equation of (2.1.30) as the first and the second level (of
BAF nesting) correspondingly. We call in the same way variables @ and v as the first and the
second level Bethe parameters (or the spectral parameters).

The string hypothesis allows to classify the solutions of the BAE and provides significant
simplification of the BAE solution method.

Definition 6.2.1. Among the solutions of BAE there exist solutions, with few Bethe parameters
connected by the following relations

ud; =l +ic(s —25) /2402, j=1,....5 0% ~e M Qm(ug) =0. (6.2.2)

Such solutions are called strings. Here s is the length of the string, i.e. the number of Bethe
parameters in the string, L is a system size, « is a string counter (indicates the particular string
a among all the string of length s) and j counts Bethe parameters inside one string. 62 sj guwes
deviations of the solution from the ideal string. u$ is a string center (defines the real part of
the string).

From the definition it is clear that strings are symmetric w.r.t. the real axis. The strings of
length one are just real solutions (i.e. all Bethe parameters have zero imaginary part)3.

The assumption of the string hypothesis is that all possible solutions of the Bethe equation
are given by the strings. Particular solution of BAE consists from the set of strings of arbitrary
lengths. Of course, the total number of Bethe parameters should be conserved

o
> sM, =a, (6.2.3)
s=1

where M, is the number of strings of length s. In case of the nested Bethe ansatz Bethe
parameters of each level of nesting can form strings.

Remark. The restrictions on the length of strings can appear in particular models in dependence
on model parameters tuning. For example, in 1D Bose gas (Lieb-Liniger model [20-23]) with
repulsive interaction there are no solutions of BAE with strings longer than 1, so all Bethe
parameters are real (or have a common shift in the complex plane). While in case of attractive
interaction strings of any length are allowed.

The string hypothesis does not give all possible solutions, for instance, another types of
complex solutions with shift in complex direction by 2ic can exist, moreover for long strings the
dependence of ¢ ; on L can be not exponential but is a power law. The type and number of
string hypothesis violations depend on the model and specific tuning of model parameters such
as magnetic field, coupling constant, etc., but as is already mentioned it often does not play
significant role for numerical computation. In case of Gaudin-Yang model with ¢ > 0 it can be
expected that for a wide range of parameters the complex solutions do not play a significant
role at all, similarly to case of the repulsive Bose gas.

3For the BAE in form (2.1.30) these Bethe parameters will be sifted in the complex plane by ic/2, but we
always can make a shift of u by ic/2 directly in the BAE and obtain real solutions.
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6.2.4 Basis scanning algorithm

In order to calculate the form factor sum over all possible physical solutions they should be found
explicitly from the BAE. Of course, numerically the summation in (6.2.1) can be performed only
for a finite number of Bethe parameters, i.e. for the system with finite number of (quasi)particles,
but hopefully we can hold this number big enough to obtain results that describe the behavior
of the system in the thermodynamic limit well enough.

Even numerical summation of the form factor series (6.2.1) for the finite system size will be
an impossibly complicated task if all contributions to the sum will be taken into account. Indeed,
even in the system with the final dimension of Hilbert space, the total number of states growths
exponentially with the grows of the system size. Consider, for instance, an ordinary Heisenberg
spin-1/2 chain (0.1.1). The Hilbert space has dimension 2V for the chain of length N. In this
model excitations above the vacuum state are magnons and Bethe parameters are rapidities
of the magnons. In the anti-ferromagnetic regime (energy constant in front of Hamiltonian
is negative) the number of magnons in the ground state is M = N/2 (correspondingly, the
cardinality of @ is @ = N/2), the number of all possible solutions in this spin sector is C¥;.
Hence, in the ABA approach the number of the Bethe parameters is a ~ N, they are defined by
the system of nonlinear equation (BAE) and the total number of solutions growth as C§; with
the growth of system size. Moreover, in the case of Bose or Fermi gases the dimension of the
Hilbert space is infinite even for the finite size systems. Hence, calculations of the form factor
sum seems to be an extremely complicated task unless some restriction that allows to cut the
basis will be found.

However, not all form factors in the series (6.2.1) are equal. Some form factors give significant
contributions while the vast majority are neglectable small. Fortunately, in most situations it
is easy to choose the form factor types that give the most significant contributions to the series.
Moreover, some general procedure that scan the basis in order to choose only some particular
contributions to the form factor sum can be found.

For this purpose we consider the classification of the states in terms of solutions of BAE
(2.1.30). Details depend on specific model and specific regime of the model. We consider here
Gaudin-Yang model (6.1.2) with repulsive interaction (¢ > 0). Then the second level Bethe
parameters are always real as in Bose gas (only the strings of length 1 are allowed), while the
first level of Bethe parameters form strings of any length [150]. Further, we call solutions that
contain only strings of length 1 just the real solutions, since all parameters can be made real by
proper shift, while solutions, that contain strings of length 2 or more, traditionally are called
the string solutions.

Since we assume the connection (6.2.2) between part of Bethe parameters, the number of
Bethe equations should be reduced to the number of all string centers that are only unknown
variables [146]. Gaudin-Yang Bethe equations (2.1.30) can be rewritten [150] as
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2 2 2
(x) _ € (|nfm|> € <|n7791:1|+2> € (|nfrl;z|+4> e <n+*§1—2) € (n-fm) ’ n#m,
2 2 2
(3 (3) P (5)e(f),  n
where e(x) = arctan(z)?.
There are known from the experience [60, 61, 104, 135, 163] two conjectures that provide
good approximation for zero temperature case. They never were proven rigorously but rather
established and checked numerically.

Il
E

(6.2.6)

Conjecture 6.2.1. Form factors between ground states and excited state that contain the string
longer than one decreases with the growth of the string’s length. The form factors decrease with
the growth of number of strings with a length more that 1.

The conjecture (6.2.1) is not itself a strict quantitative criteria, but gives good approximation
for the repulsive case (see however discussion at the end of the subsection). The details are
discussed below. The method of precision control is discussed in the end of the section.

It is convenient in addition to spectral parameters {u}, {v} to introduce two sets of the
quantum numbers {I} and {J} whose cardinalities are given by #I = #u = a, #J = #v = b.
They are defined as the phases of the Lh.s. of the BAE system. In [150] there were restrictions
on the quantum numbers in the Gaudin-Yang model derived

Ji=1,2,...,
1
12 = 5o = 1= tumMan

The logarithm of (6.2.4)-(6.2.5) in case M; = a, M, = 0 for n > 1 (only solutions with no
strings) is

(6.2.7)

, tpm = 2Min(m,n) — dpp.

b

0= Zel(uj —ug) + Zel/g(vk —uj) + 2milj,
ae k=t (6.2.8)

b
inL = Z 61/2(Uj — uk) + 27TiJj.
k=1

The phases {I, J} are the (half)integer® numbers. Every given set {I, J} defines in unique way
the set {u, v}, every I; corresponds to some u;, and Ji to vy.

The second restriction on all possible solutions is a number of the particle/hole excitations
that should be taken into account.

Conjecture 6.2.2. Form factors decrease with the growth of a particles/holes excitations num-
ber, so the most significant contributions to the sum (6.2.1) are given by the form factors between
the ground state and the excited states with only very few particles/holes. The same is true for
the NABA, with a correction, that excitations should be considered on both first and second
levels of nesting. Actually, below will consider excitations with no more than two particles/holes
on the each level.

“We shift here u, in BAE by —ic/2 for further convenience.
5Tt depends on specific form factor
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Remark. Of course, the reduction of series (6.2.1) to the one- or two-particle/hole excitations
is enough if the system size is finite, that is obviously used in the case of numerical calculation.
In case of system in the thermodynamic limit i.e. L — oo, a = #u — 00, b = #0 — o0
but a/L — ng, b/L — ny, the families of many particle/hole excitations should be taken into
account. See details in [50-54].

The basis scanning. Even between the states with one- or two-particles/holes there are
more and less important. In order to choose the most significant, the “basis scanning” algorithm
can be used. Consider one particle/hole excitations on the first level of nesting, i.e. replace one
of numbers {I}, say Ij, by I, that lies outside the Fermi interval. We memorize among all such
excited states these that give the largest contributions and denote them as {1, J}’'s (k=1,...,a
denotes the quantum number that was moved and I}, denotes the value of quantum number after
it was moved outside the Fermi zone). The number of the important (in sense that they give
significant contribution to the form factor series) excited states usually is much smaller than the
number of all possible one particle/hole excitations at the first level of nesting. The second level
of nesting is still unperturbed yet. Now it is enough to add one particle/hole excitation on the
second level only to the chosen states {I},.J}. These states give most significant contributions
among all possible states with one particle/hole excitations on the first and the second levels
simultaneously. Again, we choose among these excitations the most significant contributions.
Denote them as {17, J;} (k =1,...,a, j = 1,...,b). The next set of excitations can be build
adding one particle/hole excitation on the first or the second level to the states from {I}, J; }.
Such scanning procedure allows us significantly reduce the number of states that are taken into
account in all the sum in (0.1.7) without significant loose of precision.

String contributions. Above we consider the system with an arbitrary cardinality a. This
means, that a spins is flipped. It is especially interesting consider the case a = b/2. In case of
zero magnetic field and zero temperature this case corresponds to zero magnetization of system
and is global ground states (for every fixed a and b there are their own ground states, but
case a = b/2 is global, i.e. the lowest energy state among all choice a, b). As above, we can
try restrict ourselves by the BAE solutions with no strings. From the system (6.2.7) it is easy
to show, that in this case Lnae (Imin) coincides with right (left) Fermi boundary on this level
of nesting. This means that the “real” one particle/hole excitations are not possible on this
level. However, the string solutions still exist and should be included into consideration. In
this case these excitations already can not be neglected. Among the strings there exists their
own gradation of “importance”. Thus, the states with a small number of strings of short length
always give more contribution, than the states with the long and/or multiple strings.

Another situation is a case of the negative coupling constant ¢. In this case the ground state
contains strings on the second level of nesting and the solutions with strings on the both levels
are expected to give most significant contributions to the form factor sum.

Precision control. Since instead of summation over the full Hilbert space only the very
limited part of the basis is used without any rigorous proof of such restriction in the general
case, the method of precision control of the scanning procedure is required. It can be provided
by the sum rules, i.e. certain relations on the form factor sum that can be established from the
general quantum mechanical conservation laws. The idea of using such formulae as a control
method follows back to [159-162]. The particular sum rules depend on the model and the
particular form factor, however the main idea is very simple. At least in some cases the sum of
all (or part of) the form factors are known from some conservation laws. If all form factor in
the series is non-negative and sum is (near) satisfied by some finite number of contributions, it
is clear that the rest do not play significant role.
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6.2.5 Correlator (](z,)14(0,0))

Consider the correlation function of two field operators <17Z)l(:1,‘, t)11(0,0)). We call corresponding
DSF Sa3 because field operator 14 coincides (up to the factor ¢) with the local operator obtained
from the monodromy matrix element To3

Slaw) = [ diet [ S5 (ul(a0ur(0.0))

oo (2m)
a,a 2
=2rle Y 3(2@(22 gﬁ)be 8g—qom a8 (w(@,87) —w) . (6.2.9)
(95,25} ’

Here {u”, 0"} is Bethe parameters that corresponds to excited states and we perform the sum-
mation over all (important) states. The set {u®,v“} corresponds to the vacuum state. On
Fig.6.1-6.2 Sa3 is shown as function of ¢,w for the different values of the coupling constant ¢
and for the different numbers of flipped spins.
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Figure 6.1: The diagram of Ss3(q,w) in plane w — ¢ at ¢ = 0.32 (left) and ¢ = 7.32 (right) with
2 spins down. Density of particles is 0.4. In contrary to the spinless Bose system all density is
concentrated near the lower threshold even in the case of weak interaction. In fact the density
with higher energy is not equal zero, but is so low that is is not distinguishable on the diagram
without logarithmic scaling of colour.

Here the system of 40 fermions is considered. The system size L is taken 100°. The energy
and momentum are measured correspondingly in 0.01L~2 and 0.01L~! units.

5The statement about system size itself has no sense, since all system parameters can be renormilised in such
a way that L will appears only in combination Le (all Bethe parameters will be also rescaled). Hereby, the length
can be measured in any convenient in particular case units (say nanometers), while in order to restore the proper
physical units it is enough to rescale ¢, that itself leads to rescaling of all Bethe parameters and, correspondingly,
to rescaling of w and gq.
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Figure 6.2: The diagram of S23(¢,w) in plane w — ¢ at ¢ = 0.32 (left) and ¢ = 7.32 (right) with
10 spins down. Density of particles is 0.4. In fact the density with higher energy is not equal
zero, but is so low that is is not distinguishable on the diagram without the logarithmic scaling
of colour.

Sum rule

For the correlator of (¢f(x,)1(0,0)) the rule is given by

1 dw n—-n, b—a
Z Zq:/ (27’(’) S23(Q7w) - L - L (6210)

i. e. we just reproduce the density of particles with the spin up.

6.2.6 Correlator (](z,t)i,(z,t)1](0,0)14(0,0))

Correlator of fields with the different spin projections can be expressed via the correlator of the
monodromy matrix entries T2 and T5;. We call corresponding DSF Si12(q,w)

Sualw) = [ diet [ e (la e, 00]0.00640,0)

. (2m)
=2l > PR30 (5 )
{

vBuB}

a+1,a 2
| O gom an)8 (@ 07) —w). (6:2.11)

On Fig.6.3-6.4 S5 is shown as a function of ¢,w for the different values of the coupling
constant ¢ and for the different numbers of the flipped spins. The system of length 160 with 74
(Fig.6.3) and 55 (Fig.6.4) fermions is considered.
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Figure 6.3: The diagram of Si2(¢,w) in plane w — ¢ at ¢ = 0.52 (left) and ¢ = 7.52 (right) with
2 spins down. Density of particles is 0.46.

Sum rule

The simplest situation of © = 0 static correlation function can be considered. In this way the
inverse Fourier transform is a sum

1Y [ s Salan) = 00.0)6,0.000](0.0064(0,0), (6212)

The later can be rewritten, using the commutation relations (6.1.3), via correlators (n4(0,0)n (0,0))
and ny. The DSF for this correlator we call Sy (k,w) and the correlation function can be cal-
culated using the inverse Fourier transform that coincides with the following sum rule in case
z=0,t=0
1 dw
— [ —5 (k,w)w = 0. 6.2.13
7 [ GSutk) (6.213)
This sum rule, however, can not be considered as the good instrument, since at some energy
region the correlator becomes negative, and it can be used as a good verification method only if
all the contributions with a given momenta is taken into account, that is not practically possible.
Instead the following method can be used. According to the Hellmann-Feynman theorem
for arbitrary continuous parameter A and the eigenstates ¢ = 1y
OH oF
—-— = — =2¢+,(0), 6.2.14
(WAl 1) = 5 = 291,(0) ( )

where g3 (z) = (nq(z)ny(z)). The ground state energy was derived in [127]

32 4log2 12log?2  32log>?2 2
po | _4log2  12log72 3 0g’2 8m((3) L0, P—o,
3 gl 72 7 5y ( )
6.2.15
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Figure 6.4: The diagram of Si2(¢,w) in plane w — ¢ at ¢ = 0.52 (left) and ¢ = 7.52 (right) with
12 spins down. Density of particles is 0.34.

where

p="1"" (6.2.16)
mn

is a polarization and v = ¢/n.

6.2.7 Correlator (n.(x,t)n+(0,0))

Correlator of the fields with the different spin projection can be expressed via the correlator of
the monodromy matrix entries Th1. We call corresponding DSF S11(q,w)

Si1(q,w) = /OO dtei“t/dxei‘”q (ny(z,t)n4(0,0))

—0 (2m)
a,a 2
—orr Y PRI (gg gg)bb a8 a8)0 (w(@®,0%) —w). (6.2.17)
{o8,aB} 7

S11 is shown as function of ¢,w for the different values of the coupling constant ¢ with the
18 flipped spins. The system size is taken 80 and 74 fermions in the system.

Correlator (nq(z,t)n4(0,0)) was measured in the experiment with a gas of atoms of °Li [165]
where gas was confined in a crossed dipole trap. The coupling constant is proportional to the
scattering length a that was tuned using the Feshbach resonance. Strong and intermediate
coupling regimes were considered 1/(kpa) = 1 and 1/(kra) = 0. The DSF was measured at
k = 4.5kr and for a wide range of energies. The DSF of Si; and DSF S;| (Fourier image of
correlator (nq(x,t)n;(0,0))), measured in [165], are shown on Fig.6.6. In fact, this is the vertical
cut of DSF image at fixed momenta. The nontrivial result is a presence of few maximums of
the DSF at different energies.
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Figure 6.5: The diagram of S1;(¢,w) in plane w — g at ¢ = 0.42 (left) and ¢ = 20.52 (right) with
18 spins down. Density of particles is 0.46. Two independent “profile” of excitations can be
seen at strong interaction regime. In fact, only the lower threshold of the lower “profile” can be
seen without application of the logarithmic scale. For weak interaction only one “profile” exist
at all.

The direct comparison with the experiment is not possible, since measurement was done at the
relatively high momentum and at the relatively high energy region, not shown on (6.2.17). At
such momentum clearly the two- and tree- particle/hole contributions should already contribute.
However, it can be expected that the general pattern should be similar.

From the Fig.6.5 and BAE (6.2.4)-(6.2.5) it is clear, that the shape of the DSF should be
“a superposition” of the two type of excitations: the excitations on the second level of nesting,
whose spectrum and DSF resemble those for the Bose gas [62, 104, 135] and the excitations on
the first level of nesting, whose spectrum of the XXX spin chain [60, 61] spectrum. In particular,
with the fixed second level of variables, the first level BAE are just BAE of the inhomogeneous
XXX spin chain (see (1.1.27)) and the homogeneous limit of the DSF for spin-spin correlator is
shown on Fig.1 in the introduction. Vice versa, if we consider the case without the first level
of nested variables (all spin up, so #u = () we deal with 1D free fermions, whose behaviour
is similar to 1D bosons, since even for Bose gas Pauli exclusion principle is present in 1D and
there is not too much difference between Bose and Fermi gases expected for the density-density
correlator.

Creating the one particle excitation on the second level we “move right” on w — ¢ plane since
the momentum of such form factor increases. When we increase the energy of this particle we
obviously move along the parabolae on w — g plane. The DSF profile here just resemble the case
of 1D Bose gas. Creation of excitations on the first level leads to duplication of such profiles in
the w — ¢ plane, since for fixed Bethe parameters on the second level of nesting we have many
possibilities of excitations distributions on the first level. This is obviously clear from 6.5 on
the low energy/momenta region, where we can see two shifted Bose gas-like profiles. The cuts
of such profile at few fixed momenta are shown on Fig.6.7 and resemble two peaks structure
measured in [165] and shown on Fig.6.6.
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Figure 6.6: Spin-parallel and spin-antiparallel components of the dynamic structure factor of
a strongly interacting Fermi gas measured at (a) 1/(kra) = 0, and, (b) at 1/(kra) = 1.0.Red
upright triangles are the spin-parallel structure factor S11(k,w) and blue inverted triangles are
the spin anti-parallel response Sy (k,w). Solid lines are a guide to the eye. Insets show zoomed
in plots of the high frequency region where St (k,w). w, = hk%/2m. [165].

Similar picture will appears also with the two-, three- particles/holes excitations and at higher
energies/momenta and was measured in [165] for the fixed momenta and clearly seen on Fig.6.6
at 1/(kpa) = 0.

For the weak coupling case the second peak is not presented, however, and this coincides
with theoretical computation (see left part of 6.5). This shows that the form factors at weak
coupling is significantly differs from zero only at one fixed configuration of the first level (spin
flips) excitations.

6.3 Conclusion

The first main result of this chapter is a description of the generalisation of the algorithm,
developed in [60, 61, 104, 135, 159-162] for the algebra symmetry case gl(2). The details of the
algorithm slightly varies for different models and different correlators, but the general schema is
very similar and loosely resemble the case of the algorithm for the algebra symmetry gl(2) based
models. The only complexification is the appearance of the second level of nesting. It provides us
with several problems. The first one is the computation of the BAE solutions and form factors.
Thus, the complexity of the numerical algorithm growths as ~ a%%%- for a (quasi)particles
number a. Appearance of the second level of nesting leads to growth (a + b)%%2 where b is a
number of (quasi)particles on the second level of nesting. The second problem is a growth of a
number of contributions that should be taken into account. The number of the one-particle/hole
contributions is ~ C¢. Appearance of the second level gives the additional factor ~ C? to the
number. Even taken into account, that the amount of the numerically significant form factors
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Figure 6.7: S11 at ¢ = 20.52 at momenta k& = 40, 80, 120, 160, 200.

is, let say, approximately 1-2% of the overall number of the one-particle/hole form factors
(it strongly depends on a particular model and particular form factors), the total number of
contributions that should be calculated become giant in comparison with the algebra symmetry
gl(2) case even for the relatively small systems. This problem strongly restricts the precision of
the numerical algorithm, especially in the situations when two-, three-, etc. particle/hole form
factors should be taken into account. The solution of such problem is seen in an analytical
study of the form factor behaviour. Thus, if it will be possible to understand what types of
excitations give the most significant contributions to the form factor series for a particular set
of model’s parameters and particular form factors, it can be possible significantly increase the
productivity of the basis scanning algorithm and choose the very limited number of form factor
from the very beginning. This problem is especially important in context of generalisation of the
algorithm to the higher algebra rank symmetry case. Thus, if the determinant representation
for the form factors of ultralocal operators will be found for algebra symmetry gl(N) N > 3 (or
graded algebras) the method in principle can be applied to these cases too. The same is true for
B-, C- and D- algebra series. Moreover, even despite the fact that in general the determinant
representations for the form factors of ultralocal operators for the algebra symmetry gl(2|2),
gl(4) related model are unknown, the particular cases with one (quasi)particles on the third
level or the second level of nesting can be studied now. Such form factors, for instance, allow
to describe the Green function of one impurity particle moving through the 1D volume.

The developed algorithm was applied to the model of spin-1/2 integrable Fermi gas. Few
correlation functions were probed. The most interesting case is seems to be the (6.2.17) since it
can be compared with the measured in the recent experiment on (quasi) 1D Fermi gas. Another
correlation functions are also expected to be measured and it will be interesting to compare
such experimental results with our theoretical prediction.

Finally, it is also possible to apply this numerical method to the supersymmetric t-J model
and other models related to algebra symmetry gl(2[1) or gl(1]2).
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Conclusion

Despite an extensive study and significant successes of the ABA and other methods, the de-
scription of quantum integrable models are far from being complete. Even in the theory of the
simplest one-component models a lot of white spots remains. Moreover, especially interesting
multicomponent models are much less studied and a lot of their properties are unknown or
are conjectured. The study of these models requires improvement of already existing tools and
methods. NABA technique is one of very perspective approaches in this direction, but is quite
complicated to use and often requires some improvement and brushing in order to be applic-
able. The goal of this work was the development of approaches that will allow to study at least
two-component models within NABA. Below we remind the result of this thesis and further
perspectives.

The main results of this thesis are compact representations for scalar products and form
factors of ultralocal operators in the 1D integrable models based on the algebra symmetry gl(2|1)
or gl(1]2). Among the models associated with these symmetries are 1D spin-1/2 Fermi gas with
ultralocal interaction, supersymmetric t-J model, lattice gases. The spectra, phase diagrams
and some thermodynamic properties of such models have been already studied earlier. Non-
perturbative computation of the transport coeflicients, non-equilibrium behaviour, dynamical
properties of these models were not done yet, however. Calculation of the compact repres-
entations of the form factors is the first and necessary step to progress in the study of these
models.

Important continuation in this direction could be a computation of the ultralocal form
factors in the case of models associated with the algebra symmetry gl(m|n) with n,m > 2 or
gl(N), N > 4. Among models with these algebra symmetries are Fermi/Bose gases with higher
spins and/or multiple component mixtures and different lattice gases. Nonperturbative study
of these gases is a highly nontrivial problem in any approach, and the Bethe ansatz is not an
exception. While it is not a big deal to write formal expressions for the form factors in these
cases, computation of the compact formulae, suitable for further application, is an extremely
complicated problem. Moreover, it is not even clear what generalisation is expected in this
direction. Thus, lines and columns of matrix under determinant (4.4.15)-(4.4.16) (or (4.2.2)-
(4.2.3)) are numerated by sets {u°, 9"} and {a”,v°} correspondingly. It is hard to guess how
should be numerated the lines and the columns in the gl(4) (or gl(2]2)) algebra symmetry
case. The first way in this direction can be some representation for the scalar product and
form factors in the case of algebra symmetry gl(3) (or gl(2|1)) where lines and columns are
numerated in a more natural way by {a”?,0v%} and {a“,v°}. Also, an interesting development
in this direction is computation of such scalar products and form factors in the model associated
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with trigonometric R-matrix.

One more important direction is the calculation of the scalar product of the on-shell and off-
shell Bethe vectors that is important for description of correlation functions in super Yang-Mills
theories. Calculation of these scalar products is much more complicated than semi-on-shell case
derived in these thesis and is known only for an algebra symmetry gl(2).

According to the Kubo formula transport coefficients can be expressed via the correlators
of corresponding currents. The last can be calculated now using compact representations of
form factors and scalar product derived in the thesis. Correlation functions computation itself
is a very nontrivial problem that is not completely solved even in the simpler case of algebra
symmetry gl(2). Few different approaches exist here. The first one is the multiple integral
representation formulae derived in gl(2) algebra symmetry case in [48, 49, 57, 100, 101, 103,
110]. Derivation of these formulae requires on-shell-off-shell scalar product (see discussion in
introduction to Chapter 4), that is not known, or some manipulations with multiple contour
integrals as an intermediate step (see, for instance, [57]) that is a complicated task in higher
rank algebra symmetry case'. Moreover, integral representations itself are not a complete
solution of the problem, since these multiple integrals are not easy to factorise even in the case
of algebra symmetry gl(2). The important results in this direction were obtain in [156-158] but
the generalisation to the higher rank algebra case is far from being complete.

The second approach is a form factor series summation. This approach proved to be fruitful
in correlation function computations in case of the algebra symmetry gl(2) [50-55, 58, 59]. It
can be applied for many model in presence of dynamics, magnetic fields, nonperiodic bound-
aries, etc. The application of the quantum transfer matrix (QTM) was proven to be quite
useful in the case of non-zero temperature. The analysis of thermodynamic behaviour of form
factor series is also complicated task and the details strongly depends on the model, set of
model parameters, temperature, etc. The generalisation of form factor series analysis to the
higher rank algebra symmetry case could give significant progress in the understanding of the
multicomponent system. Some advance in this direction was done in [155] for zero temperature
situation. Among the obstacles in finite temperature case is a problem of QTM equations ana-
lysis in the higher rank algebra symmetry. The further progress in correlation function study
requires the derivation of the new form of equations for Bethe parameters in case of the non-zero
temperature.

On the other hand, numerical approach to the form factor series summation was developed
in the series of works [60-62, 104, 135, 159-163]. It allows to derive results for the dynamical
correlation function using the easy and not resource consuming algorithm. The generalisation
of this algorithm is done in the last chapter of thesis. This is the second result of these thesis.
The resources consumption of the method is much higher, since fast growth of the basis size
and correspondingly contributions to the form factor sum. However, the method is still useful
for the zero or ultra low temperatures. The main disadvantage of this algorithm remains the
requirement of explicit solution of BAE. While it is easy to do for the ordinary Bethe equations
using the string hypothesis it is not the case for finite temperature, when QTM Bethe equations
are used. The string hypothesis is no more applicable in this case and the solution of the Bethe
equation is a very complicated task.

Finally, the huge progress would be a development of similar approaches to the model
associated with algebra symmetries so(2n), so(2n + 1), since a lot of integrable systems like the

Tn the particular case of fundamental systems, multiple integral formulae in the thermodynamic limit at zero
temperature can be derived using also the vertex operator approach avoiding ABA. We are not going to discuss
it here since it does not allow to describe Fermi gases that is our object of interest.
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Hubbard model or model of higher spin gases are related to such algebras.
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Chapter 8

Appendix 1

In this appendix some formulae, used in chapters 2-4, are proven. Appendix is based on paper
[87] published by thesis author in collaboration.

8.1 Identities for rational functions

Lemma 8.1.1. Let w, u and v be sets of complex variables with #u = mq, #0 = ma, and
#wW = my + ma, where my and mo are fived arbitrary integers. Then

g(w,u)g(w,v)

)y(
i, D)

o (8.1.1)

Zg wIa wlIa )g(u_)llau_jl) =

The sum is taken with respect to all partitions of the set w into subsets wy and wy with #w; = mq
and #Wg = ma.

The proof of this lemma is given in [109]. Let us show how lemma 9.3.1 works. In equation
(2.2.11) we have a sum

I= Y 9(&&)9(z, &NE, 2), (8.1.2)
So=>{&1,&}

where #& = 1 and #& = n — 1. First, we reduce this sum to the form (9.3.16) using h(u,v) =
1/g(u,v — ¢). We have

9(&, zn)

I=—h(&%.%) Y. (fl,a) A —h(&, %) > 9(5,8)9(&, zn)9(E 2 — ©).
S0=1616) o fo={&r6:}
(8.1.3)
Now we can directly apply (9.3.16), and we arrive at
- = g(é@v Zn)g(g(b Zn - C) ey _
=—h n = 9(2n, &0)P(2n, Zn). 8.14
R G CHE (3.1.4
8.1.1 Izergin determinant properties
Isergin determinant K, (Z|y) is symmetric function on z1,...,z, and symmetric function on

Y1,---,Yn. It has asymptotic 1/x, (correspondingly 1/y,) at z, — oo (correspondingly y,, —
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00) and other variables are fixed. Izergin determinant has simple pole at z; = y;. It follows
directly from the definition (1.1.44) that K, (Z|y) possesses following properties:

Knym({Z,2 = c}{7, 2}) = Knam ({2, 2}{y, 2 + c}) = (-1)" Ky (2]y),  #z=m, (8.1.5)
and o
n Kn(517)

f(y,z)
Lemma 8.1.2. Let w, 4 and v be sets of complex variables with #u = m1, #U = ma, and
#w = mq +my. Then

K7 — clg) = Kn(3l7 + ¢) = (—1) (8.1.6)

D Koy (@1]0) Koy (0] 0n) f (@, @) = (—1)™ f (@, @) Koy s ({6 — ¢, 0}|) (8.1.7)

The sum is taken with respect to all partitions of the set w into subsets w; and wy with #w; = my
and #wyg = mo.

The proof of this Lemma is given in [66].



Chapter 9

Appendix 2

In this appendix some formulae, used in chapters 2-4, are proven. Appendix is based on paper
[88] published by thesis author in collaboration.

9.1 Computation of integrals

Conjecture 9.1.1. Let w = {wy,...,wn} be a set of complex numbers. Let F(Z) be a function
of n variables z1,...,z, (n < N). Assume that F(Z) is a symmetric function of Z and that it
is holomorphic with respect to each z; within a domain containing the points w. Define

F(z). (9.1.1)

Here dz = dz,...,dz, and the integration contour for every z; surrounds the points w in the
anticlockwise direction. We assume that there is no other singularities of the integrand within
the integration contours. Then

= Zg(wlvwﬂ)f(wl)’ (9.1.2)

where the sum is taken over partitions w = {wy, Wy} such that #w; = n.

Proof. We use induction over n. For n = 1 the statement of the proposition is obvious.
Suppose that it is valid for some n — 1. Then splitting z = {z,, Z,} we obtain

?{ (2n, 0)g(Zn, 0)F ({Zn, 2n}) dzy dzn
27T7,C ”n' Ap_1 Zn ;l (Zn)g(zn,zn)g(zmzn)

_ Z g(wy, wy %g(zmwﬂ) ({wr, 2n}) dzy, (9.1.3)

2micn g(w01, 2p) ’

(F) =

w

where the sum is taken over partitions w = {w;, wy} such that #w, = n — 1. Performing the
integration over z, we find

Zgwhwil w)”wn) F({@y, wi}), (9.1.4)
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where we obtain an additional partition wy = {w;, wy; } with #w; = 1. Substituting in (9.1.4)
wy = {w;, w; } and setting there {w;, w,} = wy we arrive at

- %Zg(ﬂ)o,wii)}-(@o). (9'1'5)

Now the sum over partitions is organized as follows. First we have the partitions w = {wg, w;; }
with #wo = n, and then we have the additional partition wg = {w;, w;} with #w; = 1. Obvi-
ously, the sum over the later partition gives n, and we obtain the statement of the proposition.
O

Note that if n > N in (9.1.1), then (F) = 0.

9.2 Summation formulas

Lemma 9.2.1. Let &, & and B be sets of complex variables with #a = n, #8 = m, and
#&E=n+m. Then

D Kn(&Gla) Ko (Bl&n) f (&, &) = (=1)" (&, @) K ym(@ — ¢, BIE). (9.2.1)

The sum is taken with respect to all partitions of the set & into subsets & and &; with #& = n
and #& =m

The proof of this lemma can be found in [65].

Lemma 9.2.2. For any set of functions ¢ (8), k=1,....,n+m, let
(I)n—i-m(B) = An—i—m(B) rgfrtn ¢k(ﬁj)7 (9.2.2)
where B = {B1,...,Bnim}. Then

Porm(B) =D An(B) %?'twncbk(ﬁlj)-Am(BH)kZQeE ¢n+k(5uj).g(gu,51)
_Zq) BI Bu)9(Bu, Br), (9.2.3)

where ®,(&) is built on the functions ¢p, k = 1,...,n, while Cf)m(ﬁ_n) is built on the functions
¢Tl+k7 k= 17"')m

Proof. Developing the determinant in (9.2.2) over the first n columns via Laplace formula we
obtain

n+m(8) n+m(B) Z(_l)PI’H k:diet n¢k(ﬁl ) det ¢n+k(5ﬂj)a (9'2'4)

7 -m

where the sum is taken over partitions 3 = {3, Bz} such that #3; = n. The sign P,y is the
parity of a permutation mapping the union {f, Az} into the naturally ordered set 3. One can
get rid of this sign presenting A, 1, (3) as follows

Anim(B) = (=1) 1AL (B) A (Br)9(Bu, Br)- (9.2.5)

Substituting (9.2.5) into (9.2.4) we immediately arrive at (9.2.3). O
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We use several particular cases of (9.2.3) in the core of the paper. Let

ICED) _
h(B,1) o
¢k+n(5):9(57yk> k=1 , 1,

hB ) =1,...

where Z, 7, t, and 5 are some sets of parameters. Then the matrix elements ¢1(B;) coincide
with the entries Jji (3.3.3). Hence, we obtain for J, ,,(Z; g|t; 53) (3.3.2)

Tnan (5 718 518) = A ()AL (5) D An(Br) det (M)
A (Br) dgt (g(ﬁnj ) h(Bu; 1)

W) 9(Bu, Br). (9.2.7)

Now we use the definition of Izergin determinant

g(/BIﬂxk)) _ Kn(_/gl‘x)
h(ﬁljaxk) h(ﬁl,i‘) ’

and an explicit expression (3.4.2) for Cauchy determinant det,, g(By,,yr). Substituting these
expressions into (9.2.7) we find

8, () A (B det < 9.2.8)

3 Ko(Bilz) 2 h(But) - -
Jnm S5 =\ I — s M1) 9.2.9
@ 9l6:318) = 3 55 9(Bn 0) 550 (B o) (9-2.9)
which coincides with (3.3.4).
Another example used in the text is

¢k+n(5):g(67yk)7 kzlv"'am

Then using explicit representation of the Cauchy determinant (3.4.2) we have

2 (ﬁ? ) (ﬁ?y)
Pyt N ({zo) 9.2.11
S 2
On the other hand, it follows from (9.2.3) that

ﬁm({jg} ZA (Br) dl(iang(ﬂljamk) - Ay (Bn) d?tmg(ﬂnj»yk) -9(Bu, ). (9:2.12)

Multiplying (9.2.12) with A/, (Z) and A/ (7) and using (3.4.2) we arrive at

2 2y 908, 7)g(8,7)

Zg Bla /8]17 ) (ﬁﬂaﬁl) = W, (9.2.13)

where the sum is taken with respect to the partitions of the set 3 into subsets /3; and Sy with

#BI =n and #Bn =m
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9.3 Reduction properties of J, ,,

Consider a function J,,+1.m({Z, 2'}; 9|t; 5|{5, 2}) defined by (3.3.2). Let 2’ — 2. Then the matrix
element g(z,2’)/h(z,2") becomes singular and the determinant reduces to the product of this
singular element and the corresponding minor. After elementary algebra we obtain

518). (9.3.1)

1
Zhinz 9(z, ) Tnr1,m({Z, 2"} 918 5{B, 2}) = 9(B, 2)g(2, ) Jnm (T3 91
Similarly, if we consider the function Jy, m+1(Z; {9, 2'}£; 5/{8, 2}) in the limit 2 — 2, then
the matrix element g(z, 2’ )h(z,t)/h(z,3) becomes singular. The determinant again reduces to
the product of this singular element and the corresponding minor, and we find
: 1 h(z,t)
lim (7,,) nm+1( {972}‘15 s|{ﬂ,z})—g(z B) ( )h(z,E) I

2=z g2

m(Z:9lt:518).  (9.3.2)

Equations (9.3.1), (9.3.2) obviously could be generalized to the case when z and 2’ are
respectively replaced with the sets z and z’ such that #z = #z' = p > 1. Then

lim % Tntpm({T, 2 }5 9165 51{B, 2}) = 9(B, 2)9(Z, %) Jn m (7; 711 51B), (9-3.3)

zZ'—z g( )
and
i~ (0 (0 2SI, D) = 905, a0, ) o Tun(sglE) (930)
One more obvious reduction is
Inm (T Gl{E, 25 {5, 2} B) = Jn.m (%3 913 515). (9.3.5)

9.3.1 Summation rules
Single sums

Here an example of the derivation of identities (4.3.2) are given.
Consider a contour integral

1 dz z—vP
I=o— 11 L. (9.3.6)
™ |z|=R—0c0 IL‘k—lel,Z—Ul

Taking the residue at infinity we find that I = —1. On the other hand, this integral is equal to
the sum of the residues within the integration contour. Hence,

b B b b(yC _ B
_1:_ka—vlc+z 1 [I— (v — o) . (9.3.7)

= TR T 7o =0 [T 1,150 —vf)

Rewriting everything in terms of the function g we obtain

b

c o g((L‘k,q_}C)
;g(xk,vj )Qartj = 9@r,07) L. (9.3.8)

This is one of the identities in (4.3.2). All the other identities can be proved exactly in the same
way.
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9.3.2 Multiple sums
Laplace formula

Let #u = #v =n. Let A and B be n x n matrices whose matrix elements are indexed by the
parameters u; and vg: Ajp = A(uj,vg) and Bjp = B(uj,v;). The Laplace formula gives an
expression of det(A + B) in terms of det A and det B:

det (A(uj, vp) + B(uj,vp)) = Y (=) det (A(wy,, vy, )) det (B(u,, vn,)). (9.3.9)

The sum is taken over partitions 4 = {u;, 4y} and v = {0y, Uy} with the restriction #u, = #7;.
Recall that according to our convention the elements of every subset are ordered in the natural
order. [P,] denotes the parity of the permutation mapping the union {a,, 4y} into the naturally
ordered set w. The notation [P,] has an analogous meaning. Equivalently, one can say that
[P,] + [Py] is the parity of the permutation mapping the sequence of the subscripts of the union
{@, uy} into the sequence of the subscripts of the union {v;, vy}.

Let us introduce two functions

A(a|v) = A, (a)Al,(0) det A(uj,vg) and  B(ulv) = Ap ()AL (D) det B(uj,vg).  (9.3.10)

These functions depend on two sets of variables w and v. They are symmetric over % and
symmetric over v. Then equation (9.3.9) can be written in the following form:

A (a)A () det(A(uy, vi) + Bluj, vg)) = ZA(ﬁl\ﬁl)B(aHyﬁu)g(au,fal)g(@l,ﬁu). (9.3.11)
Indeed, multiplying (9.3.9) with A, (@)A! (v) and using obvious relations

An (@) = (=) PIA () Ay (i) g (i, ),

o STV - o (9.3.12)
An(v) = (_1)[ U]AnI(UI)Annt(UH)g(UI)UH);
we arrive at (9.3.11).
In section 4.5 we use (9.3.11) in the particular case of Cauchy determinants. For complete-
ness, we recall that for arbitrary complex @ and v with #u = #v = n the Cauchy determinant
is defined as

Cp = det < > . (9.3.13)

Uj — Vg

It has an explicit presentation in terms of double products

 Thicrejon () — ur) (vr — v))

O, = jsn (9.3.14)
Hj:l [T (v — vk)
From this we immediately obtain
9(@,0) = An(@) AL (2) det (g(uj, vp)) L A@a@det (—1 ). (9.3.15)
’ " 7 ’ h(u,v) " h(u;,vg)
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Other sums over partitions

In the core of the proof, we use different equalities, that were proven elsewhere. We recall them
in the present appendix.

Lemma 9.3.1. Let w, u and v be sets of complex variables with #u = my, #vV = ma, and
#w = mq + mo. Then
g(w,u)g(w,v)

T (9.3.16)

Z g(wy, w)g(wy, v)g(wy, wy) =

where the sum is taken with respect to all partitions of the set w into subsets w; and wy with
#w; = mq and #wg = mao.

The proof of this Lemma is given in [109].
Lemma 9.3.2. Let w, u and v be sets of complex variables with #u = mq, #U = mg, and
#w = mq +my. Then
S Koy (00 Koy (8]0) (0, 120) = (~1)™ (8,8 Koy oy (3 — €0} 0). (9.8.07)
The sum is taken with respect to all partitions of the set w into subsets wy and wy with #w; = my
and #H#Wwg = ma.
The proof of this Lemma is given in [66].

Lemma 9.3.3. Let w and & be two sets of generic complex numbers with #w = #& = m. Let
also C1(w) and Ca(w) be two arbitrary functions of a complex variable w. Let us extend our
convention on the shorthand notation to the products of these functions. Then

ZKm(wI — ¢, wy|€) f (&, @) f (W, @) Cy (w;) Co ()

= A7, (&) Am(w) det <C2(wk)t(wk,§j)h(wk,€) + (=)™ Cy (wp (&5, wr )R (E, wk)>. (9.3.18)

Here the sum is taken over all possible partitions of the set w into subsets w; and Wwy.

The proof of this Lemma is given in [66].
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