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Abstract

A generalization of the Yang—Baxter algebra is found in quantizing the
monodromy matrix of two (m)KdV equations discretized on a space lattice.
This braided Yang—Baxter equation still ensures that the transfer matrix
generates operators in involution which form the Cartan sub-algebra of the
braided quantum group. Representations diagonalizing these operators are
described through relying on an easy generalization of algebraic Bethe ansatz
techniques. The conjecture that this monodromy matrix algebra leads, in
the cylinder continuum limit, to a perturbed minimal conformal field theory
description is analysed and supported.

PACS numbers: 11.25.Hf, 02.10.—v, 02.30.1k, 02.40.—k, 05.50.+q, 11.30.—j

1. Introduction

After Liouville, an integrable system (with infinite degrees of freedom) is usually defined to be
a (1+1)-dimensional classical (or quantum) field theory with the property of having an infinite
number of integrals of motion in involution (IMI). Among them one may be chosen and called
the Hamiltonian (operator). As for quantum systems the IMI do not help the determination of
the most intriguing and interesting features of these systems because of their Abelian character.
However, one can single out at least two different starting points to overcome this difficulty
and both make use of non-Abelian algebras and only partially of the Abelian one.

One starting point leaves from the classical theory of integrable systems and more
specifically from the Lax pair formulation of non-linear partial differential equations [1].
Usually, the Poisson structure of the Lax zero-curvature formulation is encoded in a classical
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r-matrix [2—4] which assures the integrability by entering the Poisson classical Yang—Baxter
algebra for the entries of the monodromy matrix. However, a classical Yang—Baxter algebra
is the expression of an algebraic structure deeper than the Abelian one [5]. Indeed, at the
quantum level a classical Yang—Baxter algebra becomes a (quantum) Yang—Baxter algebra
([6, 7] and references therein) which is nothing other than a definition relation of a quantum
group, a deformation of a usual Lie algebra [§—10]. As for looking at the representations of
the quantum group from the viewpoint of the spectrum of the Hamiltonian operator, a very
efficient evolution of the Bethe ansatz—the algebraic Bethe ansatz (ABA)—has been founded
initially for the sine—~Gordon field theory [11] and then developed for many models ([7] and
references therein). In other words, an infinite dimensional non-Abelian algebra includes
the Abelian algebra and allows us to build the spectrum of the Hamiltonian operator (and
of the other IMI) as its representation in terms of operators on a Hilbert space (sometimes
the Hermitian norm on the space is possibly negative, though always non-degenerate). More
recently, it has been possible to write down exact non-linear equations describing the energy
spectrum of (twisted) sine—Gordon field theory on a cylinder [12, 13].

Another starting point is based on statistical field theory and, in particular, on the very
important fact that fixed points of the renormalization group are described by conformal field
theories (CFTs), i.e. theories where the correlation functions are covariant under the conformal
group [14]. In 2D the conformal algebra is infinite dimensional (the Gelfand—Fuks—Virasoro
algebra [15]) and the 2D-CFTs are simple integrable quantum theories enjoying as their own
crucial property the covariance under an infinite dimensional Virasoro symmetry [16]. As
for the integrability a la Liouville the CFT possesses a bigger W-like symmetry and, in
particular, it is invariant under different infinite dimensional Abelian sub-algebras of the latter
[17]. Each of these Abelian sub-algebras is generated by the IMI, which can be constructed
in terms of the Virasoro algebra—the real new ingredient in these theories since it is a
true field and state spectrum generating symmetry. Indeed, the Verma modules over this
algebra turn out to be reducible because of the occurrence of sub-modules generated over
the so-called singular vectors [18]. The factor-module by the maximal proper sub-module
can be endowed with a non-degenerate Hermitian Shapovalov form and the singular vectors
are characterized to produce a null Hermitian product with all the other vectors. Now, this
factor-module is isomorphic to the Hilbert space of the local fields (or states) in 2D-CFTs and
its own properties lead to a number of very interesting algebraic—geometrical features such
as character expressions, fusion algebras, differential equations for correlation functions, etc
(see [19] for a review). Unfortunately, this beautiful picture collapses when one pushes the
system away from criticality by perturbing the original CFT with some relevant local field:
from the infinite dimensional Virasoro symmetry only the finite dimensional Poincaré sub-
algebra survives the perturbation. After suitable deformations, at least a conformal Abelian
sub-algebra survives the perturbation, resulting in the off-critical Abelian algebra [20]. As
said before, this symmetry does not carry sufficient information to find the energy spectrum
by means of IMI alone, but it constitutes a very useful help in determining other interesting
quantities. For instance, scattering theory corresponding to off-critical theories is usually well
known and contains solitons (or kinks), anti-solitons (or anti-kinks) and a number of bound
states. The mass spectrum and the S-matrix of different integrable field theories have been
known for about a few years [21]. Despite this on-shell information, the off-shell quantum field
theory is much less developed. In particular, the computation of the corresponding correlation
functions is still an important open problem. Actually, some progress in this direction has
been made, since the exact form-factors (FFs) of several local fields were computed (see, for
instance, [22, 23]). This allows one to make predictions about the long-distance behaviour of
the corresponding correlation functions. On the other hand, some efforts have been made to
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estimate the short-distance behaviour of the theory in the context of the so-called conformal
perturbation theory (CPT) [23]. By combining the previous techniques (FFs and CPT), it has
been possible to estimate several interesting physical quantities ([24] and references therein).
In addition and in the direction of determining in an approximative way the first energy levels
of the simplest perturbed minimal conformal field theories on a cylinder, very good results
have been obtained by the truncated conformal space technique, developed in [25]. From
those results the plane geometry can be recovered as the limit of cylinder size goes to infinity,
conditional on having a good numerical estimate for large size, which is not so easily obtained.

Consequently, one important problem in perturbed conformal field theories (PCFTs),
i.e. theories formulated following the second starting point, is the exact construction of the
spectrum of the Hamiltonian operator—and possibly of the other IMI—in the more general
situation of the cylinder geometry, by using the idea of the first approach (ABA). This synergetic
combination of both the previous approaches is difficult in many cases, i.e. in all the cases
where a Lax formulation of the classical version of the off-critical theory is missing. Actually,
even a quantum Lax formulation of CFTs is only partially presented and disentangled in the
literature [26-28].

Among the huge variety of integrable theories of the aforementioned kind, the prototype
is the very interesting case of minimal conformal field theories [16] perturbed by the ®; 3
primary operator [20]. In this paper, a (regularized) lattice integrable definition of the quantum
Lax operator will be given both for the CFT and for the off-critical theory. Besides, a
deep analysis of its algebraic and integrable properties will be carried out to disentangle
the algebraic structure behind the integrability of the monodromy matrix and of the transfer
matrix: a generalization of the Yang—Baxter equation will be found. In conclusion, a suitable
modification of the ABA will be applied to determine the eigenvalues and eigenstates of the
lattice transfer matrix, the generating function of all the IMI. Actually, all the other integrable
perturbations of minimal conformal field theories would be exhausted by treating analogously
the conformal case described in [28], but we will leave this completion for a forthcoming
paper [29].

In section 2, we present a brief introduction to classical (Agl) modified) KdV theory from
the point of view of Lax pair and CFT. In particular, we show how the space discretization of the
monodromy matrix arises in a very natural way. In section 3, we look at CFT as quantization of
the KdV theory and then propose two left and right lattice regularized quantum Lax operators.
We also calculate explicitly the exchange relations satisfied by these Lax operators on different
sites. In section 4, we give a general theorem about the exchange relation satisfied by a general
succession of left and right Lax operators: the conclusion is that in any case we end up with a
braided Yang—Baxter algebra, still ensuring Liouville integrability. In addition, we single out
two conformal monodromy matrices and two off-critical monodromy matrices. In section 5, we
set up the first step towards the generalization of the algebraic Bethe ansatz method to braided
Yang—-Baxter algebras: the coordinate representation of the basic entries of the lattice Lax
operator. In section 6, we perform the generalized ABA in the case of conformal monodromy
matrices finding explicitly Bethe equations and transfer matrix eigenvalues/eigenvectors. We
argue about the insights that these monodromy matrices describe in the continuum limit the
chiral and anti-chiral part of the minimal CFTs on a cylinder. In section 7, we perform
the ABA in the case of off-critical monodromy matrices finding explicitly Bethe equations
and transfer matrix eigenvalues/eigenvectors. In section 8, we analyse the conformal limit
on the off-critical transfer matrices eigenvalues. In section 9, we disentangle the structure
of the critical and off-critical monodromy matrices in the operatorial scaling limit to gain
understanding about the physical meaning of these theories: in the off-critical case we guess
again that they are equivalent monodromy matrix descriptions of minimal CFTs perturbed by
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the ®; 3 operator. In section 10, we find a connection between our braided ABA results and
those of the usual ABA in lattice sine—-Gordon theory (LSGT). In section 11, we summarize
our results and give hints about future investigations.

2. An introduction to the (A(ll) modified) KdV theory

It is well known from [17, 26] that the conformal field theory symmetry algebra,

+00
U(y) = —i +3 L, em 2.1
(Lo, L] = (m — n) Lypen + f—z(nf — )8 2.2)

becomes the second Poisson structure of the usual KdV hierarchy [30],

{u(), u(@)} = 2[uy) +u@)18'(y —2) +8"(y — 2) (2.3)

in the classical limit (central charge ¢ — —o0), provided the substitutions
c , 6 ,
U@y — —gu(y) [, %] — ;{*,*} 2.4

are performed. Besides, it has also been established by Drinfeld and Sokolov [30] how
generalized modified KdV hierarchies are built through the centreless Kac—Moody algebras and
how the generalized KdV hierarchies correspond to inequivalent nodes of the Dynkin diagram.
In the case of Aﬁl) Dynkin diagram we have the usual KdV hierarchy. For quantization reasons,
we shall start from the usual modified KAV equation

v = %vzv/ + %v/” (2.5)

which describes the temporal flow for the spatial derivative v = —¢’ of a Darboux field defined
on a spatial interval y € [0, R], recalling the connection to the KdV variable u(y) through the
Miura transformation [31]:

u(y) = ¢'(n)* —ig"(y). 2.6)
Assuming quasi-periodic boundary conditions on ¢, it verifies by definition the Poisson bracket
L (y—Y
oY)} = —= 2.7
lp(», ()} 2S< R 2.7

where s(z) is the quasi-periodic extension of the sign function
s(z)y=2n+1 n<z<n+1 s(n)=2n n€Z. (2.8)

As a consequence, the mKdV variable v(y) satisfies a non-ultralocal Poisson bracket
’ 8 ’
v, v} = 58(% -5 (2.9)

the non-ultralocality being expressed by the derivative of the R-periodic delta function 87 (y).
Besides, this Poisson structure implies the second Poisson structure to the KdV field u (2.3),
which is still non-ultralocal.

Now, equation (2.5) can be rewritten as a null curvature condition:

[0 —1,0, —1] =0 (2.10)
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for connections belonging to the Agl) loop algebra:

| = —ivh + (eo +€1) .11
1 l "
I =2%(eg + €1 — ivh) + 3 [(v2 +iv)eg + (V2 — iv’)el] ~5 (1% + iv3) h (2.12)

where the generators ey, e, h are chosen in the canonical gradation of the loop algebra, i.e.

e) = AE el = AF h=H (2.13)
with E, F, H generators of the A Lie algebra:
[H,E]=2E [H, F]=-2F [E,F]=H. (2.14)

For simplicity we deal with the fundamental representation of A;:

1 0 0 1 0 0
H= (0 _1> E = <0 0) F = <1 0). (2.15)
A remarkable geometrical interest is attached to the monodromy matrix which realizes
the parallel transport along the space and which is the solution of the boundary value problem:
dym(y; &) = 1(y; Mym(y; 1) m(0; 4) = 1. (2.16)

After indicating with P the path-order product, the formal solution of the previous equation,

m(y; L) = Pexp </) dy'1(y, A)) 2.17)
0

allows us to calculate the equal time Poisson brackets between the entries of the monodromy
matrix

R
m(A) =m(R; L) = Pexp </ dyl(y,k)) (2.18)
0

provided those of the connection / are known. The result is that the Poisson brackets between
the entries of the monodromy matrix are fixed by the so-called classical r-matrix in the
(classical) Yang—Baxter Poisson bracket equation:

{m)mQ)} = [r(/2), m(n) @ m(1)]. (2.19)
In our particular case the r-matrix is the trigonometric one:
r+A '"HQH 2
+
r=2a"l 2 r—2l

By carrying through the trace on both members of the Poisson brackets (2.19), we are allowed
to conclude that the transfer matrix

t(A) =Trm(X) (2.21)

r(A) =

(EQF+F®E). (2.20)

Poisson commutes with itself for different values of the spectral parameter:
{t), 1)} = 0. (2.22)

From this relation, we can say that 7()) is the generating function of the classical IMI by
expanding it, for instance, in powers of A. As an important example, we obtain a series of
local IMI I§! | from the asymptotic expansion,

1 o0
A — 00 e Inr(d) < A — chk(l‘Z”)IZCLl (2.23)

n=l1
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where ¢, are real coefficients (see, e.g., [27] for their expression). Property (2.22) guarantees
the integrability of the model a la Liouville and all the local IMI are expressed in terms of u:
for instance the first ones are

1R 1R
I = ——/ dy u(y) L= ——/ dy u’(y). (2.24)
2 Jo 8 Jo
The equation of motion corresponding to the choice of Ig'l as Hamiltonian
dv= {1 v} (2.25)

is the mKdV equation (2.5) itself.
In addition, we can introduce the right version of the mKdV equation:

3:0 = 3070 + 10" (2.26)

where 0 = —¢’ and the right quasi-periodic Darboux variable, ¢(¥), 0 < § < R, satisfies the
Poisson bracket (with a change of sign):

(7). 96"} = s (y —2 ) (2.27)
2 R
and Poisson commutes with the left variable ¢ (y). Equation (2.26) derives as in the left case
from a null curvature condition for right connections / and I, whose espressions are given by
formulae (2.11), (2.12) where v has been replaced by .
Formulae for monodromy and transfer matrices are also analogous to the left case:

R
m(L) = Pexp </ dy I(3, k)) f(L) = Trm(h). (2.28)
0

The Poisson bracket between the entries of the monodromy matrix differs by a sign from
the left counterpart, which still implies the Poisson-commutativity for the right transfer matrix.
Hence 7(1) generates in its asymptotic expansion the right classical local IMI:

1 o0
A — 00 o I <A - > enaIg (2.29)
n=1

where the 1<, are given by the expressions for I5 | where ¢ has been replaced by @.

Owing to the opposite sign in (2.27), the right mKdV equation is obtained through the
right action of I5:
v ={v,I{}. (2.30)
A very natural way to quantize a classical theory, in the presence of path-ordering and
avoiding the problems of ultraviolet divergences, is to put it on the lattice and then to quantize
the discretized theory. Of course, in case of an integrable theory the integrability (expressed
in our case by the classical Yang—Baxter equation (2.19) and then by the quantum braided
Yang—Baxter equation) has to be preserved by discretization and quantization.
Hence, let us divide the interval [0, R] into 2N parts and define the discretized Darboux
variables:
_ o _ R
ok = () k= 9(Vr) Vk =Yk = kﬁ keZ. (2.31)
As a consequence of (2.7), (2.27) they satisfy

k—h k—nh

1 1
{01, on} = —55 (W) (@1, o} = ES <W) {01, @n} = 0. (2.32)
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We define again form € Z

= 1[(@2n—1 — Q2me1) + (Q2m—2 — P2m) — (P2m—1 — Poms1) + (Pom—2 — P2m)] (2.33)
= 5[ @2m—1 — Goms1) + @2m—2 — P2m) — @2m—1 — C2me1) + (P2m—2 — P2m)]- (2.34)

Note that the fields v are periodic, i.e. vi,, = vi. As a consequence, we can confine

ourselves to the fields vnf with 1 < m < N. Note also that the fields vfn: live on a lattice which
has half the number of sites of the lattice on which ¢; and @, live. We will indicate with
R
A=— 2.35
N (2.35)
the lattice spacing of the v lattice.

Because of (2.32) the operators v enjoy the following non-ultralocal Poisson brackets:

v

S+ 3

v

who vy =3 (80, =80 )) (2.36)
ot N R (2.37)
wh vy = =4 (8, — 280, +50 1) (2.38)

where the N-periodic Kronecker delta is defined by

1 if (m—n)eNZ

Sin = {0 othe(rwise. ) 2:39)
Therefore, introducing

wE = el (2.40)
we define the discrete left and right Lax matrices, respectively,

—\—1 + +\—1 -
In(h) = (A(AUEZ));)I Aj):%) I () = (A(A“()Z)L)l Ai;)m) (2.41)
in terms of which the discretized versions of monodromy matrices (2.18) and (2.28) are

mA) = Iy)Iy_1(A) ... L)L (A (2.42)

m) =IyWIy_1 (V) . L) (2.43)

Indeed, in the cylinder limit defined by

N — oo andfixed R=NA (2.44)
we obtain the scaling equalities

Uy = —A¢ () + 0(AY) vy = —AF (Fan) + O(AY) (2.45)
from which
In(A) =1+ Al <m£,k>+0(A2) In(W) = l+A7<m§,A)+O(A2). (2.46)

Therefore, the discretized monodromy matrices in the scaling limit behave as follows:
N R R
m(\) = l_[ [1 + Al (k—, k) + O(Az):| — P exp/ dyl(y,X) =m(d)
N 0

k=1
N

-( R R
m\) = l_[ [1 + Al (k—, A) + O(AZ)} - P exp/ dy (v, A) = m())
k=1 N 0
i.e. they reproduce the monodromy matrices for the left and right KdV theory.
In the following section, we will quantize the discretized monodromy matrices (2.42),
(2.43) in order to build quantum versions of the left and right KdV theories.
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3. Quantum version of the KdV theory

The quantum counterparts of the classical local IMI in the KdV theory are local IMI in
conformal field theories [17] (after suitable deformation they are local IMI in minimal CFTs
perturbed by the operator @, 3 [20, 32]). They are constructed in terms of the quantizations
of the Darboux fields, the Feigin—Fuks left and right bosons [18], which we will indicate
with ¢ (y) and ¢(y). They are defined to be operators quasi-periodic in y and ¥ verifying the
canonical (light-cone) commutation relations:
: / 2 S S/
607, 0071 =725 (* y) 65, $0 = s (y y) @)
R R

where B2 is a real positive constant, and commuting with each other. By virtue of quasi-
periodicity, the fields ¢ and ¢ can be expanded in modes as follows:

2y N A-n 2y,
¢(y)=Q+TP—1§ el (3.2)
_ _ 2 _
b =0- TP iy T (33)
n#0

and the commutation relations (3.1) impose that the left and right modes form two commuting
Heisenberg algebras:

- i ) o n -
[Q,P]=10, P]= Eﬂ lan, an] = lan, am] = Eﬂ Sntm.0 3.4

acting respectively on the left and right space whose tensor product defines the vector space
of a conformal field theory (sometimes the Hermitian norm on the space is possibly negative,
though always non-degenerate). In this way, the operators ¢ realize a free field representation
of the Virasoro algebra according to the quantum version of the Miura transformation, called
Feigin—Fuks construction [18]:

U)=B7:¢'() :+(1 = B9 (5) — % (3.5)
where the symbol normal ordering :: means, as usual, that modes with bigger index n must be
placed to the right. The central charge of this representation of the Virasoro algebra is

c=13-6(B*+ 7). (3.6)

A whole hierarchy of commuting quantities is built using density polynomials of powers
of U(y) and its derivatives and they constitute the chiral quantum local IMI of CFTs [17]:

R
Iy = / dy Usi(y). 37
0
For example, the first densities are
Ur(y) = —1U(») Us(y) = —5: U*() - (3.8)

Of course, after replacing ¢ with ¢, the same construction holds for the right theory. We can
define a right Virasoro algebra (we assume the same central charge as the left algebra)

0@ =p2: ¢ )+ - "G — % (3.9)
in terms of which a right hierarchy of commuting quantities is defined according to formulae

(3.7) and (3.8), by replacing U with U. They constitute the right local IMI of CFTs.
In the classical limit (2.4) § — 0 and hence

[%, ] — inB{*, ¥} U(y) = B 2u(y) U@3) — pra(y) (3.10)
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in such a way that (3.5), (3.9) become the Miura transformations and the IMI of conformal
field theories reduce to the IMI of the KdV theory. Of course, the quantum Feigin—Fuks
operators ¢, ¢ reduce to the classical Darboux fields ¢, @, respectively.

In a natural way we have approached the problem of defining the quantum versions of
the monodromy matrices (2.18), (2.28), so that we are in the position of deriving expressions
for the transfer matrices and their eigenvectors and eigenvalues. This corresponds to finding
and diagonalizing the local IMI and also the non-local IMI [4, 27, 28, 33] of quantum
KdV (and these IMI are part of those of CFT [28]). Besides, we note that the continuum
methodology developed in a series of beautiful papers by Bazhanov et al [27] uses slightly
different monodromy matrices than those to which ours reduce in the cylinder scaling limit
(2.44). However, we want to remain faithful to the usual definition of monodromy matrix
even in the non-ultralocal case: we will leave the analysis of the connections [27] to another
paper [29]. Besides, the construction of a lattice theory will allow us to get rid of ultraviolet
divergence problems (this statement is pretty obvious but it will be proved in the next paper
[29]) and to use the algebraic Bethe ansatz techniques to diagonalize the transfer matrix. For
all these reasons our starting point is the quantization of the classical discretized monodromy
matrices (2.42), (2.43).

Let us start with the left case. The discretized quantum Feigin—Fuks bosons ¢, ok €Z,
satisfy (see (2.32), (3.10))

B [(k—h - B (k—h _
[¢k,¢h]=—mf S(W) [¢k,¢h]=mf s(W) (b ] =0. (3.11)

We define the lattice variables an, m € 7, as quantizations of the classical ones, vfn: (2.33),
(2.34):

V- =

m

[(Pom—1 — P2ms1) + (DP2m—2 — Do) — (Pom—1 — Poms1) + (P2m—2 — Pom)] (3.12)
[(Pam—1 — Pom+1) + (Pom—2 — Pom) — (D2m—1 — Pom+1) + (P2m—2 — P2m)]. (3.13)

They are periodic discrete variables: V¥ = Vni ~- Hence, without loss of generality, we may
again restrict ourselves to consider only VE with 1 < m < N. These variables satisfy the

non-ultralocal commutation relations (1 < m,n < N):

1
2
i

2

Vi, Vi = ””3 (820, = 3000) (3.14)
R liTﬂ

Voo Vil = =20 (87, = ) (3.15)

ViV .]= ’”8 (3,(,{”1” 280 + 87 1) (3.16)

Therefore, after defining
W=l g=e (3.17)
we can derive from the commutator algebra (3.14)—(3.16) the exchange algebra
W Wi = g5 W Wk, Wi Wi =T WiWeE,
WiW,, =qW,;W,; (3.18)
(W2, Wi1=0 if 1<n<N) 2<|m—n|<N-=2

with the obvious identification Wi, , = Wi and with £ and £’ both equal to + or —. Plus or
minus part of this algebra has been introduced in [34]. The whole algebra was considered
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in [35], however, without being constructed in terms of Feigin—Fuks bosons. At the end, we
present the discrete Lax operators

I U/ iV /A
L’"(A)=<M(W;)—1 W—)

m

(3.19)

+\—1 -
Lo E( (W) AAWm)

AW HTE W

which are a quantization of the discrete left and right Lax matrices (2.41). Operators L,, and
L,, are connected by a duality transformation, which exchanges W," with W, or equivalently
g with ¢! in relations (3.18).

Although, our interest is in introducing the operators L,, starting from the Feigin—Fuks
bosons, they were already introduced in [35] for defining the discretized monodromy matrix
of the (left) mKdV theory as

LyOYLy—1(A) ... Ly Ly (V). (3.20)

As will be clear in the following, this definition is perfectly correct, although the ABA solution
of the problem in [35] contains an ab initio mistake which affects the final results (the author
of [35] is in agreement with our finding [36]). Moreover, we will give a meaning and a role to
the right counterpart of L,,, the Lax operator L.

Now, it is important for the following to derive the exchange relations for left and right
Lax operators (3.19). Hence, let us consider the quantum R-matrix and the quantum Z-matrix,
the matrix encoding the braiding, as introduced in [35] for the left mKdV problem (however
we remark that in the Z-matrix given in [35] g should be replaced by ¢'/?):

1 0 0 0
S
Rp(g)=| T ¢ o8 a5 3.21)
0 9 —q & ¢ 0
g e —q  q7'ETT—qE
0 0 0 1
g2 0 0 0
0 50 0
Zap = 7 (3.22)
0 0 g 0
0 0 0 g

R, and Z,;, act on the tensor product a ® b of two auxiliary two-dimensional spaces. Using
only exchange relations (3.18) one can extend the results [35] for the left case showing that
the operators (3.19) satisfy the following relations (1 < m < N):

A A
Rah (f) Lam ()\)Lhm ()‘-/) = Lhm ()\/)Lam ()‘)Rab (f) (323)
AN - 2 ’ 7 NT )
Rah (x) Lam ()\)Lhm ()‘-) = Lhm ()L )Lam ()‘)Rab (x) (324)
Lam ) Loms1 M) = Lms1 A) Z gy Lam () (3.25)
Z‘am ()")Zlbm+1 ()"/) = Z‘bm+l ()\/)Zabl_‘am ()‘) (326)
Lan ) Lpmar ') = Lome1 W) Z gy Lam (V) (3.27)
Z‘am ()")me+1 ()"/) = me+l ()\/)Zabl_‘am ()‘) (328)

In these equations we have defined L,,, = L,,(A) ® 1 and Ly, = 1 ® L, (1) and identified
operators on the site N + 1 with operators on the site 1. The first two relations are just Yang—
Baxter equations, while the others describe the non-ultralocality, i.e. the fact that Lax operators
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on first-neighbouring sites and different auxiliary spaces do not commute. Of course, operators
(3.19) on different auxiliary spaces and on sites m and n commute if 2 < [m —n| < N — 2.

In spite of this complication, it has been shown in [35] that the monodromy matrix (3.20)
satisfies a modified version of the Yang—Baxter equation, called the braided Yang—Baxter
equation, and that the corresponding transfer matrices are commuting operators for different
values of the spectral parameter.

4. Braided Yang—Baxter algebra and integrals of motion

In this section we will define in a general way monodromy matrices as products of operators
L and L (3.19) in every possible order. Then we will prove that every monodromy matrix
generates the braided Yang—Baxter algebra.

Let us introduce the following site operators (1 < m < N):

_ (S
Kn(A) = xmLm(AM8p) + XmLm <7) (41)
where, for a fixed m, the real numbers y,,, X, may take only the two sets of values,
{Xm = O, Xm = 1} or {Xm =1, Xm = O} (42)

whereas §,, are arbitrary complex parameters. In other words, on a fixed lattice site m, the
operator K,, (1) can be equal to L,,(A3,,) or L, (8,,/1).

Now we are in a position to define in complete generality the monodromy matrix
mentioned at the beginning of this section:

) =Ky ... K. 4.3)

Thanks to (4.1), (4.2) the matrix (4.3) is an ordered product of operators which for a fixed
lattice site m may be equal to L,, (8,,) or L,,(8,,/A). In particular, the left monodromy matrix
(3.20) of [35] is obtained when x,, = 1,68, = 1, Vm. Besides, the right analogue of this
monodromy matrix is obtained when x,, = 1,48, = 1, Vm.

Let us now state the key theorem of this section.

Theorem 1. The monodromy matrix (4.3) satisfies for N > 2 the following braided relations:

A’/
4.4)

A —1 = / / —1 = A
Rap (37 ) Ha®) (XNZyy + 3n Zan] TTp(W) = Ty (W) [Xn Zgy + XN Zap| Ta(W) Rap | = | -

Proof. The proof follows by the repeated applications of relations (3.23)—(3.28). U

Definition 1. An associative algebra generated by the entries I1;; (1) of a 2 x 2 matrix T1(A)
satisfying the relation

A A A A
Ras (}\—) 2, 00 2, T,0)) = 2 T1,00) 25, T () Rap (;) @.5)

where Ryp(€), Z4p and Z., are 4 x 4 numerical matrices obeying

Rap(E)Ruc(EE")Rie (8') = Rpc(§") Ruc(§5") Rap(§) (4.6)
ZahZachc = Zbczaczab (47)
éabéaczbc = Zbc'zacéab (48)

Rha (S)ZAaczAhc = ZAthAac Rha (g) (49)
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Rch (g)ZAacZAab = ZAahZAac Rch (g) (4 10)
Rha (S)Zaczhc = thZatha (g) (411)
Rep (‘%—)Zaczab = ZapZacRep (‘%—) (412)

is called the braided Yang—Baxter algebra. Equation (4.5) is called the braided Yang—Baxter
equation.

Braided Yang—Baxter algebras have been introduced in [37].
Equations (4.6)—(4.12) guarantee the associativity of the triple product:

M, Z,, T, 2, 2, T1.(0). (4.13)
In our specific case R, is given by (3.21), while
Zapy = Zap = [N Zap + )_(NZ,;},I] . (4.14)
Since
[Rap(§), Zap] =0 (4.15)

relation (4.5) reduces to (4.4).

Matrix (3.21) is well known to satisfy Yang—Baxter equation (4.6) and from (4.15) and the
factthat Z,;, is diagonal the other associativity conditions (4.7)—(4.12) follow straightforwardly.

The braided Yang—Baxter algebra is a generalization of the usual Yang—Baxter algebra in
the sense that in the particular case Z,, = Z.» = 1 the former reduces to the latter. In our
particular case, after looking at the form of Z,;, (3.22), we can say that this may occur only for
the special value of the deforming parameter ¢ = 1: this is why we call this algebra a braided
generalization of Yang—Baxter algebra rather than a deformed generalization.

We also observe that a simple consequence of theorem 1 is that there is no way to
reproduce the Yang—Baxter algebra by fusing site Lax operators (4.1): therefore the presence
of the braided Yang—Baxter equation is an unavoidable feature of our approach, which, in its
turn, leaves very naturally from the algebraic formulation of CFTs.

As a corollary of the previous theorem, we now prove the Liouville integrability.

Corollary 1. The \-dependent transfer matrix

o(A) =TrII()) (4.16)
commutes with itself at different values of A:
[TrII(A), Tr IT(A)] = 0. 4.17)

Proof. After multiplying relation (4.4) by xyZap + Xn Z;hl and using the aforementioned
property,
[Rap(X), Zap] = 0 (4.18)

we obtain
v Zab + xn Zy 1 a0 [xw Zy) + Xv Zap ] To(X)

= Rap (£>1 [ Zav + anZoy 1T () [ XN Zgy) + Rn Zab] TTa (M) Rap (£> :

Py a a Y

Then, from the cyclicity of the trace, we have
Trap {[xn Zab + X Zay | a ) [xn Zgy) + Iv Zap] To (M)}

= Trap {[xnZab + v Zey | 6 0) [Xn 23y + X Zap] TTa(W)} - (4.19)
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From the diagonal structure of Z we can write explicitly

DNZ+ a2 100 = zawdlisl [z 2] = 2L 008 (4.20)

where z4,4, are some complex numbers. Hence, property (4.19) can be rewritten explicitly as
D i TO)E 2L, TTONE =3 2400, T2, TIO)E! (4.21)
o,02 o,0

which shows the commutativity of the transfer matrices Tr IT(1) for different values of the

spectral parameter A. g

At the end of this section, we define some important examples of monodromy matrices
which we will deal with.
e Conformal case:
1. Left monodromy matrix
xm=1 Yu=0 6,=1 = TIA)=MQR)=LyQA)...Li(A); (4.22)
2. Right monodromy matrix
_ - 1 _ (1
Xxm=0 jm=1 6p=1 = TIAR)=MQR)=Ly (X) .o Ly (X) (4.23)
e Off-critical case:
1. Case right-left (r-1)

X4i = X4i-1 =0 Xai—2 = X4i-3 =0 <1 <i<—,Ne 4N>

Su=p’ (1<m<N)

= () =MQ =Ly (‘%) Ly (MT;) Ly_s (AM%) Ly (Au%) L

1 1
m2\ - 2 1 AN
x (T) is (T) L, (xuz) L (mz) : (4.24)
2. Case left-right (1-1)

Xai = Xai-1 =0 Xdi—2 = X4i—3 =0 <l <i <

Sp=pn? (1<m<N)

= M) =MQO) =Ly (AM%) Ly ()»M%) Ly (MT%) Ly_3 (MT%) -

x Ly (A,ﬁ)m (A,ﬁ)iz (%) i (MT) (4.25)

Now, we must give some explanation about names which have a physical origin. The
monodromy matrix (4.22) has been introduced as a natural discretized version of that describing
quantum KdV theory, i.e. the left part of CFT [27]. The monodromy matrix (4.23) is simply its
right counterpart, completing the description of CFT. The quantum KdV description of CFT
exhibits, for particular values of 82, the usual features of conformal minimal CFTs perturbed
by the @, 3 operator (e.g. the form of local IMI) [28]. Hence, this formulation should be very
suitable for going into the off-critical region preserving integrability and our proposal (4.24),
(4.25) for the description of CFTs perturbed by the ®; 3 operator is now very natural. In
any case, we will bring other supports to our conjecture in the following by diagonalizing the
transfer matrices corresponding to (4.22)—(4.25) through ABA techniques.
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5. Coordinate representation

In order to settle down a suitable generalization of ABA to the braided Yang—Baxter equation,
it is useful to rewrite the Lax operators (3.19) in a coordinate representation.
Let us first recall the position—-momentum Heisenberg algebra, generated by elements
Xm» Pm, | < m < N, satisfying
in 8>

[-xms xn] =0 [va pn] =0 [)Cm, pn] = TSm,n- (51)

The key observation is that we can realize the quantum generators V,ff forl <m < N (3.12),
(3.13) by using position and momentum X,,, pm:

VE = £ (X1 — Xm) — P (5.2)

where the algebra element x v is identified with x; or, although unnecessary for the following,
we may think of x;, and p,, (h € Z) as N-periodic objects in /4. In any case, it is easy to verify
that elements (5.2) satisfy commutation relations (3.14)—(3.16).

Now, we may use the usual coordinate representation X,,, p,, for the elements x,,, p,,
respectively, [11] to obtain a coordinate representation for V..

Let us indicate by H the enlarged vector space consisting of the L?(R) functions and of
the distributions. Let us consider the N-tensor product of H,7(H) = H ® --- @ H. The
representative operators for the positions £,,, 1 < m < N, act multiplicatively on the vectors
of T(H):

En¥) (X150 XN) = X (X1, XN) (5.3)
while the representative operators for the momenta p,, act as derivations:
. ing? 9
Pm¥) (X1, ... xN) = — > WI//(M,.-.,XN). (5.4)

Both representatives are well defined on the enlarged space 7 (H) and, for the sake of
simplicity, we have used the same symbol for the algebra element x,, and the independent
variable of the mth H space. Since in the following we will never write explicitly abstract
elements of the position-momentum Heisenberg algebra, this will cause no confusion. In
general, in order to have simple notation, from now on we will indicate with the same symbol
all the algebra elements and all their representative operators, as the distinction will arise
from the context. This implies an accidental coincidence of the symbols for the independent
position variable and the corresponding position representative operator, but we will never
write explicitly position representative operators in the following: x,, will always indicate
exclusively the position variable.
From (5.2) and (5.3), (5.4) we have the following representation of Vmi (1<m<N):
Y

(V) (x1, ..., xn) = [i(xm+1 —Xpm) + %%} vixi,...,xn) (5.5
where the independent variable inherits the identification xy,; = x| from the algebra element.
This implies that the operator representatives of W = eVn (1 < m < N) are defined as
unitary operators acting on 7 () as follows:

. inp? 2
[WE1(xr, ..., xy) = e =) eiTﬂ‘/’ <x1, N ﬁ, cees XN> (5.6)

with the usual prescription xy.; = x;, form = N.
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Finally, inserting (5.6) in (3.19) we obtain a coordinate representation for the left and right
Lax operators. Since the entries of the Lax operators depend on W=, they are well-defined
unitary operators acting on the whole 7 (H).

Let us finally remark that the definition of the representation is a crucial problem in usual
ABA and a fortiori in our non-ultralocal case: actually, this is the origin of the mistake in [35].

6. Algebraic Bethe ansatz in the conformal case

6.1. The left monodromy matrix
In this subsection we will consider the left conformal monodromy matrix (4.22) whose entries
are defined by

6.1)

M) =Ly ... Li() = (A@) B(A))'

C(h) D)

We will consider the case of an even number of sites, that is N € 2N, and write the Bethe

equations, eigenvalues and eigenvectors of its transfer matrix by developing an extension of

ABA techniques. In fact, the usual ABA grounds on the usual Yang—Baxter equation and

hence we have to modify it in such a way that we can use the braided equation efficiently.

This can be rigorously done using the coordinate representation given in the previous section.
Let us define as in [35] the fused Lax operator and its entries: k € 2N,2 < k < N,

R Po) Fy o)
FQ) = L)L) =4 EA—1) . (6.2)
By ) Byt ()
Hence, from definition (3.19), the entries are given by
FY 000 = W) W+ AP W WD 6.3)
F o) = ax [(W) ™ W+ wiw ] (6.4)
Fy 000 = AR W T we w7 6.5)
Fp 000 = W W, + AP WH T (6.6)

Let us now consider the coordinate representation (5.6). The fused Lax operator entries
(6.3), (6.5), (6.6) act on the representation space 7 (H) as follows:

[Fl(lf,kfl)(k)w:l (X1, .., Xy) = ei()CkH*Xk—])w(xl’ o, x]:-_l’ x]; CLXN)

+ APR2g T el T2 (e xx L A) (6.7)
[FE 60w ] ) = 0y G, )

+ AP 2g T e R e I (T X, ) (6.8)
[Fz(lf’kfl)()»)W] (X1, ... xy) = Adg 2 [e7 ™Dy ey, o X X XD

e Wt T2y L xE e a)] (6.9)

where for the sake of conciseness we have defined

xf=x £ np?/2 (6.10)
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and, of course, the variable x,.; is identified with x;. Note from the previous formulae that

)

the action of the operator Fl.(jk’k_1 is not confined to the coordinate (xi, x;_1) and is therefore

called non-ultralocal.
In order to carry on the usual ABA procedure, we have to find the so-called pseudovacuum
states.

Definition 2. In a fixed representation a pseudovacuum or false vacuum is a vector which is
a simultaneous eigenstate of the diagonal elements A(X) and D(A) of the monodromy matrix
and which is annihilated by the off-diagonal element C (1), for every A € C.

We are now in a position to show that in the coordinate representation space 7 (H) the
pseudovacua are given by

N
Q. .aw) = [T FOuor —x0 ©.11)

k=2
ke2Z

where f is an element of H ® H, depending on the difference of the coordinates and satisfying
the shift property:

f(x+7mp?) = —e M f(x). (6.12)

The functional equation (6.12) possesses in general infinite solutions, for instance
. 2 .
F(x) = exp (—i +ix+li) (6.13)
b1

and functions obtained from it by multiplication by a periodic function with period 7 8%. As we
will show, however, every solution of (6.12) gives a pseudovacuum with the same eigenvalue
for A and D. Hence, we do not need to single out any specific solution of (6.12).

The proof of the fact that (6.11) with (6.12) is a pseudovacuum, relies on annihilation
properties following immediately from (6.9) and (6.12):

[F;f’k‘”(x)sz] (X1, xy) = 0. (6.14)

Indeed, let us consider the expressions of A, D, C in terms of the elements of the fused Lax
operator. For example, if N = 6 we have (understanding the dependence on the spectral
parameter):

_ (65 4,3) - (2,1) 4,3) -(2,1) (6,5) 4,3) - (2,1) 4,3) -(2,1)
A=Fy [Fu Fii 7+ Fiy 7 Fy ]+F12 [F21 Fii 7+ By 7 Fy ]
_ 1(6,5) 4,3) -(2,1) 4,3) -(2,1) (6,5) (4,3) -(2,1) 4,3) -(2,1)
D =F, [Fn Fiy 7+ Fiy 7 Fy ]"‘Fzz [F21 Fiy 7+ Fyy 7 By ] (6.15)
_ (6,5 4,3) -(2,1) 4,3) -(2,1) (6,5) 4,3) -(2,1) 4,3) -(2,1)
C=F, [Fn Fii 7+ Fiy 7 Fy ]"‘Fzz [F21 Fii 7+ Fy 7 Fy ]
Now, we prove, by using the W’s exchange algebra (3.18), some very fundamental exchange
relations between the Fi;k’kfl) (X)) (k € 2N, 2 < k < N)—not necessarily in a representation:
e exchange (21)—(11)
k+2,k+1 kk—1 _1 o (kk—1 k+2,k+1
Ey V) F 00 = g RV OO ETY )

(N,N—1) (2.1) /q 7 1 -2y (N .N=T) (6.16)
F21 ()‘)Fll (A):q 2Fll ()‘)FZI )



A braided Yang—Baxter algebra in a theory of two coupled lattice quantum KdV 3663

e exchange (21)—(12)
Fz({c+2,k+1)()L)Fl(lzc,k—l)(k/) _ q_% Fl(lzc,k—l)(k/)Fz(lf+2,k+1)(k)

(N,N—1) 2,1) ;7 L @21 4y o (N,N=1) (6.17)
£y WFy (W) =q2 Fiy (M) F )
e exchange (21)—(22)
F2(1f+z,k+1>(A)Fz(lzc,kfn()h/) _ q%Fz(lzc,k—l)(k/)Fz(lf+2,k+l)()L) .
F NPV 0 = a2 By V0O F YR G
o commutationif (K’ € 2N, 2 <k’ < N)2 < |k—k'| <N -2
[F P00, FSAPan] =o. (6.19)

Consequently, through the exchange properties (6.16)—(6.19), we can bring all the factors
Fz(]f’k_l) to the right of the addenda in the expressions of A(A), D(}), C(X). The following
action of A(X), D(A), C()) on the state Q (6.11) is a consequence of their form (see, e.g.,
formulae (6.15) in the case N = 6) and of annihilation properties (6.14):

N N

Ame=1] FE P one pme =[] ES* P e CMN=0 (6.20)
7 P

where the arrow <— indicates the direction of increasing indices in the ordered product. We are
left with proving that €2 is a simultaneous eigenvector of A(X) and D(}): this will be realized
by the following theorem and its corollary.

Theorem 2. The action of the ordered product of diagonal elements of the fused Lax operators
(6.2) on the states (6.11) is the following (k < N):

B
[TEY 09| @i ..oay) = @073 6D 0 - A%267) Q. ..., xy)
h=2

Lhe2Zz, _

k
<

[TEY" P09 | @i ..oy = e @072 GD 0 = A%20) Q. ... aw).

h=2
LhelZ .

Proof. Let us show by induction the first formula. For k& = 2 it follows from (6.7) and the
shift property (6.12) . For general k < N we have from (6.7)

£
[TV o] . ..oxw)
h=2

he2z,
k=2
<«
HETRp— (h.h—1) + +
:e(XkH T ]) l_IFll ()")Q (x15"'7~xk—25'xk—1axkaxk+la"‘7~xN)
h=2
he2Z
k—2
<«
292 =1 iK1 +Xk—1—2X;) (h,h—1)
+A)\‘q e! W1 k-1 k HFU ()\.)Q
h=2
he2Z

+ —
X (xla "'axk—Zaxkflaxk axk+15 "'axN)'
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Applying the inductive hypothesis we get

]_[ FU e | (... xw)

heZZ
— ei(xkﬂ—xk,l)ei(x;'il—xl)q—%(g—Z)(l Zkzq_l)g_IQ(XI, el N)
+A2A2q_l ei(xk+1+xk,1—2xk) ei(xk l—xl) -1 7 2)(1 A Az —1)-—1
XX, ey X2y Xy X Xl - s XN). (6.21)

Using the shift property (6.12) in the last term gives
QX1 e ooy X2y Xy X s Xkt « ooy Xy) = —€2STHDQ (L xy). (6.22)

Hence the two terms on the right-hand side are proportional. After gathering them, we get the
first formula of theorem 2.

The second formula follows in an analogous way, after using the shift property (6.12) in
the form

fx —mp?) = =X £ (x). (6.23)
O

Corollary 2. The states (6.11) are eigenvectors of the elements A(X) and D(A) of the left
conformal monodromy matrix (4.22). The corresponding common eigenvalues are given by
the formulae

[AWQl =¢GN - A% Q= py(1Q (6.24)
DV =q 2D - ALY TQ = oy (). (6.25)
Proof. The proof follows from theorem 2 for k = N, recalling that xy,; = x;. [l

Eventually, formulae (6.20), (6.24) and (6.25) show that the states (6.11) are pseudovacua
of the monodromy matrix (4.22) with the same A(A) and D(A) eigenvalues for any f(x)
verifying (6.12). Nevertheless, we need to note that the two-site state f(xz_; — xz) is not a

pseudovacuum for A®*K—D = &0 pk=n = pOAD chh=1 = pEA=D. hig property
is quite rare and called the non- ultralocahty of the pseudovacuum

Let us now derive the Bethe ansatz equations. From (4.4) it follows that the left conformal
monodromy matrix (4.22) satisfies the braided Yang—Baxter relation

Ry (k ) M, (WD Z, My(W) = My())Z,) My (M) Rap <;) (6.26)
which contains implicitly these exchange rules between B(A) and A(A), D(}), respectively:
Nt L b(%)
AM)B(A) = —<BA)AR) — B(LWAOM) (6.27)
a(%) a(3)
. q (%)
D(A\)B() = B(O)D). (6.28)
a(3) Ta(2)

In equations (6.27), (6.28) we have defined for the sake of conciseness

£1-¢ ‘l—q

a®) = ——— bE) = (6.29)
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Note the presence of the factors g*! in expressions (6.27), (6.28): they come from the matrix
Z4» and represent the contribution to exchange relations coming from non-ultralocality. Now,
as usual, we build Bethe states

1
W(ki, ..., ) = HB(A,)SZ (6.30)

r=1

acting on a pseudovacuum with the creators of pseudoparticles B(A, ), without considering the
ordering, because of the commuting property encoded in the braided Yang—Baxter equation:

[B(A), B(A)] =0. (6.31)
From (6.27), (6.28) we find the action of A(A) and D(A) on Bethe states:

1

1(7'

:IN

S

AW,y . ) = oNOOW Oty o D) o (6.32)

ﬂ~n

DOVV(A, ..., A) = e oN )W h, e A e (6.33)

1
o a(s)

The dots in (6.32), (6.33) indicate extra terms which are not proportional to state (6.30).
Hence, in general, states (6.30) are not eigenstates of the A-dependent transfer matrices
T(x) = A(A) + D(A). This is true if and only if the set of complex numbers {Aj, ..., A;}
satisfies the following Bethe equations (BEs):

~

—’| | L i) =a'[] - I (6.34)
,\ r=1 /\
r;ﬁs r#s

By using the expressions for py (A) and oy (A) coming from (6.24), (6.25) and for a (1) coming
from (6.29), we can rewrite the BEs as follows:

~21 li[ qh; —q~'A] (1= A% e (6.35)
q L =gz = \T=am2g : :
r#s
The definition
Ad, = e (6.36)

allows us to rewrite BEs (6.35) in the more diffuse trigonometric form:

| 2 i h( 1rr/32) N2
: sinh (o, — £ .
l_[ s1nh — o, +inB?) _ s T2 o B N -2inp
— : .
i —a, —inp?) sinh (as + #)
s

(6.37)

Eventually, let us deduce, from equations (6.32), (6.33), the eigenvalues of the left transfer
matrix 7 (1) = Tr M ()), relative to Bethe states (6.30), (6.35):

l
pn (1) +q H

l

Ak, (1)) = H &

=1 A

oy (). (6.38)

L
,\
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By using the expressions for py (A1) and oy (A) coming from (6.24), (6.25), we write (6.38) in
the following way:

- —q)» 1N B
AR =¢q 11—17)hz -3(5 1)(1—A2k2q 1)N/2
A —q '\
+qln% SO - At (6.39)

r=l1

Let us make some comments on the results of this subsection. lele BEs (6.37) are the
equations for a spin chain of spin —3 with, in addition, the twist e~ N-278 ngtead, in
paper [35] they turn out to be of different signs (spin +% chain), because of an inconsistent
definition of the pseudovacuum, affecting also the final expressions of the eigenvalues. As far
as we know, the presence of the /-dependent twist appearing in the BEs is a new feature and
is a direct consequence of non-ultralocality, encoded in the Z,;, matrix. In view of the fact
that this twist depends on the number of Bethe roots (solutions of the BEs), it will be said to
be dynamically generated. The forms of the eigenvalues of the transfer matrix (6.39) are also
those of a dynamically twisted —% spin chain. A similarly generated twist appeared in [38] in
the case of a CFT—Liouville theory—but it only depends on the number of sites N. Besides, in
paper [38] a detailed analysis has been carried out to conjecture a one-to-one correspondence
between Bethe states and squares in the Kac table of minimal CFTs. These facts lead us to
think that the (cylinder) continuum limit of equations (6.37), (6.39) describes the chiral sector
of CFTs and their chiral IMI encoded in the transfer matrix. In a forthcoming paper [29] we
will examine the (cylinder) continuum limit for special values of B2 corresponding to the very
interesting case of minimal CFTs in order to prove this conjecture.

6.2. Right monodromy matrix

We could repeat all the steps and considerations of the last subsection in the case of the right
conformal monodromy matrix (4.23),

MOy =Ly, L0 = (A@) B(A))

coo Doy N € 2N (6.40)

but we will briefly illustrate them, since the main conclusions can be obtained from the results
of the last section using the duality connecting left and right Lax operators.

Indeed, the fused Lax operator and its entries are defined by (k € 2N,2 < k < N)
Flk=D) 5 -1 =k k—1) ;9 1
_ _ _ AT F A
Fruh) =L HLi, (v h = (_(kk 1)( 1) —(llfk—l)( _1)) (6.41)
A7) Fyp ()

and hence, using the duality connecting left and right Lax operators (3.19), the entries of
(6.41) are given by the entries of (6.2) in which W}" is exchanged with W, and X is exchanged
with 17!,

However, for clarity and future applications we write in the coordinate representation
(5.6) the action of the following fused Lax operator entries on the space 7 (H):

kk—1 —i — X%
(20w | ) = e80T g Ger,x)

+ AP g e T e T (e X X, XN (6.42)
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[ngz’k‘”(rl)w] (L) = @O0y (e xT x x)

+ APATEg e T I  (y X X , XN) (6.43)
[ng*kil)()ﬁl)l/f] (X1, ..., xy) = A)L_lq% [ei(x“‘_xk*‘)W(xl, e Xp X e XN)

+ @Oy (X xy) ] (6.44)

where again x4 is to be meant as x;.
We want to remark also that using these formulae one can find in the coordinate
representation space the explicit form of the pseudovacua:

N
Qi oxw) =[] fOrr —x0™! (6.45)

k=2
ke2Z

where f(x) is a non-zero solution of (6.12).
The use of the aforementioned duality allows us to write easily the Bethe equations and
the eigenvalues of the right conformal transfer matrix on the Bethe states:

I
Vi, ) =[] BOHS. (6.46)
r=1
Indeed, they can be obtained from the corresponding left formulae (6.35), (6.39) by simply
replacing ¢ with ¢! and A, A, with 271, 1!, Explicitly, we obtain that the Bethe equations
for the right conformal monodromy matrix read

— 292 —1\N/2
21 1—[ qk k _ I —A“A"q (6.47)
l)\‘z — q)\‘z 1 _ AZ)\-Y_ZQ

);és

or in a trigonometric form (A‘lkr = eé‘"):

. 5 . h( 1rrﬂ2) N72
l_[ smh o ring) M T eE N (6.48)
_, sin — & —inp?) sinh (5& + #)
;s
In addition, the elgenvalues of the transfer matrix 7' (1) = Tr M(A) are
-1y,
g A —g)? v _
A n) =¢' [T 22252 (3-D (1 — A2 2g)N/2
D =g ]‘! 5 ( q)
! 2 —152
_ qr-—q A ien_ o
+q7' [[ 5 e g2 G0 1 — A2 N2, (6.49)

We can comment on the results of this subsection in an analogous way as we have done
at the end of the previous subsection, after taking into account the change of left (chiral) to
right (anti-chiral).

7. Algebraic Bethe ansatz in the off-critical case

The minimal CFTs perturbed by the primary field ®; 3 possess local IMI, which are
suitable deformations of those in left and right quantum KdV theory in the continuum limit
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[17, 20, 27, 28]. For this reason, we couple together the left and right theories with the aim
of describing a lattice discretization (or better regularization) of perturbed CFTs. Preserving
integrability, we would like to conjecture that this coupling of the left (chiral) and right (anti-
chiral) sectors is realized equivalently by the monodromy matrices (4.24) or (4.25), which
contain both L,, and L,, and verify the braided Yang—Baxter relation. In this section we will
diagonalize the associated transfer matrices by means of an extended version of algebraic
Bethe ansatz techniques.
Let us start with the monodromy matrix (4.24) and define its entries (N € 4N)

N/4
e (e N (AGi) BOG )
M(}) —Eﬂi <7> Fyoa (hnt) = (ca; DO m)' (7.1)

We want to write the eigenvectors and eigenvalues of the transfer matrix in terms of the
solutions (roots) of the Bethe equations (BEs).
Remember that the fused Lax operators in (7.1) are

Fii (&) = Lai (W) Lai—1 (1) Fyio(A) = Lai—2(A)Lai—3(2) (7.2)
and that their entries, defined by (6.41) for F; and (6.2) for Fy, are explicitly given by

FE4=D 60 — (Wi (Wi )+ AZEWL (W) (7.3)
FEH000 = 80 [(Wi) ™ Wy + Wy Wiy 74
FSP 000 = A [ i+ Wi wi_ 7' (7.5)
ng,mfl)(k) — WiWS + AZAZ(WA‘;)—IW;_I (7.6)
FE2000 = We )™ W)™+ A2 Wh (W)™ (7.7)
FS2Y 00 = Ar [(Wy_p) ™ Wiy + Wy, Wy o] (7.8)
F00) = A0 [(Wy ) ™ War )™+ W (W) '] (7.9
Fz(gifz,4i73) M) =W, Wi 5+ AZ)LZ(WL_z)_IWL—z- (7.10)

We now consider the coordinate representation. Actually, we have already written how the
operator representatives of (7.3), (7.5), (7.6) and (7.7), (7.9), (7.10) act on the coordinate space
T (H) in formulae (6.7)—(6.9) and (6.42)—(6.44). These are the entries which are important
for our calculations.

What are now different are the pseudovacua. Indeed, we want to show that in the
coordinate representation the pseudovacua are given by the following element of 7 (H):

N/4 N/4
Qxg,...,xy) = l_[ F (a1 — x40) 7" f (s — X4i-2)8 (Z(x4i3 - x4i1)> (7.11)
i=1 i=1
where the function f(x) is a solution of (6.12).
Let us prove this statement in some steps. These annihilation properties, derived from

(6.9), (6.12), (6.44), are crucial:
[ng’*‘”‘”(x)n] (X1, ... xy) =0 [F;;“"Z"”“” (A)Q] (1., xy) = 0. (7.12)

Then, we consider the expressions of A(A; ), D(A; w), C(x; w) in terms of the entries of the
fused Lax operators. For instance, if N = 8, we have (for conciseness we omit that the F’s
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depend on the combination /L%A, and the F’s on the combination ,u% JA):
MG 0 = [ B« R [F 4 P R
[ RSY + FEY) [ R PR
DG 1 = [PV RS + 7RV (R R+ PO R
[P g P [P PR o
CO = [P EG + FSV|[FOr 4 PO
P[P RS 4 T R [0 R+ PO RG]
Hence, it is crucial that Fi(f’k_l)()q and Flf,k]’.;k/_l)()u’) (k, k' € 2N; 2 < k, k' < N)—not
necessarily in a representation—satisfy, in addition to the previous equations (6.16)—(6.19)

and their right counterparts—obtained from (6.16)—(6.19) by replacing ¢ with ¢ ~'—mixed
exchange relations, following directly from the W’s exchange algebra:

e exchange (21)—(11)
Fz(;u+z,4i+1)(A)Fﬁm—n(k/) _ q%Ij—.(lé:i,4i—l)(A/)Fz(;ti+2,4i+l)(k)
Fg;i"”il)(K/)Ff?i72'4i73) ) = qféFl(iti72,4i73) ()L)ng,mfl)()»/) (7.14)
FEYDOOFTY ) = g2 Y00 FY )
e exchange (21)—(12)
Fz(;u+2,4i+1>()\)F%i,mfn()\,) _ q% F(éiAifl)()L/)Fz(;ti+2,4i+l)()t)
FO4=D N FGI2479 ) = g s FS 249 o) FY4-D oy (1.15)
FRNPONFT 00 = g 2 Fp 0Py NP
e exchange (21)—(22)
Fz(iu+z,4i+1)(MF%LM—U(A,) _ qféFg;i,m‘—l)(A/)Fz(fi+2,4i+l)()\)
ngi,étifl)()L/)Fz(;i72,4i73) () = q% Fz(gifz,4i73) ()\)ng,ufl)()&,) (7.16)
FRN P00 F ) = g 2 Fr V0 Fy N V)
e commutationif2 < |k —k'| < N —2
[F,F]k.’k‘”(x), Eﬁﬁ.’,’k"”(x’)] —0. 7.17)
Indeed, after iterated use of the exchange properties (7.14)—(7.17), we can accumulate all
the factors F$i"* ™", F{{""#*~ o the right of the addenda in expressions of A, D, C. From

the form of these (see, e.g., formulae (7.13) in the case N = 8) and from the annihilation
properties (7.12) it then follows:

N/4
<«

e 12 . .
s =[[ A (5] A2 )
i=1
N/ » (7.18)
DGz op = [Pt (1) pit 400 (i

i=1

Ch; w2 =0.
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We have already proved part of the statement in (7.18) and we complete it through finding the
eigenvalues of A and D over €2 in the following theorem and corollary.

Theorem 3. The action of the ordered products of the operators ¥ and F',, defined by

12

. Ty T " YT

Fi (L) = F3P4D (T) F2473 (1122) (7.19)
i = (4i,4i—1) Ml/z (4i—2,4i—3)

Fiy (0 ) = F (T) FU—24-9) (41723 (7.20)

on the states (7.11) is the following (I < i < N/4):

L 2i—1

, , . ,
Fl ()| (xq, .o xn) =g 2exp | =i | xaie1 +2 E (=) x2j41 + X1
1

= j=1

i LAY
x(1 — A%uxr2q™h (1—A2ﬁq) Qxy, ..., xN)

L 2i—1

, , . ,
Fo, (L )| (x1, ..., xn) =q 2exp | i | xaie1 +2 E (=) x2j41 + 11
1

J= j=1

i Ko\
x (1 = A232q) (I—Azﬁq 1) Qx1, ..., xn).

Proof. We show by induction the first formula. For i = 1 we have, using formulae (6.7),
(6.42)

1 —i (x5 20300, — 22
[Fl,(L: Q] (x1, ... xy) =e i(ss=2070m1 - )ﬂ(xf,x'z*,x;,xi,xs,...,xzv)

21 —ifxs— T _
+A2,u)»2q le 1(xs 2x3+2x—X1— 75 )Q(XT,XZ ,x;,x;{,x& . st)

2
I’L 71(){572){4*%17%)

2 + o+ o+ -
+A ﬁqe Q(XI,XZ,.X3,)C4,.X5,...,XN)

+ A2 e‘i(’fﬁ‘z"““z—*"#)sz(x;, X5, X, Xy, X5, L, XN). (7.21)
Now we remark that Q(x7, x3, x3, x7, x5, ..., xy) = Q(xy, ..., xy) and that the use of the
shift property (6.12) for the function f contained in (7.11) gives

Q(xy, x5, X3, X4, X5, ..., XN) = —e AWy L xy)

Q(x], x5, X3, X, , X5, ...y XN) = —AB= O (xy, ..., xN)

Qx], Xy, X3, Xy, X5, oo, XN) = e AW —x) Q2B TX) ()

because the shifts in the variables xq, ..., x4 do not affect the delta function contained in
(7.11). Therefore, all the terms in (7.21) are proportional and the final result is

Cl i A?p)? A’
[Fi, (0 W] (x1, ..., x8) =¢ 3 g its—2xytx) <1 -, ) (1 - A2q> Q(x1, ..., xN),

which is the first formula of theorem 3 fori = 1.
For 2 < i < N/4 we have from (6.7), (6.42)
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i

L

; L .
HF{I()‘; W (x1, ..., xy) =g 7 e Mun el xii1—x4i3)
j=1

i
J (. + + + +
X l_IFll(A's M)Q (x11 "'7x4i747x4i737x4i721x4i711x4i1x4i+17"'1XN)
j=1

i1

AZUN? o e i | T w

+ ; 61(2x4”1 2x4i_0+X4i-3) HF{I()‘; W
j=1

+ - + +
X (-x11 cees Xdi—4y Xgj_35 Xygj_0s Xaj_15 Xajs Xditls - -5 -xN)
: 2
ATUG o, j
+ I el (x4 —x4i-3) l_[Fil()‘; B
j=1
+ + + -
X (xla ceey Xdi—4, x4l‘_37 x4l‘_27 x4l‘_17 x4ia Xdigls o vy .X:N)
i-1
<«
+A4M2 el (2x4i =2x4i 2+x4i3) nFil()‘; w0
j=1

+ - + -
X (-x11 ] x4i747 -x4i737 x4l’72’ -x4i717 x4i’ x4i+17 ] -xN)

Using the inductive hypothesis, we get
i
ﬁF{l(A; W | (X1, ..., xy) =g ' e 2tz
j=1
2i-3
xexp| —ilxf_5+2 Z(—)jx2j+1 +x1 ) (1= AZuriqg~Hi!

j=1

i—1
2 M + + + +
X (1 - A EQ) Q(.XI, ey Xdi—4y Xgj_35 Xgj_0s Xgj_15 Xajs Xditls - - -5 -xN)

2i-3
Apr? '
—1(4i41 —2x4j 1 +2X4i 2 —X4i-3) . +
e o el B E (=) x50+ 11
q p

, i-l
x (1 — A2ur2g=)i—! (1 . Az%q)

+ - + +
X Q(xls ceey Xdi—4, Xygj_3, x4l’72’ Xai—1s Xajs Xditls o+ -5 XN)

Azuq 2i-3
+ T e 1 (i =204 +x4i23) exp —i inf3 +2 Z(_)JijH + X1
Jj=1

, i-l
x (1 — A2ur2g=yi—! (1 . Az%q)
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+ + + -
X Q(.XI, ceey Xdi—4, x4l‘_37 x4l‘_25 x4i_]5 x4ia Xditls o v vy .XN)
2i-3
+ A4M2 @ 1(Vais1 =204 423472 —4i-3) exp| — i x:‘ri% +2 z (_)j-x2j+l + X1
j=1

, i-l
x (1 — A2urlg=)i—! (1 . Az%q)

+ - + -
X Q(.XI, ceey Xdi—4, x4l’73’ x4i—2’ x4i715 x4ia Xditls o v vy xN)]' (7'22)

As in the case i = 1 we have
+ + + +
Qx1, ..., X4i—4, Xgi—3s Xaj—2s Xgj—15 Xajs Xditls -+ s xy) = (xy, ..., xN) (7.23)

and the use of property (6.12) for the function f contained in (7.11) gives

QX1 ey Xaimds X3y X s Xai_ 1y Xips Xdidls -« -5 XN) = —e AW TR O (x L xy)
QX1 ey Xaimds X3y X0 Xai_ 1y Xaps Xdidls -« o, XN) = —eZ =IO (xy, LX)
QX1 ey Xaids Xai 3y X0y X4i_1s Xggs Xainls - -« s XN)
— e_Zi(Xéli—}_xM—Z) eZi(JCzufl—Mi)Q(xl e XN)
because the shifts in the variables x4;_3, ..., x4; do not affect the delta function contained in

(7.11). Hence, all the terms in (7.22) are proportional to €2 and the final result is

i

b 2i—1
. ) ] )
HFfl(M W (X1, ..., x5) = g 2exp | —i| x4i41 +2Z(_)]x2j+l + X1
j=1 j=1
x (1= A2ur2gly (1 — Az%q) Qx1, . x) (7.24)
which is the first formula of theorem 3.
The proof for F,, elements follows the same lines and we do not write it. O

Corollary 3. The states (7.11) are eigenvectors of the elements A(\; ;1) and D(\; 1) of the
monodromy matrix (7.1). The corresponding common eigenvalues are given by the following
Sformulae:

N/4
AGy ) =g 3 (1 — Alua2qg~hHN/A (1 - Az%q) Q (7.25)

N/4
DO )R =g 1 (1 — A2urZq)MA (1 - Az%q_l) Q. (7.26)

Proof. We apply theorem 3 for i = N /4 and note that the variable xy,;, appearing in the
formulae of theorem 3 for i = N /4, must be read as x;. Hence, we have that the exponents
in the second factors on the right-hand sides of the formulae of theorem 3 are proportional to
ZlN:/f (x4i—3 — x4;—1): therefore, they can be put equal to zero because of the delta function
8( Zf\/:/f(x4,-,3 — X4i_ 1)) in definition (7.11) of €. In this way we obtain formulae (7.25),
(7.26). O

Eventually, formulae (7.18), (7.25), (7.26) show that (7.11) are pseudovacuum states for
the monodromy matrix (7.1) with the same A(X; 1) and D(X; i) eigenvalues, respectively,
for any f(x) solution of (6.12). Nevertheless, a fortiori the pseudovacua are non-ultralocal in
this off-critical case.
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In order to write down the BEs, we remark that from (4.4) it follows that monodromy
matrix (7.1) satisfies the exchange relations (6.26) where Za_b1 is replaced by Z,,. Hence, the
braided exchange rules between B(A'; 1) and A(X; ), D(A; ) are respectively (we suppress
the dependence on p for reasons of conciseness)

q b(%) ,
' —g—~BM)AL) (7.27)
@ «(¥)
D(W)BO) = q—B(X)D(A) _ qflb ()J)

a(5) a(5)

As in the previous section, the states

A()BQ) =

B(L)D). (7.28)

I

O, k) =] [BO)Q (7.29)
are eigenstates of the transfer matrix T(X) = A(X) + D(1) (Bethe states) only if the set of

complex numbers {Aj, ..., A;} (Bethe roots) satisfies the following BEs:

N/4
g~ 122 1— Azukzq) (1 A*Lq 1)
2] qAr; Al _ ( s 2z

]_[ —1)\2 e = ) (7.30)

= (1 - A%z ™) (1= Afiq)

It is useful to rewrite (7.30) in trigonometric form. Let us define the new variables ©®, «
and o, :

A’ =e2° A =e” A = €. (7.31)
In terms of these variables the BEs (7.30) are (¢ = g~ imh’ )
_ o\ o N4
— l_[ sinh (@, — @, +i7p?) sinh (aj +0 — f ) smh( -0 - %)
sinh (oy — e, — i7p?) sinh (as +0+ ) sinh (as -0+ #) '
r;év

(7.32)

Finally, from equations (7.27), (7.28) and from (7.25) and (7.26) it follows that the eigenvalues
A (A, {X\}) of the transfer matrix T(X) on the Bethe states (7.29), (7.30) are

1 _qAZ

A, ) =4 H 1 — g = Aualq (1 — A2 2V

B q)\‘Z _ qfl)\‘z | o
+q ’ﬂ g = A2 (1 — A2 VAL (71.33)

In addition, it is useful to write also the eigenvalues of the transfer matrix in trigonometric
form. After inserting (7.31) in (7 33), we obtain

g2 . ® snh — o+ i B2
e Ada, {ar})—e_mﬂzll—[ inh (¢ — m'B)[4sinh<®—a—m'B>

sinh(a — «;)

2

. h o —inp?

xsinh<®+a+ﬂ>:| 171;‘3211_[sm 06 o 171,3)
2

sinh(o — ;)

. . N/4
x [4 sinh <® —a+ %) sinh <® o — 1”2’3 )} . (7.34)
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Now, for completeness, we illustrate the main results regarding the other choice of
off-critical monodromy matrix (4.25). The calculations for obtaining

e the pseudovacua,
o the Bethe states and the Bethe equations and
o the eigenvalues of the transfer matrix

have been carried out in a way parallel to that performed in case (4.24). In what follows, we
summarize only the final results.
The pseudovacua in the coordinate representation are given by

N/4 N/4
Q(xp,...,xn) = l_[ F(xaim1 — Xai) f (Xai—3 — x4i-2) '8 (Z(X4i3 - x4i1)> . (7.35)

i=1 i=1

The Bethe states are

1
WAy, k) = HB’(A,)Q’, (7.36)
r=1

in addition to the BEs

B _A2,92 2w 1)V
g2 (1—A%urZq) (1—A Azq
- (7.37)

qi,
_W —ak | (1= a2l ) (1- A2q)
s :

721

r

or in trigonometric form

. N/4
. : 17'rﬂ . ﬂ
(2 l—[ sinh (a5 — o, +imf%) sinh (as +0 — ) sinh ( —o-% )
. 2 - .
r;év

sinh (g — & — iB2) sinh (as +0+ ‘”’3 ) sinh (as -0+ M)

(7.38)
The eigenvalues of the transfer matrix are
/ - ‘Il_q)‘z-l_zz—l_z—z N/4
A {AD =¢q Hi)\z g2 [0 = A%urqg )1 = A%ur~q)]
1 —q 1)‘2 2,52 25 —2 —1\1N/4
+q H g (1 - A2’y (1 = APpua gV (7.39)

or in trigonometric form

i smh — o, +im i B2
e+ A (@, (o)) = P l_[ lo — o #) [4sinh (@ —a— ip )

sinh(a — «;) 2

. N/4 ! . . 2
. i —izp T Sinh(e — o —i7B7)
xsmh<®+a+T>i| +e l_[

sinh(a — «;)

. ) . 2 N/4
| 4sinn (© — o+ ™2 \sinn (© 4o — TP . (7.40)
2 2

In this section we have calculated the eigenvalues of the two lattice transfer matrices
associated with the monodromy matrices (4.24) and (4.25). We will show in the following
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section that these eigenvalues in the limit © — 0 reduce to the conformal right and left
ones, respectively. This reinforces our idea that the monodromy matrices (4.24) and (4.25)
will describe, after the (cylinder) continuum limit, a sort of perturbation from CFT. We will
discuss the nature of these theories rigorously in a future paper [29].

8. Conformal limits of the off-critical transfer matrix eigenvalues

In this section we show that, after suitable rescaling of the spectral parameter and the Bethe
roots, in the limit © — 0, the eigenvalues of the off-critical transfer matrices (7.33) and
(7.39) are proportional respectively to the eigenvalues of the right and left conformal transfer
matrices (6.49) and (6.39).

Indeed, let us consider the eigenvalue (7.33) and calculate the limit

12 12)) = ¢! R L. 2,2 \N/4
hmA(ML {A/L —q Hiﬂq (1 — A“LM“q)
r
)\2 1)\'2
_ll_[ q —%(1 _ AZ)\'—Zq—l)N/ét‘ (81)

The parameters A, contained in this relation must satisfy a system of Bethe equations which
is obtained from (7.30) by rescaling A, — A,u'/? and taking the limit .« — 0. The equations
obtained in such a way are the Bethe equations (6.47) for the right conformal theory, where N
is replaced by N /2. Therefore, the rhs of (8.1) as a function of A is proportional, by the factor
g /3, to the right conformal eigenvalue (6.49), where N is replaced by N/2:

12 12)) = ¢! R L. 2,-2 \N/4
hmA(ML {A/L —q Hiﬂq (1 — AN “q)
r
2 —152
—11—[ qk )\ _%(1 — A2 2g N/

~1y
- q —q)u 1y _ -
N/8 11—[ e 2(4 1)(1 A2 Zq)N/4

_ q)»z—qfl)»f LNy o,
+q IHW 25D (1 — A2 VAL (8.2)

r=1 r

Let us now consider eigenvalue (7.39) and perform the following limit:

—152 2
hn}]A’( UZ,{M 1/2 —ll—[q A —CI)L g (1 z)tzq—l)zv/4
n—
q 1)»2. 1
1]_[ 12 T Trgi — AN (8.3)

The parameters ), contained in this relation must satisfy a system of Bethe equations which
is obtained from (7.37) by rescaling A, into A,.~'/? and by taking the limit © — 0. These
equations are the Bethe equations for left conformal theories (6.35), where N is replaced by
N /2. Hence, the rhs of (8.3) is proportional, by a factor g™/8, to the left conformal eigenvalue
(6.39) with N replaced by N /2:
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g2 2
lim A/( 172, {A 0 1/2 _qul—[ )‘ qk %(1 — A2ZghyN/A4

n—0

—1452
qhr —q )» 1
+qll_[ (I_AZ)\'Zq)N/4

l
- l—lq —qk g .
l )\'2 2(4 l)(l _AQ)\’Qq l)N/4

—152

' gt —q " i
+q’ﬂﬁq DA - Az, 8:4)
,.

9. Cylinder scaling limits

In this section we derive the scaling expressions for the critical and off-critical monodromy
matrices (4.22)—(4.25) in the cylinder limit defined by

N — oo andfixed R = NA. 9.1)

The previous limit (9.1) will be taken in a rigorous way in a forthcoming paper [29] defining in
this way the continuum cylinder limit, whereas now we illustrate here a heuristic operatorial
limit to gain further clues about the physical meaning of the monodromy matrices previously
analysed. However, we believe that the results we will show are substantially correct [29].

From the definitions of ij (3.12), (3.13) one obtains immediately that their behaviour in
the cylinder scaling limit is

v, = —A¢’(yzm> +0(AY V= —A@ (Fom) + O(A?) 9.2)

where y2,, = Yo = m . Hence, in this limit the Lax operators (3.19) behave as follows:

R I ( R __
L, =1+AL <mﬁ,k>+0(A2) L, H=1+AL <mﬁ,x 1>+0(A2)

9.3)
where we have defined
_ (i¢'(y) A Y 4 X 6:) B S )
L = . L(, = - ) 9.4

Finally, by using (9.3) we have that the left (4.22) and right (4.23) monodromy matrices
assume in the cylinder scaling limit the form

N
<

R
M) = ]—[ [1 +AL <k§ A) + O(Az)} - P exp/o dy L(y, M) 9.5)

k=1

N
<

_ _( R R
Moy =[] [1 +AL <k—, r‘) + O(AZ)} - P exp/ dy £(3,27). 9.6)
k=1 N 0

At this point it is important to observe the slight difference between the limit expressions
(9.5), (9.6) and the chiral and anti-chiral monodromy matrices proposed in [27]. Indeed,
writing formulae (9.4) in the following way:

L(y,) =i¢'(y)H + L(E + F) Ly,A) =i¢'(V)H +ME+F) 9.7
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1 0 0 1 0 0
i=(o ) e=(0o)  =(10) ©8)

we finally obtain these expressions for (9.5) and (9.6), respectively,

where

R
M) =P exp/ dy[i¢'(y)H + AM(E + F)] 9.9)
0

and
R
M) =P exp/ dy [i¢'(3)H + A~ (E + F)]. (9.10)
0

We will show in a forthcoming paper [29] how to reproduce, starting from a regularized
expression on a lattice, the chiral and anti-chiral monodromy matrices of [27] and why these
verify the Yang—Baxter algebra instead of our braided version.
Let us now derive the expressions for the monodromy matrices (4.24)—(4.25) in the
cylinder scaling limit. For what concerns the monodromy matrix (4.24) we have
N/4

< . 12 . 12
M =[] [1 + AL <%R, MT) + O(AZ)} [1 + AL (411\] Lz, MT) + O(AZ)}

i=1

4i—2

x [1 +AL <—’N R, M”%) + O(Az):|
4i -3

x [1 +AL <’TR, ;N%) + O(AZ):|

e _ /4 1/2 _/4i —1 1/2
- 1+AZ (2R P ) eaz (22— p
| N T N x

4i—2 4i -3
+AL ( ZN R, ,ﬁ/zx) +AL (lTR, ,ﬁ/zx) + O(AZ)}

1 R ~ /2
- P expE/ dy [c (y, T) +L(y, ,ﬁ/zx)} = M. 9.11)
0

In the last row we have defined the scaling limit monodromy matrix M (}), because we find
it again performing the limit (9.1) on (4.25):
N/4

<~

) 4i  ul? 4i—1_ u'?
M(A):H[1+A£<NR,T> O(AZ):| [1+A£< v R,T>+O(A2)
i=1
_(4i—2 _(4i =3
) |1+ AZ (2R, w2 ) +oa) || 1+ A2 (2R, w2
N N
+0(A2)}
N/4 » )
:]‘[[1+AL<—’R,“—>+AL<Z R,“—)
ol N A N A

_[(4i =2 S (41 =3
+ AL ( ’N R, ul/zk) + AL (’TR, ul/zk) + O(AZ)}

w2

R
- P exp%/o dy [c‘ (y, T) L(y. Ml/zx)} = M(®). 9.12)
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On the basis of this coincidence we guess the equivalence of the theories described by
the two off-critical monodromy matrices in the continuum cylinder limit. Combining these
heuristic results with the previous ones, we can better support our conjecture according to
which the monodromy matrices (4.24) and (4.25) are equivalent descriptions of minimal
conformal theories perturbed by the primary operator @ 3.

10. Similarity with lattice sine—-Gordon theory

The interpretation of monodromy matrices M and M’ as lattice regularized descriptions of
@, 3 perturbation of CFTs will be reinforced by the results of this section. Indeed, we will
show that BEs and transfer matrices eigenvalues, derived for M and M/, are strictly related
to those of lattice sine—-Gordon theory (LSGT). In its turn the continuum sine—Gordon theory
(SGT) contains the minimal CFTs perturbed by @, 3 as a sub-theory derived through quantum
group reduction [39].

The continuum SGT on a cylinder is defined by the Hamiltonian

R 1 1 m?
H:/ dx[—(a,cl>)2+—(3xd>)2+—(1 —cos,/8y<l>)i| (10.1)

where m is the mass parameter and y is the coupling constant. In [40] the authors found
a lattice regularization of the SGT (10.1) and hence they wrote the Bethe equations and the
eigenvalues of the transfer matrix. With the definition

S = (ima)’ (10.2)
and for N/4 € N these can be written as

e Bethe equations

[14+8( e+, %e?) N L ey 2
SRR =55 (10.3)
1+ S(A e + 2% el7) el — ey
- r#s
or, after defining A, = e,
[1+2Scosh 2o, —iy) |V/* li[ sinh (), — o/ +iy) 104
| 1+2Scosh (e +iy) N L sinh (o) — ) — iy)’ ’
r;_éx
e Eigenvalues of the transfer matrix
/ / )"; e —ATeV 2 —i =2
AW o =T] S visvanl LR GRS 0)
r=1 r
AZeT — p%elr . 2
+ HW[1+S(AIZey+N ze }/)]N/4 (105)
r=1 r
or, after defining \’ = e, AL = evr,
1 . .
sinh (@’ — &/ — iy) .
AE (@ (o)) = r 1 +28 cosh (2o’ — iy)V/*
(@ {a}) 1} e —a) | Q2a' —iy)]
L sinh (of —al +iy)
+ 1] r [1+28cosh (2o’ +iy)|V/*. (10.6)

sinh (o' — &].)

r=1
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If we start from our trigonometric Bethe equations (7.32), (7.38) and eigenvalues (7.34),
(7.40) of the two transfer matrices in the off-critical case and make the identifications
20 . .
, Y e , im , im
= — 725 oda=uo +— o =0o,. +— 107
p T 1 +e-40 ) r rt3 ( )
we then see that our Bethe equations are equal to sine-Gordon ones up to the factors Al

. .. . . inp? 40 \N/4
And, in addition, our eigenvalues of T and T’ are proportional, by the factor e* = (HBTW) /

to sine—Gordon eigenvalues (10.6), but the first addend has been multiplied by the factor
e*imF" and the second by the factor ¢¥™#*/, The upper sign in the exponentials (the twist
factors) is for Bethe states diagonalizing T, and the lower sign is for Bethe states diagonalizing
T’: the states which diagonalize T give rise to Bethe equations with twist e~ 274/ while the
states which diagonalize T’ give rise to Bethe equations with twist e*27#°/

Twisted versions of Bethe equations and eigenvalues of the transfer matrix for the SGT are
already present in the literature. However, usually the twist is introduced ad hoc [13], in order
to identify the properties of the states under the symmetry of the theory (10.1) ® — & + 2’;’)’/ .
In contrast, in our case the dynamical twist comes naturally into the theory and, different from
the usual approaches to other theories, it depends on the number / of Bethe roots.

For instance, we want to show how we recover the /- and N-independent twist introduced
in [13] in the particular case B> = ﬁ, with p a positive integer. We call the vacuum sector
solutions those sets of Bethe roots corresponding to / = N /4 in the limit N — oo. In this
limit, we are obliged to parametrize the chain length as follows (this kind of parametrization

has also been used in [38] in the case of the Liouville model)

i

N
Z:(p+l)n+/c 0<k<p n e N. (10.8)

Indeed, at fixed « the twist phase factors do not oscillate as N — oo,
e:|:2i71521 _ e:FZizrlﬁ 4 _, ToT Tk (10.9)

but become N-independent. Hence, for any «, the Bethe equations (7.32), (7.38) and the
corresponding Bethe state become, in a natural way, respectively, the Bethe equations and the
k-vacuum of the twisted SGT presented in [13]. Besides, for k # 0 this k-vacuum is also
a state of the pth unitary minimal CFT. This procedure can be repeated also for non-unitary
models and for excited states, which are characterized, as well as the vacuum, by their twisting
properties. We will come back to this point in a forthcoming paper [29]. Of course, for the
non-twisted state (¢« = 0), we obtain the LSGT Bethe equations (10.4) for the vacuum and the
corresponding eigenvalue of the transfer matrix proportional to (10.6).

11. Conclusions and perspectives

We have found a generalization of the Yang—Baxter algebra, called the braided Yang—Baxter
algebra, as a result of discretization and quantization of the monodromy matrices of two
coupled (m)KdV equations. A matrix Z,,(q), independent of the spectral parameter and of the
lattice variables, encodes the braiding effect, which is a pure quantum feature and disappears in
the classical limitg — 1, because Z,,(g) — 1. By virtue of the commutativity of the braiding
matrix Z,, with the quantum R-matrix we have proved that the braided Yang—Baxter algebra
still ensures the Liouville integrability, i.e. the transfer matrix commutes for different values of
the spectral parameter and therefore generates (an infinite number of ) operators in involution.
Regarding these operators as a Cartan sub-algebra, a suitable generalization of the algebraic
Bethe ansatz technique has been built to construct representations in which they are diagonal.
As an effect of the braiding an /-dependent dynamical twist appears in the Bethe equations.
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We will prove in a forthcoming paper [29] that these representations are vacuum (highest
weight) representations for the Hamiltonian operator. In the cylinder continuum limit, we will
find non-linear integral equations describing the energy spectrum. The conjecture we have
proposed and supported here proved that this spectrum is that of perturbed minimal conformal
field theory.

Actually, our left and right (conformal) monodromy matrices (4.22) and (4.23) are in the
cylinder continuum limit slightly different from those analysed in [27], and it is very peculiar
that they form a braided Yang—Baxter algebra, although those in [27] close a usual Yang—
Baxter algebra. Nevertheless, we will see in a forthcoming paper [29] how to build, from our
monodromy matrices, others satisfying the unbraided Yang—Baxter relation [41], realizing a
deeper link to [27].

In a sequel to [33, 42], one of the authors (DF) in collaboration with M Stanishkov has
built a general method of finding hidden symmetries in the classical KdV theory starting from
the Lax operator (2.11) of section 2. In particular, a very interesting quasi-local Virasoro
algebra has been discovered in [43] and its action on soliton solutions has been studied. Since
only some hints have been given about quantization of this intriguing symmetry algebra, it is
very interesting to understand how this algebra arises in the quantum context of the present
paper.

Eventually, this way of quantizing the simplest KdV theory and of going out of criticality
grounds only on algebraic properties of the involved fields/variables and consequently leads
very easily to applications to all the generalized KdV theories [41]. Among them the next
interesting case would be represented by the quantum Agz) KdV depicted in [28], which
completes the scenario of integrable perturbations of minimal conformal field theories (i.e.
theories without extended conformal symmetry algebra).
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