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1 Introduction and summary

It is difficult to assign a precise mathematical meaning for the concept of integrability in

Quantum Field Theory. A naive intuition goes back to Liouville of the 19"

century and
suggests an existence of a sufficiently large set of mutually commuting operators whose
joint spectra fully specify stationary states of the quantum system. For deeper insights,
it is useful to consider 2D Conformal Field Theory (CFT), where significant simplifica-
tions occur due to the presence of an infinite dimensional algebra of (extended) conformal
symmetry [1]. For a finite-size 2D CFT (with the spatial coordinate compactified on a
circle of the circumference R), a mathematically satisfactory construction of an infinite set
of mutually commuting local Integrals of Motion (IM) can be given and the simultane-
ous diagonalization of these operators turns out to be a well-defined problem within the
representation theory of the associated conformal algebra.

Different conformal algebras, as well as different sets of mutually commuting local IM
yield a variety of integrable structures in CFT. The series of works [2—4] was dedicated
to the simplest of these structures, associated with the diagonalization of the local IM
from the quantum KdV hierarchy [5-8]. Subsequent studies of this problem culminated
in a rather surprising link between the integrable structures of CF'T and spectral theory
of Ordinary Differential Equations (ODE) [9-11]. In particular, in [11] a one-to-one corre-
spondence was conjectured between the joint eigenbasis of the IM from the quantum KdV
hierarchy and a certain class of differential operators of the second order —d? + V (z), with
singular potentials V7 (z) (“monster” potentials in terminology of [11]). Apart from a reg-
ular singularity at z = 0 and an irregular singular point at z = co, the monster potentials
possess L regular singular points {l’a}aL:l- These potentials are not of much immediate
interest in quantum mechanics, but arise rather naturally in the context of the theory of
isomonodromic deformations. Solutions of the corresponding Schrodinger equations are
single valued (monodromy-free) at z = x, and their monodromy properties turn out to be
similar to that of the radial wave functions for the three-dimensional isotropic anharmonic
oscillator. The monodromy-free condition was formulated in a form of the system of L

1 The correspondence proposed in [11]

algebraic equations imposed on the set {x,}Z_;.
precisely relates the set of monster potentials V7 (z) and the joint eigenbasis for all quan-
tum KdV integrals of motion in the level L subspace of the highest weight representation
of the Virasoro algebra. In particular, this implies that a number of the potentials V7 (2)
for a given value of L exactly coincides with a number of partitions p, (L) of the integer L

into parts of one kind.

! An alternative, but equivalent form of the monodromy-free condition was given in [12, 13].



Since 1998, the link to the spectral theory of ODE have been extended to a large variety
of integrable CEFT structures (for review, see [14]), so that a natural question has emerged on
whether a similar relation exist for massive integrable QFT. This question remained more
or less dormant until the work [15], after which the so-called thermodynamic Bethe Ansatz
equations have started to appear in different contexts of SUSY gauge theories [16-19].
These remarkable developments have led to the work [20], which established a link between
eigenvalues of IM in the vacuum sector of the massive sine/sinh-Gordon model and some
new spectral problem generalizing the one from [9, 10].

This work is aimed to extend the results of [11, 20] and provide an explicit example of
the correspondence between stationary states of massive integrable QFT in a finite volume
and singular differential operators of a certain class. At first glance, the best candidate
for this purpose should be the sine-Gordon model, which always served as a basis for
the development of integrable QFT. However, in spite of some technical complexity, a
more general model introduced by Fateev [21] (which contains the sine-Gordon model as
a particular case) turned out to be more appropriate for this task. The situation here
is analogous to that in the Painlevé theory. Even though the Painlevé VI is the most
complicated and general equation in the Painlevé classification, geometric structures behind
this equation are much more transparent than those related to its degenerations. From this
point of view, the fact that the sine-Gordon model is a certain degeneration of the Fateev
model, could be understood as a QFT version of the relationship between the Painlevé VI
and a particular case of Painlevé III.

The organization of this paper is as follows. In section 2 we introduce the notion
of Generalized Hypergeometric Opers (GHO’s) — a special class of Fuchsian differential
operators of the second order

D=-02+T(2) (1.1)

with 34 L regular singular points at z = 21, 29, 23 and z = x1,...x. The variable z can be
regarded as a complex coordinate on the Riemann sphere with 3+ L punctures. Projective
transformations of z allows one to send the three points z; to any designated positions. At
the same time other parameters of GHO are chosen in such a way that the remaining L
regular singular points satisfy the monodromy-free condition. Therefore, the monodromy
properties of GHO for L > 0 turn out to be similar to those for L = 0 (i.e. the ordinary
hypergeometric differential operator of the second order). The complex numbers {z,} can
be thought as local coordinates in the L-dimensional moduli space of GHO’s.

In section 3 we consider more general differential operators, which inherit the
monodromy-free property of GHO’s. We call them the Perturbed Generalized Hyper-
geometric Opers (PGHO’s). These operators have the form

D(\) = 0% + Tr(2) + N2 P(2), (1.2)

where

(23 — 22)" (21 — 23)"% (22 — 21)®®
(2 — 21)27 % (2 — 29)2792(z — z3)2~ %

P(z) = (1.3)



and the parameters 0 < a; < 2 satisfy the constraint
a1 +az+az=2. (1.4)

Due to the last relation the quantity P(z)(dz)? transforms as a quadratic differential under
PSL(2, C) transformations and the points 21, 22, z3 on the Riemann sphere can still be sent
to any given positions. In the presence of “perturbation” the monodromy properties of the
operators (1.2) are changed dramatically in comparison with A\ = 0 case. However, one
can still find positions of the punctures x1,...xy, so that they remain monodromy-free
singular points for any values of A. In this case the coordinates {Sﬂi}iL:l obey a system of L
algebraic equations similar to that from [11-13]. Therefore, the moduli space of the PGHO’s
constitute a finite discrete subset A in the moduli space of GHO’s.2 It appears that, for
a given L, the cardinality of A" coincides with a number of partitions p3(L) of the integer
L into parts of three kinds. In sections 4-6 we interpret this fact in the spirit of [11] and
present arguments in support of existence of a one-to-one correspondence between elements
of A and the level-IL common eigenbasis of the local IM in the integrable hierarchy
introduced by Fateev in [21]. The arguments closely follow the line of [2-4, 10, 11] adapted
to the algebra of extended conformal symmetry, which can be regarded as a quantum
Hamiltonian reduction of the exceptional affine superalgebra D(2,1; ) [22] (the “corner-
brane” W-algebra, in terminology of [23]).

The generalization of the above constructions to the case of massive QFT is given in
sections 7-9. It is based on the idea from [20], which was inspired by the works [16-19]. As
far as our attention has been confined to the case of CF'T, there was no need to separately
consider the antiholomorphic PGHO, D(\) = —82 + T (Z) + A? P(%), since there is only a
nomenclature difference between the holomorphic and antiholomorphic cases. In massive
QFT, following [20], one should substitute the pair of PGHO’s (D()\), D()\)) by a pair of
(2 x 2)-matrix valued differential operators

D)) =08.-A,, DX =0:—A; (1.5)

with
A, = -5 0moz+opet 40 NP(z)e "
- (1.6)
A;: = —i—% Osnog+o_et+ o, N2 P(2)e ",

where 03,04 = (01 £1i09)/2 are the standard Pauli matrices. In fact, (A, Az) forms an
s[(2) connection whose flatness is a necessary condition for the existence of solution of the
linear problem

D\N¥ =0, DM\¥ =0. (1.7)

2To the best of our knowledge, the PGHO for I = 0 was originally introduced (up to change of variables)
in the unpublished work (2001) of A. B. Zamolodchikov and the second author (see also [23]). Its particular
cases were studied in a series of works on integrable models of boundary interactions [24-26]. For L > 0,
the PGHO’s appeared in the work [13].



The zero-curvature condition leads to the Modified Sinh-Gordon equation (MShG):3

0,0:m — e*1 4+ p* P(2)P(2)e 2" =0, P2 =2\, (1.8)
We consider a particular class of singular solutions of this equation, distinguished by spe-
cial monodromy properties of the associated linear problem (1.7). The set of constraints
imposed on these solutions is discussed in section 7. In summary, e~ should be a smooth,
single valued complex function without zeroes on the Riemann sphere with 34 L + L punc-
tures. Since z = oo is assumed to be a regular point on the sphere, then
‘2

e T~ |z as |z| = o0 . (1.9)

At the same time, e~ develops a singular behavior at z = z;,
|~ 2mi as lz—2z| =0 (i=1,2,3), (1.10)

e T~z —2z

and also at z =z, and Z = 4

. Z T =1,...L

e P (a=1,...L)

- . 7

e ~ b=1,...L). 1.11
—u ) (111)

The arbitrary parameters m; in the asymptotic formulae (1.10) should be restricted to the

domains*

L <mi<-12-a), (1.12)

N[
[ =

whereas positions of the punctures (1.11) are constrained by a certain monodromy-free
condition. The latter is now understood as a requirement that o273 P (where W is a
general solution of the auxiliary linear problem (1.7)) is single-valued in the neighborhood
of the punctures z = x4 (a = 1,... L) and z = ¢, (b= 1,... L). Following the consideration
from [13], the monodromy-free condition can be transformed into a set of L+ L constraints

imposed on the regular part of local expansions of (9.m,9:n) at the monodromy-free

punctures:
d.n = ! +1 +0(1) (1.13)
Zn_z—:ca 2% © ’
1
agn:—g_ja—ko(l) (a=1,...L)
and
0 Lol o) (1.14)
_n — — 0 .
z7) zZ— 0 276
1 _
a.n = — 1 b=1,...L
277 Z_yb+0() ( ) )a

3It’s worth noting that the MShG equation is well known in differential geometry as a particular case of
the Gauss-Peterson-Codazzi equation (see e.g. review [27] and references therein).

*At m; = 1, 1(2—a;) the leading asymptotic (1.10) involves logarithms. Here we ignore such subtleties.



Figure 1. The Pochhammer loop on the Riemann sphere.

where 7, = 9,108 P(2)|2=2,, o = OzlogP(Z)|s=y,- We expect that as far as positions
of the punctures z; are fixed, the triple m = (my, m2,m3) (1.12) and the pair (L,L) are
chosen, the MShG equation possesses a finite set A% L) of solutions satisfying all the above
requirements. We can now define the moduli space A, which is the union of such finite sets:

Am = Up A (1.15)

Notice that, to a certain extent, Ap, can be regarded as a Hitchin moduli space [28].°

An essential ingredient of the formal theory of the partial differential equation (1.8)
is the existence of an infinite hierarchy of one-forms, which are closed by virtue of the
equation (1.8) itself. In the case under consideration this formal property leads to the
existence of an infinite set of conserved charges {qan—1, G2n—1}52, which can be used
to characterize the elements of the moduli space Ay,. The proof of this statement goes
along the following lines. It easy to see that the flat connection A = A, dz + Az dz (1.6)
associated with an element of Ay, is not single-valued on the punctured sphere. However,
it does return to the original value after a continuation along the Pochhammer loop — the
contour vp depicted in figure 1. Therefore one can consider the Wilson loop

WzTr[”Pexp(j{PA)], (1.16)

whose definition does not depend on the precise shape of the integration contour. In
particular, it is not sensitive to deformations of yp which sweep through the monodromy-
free punctures. By construction the Wilson loop is an entire function of the spectral
parameter 6,

A=pel, A=pe?. (1.17)

5In the original formulation the Hitchin moduli space deals with non-singular connections on a principal
G-bundle over a Riemann surface. Here we allow singularities of a certain type, so that the corresponding
moduli space is discrete and rather non-trivial even for the s[(2)-connections over 2-sphere.



Furthermore, since the shift of the argument 6 +— 6 + im does not affect the connection
A, the Wilson loop W = W(#) is a periodic function of the period im. The textbook
calculation [29] yields the following asymptotic expansions:

log W = —qo pe? + Yol Cn Q2n—1 e~ =10 a5 Re(h) — 400, ISm(0)] < § (118)
—qo pe‘e + 00 ¢n Gan—1 e2n=1)0 g Re(d) — —oo, |Sm(0)| < 3 ' '
Here - __ 4r® whereas ¢,, = Cyr Leg) stand for the constants that set a
qO - H?:l F(l—%)’ n 2n! ﬁ

conventional multiplicative normalization (see egs. (7.13)(7.16) below) for the conserved
Charges {an—la El?n—l}zozl-
The main result of this work is presented in section 8, where we conjecture a correspon-

dence between elements of the moduli space Ay, (1.15) and a subset Hl((o) of the stationary

states of the Fateev model in a finite volume. To describe 7—[1((0) explicitly, let us recall some
basic facts about the model. The Fateev model is governed by the following Lagrangian in

1 4+ 1 Minkowski space

3
L= 1 Y (00 = Oupi)?) (1.19)

for the three scalar fields ¢; = ¢;(z,t). Here «; are coupling constants satisfying the
constraint

1
o2 +a3+ai= 3 (1.20)

In this work we focus on the case where a? > 0. The parameter p in the Lagrangian sets
the mass scale, p1 ~ [mass]. We will consider the theory in a finite-size geometry (where
the spatial coordinate x compactified on a circle of circumference R) with the periodic
boundary conditions

vi(z+ R, t) = ¢i(z,t) . (1.21)

Due to the periodicity of the potential term in (1.19) in ¢;, the space of states H splits
on the orthogonal subspaces Hp, k, ks := Hi characterized by the three “quasimomenta”
ke [

i pit2mfap [ Wi) e TRy | i) € Hic - (1.22)

Similar to the quantum mechanical problem of a particle in a periodic potential, the sub-
spaces Hy possess the band structure; they split into discrete components labeled by three
integers:

Hk = @n1,n2,n36Z Hl((nl’n%ns) . (1.23)



The QFT (1.19) is integrable, in particular, it has an infinite set of commuting local
integrals of motion Hé:)—h ]Ig;_l, with 2n = 2,4, 6, ... being the Lorentz spins of the
associated local densities [21]:

R
+ dx , .
Bli= [ [ X Ol e Gsen) e+ ] 20
i+j+k=n
where 04+ = 7(8;2 F 0;) and ... stand for the terms involving higher derivatives of ¢;, as

(n)

well as the terms proportional to powers of p. The constant C;;;- was found in (23]

w ol (201(1 = 2n)), (203 (1 —2n)), . (203 (1 —2n)),_,
CLE T T (2n —1)3 (4a3)' " (4a3)'-7 (4a3)1—F ’

(1.25)

where (z), stands for the Pochhammer symbol. Note, that the displayed terms in (1.24)
with C’( k) given by (1.25) define the normalization of ]Ig )_1 unambiguously. Our primary

()

interest concerns eigenvalues of I~ ; in the subspaces H(m’m’nd) (1.23), particularly, in

the subspace ’H( )= ’H,(C? (,)CQO)IC corresponding to the first Brillouin zone:
+ (£) 0) 0 0
) B w) =t ) el e (1.26)

It seems natural to expect that for 0 < k; < %, the sets of eigenvalues {Iéﬁl,fg(;ll},io:l
fully specify the common eigenbasis of the local IM in 7—[1({0).

In the recent paper [30] it was argued that the vacuum eigenvalues {Ié:ll, 12(7221};’0:1

(0)

(i.e. those corresponding to the unique state in H, ’ with the lowest value of the energy

E = Ifr) I(_)) are simply related to the set of conserved charges {q2n—1, Gan—1}02y

associated with the unique element ALY 6f the moduli space Ay, (1.15). Namely:
pt (L —3RE&) =d g, pt (L-3RE&)=dim (1.27)
and
P2 I = dy gony P2 1) = dy Gons (n=2,3..). (128

With the normalization conditions described above, the constants d,, and & reads explic-
itly as

dp = (2m)* 1 eyt [Ir(2@n-1)a7) (1.29)
and

(1.30)

These relations should be supplemented by the identification of the parameters from the
quantum and classical integrable problems:

. 1
a? = %7 k; = — (2m1 + 1) ('L =1, 2a3)a (131)
4 @i



whereas the relation between dimensionless parameter pR and p is given by
uR=2p . (1.32)

In this work we promote eqgs. (1.27)—(1.32) to a general relations between the joint
spectra of the local IM in the subspace ’Hl((o) corresponding the first Brillouin zone and the
set of the conserved charges associated with the elements of the moduli space Ay,. For the
values of k; restricted to the segment [0, % ], this gives a remarkable bijection between the
joint eigenbasis of the local IM in ’HI({O) and the elements of Ay,.

In section 9 we demonstrate that the correspondence between the classical and quantum
integrable systems provides a powerful tool for deriving integral equations which determine
the full spectrum of local IM in the massive QFT.

We conclude this paper with few remarks concerning the QFT (1.19) in the regime
where one of the couplings «; is pure imaginary.

2 Generalized hypergeometric oper

2.1 Monodromies of the Fuchsian differential equations

In this preliminary subsection we include some basic concepts and results about the Fuch-
sian differential equations.

Let z stands for the complex coordinate on CP'\{zy, 25, ... 2,}, the Riemann sphere
with n punctures. Consider the second order Fuchsian differential operator —9% + T'(z),
where T'(z) is given by

T(z) = — f: < e _(Sizi)Q +- fz ) . (2.1)

The equation
(-2+T(z))p=0 (2.2)

is a general second-order differential equation with n regular singular points. We will always
regard the parameters §; as fixed numbers. The positions of the singularities z; and the
coefficients ¢; (which are usually referred to as the “accessory parameters”) will be treated
as variables. The accessory parameters ¢; are constrained by the elementary relations

n n

En:c,- =0, Z(Zz c; + 52) =0, Z(ZZQ c; + 22251) =0, (2.3)
=1

i=1 i=1

ensuring that 7'(z) has no additional singularity at z = oo. Thus only n — 3 of these
parameters are independent. Also, the projective transformations of the variable z allows
one to send three of the points z;, say (z1, 22, 23), to any designated positions, usually
(0, 1, 00). Therefore, with fixed ¢;, the differential equation (2.2) essentially depends on
2 (n — 3) complex parameters.



Z4a ... Xy

. 2
. X3

e

Z

Figure 2. The elements I'y, I'y,...T",, _3 of the fundamental group 7 ((C]P’l\{zi}). Choosing the ac-
cessory parameters in (2.1) according to (2.11) fixes the conjugacy classes of the associated elements
of the monodromy group of (2.2) as given in (2.9).

The equation (2.2) generates a monodromy group — a homomorphism of the funda-
mental group of the sphere with marked points into the group SL(2,C),

M : m (CP"\{z}) —~SL(2,C) . (2.4)

Let (¢1(2),12(z)) is a basis of linearly independent solutions of (2.2). Then its continuation
along any closed path + defines the monodromy matrix

M(v) . (Yalyoz),da(yoz) = (di(2),v2(2) M(7), (2.5)

which depends only on the homotopy class of v € 71 (CP*\{z;}). Let y; € m1(CP"\{2}),
1=1,2,...n be the elementary paths around the points z;, and

MY .= M(;) € SL(2,C) (2.6)
the associated elements of the monodromy group of (2.2). The parameters
6; = 6(pi) with 8(p) =3 —p* (2.7)
determine the conjugacy classes of M @) via the equation
Tr(M®) = —2 cos(2mp;) . (2.8)

Let {Fa}z;f be the system of contours shown in figure 2, such that I', loops around the
punctures 21, 24, . . . 2314 only; and let the set v = (14, ... 1,_3) parameterize the conjugacy
classes of the corresponding monodromy matrices M (T'y,),

Tr(M(T,)) = -2 cos(nve) (a=1,...n—3). (2.9)

For given conjugacy classes (2.9) (i.e., for a given set v), the accessory parameters are de-
termined in terms of the so-called classical conformal block f,(X,...X,_3) corresponding
to “haircomb” diagram shown in figure 3 (for details, see e.g. [31, 32]). Namely,

0

=5 F (i=1,...n), (2.10)

Ci



(X,.84) (X3 80)  (1,8,)

(0, 81) ‘ ‘ (OO . 53)
dv,12)  d(v,/2) .. B(V,/2)

Figure 3. Dual diagram for the classical conformal block from eq. (2.11), 6(v,/2) = § (1 — v2).
where the shortcut notation F stands for
P " 2317
F = Fy+ 63 log ( 21 ) +3 6 log ( 31 if) (X1, Xnos),  (211)
231232 P 221734
i£3
with z;; := 2; — z; and the arguments of the conformal block are cross ratios
Zai3 — 21 29— %
X, =otd ol 2 o (a=1,...n—3) . (2.12)

Za+3 T R3 22 — 21

A certain additive normalization of the classical conformal block is usually assumed.
For this reason, we reserve the room for an arbitrary coordinate-independent constant
Fy in (2.11).

2.2 Definition of GHO

Here we consider a special class of second order Fuchsian differential operators. We will
always assume that the three parameters p; defining conjugacy classes of the matrices
M) in (2.6)-(2.8), associated with the elementary paths around the “fixed” punctures
z1, Z2, 23, are positive numbers satisfying the following constraints

O<pi<i (i=1,23), 0<pi+p+p3<4i. (2.13)

For the remaining L := n — 3 punctures we require that both linearly independent solutions
of (2.2) are single-valued (or monodromy-free) in the vicinity of these punctures. It is well
known [33] how to reformulate this condition as a set of algebraic relations imposed on
the corresponding parameters 034, Cq := €344 and x4 := 2344, (@ = 1,...L). Namely,
suppose that T'(z) has a Laurent expansion at z = x, of the form

T(z) = lallat 1) Ca ft;‘” (z —zq)F . (2.14)
k=0

(z —x4)? z—a:a_ —

It is easy to see that [, must be an integer. We will focus on the case [, = 1, i.e.
034q = —2 (a=1,...L). (2.15)

To ensure that solutions of eq. (2.2) are single-valued in the vicinity of the punctures at z =

xq (a=1,...L), the expansion coefficients t[()a) and tga) in (2.14) should be constrained as

(Ca)® =4 C ti 4489 =0 | (2.16)

,10,



This yields

where

R@%:_§:<@32P+ & >. (2.18)

z — Z;
i=1 ¢

The prime in 7"(z) stands for the derivative w.r.t. the variable z. This system of alge-
braic equations should be supplemented by the three conditions (2.3), specialized to the
case (2.15):

3 L
Z G = — Z Ca 3
, =1 azl
E(Zi & +5’L) = _z(xa Cq _2)> (219)
, =1 azl
Z(Z? ¢ +2x0;) = — Z(mi Co —4x,) .
i=1 a=1

As far as positions of the punctures zi, 2,23 and corresponding parameters p =
(p1, p2, p3) are fixed, egs. (2.17), (2.19) define an algebraic variety which will be denoted by
VpL . If positions of the punctures (x1,...xz1) are used as local coordinates on Vé,L), then
a system of L locally defined functions C,(x1,...x) satisfy the integrability conditions

0 0
C

—C, = — . 2.2
oxy 0x, Co (2.20)

These relations can be verified by the brute-force calculation using egs. (2.17) and (2.19),
but, of course, they follows immediately from the general relation (2.10). In this partic-
ular case the classical conformal block in eq. (2.11) is related to the classical limit of the
(3 + L)-point correlator involving three generic chiral vertex operators V; with conformal
dimensions A; (i = 1,2, 3) and L degenerate vertices V{3 ) with dimensions A

(TA(0) V(1) Vo) Visay (X0) o+ Wiy (X)) ~ exp (g folXa oo K1), 120, (221

where the parameter b? and other conventional notations are inherited from the quantum
Liouville theory (see ref. [34] for details)

2
Al ——=5 as b —0. (2.22)

Al’ — b2

g
b2’

— 11 —



(X,,-2) (X,,-2) (X1,=2) (1,8;)

‘ (00)53)
d(p+eg) O(Prre+g) coo (ptE+.tE)

(0,8,)

Figure 4. Dual diagram for the classical conformal block from eq. (2.21). Here ¢, = 0, 1
(a=1,...L).

Due to the well known fusion rule for the degenerate vertex V(3 1) [35], only a discrete set
of the parameters v = (v1,...vy) is allowed (see figure 4):

vi =2(p1+e€1), Vo=Ve1+2¢ (a=2,...L), (2.23)

where the discrete variables €, takes the values 0,41 only. Different configurations
(€1,...€r) correspond to the different locally defined functions C’C(fl"'eL)(:cl, co.xp) (6q =
0,+1), which are branches of the multivalued algebraic function of the complex variables
x1,...2xr. This is illustrated by the simplest case with L = 1 in appendix A.

In what follows we will refer to the differential operators (1.1), whose moduli space coin-
cides with the algebraic variety Vr(,L) as to the Generalized Hypergeometric Opers (GHO’s).5
The marked points z, (a = 1,...L) will be called as monodromy-free punctures.

2.3 Connection matrices for GHO

We have introduced the concept of GHO because the monodromy group of such opers
coincides with the monodromy group of the conventional hypergeometric equation. Let us
recall some facts about this group. In the case under consideration there are only three
elementary SL(2,C)-matrices M@, M) and M*) (2.8), corresponding to the contours
Y, 7; and g, shown in figure 5. Here (i, j, k) is any cyclic permutation of (1,2,3). These
matrices satisfy an obvious relation

MOMBATGD = T (2.24)

because the contour 7; o 4 o «y; is a contractible loop. Further, since 0 < p; < %, one of
these matrices, say, M @) can always be chosen diagonal

M) = —e=2mipios (2.25)

Here and below we use standard notation for the Pauli matrices o1,09,03. Then
eqs. (2.8), (2.24), (2.25) define M) and M™ up to a diagonal similarity transforma-
tion. In particular,

M) — gwios | (€77 e(2p)) + c(2pi) ~2A e¥i%s . (2.26)
s(2p;) —2 A —e2mipi c(2pj) — c(2pr)

A general notion of g-oper for Riemann surfaces with punctures was introduced in [36]. In the case of
the genus zero surface with n-marked points an s[(2)-oper is equivalent to that of the second order Fuchsian
differential operator.

— 12 —



Figure 5. The contractible loop v, ©yj 079 = v 0y, ©79; = ¥j ©7; © Y on the sphere with three
punctures.

The quantity w; is an arbitrary complex number and

A= /e(pa +p3 —p1)c(p1 + p2 — p3)c(pt — pa + p3) e(p1 + p2 + p3) , (2.27)

where we have used the shorthand notations

¢(p) = cos(mp) s(p) = sin(mp) . (2.28)

We now return to the the equation (2.2) corresponding to the GHO. Let Xgi)(z) (1=
1,2,3; o0 = £) be its solutions such that

1
V2p;

The prefactor here is chosen to satisfy the normalization condition

X((;) N (z — zi)%—i_o'pi (1 —+ O(Z — Zz)) as A (229)

(4)

W[X((:,), Xo ] = 0-604—0',05 (230)

where W[f, g] = f¢' — gf’ stands for the Wronskian. If the constraints (2.13) are imposed,
the asymptotic conditions (2.29) define” three different bases (for i = 1,2,3) in the two-
dimensional linear space of solutions of (2.2). Let us combine the solutions (2.29) for given
7 into the row

(1)

XD =AYy, =123, (2.31)

Then the two sets of basis vectors x(?) and x) are related through a linear transformation

X0 = @) gUD (2.32)

"It is worth noting, however, that (2.29) define these solutions only up to phase factors of the form
+e?mPiM (M € 7).

— 13 —
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Here S stand for SL(2, C)-matrices, satisfying the relations
det (SUD) =1,  SGMgkd 1 gk gkiglud — (2.33)

where again (4,7, k) is any cyclic permutation of (1,2,3). It is easy to see that one needs
six independent complex numbers to parameterize the three matrices SC¢+1%) (i ~ 1+ 3)
satisfying (2.33). Moreover, these connection matrices are subject to three additional
complex constraints. Indeed, the monodromy matrix M ) (2.26) can be expressed in term
of the connection matrix SU*):

1

MO = _(S(J}i))_ e~ 2mipjos g(ii) (2.34)

This relation combined with egs. (2.33) leads to

S(]:Z) — _eiijS eiﬂ'ijS o9 A(k) ewio3 , (235)
with
(k) 4 (k)
AH) (A(k) AJ) | (2.36)
A+— A++

where the matrix elements read explicitly

/
o

AR _ A [C(Pi + pj + pr) c(pi + pj — Pk) ks
oo s(2pi)s(2pj) | e(pi — pj + pr) c(Pi — pj — i)

(2.37)

and A is given by (2.27). Note that eq. (2.35) can be equivalently rewritten as a formula
for the Wronskians:

WD 0] = —i emors AK) goluimowi (2.38)

The complex parameters w; (i = 1,2,3), entering the expression (2.35), remain un-
determined. These parameters do not affect the conjugacy class of the representation of
T (C]P’l\{zl, 29, 23}). Nevertheless, they are important characteristics of the GHO itself.
In the next section we argue that, in the case of GHO, a coordinate-independent additive
normalization of the function F' (2.11) can be chosen in such a way that

exp(w;) = exp ( - % 02 F) (i=1,2,3) . (2.39)

An immediate consequence of this fact is that

Zik —Pi
exp(w; ( ) 2.40
) (22 (2.40)
depends on L projective invariants (2.12) only. Explicit forms for (2.40) in the cases L =0
and L = 1 are given by equations (B.2) and (B.4) from appendix B, respectively.

Finally, note that exp(w;) is defined up to the phase factor £e?*™PM (M ¢ Z). This

ambiguity is inherited from the similar ambiguity in the definition of X((,i ) in eq. (2.29).
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2.4 GHO and complex solutions of the Liouville equation

Until now we have discussed holomorphic GHO only. Of course, with minor modifications
all the above can applied to the antiholomorphic GHO

b——-3 (topret5) é (coaptey)  ew

=1

In what follows we assume that the triple {2;}7_, is complex conjugate to {z;};_;, the
corresponding &; = §; are real and, furthermore,

D= pi (2.42)

We will not impose any relations between coordinates of the monodromy-free punctures
for the holomorphic and antiholomorphic GHO’s. For this reason the coordinates of an-
tiholomorphic monodromy-free punctures in (2.41) are denoted by i, b = 1,...L and
L =0,1,2... does not necessarily coincide with L.

Let xﬁf) be the basis solutions of Dy = 0, which are defined similarly to eq. (2.29).
With the same arguments as above, one arrives to the antiholomorphic analog of eq. (2.38)

(J;) — (i)

WX, %] =i emimo'ns A®) omo'mi—omi, (2.43)

where A((T]f[); is the same matrix as in eq. (2.37).
Consider a bilinear form

T

7(2,2) = x GV (xV) (2.44)

where G is an arbitrary 2 x 2 matrix and superscript 1" stands for the matrix trans-
position. We specialize G by the requirement that 7(z,z) is a single-valued function
on the punctured sphere. Imposing this condition in the vicinity of the puncture z;, one
concludes that G is a diagonal matrix. With the connection formula (2.32), the single-
valuedness implies that §U) G®) (S'(ji))T is also a diagonal matrix. Using the explicit
form of connection matrices (2.35)(2.37), one finds

G = const e~ Wit@)os oo (2.45)
If the undetermined constant is chosen to be +1, then the complex function
n: e i=1(z2,2), (2.46)
satisfies the Liouville equation
D,0:m = e*" . (2.47)

This fact can be easily verified and it is well known in the theory of the classical Liouville
equation. Since we are considering the complex solution of eq. (2.47), the overall sign of
the constant in (2.45) it is not important and we fix it to be 1. As a result, one has

e = o~ (witdi) X@X@ Wit X@X@ ) (2.48)
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At the monodromy-free punctures, z = z, (a = 1,...L) and z = g, (b = 1,...L), e "
becomes singular,
1 1

e T~ and e~ — (2.49)
2= ZTq Z=Y

however it still remains single-valued. Thus, e is a complex single-valued function on
the sphere with 3 + L + L punctures. Notice, that it does not have any zeroes, as this
contradicts to the Liouville equation (2.47).

As it follows from eq. (2.48), the solution 7 satisfies the asymptotic conditions

n = —2 log|z| + O(1) as |z| = o0
n =2m; log|z — z|+ ngreg) +o(1) as |z — 2| = 0, (2.50)
where
(reg)
1 exp (1) _ ita,
=pi— - = Wit®i 2.51
mi=pi- . o) (2.51)

The constants ngreg) can be regarded as regularized values of the Liouville field at the
punctures z;. They are be expressed in terms of the regularized Liouville action [34, 37, 38].
To explain this important relation we recall that the Liouville equation and the asymptotic

conditions (2.50) follow from the variational principle for the functional

ALiouv[n] = lim [1 /_ . d*z (0.n0zn + €*7) (2.52)

[z]<R
+2 Z (mim —m? log(ei)) +2n+21l0gR| .
i=1
Since the fields configuration is singular at z — z;, we cut out a small disk of radius ¢;
around the point z; and add the boundary terms with

27me;

1
N = j{ dén (2.53)
|z—zi|=¢€;

to ensure the behavior (2.50) near z;. To control the large |z|-behavior we regularize the
action for large values of z and add the boundary term with

1

floo = 27TR |z|=R

dén . (2.54)
In addition, we include some field independent terms such that Apiou, is finite and in-
dependent on ¢; and R when ¢, — 0, R — oo. Contributions of the monodromy-free
punctures (2.49) to the functional (2.52) are finite® and therefore there is no need to in-
clude additional regularization terms to the action. It is now easy to show that

(reg) _ } 8‘Aiiouv

2.55

8Unless the some of the holomorphic and antiholomorphic punctures coincide.
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where A, stands for the stationary value of the functional (2.52) calculated on the field
configuration 1 defined by eq. (2.48). More generally, the stationary value of the Liouville
functional depends on 6 + L + L variables,

W — A’ﬂiouv(pl,pz,pg | 21, 22,23, %1, ... TL; Y1, - - - UL ) , (2.56)
and its total deferential is given by [34, 37, 38|

3 3 L L
dALiouy = 2 Z ni dpi — Z (cidzi + ¢ dz) — Z Codzg — Z Cy g - (2.57)
i=1 i=1 a=1 b=1
As it follows from (2.10), Aj,,,, can be expressed in terms of F' and its antiholomorphic
counterpart F:

Aiiouv =—-F- F . (258)

The coordinate-independent constant Fj in eq. (2.11) has not yet been fixed. Therefore
there is no need to add a p;-dependent constant in (2.58), as it can always be absorbed by Fy
and Fy. The number and positions of the holomorphic and antiholomorphic monodromy-
free punctures are fully independent. For instance, we can consider the general holomorphic
GHO, whereas the antiholomorphic differential operator (2.41) is reduced to the pure hy-
pergeometric oper, i.e. L = 0. Then, egs. (2.51), (2.55) and (2.58), imply that the additive
normalization of F' can be chosen to satisfy the relation (2.39). Of course, a similar relation
holds for F' and e“:.

3 Perturbed generalized hypergeometric oper

3.1 Definition of PGHO

Consider the universal cover of the Riemann sphere with three marked points zi, 29, 23
and P(z) (dz)?, where P(z) is given by (1.3) with positive parameters a;. If a; satisfy
the constraint (1.4), the quantity P(z) (dz)? transforms as a quadratic differential under
PSL(2,C) transformations and the punctures zi, z9, z3 on the Riemann sphere can still be
sent to any desirable positions.

Suppose we are also given a GHO, D = —9? + T1(z) which has its first three punc-
tures at the branching points of P(z) plus L monodromy-free punctures at z = z,
(a = 1,...L). Remind, that previously we have required that the parameters p; obey
the constraints (2.13). In what follows we will impose somewhat stronger constraints on
these parameters. Namely we replace (2.13) by

O<pi<% (i=1,2,3). (3.1)
The role of this constraint will be explained in section 5.1 below. An immediate object of
our interest is an ODE of the form

DN Y =0, D(\) = —0? + T1(2) + N2 P(2), (3.2)

,17,



where A\ stands for an arbitrary complex parameter. The properties of the differential
equation (3.2) are essentially affected by the presence of the A-dependent term. Never-
theless, one can still find particular values of its parameters to make the marked points
z=1x4 (a=1,...L) to be monodromy-free punctures for arbitrary values of A. Indeed, the
conditions (2.16) can be easily generalized for A # 0. In this case the system of algebraic
system (2.17)—(2.19) is extended by additional L equations

3
2 — 473
L= —0.1 = =1,...L), .
Ca= ~0:10g Py, =2 — (a ) (3.3)
which determine the values of z, (a = 1,...L). These algebraic equations have a finite

discrete set of solutions. Therefore, for any given L, there only a finite number A7, of sets
of monodromy-free punctures

I L (N, < 0). (3.4)

a=1

Notice that egs. (2.17)—(2.19), (3.3) are symmetric upon permutations of (z1,...zr), there-
fore we will not distinguish sets, which differ only by a permutation of the positions of the
punctures.

Let us illustrate the situation on the simplest L = 1 example. As in appendix A, we
set (21, 22, 22) = (0,1, 00), so that together with (A.1) one has an additional relation

y=a—1l+azx. (3.5)
This leads to a cubic equation for the position = of the monodromy-free puncture:
azszaz® (x —1)+sx(r—1)—ays (x—1)—agsox =0, (3.6)

where s; = —a;(a; —2) — 46; and s = (s2 — s1)(ag — 1) 4+ s3(a; — 1). Thus, there are
only three different positions {ZL'(O‘)}:;ZI for a monodromy-free puncture, determined by the
roots of (3.6).

For L < 3 one can numerically check that for generic values of a; and p; (1.4), (3.1), the
number of solutions of the algebraic system (2.17)—(2.19) and (3.3) (modulo permutations)
is given by

N =3, No=9, Ny =22 (3.7)

In many extents these equations are similar to the Bethe Ansatz equations. In particular,
using eq. (2.10), they can be written in a compact Yang-Yang form

oY
il (a=1,...L), (3.8)
where
L
Y ==Y logP(za) — F . (3.9)
a=1
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Once the algebraic system (3.8) is solved, the function 77,(z) in (3.2) can be written
in the form

3 L
a; 8
Tr(2) —T0(2)+L; =)= ) — /P (%; TP (3.10)
where
3 (0)
--y ( G > , (3.11)
(z — 2;)? z -z
i=1
and

C§0)25i+6j_6k+5i+5k_6j

7, k) = 1,2,3) . 3.12
Zj = Zi e — 2 (1,4, k) = pern(l,2,3) (3.12)

We will refer to the differential operator D(\) of the form (3.2) with P(z) and Tr(z) are
given by (1.3) and (3.10), respectively, as Perturbed Generalized Hypergeometric Oper
(PGHO). The finite set Ag“) (3.4) can be regarded as a moduli space of the PGHO’s. It is
a finite discrete subset in the moduli space of GHO’s. (Notice that we slightly modify the
notation used in the introduction by including the subscript p = (p1, p2, p3).)

3.2 Wilson loop for PGHO

As we have just explained, the position of the punctures z, (a = 1,... L) can be specially
chosen so that solutions of ODE (3.2) still remain single-valued in the vicinity of these
points. However, contrary to 77(z), the term A\? P(2) is not single-valued on the punctured
sphere. Thus, even with the special choice of z,, the monodromy group of the differential
operator D(\) turns out to be essentially different from that in the case A = 0. Here we
begin to explore the monodromy properties of PGHO.

3.2.1 Definition of the Wilson loop

Let us consider the contour vp depicted in figure 1. It is usually called the Pochhammer
contour (loop). As an element of the fundamental group 71(CP'\{z1, 22, 23}), it can be
expressed in terms of the elementary loops 7;, v; and 7, which wind around the punctures
2;, z; and zy, respectively:

YP =V£© Vi o (viovkov; =1, (i,j,k) =circle perm(1,2,3)) . (3.13)

Since the Pochhammer loop winds around each of the three punctures and the relation (1.3)
is imposed, the value of the function P(z) does not change upon the analytic continuation
along the contour vp. Therefore the coefficients of PGHO return to their original values
and it makes sense to introduce the quantity

W(A) = Tr[M(vp|N)], (3.14)

where M (vp|)\) is the monodromy matrix for D(A) corresponding to the Pochhammer
loop. A significant advantage of W()) is that it does not depend on the precise shape
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of the integration contour. In particular, it is not sensitive to deformations of vp which
sweeps through the monodromy-free punctures. In what follows we will refer to (3.14) as
the Wilson loop (corresponding to PGHO D())).

The second order differential operator D(\) depends analytically on A\* and hence W(\)
is an entire function of A2, i.e., the series expansion

W) =Wy + i Wy A2 (3.15)

n=1

converges for any complex A. Its value at A = 0 can be found using egs. (2.25), (2.26) from
section 2.3:

Wo =Te[ (MD)"{ (M) MO MO =2 (24 ¢(dp1) + c(4p2) + c(4ps) + (3.16)
c(2p1+ 2p2-+ 2p3) + c(2p1+ 2p2— 2p3) + ¢(2p1 — 2p2+ 2p3) + c(—2p1 + 2p2 + 2p3))

Note, that this expression does not depend on the number of the monodromy-free punc-
tures L. Higher expansion coefficients in the series (3.15) can, in principle, be calculated
using the standard perturbation theory.

3.2.2 Large-\ asymptotic expansion

The leading large-A asymptotic of the Wilson loop can be obtained within the WKB ap-
proach. It is easy to see that

W(A) = 2 cosh <)\ 7{ d m+0(1)> as  |A = o0 (3.17)

Here the r.h.s. is written as a sum of two WKB exponents. Of course, for different values
of arg()\?) only one term dominates whereas another exponent should be neglected. The
quantity \/P(z) is a multivalued function on CP'\{z1, 2, 23} whose phase has not been yet
uniquely specified. To resolve this phase ambiguity, we consider the Mobius transformation
which sends (z1, 22,22) to (0,1,00). With this change of the integration variable, the
integral in (3.17) transform to the form

f dz VP(z) = e~ 3 (a1Fa2) / dz 2%171(1 - z)%Q*l . (3.18)
P g

The Pochhammer contour now looks as in figure (2 Let us choose the base point z, € 4p
within the real segment [0,1] and assume that zj _1(1 — z*)%_1 > 0. Then the phase
of the integrand in (3.18) is determined unambiguously through the analytic continuation
along the integration contour. This convention removes the phase ambiguity of P(z) for
z € «yp. The integral which appears in the r.h.s. of (3.18) is well known in the theory of

the hypergeometric equation:

5 5011 _ )81 (] _ e2ria _ o2miB L(a)I'(B)
ﬁ d (1-2) (1 ) (1 ) ot p) (3.19)
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Figure 6. The Pochhammer loop on the complex plane with the punctures at z; =0, z2 =1 and
zZ3 = OQ.

We can now rewrite eq. (3.17) in the form
logW(A) = —go A+0o(1) as |arg(\)| < g I\ = o0, (3.20)

with

472
qgo = — 3

Hi:l F(l - %) ‘

It is not difficult to extend the above leading asymptotics to a complete asymptotic

(3.21)

expansion for large values of \. For this purposes, we perform the change of variables in
ODE (3.2)

= P(w) (dw)"2 . (3.22)

[N

w=e3 (a1Fa2) /dz P(z), P(z) (dz)~
This transformation brings eq. (3.2) to the form of an ordinary Schrodinger equation
(=02 +Tr(w)+ ) =0, (3.23)

with the potential

(3.24)

) 4PO*P —5(0.P)?
TL:'P_1 (TL—{— PZP ( 'P) )

16 P2

It is well known how to develop the large-A asymptotic expansion of monodromy coefficients
of eq. (3.23). The procedure leads to the following asymptotic series

log W(A) = —qo A+ D en abt) | X721 O(A™) s [arg(V)] < g IA| = oo, (3.25)

n=1

where

(=)" T(n—5)
2n! N3

(3.26)

Cp —
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and

qgﬁ)_l — ¢im(n—3) (a1-+az) f dw U, [TL} : (3.27)
gp

In the last formula U, [u] are homogeneous (grade(u) = 2, grade(d) = 1, grade(Uy,) = 2n)
differential polynomials in @ of the degree n (known as the Gel’fand-Dikii polynomials [39]),

X (=D" 3
U, = A"-1. 2
(@] (2n—1)cy (3.28)
Here
A=-1P+a-sotd, (3.29)

Uola] = 1,
Uila] = 4, (3.30)
Upla] = a® — L 4",

Upla] =a" + ...,

where the last line shows the overall normalization of the polynomials.
There is no need to do describe the contour 4p in (3.27) explictly, since we now change
the integration variable in eq. (3.27) back to the original coordinate z. In this way one

obtains

d 4PO?P —5(0,P)?
40— § & (1,4 1PEP S0P
v

. 7)% 16 P2
2
w _ f d= ([ 4PO*P —5(0,P)?
qs %YP 7)% < L+ 1672 . (331)

(Notice that in the derivation of the second formula we dropped the term —% éﬁTL in
eq. (3.27) with n = 2, which do not contribute to the integral.) Of course, it is straightfor-
ward to perform the change of variables in eq. (3.27) for any given n. We do not present
explicit formulae for n > 2, but note that

dz
g 274 — ((TL)"+...), (3.32)
vp P72

where the omitted terms contain derivatives and the lower powers of T7T..
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3.2.3 Expansion coefficients qé%)_l

Using the formulae (3.31), (3.32), one can perform some explicit calculations of the coeffi-
cients in the asymptotic series (3.25). Let us first consider of the perturbed hypergeometric
oper, i.e., PGHO without monodromy-free punctures.

Using egs. (3.10), (3.31) (specialized for the case L = 0) and the integral (3.19), one
can show that

o _ 8 ~P1
o =L <Z i 8>, (3.33)

=1 i=1
and
2 3 4 9
EENRED) Ei\16 ~ 16 T 102 3.34
o 3T, T (3% [; <16 16 T 102 (3.34)
P: 1 p?
B = - — ) (2L - — A,
"2 ]< 4><4 > 2402 ]
7]
where
2p;
=, (3.35)

B

and where the numerical coefficients F;, F;; and H; are given by

E; = a;(3a; —2) (3a;, —2)
Eij =3 Qg G5 (3ak — 2) (3.36)

H; =8 — a? — 9 (ajaz + azas + azay) + 15 ajazas .

The indices (i, j, k) represents any permutation of the numbers (1,2,3). For n > 2 the
calculation of qé?l)fl is straightforward, but rather long. It is much easy to establish the
following general structure:

0
where R, stands for n-the degree polynomials in the variables Pf

R.(P2. P3P} = > R PHPY PP (3.38)
i+j+k=n

(the dots represent the sum of monomials of degrees lower than n). One can show that

(3.39)

w _ (prtosmg2 nl(aa(z =), (a2 (5 =), (s (3 =),y
1 k ’

—J
YT T = §) an) iR (20— 1)% a1 "ay Vay”

— 23 —



3.2.4 Expansion coefficients qu) and qéL) for L > 1

It is not difficult to calculate q§L) for arbitrary L. Indeed, the third term in (3.10) do not
contribute to the integral (3.31) for q%L). The contribution of the first term in (3.10) is
given by (3.33). The second term in (3.10) gives a contribution proportional to L. The
final result reads as

]2
qu) (0)

= ¢! +7H3_1F(%) L (3.40)

The calculation of q:(;L) is very cumbersome and we do not describe it here. Below

we quote the result which is expressed in terms of the parameters é;, a; (i = 1,2,3) and
the coordinates x, (a = 1,...L) of the monodromy-punctures. Also, it is assumed that
(Zl, 22, Z3) = (07 1’ 00)7

L

L 272 L L L L

S C B s (ZQg.kqu QP S 4 Q) Zw?) (3.41)
3 Hi:l F( 2 ) i>k j=1 j=1

Here

(zj+xp)?(2—x— 1)

QY = 2(2-3ay) <<3a3 —4) + (403 — 3ag — 4)(x; — m?) (3.42)

2 (2 — p)?
and
1
QY = <4 (3642 a3 — 57a% as + 15a1 a3 + 642 — 126 a2 — 48 ay a3
+36a1 +252a3 — 112) + 6 (2 — 3a3)(4 — a1 — 3as) 61 + 6a; (2 — 3az) &2
+6a1(2—3a2)53>L+3(2—3a3)(4—4a1+a§—3a3+3a1a3)L2 (3.43)
and

QgL) =6 (Salag—12a1a§—2a§+14a1a3—|—15a§—4a1—22&3-!—8)

+12(1 — a3)(2 — 3a3) (6 — 61) +12(2 — 2a; + az — 3a3) 03

+6(3az3 —2)(4—2a; —3az+2aja3) L, (3.44)
Q) =3 (3az—2) (2(a2—2) (L —1)+4a3ds + (ag —2) a3 ) .

4 Hidden algebraic structures behind PGHO

We have already mentioned a remarkable property of the algebraic sys-
tem (2.17)-(2.19), (3.8). Our numerical work shows that for given L the number
N1 of its solutions (i.e., the cardinality of the set Ag,L) (3.4)) does not depend on
parameters, at least for generic values of a; and p; (1.4), (3.1). For L < 3, the integers
N are quoted in (3.7). In this pattern one can recognize the first values for the number
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of partitions of the integer L into integer parts of three kinds, which we denote as p3(L).
This sequence is generated by the series

o0 o 1

> ps(L)q" = m:1+3q+9q2+22q3+51q4+108q5+.... (4.1)
L=0 k=1

We now interrupt our formal study to discuss remarkable algebraic structures be-
hind PGHO.

Introduce the three-component chiral Bose field ¢ = (¢1, ¢2, ¢3), i.e. the operator
valued function

pi(u) = % Qi +Piu)—i Y ai(n—n) el (i=1,2,3), (4.2)
n#0

where Q;, P; and a;(n) are operators satisfying the commutation relations of the Heisenberg
algebra

[Qi,Pj] =2idi5, [ai(n),a;(m)] = g 0ij Ontm,0 - (4.3)

Let Py 1(0¢, 0@, ...) be alocal field of spin s + 1, which is a local polynomial of d¢
and its higher derivatives ( 9 stands for % here). All such fields are periodic in u, therefore
one can introduce the integral,

27 d
Pl = [ G2 P06, 0%...) (1.4)

Below the shortcut notation I for I[Ps;1] is used. Suppose we are given a special infinite
sequence of operators I (corresponding to special infinite sequence of the polynomials
Py 1) which are mutually commutative operators,

(I, I,]=0. (4.5)

We will refer to the operators {Is} as the (chiral) local Integral of Motions (IM).

A complete algebraic classification of all possible infinite sets of local IM seems to be
a hopeless task. However some non trivial examples are available. Among them there is a
two-parameter family discovered by Fateev in [21]. The first two representatives from this
set are given by

2 U 3
=[5 S, (1.6)

i=1

and

1 2 d 3
I3 =3 /0 o [ZEJ (005)" + 3 Bms (06m)" (005)"

J=1 m#j
3
+ Y K 9600100 + Y H, (32%’)2] : (4.7)
jkAm j=1
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Numerical coefficients in the last formula depends on three parameters «ap, as and ag
obeying the quadratic constraint a? + a3 + oz% = % It turns out that Ej, E,,; and H; are
given by egs. (3.36), provided the parameters are identified as

whereas
Kj=32arogas (1-607) . (4.9)

An explicit form for the higher spin representatives is not available. However it is known
that [23]

2m .
Ly = 22 / d“[ S (067 (00 (000 +... |, (@10)

i+j+k=n
(n )

is given by (1.25). There are good reasons to expect (see ref. [23] and section 6.1 below)

where the dots stand for the terms, involving higher derivatives of ¢; and the constant C

that I} and I3 are just the first two representatives of an infinite two-parameter family of
mutually commuting IM, {Is,_1}>°,

Let Fp with P = (P, P2, P3) be the Fock space, i.e., the space generated by the action
of a;(n) with n < 0 on the vacuum state | P ) which satisfies the equations

P, |P)=PF |P), ai(n) |P)=0, n=1,2,3.... (4.11)
The space Fp naturally splits into the sum of finite dimensional “level subspaces”
Fp = 07 Fo LAY =1 7Y, (4.12)

where

L=2 ZZ@Z ai(n) . (4.13)

i=1 n=1

The dimensions of the level subspaces do not depends on P. Obviously, it coincides with
the number of integer partitions of L into parts of three kinds, defined in (4.1),

dim [ FY] = ps(L). (4.14)

The grading operator L essentially coincides with I; (4.6):

3 PZ-2 1
L=L+) + ) (4.15)

Therefore all local IM from the Fateev family act invariantly in the level subspaces fl()L).
The diagonalization of Iy, 1 in a given level subspaces reduces to a finite-dimensional
matrix problem which however rapidly becomes very complex for higher levels.
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Of course, the highest weight vector of the Fock space (the “vacuum” vector) is an
eigenvector for all integrals of motion I, 1. Let 152)—1 be the corresponding eigenvalues.
The results from section 3.2.3 and eqs. (4.6), (4.7) imply that for n = 1 and n = 2 the

following relation holds
0) - (_1)71—1 25—2n7T2 0)
B T TREn - 1)a2) Y

where the parameters a; and p; of qé%)_l are related to «; and the zero mode momen-

(4.16)

tum P; as in eqgs. (4.8) and (3.35), respectively. Moreover, for any value of n both sides
of (4.16) are polynomials in the variables (P;)?, (P2)?, (P5)? of the degree n. Comparing
egs. (3.37), (3.38) with (4.10), (1.25), it is easy to check that all leading n-th degree mono-
mials are exactly the same in the both sides. Thus one can reasonably expect that (4.16),
involving the vacuum eigenvalues of the integral of motion and the expansion coefficients
of the Wilson loop for the PGHO with L = 0 holds exactly for any value of n > 1.
Actually, we expect that (4.16) can be extended to the relation between the whole
spectrum of I3, 1 in any level subspace ]:l(;,L) and admissible values of qéﬁ)_l associated with
the different PGHO’s with L monodromy-free punctures. Indeed, for a; and p; restricted
as in (1.4), (3.1), the number of solutions of the algebraic system (3.8), N, is expected
to coincide with dim []-"P(,L) ] As before, let A, = {(xga), e x(La) )}2&1 be the whole set

of such solutions. With a chosen representative (xga), e x(La)) € Ap, one can associate
an infinite sequence of the expansion coefficients quLL_al) In the case n = 1 and n = 2

explicit formulae are presented in section 3.2.4. From the other side, let { o }NL

521 be

a sets of eigenvalues of the N x Np-matrix of Iy, 1 acting in the level subspace fl()L).

We expect that, up to the overall normalization factor, the set { qéi_al) }2&1

{Iéié )1 }g/:Ll for any fixed n and L. Thus the subscripts a and 8 can be identified and
eq. (4.16) is generalized as follows:

coincides with

al) _ (_l)nfl 2572n7r2 (La)

(L7
. 4.17

Form =1, H1|]__1(3L) & 17, xa;, and (4.17) follows from (3.40). Unfortunately we do not know
how to prove this remarkable relation for n > 1. However, an explicit form of N x Np-
matrices 3] FO is available and the conjectured relation has been tested numerically for
L < 3 and a wide range of parameters a; and p; from the domain (1.4), (3.1). The
numerical work also suggests that, for generic values of the parameters, the eigenvalues of
the matrices I3] ) are not degenerate. With this observation, one may expect that the

joint eigenvectors of the commuting family of IM,
|La)e FP Iy |La)=I5% |La), (4.18)
)

form a non-degenerate basis in each level subspace ]_-1()L . Therefore there exists a bijection

between the moduli space Ag:) of PGHO’s with L monodromy-free punctures and the
level-L joint eigenbasis {| L, a)}ﬁfil.
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5 Connection matrices for PGHO

In the previous sections we have discovered interesting properties of the Wilson loop (de-
fined in (3.14)) by studying its asymptotic expansions at large values of ), using the WKB
approximation. Even though this asymptotic analysis has led to remarkable insights into
the algebraic structure of the problem, considered in section 4, it does not solve the mathe-
matical problem of an exact calculation of the Wilson loop as entire functions of the variable
A2. In this section we address this problem. Actually, here we solve a more general problem
of an exact calculation of all connection matrices for the PGHO. By doing this we employ
and extend ideas and methods previously developed in [2-4, 10]. The matrix elements
of the connection matrices are entire functions of \2. Additional information about their
analytic properties, namely, asymptotic distributions of their zeroes, is deduced from the
standard WKB analysis. We use various symmetries of the differential operator (3.2) and
derive a system of functional relations, which allows one to completely determine all the
connection matrices. Interestingly, these functional relations have only a discrete (albeit
infinite) set of solutions, which possess the required analytic properties. We conjecture that
these solutions precisely correspond to PGHO’s with an arbitrary number of monodromy-
free punctures. The results are supported by several analytical and numerical checks for
PGHO with L = 0.

5.1 Functional relations for the connection matrices

A proper definition of the bases of solutions (2.29) for A # 0 requires some additional
considerations. First of all, one needs to take into account that (unlike the A = 0 case)
analytic continuations along infinitesimal loops around the singular points z1, 29 and z3
affects the PGHO itself. Therefore, in order to define solutions by asymptotic conditions
at these points one needs to make suitable brunch cuts. Let us chose an extra point,
say z = oo, and cut the Riemann sphere along the lines, connecting this point with the
branching points of P(z). In figure 7 these cuts are shown by the dashed lines. Next, the
asymptotic conditions (2.29) must be slightly modified

i)

(z—zi)%wi<1+0((z—zi)°’z)> as oz oz, (5.1)

& -

1
V2pi

since the order of the correction term is changed with respect to that in the A = 0 case.

The above conditions uniquely define the solutions Xff ) (z) provided that the parameters p;

satisfy an additional constraints 0 < p; < %, which were already enforced in eq. (3.1) above.
The connection matrices §U9()) for A # 0 can be defined in the same way (2.32) as
in the case of unperturbed GHO:

@ = x@ gy . (5.2)
They satisfy the same relations (2.33) as for A = 0:

det (SUI(N) =1, SUWIN)SUIN) =1, SR\ SEI(N)SUD(\) =T. (5.3)
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Figure 7. The Riemann sphere with cuts. The dashed lines represent cuts which extended from
the branching points of P(z) to z = co. The connection matrixes are associated with oriented links.

Throughout this section we assume that (7,7, k) is a cyclic permutation of (1,2,3). In
figure 7 the matrices S (j’i)()\) are associated with the oriented lines connecting the points
z; and z;.

The main role in the following analysis belongs to symmetry transformations which
essentially allows one to connect solutions x(? on different sheets of the Riemann surface
of the PGHO. Let

Q, : s yoz,  AegiA (i=1,2,3) (5.4)

be a transformation, involving a translation of the independent variable z along the contour
i, accompanied by the substitution A — ¢; L)\, where

iTa;

qi = e, Ggeqz=1. (5.5)

It is easy to see, that the substitutions (5.4) leave PGHO unchanged. Therefore they act
as linear transformations in the space of solutions. Namely, in the basis x(?) they read

Q; (X(i)) = —x(1) g=2mipios (5.6a)
Q; (x?) = —x® §ED(\) e~ 2mipios §UA () qj—l) (5.6b)
ﬁk. (x(i)) = —x(i) S(i’k)()\) e 27iPKO3 S(k’i)()\ qlgl) . (5.6¢)

The most fundamental property of the differential operator (3.2) is that a combined
transformation €, 0 ;0 Q;, where (i, j, k) is a cyclic permutation of (1,2, 3), is equivalent
to the identity transformation in the space of solutions of (3.2),

The proof follows from the relation (5.5) and the fact that y,07;07; is a contractible contour,
which loops around a regular point (z = 0o) of the PGHO (see figure 5). Combining (5.6)
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and (5.7) with the definition (5.2) one easily obtains
S(z,kz) ()\) e—27ripk03 S(k,j)()\ qk_l) e—27ripj03 S(],z)()\ Qi) e—27ripi03 - I (5.8)

Consider now the transformation ﬁk o Ql o (AZ]-, where the indices ¢ and j are interchanged
with respect to (5.7). Repeating the above arguments (again with an account of (5.5)) one
can show that this transformation is equivalent to a linear transformation of solutions

Q0 Qi 00 (x) = x M(7p|A) (5.9)

where M (vp|\) can be interpreted as a monodromy matrix of the Pochhammer loop de-
picted in figure 1. Then using (5.6) one obtains,

W) = —Tr [e—2wip¢03 S(i,j)()\qj)e—QWinUS SEHR)(\) e=2miPros Gk () a. ") - (5.10)

We would like to stress that the above considerations apply to all PGHO’s with an arbi-
trary number of the monodromy-free punctures. This means that the connection matrices
will always satisfy the same relations (5.3), (5.6), (5.8) and (5.10), even though these ma-
trices depend on a set of the monodromy-free punctures. Note in particular, egs. (5.3)
and (5.8) forms a system of functional relations for the coefficients of the connection matri-
ces. A simple inspection shows that there are only nine independent relations among (5.3)
and (5.8) for twelve different coefficients. Nevertheless, as we shall see below, these func-
tional relations together with appropriate analyticity assumptions completely determine
all these coefficients. More precisely, the relations have an infinite discrete set of solutions,
corresponding the PGHQO’s with arbitrary number of the monodromy-free punctures.

For further references note, that the elements of the connection matrices, are simply
related to the Wronskians of the basic solutions,

WY 9] = —o' SU7 () . (5.11)
In what follows the set of functions Wogg()\) defined through the relation

W x) = i e W)

oo

(A) e~wio —wio (5.12)

will be referred as connection coefficients. For A = 0 this definition coincides with eq. (2.38)
and therefore ng (0) coincides with A((Tlf) from eq. (2.37). As well as the Wilson loop, the

ag
connection coefficients are entire functions of the variable A2, i.e. they can be represented

by power series in A? with infinite radius of convergence. Our next goal is to describe their
characteristic properties.

5.2 Large-\ asymptotic

Consider the large A behavior of the connection coefficients. In the leading order one has

W (A) ~ exp (A/ " dz P(z)> (i=1,2,3, 2z ~ z3), (5.13)
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where the integrals taken along the oriented links depicted in figure 7. Introduce the
constants r; > 0 and bg:

/ " dz VP(z) = rp, ™ (5.14)

Then eq. (5.13) can be equivalently written in the form

th/ ) (e_i”bk)\) =< exp (reA + O(log \) ) (A =00, | arg(\})| < T) . (5.15)

g

Note that, as it follows from the definition (5.14), the positive constant ry is given by
3
rE = % sin (g ak) H I’(%") (5.16)

n=1

(here k = 1,2,3 and ag ~ as), whereas by, satisfy the relations
eimbimbr) — _o=% aj (5.17)

To assign precise meaning to an individual phase factor e ™ in eq. (5.15), one needs to
resolve the overall phase ambiguity of \/P(z). Following the procedure from section 3.2.2
we send (21, 22, 23) to (0,1, 00), then

22 i 1 a a
/ dz /P(z) = e 2 (ataz) / dzzz 1 (1—2)7 ", (5.18)

z1 0
Assuming that the integrand in the Lh.s. of this equation is positive for 0 < z < 1, one
finds el™3 = e~ 2 (91792)  Together with (5.17), this implies

iTag

—e 2z | e

imag

imhs — o2 . (5.19)

imhy _ e%r(agfag) imhy _

e , e

In fact, it is not difficult to calculate explicitly the subleading term in the asymptotic
formula (5.15). In order to simplify formulae below we make use the notation

AR ) =Wl e ), A% 0y =A%) | (5.20)
where Ag’g is given by eq. (2.37). Then
AT (A(N)7
Af,’f?,(iA)x( W) ( i ) et (1+00h), (5.21)
4s(72)s(72)
where
_2pi 2p; s
a; I'(1 + ﬂ . Pi
Ai(\) = (A) (72“) e ( L > : (5.22)
a; (1 — =) ZjiZik

The above formula can be applied for large A? such that |arg(A\?)| < 7. In the case of real
A2 <0, i.e. when A\ =1i|)A|, the asymptotic is given by

(A500))7 (A(A))°

s(22)s( %)

AR (1) = cos (7 ]Al = 22— T O(AT)) L (5.23)

a;
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As it was discussed at the end of section 2.3, the combinations (2.40), which appear
in the formula (5.22), are functions of the L projective invariants. In the case L = 0, they
are given by equation (B.2) from appendix B. For this reason it is convenient to write the
subleading terms in the asymptotic formulae (5.21) and (5.23) as

/

(A;(N)7 (A(N)7 = (S(0'pjlpr + pi) S(0"pjlpr — pi) S(opilp; + pr) S(opilp; —pk))%
% (g7 (g )7, (5.24)

2

where

4p;

2p;
sl = () (s pa) T (3 o) P20 (155)
W) Tnma T Gnr) T (1-2)

. (5.25)

7

and g-(L’a)

i (gi(o) = 1) stand for A-independent constants corresponding to a given set of

monodromy - free punctures (3.4).°
The asymptotic formula (5.21) can be extended to the following systematic asymp-
totic series

AW (ix) < (A500)" (AiV))™ B®(\) xV (e—”é” ) XP0) . (5.26)

s ()5 (2)

Here the quantity B*)()) is a formal power series

00 (L)

B®(\) = exp ( S o Dnd ) )\1_2") . (5.27)

! 4sin(7r (n—f) ai) sin(ﬂ (n—§

where qéﬁ)_l stand for the expansion coefficient for the Wilson loop (3.25) and the numerical
coefficients ¢, are defined by eq. (3.26). Similarly, the symbol X((TZ)()\) in (5.26) denotes the

formal power series expansion in fractional powers of A, namely,'’

2n

XO(0) = exp ( Sl A%) | (5.28)
n=1

°In the case L = 1, the formula (B.4) from appendix B leads to

) = 02w —uiq) Vs —unsg)

=1,2,3),
91 (ul® —ui,q)  Ya(uj — uk, q) (a )

where 4(®) are the values of uniformizing parameter u (A.12) corresponding to the roots (:r("‘), y(o‘)) of the
system of two equations (A.1) and (3.5) (ie. (2!, y)) = (z(u'™), y(u'*)), where functions z = z(u)
and y = y(u) are given by (A.13)).

10An explicit form of the expansion coefficients xt(,z)n are not known. The sole exclusion is the first
coefficient in the case of PGHO with L = 0, which reads explicitly

-2 F(i)r(l—i) F(1+i+—2"1’i) R
i 2 aq a; 2 a; a; a; ;= P —
o) |0 = (*) (p] Pr y & ak) .

o, a; 4\/7? F(_aii+2z;fi) pgfi 2+ a;
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5.3 Zeroes of Ag’fgy()\)

By definition (5.20), the functions Afﬁl()\) are entire functions of A?. Let us discuss patterns
their zeros {)\,(f)}oo so that

n=1’
AV OBy =0, n=1,2,... . (5.29)

Here we have omitted the indices ¢/, ¢ in the notation of zeroes. This dependence will be
implicitly assumed. We will also assume that the sign of /\%k)
—7/2 < arg ()\glk)) < /2.

Due to the cyclic symmetry, it is sufficient to consider one value of k, say k& = 3.
Let us set (z1,22,23) to (0,1,00) and then make the change of variables (3.22). The

transformation w = w(z) is the Schwartz-Christoffel mapping which sends (0, 1,00) to

is fixed by the requirement

(0,73, r9 ez 1), whereas the function ¢ satisfies the ordinary Schrodinger equation (3.23)
with the potential 77 (w) given by (3.24). Consider a zero AY) of the function A(?%()\).

g

It is easy to see that if \? = —()\;3))2, the Schrodinger equation (3.23) has a solution ),
such that

l+21’71‘7
. w2 (14 0(w)), as w—0
P (w) ~ e (5.30)
(rg —w)2 " a2 (1+O(w—r3)), as W — 13

If the parameters p; are restricted by the condition 0 < % < % (see eq. (3.1)), the
above asymptotic conditions lead to well-defined spectral problems for all o, 0’ = £1. An
immediate consequence of this fact is that all the zeroes of ASL()\) are simple.

In the simplest case of the perturbed hypergeometric oper (i.e., for L = 0), the potential
in the Schrédinger equation (3.23) is real and positive. Therefore all the zeroes A are
also real and positive. Then the large-\ asymptotic formulae (5.21)—(5.23) imply that the
zeroes accumulate at the infinity along the positive real axis and for large integer n > 1

one has

AR = T <n L P TP 1> +0(m™Y . (5.31)
% Qg aj 2

(Because of cyclic symmetry, the last formula is valid for any cyclic permutation (i, 7, k).)
For a general case of PGHO with L > 0 the potential in the equation (3.23), in general,
becomes complex-valued for w € [0, 73], so that the zeros )\,(13) also become complex. How-
ever, they still remain simple and accumulate at infinity in the vicinity of the positive real
axis. The asymptotic formula (5.31) continues to hold for L > 0. Moreover, we would
like to stress, that for large n this formula gives the asymptotics of precisely the n-th zero

) (in the sense that n coincides with the number of zeroes, whose absolute value is less
or equal than Mﬁf’]) Similar considerations apply to all functions Ag’f) (A); they can be

g
written in the form of convergent products

A% ()= 4% [ (1 - W) | (5.52)

n=1 n
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where Agf?y is given by (2.37). At this stage it is convenient to introduce spectral (-

functions, which capture all information about the distribution of zeroes /\%k),

G(v) = i (AFN (5.33)

(recall that we assume that —7/2 < arg ()\%k) ) < 7/2). As follows from the asymptotic
formula (5.31) the function (j(v) is analytic in the lower half plane Sm(v) < 0, except the
point v = —i, where it has a simple pole with the residue —iry /7. Using these properties
the product formula (5.32) can be transformed into an integral representation

A® i |
o (S < g [ e 530
A(()./Z.<O) 2 R—i0 V sinh (7)

Closing the integration contour in this formula in upper half plane and comparing the result
with the asymptotic expansion (5.26) one concludes that the function (;(v) has zeroes at
v = 2i, 4i,... and additional simple poles on the imaginary axis v with the following
residues

r (” + %) qgi)fl

473 ) sin(7r (n— %) ai) sin(rr (n—%) aj)

res[Gr(v)] y=i@@n-1) = 1

. 2n n ;
res [ﬁk(V)],,:’% =—i Trai sin <ai) x(f)n, (5.35)
o 2n . ™ ()
1res[Qz€(1/)]V:%1 = —i 0, sin <aj> (=)™ xaj,m,
where n = 1,2,... . Moreover it follows from (5.21) that
/
opi 0Dy
0)=-20 2P 5.36
Ck(0) P (5.36)

and

(45(0)7 (A¥))”
Agp (00452 )s(22)

!
[oayen aj

, (5.37)
A=1

exp (— 2i(;(0)) =

where A;(\) is defined in (5.22).

5.4 Bethe Ansatz equations

The nine non-linear functional equations (5.3) and (5.8) involve too many unknown func-
tions (twelve) and, in fact, appear to be rather complicated for a direct analysis. Fortu-
nately, it is possible to reduce these equations to eight sets of rather compact equations of
the Bethe Ansatz type, where each set involves only three unknown functions. In principle,
this could be done by direct manipulations with the equations (5.3) and (5.8), but here
we prefer a more efficient approach involving direct calculations of the Wronskians. It is
based on the relation (5.7) and the following simple properties:
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(i) The solutions x(?(z) are simply transformed under the action of ; with the same
i (see eq. (5.6a)). This follows from the fact that the asymptotic condition (2.29),

defining the solution ng )(z), does not involve the parameter A.

(ii) For any two solutions #;(z) and 2(z) of (3.2) one has

W[ (1), Qi) ] = wrg ), where w(\) = W[y, ] . (5.38)

The proof follows from the definition (5.4) and the fact that the Wronskian in (5.38)
does not depend on the point z where it is calculated.

Let (i,4,k) be a cyclic permutation of (1,2,3) and o,0’,0” = +1. Together with
functions Agf?j(A) (5.20) it is convenient to introduce additional notation 7

WO (D), O] =1 T (—i ™)) | (5.39)

From eq. (5.6b) it immediately follows that

. rip: 4 (K 1 k -1 omips 4(k -1 k 1

iTH () =~ AP (02 ) AY), (A ) +e7 2 AT) (Mg, 7) A% (Ag2) . (5.40)
The same quantity can be calculated in a different way, using the additional relations (5.7)
and (5.38). First, from (5.6a) and (5.38) it follows that

~

W[Qi (X((,J;)) ,X(i)] = ¢’ e~ 2miopi GUY) (A 1) . (5.41)

o —ol,o 7

Similarly, using also the property (5.7), one can easily show that

W[ (D), xB ] = W[ 0 (), x W] = —ge2miloriam) UR) (hay o (5.42)

o o —o,0”

@) )

Next, any three basic solutions x5, x/ and X(lf)

o are connected by the a linear relation

M)A + 05 )P =0, (5.43)

lo o

o' S9N x8) + 0"s%),
Consider again the Wronskian in (5.39). Expressing the second X((,i) therein from (5.43)
and then using the previous relation (5.41), (5.42) one obtains
. i . ’ 7 i 1 1
T (N A(l/)/(,,()\) — oim(opi—a'pj—o pk)A“)n(Aqﬁ)Ag]Z(W)

g o [exoa

. / 7 j -3 -3
_i_em(apifa pj—o'"pi) A((T](z”()\qk 2) A((J']ft)T()\qj 2) . (5‘44)

Making simultaneous cyclic permutations of the indices (i, 7, k) and the values (o,0’, ")
one obtains another two equations of the same type, which contain the same three functions
AE:,),U,(A), AUQ,,()\) and Ag’f()f()\) as in the equation (5.44). By definition, Tél)()\) is an entire

function of A2, therefore the Lh.s. of (5.44) vanishes at all zeroes of AE:,), o (A). Proceeding
in this way one obtains a system of three coupled Bethe Ansatz type equations for the
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position of zeroes

() (\B) T3y 40) (k) +3
eQTri(U’pj+Up¢*U”pk) AUO’N(A” ki 1) AJHU,()\n J 1) = -1, (545)
AL, (D ¢ %) A0 (M ¢; %)
i +3 +3
27i(opi+o' pr—o'p;) A((T/)/O'/ ()\7(13) 4 Q)Ac(r’;()\%]) i 2) _
‘ ) DA
Aa”cr’ ()\”J dp 2) Ao/cr ()\" q; 2)

where n = 1,2,... and )\g), )\g,,j) and )\%k) denote the zeroes of A;,),U
4%

oo

of the Bethe Ansatz type equation, where each set involves only three different functions.

,(\), A%, ()) and
(N), respectively. Choosing (o,0’,0”) = (+1,+1,+1) one gets, eight different triples

Any particular functions AS,)O,()\) enters into the two sets of these equations.
As an immediate consequence one can derive an “asymptotically exact” Bohr-
Sommerfeld quantization condition for the roots /\,(f). Substituting the asymptotic for-

mula (5.26) into (5.45) one obtains,

) /.
/\:)\%k): Tk)\+(l)g]2/()\)X7r<n+(m+U%_1>7 (5.46)
a; a; 2
where
- n, L)
(k) (—1) Cn Q91 -
Fee A 5.47
oo (A) nz::lélsin(ﬂ(n %)ai)Sin(ﬂ‘(n_%) aj) ( )
=3 sin () A7H = D01yl () 470
n=1 —

A9, (Ag ) A% (A¢?)
€;(\) =ilog ‘(m; ’il ((”)T L= | + 27 (opi —o'p; — ") (5.48)
Aa]cr”()\ 4y 2) Aa’a()\ qj 2)

and another two functions €;(\) and e, (), which are obtained from (5.48) by simultaneous
cyclic permutations of the indices (i, 7, k) and (o, o', ¢”). To simplify the following equations
we have omitted the indices o, 0’,0” in the notation of e-functions since their arrangement
is firmly connected to the indices (7, j, k) and so that they can always be restored.

We expect that the Bethe Ansatz equations (5.45) combined with the asymptotic
formula (5.31) have an infinite number of solutions, corresponding to PGHO’s with different
configurations of monodromy-free punctures. These solutions are distinguished by different
phase assignments in the logarithmic form of the Bethe Ansatz equations (5.45),

(W) =7r(2m@P -1), miPez (i=1,2,3), (5.49)
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[e9)
n=1»

on the choice of branches of the logarithm in the left hand side of (5.48). However, once

which involve three sets of integers {mgf ) i =1,2,3. These integers, of course, depend
these branches are appropriately fixed, every solution is characterized by a unique choice
of {mﬁf)} In particular, for the PGHO without any monodromy free punctures (L = 0

case) all roots lie of the real axis and the integers mg ) exactly coincide with n,

m® =n, n=12,..., for L=0. (5.50)

Further, although we have previously assumed that the parameters p;, p;, px obey the
constraints (3.1), the resulting Bethe Ansatz equations (5.45) make sense for any complex
values of p;. Most importantly, their solutions continuously depend on these parameters.
Below we will use this fact to enumerate all solutions of (5.45), following the line of ap-
pendix A of ref. [11]. Fix the values 0,0’ and ¢” and assume that

opi > 1, o'p; > 1, o"pr, > 1, (5.51)

and that [p;|, |p;| and [py| are of the same order of magnitude. Then the asymptotics (5.31)
(as well as the numerical analysis of (5.49)) suggests that for sufficiently large values of
the parameters (5.51) all roots A will be ordered |[Ant1| — [An| ~ O(1) and lie in a close
vicinity of the real axis. Then, if one uses the principal branch of the logarithms in (5.48),
all the integers m,(f ) will be distinct and uniquely defined for every solution of (5.49).

Obviously, not every set of integers {mg)} corresponds to a solution of (5.49). Indeed,
substituting (5.31) into (5.49) one concludes that the sequences of integers m stabilize
at large n, i.e.,

m® =n, for sufficiently large n . (5.52)

n

Thus, the infinite sets {m,(f)} associated with different solutions of (5.49) only differ in
finitely many first entries. Therefore the most general pattern for the set {mgf)} can be
obtained from the L = 0 set (mg) =n, for all n = 1,2,...,00) by deleting a certain
number of (positive) entries (we denote this number by M;) and adding the same number
of distinct non-positive integer entries. It can be written as

1_ﬂg\l/f)i—n+1’ for n=1, ... M;

m() = (5.53)

Nn—Mi(H(i)) , for n>M,; +1

Here p() = {ugi),ug), . ug\%} and () = {ﬂgi),ﬂgi), . [LS\%} denote two increasing se-

quences of positive integers 1 < ,ugi) < ,ugi) < ... < /‘5\2 and 1 < [Lgi) < ﬁé“ < ... < ﬂg\%

with M; > 0; and Ng(u(i)), ¢=1,2,..., denotes (-th element of the increasing sequence
of consecutive positive integers with deleted entries uﬁf ), n=1,...M;:

(NGO = {1, 2, A0y (5.54)

We conjecture that the solutions of the Bethe Ansatz equations (5.49), associated with
such set of integers {p(?} and {i()} correspond to PGHO’s with exactly

3
L=>"% (A +u 1) (5.55)
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monodromy free punctures. For a given value of L the number of the integer sets
{,u D 2 M(Q),,&(S),u(?’)}, satisfying this equation is equal to ps(L) (which is the
number of partitions of L into integer parts of three kinds, already defined in (4.1)).

5.5 Non-linear integral equations for L =0

The entire function Agf();()\) is completely determined by its zeros )\7(1]{)

and the leading
asymptotic term in (5.21). On the other hand, the positions of the zeros are restricted by
the equation (5.49). Mathematically, the problem of reconstructing the function Agfz()\)
from this data is similar to the one which emerged long ago in the context of the analytic
Bethe Ansatz [40-43]. For the sine-Gordon model the problem was solved by Destri and
De Vega [44, 45], who have reduced it to a single complex non-linear integral equation.
Similar equation was earlier derived in the lattice X X Z-model in ref. [46]. Here we consider
the the non-linear integral equations determining Agfzf()\) in the simplest case of PGHO
without monodromy-free punctures, i.e, L = 0.

Using (5.34) define spectral (-functions (;(v), (;j(v) and ¢, associated with A((f,),g,()\),
A(J ) ,(A) and A( ) _(A), respectively. It is convenient to introduce a new variable 6 = log(\).
The Bethe Ansatz equations (5.45) allows one to derive a non-trivial relation between e-
and (-functions. For the case when all roots lie on the positive real axis, it reads (see [44, 45]

for details of a similar derivation)

U/qu / 40 v [1og(1+e1€l< 10))] (Sm(v) > 0), (5.56)

™

where

sinh(%¢) sinh (W)

Palv) = 2cosh(%)s1nh(7wa])s nh (7”’“’“) '
sinh (%
0 = 050 = ot ). (557

The integral (5.56) converges in the half plane Im(v) > 0, but it can be analytically
continued to the whole complex plane of v. In fact, as it was remarked before, the function
¢i(v) is analytic in the lower plane Sm(v) < 0 except a simple pole at v = —i. Combining
the relations (5.34), (5.48) and (5.56) it is easy to show that

0 1 2p; "2 > de’ —ie (0'—i10)
€i(0) =2r;e —7r<0 W to p’“ Z —Glle AR [log(l—i—e ! )},

(5.58)

where

Gll((g) = /OO dv (‘I’il(V> — (511) eiu@ . (5.59)
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Notice that egs. (5.35) and (5.56) imply the following relations

3
qé[r)z)—l = 8n'f Zsm(w(n—%) ai) fi(i2n—1)), (5.60)
I (n 2)

7

=1
) 1 o o
m;)n|L:0 = <( D" f; (1%) + fi (1%) ) , (5.61)
where we use function

filv) = / 4o e o %m[log ( 1+ et (0=i0) )} , (5.62)

™

which is analytic in the upper half-plane, m(v) > 0. The function f;(v) has a simple pole
at v =0,

filv) = —% (opi —o'pj —o"pi) + 1V + O() . (5.63)

In a view of egs. (5.37) and (5.56), it is easy to see that

= exp (f;_:glzo.// - 1_70‘-777_0—/7_0—//> ) (564)

where

i,j 1
fodior = g U7+ 80 + 50 (R +47)

The equation (5.58) has been solved numerically for various values of the parameters
ay,az,as and pi,pe, ps. Using the obtained numerical values of €;(0) we calculated (5.60)
for n = 1,2 and (5.61) for n = 1 and checked that they are in an excellent agreement
with egs. (3.33), (3.34) and the analytical formula for :z‘(f;)ll =0 from footnote 10. Also we

numerically checked eq. (5.64), where the Lh.s. is given by (5.24) with gl@ = gj(.o) =1

6 Hidden algebraic structures (continuation)

In a view of identification (4.17), the formal power series B(*)(\) in the asymptotic for-
mula (5.26) can be understood as eigenvalues of the formal operator

o (ST (- D) T (- Do) Ta-d) o,
BY(A) P( nzz:l F((n—%)ak) 52 '\f]bn AT )

(6.1)

in the Fock space Fp with P; = \Q/IZL (Here and below, we always assume that the pa-
rameters «; and a; are related as in (4.8).) In fact, all other terms in (5.26) can be also

understood as eigenvalues of certain operators commuting with the local IM.
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6.1 Corner-brane IW-algebra and reflection operators

Here we argue that the factor (gj(L,a))g' (gl(L,oa))a
(k)

value of certain A-independent operator R,
the local IM Iy,,,_1:

in (5.24) can be identified with an eigen-

acting in the Fock Fp space and commuting

RE) [ L,a) = ("N (o) | L,a) . (6.2)

The operators R((f]f()f

are similar to the reflection operator from ref. [34]. The main part
in the construction belong to a W-algebra whose role is analogous to that of the Virasoro
algebra in the quantum Liouville theory. This W-algebra was introduced in ref. [49] and
studied in ref. [22]. Below we closely follow the consideration from ref. [23], where this
W-algebra was called “corner-brane” W-algebra.

Let us introduce four vectors

a; =1 (+a1,+a2,+a3)
agzi(—i-oq, 2, a3)
o3 = i (—a1,+a2,—a3) (6.3)
ay =i (—o,—ag,+a3),

and define the exponential vertex operators
Va(u) = e**4?(w)  (A=1,2,3,4) . (6.4)

Here ¢ = (¢1, 02, ¢3) is the three-component chiral Bose field (4.2) and the dot prod-
uct stands for -y = Zf’zl x;y;- We now choose the first three vectors a1, ao and ag
from the set (6.3) and define the algebra W(1:23) as an algebra generated by the holomor-
phic currents Wy of spin s characterized by the condition that they commute with three
“screening charges”

fdv Wa(u) Va(v) = 0 (A=1,2.3). (6.5)

The integration here is taken over a small contour around the point u. For small s the
condition (6.5) can be straightforwardly analyzed. In particular, one can show that spin-1
currents satisfying (6.5) are absent, but there is one (up to an overall multiplier) spin-2

current
Wy =0¢-0¢p+p- 0%, (6.6)
with
()
which generate the Virasoro subalgebra with the central charge
1
c:36;ai. (6.8)
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Furthermore, there are no non-trivial spin-3 currents since the spin-3 fields satisfying (6.5)
turns to be the derivative OW5. For spin-4 there are three fields — two “descendent”
currents 92Ws and (W3)2, but also one new current Wy. Explicit form of Wj is somewhat
cumbersome and can be found in appendix A of ref. [23]. For s > 4, the calculations based
on definition (6.5) become very complicated. However one can argue (see ref. [23]) that
there is exactly one independent current W5, at each even spin s = 2n, having the form

Wan = W™ 4+ 0V, 1 | (6.9)

where the non-derivative term WQ(Zym) (but not Va,_1) is symmetric with respect to all

180° rotation around the coordinate axes of the (¢1, ¢2, ¢3) space:

(¢17¢27¢3) = (¢1a_¢2a_¢3)> (_¢1>¢2a_¢3)> (_¢17_¢27¢3) : (610)

The above construction can be repeated for any choice of three vectors au4, ap and
ac from the set (6.3) to yield four corner-brane W-algebras which are labeled by are triple
integers (A, B, C):!1

WLz3) 34 pBAL - y(EL2) (6.11)
To simplify formulae, below we will use the shortcut notations
WA = WBED) - where (A, B,C,D) = pern(1,2,3,4) . (6.12)

Of course, all algebras W) are isomorphic to W = W(:23)  differing from it only
by the way they are embedded in the Heisenberg algebra (4.3). To be more precise, it
is expected that for generic values of the parameters there exist twelve invertible linear
operators

L L
RAD) . FP s FY O (AB=1,...4, A+B) (6.13)
satisfying the condition:
WP (u) = RAE) WA (y) [RAD] (s=2,4,...) . (6.14)
It is also expected that the whole W(4)-algebra is generated by the spin-4 current W4(A) (u),
so that relations (6.14) for any s follow from s = 4 case. The operators (6.13) will be referred
to below as reflection operators.

A rigorous proof of existence of the reflection operators is absent. However, assuming
that they are exist, it is not difficult to describe the procedure which allows one to construct
them explicitly.

(A) (A)

Let us denote the Fourier coefficients of the W, -currents by W, (n) (n € Z, A =
1,2,3,4). For generic values of the parameters the Fock space possesses a natural structure

“These W-algebras are naturally associated with four corners of the pillow-brane from ref. [23]. The
notations X and a; from ref. [23] coincides with ours ¢; and 2i «;, respectively.

— 41 —



of the highest weight irreducible representation of the W(4)-algebra. It is expected that,
L)

for a given A, each level subspace ]:1(;, is spanned on the vectors

W (ny) .. WY (nar) | P, L=-— Zn (n; € 7), (6.15)

and one can chose Ny, linear independent vectors of the form (6.15) to build the basis
)
in Fp:

AN A ~ (A ~ (A
{5l = W ()W (nar) | P) (6.16)

(Here we use subscript b to enumerate the basis vectors.) The choice of the monomials

WiA)(nl) . W4(A) (nar) in (6.16) is not particularly important for us here. What’s impor-
(L)

tant is that for the given choice of monomials one can build four different bases in Fp
corresponding to different values of A = 1,2, 3,4 and therefore, using these bases, one can
introduce the set of linear operators according to the rule

R(AB) . R(A.B) (A) — wl() )| (6.17)
Let
{es}ht + es =ai,(—ma)...ai, (—my)|P), L= Zm, (mi=1,2,...), (6.13)
be the basis in the level subspace fl()L). Then the W-basis (6.16) can be expressed in terms
of the Heisenberg states (6.18):
A B
wy™ = (R ¢ . (6.19)
The matrix of the linear operator R(5) in the Heisenberg basis is given by
A,B _ A)1—1\b BNS
RAE) 5 = ([RD]7) (RP)),) e . (6.20)

2 du
0 n

W-algebras W), We introduce special notatlons for these elements.

In a view of eq. (6.9), the operators WQn u) are elements of all

oo = 2m du sym
{Ton-1} ~ - Iop—1 := W2(:L‘)(0) = / o W2(ny (u) . (6.21)
0

Each operator from this set is written in the form of integral over the local density and
commute with the reflection operators

[RAPB) Ty, 1]=0. (6.22)
To prove the last relation, one should rewrite eq. (6.14) in the form

Wi (u) RAE) = RAE) Wi (), (6.23)
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and then integrate both sides of the obtained relation over the period. Much of this work is
based on the assumption that the operators I, 1 form a maximal commuting set, despite
that at the moment a rigorous proof of mutual commutativity of Is,_1 defined by eq. (6.21)
is lacking.

Let us illustrate the construction above by the simplest L = 1 case. At the first level,
there are three linear independent states and the Heisenberg basis is generated by the
vectors

ei = ai(—1)|P) (i=1,2,3) . (6.24)
As for W basis, one can use the following three linear independent vectors
= (4 < (4 = (4 = (4 = (4
wr =W (1) P), wy = WO W (-1)|P), wy =W ()W (-2)|P). (6.25)

n explicit form ot the Wy-current tor ) = algebra 1s given by formulae (A.1)-
An explicit form of the W. for W:23) = W) algebra is given by formulae (A.1
(A.5) in appendix A of ref. [23]. Using those formulae one can calculate (3 x 3)-matrix
, defined in (6.19). aving at hand an explicit expression for this matrix, other
R™)7, defined i 12 Having at hand lici ion for thi ix, oth

matrixes (R(A))f can be obtained by means of the formal substitutions

(R = (R | arisay , (R = (R a1y, (RO = (R |aysay . (6.26)

Qagrr—ag agr—r—ag agr—r—ag

Then eq. (6.20) allows one to construct twelve 3 x 3-matrices (]R(A’B))gl and then check
the commutativity condition (6.22).

Returning to general properties of the reflection operators, it can be easily seen from
egs. (6.20), (6.22) that they are mutually commute

RAB) RED) — RED) R(A.B) (6.27)
and satisfy the relations

R(ArB) R(BvA) — 17 R(Arc) — R(AvB)R(Bvc) , R(172)R(273)R(273)R(374) =1. (628)

For our purposes it is useful to enumerate twelve reflections operators in slightly different
manner than in the definition (6.14). Namely we define

R .— R(AB) (0,0 =+1, k=1,2,3), (6.29)
by means of the following relations

RY) = RUAR (] =1,2,3)

RY =R R® _REDH RO _RE3 (6.30)
R®), = RBA

Then, egs. (6.22), (6.27) and (6.28) imply that eigenvalues of the operators R((T]f[)j in the
level subspace ]-'I(,L) have the form (6.2), where gi(L’a) (1 =1,2,3) stand for some constants.

12We are grateful to A.V. Litvinov for writing a computer code for this calculation.
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Furthermore, explicit calculations in the case I = 1 shows that gfl’a) (i =1,2,3; a =

1,2, 3) are the same as those quoted in footnote 9. Notice that the square of A;(\) (5.22)
can be identified with eigenvalues of the following reflection operators acting in the level
subspace ]-"I(,L):

a N, r 1 7
{ (A())? }a:1 = Spect ) | (S(p1lp2 + p3) S(pilp2 — p3) )2 RAD R(3’2)_
a Ni r 1 7
{ (A7)} = Spect c | (S(palps +p1) S(palps —p1))* REVRED | (6.31)
N, i A -
{ (Az(),a)()\) )2 } " = Spect ) (S(pslp1 +p2) S(pslpr — p2) )2 RGP RIS |
a=1 ]:P L |

where S(p;|q) is given by (5.25) and P; related to p; as in (3.35), i.e., P, = 22,

a;
6.2 Large-)\ asymptotic expansion and dual non-local IM

Here we discuss the formal asymptotic series ng‘)()\) (5.28) which appears in the large-\
asymptotic expansion of the connection coefficients Agfzy (ir) (5.26).
In the previous section we have described the characteristic property of the local IM

— they are integrals over the local densities WQ(Zym)(u) satisfying the conditions

f do W™ () Va(v) = 0, FSY | (6.32)

for A = 1,2,3,4, where the vertex operators V4 given by (6.4) and Fz(:ll are some lo-
cal fields. In fact, there exists another set of vertex operators satisfying similar condi-
tions [22, 49]. Namely, consider six vertex operators

Vi (u) = (a Od + ; Od; = o D) ol () (6.33)

( (i,j,k) = cyclic perm(1,2,3) ), then using explicit formulae for the first two W-currents,
it is straightforward to check that for m =1 and m = 2

7{ do W™ (u) Vi (v) = 0,55 (6.34)

We expect, that both egs. (6.32) and (6.34) hold for any m = 1,2...00. Let us introduce
the following notations for the integrals of the vertex operators (6.33):

. 2m . . 27 .
i = [ awvOw), @ = duvO) . (6.35)
0 0

Repeating the calculations from ref. [4], one can show that (:i"(()i), igz)) satisfy the Serre

relations for the quantum Kac-Moody algebra U, (sAl(Q))
(#)° 5 = Bla (#) "2 30 + Bla, 205 (57)" - 27 (57)" = 0 (.0 =0,1). (6.36)

where
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and the conventional notation [n], = (¢" —¢~")/(¢— ¢ ') is applied. We may now employ
the whole machinery developed in the work [4], to construct families of mutual commuting
operators which are also commute with the local IM. In particular, let us introduce the
operators

i -~ TiP; (4)
XP(\) = 22\ (P) Tr,. [ei o 7 (6.38)

2w . 2 (1) . . #1(9) .
P exp <)\Z~ / du(v_(’)(u) g7 eV v g 5;))” .
0

Here py. are representations of the so-called g-oscillator algebra generated by the elements
HO, SJ(:), S(_l) subject to the relations

) oi) a1 o(i) o(i 1 ; i i
GENED _g1eWed - 0 gl = 126 (6.39)
qi — 4;
and such that the traces
7P 4,(i)
Z(P;) = Trp, [ei 20, 7t ] (6.40)

exist and do not vanish for complex P; belonging to the lower half plane Sm(P;) < 0. The

operator Xg?()\i) can be understood as the series expansion in (\;)?

XO) =143 X0 (3" (c=4=4), (6.41)
m=0

and, as it follows from the result of ref. [4], each of the expansion coefficient commute with
the local IM
X

on

Fp— Fp, (X8, Tom—1] =0 . (6.42)

In fact, the definition (6.38) and the series expansion (6.41) can be applied literally only
within the domain

-2 < Re(a;) < —1. (6.43)

In this case all the matrix elements of X((,Z)n are represented by convergent 2n-fold P-ordered
integrals. Furthermore, all the matrix elements are entire functions of ();)? in this case.
(1)

Following the approach developed in ref. [4], one can show that P-ordered integrals X5, can

be always rewritten as contour integrals. The such representation allows one to define the

operators Xt(f, )n outside the domain (6.43) through the analytical continuation. In particular,

the action of Xg{ )n can be defined in the domain of our current interest, i.e. for 0 < a; < 2.
Following the terminology of ref. [3] we will referred to ng)n in the domain 0 < a; < 2 as
dual non-local integrals of motion. Notice that, the possibility of analytical continuation of
the coefficients in the expansion (6.41) does not necessarily imply the convergency of the
series. As 0 < a; < 2, eq. (6.41) should be understood as a formal series expansion with

zero radius of convergence.3

3In the domain as < —2 the operators X5 (6.38) were studied in ref. [26].
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The analytical calculation of the spectrum of dual non-local IM is a complicated un-
solved problem. An explicit result can be obtained only for the vacuum eigenvalue of the
first M, X((L) It suggests that, in all likelihood, the formal asymptotic series X @ )()\) (5.28)
coincides with the eigenvalue of the formal operator (6.41) provided the following relation
between the expansion parameters holds

1
1 A\ @
A\ = I . 6.44
ey () (644
6.3 Relation to quantum superalgebra U, ( (2,1; a))

The appearance of the exponential fields V4(u) and the relation (6.32) suggests a
strong connection of our problem with the quantized exceptional affine superalgebra
U, (5(2, 1;a)). This algebra is generated by twelve elements hi, hs, hs, ha, ©1, 22,23, 24
and y1,y2, y3, y4. An unusual feature of this superalgebra is that its Cartan matrix

0 1 « -1 -«
1 0 -1 —« «
1Ca,Bl = (6.45)
Q -1 —« 0 1
-1 -« « 1 0

contains an arbitrary (complex) parameter «. So, that together with the “deformation”
parameter ¢ the algebra U, ( (2,1; a)) has two continuous parameters. For our purposes
it is convenient to connect these parameters to our constants aq, as and as, used before
n (5.5),

imTaq « iTag —1—« iTas

g=¢em", q* =em2, q =, (6.46)

and introduce additional notations
gap = —exp (2miaa - ap) . (6.47)

The generating elements of the algebra satisfy the following commutation relations [22, 47]

[ha,hg] =0, [ha,zB] =Capxp, (ha,yBl = —CaBpyn
th _ q—hA
TAYB+YBTA = 0AB " (A,B=1,2,3,4), (6.48)
and also the Serre relations
2 =y4=0 (6.49)

and for any triple (A, B,C) with A, B, C all different!'*

[gaBl(xazcxp — xprcxa)+[qBc](¥BTATC — TowATR)+[qoAl(TcrBTA — TATRBEC) =0,
lgaBl(yaye ys — yByc ya)+lascl(yByaye — yo yays)~+lacal(ve ypya —yaysyc) =0,
(6.50)

M1f any two of indices in (6.50) coincide the relation trivially reduces to (6.49).
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where
ld)=q—1/q. (6.51)
The last two relations are totally symmetric under any permutations of A, B, C, so there
only four pairs different relations (6.50) with (A4,B,C) = (1,2,3), (1,2,4), (1,3,4),
or (2,3,4).
Remarkably, as shown in [22], the integrals of the vertex operators

27
:L"A:/O du Va(u) (6.52)

satisfy the above Serre relations (6.49), (6.50). Therefore, one could again execute the
program of the work [4] (now based on the quantum affine algebra Uq(ﬁ(Q, 1;a))) and
define families of commuting transfer matrices, which are entire functions of the variable
A2 and act directly in the Fock spaces discussed in section 4. Moreover, in view of the
relation (6.32), these transfer matrices will commute with all local integrals of motion Ia, ;.
This direction, however, would requires a lot of additional work, since, to our knowledge,
the representation theory of Uq(f)(2, 1;a)) is not sufficiently studied. Nevertheless, we
expect that the values of the Wilson loop W(A) (3.14) for various PGHO’s will be given
by eigenvalues of the transfer matrix obtained as a trace over some finite-dimensional

~

representation of Uy(D(2,1; «)). Moreover, we expect that the corresponding values of the
(k)
oo
of Baxter Q-operators, obtained as traces over some special oscillator-type representations,
first introduced in [3] in the context of Uy(sl(2)).

As a justification of the above picture, consider the value Wy, given by (3.16). This

connection coefficients A',’ (\) (5.20) will be given by eigenvalues of appropriate analogs

expression looks like a diagonal character Tr[ exp(>_ 4 Bah A)] of an 18-dimensional repre-
sentation (indeed, it contains 18 exponential terms, where some exponents vanish). Quite
excitingly, Zengo Tsuboi has pointed out that his calculations with analytic Bethe Ansatz
suggest [48] that the algebra Uq(ﬁ(2, 1;)) does indeed have an 18-dimensional represen-
tation. Note, that the corresponding non-affine algebra has only 17-dimensional represen-
tation, but there is no an “evaluation map”, so that dimensions of representations of the
affine and non-affine algebras should not necessarily coincide in this case [48]. We hope to
return to this interesting question in the future, as well as to other question relevant to an

algebraic construction of commuting transfer matrices in this case.

7 MShG equation and the auxiliary linear problem

7.1 Complex solutions of MShG

We now turn to further development of the concept of PGHO, where the central role is
played by the modified sinh-Gordon (MShG) equation

9.0:n — e* + p* P(2)P(3)e 2 =0, (7.1)
where P(z) is still given by (1.3), i.e.,

(23 — 22)™ (21 — 23)"% (22 — 21)®®
(2 — 21)27 %1 (2 — 29)27%2(2 — 23)%2~®

P(z) =

)
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P(z) stands for complex conjugate of P(z) and p is an arbitrary constant. For p = 0,
this partial differential equation reduces to the Liouville equation, 0.0:n — e*’ = 0. In
what follows, the field 7 is understood as a solution of the MShG equation, rather than
the Liouville equation.

The subject of our interest are solutions of (7.1), which can be thought as “p-
deformation” of the complex solutions of the Liouville equation from section 2.4. To de-
scribe their properties it is still convenient to employ the function e™" (see eq. (2.46)). As
before, we assume that e is a smooth, single valued complex function without zeroes on
the sphere with 3+ L+ L punctures. Since z = oo is a regular point on the Riemann sphere,
e~ " satisfy the asymptotic condition e ~ |z|? as z — co. The asymptotic behavior at the
punctures z = z1, 29, 23 are given by the same formulae as (2.50), i.e., e ™7 ~ |z — z;|~2™i as
|2 — 2| — 0. Notice that as m; < — (2 —a;) the first term in the r.h.s. of (7.1) dominates
as |z — z;| — 0. Therefore, the term o 2" can be neglected for sufficiently small |z — |
and we return to the Liouville equation. From the other hand, it is easy to see that in the
case of the Liouville equation, the parameters m; should be bounded from below. For this
reason we assume that the constraints —% <my; < —% (2 — a;) are enforced.

In the case of the Liouville field the behavior at the punctures z = 2, (a = 1,...L)
and Z = g, (b = 1,...L) are given by (2.49). This singular behavior consistent with
the Liouville dynamics, however the term o =27 in the MShG equation (7.1) can not be
treated as a small perturbation in the vicinity z = z, and z = 3, — it essentially modifies
the singular behavior at these points. A brief analysis of (7.1) suggests to replace (2.49)
z

and e™" ~ 2:—%}’2, i.e. the asymptotic formulae (1.11) from the introduction.

We also impose certain “monodromy-free” constraints on positions of the punc-

by e™ ~ %
tures (1.11). For this purpose, let us recall that the MShG equation constitute the flatness
condition for s[(2) connection (1.6). Suppose W is a general solution of the associated
linear problem (0, — A,)¥ = (9; — Az)¥ = 0. The monodromy-free constraints mean that
o319 @ g single-valued in the neighborhood of the points z = 2, (a = 1,...L) and Z = g,
(b=1,...L). (Notice that, since e~ is a single valued function, the factor 2175 does
not essentially affect the monodromy properties — its role is clarified by the forthcoming
consideration.)

It is not difficult to reformulate the monodromy-free constraints as local conditions at
the punctures imposed on the MShG field n [13]. For this purpose, it is useful to rewrite
the matrix differential operators in (1.5) in the form

1 1 1 1 -1 1 — 1 -1
D, — A, = \"293 3793 D o 2193 \273 | 9, — Ay = A2 ¢ 298 D 273 \T3% . (7.2)
where

D=0.4+0.n03— X (04 +0_ P(2)) (7.3)
D =0:—0mo3 — A (a,+0+ 75(2)) )

Let us focus on the differential operator D in the vicinity of the puncture z = x,, where

0.n — + fa (fa = const) . (7.4)

Z— Ty
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It can be easily seen that as z — x,

C;'DC,=0.+ (\P(za)) " o=@ L ony (7.5)

Z— Tq
Here we use the notation
2(z) = B log P(2), (7.6)

and the gauge transformation is performed by the singular, but single-valued at z = z,,

matrix
-1 1
Ca _ (1 ()\P(ﬂja)) z—q;a> . (77)
0 1
Hence for
1
fa = 5 'Y(-Ta)a (78)

D is gauge equivalent to a nonsingular at z = z, differential operator. Similarly in the case

1
O:n— ————+0Ga  (Ja = const), (7.9)

- 4a

one can consider the gauge transformation

- = - 23,
C.'DC,=0:— 21 - _gj oy +0(1) (7.10)
with
_ 1 2!
CCL — Z—Za . 711
01 (7.11)
Therefore, as
9a =0, (7.12)

D is gauge equivalent to a regular at Z = Z, differential operator. An immediate conse-
quence of our analysis is that egs. (7.8) and (7.12) constitute the single-valuedness condition
for ¢33 W at » = To. Of course, similar consideration can be done for the punctures
at z = 1.

The partial differential equation (7.1) is invariant with respect of to PSL(2,C) trans-
formation. One can use this symmetry to sent the punctures (z1, 22, 23) to any positions.
Then we expect that, for a given triple m = (mi,mg,m3) (1.12) and pair (L,L), the
MShG equation possesses a finite set A%’L) of solutions such that e™" is a smooth, sin-
gle valued complex function without zeroes on the punctured Riemann sphere, whereas 7
satisfy egs. (1.9)—(1.11), (1.13), (1.14).
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7.2 Conserved charges for MShG on the punctured sphere
As it was already explained in the introduction, the elements of AEﬁ L) can be characterized
by means of the set of conserved charges {q2n—1,q2n—1}5o generated by the asymptotic

expansions (1.18) of the Wilson loop. These conserved quantity are given by the integrals

don—1 :% wWap qon—1 :?{ Wan , (7.13)
P v

where {wap,—1,w2n—1}52, constitute an infinite hierarchy of one-forms, which are closed by
virtue of the MShG equation only,

dwo,, = dawg, =0 . (7.14)

Explicit formulae for {wap—1,w2,—1}52, are not particular important for us. They can be
found in ref. [30] (Here we closely follow notations from this paper.) It is useful to mention
that wo,, are usually normalized by the condition

woy = pl2" <(P(z))%7n (D.m)*™ + ... ) dz+(...)dz, (7.15)

where dots in the first bracket involves terms with higher derivatives of 9,1 and/or P(z).
Similarly

Doy = pl=2" ((75(5))%‘” (@) + ... )dz 4 (. ) dz (7.16)

The one-forms are not single-valued on the punctured sphere due to the presence of the
multivalued functions P(z), P(z). However, the restriction of wa,, to the Pochhammer loop
depicted in figure 1 are single-valued and the integrals (7.13) are not sensitive to continuous
deformations of the contour. (The second integral in (7.13) is taken over the contour 7p

which is complex conjugate yp.)

7.3 Relation to PGHO

Here we describe a relation between the linear problem associated with the complex solu-
tions from the set Agﬁ L) and the Perturbed Generalized Hypergeometric Opers.

It is well known, the matrix linear problem (0, — A,)¥ = (0; — Az)¥ = 0 can be
reduced to second order linear differential operators. The relations (7.2), (7.3) allows one
to write its general solution as

B e v C(eTE (040 ¥
v <e3 (0: + 0.1) w) B ( et ) ’ (7.17)

where 1 and 1 solve the equations

[85 —u(z,2) — \? P(z)] v =0 (7.18)
[02 —u(z,2)— N P(z)] ¥ =0,
with
u(z,z) = (8Z77>2 - 83777 Uz, z) = (8277)2 - 8§n : (7.19)
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In the vicinity of the monodromy-free puncture z = z,

w(zz) = —2 4+ D Lo, (7.20)

(z —x4)?  z—1x4

whereas the monodromy-free conditions (1.13) imply that
Yo (2 —4u?) +4uM) =0, a=1,...L, (7.21)

(0) (1)

where ug’ and ug’ are defined through the expansion

u(z,z) = 2 yJa ul® + oM (2 —z,) + O((z - 24)%) . (7.22)

(z—4)?  2z—1x4

Notice that u(z, Z) remains finite at the monodromy-free punctures at z =y, (b=1,... L).
Similarly the field @(z, ) is nonsingular at z =z, (a = 1,... L), whereas

) 3
(2, %) = Gt jbgb +al +al) —g)+0(E-m)?) as zop  (7.23)

and
Vo (73—4ﬂ1(,0))+4a1()1):0, b=1,...L. (7.24)

We may now consider the limit p — 0. Contrary to the MShG field, the composite
fields u(z, z) and u(z, z) admit small-p perturbative expansion even in the vicinity of the
monodromy-free punctures. It can be easily seen that, with the identification

pi=mi+3, (7.25)
the limiting form of u(z, Z) coincides with holomorphic potential 77, (z) (3.10):

lim u(z,2) = TL(2), (7.26)
p—0
and the monodromy-free equations (7.21) become identical to the system of equa-
tions (2.17), (3.3). Similarly the field u(z, z) turns to be T7(Z) — an obvious antiholo-
morphic counterpart of T7(z). Notice that

(L) _ 1 o2n—1 (L) . on—1 -

don—1 = ;g% (P q2n—1) s Qon—1 = ;13[1) (P J2n—1 ) s (7‘27)
where qéﬁ)_l are defined by eq. (3.27) and cjé?_l stand for their antiholomorphic
counterparts.

8 Local IM versus MShG conserved charges

In the case without the monodromy-free punctures (i.e. L = L = 0), the values of conserved
charges (2,—1 and g2,—1 coincide:

q2n71‘L:E:O = E‘2n*1|L:E:O . (8.1)
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In the recent work [30], a relation between these quantities and vacuum eigenvalues of local
IM for the Fateev model was proposed. In this section we discuss a natural generalization
of that relation to the excited states spectrum.

The definition and some basic properties of the Fateev model [21] have been already
described in the introduction. The following clarifying remark on the decomposition (1.23)
is in order at this stage. A brief inspection of the Lagrangian (1.19) reveals that the model
can be understood within the Conformal Perturbation Theory — the Gaussian theory of
three-component Bose field perturbed by the relevant operator. As p = 0 the general
solution of the equation of motion can be written in the form,

3 (@ t) = (F (v 1)) — o(% (@ +1)), (8.2)

where we use the “right-moving” chiral Bose field (4.2). The “left-moving” chiral Bose field
é(w) is defined by similar formulae, in particular,

B = 1 (@B —i Y B i (i=1,23) (8.3)
n#0

As it follows from the periodic boundary condition the zero-modes eigenvalues satisfy the
condition P +P = 0, and hence the Hamiltonian of the Gaussian theory acts irreducibly
in the tensor product

FpRF p . (8.4)

Here Fp is the Fock space defined in section 4 and F_p is similar space generated by the
“left-moving” chiral Bose field. The Hamiltonian of the model (1.19) with pu # 0 acts in
the space

Ba (Fria ® F-p_a), (8.5)
where

P= (Oél k1, as ko, a3 kg), —% <k; < (8.6)

D=
N[

and sum is taken over the vectors of the form

o = (n1 a1, N2 Qig, N3 043) (nl S Z) . (87)
©)  ,,(000) . . . .
The component H,~ := H, in the decomposition (1.23) can be realized as a certain
subspace of (8.5) spanned by the stationary states such that

oy e n Y | WW)eFp@Fp, (8:8)

where P = (Py, P5, P3) related to k = (ki, k2, k3) as in eq. (8.6). In this work we do
not consider the stationary states corresponding to the higher Brillouin zones, i.e., the

(n1,n2,n3)

subspaces H, of (8.5) whose CFT limit is described in terms of the tensor product
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FPia @ F_p_q with a given vector a # 0 of the form (8.7). Also we do not consider
“charged” sectors of the model associated with quasiperiodic boundary conditions

goi(ac + R,t) = gOi(J},t) + 27 li/ai, l, €7 . (8.9)

The QFT (1.19) possesses an infinite set of commuting local integrals of motion (1.24).
In the CF'T limit the operators ]Ié:)_l becomes chiral local IM discussed in section 4

' +) 2t 2n—1
lim ]IQn—l = E ]Ign_l . (810)

Of course, similar relations hold for ]Ig;)_l whose CFT limit is defined by I»,_; — the
antiholomorphic counterpart of Iy, _1:

' ) 2t 2n—1 B
lim ]IQn—l = E ]IQn_l . (811)

n—0

)

Let | \Ilch)> € Hl({o) be joint eigenvectors of the operators ]Igi_l and A is some multi-index

labeling different eigenvectors
+ A +.A A
Lly 957 = 1575 10 (8.12)

Recall that in section 4 we considered joint eigenvectors | L, «) for the commuting family
of chiral IM {I5,,—1}2%; (see eq. (4.18)). Let | L, @) be their antiholomorphic analog. Then
our consideration suggests that

lim |9) = |La)@|La) e Fpo Fop, (8.13)
17

where P = (P1, P, P3) related to (ki, k2, k3) as in eq. (8.6).
In ref. [30], the k-vacuum eigenvalues were considered,

1) = 18 ({(k} | R) = IS, ({ki} | R) - (8.14)

They are correspond to the vacuum states from ’Hl((o), i.e., the states with the lowest value

of energy E(A) =T ﬁ’A) +1 f_’A). In the large-R limit all vacuum eigenvalues IQ(:ff% vanish

except Il(vac). The vacuum energy is composed of an extensive part proportional to the

length of the system,
EM) = RE; + o(1) at R — 00, (8.15)

where & stands for the specific bulk energy (1.30) [21].

The main observation of ref. [30] is that the vacuum eigenvalues (8.14) can be ex-
pressed in terms of the classical conserved charges (8.1). The relations are described by
egs. (1.27)—(1.32). One of the main objectives of this work is to promote eqs. (1.27)—(1.32)
to more general relations between the joint spectrum of the local IM (8.12) for the eigen-
states ]\IJI((A)> € Hl((o) (8.13) and the conserved charges associated with complex solutions

the MShG equation from the finite set A%’D described in the previous section. Notice
that, in a view of relations (7.27), (8.10) and (1.32), the formulae (1.27) and (1.28) reduce
to eqs. (4.17) in the CFT limit.
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9 Non-linear integral equations for the Fateev model

The usual approach for studying off-shell physics is the Thermodynamic Bethe Ansatz
(TBA). Its key input is factorizable scattering theory underlying integrable QFT. In prin-
ciple, TBA is a mathematically well defined method for evaluating thermodynamic quan-
tities by solving a set of coupled integral equations. However, in the case of a non-diagonal
scattering this method requires many ad hoc assumptions (such as “string hypotheses”)
and, therefore, is not very practical for complicated theories. The model described by
the Lagrangian (1.19) in the regime where all the couplings «; are real, seems to be a
good illustration of this statement. Even though the corresponding factorizable scattering
theory has been proposed quite a while ago [50], the derivation TBA equations for this
complicated theory (to the best of our knowledge) has never appeared in the literature.

The purpose of this section is to demonstrate that the correspondence between classical
and quantum integrable systems proposed in the previous section, provides an alternative
powerful tool for deriving functional and Bethe Ansatz type equations which determine
the full spectrum of local IM in the massive QFT. For the vacuum sector of the Fateev
model, we convert our functional equations into the non-linear integral equations and
numerically study their solutions, extending the similar analysis from section 5.5. Note,
that a system of integral equations corresponding to the ground state was independently
proposed by Fateev [49].

9.1 Connection matrices for MShG linear problem

Let us consider to the axillary linear problem (1.7) associated with some element of the

finite set A%’L). We introduce three matrix solutions

v = (o w0y esL,c)  (i=1,23). (9.1)
For given 1, ¥ solves the linear problem and satisfies the following asymptotic condition
1 (1-2p;) o3
. 40 — 4 .
) (eai 'f i’ > elfios as z—2z —0. (9.2)
z — Z;

Here p; = m; + % whereas f3; stands for arbitrary constant which will be fixed later (see
eq. (9.17) below). The connection matrices are defined as follows:

v = gl g0 (g (9.3)

At this stage we will treat them as matrix functions of the spectral parameter 6 (1.17);
that is indicated explicitly in (9.3). They are entire functions of # satisfying the equations
identical to (5.3):

det (SUD(0)) =1, 8@ () SUI(9) =1, SR (9) S*I)(9) SUI (@) =1 . (9.4)

The axillary linear problem is invariant with respect to the symmetries analogous
to (5.4)

Q, : sy 0z, Z 07, 050 —ira; (i=1,2,3). (9.5)
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(Note that (AZZ involves now the translation of the variable z along the complex conjugate
contour 7;.) These symmetries act as linear transformations in the space of solutions and
in the basis ¥ they read

(‘I,(i)) = v §0:9)(9) SUD (9 — iray) (9.6)
R(TD) = ¥ 0GR (9) §HD (9 —iray) .

Similar to derivations of egs. (5.8) and (5.10), the symmetry transformations (9.6) allow

one to obtain the relation
SR (9) §*I) (9 — iray,) SUD(0 + ima;) = I (9.7)
and express the Wilson loop (1.16) in terms of the connection matrices
W= Tr[s(z%’f) (60 — iray,) S*(9) SU (9 + imj)] . (9.8)

Another easily established symmetry of the axillary linear problem (1.7) involves the
operation

M: 6+—06—inr, (9.9)
o, -A.]=0.-A,, T[o:-A;]=0.-A,.

Using this symmetry it is easy to show that SU%) are quasiperiodic matrix functions of the
spectral parameter 6:

SUD (G 4 im) = on TV gl (g) ¢~ FimDos (9.10)
To describe properties of SU%(6) it is convenient to use the matrices Q*)(6) defined
through the relation
1
5(2)s(2)

a; aj

.. 7ig io-
S(“)(ﬁ) _ o @y 0 { ~ oy Q(k)(ﬁ—l—iﬂbk) ew 7 (9.11)

where b; stand for the constants given by eq. (5.19). In terms of the matrix Q*)(6) the

quasiperiodicity condition (9.10) looks somewhat simpler:

2i7rpj 2

QPO +ir)=¢ = 7 QW) e

iTp;
Lo
.

(9.12)

The shift of the argument in the definition (9.11) makes simpler the relation between the
matrix elements Qg’ft)j 9),

(k) (k)
QW = (% Q@) 7 (913)
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and connection coefficients Agf()f()\) (5.20). To describe this relation we note that Qg’%(@)
can be written in the form

o

Q™ (0 + inby) =i \/45 (%.L) s (%) e 7T ot (), W) (9.14)

Then using the relation between the axillary problem (1.7) and PGHO, one can show that

2p; 2r; 4 K
. —(Zto+—Lo")0 / i .
p—0, %igl)—%&-oo (e ( " v ) Ql(Tk/:()J‘ (9) > - f‘gj/) fé ) A:(j‘]f()j'(l)\)

A:peg —fixed

i <e-(ff”+fé““’)9 QS.’?L(@)) — 199 A%, 6%, (9.15)

p—0, Re(0)——oco
:\:pefe —fixed

where

FO) = 25(2) (@mwim28)e (9.16)

aq

and f_lglft)f(;\) is an antiholomorphic counterpart of Agk) (A) (5.20).

‘o

Let us fix the value of constant 3; in egs. (9.2) and (9.16):

Py

SNEEELS .

Zik  ZjiZik
Then, by virtue of a WKB analysis similar to one employed in derivation eq. (5.21), the

following asymptotic formulae within the strip ’%m(9)| < 5 can be obtained:

Qe - (@) (@) ew(nope) s Rel0) vt g g
()% (©)7F exp(repet)  as Re(0) o

Here 7, stand for the constants given by eq. (5.16) and

—2pi

L , (9.19)

ZjiZik

R N (S I
(&) Hg)

7

where n(reg) is the regularized value of the MShG field at the puncture z; (i = 1,2,3), i.e.,

i

n=2p;—1) log|z — z|+ ngreg) + o(1).

9.2 Reconstruction of the connection matrices for L = L =0

The quasiperiodic entire function Qg’fgf(@) is completely determined by its zeroes in the strip
|Sm(0)] < § and the leading asymptotic behavior given by (9.18). On the other hand,
positions of the zeroes are restricted by the Bethe Ansatz equations similar to (5.45). In
fact, the problem of reconstruction of the connection matrices S/ )(9) is almost identical
to that is studied in section 5. Thus, we will not repeat the analysis in detail but quote
the non-linear integral equation determining the connection matrices in the case without

monodromy-free punctures. In this case, using the arguments similar to those given in
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section 3.2 from ref. [20], one can argue that all the roots of fofi (0) are simple and located
at the lines Sm(0) =1 (n+3) m (n € Z). After that the derivation becomes straightforward
and yields the system of non-linear integral equations which differs from (5.58) in the source
terms only:
de’ o

i(0) = dpr; sinn(8)—x (o' 22 + 0" 22 ) +Z / = Gu(6-6) Sm | log (1+e7 147710,

(9.20)
Once the numerical data for ¢;(6) are available, Qfﬁgy (0) can be computed by means of the
relation

/
log QU 0,( ) = 2pry cosh(f) + Z/ 4 Fr(0—0")S [log (1+ e ta(0'=i0) )}, (9.21)

where

ee iiJ
Fu(0) = / dv 20y (9.22)
0
and @y (v) are defined by (5.57).

Notice that, in the case L = L = 0 the conserved charges q2,—1 and go,_1 have the
same value which is given by

SH'ﬁ 3 . e de n— i€
Jon—1 = TZsm (r(n—3)a) /Oo - e(2n=1)0 [log (1+e” O ))} (9.23)

Also the subleading term in the asymptotic (9.18) is given by

3
z I % do —iey(6—i0
(6;) 7 (&))" =exp < 12_1 ®4,(0) /_OO - %m[log (1+e i ))} > , (9.24)
where
1 1 1 1
dy. E D - P — ) 9
ki(0) %, k; (0) 20, kk(0) o0, b 2, (9.25)

We solved the integral equation (9.20) numerically for various values of the parameters
ai,a9,as and pi1,p2,ps and then calculated the values the conserved charge q; from the
formula (9.23). The results are in an excellent agreement with the expression for the
vacuum energy given by egs. (3.25)-(3.28) of ref. [30]:

ql:l’[i’jﬁ;(‘g) [— 61[)2232 (1— p2> + 4pH’y( ) /d2z73( YP(2)e™ 21|, (9.26)

where y(z) := F(f) . Note that the third term in this expression involves the solution
r(1—=)

of the MShG equation without monodromy-free punctures (its contribution is essential for
large values of p). The MShG equation has been solved numerically to find the value of
the integral, entering (9.26), and calculate the constants nlgreg), entering (9.19). Using the
latter, we have verified the numerical agreement between (9.19) and (9.24).
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9.3 k-vacuum eigenvalues of local IM in the Fateev model

First of all let us recall some facts concerning the factorizable scattering theory associated
with QFT (1.19). All the details can be found in appendix F in ref. [50].
The spectrum consists of three quadruplets of fundamental particles

70

e’

e, =+, i=1,2,3, (9.27)

with the masses

3
B . (mai _2p ai
M; = M, sm( 5 ) o My ="- Zle<2> (9.28)

and their bound states. (Here the relation a; = 4a? is assumed to hold.) The
Zamolodchikov-Faddeev commutation relations for the fundamental particles read

280,002, (02) = = 37 [ S, (01— 02) ]300 [Sa, (00 = 02) 554 25, 02)20), (01)
e
23000 250)(02) = e [Su (0 = 02)] 5% 250,028 (01), (9.29)
€3¢

where (4, j, k) = cyclic perm(1,2,3) and
Sa(0) =1 tanh (§ +i%2) S, (O +17%2) . (9.30)

Also S,(0) stands for the conventional S-matrix in the quantum sine-Gordon theory [51]
with the renormalized coupling constant a, related to the Coleman coupling B% [52] as
follows

_ B2
877—5%'

In particular, the sine-Gordon soliton-soliton scattering amplitude reads explicitly as

a (9.31)

©dv  sinh (% (1-a))
o(0) = [Sa(O)) 1T = — / in(vf) | . (9.32
wa0) = 8055 = e (=1 [ SRS ) ) 03
In a view of our previous discussion it is expected that the non-linear integral equa-
tions (9.20) solves the problem of calculation of the k-vacuum eigenvalues (8.14) in the
Fateev model in the finite volume. To make the link more explicit let us note the ker-
nels (5.59) in the equations (9.20) are simply related to the amplitude (9.32) and

5a(0) = [5a(6)] +—6Xp< /0 T (Sm;l S(IZI)(W) sin(u@) o (933)

Namely, it is easy to see that

Gi(0) =i Oglog (5a,(0) 5a,(0)),  Gij(0) =1 Dplog (3ay (6)) - (9.34)
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These formulae confirm an empirical rule that the kernels of the non-linear integral equa-
tions coincide with the logarithmic derivative of some diagonal elements of the S-matrix,
which has been previously observed for some other models (e.g., the sine-Gordon model).
The p — p relation (1.32) combined with the definition of 7; (5.16), implies that the com-
bination 4pr;, which appears in the source term of the integral equation (9.20), is simply
expressed in terms of the particle mass M; (9.28):

d4pr;i=MR. (9.35)

Also, as it follows from (1.31), the parameters 2p;/a; should be identified with the quasi-
momentum magnitudes |k;|. Finally the k-vacuum eigenvalues (8.14) can be calculated
using egs. (1.27), (1.28) and (9.23).

Unfortunately, at the moment there is no independent derivation of the results of
section 9.2 from the field theory side — the Fateev model does not have any known lattice

analog, and neither it has any known coordinate or algebraic Bethe Ansatz solutions.!®

10 Concluding remarks

In this paper we have described the relation between the MShG equation, on one hand and
the Fateev model on the other. We believe that the outlined results open a new general
way of approaching integrable QFT.

As an immediate (but perhaps not entirely straightforward) application one could
consider various Toda QFT’s. This would involve differential operators of higher orders (the
g-opers [36]) and the classical modified Toda equations. Some basic ingredients, required for
this development have already been revealed. Among them a classification of third order
differential operators with monodromy-free singular points, corresponding to stationary
states in CFT’s with the extended W3-symmetry [54], and the relation between the vacuum
sector in the 12152) Toda QFT and the modified Bullough-Dodd equation [55]. However,
perhaps the most important potential outcome of our approach is related to the problem
of non-perturbative quantization of classically integrable non-linear sigma models. Here,
we are motivated by the following consideration.

This work has been focused on the “symmetric” regime of the Fateev model where all
the couplings «; in (1.19) are real, so that the Lagrangian is completely symmetric under
simultaneous permutations of the real fields ¢; and the real couplings «;. The theory is
apparently non-unitary in this case. In the most interesting regime one of the couplings,
say «g, is pure imaginary

a2>0, ai>0, ai:=-b*<0, (10.1)

and the theory is governed by the real Lagrangian

1 3

=~ Tor - ((Oepi)? = (Bapi)?) (10.2)

-2/ (eb‘p3 cos(a1p1 + ap2) + o bws cos(agp1 — aggog)) ,

5The limiting case az = 0 of the Fateev model can be reduced to the Bukhvostov-Lipatov model, where
the non-linear integral equations were derived from the coordinate Bethe Ansatz in ref. [53].

— 59 —



where
2 2 9 1

The physical content in the unitary regime is different from the symmetric one. However,
assuming the same periodic boundary conditions for each field ¢; (i = 1,2,3), we can
use the same symbols H and Hy to denote the spaces of states and their certain linear
subspaces in the both cases. Just remember that because of the lack of periodicity in
p3-direction in the unitary regime, eq. (1.22) can be applied for i = 1,2 only. Therefore k
should be regarded as a pair of quasimomenta, k = (k1, k2), and eq. (1.23) should be now
substituted by

Hk = @nthEZ IHI((MJLQ) . (10.4)

Again, it makes sense to focus on the component 7—[1((0) = Hl((O’O) corresponding to the first

Brillouin zone. We would like to emphasize that the fact of existence of the local IM and
their form are not sensitive to the choice of the regime. In particular, with the formal
substitution ag — —ib, eqgs. (1.24) and (1.25) can be applied to the unitary case. The
eigenstates in ?-[1((0 are again specified by the joint spectra of local IM.

Having in mind relations between ’Hl((o) and Ay, in the symmetric regime, let us consider
the MShG equation in the regime aj, as > 0, ag < 0 (the constraint a; + as + ag = 2 is
still assumed). A brief inspection shows that set of requirements (1.9)—(1.14) imposed on
the MShG field looks quite meaningful in this case. Only the formulae (1.10) and (1.12)
which describe the behavior of the solution in the vicinity of the third puncture z3, call for
a special attention. As a; > 0 we had a freedom to control the asymptotic behavior of 7
as z — z;, with the free parameter m;. If ag < 0, the situation is different — the leading
asymptotic behavior of the solution at z = z3 is fixed by the MShG equation itself [20]:

1 a
e~ |P(2)] 2 o |2 — 2|70 (10.5)

With this modification, we expect eq. (1.15) to remain a meaningful definition of the mod-
uli space Ap, provided m is understood now as a pair (mj,mg). Using the intuition
gained from the study of the sine and sinh-Gordon models [20], we expect that the re-
lations (1.27)—(1.32) remain valid for the case a3 = —b?/4 < 0. The only exemption is
the second formula in eq. (1.31) for ¢ = 3 — evidently it cannot be applied literally. No-
tice also that the definition of the set of the conserved charges {qan—1, 2n—1}5e remains
unchanged. We expect that, with these simple modifications the relation between the
subspace ’Hl((o) and the moduli space Ap, holds for the case a3 = —b?/4 < 0.

The Fateev model in the unitary regime admits a dual description in terms of the
action | d’z G (X) 0,X*0, X", where G, is a certain two-parameter families of metric
on the topological three-sphere which possesses two U(1) Killing vector fields [21]. The
sigma-model description is especially useful in the strong coupling limit (ozlz, b? — oo with
a?/b? kept fixed), which can be regarded as the classical limit. Notice that the classical
integrability of the theory was established only recently in ref. [56].
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(0,51) (00,53)
d(p1+e)

Figure 8. Dual diagram for the classical conformal block from (A.3). Here e = 0, £1.
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A GHO with L =1

The system of algebraic equations (2.17)—(2.19) looks rather cumbersome. Here we discuss
the simplest case L = 1 in some details.

First, using Mobius transformation one can move the first three punctures to the
standard positions, (z1, 22, 22) = (0,1,00). The coordinate of the forth puncture x (which
is the only monodromy-free puncture for L = 1) will now coincides with the projective
invariant X; (2.12), while the corresponding accessary parameter will be denoted as C.
Egs. (2.19) allows one to express the accessory parameters cp, cg, ¢z in terms of C' and =z,
and, thereby, to reduce eq. (2.17) to a single algebraic equation. The later can be brought
to the form

Py(z,y) =0, where y=1-2z—2(1—x)C, (A.1)
and

Py(x,y) = y3+(1721:)y2+(46171+4(52751753):U+453:E2)y
+(40) — 1) (1 — 22) +4 (01 — d2) 2° . (A.2)

For generic values of d;, (A.1) considered as a cubic equation for C, has three different
roots. We will label them by an integer ¢ = 0, £1. For small = the roots admit Laurent
expansions, which can be related to the series expansions for the classical conformal blocks
depicted in figure 8:

0

Cl = g w0l 5] @) (e=0, +1). (4.3)
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Here we use the standard notation for the general 4-point classical conformal block

((5—(51 +52)<(5+(53 —(54)
20

In fact, (A.3) is the simplest illustration of the general relation (2.10).

£ ) (@) = (6 — 61— 6) log(x) + 2+ 02 . (A4)

The roots C© corresponds to different branches of a multivalued function, which
has algebraic singularities in the complex plane of the variable x. For sufficiently small
positive p; all branch points lie outside of the real axis. In this case the branches C(©
can be unambiguously defined for all real x through the analytic continuation of the series
expansions (A.3), (A.4) along the real axis. The real functions C(9), defined in this way,
have the following expansion in the vicinity of points x = 0, 1 and oo

% +0(1) as x — 0
CO(z) = 1;%11’2 +0(1) as x—1 (A.5a)
\ % +O(z72) as r — o0
( =24 0(1) as x — 0
CH (@) =4 2.+00) as z—1 (A.5b)
3+12L3 +O0(z72) as T — 00
( 1*‘3:@ +0(1) as x — 0
o) = % +0(1) as r—1 . (A.5¢)
\ % +O0(z72) as T — 00

To simplify the notations, we shall denote by f(z) the classical conformal block associated
to the “principle” branch C(=) (A.5¢):

x
F@) = (1+2p) 1og(x)+/ dz <c<—> - 1*;“) | (A.6)
0
This defines f(z) unambiguously in the neighborhood of x = 0. In general, the integral
depends on a integration contour connecting x to the origin, and the classical conformal
blocks corresponding to € = 0 and € = +1 are just different branches of the multivalued
function (A.6).
To describe global properties of the multivalued functions C'(x) and f(x) we use the
fact that any nondegenerate cubic is homeomorphic to an elliptic curve. In the case under
consideration the corresponding elliptic modulus (denoted by k below) can be chosen as

12 8 p1p2ps (A7)

(A +p1+p2+p3)(5+p1—p2—p3)(5 —p1+p2—p3)(5 —p1 — p2+p3)

(Recall that k? is defined up to modular transformations k? ~— 1 — k2, 1/k?). Below we use
the nome ¢ which is related to the elliptic modulus as
2 19% (07 Q)

K= S0 (A.8)
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For the purpose of uniformization of the cubic (A.1), it is useful to introduce three param-
eters w1, uo, ug such that

1

i = 5 P(Uj - ui,Q)P(Uk — U, q) - (A,Q)

Here p(u, q) stands for the double periodic function

I3(u, q)V4(u, q) _ 94(2u, ¢%)
O1(u, q)02(u,q)  91(2u,¢%)’

and (7, j, k) is an arbitrary permutation of (1,2,3). Notice that the above relations define

plu,q) = (A.10)

u; up to the overall shift u; — u; + const. For real p; restricted as in eq. (2.13), the elliptic
nome is real and 0 < ¢ < 1, whereas the parameters u; can be chosen in the form

wi=u+iv; 0<v; <—log(q) . (A.11)
In terms of an uniformizing variable
w: u~u+ Nm+iMlogqg (N,MecZ), (A.12)
the cubic (A.1) is described as follows

_ Us(u—uz —up+ur, @)1 (u—u1,q)0a(u — ui, q) V1(uz — ug, q)02(uz — ug,q)
U3(u + u3z — ug — ur, q)V1 (v — ugz, q)V2(u — ug, q) V1(uz — ui, q)V2(uz — u1,q)
Yy = p(U_USaQ)P(UQ—UMQ)a (Alg)

whereas the accessory parameter is given by

1 1 Y
C=- .
x+x—1 x(zr—1)

(A.14)

These equations imply that C'is a single-valued doubly-periodic function with simple poles
located at

ue{ui,ui+%7r,uj+uk—ui+%(7r+ilogq)} (A.15)

corresponding to x = 0,1 and oo at the three sheets of the Riemann surface. Since the
classical conformal block (A.6) has the logarithmic branching at these points, it is not a
single-valued function on the two-torus. Note that the residues of C at u = u; + ur, — u; +
3 (r+ilogg) do not depend on p;, whereas all the residues of d,,C equals to +2 (see (A.5)).
Using this observation one can show that

o (2 8pz-> ~S i) (A.16)

i.e., it is a double periodic function as well as the accessary parameter itself. The constant
& depends on the normalization prescription for the classical conformal block. For our
assignment (A.6), it reads explicitly as

£ = O3 (uji + uis ¢) V1 (ugj, ) 93(0, q)
Y 0(ugi, @) V2 (wji, q) 91 (wki, )92 (ukis q)

(uji = uj —u;) . (A.17)
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B Some explicit formulae for GHO with L=0and L =1

For the ordinary hypergeometric oper (i.e., without any monodromy free punctures) the so-

lutions X(O—Z ) (2.29) are expressed in terms of the hypergeometric functions (see e.g. ref. [34]):

—o(pi+ 1+
QR S, S (Z—Zﬂ> i) <Z — % ) o (B.1)
o . ? . . . :
V2pi Zi = % 2 — 2
1 1 (z — zi)zj
X2 1<2 +o(pi = pj +pr)s 5 +o(pi+pj+pr), 1+ 20p;; (2= =)o
In this case, the combination (2.40) reads explicitly
Zjk b 1
exp(w;) = (Qpi,pj + ) Upi,pj — pr) ) * (L=0), (B.2)
Zji%ik
where
p.y) = D TP PTG Hp+p) T(1—2p) (B.3)
’ D(z—p—p)T(z—p+p) T(1+2p)
In the case L = 1, one can show that
—pi
Zjk  Va(u — 4, q) V3(uj — ug, q) :
exp(w; =i Qpi,p; + Q(pi,p; — 1 (B4
p(wi) (Zjizik> V1(u —ui, q) Va(uj — ug, q) (2P ps + i) Upisps = p) )T+ (BA)

where the notations are inherited from appendix A. The derivation is based on the general
facts (2.39) and (2.11) specialized for GHO with L = 1. Combining these relations with the
result (A.16) from appendix A, one obtains w; up to an additive coordinate-independent
constant Jdp, Fy. We may now consider the limit when the monodromy-free puncture ap-
proaches to z;. At this limit the differential equations (2.2) becomes the hypergeometric
one, and the limiting behavior of w; can be analyzed explicitly. This fix the value of 9,, Fj
for L =1 and yields formula (B.4).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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