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Abstract

This thesis is devoted to the study of integrable structures of the conformal field theories by the
methods of the hidden affine Yangian symmetry. We introduce the RLL algebra generated by Liouville
reflection operator /Maulik Okounkov R-matrix, and discuss its relation to the current realization of the
affine Yangian of gl(1). We observe that the Integrals of Motion of the W algebras of type A coincide
with the ones associated to an affine Yangian ”spin chain” with periodic boundary conditions. The
integrable structures of W algebras of types BCD are identified with affine Yangian ”spin chains” with
boundaries. We derive the corresponding Bethe ansatz equations and Bethe vectors for the spectrum
of the IOMs. We also construct the ¢g-deformed versions of the reflection matrices and local Integrals
of Motion.
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Introduction

0.1 Integrable field theories, integrable structures of CFT

As was pointed out by Zamolodchikov [Zam89] there is a natural relation between integrable and
conformal field theories. Namely having an integrable field theory it is always possible to consider
its ultraviolet (UV) limit which is controlled by conformal field theory (CFT). The infinite tower of
Integrals of Motion Ig(A) in this limit splits into two independent family of Integrals of Motion defined
in a purely CFT terms.

Is()‘) =1+ O(/\)7 I—s()‘) = is + O()\)u

here ) is a scale parameter and turns to zero in a UV limit, I, and I, are two decoupled integrable
systems acting in the space of holomorphic and antiholomorphic fields correspondingly. More im-
portantly, as explained in [Zam89] it is often possible to recover the massive integrable field theory
out of integrable structure of CFT. The integrable systems in CFTs is much more simple than the
ones in massive integrable field theories, and so, the study of integrable structures in CFT serves as a
good playground to understand the space of Integrable quantum field theories (IQFT). In particular
the integrable structures of CFTs plays an important role in [Lit19], [LV20] and allows to guess new
integrable Toda field theories, and provide a duality between them and Integrable sigma models.

Despite the great simplifications complete diagonalization of chiral Integrals of Motion (IOMs) is
yet a nontrivial problem. The study of integrable structure of conformal field theory began with the
seminal series of papers of Bazhanov, Lukyanov and Zamolodchikov (BLZ) [BLZ96,BLZ97,[BLZ99]
devoted to study of quantum KDYV integrable system, which appears in the UV limit of sine-Gordon
theory. In particular, the set of generating functions for local and non-local Integrals of Motion has
been explicitly constructed. Unfortunately the construction of [BLZ96|BLZ97BLZ99] does not known
to provide by itself any equations for the spectrum of the Integrals of Motion.

New ideas appear since the discovery of Ordinary Differential Equation/Integrable Model (ODE/IM)
correspondence [DT99al/BLZ01/DTI9b]. Using this approach and bunch of analytic intuition, Bazhanov,
Lukyanov and Zamolodchikov [BLZ04] were able to express the spectrum of the local IOMs in terms
of solutions of certain algebraic system of equations. Later these equations were generalized for some
other integrable structures, such as Fateev models or quantum AKNS model (see [KL20] for the list of
all known cases). Despite the obvious success of BLZ program, it is still unclear where the algebraic
equations of [BLZ04] come from, and whether they can be easily generalized for other models of CFT.

In this thesis we develop a parallel approach based on the affine Yangian symmetry. The advantage
of this approach is that it fits in general framework of the quantum inverse scattering method, provides
Bethe ansatz equations for the spectrum and allows to treat a lot of integrable structures in a unified
way. Being originally formulated geometrically [Var00, NakO1,[MO19], it can be rephrased entirely
algebraically in CFT termsl. In [LV20], using this algebraic approach, we studied the integrable
structures in CFT related to Y(gA[(l)), the affine Yangian of gl(1) [Tsy17]. These integrable structures
describe W algebras of A,, type and its super-algebra generalizations and can be viewed as twist

!For the modern review of the geometric approach and more advanced topics see Andrei Okounkov’s summer lecture
course sites.google.com/view/andrei-okounkov-lecture-course/home.
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deformations of the quantum Gelfand-Dikii hierarchies (quantum ILWtype integrable systems). We
also were able to study integrable structures of W algebras of BCD type, by realising corresponding
integrable systems as an affine Yangian ”spin chain” with boundaries [LV21].

Affine Yangian of gl(1) admits two different descriptions: the current realisation which is useful in
studying the spectrum and Bethe eigenfunctions, and the so called Chevalley description in terms of
generators of Wi algebra. The second description is more useful in study of the local Integrals of
Motion. In order to clarify the structure of W algebra, it may be useful to study its ¢-deformation.
The g-deformations of W algebras have been provided in [AKOS96] for type A, and in [FRI7] for
simple Lie algebras. The deformations of the local IOMs associated to W algebras of type A were
constructed in [KOJ06], [FJMI17]. In the third chapter we review the g-deformation of W algebras
defined as a commutant of screenings and provide a construction for a g-deformation of local integrals
of motion of arbitrary high spin for W algebras of type B, C, D.

Chiral Integrals of Motion, example. In order to clarify the ideas above, let us consider an
example of classical Sinh-Gordon model living on a cylinder of length L = 27 and defined by the
action:

S = / <71T(3z<p82<,0) + Acosh (2bcp)) d?z, (1)

where z = x 4+ 1y, Z = x — iy are the complex coordinates.
The theory is known to contain an infinite tower of Integrals of Motions:

aETs—l-l =X0.0,1, 0.1 s 1= )\826—54-1, s>1
dx
I(\) = / & (Ten — 20,1).

In the classical limit the first few IOMs are given by the following formulas:

Ty = (0.¢)*, Oy = 21\ cosh(2by) (2)
Ty = (9:9)" +b72(820)",  ©2 = 47 (D.)” cosh(2byp), (3)

which should be corrected at the quantum level. One may already see that in the UV limit (A — 0) ©,

vanishes, and we are left with the chiral mutually commuting Integrals of Motion I def I,(0). It may

also be shown (see for eg [FF95]) that that the classical chiral Integrals of Motion may be selected by
the condition of the Poisson commutativity with the screenings

{Isa S’L} = Oa
where
S, = ]{ R L. 7{ o—2e(z) 92
on’ 27

It turns out that the quantization of chiral integrable system may be defined very directly. Namely,
following the ideas of Zamolodchikov [Zam89] developed in [LE91] and also [FEF96] we will postulate
the following formula for the chiral Integrals of Motion in the quantum casai:

s, Si] =0, (4)
and p p
S, = ]{ L s, = 7{ o—2e(z) 92
s 27

2Strictly speaking, the commutator in the LHS is not well defined, as the contour of integration is not closed for
the general values of the zero mode of the field p(z). We, nevertheless, make this inaccuracy, the proper definition is
explained below (see (@), ().
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We would like to stress out that the rigorous quantization and definition of the IOMs for the full
massive integrable model with non zero A is far more non trivial problem, which we don’t even touch
in this thesis.

Let us be more precise, we are working in a second quantisation picture, ¢(z) is the free bosonic field:

Op(z) =u+ Y ane™, [an,am] = 5 Om,n- (5)
n#0
The field ¢(z) acts in the standard Fock space F:
F,={Cla_1,a—9,...]|9)},
an|@) =0, for n >0,
a0]®> = U.
We will search for the Integrals of Motion of fixed spin s, as an integrals of local densities

I, = 02“ Goy1(00(2),0%p(2),...) % which are polynomials in dp and its derivatives. We further

DL
introduce two vertex operators Vi (z) = e*2%%(2) the equations (@) then reads as a conditions on the
coefficients in the operator product expansion:

ax M (z) . xF ()

Vi(w)Gsyi(2) = reg + > —w (z — w)k’ (6)
E>2
or equivalently: i
w
F VG ()57 =0X(:), 7)

z

where X ék) (z) are some local fields. Equations (4]) then is nothing but a system of a linear equations
on a coefficients of density Gsy1. Direct computation provides for the first few Integrals of Motion:

Go =: (D.(2))%
Gy = (9:0)": +H(@Q*+ 1) : (929)* :

Go = (00)° i =3 (09)" +5(@ +2)(+ (BP0 s 50 (P ) + (Q'+ 507+ 35 )+ (%)

Gg = (:(8ch)8:+...),

here Q = b+ %, and ” : :” denotes the Wick normal ordering.

While I3 and I5 obviously commute with the I; which plays the role of grading operator, the
commutativity of I3 and I5 is not obvious but straightforward to check. Note that this densities
coincide with densities T ([2]),([3) in the semiclassical limit b — oo as it should be.

More generally, one can consider the tensor product of n Fock spaces F,, ® --- ® F,, and the
corresponding n-component bosonic field ¢(z) = (¢1,. .., gpn)ﬁ:

0p;(2) =uj+ Y alDe™,  [al, al,] = mb; j0m, n,
n#0

and affine set of screenings corresponding to an affine Lie algebra g.

S, = f eblarp(z) 42

%7

3Note that commutation relation of bosonic modes a'’ are different from ones defined previously in case of a single
field (@). This is because the Sinh-Gordon model is an A; Toda and in ({IJ) we already decouple the U(1) center of mass

U= “’1;“"2 , and left with a single bosonic field ¢ = #1522 .
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where ;. have scalar products corresponding to the Dynkin diagram of an affine Lie algebra §:
(o - a5) = ¢r 5. The Integrals of Motion can be again found as the intersection of kernels of all the
screenings [LE91], [EF96]:

Is,Sr] = 0.

In this thesis we will consider in details the cases of § = A,, and g= B, Cn,f)n. The existence of
a grading operator I} among the Integrals of Motion allows to restrict the IOMs on a finite dimen-
sional space I; = N, such that they becomes a finite dimensional matrices. Nonetheless their exact
diagonalization is by far a non trivial problem. Our strategy in analysing this problem is to identify
corresponding integrable systems with integrable ”spin chains” with the symmetry of affine Yangian,
and then apply to them a machinery of algebraic Bethe ansatz.

0.2 Thesis results

The main results of chapters [Il and 2] are the Bethe ansatz equations and the Bethe eigenvectors,
which provide a diagonalization of the chiral integrals of motion obtained as a UV limit of the Toda
integrable system.

e For the A,, case we derive the Bethe ansatz equations for the spectrum of the local (I.I3]) and
KZ (L60) Integrals of Motion:

3 n
Ti— Tj— €q T; — Uk + €3 .
=1 forall i=1,...,N, 8
qHUxi—Ij—f—EaU T; — Uk (>
j#i a=1 k=1

here we used Nekrasov epsilon notations €; ~ b™1, ea ~ b, €3 ~ —Q, see formula ([L38) for details.
Corresponding Bethe vectors are given by the formula (L.83]).

e For the BCD case we derive the boundary Bethe ansatz equations for the spectrum of the local

21),25) and KZ ([214) Integrals of Motion:
7 (23 )P () A() A (— ) H Gz — )G Y (—ai — x5) = 1,
9)

Glz) = (x —e1)(x — e2)(x — €3) A(ﬁ):ﬁx—uk—i-%’ ()

(x +e1)(x + e2)(x +€3)’ r—up— %’

T+ €/2
T —€q)2

And the Bethe vectors are defined in (2.25]).
Another important results include:

e explicit computation of the current realisation (I.40) of the RLL algebra with Maulik-Okounkov
[MO19] R—matrix.

e three different solutions K¢ ZII)-(ZIZ) of the Sklyanin’s KRKR relation with the Maulik-
Okounkov [MOT19] R—matrix.

In chapter [8] we studied Integrals of Motion for the g-deformed W algebras.

e We provide explicit formulas for the Integrals of Motion of the g-deformed W algebras of BCD

type (3.59).

e We construct the g-deformed versions of the reflection R and K operators (3.62]).
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0.3 Thesis review

This section is a short guide through the thesis, which contains main statements and ideas. The thesis
consists of three chapters. The chapter [Il of the thesis is devoted to the study of QA[1 affine Yangian
and related integrable systems. We studied in details the connection between the RLL algebra and
its current realisation. We derive the local Integrals of Motion for W algebras of type A (LI3) and
corresponding Bethe ansatz equations (L&I]) for their spectrum. In the chapter 2] we introduce the
Integrals of Motion of BCD type (2.1]),(25]), and studied their spectrum by means of the boundary
Bethe ansatz of the affine Yangian. We provide three different solutions K 23 of the Sklyanin’s KRKR
equation (ZIT)-(212), and the Bethe ansatz equations (Z27) for the spectrum of the local Integrals
of Motion. In the chapter Bl we studied the g-deformation of the Local and KZ Integrals of Motion.
We provide explicit formulas for the ¢-deformed versions of the local Integrals of Motion of arbitrary
high spin ([8.59) for the g-deformed W algebras of type BCD.

W algebras and Maulik-Okounkov R—matrix. In section we recall the definition of our
main tool the Maulik-Okounkov R—matrix [MO19] as a unique (up to a normalisation factor) solution
of the intertwining relation:

Rij(Q0 — 9¢;) (QD — dp;) = (QO — ;) (QD — 0pi) Rij, (10)

where the product of two brackets is a Miura-Gelfand-Dikii transformation [FL88[Luk88] which defines
generators of W algebra. Multiplying the brackets in different orders we obtain two isomorphic but
not identical W algebras

(Q0 — ;) (Q0 — 8;) = (Q)? + W (2)(Q2) + WP(2),

(Q0 — 9¢:) (Q0 — dp;) = (Q0)* + W (2)(Q0) + WP (2)

The operator R;; then intertwines the two W algebras and acts in the tensor product of two Fock
representations of Heisenberg algebra with the highest weight parameters u; and u;

Foue ® Fu, 24 Fu 0 Fo,

and its matrix depends on the difference u; — u;. Then, by considering W3 algebra generated by the
product of three terms (Qa — 8<p1) (Q@ — 6@2) (Qa — 6(,03), we immediately obtain from the definition
(I0) that the R; j(u; — u;j) matrix satisfies the Yang-Baxter equation

Ria(ur —u2)Riz(ur — uz)Raz(ug —us) = Roz(uz — uz)Riz(ur — usz)Ri2(ur — ug),

and hence the whole machinery of quantum inverse scattering method can be applied.

RLL algebra and its current realisation. In section we introduce an RLL algebra:
Rij(u— 0) La(w)L5(v) = L (0) Li(u)Rij(u — v). (11)

The left and right hand sides of this equation both act in the tensor product of three Fock spaces
Fu; & Fu; & Fy. The R;j(u; — uj) matrix acts in the product of two Fock spaces F,, ® Fujs and
L;i(u;) operator acts in F,, ® F,. Hence the RLL algebra (IIJ) may be considered as an infinite set of
quadratic relations between the matrix elements of L—operator, labeled by two partitions

def
Lx,.(u) = (ulaxL(u)a_y|u) where a_plu) =a_ya_p,...|u).

It is well known that the commutation relations of RLL algebras could be rewritten in an equivalent
current form, see [DE93] where such an analysis was performed for Uy(gl(n)). In this thesis we
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provide similar analysis for the case of Maulik-Okounkov R—matrix. We conjecture that the RLL
algebra ([II]) factorized over its center is related to the Yangian of 5[(1) considered by Tsymbaliuk
in [Tsy17]. This is similar to the well known fact that the Yangians of gl(n) and of sl(n) are differ by
central elements [KS82]. We will usually refer to the RLL algebra as Yang-Baxter algebra and denote
as YB (g/;\[(l)), reserving the notation Y(g/;\[(l)) for Tsymbaliuk’s algebra.

Our methods are similar to the analysis performed in [DF93]. We introduce three basic currents
of degree 0, 1 and —1 (see appendix [A2] for more details)

hu) © Loo(w),  e(w) € RN w) - Loo(u) and  f(u) Lo, (u) - B (),

as well as an auxiliary current (as we will see (L40a)) it also belongs to the Cartan subalgebra of
YB(gl(1)))

() © (Loolt = Q) = Loolu— Q™ (u=Q)Laslu— Q)b (u-Q). (12)

The direct computation (provided in the appendix [A2) allows to rewrite the RLL commutation
relations (1)) in terms of e, f, h currents. The results are presented at the beginning of section [[L3.11
There also exists an inverse mapping which allows to express £y ,(u) operators in terms of e, h, f,
currents. In particular there is an important for us formula

Exol) = Gy - f Pl S x-S g (13)

where F)\(z) is a concrete function and contours go clockwise around oo and all poles of F)(z). This
formula and recurrent definition of function F)(z) is explained in the appendix [A3] see formulas

(A.25),(A.27).

e- notations. It is easy to note that quantum Integrals of Motion depends only on combination
Q=0+ % and not b,b~! themselves. Which results in a very well known symmetry b — b~!. As can
be seen for example in [Tsyl4], defining relations of affine Yangian algebra are symmetric under all
three parameters b, b~ and @ parameters@. For this reason it will be more convenient to use Nekrasov
epsilon notations rather than Liouville notations. Formally, they are obtained by replacing central
charge parameter

€1 €3

62 b_l

— Q—
Vee’ NGX NG

Note that without loss of generality it is always possible to put ejes = 1.

b— —> €1 + €3+ €3 =0.

Center of YB(gl(1)) The section is insufficient for the understanding of the main results of
the thesis. In this section we show that the algebra YB(gl(1)) contains an infinite dimensional center.
Namely for any singular vector |s) of W), algebra acting in the space of n bosons we assign a central
element Dy (L52)). First element of this series is related to the operator ¥ (u) (I2)) as

h(w)h(u + e3)

Dy (u) = 2/’(“)h(u —e)h(u—e)’

(s11|LY(w) L% (u + €3)]s1.1)
h(u)h(u + €3) ’

P(u) =

4For the case of KDV and ILW integrable systems this symmetry is broken by a particular choice of Fock represen-
tation.
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where w0 )
|s1,1)u = (a(,% - a(,%)|®>u ® |D) utes

is a singular vector of a W algebra which appears in the tensor product of two Fock spaces F,,, ® Fu,
at special value of spectral parameters us = uq + €3.

In general, for the singular vector |s) of W, algebra acting in the space of n Fock spaces Fi(u1) . .. fn(un)ﬁ
we may define a Cartan current acting on a quantum space as

hs = (s|LMu —u1) ... L (u — up)|s).

And the operator:

D= W (14)

ﬁ h(u — v;)

i=1

is central.

Zero twist integrable system. In section we considered the integrable system with zero
twist ¢ = 0. In this case twist deformed transfer matrix T, turns to the h(u) current introduced in
previous section. The spectrum and eigenbasis of h(u) is very simple and may be written explicitly.
For example for a representation in the tensor product of n Fock spaces: F,, ®---®F,, the eigenbasis
is enumerated by the collection of n Young diagrams X = AW XM} and known as a basis of
generalised Jack polynomials. The eigenvalues may be conveniently written in terms of contents of

the Young diagrams
U (u—cg) v
h)lX) = [ ——2l ).

U—cg—€
DGX( . 3)

For a cell O = (7, 7) the content ¢y is defined as
Co = T — (Z - 1)61 — (] — 1)62.

We proof that explicit formulas for the action of e, f generators in the eigenbasis of h are given by the

formulas (L60):

- EX,X+0), -
cwB = Y FRAEOR, )
Ocaddable(X) F(x ; | (15)
> A—0), =
fw)|x) = Z ﬁlk—m,

Oeremovable(X)

where the amplitudes E(X, X + O) and F(X, X — 0O) are given by the formulas

EX,X+0) = eiﬂ I S o —ea) ] (g —@rtes)
3

0'eEX+O k=1 (co = i)
FONX-0)= [] S(co-co), (16)
o'eEX-0O
with
S(z) = (x+e)(x+ 62).

z(x — €3)

This formulas plays the crucial role in definition of Bethe vector, study of its matrix elements.

5Note that a singular vector may exist only if evaluation parameters u; are not arbitrary, but they are restricted by
some resonance conditions.
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Transfer matrix and ILW Integrals of Motion. At the beginning of section [[L4] we recall that
the transfer matrix defined by

(0)
T,(u) = Tr(qLO Roi(u—u1)Roz2(u—u2)...Rop-1(t — tun—1)Ron(u— un))

)
u

admits the following large u expansion

T,0) = A g)exp (1) + 5Ta(0) + .. ).

where A(u, ¢) is a normalization factor and Iy and Iy are the first ILW,, Integrals of Motion.

iQ 1L )
Li(q) = o | 132 Z(&Pk) de,
L™ k=1
iQ [ |1 5 i 5
Ld=5-113 > (0er)* +@Q 3 > 00iDop; + > 0pid%p; | | da,
iQ 1
Ii(q) = o | |2 (Or)* + dz,
L™ k=1
where (Q = — \/272), and D is the non-local operator whose Fourier image is
1 k
D(k) = kL.
I—¢q

Now let us define KZ Integral of Motion as T, (u) operator at the special value of the parameter u = u;.
Using the fact that Ro1(0) = Po,1 is a permutation operator, one finds for the KZ IOM:

de o
I%(q) 2 Ty(ur) = ¢"0 Ria(ur —u2)Riz(ur —uz) ... Rin(ur — up).

The rest of this section is aimed to show that the simultaneous spectrum of KZ and first few local
Integrals of Motion is governed by Bethe ansatz equations (g]).

Special vector |y), definition of Bethe vector. In section [[41] we define the Bethe vector
B(x) which turns to the eigenvector of corresponding integrable system after imposing the Bethe
equations. In order to define Bethe vector we introduce the tensor product of n+ IV Fock spaces, with
n “quantum” and N “auxiliary” spaces

fu1®"'®fun®fx1®"'®fx1\1

quantum space auxiliary space

generated from the vacuum state
@)a @ [D)u = |21) @ @|2N) @ |u1) @ -+ & [un).
We then searched for the Bethe vector in the forml9:

def
|B())u =2(9|R(x,u)|X)z ® D)y where R(x,u)=TRagu - - Ranuy - Rajun - - - Ranuns

5This definition is similar to the very general approach investigated in [AO17] (in particular this construction is
explained in section 1.3.3 of [AO1T]).
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here |x)g is some vector in auxiliary space. The convenient choice for the vector |x) is to choose it
equal to an eigenvector of zero twist integral of motion h(u) acting on auxiliary Fock space. Among
the various eigenvectors the simplest one is (see (LGS for details)

1X) def | D fdzN fdzl e(zn)...e(21)|9) .

Alternatively vector |x), is fixed (up to proportionality factor) as an eigenvector of zero twist integrable
system with concrete eigenvalue

N

hwe =[] " \)a-

U — T — €
k=1 k 3

Explicit computation of Bethe vector and its properties. Here we continue to describe the
results of section [[4.Jl A direct consequence of (I3]),(I6) implies a convenient formula :

1
Za — Lq H S(xa a $b)> ’
a<b

where Sym,, means the symmetrization over the x; variables. Together with the formula (I3]) for an
L-operators in terms of f and h currents it allows to explicitly compute the matrix elements of Bethe
vector - the so called weight functions:

N

{21F(2n) - F(@)X)e = Sym, (H

a=1

wy(@lu) € Wolall ... al) |B@)u =a(@Ly0 4 (u1) . Ly 4 (un)[X)a-

After the straightforward computation we get

N
wy(x|u) = (%Tll)N f{ ..y{QX(zm) Sym, <H o Hs - :1:1,)> dz,

where function

A (1) A3 2 A0 (1)
o) = FxE) | [] ——— | [ Il —— I ——
~(Zlu) = F=(Z —_— - @ O
X X Uy — z(l) 6 e e M
j=1 U2 3 j=1 Y3 = % 3=1 775 3
|)\(n71)| B (n—1) I)\(n72)| _ (n—2) |>\(1)| _ (1)
H Un = Z; H Un — 2 H R
(n—1) (n—2) (1)
j=1 Up — Zj — €3 j=1 Up — Zj — €3 j=1 Up — Zj — €3

The integral shrinks to the points @ and one obtains explicit formula (see (78] for details)

wy(x|u) = Sym,, ( (Z|u) HS — Tp) )

a<b

The simplicity of this formula explains our choice of vector |x).

Diagonalization of local and KZ Integrals of Motion. Using the computation methods de-
scribed above, in sections [LA2UT. 4.4 we were able to compute the action of local and KZ Integrals of
Motion on a Bethe vector. Namely we were able to prove that upon the Bethe equations:

n
T; — T — €y Tr; — Uk + €3 .
q” || || =1 forall i=1,...,N,
ki 1Il—$J—|—6ak:1 T; — Uk
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. . . (1)
the Bethe vector becomes an eigenvector of KZ integral of motion Iﬁz = qLO Ri2R13..-Rin-1Rin,

with eigenvalue:
N

t;(u) _ H A

Ty —ul + €3
g Tk T ULt €3

And also becomes an eigenvector of Local integral of motion Is:

o | [gvaa 300 —a | 530000 + oodts || 52~ -G vaa Tt

1<j %

N
with eigenvalue (ka> We were also able to write explicitly the solution (L83]) of a difference
1

Knizhnik-Zamolodchikov (KZ) (L84) and Okounkov-Pandharipande (OP) (I.96]) equation in terms of
Bethe vector. This finishes the review of the first chapter.

Integrable structure of B,C,D conformal field theory. The second chapter is devoted to the
study of integrable structure of B, C,D conformal field theory and its relation to boundary Bethe
ansatz of affine Yangian.

In section we introduce the affine Toda QFT associated to an affine Lie algebra g of BCD type.
We recall that Integrals of Motion can be found as a commutant of the affine set of screenings:

. dz
ST — %eb(a'r' ‘P(z)%, (17)
[137 Sr] =0,
where vectors a,. have the Gram matrix of BCD type affine Lie algebra and b = \/272 is the coupling

constant.

]§){ >—% cve —O—0=0 BC, 0=0—0— ++« —0—0=0

Using the standard parametrization for the roots one can express the scalar products in the exponents

in (I7) as

vs);
3

—¥1 ©®n
(ap- ) =1 —2¢; (ar @)= —@rp1 for 0<r<n, (an-¢)=1 20,
—p1 — 2 ©n—1+ ¢n

That is each of the affine diagrams can be interpreted as non-affine A,_; diagram with two boundary
conditions which can be of three types B, C or D corresponding to the short root, the long root or the
root of the length v/2 correspondingly.
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As in the first chapter, we will search local Integrals of Motion in terms of integrals of local
2w

densities I, = [ G s+1(z)g—§. First few local Integrals of Motion can be computed explicitly by solving
0

the equation
1 « 13 d& = 0X.(z
.%Eb( rep( ))Gs 1(2) s( )7

211

where X;(z) is some local field. The first non trivial density has the form

Gu(z) = (0 - 8Lp)2 - % <2n _ Gt 6’8> Z (3g0k)4+

€
3 k=1

4eg " 2 . €3 — €\ 42 AT
+ > o Ej( —1+ )8¢-—§ (n— —|—7>3g0~ +
\/€E1€2 k J 263 J J 263 J

k=1 i<k >k

4(n —1)(e? + € — 263 —2
+ (o9 4 A= D)4 +€) . (162 — 2€5)(€a + €5 — 2€3) (- 0%0)—
3€1€9 3e1€2€3

46§ . €3 — €q . 63_6,3 9 9
_61622<Z—1+ %es ) <n_j+263 (2—(5”)8 3018 ©®j, (18)

here «, 8 = {1, 2,3} for the B,C or D type of endings correspondingly.

Sklyanin’s K —matrix of affine Yangian. The crucial step in understanding the relation of this
integrable structure to the boundary affine Yangian is to introduce reflection K —matrix. This is done
in section 2.3l The idea is to consider reflection operator K as an intertwining operator of W algebra,
analogically to how it was done for the R—matrix (I0).

Let us introduce two currents of W, algebra acting in the space of two bosonic Fock modules
Fur @ Fuy:

2¢ €3 — €q
W = (9p1)? + (9p2)? + \/%82<m+ j’/@w?ma%n

and

%€
W = (9p1)2(9p2)? + ———Dip1 002005 +
NG \ﬁ

2
— B o)+ (&= )" 5o g2y, — (A~ Ca)le2 = o) (010°p1 + Dpad’pa) —
€1€9 €1€9 26162

O (091)20% 02 + (92)20% 1) —

e3(€s — €q) 3 3 €3 €al€s — €q) eg 1\ .4
— 22 (D10 — 0p10 — —= 10
e (0910%p1 — 0p10°p2) + =" 200 e " 3)0w

where o = 1,2, 3 correspond to the W algebras of types B, C or D correspondingly.
By definition the R and K operators are defined by the following intertwining relations:

73172]/{/*(5) — W) Ri2, oW ) = ()

P1P2

K, (19)
P22

for s = 2,4. The R; 2 operator is identified with the Maulik-Okounkov R—matrix defined earlier (I0)
Ri2 = R[0p1 — Opz], while K is also equal to the MO R—matrix of the re-scaled argument

= R[\/ia@z]
= R[V20¢ps]

for B series

61%\/561,52—)52/\/5

for C series
61—)61/\/5,62—)\/562

K3 =1d for D series
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Note that the simplest K operator is very explicit K3 = Id and it does not depend on spectral
parameter.
Now, similar to the argument of Maulik and Okounkov, the K —operator obeys Sklyanin’s KRKR
equatio
R[0p1 — 2] KT R[Op1 + 0p2] K5 = K3R[0p1 + 0p2] KIR[Op1 — Oipa]. (20)

KZ Integrals of Motion. In section [Z.3.1] we have defined KZ Integrals of Motion:

7;+ = ka e Rz’ﬁlclanz,n L Ri,i+17
T =Riq.. .Ri,i—leRLi - -Rz‘—lﬁ’
T8 =TT 2

where the barred index i means the conjugation by the operator of sign reflection D;

Dif(¢) = fle) D,

Pi——Pi
R;; = DjR;;D; = R[0pi + pj],
R;; = DiRijD; = R[=0p; — Dpj],

Their mutual commutativity is provided by KRKR equation (20)
(71,17 = 0.

We also proved a commutativity between KZ and local Integrals of Motion [I, IZ-KZ] = 0 which follows
from the intertwining relations (I9) (see (2.I5]) for details)

7;+Is = Is 7;+7 7;7 Is = Is T, .

Pir—Pi Pir i !

Of-shell Bethe vector. The section 2.4] goes in parallel to the section [L41] where we considered
the type A integrable structures. We introduce a product of n + N Fock spaces where the first n
products is a quantum F,, Fock space and the second N products is an auxiliary Fock space F,

Fupy @ Q@ Fu, @Fz, @+ Q@ Fyy = Fu ® Fy.
quantum space auxilia;;/ space

We then define two types of L— operators (221)),(2.22), and Ky, operator fixed by the recurrent
relations (2.24)).

Finally we define an of-shell Bethe vector by the formula (see (228 for details)
|B(z)) :r<®mv’cva‘®>v‘X>r :x<®“cv|sc|@>v‘x>x: (22)

where |x)g is the same vector as in the first chapter (L.68)). The definition of Bethe vector may be

"Let us note that originally [SKISS] the KRKR equation was written in a quite different form:
Ri2(ur — u2) K1 (u1)Ra (us + u1)Ka(u2) = Ka(u2)Ri2(ur 4 u2)Ki(u1)Ra,1 (ur — us).

The difference is actually insufficient as the two equations are differ by the redefinition of K —operator and overall
conjugation by the reflection of bosonic modes a>? — —ak? , n#0
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illustrated by a picture:

g o g g O g o o

un Up—1 ugz ugy up

In the beginning of section (2.5]) we suggest to interpret the Bethe vector |B(x)) as a product of some
L—operators £(uy) ... £(u1) sandwiched between bra and ket states (K| and ‘g > , see the picture
x

below. This bra and ket vectors then should live in the tensor product of the Fock space and its dual
Fo @ Fj.

g o o o O Zi %)
z1
= [X)e
z3
|B(x)) = )
- |9)
3
Un Up—1 ugzTu uj
X
(K| ) |y

Strange module. In section we observe that modified operators £ obeys the same RLL com-
mutation relations:

Rij (’LL — U)Sl(u>£3 (’U) = E‘j (’U),QZ(U)RZ] (u — ’U).

. d d d
And we still can define § lef £.0,¢ lef h~ 1o .0,f lof L4571 operators.
The difference is that £—operators act in the tensor product of Fock module and its dual F5 @ FJ.
This representation for the £—operator doesn’t have a highest weight, however the action of h(z) still

can be diagonalized, the eigenvectors of h(u), 1 (u) in F, ® F are enumerated by the collection of 2N

Young diagrams and denoted by ‘{‘,> The eigenvalues are given by the formulas:
7

—

ol = o2 e )

gex =S

where

co=xp— (i—1)ey — (j — 1)ea, for 0= (i,j) € X,
co =—63—xk+(i—1)61+(j—1)62, for O = (Z,j) € [
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One can also find the action of ¢, f currents:

) E():‘ — XJ:D) ) E@ - qX )
wH= Y Ay AR A
Deaddable(X) D€removable(f)
X F@ : A;D) X-0o F(g : ﬁim) X
f(“))p): 2 ) w— o ‘ i >+ > Iy ﬁ+D>‘

O€removable(A) Oeaddable(f)

The E, F coefficients are given in (2.31]),(2.32]). Note that now operators ¢, f not only add or remove
boxes, but do both.

Reflection property of the (K| state. The final ingredient which allows to calculate the matrix
elements of Bethe vector the so called of-shell Bethe functions is the formula which describe the action
of the operator f on the state (K|. In section 2.5.21 we derive the following reflection properties (2.39)):

(Klh(u) = (K[h(—u)
(Klf(u) = r(u)(K[f(—€3 —u),

with
2
r(u—e3/2) = _ute)? for the D case,
u—€3/2
/2
r(u—e3/2) = _ute)? for the BC case,

u—€/2
where in the last line i = 1 corresponds to the B case and i = 2 corresponds to the C case.

This formula allows to compute the coupling between (K| and |)_\,> state (2.5.2)),(2.5.2).
I

Diagonalization of KZ and local IOMs. In section 2.5.3] we derive the Bethe ansatz equation
for the diagonalization of KZ Integrals of Motion:

BAE(x) def 7 (2P () A(g) A (—5) H G(z; — )G H—z; — x;) = 1,

i
c (23)
(z—e)(r—e)(x —€3) 2) = r—ug+ 3 O _ztea/2
G(w)_(aj—l—el)(x—i-@)(x—i-eg)’ Al )_kljlx—uk—ﬁg” (@) T —€q/2

We also prove that the on-shell Bethe vector with shifted x parameters |B(x — %)) are the eigenvectors
of KZ IOMs ZX% (21)):

TR B(g — By PARE=! 11 (ui +

; — i lB@ =), (24)

a
Equations (23)) and (24]) together with the explicit form of off-shell Bethe vector (22 are the main
results of the second chapter.
In contrast to the A case we will not provide a proof for the diagonalization of local Integrals of
Motion, however we conjectured and checked numerically the formula for eigenvalues of
I; = % J Ga(z)dz, the local density G4 is given by (I8). Namely, on level N one has an eigenvalue:

n_o2 2 2 N
4
I + 4N—4§ &er(Qn_M) N4 — op _ o6 E a2,
1€ 3€1€9 €3 €1€9 €3 P

where I} =, (&|I3]|D),, - is the vacuum expectation value.
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More general integrable systems. One may note that affine Yangian commutation relations
(C40) are symmetric with respect to permutations of all €,. Nevertheless Bethe Ansatz equations

€
r—up+3

n
[23) are not symmetric in all €,, because of the source term A(x) = [] 2. In fact this
2

o Tk
symmetry is broken by a choice of a particular Fock representation, in order to restore the symmetry
back one should introduce three types of Fock modules F* (see [FJMM13|[BEM18/L.S16]). The whole
machinery then may be applied to associate an integrable system to the chain of colored Fock spaces

with two colored boundaries BL‘]:{“ ® F32---® fﬁ"‘ﬁR , o, fr.r = 1,2,3. The corresponding
systems of screenings are summarised in picture (Bl). We present the details in Appendix [B], here
we just mention a particular interesting model given by: 1‘]—"11 ® F3 @ Fap_q @ Fa,|3. This model
provides a UV limit for the (dual of) O(2n+ 1) sigma model considered in [LSI§]. Similarly the model
3|\ FP @ Fy @ Fayiq ‘3 provides the UV limit of O(2n) sigma model.

g-deformation of local and KZ IOMs. In the last chapter we provide the g-deformation of objects
considered in first two chapter. In section we review the definition of the ¢-deformed W algebra as
a commutant of the screenings. In section 3.3l we provide a construction of a commutant of affine set of
screenings, it turns out that in a g-deformed case the commutant can be found explicitly. We provide
explicit formulas for g-deformed Integrals of Motion of arbitrary high spin ([B.59) for W algebras of
BCD cases, and considered in details an example of affine Lie algebra of type D in section 3.4l We
found that all W algebras of BCD case fits into the same scheme, which allows to introduce a new
algebra K which unifies the W algebras of type BCD. The detailed study of algebra K is reported in
paper [FJMV21], while in this thesis we restrict ourselves to a more elementary approach. Finally in
section we provide a construction for a g-deformed versions of R and K reflection operators, as
well as g-deformed KZ IOMs.
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Chapter 1

Affine Yangian and Bethe ansatz

In this chapter we study integrable structure of conformal field theory by means of Liouville reflection
operator/Maulik Okounkov R—matrix. We discuss relation between RLL and current realization of
the affine Yangian of gl(1). We construct the family of commuting transfer matrices related to the
Intermediate Long Wave hierarchy and derive Bethe ansatz equations for their spectra discovered by
N.Nekrasov and A.Okounkov and independently by A.Litvinov.

1.1 Introduction

There is a large class of 2D QFT’s defined by Toda action

So = / (417r(au90 ~Oup) + Aie(arw)) d’x, (1.1)

r=1

where ¢ = (¢1,...,¢n) is the n—component bosonic field and (ay,...,a,) is a set of linearly in-
dependent vectors. The theory (1), properly coupled to a background metric, defines a conformal
field theory. However, it is well known, that under some conditions on the set (au,...,ay,) it also
enjoys enlarged conformal symmetry usually referred as W algebra [Zam85]. There is a class of such
distinguishable sets (a4, ..., a;) with semi-classical behavior

a, =be, forall r=1,...,n,

where e, are finite in the limit & — 0. The vectors e, have to be simple roots of a semi-simple Lie
algebra g of rank n.
An interesting question arises if one perturbs the theory (I.I) by an additional exponential field

So — So + )\/e(a"“"‘o) d’x. (1.2)

Typically this perturbation breaks down all the W algebra symmetry down to Poincaré symmetry.
However, there is a special class of perturbations, called the integrable ones, which survive an infinite
symmetry of the original theory in a very non-trivial way [Zam89]. Namely, one can argue that there
are infinitely many mutually commuting local Integrals of Motion I}, and I}, which are perturbative
in A
I =1,+00), I)=1L,+0(\),

where (I,,,,1,,,) are defined in CFT.

Thus any integrable perturbation (LZ) induces a distinguished set of local IM’s I,,, in conformal

field theory. The seminal program devoted to calculation of simultaneous spectra of I,, has been
initiated by Bazhanov, Lukyanov and Zamolodchikov in [BLZ96LBLZ97,BLZ99| for s[(2)/KdV case.
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The culmination was the discovery [BLZ04] of Gaudin-like equations for the spectrum. In current
notes we use an alternative approach, based on affine Yangian symmetry. We consider the case of
sl(n) symmetry. Actually, it will be convenient for us to extend the theory by adding an auxiliary
non-interacting bosonic field, leading to the action

S = /( Buep - 3%0 +AZ b(er+1—¢1k) 4 Apble1— ‘Pn)) de, (1.3)

k=1

where the last term, corresponding to the affine root of sl(n), is known to lead to an integrable
perturbation. With the last term dropped, the theory (3] defines the conformal field theory, whose
symmetry algebra can be described by quantum Miura-Gelfand-Dikii transformation [FL88|,Luk&8]

(Q0 — 8n) (QD — Bpn_1) ... (QD — Byp2) (QD — dp1) = (QO)™ +§:W 2)(QO)" (1.4)

where Q = b+ b~!. In fact, one can drop any other exponent in (L3), leading to different, but
isomorphic W algebra. For example, dropping the term e?(*2=%1) one has different formula

(Q0 — 0¢1)(Q0 — 9¢n) ... (Q0 — p3) (Q0 — Dpa) = (QI)" + Z wH(z) Qo) (1.5)

By symmetry arguments, it is clear that local Integrals of Motion I,,, should belong to the intersection
of these two W algebras. In particular, one can check that (for n large enough)

:—/ Z(%zaqﬁ] dx, I, / Z 8¢18¢13¢k+Q28¢262¢] dz,

1<J 1<j<k 1<j (1.6)

/ Zammmm de,  ......

1<j<k<l

where
def
k—GQPk_*§ Pj-

indeed satisfy this requirement. We note that in (L.6) we excluded trivial IM’s build out of U(1) field
_ 1y (1.7)
o Pk- .
k=1

In general, there are local Integrals of Motion for all m # 0(mod n).
This point of view that IM’s should belong to intersection of two W algebras given by (L)) and
(L) automatically implies that the intertwining operator ZK?

IEAW 0 (2) = W) (2)ZK2, (1.8)
will be itself an Integral of Motion. The operator Zﬁz will be primarily important for us. We call it
Knizhnik-Zamolodchikov operator (see section [[L4]). Actually it is natural to define more operators,
which will map between different W algebras corresponding to different permutations of factors in
(C4). The Maulik-Okounkov R—matrix [MO19] corresponds to elementary transposition

Ri,j (Qé? — 8(,02) (Qa — 8(pj) = (Qa — acpj) (Q8 — 8(,01)7?4"]', (1.9)
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while the operator IFZ introduced in (L8) corresponds to the long cycle permutation
I =R19R13. .. Ripn—1Rin.

Apart from its simplicity, equation (I.9) cannot be solved in a closed form. Actually the R matrix
is closely related to the well known Liouville reflection operator [ZZ96], and has been studied a lot
in the past, see discussion in section The operator R; ; acts in the tensor product of two Fock
representations of Heisenberg algebra with the highest weight parameters u; and u;

Foe ® Fuy 24 Fo 0 Fo,

and its matrix depends on the difference u; —u;. Then it follows immediately from the definition (L9)
that R; ;j(u; — u;) satisfies the Yang-Baxter equation

Rio(ur — u2)Ri3(u1 — u3)Ra3(uz — uz) = Ra3(uz — uz)Ri3(u1 — uz)Ria(ur — u2),

and hence the whole machinery of quantum inverse scattering method can be applied. In particular,
one can construct a family of commuting transfer-matrices on n—sites

T(u) = Tl“, (Ro’l(u — Ul)RO’Q (U — UQ) . R07n,1(u — un,l)Ro’n(u — ’U,n)) (110)
At u = u; one has Rg1 = Po,1 a permutation operator and hence
T(ul) = R1’2R173 e Rl,n—IRI,n = I{{Z, (1.11)

which implies that T'(u) commutes with local Integrals of Motion I,;, and can be taken as a generating
function.

In (LI0) the notation Tr’ corresponds to certain regularization of the trace, which goes through
the introduction of the twist parameter ¢

def . 1 © I
Tr’(_,.):ehmiTr(qLO ), where X(Q):Hl_qk
k=1

and L(()O) = > k>0 a(i)llalgo) is the level operator in auxiliary space F,. Remarkably, the introduction
of the twist parameter does not spoil the integrability, indeed commutativity of the twist deformed
transfer-matrices

(0)
T,(u) = Tr(qLO Ro1(u—u1)Roz(u—uz) ... Rop-1(tt — un—1)Ron(u — up))

: (1.12)

u

follows from the Yang-Baxter equation (L.I7) and the fact that the R matrix commutes with the
. (1) (2)
tensor square of the twist: [R12,¢%0 ® ¢lo '] =0.

On the level of local Integrals of Motion (6] the twist deformation corresponds to the non-local
deformation I,,, — I,,(¢) called quantum ILW,, (Intermediate Long Wave) integrable system [Lit13].
In particular

L=y [ §Z<am>2] iz,
L k=1

3

1 1 i
I = Z 3 hd DO Ly
2(q) 27r/ Sk_l(&Pk) +Q 22890 &Pﬁzawﬁ vj || dz, (1.13)
| k= 1,5 1<)
1 )
L=, [ (00 |




1.1. INTRODUCTION 27

where D is the non-local operator whose Fourier image is

1+ q"
D)=k .
We note that the limit ¢ — 1 is a little subtle since the operator D is singular at ¢ — 1 and hence
some eigenvalues of I,,,(¢) become infinite. However, one can show that on a subspace spanned by
eigenfunctions with finite eigenvalues the modes of the U(z) field (I7) are not excited. It implies in
particular that

I = I2(q>’U—>0'

The spectrum of ILW,, integrable system is governed by finite type Bethe ansatz equations which
have been conjectured by Nekrasov and Okounko and later independently by one of the authors
in [Lit13]

BV — g — bV (e no @
qH(QEz 25 = O)lwi = bl)(xl xj+Q)H$Z T3 1 forall i=1,...,N, (1.14)
i @i mp ) (@ -z + b (@i -2 = Q) w -+ §

such that the eigenvalues of I,,,(q) are symmetric polynomials in Bethe roots
1 n 1 n N
2 3 :
Il(q)~2;uk+N, Ig(q)w?);ukm;xj, (1.15)
= = J]=

Equations (LI4)-(LI5) have been checked in [Lit13] by explicit calculations on lower levels. Later
these equations have been proven in the trigonometric (g-deformed) case independently by two groups:
using the algebraic methods of shuffle algebras by Feigin, Jimbo, Miwa and Mukhin [FJMMI5] and
using the geometric method of quasi-maps by Aganagic and Okounkov [AO17]. Rational Bethe anzatz

equations (LI4]) follow from the trigonometric ones in the limit q,t — 1, llzi((‘z)) = b% and thus (I4)
are currently proven by two independent methods. In this notes we give a more direct proof which is

qualitatively different from [FFJMMI5] and [AOL7).

We note that Bethe ansatz equations (ILI5) are simplified drastically for ¢g*' — 0, which is equiv-
alent to D(k) — +|k|. The limit of ILW,, system at ¢*' — 0 is known as BO,, integrable sys-
tem (Benjamin-Ono). The basis of its eigenfunctions stands behind AGT correspondence [AGT10].
Namely, it has been shown in [AFLTTI[FLI2] that the matrix elements of semi-degenerate W,,-primary
fields, dressed by suitably chosen U(1) vertex operators, sandwiched between the BO,, eigenfunctions
coincide with bi-fundamental contribution to the Nekrasov partition function [Nek04] for correspond-
ing quiver gauge theory.

In the opposite limit ¢ — 1 the Bethe equations (I.I4]) describe the spectrum of local Integrals of
Motion. In particular, the spectrum of I is given by (LIH). We note that the same system can be
studied by Bazhanov-Lukyanov-Zamolodchikov approach which leads to different Gaudin-like algebraic
equations for the spectrum. We have a remarkable phenomenon: there are two different systems of
algebraic equations, namely BAE (LI4]) with ¢ = 1 and Gaudin-like equations found in [BLZ04] which
describe the same integrable systen@. See [Lit13] and discussions in section

The Maulik-Okounkov R—matrix defines in a standard way the Yang-Baxter algebra (RLL alge-
bra). We note that R;; intertwines two representations of Heisenberg algebra (L9 (3[(1) current
algebra). Since the matrix elements of R;; are rational functions of the highest weight/spectral
parameter (see below), it is natural to call the corresponding Yang-Baxter algebra the Yangian of

!See Okounkov’s ftallkl at Facets of Integrability conference, SCGP January 2013.
2Technically, these Gaudin-like equations has been found in [BLZ04] only for ¢KdV case, i.e. for n = 2. However, a
generalization for n > 2 should not be a problem.


http://scgp.stonybrook.edu/video_portal/video.php?id=524
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3[(1), or affine Yangian of gl(1). The algebra under the same name has been introduced by Tsym-
baliuk in [Tsyl7,/Tsy14]. It has been given by explicit commutation relations (the so called current
realization).A However both algebras do not coincide, but rather we conjecture that Tsymbaliuk’s
algebra Y(g[(l)) is obtained from the Yang-Baxter algebra YB (g[(l)) by factorization over infinite-
dimensional center. In section we will show that the central elements of YB (gA[(l)) correspond to
singular vectors of W, algebra in the tensor product of n Fock spaces.

As we already mentioned, the Yangian Y(é\[(l)) is the rational counterpart of the trigonometric
algebra called Ding-Iohara-Miki algebra or quantum toroidal gl(1) algebra [Tsy17]. This algebra has
been extensively studied by Feigin and collaborators in [AFHT 11[FIMM/FIMMI5FKSW07]. Another
but equivalent approach through the methods of geometric representation theory was developed by
Okounkov and collaborators [OS16,/A017]. We borrow many ideas developed in [AFH™11}[FJMM]|
FIMMI15,[FKSWO07] and [OS16,/AO17| for our study. In particular, Bethe ansatz equations as well as
Bethe vectors can be found in the g-deformed case in [FJMMI5] and in [AO17].

This chapter is organized as follows. In section we define the main actor of our study — Li-
ouville reflection operator/Maulik-Okounkov R—matrix and discuss its general properties and various
representations. In section we study corresponding RLL algebra and discuss its relation to affine
Yangian of gl(1). In section [[L4] we introduce quantum Integrals of Motion corresponding to ILW
system and prove Bethe ansatz equations for the spectrum. In section we give some conclusions
an emphasize future possible directions of study. In appendices we present some explicit formulae and
calculations, used in the main text.

1.2 Maulik-Okounkov R-matrix as Liouville reflection operator
Let us recall the definition of Maulik-Okounkov R-matrix [MO19]

Rij (Q@ — 8902-) (Q8 — agoj) = (Q@ — ﬁgoj) (QE) - &pi)Rm—. (1.16)
Here ; are free bosonic fields
Opi(x) =ui+ > _ahe™, [ak,al,] =md; ;0m .
n£0
Let us permute the product of three Miura terms, it can be done in a two ways:

Ri2(u1r — ug)Riz(ur — uz)Ras(uz — us) (Q0 — 1) (QO — dp2) (QO — Dps) =
= (Q0 — 0p3) (QO — 0p2) (QD — 0p1)R12(u1 — u2)Ra3(ur — ug)Rao3(uz — us),

Ros(uz — uz)Ris(ur — uz)Ri2(ur — u2)(QO — 9p1) (Q0 — dip2) (QO — dys) =
= (Q0 — 0y3) (QO — Dp2) (QD — D1 ) Raz(ug — ug) Ry 3(ur — ug)Ri2(ur — ug).
If we take into account that Miura map provides an irreducible representation of W-3 algebra in

the tensor product of three Fock spaces, then it follows immediately that R; j(u; — u;) satisfies the
Yang-Baxter equation

Ri2(u1 —ug)Ry3(ur — uz)Raz(uz — u3) = Roz(uz — uz)Ry3(ur — uz)Ri2(ur — us), (1.17)

From the definition of R-matrix (LIG), it follows that R; ; trivially commutes with the center of mass
field ¢; 4 ;. So, it is natural to introduce the operator acting on the space of a single bosonic field J

R = Ri,j|8<pi+8lpj=0, 0p;—0p;=2J> RZ,] =R I ;=8¢
2
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The operator R is known as the Liouville reflection operator and it is closely related to the Liouville
S-matrix introduced in [ZZ96] (see also paragraph at the end of this section)

J(x)=u+ Zane_im, 2u = u; — u; (1.18)
n#0
m
my n| = 7(5m —n-
(ams ) = 50m,
which is defined as
R(=J* +QdJ) = (—J* — QOJ)R. (1.19)

The relation (I.I9) can be used for calculation of R. Consider highest weight representation of the
Heisenberg algebra (ILI]]). It is generated by the negative mode operators a_j from the vacuum state

|u)

apluy =0 for n>0.

Then (LI9) is equivalent to the infinite set of relations

RLE) LD ) = R () L) ... L] ), (1.20)
where L%i) are the components of TF) = —J2 + Q8J
) : ) _ @ o
L = Z agan—k + (200 £inQ)an, Ly =Ly = = +ag+2 Z a_pay.
k#0,n k>0

and RY%(u) is an eigenvalue for the vacuum state. In the following we will usually take
RYC(y) = 1. (1.21)

Using (L20) as a set of equations one can compute the matrix of R. For example at the level 1 one
has

RLD ) = LT ju) = Ra_y|u) =

Similarly, at the level 2 one obtains

((8u? + 2u(3Q* — 1) — iQ(2Q* + 1)) a—z — 8iQua? ;) |u)
(2u —iQ)(2u —iQ — ib)(2u — iQ — ib~1) ’
(—4iQua_s + (8u® + 2u(3Q* — 1) +iQ(2Q* + 1)) a*,) |u)
(2u —iQ)(2u —iQ — ib)(2u — iQ — b~ 1) ’
Apart from explicit expressions on lower levels the reflection operator is not known in a closed
form. However it shares several properties allowing to judge about its structure:

Ra_slu) =

Ra2_1|u> =

Poles. It is clear that apart from the normalization factor the operator R is a meromorphic functions
of the momentum u. In fact, it can be argued that it has only simple poles located at the Kac points

(mb n
uum,nl<2+2b>, m,n>0, (122)

i.e. R(u) can be written in the form

Rw) =1+ Y — (1.23)
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Indeed it is well known that for the values (I.22)) the map from the Fock module F, to Verma module
VA given by the LT generators has a kernel. More precisely all the states of the form

) ) ((Lfl)m” ¥ .)\u>,

def

where |xmn) = ((LT)™ +... ) |u) is a special state called co-singular vector, vanish at u = up, .

Explicitly, one has
) = L5, e = (K52 =005 ) u), Paz) = ((B5)? = 57205, ) Ju) et
At the same time the reflected states
AN Al ((L:l)mn +. ) ), (1.24)

do not vanish for u = w,,,, which implies that R should exhibit a singularity at (L.24]), namely a
simple pole, which implies (L23)).
We note that the formula (I.23)) is a reminiscent of the Alyosha Zamolodchikov’s recurrence formula

for conformal block [Zam&4]. In particular, one can use (IL23]) as a tool for calculation of the matrix
of R(u).

Relation to Liouville S—matrix The Liouville reflection operator R is closely related to the
Liouville S—matrix introduced in Zamolodchikov’s paper [ZZ96]. Namely, they differ by the sign
change operator w.J(z) = —J(x)m as

R(u) = mS(u).

According to (L20) the S-matrix S(u) acts between different Fock modules F, S, F_, as follows

S) L) L)y = L) L) | ), (1.25)

Expression through Screening operators. Given the stress energy tensor T+ = —J? + Q0J
with J = 0, one finds that the exponential fields 20 e (2) satisfy

]{ 2P (6)dz = 0. (1.26)

Ce

Then suppose that u = —u,, , for m,n > 0. In this case one can define a closed contour C such that

the normalized operator F_,, , M Frmm

OQmm = Vmn j{ e2p(21) | o20(em) 267 p(zms1) .ezbflw(Zm”)dzl oo dZman Ol —tUmn) = [tmn)
C

called the screening operator, is well defined. Then the formula (L26) implies that
Qun L) L) | ) = L) L L) Juig ). (1.27)
Comparing ([L25]) and (L27]) one finds

A~

S(_um,n) = Qm,n - R(_um,n> = 7"'Qm,n-
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Large momenta expansion. The details of large u expansion are collected in Appendix [Al
We note that Rq 2 coincides with the KZ operator (ILI]) for n = 2 and hence R commutes with
the system of local Integrals of Motion of quantum KdV (mKdV) system

1
Io,_1 = o /(J2" + higher derivatives) dx. (1.28)

It can be shown that R is an exponent of semi-local (non-polynomial) Integral of Motion, see (A.2)-

(AF) for detaﬂsE

: 1—2 2 72
R = exp [122 /<2J10g J + TQ :;3 + higher der1vat1ves> dm} . (1.29)

The formula (L.29) is rather symbolic and requires a regularization prescription to make sense. Such
a regularization can be defined as a large u expansion. Namely, if one splits J into constant and
zero-mean parts J = u + J, then the expansion coefficients

. X (—1)kH it J2 O J? 2)(k—3) 14
J]Ogj:ulogu+J(lOgU+1)+ZmJ 73_?2 Quk 1 J ,
k=1 k>

are zeta-valued regularized (similar regularization is used in the definition of local IM’s (L2§))). So
that (L29) leads to large u expansion

R(u) = exp [;2/ <2u log u + f - ?i; + O<u3>> dx] . (1.30)

We note that in (L.29) and (I.30) the normalization is different from the one used before, i.e. Ryac(u) #
1.

Free-fermion point. One can show that R admits simple representation at the free-fermion point
¢ = —2. Namely, if one uses boson-fermion correspondence to represent

1
J(2) = u+ 7 YT (@)Y (@) 5,

where (¢)(z),1™(x)) is the chiral part of Dirac fermion, then up to normalization factor one has an
explicit formula (see appendix [A.4))

2m
R(u)

T () log <1 + ujéa) () d:c) : (1.31)

~ exX —
c=—2 P <27T 0

For ¢ # —2 formula is more complicated and (I3T]) will include multiple fermion terms.

Smirnov’s fermion formula. There is also Smirnov’s formula for Maulik-Okounkov R—matrix
involving an infinite product of fermionic operators [Smil6]. Unfortunately, we do not known any
practical use of it for our purposes.

3The existence of such semi-local Integrals of Motion for KdV (mKdV) equation has been noticed by Boris Dubrovin
[Dub06].
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1.3 Yang-Baxter algebra
The Maulik-Okounkov R—matrix defines the Yang-Baxter algebra in a standard way
Rij(u - U)L’z(u)ﬁj(v) = L’J(v)ﬁz(u)Rw(u — U). (1.32)

Here £;(u) is treated as an operator in some quantum space, a tensor product of n Fock spaces in
our case, and as a matrix in auxiliary Fock space F,. The algebra ([32]) becomes an infinite set of
quadratic relations between the matrix elements labeled by two partitions

def
Ly, (u) = (ulaxL(u)a_y|u) where a_plu) =a_ya_p, ... |u).

It is well known that commutation relations of RLL algebras could be rewritten in an equivalent
current form, see [DE93] where such an analysis was performed for U,(gl(n)). Here we provide similar
analysis for the case of Maulik-Okounkov R—matrix. A clear candidate for the current realization is
the Affine Yangian algebra introduced in [Tsyl17,[Tsy14] from quite different perspectives. Our goal
Is to derive current realisation out of RLL algebra. As we will see, the two algebras are not literally
coincide. We rather conjecture that (I.32)) is related to the Yangian of gl(1) by factorization over its
center. This is similar to the well known fact that the Yangians of gl(n) and of sl(n) are differ by
central elements [KS82]. We note that, compared to the non-affine case, the center of (L32)) is infinite
dimensional. We will denote the Yang-Baxter algebra as YB (g[(l)), reserving the notation Y(g[(l))
for Tsymbaliuk’s algebra.

In discussions below we will mainly follow the analysis performed in [DF93]. We introduce three
basic currents of degree 0, 1 and —1 (see appendix for more details)

hw) ¥ L, 0w),  e(w) Eht(w) Loo(u) and  fu) X Loow) - b (w), (1.33)

as well as an auxiliary current (as we will see (L40a)) it also belongs to the Cartan subalgebra of
YB(gl(1)))

def _ _
() Y (Loalu— Q) = Loo(u— Qh™ u = Q)Loo(u—Q))h (u-Q) (1.34)
As follows from definition of the R—matrix these currents admit large u expansion
o o he _eo | el _Jo, N L %
h(u)—l-}—E"Fﬁ-i-..., e(u)—z-i-?—i-..., f(u)—;—i-@—i—..., ¢(u)—1+u+112(f‘35)

As we will see below, it proves convenient to introduce higher currents labeled by 3D partitions. In
particular, on level 2 one has three ey (u) currents

ibQ
9 = D)

W () (Lom(u) —ib ' Lomn(u)), ex(u)=Q [beg(u) + b e (u) — @2(u)] :
(1.36)

W () (Lo (1) — ibLy oo (1)),

ib™tQ
b2 -1)(b-2+2)

ern(u) = (

and similarly
1bQ
(b2 —1)(b2 + 2)

h™H(u) (Leo(u) = b Lo o(w),  frm(u) = Q |bfg(u) + b fm(u) — f2(u)] -
(1.37)

f@(u) = h_l(u) (Lopo(u) —ibLop s (u)),

ib™1Q
(b=2 —1)(b=2 +2)

Jo(u) =
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As we will see below these currents are algebraically depending on the basic currents (.33]).
It will be more convenient to use Nekrasov epsilon notations rather than Liouville notations.
Formally, they are obtained by replacing central charge parameter

€2 -1 €1 €3
b— b~ — — — = =0 1.38
./61627 \/6162’ @ VE1€E2 aTete ’ ( )
together with the normalization of the bosonic fields:
0; = p(z) = —i—2—. (1.39)
NG

Altogether, this leads to the following Miura transformation
W(2) = (ie30 — D) (ie30 — Ogho)
We also have to scale our basic current e(u) and f(u) as

e(u) = Vese(u),  f(u) = esf(u).

1.3.1 Current realisation of the Yang-Baxter algebra YB (g/;\[(l))

Using the definition (L33) and (L34) and explicit expression for the R—matrix on first three levels
one finds (see appendix [A.2] for details)

[h(w), ()] =0, [¥(u), ()] =0, [h(u),h(v)] =0, (1.40a)
(u—v—e3)h(u)e(v) = (u—v)e(v)h(u)—esh(u)e(u), (1.40Db)
(u—v—e3)f(v)h(u) = (u—v)h(u) f(v)=esf(u)h(u), (1.40c)
ew), f(w)] = PO (1.40d)
as well as ee, ff relations
ern(v) cg(v) ep(v) 1_
g(u =) e(u)e(v)—u_v+€1 S u—vte u—vtel
= g — o) e()e(u)——=® @Y ewlw) 7 400

U—V—€ U—V—€ U—TV— €3

du— o) [ fl) ) do@ A fel) g

U—V—€ U—V—€ U—V— €3

o(u Je(u U
S 0 R 15 RS . C G J TS

uU—v+ € U—v+e€  U—v+ €3

e, ¥ f relations
g(u—v)(u)e(v) = glu — v)e(v)y(u) + locals,

g~ 0)F(0)(u) = g(u — 0)b(w) f(0) + locals (1402
and Serre relations
Z (Uoy — 2Ugy + Ugy)e(Uoy )e(Uoy ) €(Uay )+ Z [e(ua, ), em(Ua,) + ez (Uo,) + e@(u@)] =0,
o€Ss €8s (1.40h)

Z (Yot — 2Ugy + Ugy) [ (Uoy ) f (Uoy) [ (o) + Z [f(uo,), fro(uo,) + fro(uo,) + fg(u@)] =0.

o€E€S3 0ES3
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In the relations above we have used the following notations

g9(z) « (x+e)(z+e)(r+e3), glx) def (x —€1)(z — e2)(x — €3).

The higher currents ey and fy in (L.406€)- (L.40hL) are related to (L36]) and (L37) by change of notations

(L38)-(L39) and by certain scaling factors.
We note that the terms shown by blue in (L40D)-(T:40g) depend only on one parameter either u

or v (in these terms are so complicated, that we do no write them explicitly) and in (L.40%h))
they depend only on two parameters instead of three. We call such terms local and use shorthand
notation locals in formulas instead of writing them explicitly. If one writes the commutation relations
for the modes of the currents (I.33)), local terms affect only few of them. Indeed if we apply

(2;)2 féw jioo u'v? du dv (1.41)
to (L.40D)) for 7,5 > 0 the local term h(u)e(u) does not contribute and we obtain
[hit1, €5] = [ha; €j41] = eshie;.
The local term appears if we apply (L41) with j = —1

[h(w), o] = esh(w)e(w) B2 £, o (u) = [eo, h(u)]. (1.42)

1 o
- ol du do-
(27”')2?4600}%300“” udv

for 7,7 > 0 to (L40d), local terms represented by ex(u) do not contribute and we obtain

Similarly, applying

leits, €] — 3leire, ej+1] + 3leit1, €j42] — [ei, €j43] + 02 ([€it1, €] — [e5, €j11]) = o3{es, €5},

where o}, are elementary symmetric polynomials in €;. However, taking either 7 or j negative allow to
express the higher currents ey in terms of commutators

eml) = T 62)1(61 e ((u — e2)(u— €3)[e(u), eo] — (2u + €1)[e(u), e1] + [e(w), e2] — 3[e1, eo]),
eq(u) = o 61)1(62 = ((u —€1)(u—e3)[e(u), eq] — (2u + €2)[e(u), e1] + [e(u), e2] — 3[eq, eo]),
(1) = fm— e (= ) = o)) o] = (2 e3) o). ] + [e(w). 2] = Sfer. o)),

(1.43)
and similar expressions for fy(u).
Using the relations (IL43]) one can express generators of the Yangian £, 5 (u) with |A| =2 as

Ez,un(u) = [60, [603 h(u)]]a Ez,uﬂ(u) = [[617 60]7 h(u)]

and similarly for £, ,(u) with eg being replaced by fi. These equations as well as ([L42)) suggest that
generic generator Ly ,(u) can be obtained as an adjoint action of e, and fj generators on h(u). Using
the RLL relations (.32]) at level 3 one can find

£@,DDD(U) = [607 [607 [607 h(u)]]]a £@, m (u) = [60; [[61, 60]7 h(u)]a ﬁz,mum(u) = Hel; [61, 60]]7 h(u)]
In general, we have found nice representation for the generating function

St_nan Stna—n Stentn Y U_ptn
en en

—> Unt_p Unt—n = U_ntn
(ule™ L(u) lu)y =en > h > * .

e u)emn (&
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Here U, are the modes of the U(1) current W) ([A20), which can be expressed in terms of e and f

currents (A.22))

Ui1=e, Ua=ler,e), U-3=]len[e1,e0]],
U1:f07 U2:[f1)f0]7 U3:[fla[f17f0]]7

One can compare current relations (I.40) with commutation Y0-Y6 in Tsymbaliuk’s paper [Tsy17].
In fact, it has been noticed already in [Tsy14] that these relations can be compactly written in terms
of the generating functions (see also section 2.1 of [Prol6] or section 2.1 of [GGLP17], where these
relations were written in a convenient form). The conceptual difference between our relations ([L40])
and Tsymbaliuk ones is that we have an auxiliary current h(u). However, one can immediately see
that Tsymbaliuk’s relations, spanned by the currents e(u), f(u) and 9 (u), are contained in ours, that
is Y(gl(1)) is a subalgebra in YB(gl(1)). Moreover, as we will show in the next subsection, the algebra
YB(gl(1)) contains infinitely many central elements, with the simplest one given by ([L44]), which
allows in principle to exclude additional generator h(u).

1.3.2 Center of YB(QT[(l))

In this section we will show that the algebra YB (gA [(1)) contains a huge center. Namely for any singular
vector |s) of W), algebra in the space of n bosons we assign a central element D, (L52). First element
of this series is related to the operator ¥ (u) in (L34]) as

h(u)h(u + €3)
h(u —€1)h(u — €2)

Dy 1(u) = ¢(u) (1.44)

For the representation of YB(gl(1)) in the space of n bosons Fy, ® ...F,, the element Dy 1(u) acts
by the function:

Di1(u)|@) =V (u)|@) where V(u)= H
k=1

U — Up + €3
U — Uk

which we call the weight of the representation.

In order to see that operator (L44)) is indeed central and act in any representation by a number,
we note that the algebra (LL40) contains additional Hamiltonian ¢(u) which commutes with h(v). One
can derive that .

(u—v—e€y)
Y(u)e(v) = };[1 (@ —vTcn) e(v)y(u)+locals. (1.45)
Here, locals denote the terms which contain operators depending only on one parameter either u or v
instead of two. Such terms should cancel the poles of the RHS, and may be computed explicitly, see
also some discussion right after the formulas (L40).
Using the relation
e(w+e)h Hv+e) =h7 (v + e3)e(v),

which immediately follows from (L40D]) at u = v + €3, we may transform the operator 1)(u) to the
more convenient form
_ 2 1 2 _
) = =h (W) u(] ® wiey (2107 1€ WL (1 + e5) (0] — a2)12)u ©1@)urcsh ™ (1 + €3).
Using another identity

wtes (8] @ W (@](08") + ) LM () L2 (u + €3) (0] = 0| D)u @ |B)utes = O,

we find
<8171 ’ﬁl (u),CZ(U + 63)|8171>

h(u)h(u + €3) ’

P(u) =
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where ot
1 2
s1a)e (@) = a®)12)u @ [D)usey
is a singular vector of a W algebra which appears in the tensor product of two Fock spaces F,,, ® Fy,

at ug = uq + €3. Indeed it can be checked that under the resonance condition us = uj + €3 the vector
|s1,1) is annihilated by positive modes of the W currents defined by Miura formula:

—20% — iesW W (2)0 + WP (2) = (ie30 — Dp1) (i€30 — Do)

Due to the property that the singular vector is annihilated by all positive modes of W currents it
follows that the R—matrix acts trivially on the tensor product of the vacuum and the singular vector.
In our particular case we have

U— U+ €3

Ro1(u—v)Ro2(u—v+€3)|@)y @ [51,1)p = |D)u @ |51,1)0 (1.46)

u—v
Relation (L46]) implies the commutativity of h(v) and (u) and ensures that the Hamiltonian (u)
acts on the vacuum |@), by the highest weight

B(w)|@), = LU D g,

u—v

We also found by explicit calculation that d}(u)% commutes with e(v) and f(v) and

so belongs to the center of RLL algebra H In order to understand this phenomenon, let us note that
R-matrix between two vector spaces which are representations of W, algebra is completely (up to
a normalization constant) fixed by the eigenvalues of zero modes Wy of W currents on vacuum and
intertwining identity

R( Z (W(k)(z) ® 1) (iega)m_k) (Z (W(k) (2) ® 1) (iegf))m_k> (Z (1 @ W) (z)) (iﬁga)m—k) _

k>0 k>0 k>0

= (D (1eW® () (ie0)™ ") (3 (WH(2) @ 1) (ieg0) )R (1.47)

k>0 k>0

We will consider two representations of W algebra, one in the space of one boson, and other in
the space of finite number of bosons n. We take two different representations of W,, algebra - one is
the standard Fock representation and the other is the highest weight representation arising from the
singular vector |s),. Let us compute exchanging relation of higher Hamiltonian

hs = (s|LM(u—u1) ... L"(u — up)|s.
and the current e(v). On general grounds, it has the form
hs(u)e(v) = Fs(u — v)e(v)hs(u)+locals, (1.48)

where Fs(u —v) is some rational function. Let us concentrate on the first term of (L48]), because local
terms are fixed by a demand that 1.h.s of (I.48]) doesn’t have polesﬁ. According to the RLL relation,
the function Fs(u — v) is equal to the matrix element

Fo(u—v) =V u—0)y(s| @ o(@|a1R(u — v)a_1|@)y]|8)u, (1.49)

“This fact is an analog of similar relation in gl(2) Yangian: operator 1 (u) is a direct analog of g-determinant [KS82]

qDet[L*P ()] = (1 ® | — L @1 [RYW)RP(u+e)[ 1@ ) — L@ 1))

and gDet [Lgl(Q)(u)_ belongs to the center of Y (gl(2)).
SFirst term of (L48)) obviously has poles because of the rational function Fs(u — v). Its residues should be canceled
by local terms which fixes them unambiguously.
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where V' (u — v) is the weight of representation arising from the singular vector |s)
R(u—=0)[@)olshu = V(u—0)|@)v]s)u
In order to calculate the matrix element (L49) let us act by the minus first mode of intertwining
identity (IL47), specified to the case n1=1, ny = n, ( > (W(k)(z) ®1) (i638)n1_k) — i€30 — 09(2),
k>0

on vacuuim

[a 1 Z Wo (ie30)" At Z W —e3 +i€30 + u)(ieg,@)n*k} D)0 @ |8)0 =
= V(u—wv [a_l S W (e +iesd)" T + Z W (ie30 + u) (ie?,a)""“] 12Yu| @ |s)e (1.50)
k

k)

The desired matrix element can be found by solving a linear system and excluding all W£1 modes
in the Lh.s of (L50). However one can avoid this complicated calculation simply by substitution
1€30 — —u + €3:

> W (_"H‘e)n_k.
zkwo( )"

Thus we find that the exchanging function in (L48]) depends only on the polynomial Ps(u):
= ZWO(k)(—u H (u—vg) (1.51)
k k=1

Ps(u + €3)
Py (u)

o(8| @ W(O[R(u = v)[O)u X |s)y = V(u —0)

as
Fs(u —v) =
For example, explicit calculation for singular vector on the first level |s11) = (a(_lg — a@)]@)v,w%
provides
Poy (1) = (=0 —e)(u—v—e)

More generally for a singular vector in W5 algebra s, , at level mn

P,

Sm,n

= (u—v—me)(u—v—ne)

Let us note that the same polynomial corresponds to a vacuum vector in two Fock spaces Fy_pe; ®

hsm,n (u)
u—mer )h(u—neo

Fy—_ne,. This calculation immediately implies that current Dy, ,(u) = i
e(v), f(v), h(v) and so belongs to the center of YB(gA[(l)). Indeed:
Dy, n(w)e(v) = e(v) Dy, (u)+locals

) commute with

However, as we have seen, all local terms came up with poles which should be canceled with residues
of non local term. Since non-local terms do not have poles no local terms allowed. Thus, we proved

Dy n(uw)e(v) = €(v) Dy ()
Exchanging relation with f(u) is similar, and hence we prove that D,, ,(u) is indeed belongs to the
center of Y B(gl(1)).
In general, by the same argument, any singular vector of W, algebra in the space of n Fock modules

gives rise to central element of Y B(gl(1)). As we explained exchanging relations of higher Hamiltonian
hs with e(v), f(v) currents are encoded in a single polynomial (IL5I). And the operator:

hs(u)

D, = -
[T h(u—wvi)
=1

(1.52)

is the central element of the algebra YB(gl(1)).
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1.3.3 Zero twist integrable system

The Yang-Baxter algebra YB(E [(1)) contains commutative subalgebra spanned by modes of the current
h(u). If one consider a representation of the YB(gl(1)) algebra on n sites, this integrable system is
known to coincide with matrix generalization of quantum Benjamin-Ono integrable hierarchy. It
attracted some attention because it is directly related to AGT representation for conformal blocks
[AGT10]. Much is known about this integrable system. In particular, its spectra and eigenfunctions
can be written rather explicitly.

Suppose, one has an eigenvector of h(u)

h(u)[A) = ha(u)[A).
Then one can try to create new states by repetitive application of e(v). Using (I.40h), one finds that

h(w)e(v)|A) = ———hp (w)e(v)|A) — —

U— 7V — €3 U— vV — €3

Lo s(u)|A), (1.53)

and hence in general e(v)|A) is not an eigenvector of h(u). However if e(v)|A) develops a singularity
at some value v = z, typically a pole, then the second term in the r.h.s. of (L53]) is negligible and we
have a new eigenvector

8= 5 et i) = @i (1.54)
Ce
Similar argument applies to the operator ¢ (u)
3
u (u—2—€q) WA
(w)[A) = E<u—x Ty @) (1.55)

and to any higher Hamiltonian hs(u) from the previous section.

Using (L54)-(L55), one can generate any eigenvector from the vacuum state by successive applica-
tion of e(u). We note that the operators e(u) do not commute. However the structure of commutation
relations ((L40¢) implies the following property

%dv
¢, ¢C

provided that x and y are simple poles and that y # x + €,.

The properties (L54)-([L55) and (L56]) are used to show that the eigenstates are in correspondence
with tuples of Young diagrams or more generally with 3D partitions. In order to demonstrate how it
works, we take our quantum space to be the tensor product of n Fock modules generated from the
vacuum state |@) = |z1) ® |x2) @ -+ ® |zp,)

T

3
= w (% uelv)elu
duewe) = [ (x_erea)fd ijd (v)e(u)|A) (1.56)

Foy @ ® Fp, =spanf{a’) ;o) 1@) s A0 =2 > A >

Our normalization of h(u), which is inherited from our normalization of the R—matrix (L2I]), implies
that h(u)|@) = |@). Then it follows from the definition of ¥ (u) (L34]) that

vwle) = [[ =) (1.57)
k=1

Moreover the vacuum state is annihilated by f(u)

f(u)|@) =0,
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while the new states are generated by the modes of e(u). In principle, one can rewrite a generic state
in 7, ® -+ ® F,, as an integral

(,,\(1) 7}\(n)|® / /p)\ c..e(u)|@)duy ...duy where N = Z \)\(k)|,
k=1

for some function p5(u) (see [Prol6,GGLP1T7] for explicit formulae on lowest levels). The eigenfunc-

tions of h(u) provide another basis |X) in Fy, ® - - - ® F,,, which has very simple form in terms of e(u)
generators

X) ~ j[duN. -.j[dul e(uy)...e(w)@),  N=[X=> [AW)] (1.58)
CN C1 kil

We will specify the proportionality coefficient in (L58) later. In fact it depends on the order
in which we perform integrations. The contours in (L58) go counterclockwise around simple poles
located at the contents of Young diagrams in X. By definition a content of a cell with coordinates
(7,7) in Young diagram AP g

cog=zr— (i—1)eg — (j — 1ea

The order of the contours C; in ([L58]) should follow the order of any standard Young tableaux associated

to A¥). Different choices of the ordering would lead to the same state which might differ by a factor,

later we will provide a formula for eigenvector |X) which is independent of the ordering (see (IL64)).
The state defined by (L58]) is an eigenstate of h(u) and v (u) with eigenvalues

- (u—co) < (u—cq — €4) T u—:vk+63

_ 1.

%) = [T 215 1] e | T S e
oeXx a=lpeX k=1

We note that (L59) follows immediately from (L400), (L45]) and (L57) provided that the surrounded
singularities of the integrand in (L58)]) are all simple poles. This statement can be proven by induction
in level N:

e The base of induction. Let us consider generic states at level one: e(u)|@). In order to find its

poles we use (L.40d])
fv)e(u)|@) = -

which implies that poles of e(u)|@) are located exactly at u = xj and hence

u—v

Ok ~ 75 du e(u)|2)

Ck
are the eigenstates of h(u).

e Let us assume that up to level N the operators e(u) and f(u) act as follows

- EXX+0) - -
e(u)|A) = Z (u’_j)])\ +0) for |A| < N,
Deaddable(X) . (1.60)
- FXX—0O) - - '
fmy =y EXRATDg o e K<

O€removable(X)
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where the amplitudes E(X, X + 0) and F(X,X — 0) are given by

(co — xp + €3)

- — €1€ _ "
E(A,A+D):l—32 T s'co-c)]] o
-

o'eX+o k=1
FOXX-0)= [] S(co-co), (1.61)
oeX-o
with
(x4 €1)(z + €2)
x(r—e3)

S(z) =

— —

In (L60) the sets addable(A) and removable(A) corresponds to the sets of all boxes which can
be either added or removed from A.

(1.62)

e We have to show that e(u)|X) with |X| = N has poles at addable points. Consider u poles of the
following vector
oY) =)

Fe(w)|X) = -2

There are two sources of poles in the r.h.s of (LG3): the eigenvalue of () and the e(u) f(v)|X)
term. It is easy to show that both terms have poles only at addable and removable points.
Formula (L6]]) provides exact cancellation of poles at removable points, which implies the state-
ment.

IX) + e(u) f(v)|X). (1.63)

Finally, we provide the normalized formula (I.58) for the eigenvector |X> which agrees with formulas

(L.60) Y

N . i — Tk

[A) = Jim o= ES(W uj)e(uy)...e(u)| ) (1.64)
The state e(uy)...e(u1)|) contains a lot of poles at u; — ¢; which are cancelled by a numerical
prefactor, so the formula ([L64) should be understood by L’Hépital’s rule - careful analysis of this
formula leads to the same residues as in ([L58]). ¢; variables are equal to the contents of Young
diagrams X and ordered to follow the order of any standard Young tableaux associated to A®). Note
that this prescription doesn’t completely define an ordering, however each ordering leads to the same
formula. Indeed two admissible orderings are different by a number of transposition of e(u;) currents
in (I.64]) note that for such transpositions corresponding arguments u; are not in a resonance, using
(L40€)) we have:

S(ui —uj)e(u;)e(uy) = S(u; — ui)e(us)e(u;) + locals

The local terms are regular at u; — ¢; and so doesn’t contribute to the (L.64]).

1.4 ILW Integrals of Motion and Bethe ansatz

Consider the transfer matrix on n sites Tq(u) defined by (LI2). Using the formulas (A.2),[(A3) from
the Appendix [A7] one can easily see that Ty(u) admits the following large u expansion

T, (u) = A(u,q) exp (imq) ESRUE ) ,

where A(u, q) is a normalization factor and I and Iy are the first ILW,, Integrals of Motion (ILI3]). As
explained in Introduction among other Integrals of Motion there is a particular one called KZ integral

TK%(q) & Ty (ur). (1.65)
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Using the fact that R 1(0) = Pp,1 a permutation operator, one finds

(1)
IFZ(q) = qLO RLQ(Ul — ZLQ)RLg(ul — U3) Ce le(ul — un) (166)

As announced in Introduction the simultaneous spectrum of Ty(u) is governed by Bethe ansatz
equations ([LIH). In this section we will derive these equations.

1.4.1 Off-shell Bethe vector

The basic ingredient of algebraic Bethe ansatz is the construction of the so-called off-shell Bethe vector.
We take the tensor product of n + N Fock spaces, with n “quantum” and N “auxiliary” spaces

quantum space auxiliary space

generated from the vacuum state
D) @|D)u = [21) @+ R |2N) ® |u1) @ -+ @ |up).

Consider the special eigenstate in the auxiliary space (LL58]),(L64)

e ¥ lo,...,0) ~ fdzN- ..fdzl e(zy) ... e(21)|2)a, (1.68)
N——
N Cn C1

where the contour Cj encircles the point zj in counter-clockwise direction. The vector |x), is an
eigenvector of zero twist integrable system with eigenvalue

N
u— Tk
h = _— . .
(e =[] — pp I (1.69)
k=1
A direct consequence of (LL60) implies a convenient formula :
AR
2(21f(2n) - f(21)[x)e = Sym,, (H —— [ 86 - m) : (1.70)
a=1"7 @ a<b

which is an immediate consequence of (L60]) and (L.GT]).
Now we define the off-shell Bethe vector, our definition is similar to the very general approach
investigated in [AO17] (in particular this construction is explained in section 1.3.3 of [AO1T7])

1B(z))u ol 2| R(z,u)|Y)e @ @)y where R(z,u) = Rau, - Rayuy - Rayuy - - Rayuy- (1.71)

The off-shell Bethe vector |B(x)) can be represented by the following picture (similar to the figure 2
in [AO1T])

%) %) %) 1%) %) 1) %) %)
§%) . e e TN
Il .. TN_1
2] . e . xo X
%) 1

up U2 U3z uq Up—3Un—2Un—1 Un
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Consider the matrix element between ]B (:13)>u and generic state

wg(@l) 2 wolall) .. 0l IB@))e =ol|Lx0 p(w) . Ly pun)Ver  (L72)

which is non-zero only if

X :Zn:|>\<’f>|:zv

k=1
Following [T'V95], we call wy (:c\u) the weight function. It can be simplified by noting that the matrix
element of Lax operator Ly g( can be expressed through h(u) and f(z) via contour integra

Lxolt) = oo e ;{Z ]QAFA 2lu) h(u) f(zpp)) - F(1)don - dzpy, (1.73)

where each contour Cj, goes clockwise around co and u — e3. Using (L73) the weight function (L72)
can be rewritten as

1
A =
x 74 Fy(2u) o(@lh(un) FO)V D). hus) FE) D) W) F) D) X e d2,
|>:(r1)| p\(2)| ‘,\(n)|
(1.74)
where

Fy(Z|u) = H () ( ,. IW“)\ ‘uk) (1.75)

Then the matrix element in (L74]) can be exphcltly computed using (L40d) and (L70). One obtains

wy(x|u) = oL ?{ ?{ s(Z|u) Sym,, ((lli[ - i o L[bS(xa - :nb)) dz, (1.76)

O N O . ) ) (n) (n)

where (21,...,2n) = (%7 7, )\(1),21 R NCIEERRE z}\(n)) and the function
A g — Ne) A ug — 52 A ug — e
= — (2 - 3 - J - J
05 (2u) = Fy(zlu) | ] @ 11 o Il W)
j 1 u2 - Z 63 ]:1 US - Zj - 63 ]:1 U3 - Zj - 63
Alr=1) n—1) |A(»=2 n—2) A 1
IHI Un—Z](- H Un—zj(- IHI Un—Z](-) -
- Uy — z(-n_l) —€3 Up, — z(-n_Q) —€ 1 Uy — z(-l) —€ '
]:1 n J 3 ]:]_ n J 3 ]:]_ n J 3

has been obtained from F;(Z|u) as a result of application of (L40c). We note that as explained in
appendix the local terms do not appear in (L76) if one extends the integration contour to include
all singularities of (IL77). It implies that the integral shrinks to the points  and one obtains

wx(z|u) = Sym,, ( (Z|u) H S(xe — xp) ) (1.78)

a<b

Let us note finally that this last equation implies the well known co-product property of weight

function:
wVve o _ Vi (DY, Vo (2
wihzw = 2o wy @Wer@®) [T Vi) [ Sei-2y),
I=I1+1> i€l icly,j€l2
Where the sum is over partitions of set of indices I = 1,2, ...N into two sets (I1, I2) of lengths (N7, Na),
we also denote all z; variables from set I, z(@),

5See Appendix [A3] for details.
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1.4.2 Diagonalization of KZ Integral

The action of the KZ Integral of Motion (L63]) on off-shell Bethe vector |B(x)),, is very simple and
can be explained by the following picture

1%) z j%) i%} z & j%} 1%) 2z <z z 2 1%} <z z j%}
j%) TN z TN
o PN o -
& D |X>33 - @ *2 |X>w
%) Lo z1 2] Ce z1
k ug U3 un U
) gho
ug  ug unp U1
q"o

Projecting this equation on arbitrary state, one obtains

n (1)
210l -l 1T ()| B(2))w = X 2 (@1 Ly 4 (2) - Ly o (wn) Ly f(w)X)e  (179)

If we require that |B(x)),, is an eigenstate for ZK%(q) we have to demand

2(BL5@ 5 (u2) -+ Ly 5 (un) Ly 5 (u)X)e = ty(w) (D1Lya) 5(u1) .- Ly 5 (Un)|X) s

(1.80)
which should hold for any set of partitions X. The eigenvalue té (u) can be found from (L80) by taking

AL = o

g

N

t;(u) _ H A

Ty —ul + €3
o Tk T U1t €3

For generic X the eigenstate equation (CR0) implies the integral identity

'Am' f F(Zlu) o(@|h(uz) f(=1)... ... hun) F(A™) - () F(24D) - x)e dZ =
|>\(2)| ‘)‘<n)| |>\(1)|
Ty (w) 7{ Fy(Z[u) o] hu) ) hus) ) hun) FZ™) .. e dZ,
|)\(1)| p‘(2)| |)\(n)‘

which holds provided that @ obeys Bethe ansatz equations

3 n
XT; —T; — € T; — Uk + €3 .
qHH S QH u =1 forall i=1,...,N. (1.81)

i e T; — X+ €q by i Uk

Indeed using (L40d) and (L40f) one can drag all f (zj(l))’s to the left. As the integrals over 2 go

i

around simple poles located at the points 1, ..., zy (see (LT6)), the local terms in (.40d) and (L.401)
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do not contribute and we will have

PO B3l o) S o ) JCE) ) JG) 0w =
—— ——
|>\(2)| p‘(n)| |>\(1)|
AW
— ¢ Fx(zw) TT DGR o] fG0) . bun) ). . Bun) (7). Bur)|x)e dZ =
|>\(1)| p\(2)‘ |)\(n>|
AW
—MW%%@MIIN%%M@W%U h(ug) (2P ... .. h(un) F(2™) . ) e dZ,

where z denotes the set of all zi(j )

—€ Z — Uk + €3
(2]2) _qHH ZJ+€Z,€1;[1 z—up

zjFza= 1

and

One can easily show that under Bethe ansatz equations (L8I]) each additional factor D(z,gl)\z) in
(L82) equals to 1, which implies the statement.

1.4.3 Quantum KZ equation

Off-shell Bethe vectors (L)), are closely related to solutions of difference KZ equation. Namely, let
us introduce auxiliary functions

D(E59)0(552)

v () — 7 ’
@ D( ()

oM (z) =

where S(x) is given by (L62)). The main property of these functions which will be used is the shift
relation

v®@+m:vW@%x , oMWz k) = S(—2)dM(2)
— e
Then the wave function
ydef [ e dVx

HHV j — La HCI) a— Tp ’B( )> (27TZ)N7 (183)

a=1 j=1 a#b
is a solution of difference KZ equation:

(w1 + hyuz, oy un)) = T (un, ooy un)), (1.84)

where ZR? is the first KZ operator (LG3).
The proof of (L84) is simple. Let us pick a tuple of Young diagrams X = {)\(1), ...,)\(”)} and
consider the projection of the wave function |1 (u))

<®]a}\(1> A(n)]z/; % 2o H HV H@ (M) (224 — ap)w 5 (z|u) (;lm:)cN, (1.85)

a=1j=1 aFb
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where the weight function wy (x|u) is given by (LT8). At the same time using (LT9) one finds

n 1]
d2lolfy DT ) = f o= TT TV s — ) T8 0 — )™ g () - M,
a=1j=1 a#b
(1.86)
where u/ = (ug,...,un,u1) and X = {A®, A XD Ag the integration kernel in (L85) and
(Ra) is & symmetric, one can replace (see (LT7))

ws(@lu) = F{ (z HS a— Tb), wx,(m|u —>F“ HS a— Tp)-
a<b a<b

Then it is immediately to see that the shift
u; — uy + h, (Il, - ’$|>‘(1)|> — (a:l +h,... ,.%’I)\g)‘ + h)

reduces (L.85) to (L86]) after relabelling of integration variables. The statement (L84]) follows.

Of course these considerations are correct modulo choice of integration contour. Integrals of
the form (L83]) have been discussed in details in the literature [AHKSI13,Zen19]. Following these
approaches, we treat the integral (L83]) as a sum over residues, the poles contributing to the integral
are in one to one correspondence with a collection of n 3D partitions, with fixed floor shape A:

xr=vp — (i — 1)eg — (]k—1)62+hn( )

Here we treat the 3D partition as 2D Young diagram filled with integer numbers ng? such that:

(k) (k) (k) (k)
i Z My Mg 2

1.4.4 Diagonalization of I, Integral

The diagonalization problem of KZ integral given above does not work for n = 1, because in that case
there is no KZ operator. Direct formula (LGH) provides an identity operator. Specially for this case
and also for academic purposes we consider diagonalization problem for I»(q) IM ([[I3]). We have to
remember that we have changed normalization in (L38])-(L.39). It is also convenient to subtract the
vacuum eigenvalue and $1;(q) from I3(g). Altogether, one has

(o) =~ [ |gva Y000 - s | 3 3 00D@00; + X000, | | 52002 g 37
2 7,] 1<) (2

where the last two terms are added for a convenience, in order to have more simple formula for the
eigenvalues (L93)).

Since our total Fock space splits into quantum and auxiliary parts (L67]), it will be convenient
to add an upper index to ig(q), either &, u or (x,u) referring to auxiliary, quantum or total spaces
respectively. The key observation is that the Integral of Motion igmu
acting separately on spaces F,, and F, plus a cross term

)(q) is almost the sum of terms

1) = B0) + 1'(0) - 5 [ UOD(0) + 0 €, (1.87)

where U®/¥(¢) is the U(1) mode (A.20), in our particular representation U%/?(¢) = \/es > 9¢i(€).
iE.Fw/u
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We will show that on-shell Bethe vector, is an eigenvector of ié‘(q)

N

I$(¢) o(2|R (@, 1) [X)2 © |@)u = (Zm) (D|R(z, u)|x)2 @ [D)u

k=1

where x, obeys Bethe anzatz equations (L&T]). We start with off-shell Bethe vector (I71]) and insert
Integral of Motion for a system with zero twist ¢ = 0 acting on a space

|B(@))u =2(@|R(2, u)[X)a @ D) —a (B|R(, w) I3 (0)|x)z @ [D)u
We have the following chain of arguments

1. Since |x)g is an eigenvector of zero twist integrable system ([L6J), it is also an eigenvector for
I5(0) with eigenvalue 3, . It implies

N

+(@R(x, u)I5(0)[X)e @ |@)u = Y _ 24 B(T))u (1.88)
k=1

2. On the other hand, the Integral I (0) can be completed by (L87) to I (@, )( 0) which acts on the
whole (x,u) space
CAD)

I,7(0) = 1,(0) + 15(0) — i (k| + K)URUZ,,

kEZ

because the last two terms vanish on |@),,. It implies
(2 R(2,u)I5(0)[X)z @ |D)u =a(@IR(z,w) I3 (0)|X)e © |2)u (1.89)
3. From the definition of R(z,wu) (see (L7I])) we have

Rz, u)Iy"™ (0) = "™ (O)R(z,u) where I (0) = I5(0)+15(0)—i S (k|+k)UPUY,

kEZ
and hence
(2[R (@, u)I; ™ (0)[X)a © |2)u =2(2| ( - 2ZZ/€U“kUk> R(@, u)|xX)z @ [F)u  (1.90)
k>0
4. One has a remarkable property
#(2|UF R(z, u)[x)z © 19)u = ¢" 2{@[R(z, w)UF [X)a © |D)u, (1.91)

which holds provided that @ satisfy (L3T).
5. One can replace U¥ — UF + U* in the r.h.s. of (L)) and use the property
Rz, u), Uf + U] =

to obtain

=(9]Ji R(z, u)|X)z @ |D)u = 29| Ji R(z, u)[X)a @ [D)u. (1.92)

=1
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6. Equations (I.88]), (I.89), (I90), (I.91)) and (L92) imply that
I*(q Vo = Zxk|B (1.93)

on Bethe ansatz equations (L8T]).

In the above reasoning (I.91]) requires explanation. In Appendix [A.3] we have shown that
UF = Ad fo

Using this formula, one finds explicitly

Up = 74 ge(€)f(€1)-f(&)dg with gu(&) = [T& (P (-1icig™) (1.94)

7

where C? are the binomial coefficients.
Consider a matrix element of the Lh.s. of (LOI]) with generic state

wl2laly 0l @ 2(0] I R(@, u)|x)e @ |D)u,
with

S AW+ k= N.
j=1

It can be rewritten as

wl@lal) 0l @ 2(0] I R(@ w)|x)e @ |9)u =a(BTE Ly 4 (1) . Ly 4 (tn)X)a =

:7{ 9k (&) Fx () (@[ (1) F(&x) h(ur) F(2) oo h(ug) F) .. h(un) F™) LX) d€ dZ =
—— S—— SN——
p‘(l)| |)‘(2)‘ |>‘(n)|
=g 74 gk (&) Fx(Zu) o(@|h(ur) F(2V) .. h(ug) F(17) ... .. h(un) F™) o F(E) f (€)X dE dZ,
—— — S———
|>\(1>| p\(2)| |)\<n>‘
(1.95)

which is equivalent to (LOI)). In the first line in (L93) we have used definition of £y (u), in the
second line (L94)), (73] and definition (IL75]), while in the third line we have used argument similar
to the one in (L82) that is dragging all f(&;)’s to the right, abandoning local terms in commutation
relations (L40d) and (L.40f) and using the fact that all the factors (here z denotes the set of all §;
(k)

)

and z;

n
IR =
Z—zj—€ Z—up+€
zj#z a=1 T T k=1 ktes

are equal to g on Bethe ansatz equations (L&T]).

1.4.5 Okounkov-Pandharipande equation

We saw that there are two related problems: diagonalization of KZ integral and solution of KZ
difference equation. Both problems can be solved in terms of Bethe vector. Similarly to KZ case, both
counterparts exists for local Integrals of Motion. Let us consider the following equation [OPI10]:

To(q)e) = hqjq\w (1.96)
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We will show now that this equation is solved by the same wave function (L83]). In order to do that
let us notice that while acting (I.83]) differential operator hqdiq is equal to multiplication on ) x.
The later can be expressed as an action of Integral of Motion in auxiliary space:

N

N
Yo wlB@)u =Y a(@R(@ u)[ )z ©9)u == (2[R(2,u)I;(0)[X)z @ |2)u
= k=1

Then we may repeat all the steps from previous section and find that under the integral over Bethe
roots, action of IF(0) on auxiliary space is equal to the action of I¥(¢q) on the quantum space. The
only problematic point is number 4, let us explain it more details.

Let us consider the matrix element of the wave function:

wl2]al) 0l @ 2(0] Rz, w)UF|Y)e @ 9)u =(B|Lxm 5(11) . Ly 4 () UEX)a =
= Symy (g1, enklw)gr(en ke, on) [] St = 2))
i<j

On the other hand, if we insert U;} from the left we will have:

wl2]al) . 0l @ 2(0] UPR(z. w)|x)e ® 9)u ==(B|UF Ly 4(u1) . Ly 4 (tn)|x)a =

= Sym,, (D(l“l, o BTt 2N ) Q5 (21, s Nk ) g (TN 1 - 2n) [ [ S — I‘j)),
i<

where

mz|y.7 H H 2o yj + €q H H e Qikzj]; =

.1‘_
i,j a=1 Yi 1 k=1

As we explain in Appendix [A.3 (see ([A.24))), the function gi(x;) is transnational invariant under the
matrix element. And under the integral (I.83]) we can freely perform simultaneous shift of all z; for
i > N — k. After this shift factor D(x;|y;) will be canceled, and we arrive to the desired identity

wl@lall) 0l ©2(] JER(2, 1) X2 ®1@)u ~ 0" w(@lal)) .. 0l @ 2l R(x, w) JFX)2 @ D),

2

where the ” ~ 7 means equivalence under the integral (I.83]). Other steps are completely similar to
the ones in section [L4.4l And we recover the equation (L96]).

1.4.6 Difference equations and norms of Bethe eigenvectors

Both KZ (L&84) and OP (90 equations has an extra parameter h. It is clear intuitively that in
the limit A — 0 the corresponding solution of KZ,OP equations turns into a Bethe vector. In this
section we will develop this intuition, and show that it helps to derive a determinant formula for the
norms of Bethe vectors [Sla89], [RV94]. In this section we will treat & to be purely imaginary. As we
already discussed in section (L4.3]), solutions of KZ-OP (L.84), (T.96]) equations on level N are labeled
by collections of Young diagrams with N boxes. Let us compute the scalar product of two different
solutions

(Wa(w)[¢u(u))

As a consequence of KZ and OP equations this scalar product obeys

D} (ir(w)w(w) = a5 (or () =0
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and can be computed at the point ¢ = 0:
Wa)lv(w))| _ = uCN,h). (1.97)

We note that the constant C'(N, k) is independent on the spectral parameters u; and the twist ¢. Let
us compute the integral (IL83]) for general ¢ , but in the limit # — 0. In this limit (I.83)) can be taken
by the saddle point method. Using

x 27Th z z
i # (log(z)—1)—Flog(h)
I (h) V =z ' +olh),

we find that the integration kernel in (L83) turns to the exponent of the Yang-Yang function:

yz N$
(s ;4 Fa7e 1@ (1.98)

V(x) = Z [w(wz —zj—€)tw(z—z;—€e) —w(@ —z;+e) —w(x; — 33])} +
i#]
+ Z v — x;) —w(vg —x —€3)) + le log(q), with w(z)= z(log(z)—1).

%

and

= l_IS(a:Z — xJ)H Uku_k;ix_ieg

i#£j ik

Computing the integral (I.98) by saddle point, we found:

N
Yerit(x) h7

[a(w)) = efW\BA(w»ua

where H()) is a Hessian:

)
H(Y) = det <83:i8xj>

Comparing to the (I.97), we immediately recover the Slavnov’s determinant formula for the norms of
on-shell Bethe vectors [Sla89]

(BAlBy) = C(N)ox, H(Y)F () (1.99)

Where C(N) is the limit C(N) = lim C(N, h)h~". The formula (LI9) can be rewritten in a different
way: h—0
(BalBx)g _ (BalBx)g

HQ)F(z)  HQ)F()lg=0

1.5 Concluding remarks

This notes represents our efforts to understand the affine Yangian of gl(1) and its role in integrability
of conformal field theory. Many aspects have not been touched. Below we present some open problems
and preliminary results that will be left for future work.
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Other representations of the Yangian. As we have seen, the commutation relations of YB (3 (1))
(C40) are symmetric with respect to permutations of €;. It implies that the algebra YB(gl(1)) admits

three types of Fock modules fék) with & = 1,2,3. Taking a representation of generic type
) & FlE) 6 0 B,

will lead to ILW type integrable system corresponding to more general W algebras introduced in
[BFM18,LS16]. The corresponding Miura transformation is explicitly known [PR19,[Pro19]. All the
results obtained in current notes can be generalized with a mild modification to this case. We collect
some details in appendix [A.4]

Massive deformation of ILW,, integrable system. The twist deformation of CFT integrable
system (LI3) leads to certain 7—deformation of Toda action (L3]). Namely, for our choice of twist
deformation (II2]), one exponent in (L3]) gets replaced by its non-local counterpart
eb(w(%t)*sﬁl(%t)) twist deformation eb(gpz(z7t)—gp1(x+7r‘r,t)), where ¢ = P
The corresponding classical field theory called non-local gl(n) Toda field theory is known to be inte-
grable in a Lax sense [DLOT91,[LOPZ91]. Its quantization has not been studied in the literature so
far.
The simplest model of this kind is a free boson perturbed by a single exponent

1
5= [ (gr0ustue + actotei-stereml) g, (1.100)

This model has an interesting feature, in a finite volume of circumference L = nn7: (x ~ x + L),

relabeling the fields: ¢(x+7kT) = ¢r(x) we found that non local theory (ILI00) in a volume L = wnt
is mapped to a local affine A,, Toda in volume 7. So it will be interesting to study the S matrix and
the spectrum of theory (ILI00) in finite volume.

Relation to quantum KP equation. Bethe anzatz equations similar to the ones studied in this
notes were recently obtained by Kozlowski, Sklyanin, Torrielli in a slightly different context of quan-
tization of the first Hamiltonian structure of KP equation [KST17]. We believe that our results may
be relevant in this context.

ODE/IM correspondence. The spectrum of untwisted integrable systems (i.e. at ¢ = 1) can
be studied by means of ODE/IM correspondence (see eg [DDT07| for review). In our approach,
the ¢ — 1 limit could be taken, both approaches works well and could be checked numerically,
however We do not know any transparent relation between them. In particular the transfer matrices
which naturally arise in both approaches are quite different, while they could be related order by
order in 1/u expansion, we were unable to find any closed formula. We note also that algebraic
equations for the spectrum are rather different in two approaches. In Yangian approach one has
BA equations (L8I]), while on ODE/IM side the spectrum is given by Gaudin-like equations (see for
example [BLZ04,Luk13l[KT.20]). It looks similar to the known duality between trigonometric Gaudin
and rational XXX models [MTV08], however it has not been clarified yet (see discussions in [F-JMI7]).
Finally let us mention that conjecturing an ODE/IM relations is always a piece of art, while in our
approach Bethe equations (L&) are derived, and could be easily generalised to more general models,
for example despite the long history of ODE/IM correspondence the spectrum of Reflection operator
(KZ operator T in our terminology) was studied very recently [KL20].
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Relation to ”Tsymbaliuks” Affine Yangian As we mentioned in introduction, current algebra
relations (L40) are not the same as Affine Yangian relations (YO0-Y6) revisted in [Tsyl7]. In partic-
ular, relations (L40) include one extra Cartan current h(u), this leads to the existence of an infinite
dimensional center which is not presents in Affine Yangian of [Tsy17]. However two algebras are
very similar, we conjecture that the factor of Y B (é\[(l)) algebra over it’s center will be isomorphic to
the Affine Yangian of [Tsyl7].

Yangian Double. The algebra called Yangian Double has been introduced in [KT96] following
Drinfeld’s quantum double construction [Dri88|. The Yangian Double seems to be more appropriate for
construction of Bethe vectors by the so called "method of projections” developed in [EKPO7,KPT07]
(see [HLPT17,[LPRS19] for latest results). Unfortunately, we were unable to repeat the procedure
executed in [HLPT17,[LPRS19] and define the off-shell Bethe vector as a projection of a state build of
”total” currents. This is an interesting open problem.
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Chapter 2

BCD integrable structures and
boundary Bethe ansatz.

In this chapter we study integrable structures of conformal field theory with BCD symmetry. We
realise these integrable structures as gl(1) affine Yangian ”spin chains” with boundaries. We provide
three solutions of Sklyanin’s KRKR equation compatible with the affine Yangian R-matrix and derive
Bethe ansatz equations for the spectrum. Our analysis provides a unified approach to the integrable
structures with BCD symmetry including superalgebras.

2.1 Introduction

In current notes we generalize the results and the methods of previous chapter (see also [LV20]) to the
W-algebras of BCD type. The key new ingredient, which appears in this case is the analog of Sklyanin’s
K —matrix [SKI88], introduced by him for studying of spin chains with boundary. The ”"boundary” in
the current context corresponds to the endpoints of the affine Dynkin diagram for a given integrable
system. This fact has been already noticed and studied in trigonometric case in [FJMV21]. Here we
restrict ourselves to the conformal case, but consider the problem of diagonalization of Integrals of
Motion. Similar to the A case [LV20], it is convenient to diagonalize KZ Integrals of Motion (called
reflection operators in [KL20]) rather that local ones. We explicitly construct the off-shell Bethe
vector, which depends on auxiliary parameters x1,...,xn, where N is the level, and show that the
KZ operator acts diagonally on this vector provided that xj’s satisfy Bethe ansatz equations. These
equations (formula (2:27))) together with the explicit form of off-shell Bethe vector (formula (2:25])
constitute the main results of the current chapter.

2.2 Integrable systems of BCD type in CFT

The integrable systems studied in this chapter can be realized by the n—component bosonic free field
@ = (p1,...,¢n). Local Integrals of Motion have the following general form

1 2w B 1 2m
Is = — Gs+1(Z)dZ, Is = — G5+1<2)d2, (21)
2 0 2T 0

where G411(2) and Gs11(2) are the local densities with the spins s belonging to some set, which is a
characteristic property of a particular integrable system. The important property of local IM’s is that
they form the commutative set

I, L] = 0.
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The best way to describe our integrable systems goes through affine Toda QFT
1
S:/(M 0P - Dap) —i—AZe @) e, (2.2)

where the vectors (g, a1, ..., ) have the Gram matrix corresponding to one of the affine Dynkin
diagrams of BCD type:

BY >—% vis —O0—0=%0 BC, o0=0—0— +++ —0—0=0

and b is the coupling constant. Using the standard parametrization for the roots one can express the
scalar products in the exponents in (Z2]) as

%

os);
3

—¥1 Pn
(a0~ ) = { —21 (@r-@) = @r—pra1 for 0<r<n, (an-9)=14 2, (2.3)
—p1 — P2 ©n—1+ ©n

That is each of the affine diagrams can be interpreted as non-affine A, 1 diagram with two boundary
conditions which can be of three types B, C or D corresponding to the short root, the long root or the
root of the length v/2 correspondingly.

The theories (2.2]) are known to be integrable both classically and quantum mechanically They
share an interesting property of the duality (see e.g. [Cor94]). Namely, both D and BC,, theories are
self-dual with respect to the substitution b — b~!, while B and Bv as well as C and CV are mapped
to each other. The quantum integrability 1mphes that the theory admits the set of local Integrals of
Motion whose short distance limit coincides with Iy and I from (2.

The integrals I, and I, by themselves can be defined up to a total factor from the equation (and
similar antiholomorphic equation)

1

— ¢ @ POIG L (2)dE = OVi(2), (2.4)
271'2 C.

where V(2) is some local field (and similar formula for G, 1). Using (2.4) one can construct first few
local IM’s explicitly. It is convenient to write them in Nekrasov epsilon notations|

€9 _ €1 def
b=,/—, b l=,/— and &= —¢ — €.
€1 €9

!The answer will depends only on the ratio Z—;, so without loss of generality we may assume €;e2 = 1 and thus

1
b=eo, b71=61 and Q:b—&—gz—e&
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The first non-trivial local Integral of Motion is I3 and the corresponding Wick ordered density has the
form

Ga(z) = (9 - 9p)” — % <2n - 66“;65> S (0pr) '+

€
k=1

4es - 2 . €3 — €a\ 42 R R A
E 0 g ( —1 7)8 P — E ( — 7>8 ;
+ \/67 Gt 7 + 96 ©j n—j+ 96 wj | +

1€2 7 = =~
4(n—1)(f + €3 €160 — 2€2)(€q + €5 — 2¢
3e1€2 3e1€2€3
46?& €3 — €q €3 — €3 9 9
T e =1 — ) (2 - 6;)0%0:i0%p;, (2.5
€1€2 ; (Z * 2¢e3 e 2€s ( ij)0°i0%pj, (2.5)

where each of the indexes o and g takes the values 1, 2 and 3, corresponding to either B, C or D
boundary conditions. And ¢y is the free bosonic field

. Uk k) —inz i i1
dop(x) = —i + E alke=ine, ar . al]l = mépm _noi ;. 2.6
k( ) B par [ ] ) 2J ( )

We stress that in general the solution to the commutativity equation (2.4]) should be searched in
terms of analytically regularized densities rather that Wick ordered ones. In the case of the density of
spin 4 these two differ by an amount which is by itself an Integral of Motion. In general this is not the
case and starting from the spin 6 one expects to have corrections to the Wick ordered density, which
formally correspond to lower spins (see section for the example).

2.3 Maulik-Okounkov R-matrix, K-matrix
The Maulik-Okounkov R—matrix is related to the Liouville reflection operator [ZZ96] as
Ry = Rl — Oy (2.7)

We will use both notations (Z.7)) interchangeably. Sometimes it may also be convenient to use the
notation R; j(u; — uj) in order to emphasise the value of the zero mode (see ([2.6))).

This reflection operator can be defined up to a normalisation factor from the condition (Q = f}%)
R[0pi — 0p;)(QO — 0pi)(QD — ;) = (Q0 — ;) (QD — 0pi)R[Dp; — Dy, (2.8)
In order to introduce the K-operator, we consider rank two W-algebras of BCD type. They can

be defined as commutants of screening operators (here b = \/272)

[ e¥2dz for B,
S1 = /eb(‘pl_“"z)dz, Sy = [e?¥2dz for C, (2.9)
[ etlerte2dy for D.

The corresponding holomorphic currents W2 and W* have the explicit form

2 - Ca
W = (9p1)% + (0p2)? + \/%8%1 + ei’/% (82pg + 0%p1)
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and

2€ €3 — €
W = (901)2(0p2)? + ———0p10020%ps + ~—2((Dp1)20%p3 + (p2)?0p1) —
(0p1)7(9p2) == 01092072 — ((0p1)?0% 2 + (0p2)* 0% 1)

2
€3€ €3 — € €1 — €a)(€2 —
— 22 (0%p1)% + (& =€) 0%p10% 0y — ( o)(
€1€9 €1€9 26162

) (91081 + 0020 0) —

e3(€e3 — €q) 3 3 €3 €al€s — €q) €3 1\ .4
— == (010”1 — Op10 + - —=]0
ez ( ©10-p1 P1 902) 6 e16s a3 ¥1

where o = 1, 2, 3 correspond to B, C and D W-algebras correspondingly.
Each screening operator (2.9) generates the reflection operator according to the rule

731721;[/(8) —w®) Ri2, oW ) = ()

P1292

Ko, (2.10)

p2——p2

for s = 2,4. We have R = R[0¢1 — Opz], while K2 is also equal to the reflection operator of the
re-scaled argument

K = R[V20p] for B series (2.11)

61—)\/561,62—}62/\/5
IC% = R[\/iaw]

for C series

e1—€1/v2,e2—V/2€2
K3 =1d for D series (2.12)

Note that IC% = Id is the simplest among the operators, as it does not depend on spectral parameter
and has very simple action on bosons.

Now, similar to the argument of Maulik and Okounkov, the K-operator obeys Sklyanin’s KRKR
equatio

R[0p1 — Opa] KT R[Op1 + 02 K§ = KIR[Op1 + 0p2] KIR[Op1 — Opa. (2.13)

It is interesting to note that !, K? and K3 seem to exhaust all solutions to KRKR equation (ZI3)
which preserve the grading operator | Wadz. This is an unproven statement, confirmed by explicit
calculations on lower levels.

2.3.1 KZ integrals of motion.

Having defined R— and K —operators, one can define the important family of IOM’s constructed from
two solutions of KRKR equation — the so called KZ Integrals of Motion. Let us introduce the following
operators:

T+ = Ri,m‘ . .'Ri,ﬁ/C?Ri,n o Riigts

(2
T~ =TRii.. .Ri,i_leRLz o Ricag
K _ ot (2.14)

(]

Let us note that originally [SKISS] the KRKR equation was written in a quite different form:
Ri2(ur — u2) K1 (u1)Ra (us + u1)Ka(u2) = Ka(u2)Ri2(ur 4 u2)Ki(u1)Ra,1 (ur — us).

The difference is actually insufficient as the two equations are differ by the redefinition of K-operator and overall
conjugation by the reflection of bosonic modes a>? — —ak? , n#0
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where we defined the conjugation operator D;, and the bared index i means the conjugatoin by the
D;

Dif(e) = f(p) D;,

Pi—r—Pi
R.; = DjR;;D; = R[0p; + dypj],

Using KRKR equation (ZI3)), it is straightforward to check that
7%, 7)) = 0.

It is also possible to prove the commutativity of KZ Integrals of Motion and local ones. Indeed,
any screening operator S, acts non-trivially only in two (or one at the endpoints) spaces. In order to
point it out we will equip it with the label ¢, such that S,, acts in the space of two bosons F; ® Fj11
for i # 0,n, while Sy, and Sy, acts only on first and the last boson correspondingly (see ([23])). Now,
from the very definition of the reflection operators (ZI0) any operator O; which commutes with S,,
has a nice intertwining property with the reflection operators

Rii+10; = O; Riiv1, i=1...n—1

PisrPit1

ICZOZ = Oz K:Z', 1= O,TL.

Yi—r—Pi

As local IM’s commute with all screening operators, they nicely intertwine with both 7~ and 7"

7;+Is = Is 7;+7 7;7 Is

=1, T, (2.15)
Pi——Pi

Pir i

which proves the commutativity [I5, ZX%] = 0.

2.3.2 Review of the RLL algebra YB(gAll)

Let us remind the basic properties of RLL algebra and its equivalent description in terms of generating
currents h, e and f (for more details see [LV20]). R
The Maulik-Okounkov R-matrix defines the Yang-Baxter algebra (YB(gl(1))) in the standard way

Rij(u — U)Ll(u)ﬁj(v) = ,CJ(’U),C,L(U)RU (U — U).

Here £;(u) is treated as an operator in some quantum space, a tensor product of n Fock spaces in
our case, and as a matrix in the auxiliary Fock space F,. The algebra (??) becomes an infinite set of
quadratic relations between the matrix elements labeled by two partitions

L. (u) dof (ulaxL(u)a—_pylu) where a_plu) =a—ya_p, ... |u).

Let us introduce three basic currents of degree 0, 1 and —1

def

h(u) = Lz,g(u), e(u) = def

h_l(u) Lgo(u) and  f(u) = Lo o(u)- h_l(u), (2.16)

as well as an auxiliary current (as we will see ([2.I8a)) it also belongs to the Cartan subalgebra of
YB(gl(1)))

Y(u) = (L‘,,:,’D(’u, te3) — Loo(u+e3)h ™ Hu+ e3) Loy (u+ 63))h*1(u + €3) (2.17)
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As follows from definition of the R-matrix these currents admit large u expansion

o ho M ey, e _Jo N L %o,
h(u)—l-l-;‘f'ﬁﬁ-..., e(u)—;-l—?—f-..., f(u)—;*k;-l-..., @D(u)—lﬂ-?ﬂ‘ﬁﬂ-...

Using the definition (2.16]) and (2.I7) and explicit expression for the R-matrix on first three levels
one can prove [LV20] the following relations

[a(w), ()] =0, [¥(u),¥(v)] =0, [h(u), h(v)] =0, (2.18a)

(u—v—e3)h(u)e(v) = (u—v)e( (u),
(u—v—e3) f(v)h(u) = (u—v)h(u)f(v)—esf(u)h(u), (2.18Db)
[e(w), f(v)] = 1/J(uu - f(v), (2.18c¢)
as well as ee, ff relations
sttt 5500 - ) -
gl [elye(u)- =W T _esl) )
u v €1 u v €9 u v €3

U—v+€ U—V+€ U—VteE3

= g(u—v) | f(v) f(u)

e, Y f relations

g(u —v)p(u)e(v) = glu — v)e(v)(u) + locals,
gl ) F(2)() = 5 — ()] 0) +locals, (215
and Serre relations
Z (uU1 — 2Ug, + u03)€(u01)6(u62)6(u03)+ Z [e(um)’ 6@(“@) + eﬂ(uaz) + eg(uﬂz)] =0,
o€Ss €8s (2.18f)
Z (u01 - 2u02 + uUs)f<u01)f(u02)f(uU3)+ Z [f(u01)7 f@(uaz) + fﬂ(uaz) + fg(uaz)] =0.
0ES3 o€S3

In the relations above we have used the following notations

g@0) E @+ )@+ e)a+a), §@)E (@ —a)z—a)r—«)

We note that the terms shown by blue in (2Z.18d)-(2I8€) depend only on one parameter either u or
v (in (2.IRe) these terms are so complicated, that we do no write them explicitly) and in (2.I81) they
depend only on two parameters instead of three. We call such terms localand use shorthand notation
locals in formulas instead of writing them explicitly. The main idea is that they always can be omitted
in actual computations, as we only interested in relations between modes of currents the local terms
always will stand inside some contour integral, it turns out that the integration contour always can
be chosen in a way to exclude local terms.

Now let us describe the inverse map from the Borel sub-algebra of RLL algebra to the currents.
We introduce the modes U,, of W) (z) current

(| L(u) a(_ozl]@> = % +0 <Jz) , n>0

_ 1
(2|a®) L(u)|@) = Uu" +0 <u2> , n>0
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It is clear from the RLL relation that the R—matrix commutes with the W1 current:
(@) + Un)Row = Ron(al) + Uy)
Taking the matrix element over the auxiliary space (&|...|u) for positive n we will get:

[Eu,@ (’LL), Un] = £u+n,@ (U)a (219)

def
where (pu +n| = (ulay.
It is also clear, that U, for n > 0 belongs to the subalgebra n™. Indeed, explicit calculation of the
large w limit of R(u) (see [LV20] for the details) shows that:

Uir=fo U-1=ep,
Uk+1 = —k[f1, U] Up—1 = —k[e1, Ux).

Then we get:
Ui = f "%Qk(z)f(zl)“-f(zk)dz with  gry1(2) = _k(zlgk(z% ooy Zhg1) — Gnlz1, . ,Zk)2k+1),

and

an(=) = (<" (k=T (-1 ).

where C! are the binomial coefficients.
Finally using (2.19) we may express £ z(u) as a multiple commutator of L4 o(u) = h(u) and
modes of f(z) currents, or equivalently as contour integral

Lxz(u) = (27rlz)|)‘| 7{ : fFA(z|u) h(u)f(za)) - f(z1)dz1 ... dz)y (2.20)

with some explicit function F)(z|u).

2.3.3 Antipode

As we will see there is an important operation: the reflection of the boson ¢(x) — —p(z). Using it
we define the antipode of L-operator:

L)L) ¥ L) L(w).

Here () is the number of rows in Young diagram ,uﬁ
It is convenient to write the conjugated L operator as follows:

Exoln) = oo - Pa(el) f(=es = ) (=65 = m)h(-u)d .. dpy

12
3Note that if we think of the diagram as of the bosonic state: |A\) = [] a—x,|®@), then multiplication by (—1)* is
i=1

nothing but the reflection of the bosons a_, — —a_n.
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2.4 Off-shell Bethe vector

In order to construct the off-shell Bethe vector we consider the tensor product of n + N Fock spaces

quantum space auxiliary space

generated from the vacuum state
D) @ D) = tn) ® -+ @ |u1) @ [21) ® -+ @ |zN).

In order not to confuse between the auxiliary and quantum Fock spaces, we will label Fock space not
by it’s index, but by it’s spectral parameter. So that the R-matrix between two Fock spaces will read
as R, u; while the R-matrix between two auxiliary spaces as Raiw;-

As usual let us introduce £;(u;) operators:

Li(ui) =Ru; 2 = Rusar - Rusans Lo = Lp(up)...L1(u1). (2.21)

It is also convenient to define opposite £ operators:

EZ(Ul) = Rﬂhm = Rﬁi@N . Rﬁhxl’ Eu = Zl(ul) e En(un) (222)

2.4.1 K operators
In the previous section we have defined the K-matrix acting on the single Fock space (ZI0). It is
useful to extend its action to the tensor product of quantum and auxiliary Fock spaces. Let us define
def
Kuly = RayKyRuy, (2.23)
where
Ruy=Rupny--Rury: Roz=TRuzy--Roa

and IC, is the operator defined in (2.I0). The definition ([2:23) is the direct analog of L-operator to
the boundary case. This definition can be conveniently illustrated with the following picture

K=< . y

Un  Up_1 uz ug  ujp

We note that IC,,;, still enjoys KRKR equation (2.13)
Rxl,mzlcu\le:cl,:EgKqu = ICu|I2R:D1,:f21Cu‘I1RLE1,$2~

Now let us extend the action of our K-operator to the full auxiliary space Fg. The most convenient
way to do it is by recurrent formula

Kuly,z = KujaRyzKy.

Here IC,,,, is the operator defined in (ZZ3)) acting on a tensor product Fp, ® Fy, while Ky, acts on
a tensor product of F,, ® F,. The last formula can be illustrated by the following picture (here we
consider for simplicity the case of N = 3)
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X .
Kup = < . X
X

Un Up_1 uz ug uj

Figure 2.1: Explicitly this K operator reads as Ky|zy 00,01 = Kujzs Ras,25Kujos Rz1 25 Ray 20 Kz,

Finally our definition of K|, may be summarised in two operations which increase the number of
quantum and auxiliary Fock spaces:

de = a de
Aq(lc'u,|w) :f ,Cv,u\m - £Ul€u|:l:£1)? A (’Cu\w) :f Ku\y@ - Icu|azR?j,mICy~ (2'24)

Using the Yang-Baxter equation and KRKR relation, one can show that two operators actually
commute AY(A%(ICyz)) = A%(A4(Ky)z)). This property may be illustrated by the following picture

1 e zq

/\

2

3

z3 3

/N\

Un Up—1 uz uz ujl Un Up 1 ug ug U

2.4.2 Off-shell Bethe vector

Now we are ready to introduce the off-shell Bethe vector

‘B(CL‘» :$<®’Zvlcva ’®>U’X>$ :$<®’Kv|:c ’®>v ’X>m (225)
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here |x), is the same vector as in the A type considerations (LGS). It has grading N with respect to
the standard grading operator. The vector |B(x)) can be represented by the following picture@

g 9 @ I o g o g

r1

2 [ X)w

r3

|9)

Un Up_—1 uz ug uj (226)

We will provide more details about the Bethe vector in the next section, for now let us just announce
the main property of Bethe vector - .

2.4.3 Bethe Ansatz equations, eigenvalues of KZ IOMs.

We note that the Yang-Baxter and KRKR relation (2I3]) provide the nice intertwining property of
the off-shell Bethe vector with the 7, operator (Z.14)

7" |B(z)) = |B(x))

Pir =i
In the next section we will prove that under the Bethe ansatz equations

7 (24P () A() A (—4) H G(z; — 2))G H—z; — ;) = 1,
(2.27)

Olr) = Doz e)w=cs) oy ﬂ Tou S ey Etcal?

(x+e)(z+e)(z+e€3) r—up— G T —ey/2

21D

€3.. BAE(z)=1 (u; + 2)? — 22 €
B -0 = s IB@ =5 (2.28)

Equations (227)) and (Z28) together with the explicit form of off-shell Bethe vector ([2:25]) are the
main results of the current chapter.

“This formula differs from the one provided by Sklyanin [SkI88] in s[(2) case. In his approach K, operator is a
product of single space operators [] /Ky |s,. It can be shown, that for sl(2) case these two approaches coincide. For

example on level 3 we have:

‘B(m» =z <\L\L\L "C’U‘CEL;,CEQ,E1| TTT)I Y | J,>u =z <\L\L\L "CU‘CEL;REZ!ISICU‘CEQREIvISRi1712’Cu‘Il‘ TTT)Z Y | ~L>u
In the case of s[(2), R-matrices between the auxiliary spaces may be omitted, and we reproduce Sklyanin’s formula:

for s[(2)
= =z

|B()) IR Kooy sy [ 1110 @ [ L) = (R | D Rt | D gy [ )]
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2.5 Diagonalization of KZ integral

Let us revise the formula for the off-shell Bethe vector (2.25)). One observes that the definition of (2.25)
(as especially seen from the picture ([2.26))) suggests that |B(x)) can be interpreted as a product of

some L—operators £(uy,) ... £(u1) sandwiched between bra and ket states (K| and ‘é >

T

g o g o g g g o

zp

| X )

.|@)

r3

Un Up_1 uz"up u
X
This observation can be formalized as follows. Let us define £(u) operator by the picture

W

fml

2

Fa
.Fz?)

A

By definition it acts in the tensor product of Fock module and it’s dual F, ® F and equals to the
infinite sum

L(u)ap = Zﬁ(u)p,u X Z(U)A,p (2.29)
P

It is though clear that £(u)-operators, still enjoys RLL algebra
R(uy — ug)L(ur)L(ug) = L(uz)L(u)R(up — us)

Using this equation we may define the currents in complete analogy with A case with exactly the same
commutation relations (L.40):

hu) < Loo(w),  e(w) C b7 (WEoo(w) and fu) = Loo(uw)h (w).
Exploiting this picture further, we can consider K —operator I, as a bra vector (K| acting from

. . A
Fr ® Fj to C. We will denote vectors from Fp ® F} by a two rows objects ‘lﬁ> , where A € Fg ,



2.5. DIAGONALIZATION OF KZ INTEGRAL 63

p € Fi. It allows to rewrite Bethe vector ([2:25) as follows:
|B%(@)) =o{@IL1 . LaKSLn - L11X)al@)u = 2lK%1En - 81| X) [@)ur (2:30)
€T

The benefit of this approach is that the structure of the Bethe vector may be analysed by the rep-
resentation theory of the Affine Yangian in F, ® F;. We call the corresponding representation the
strange module.

2.5.1 Strange module

Our goal is to describe the action of e, f, h and ¢ currents on this strange module. The first obvious
remark is that while there is no highest weight vector, nevertheless Cartan currents h(u) and (u)
still can be diagonalized. Let us consider the first component of tensor product Fp ® Fj. We already
know [LV20] that the eigenbasis is numerated by the collection of Young diagrams X= {)\(1), AW )}
with the eigenvalues:

3 n
plX) = T U8, %) = [T IT e e T 2,
oex - a=lpeX

where by definition the content of the cell with coordinates (i, ) in Young diagram PYLET
cg=zr— (i—1)eg — (j — 1ea

Now, both h and 1 act by a triangle matrices in the tensor product of two eigenbases. Indeed,

according to (Z29):
b(u) = h(w) @ h(-u) + Y Lo () @ Lpo(u),

and hence the eigenbasis of h(u), ¥ (u) in Fp ® FJ is enumerated by the collection of 2N Young
diagrams

¢(U)‘{\.>:H H (u—cg—ea; (u—cD—i—ea ﬁ u;:)ikw—i—keg : (u+ xp) ‘)\>

u X €
o1 +x; + €3)

where

co =z — (i — 1)e1 — (j — 1)ea, for (i,§) € X - the contents of the upper diagram,
cg=—€es— T+ (1 —1)er + (j —1)ea, for (i,7) € fi - the contents of the lower diagram.

Moreover from the ¢, h commutation relation

u—v €3

hu)e(v)[A) = ————e(v)ha(u)[A) -

U—v—€3 U —7v—€3
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-

it follows that ¢(u) acts on the eigenvectors ‘{\,> with the known poles:
71

E(X — X+D) E(X - )
e(u)‘i>_ 3 g — ‘X+D>+ > g — f—0 ‘ X >
— - _ — _ —»_D bl
H Oecaddable(X) 4o H Dé€removable(f) 4o H
F(X — X—D) F(X - X )
u))i> > go— i ‘X—D>+ > po— g+0/ ) X >
— - o — o — D .
H Deremovable(X) 4T H D€addable(f) v pt

We have a freedom to change the coeflicients F, E' by re-scaling the eigenvectors, however their product
is fixed by the ef commutation relation (2.I8d):

) R X)X
(Aj - i‘)F(i‘ - )‘jm):Resu:cD <” fi”> (2.31)
7 - W a — u <)\ )\>
pilp
and o o
B} L B} o)
E(f‘ - i‘)F(i‘ - A >—Resu:CD<“_,u_,“> (2.32)
A+0 — @)\ — p+0 X
iy

The choice of coefficients E and F' consistent with (231))-(232) is equivalent to the choice of
normalisation for eigenvectors. It is convenient to use the following one

X = X+D)_ae “r(co —akte3)  (co+ )
po— A verin e k . (co—a) (ot +es)
X =X _ u —xk-i-eg) (cq + zx)
F(_, ) S(eqr — ep) Slc/—c ,(2.34
g — p+0 H - 0) ,H (¢o - H (cog—xr) (co+xk+e3) (2:34)
De)\ O'ep+0 k=1
X = X €1€2
P30 A T e TT s
i - cor) H cor)
DGA 0’'ep=0
X oo
F(ﬁ N [i ) = H S(cgr — o) H S~ eq — cn), (2.35)
o’'ex—o o'en
with
x4+ €e1)(x+ €2)

S(z) = (

x(x — €3)

Let us now define the vector |x), announced in definitions of off-shell Bethe vector (2.25]), (2.30).
The idea is to choose the vector which will maximally simplify the computation of Bethe vector. The
most natural definition is:

x\ _|O,...,0
‘@>m N ‘ @ >w

Alternatively, this vector may be defined (up to proportionality constant) as an eigenvector of h(z)
with the most natural eigenvalue:

o)

D/

N
X> _ U — T;
u)‘@ T ,1_[1u—x,-—63

1=



2.5. DIAGONALIZATION OF KZ INTEGRAL 65

The main advantage of this choice is that it provides an understandable structure of the off-shell Bethe
function (2.43]), (Z48). Namely the matrix elements

(I I ) f(4)i(5") - B(uz) §A)EE) - bl fEDHED) X
| ~
A AP (A
involved in (248)) may have poles only at points z; = z; or z; = —x; — €3. Then one may compute

them explicitly either from formulas (2.34]), (2.35)), (242)), or by analysis of bf, ff commutation relations
[2I8a), (2.18d) and (K|f relation (2.39). This logic will be explained in section ([2.5.3).
2.5.2 Calculation of K-operator

Our K—operator Kz provides the pairing in the space Fp ® Fj. Our goal for this section is the
calculation of the matrix elements:

R
(il |X) = <z<:w\ﬁ>
In order to do so, we use the reflection equation:
K, L(u)KoL(u) = L(u)KeL(u) K, (2.36)
Being rewritten in terms of £(u), equation (2.30) takes the form:
(KI1L(uw)axcpn = (KIL(u)ca
Two immediate consequences of these relations are:
(Kb (u) = (Klb(—u), (2.37)
(KlLg,e(u) = =k (u) (K] €o,6(—u), (2.38)

where K|O) = k(u)|O). The last equation can be equivalently rewritten in terms of the reflection
relation for the f current:

(Klf(u) = r(u)(K[f(—€s — u), (2.39)
with
() = — 2u + €3 + ezr(u)
2uk(u)
This equation immediately follows from (2.37), (238)) after substitution £4 z(u) = f(u)h(u) and the

following chain of relations

(Klf(w)b(u) = —r(u)(KIf(—u)b(-u) = —r(u)(K]H(-u)f(-u - €3) =

_ _ e3k(u) 2ur(u)
— (Kl — e5) = ~ 52 () — o (K~ — ea)h(w)
Finally we have
ku) =1, r(u—e3/2)= —u+€3g for the D case, (2.40)
u— €3
K(u) = M , r(u—e3/2) = _ut ng for the BC case, (2.41)
u €5 Ej u — €;

where in the last line {7,j} = {1,2} corresponds to the B case and {i,j} = {2,1} corresponds to the
C case.
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Relations (2.37) and (2Z40)-(241) completely define the matrix elements (2.36). First of all from
[237) it follows that K acts diagonally in the eigenbasis of h i.e. A = fi. Then one can find

- - — -

</Cgc §>:F*1<)\)‘D : i)resz c\:< w‘f(—ﬁg—z)‘xi\m>:
Y 1( )resz CD<IC f(z )XX >: (2.42)
=r 1<CD>F1<x§D i §>F(A§D T RIORID)

2.5.3 Off-shell Bethe function, diagonalization of KZ integral.

Motivated by the formulas ([2.40) and (Z.41]), it is convenient to shift z variables: z — = — %, as well
as redefine the operators f: §(z) — f(z — %).
Let us consider the following Bethe vectors:

[B*(®)) =a(@IL1 . LaK3 Lo L£1])uX)z ZalK%En . £112)u| ¥ )

x

|BP%(x)) =o(@| L ... L1KELL .. L0 D) V) e =(KP |81 ... Qn\@u@m,

where oo = 1,2, 3 labels possible K —operators.
It is also useful to introduce their matrix elements the so called off-shell Bethe functions:

def /31 pa @
w, x(®[u) = (B (@) =o(KZ €50 5 (1) .- Ly 5 (un)

X

®>w, (2.43)
_ def ;% 55 - - %

Wﬁ,x(w’") = <)\‘Bﬁ7 (x)) :w(ng\ﬁA(n>7®(un)...£A(1>7®(u1)’;>m.

The off-shell Bethe vectors and hence the off-shell functions have nice intertwining relations with
R-matrix and K-operators:

Riit1|B*™(x)) = P it1|B*™ (),
Rii1|BY*(@)) = Piiy1| BY*(x)
()
()

xr

)

)
),
K&|BO (x)) = Dy| B (a))
KY Dy | B (x)) = |BP*(x))

It implies in particular, the simple action of KZ operators:

T."|B**(x)) = Di|B*™(x)), (2.44)
T, Di| B"*(x)) = |B*"(x)). (2.45)

Our goal for this section is to prove that under the Bethe ansatz equations (2.27]) two Bethe vectors
are proportional to each other:

B () P g T4 2w, (2.46)

,a Ui = Za 62
for some c(x). Combining this equation and relations (2.44))-(2.45]) one can immediately conclude that
on-shell Bethe vector is indeed an eigenvector of KZ operator (2.50).
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Let us proceed to the proof. It is enough to check (2.46]) for any matrix element, or, which is the
same, to establish similar relation for off-shell functions (2.49]). In order to compute the later, let us
remind (2Z20) that £y » is generated by the h(u) and §(z) currents:

2)\,@( 27” |>\| jil jiw F)\ Z - —\u) ( ) (Z\M) f(zl)dzl ‘e dZ|A|, (2.47)

where each contour Cy, goes clockwise around oo and u — €3, so that it doesn’t pick the poles of function
Fy. Using (Z47) the weight function (2.43]) can be rewritten as

1
Wa,x(‘”|u) = (27Ti)N
74 Fy(Z=5 1) oK (un) fA)RHY) - b(u2) f(22)i(E7) . ) i) |X) az,
A
(2.48)
where

Z’u H AR ( ). )\(k)‘ ‘Wc)

The contour integral (2:48)) can be computed by residues. In order to do so let us analyse possible
poles in z variables. As we already explained any f(z) operator either removes one box from the upper
Young diagram x or add a box to the lover Young diagram with a pole equal to the content of the

corresponding cell. We also proved that the matrix element <IC‘;> is nonzero only if X = fi. Thus
we conclude that the only possible poles of the contour integral (2:48]) are

i = To(i) OT Zi = —Ty(i),

where ¢ is some permutation. It is convenient to consider the group spanned by the elements s,
which is generated by permutations of all indices Sy and Zg reflection of each index i — 7 with the
convention z; = —x;. The weight function itself is given by the sum over residues as:

w, w|u le(lv N

We are going to prove the proportionality of two weight functions under the Bethe equations:

wo s(@l) T (@)a, 5 (). (2.49)

Actually, we will prove a stronger statement of proportionality of the corresponding residues:

o BAE(z)=1 -
Is(l,...,N) = C(CC)IL?(LW’N). (250)

Using the fact that the integral (2.47) defined to avoid the poles of Fy, we have explicitly:
Jo — F- _ 673 R e (n) (n)
o1, (@) = F5(s(z) |[w) Reszi—a, ;) o(K%[b(un) (21 )f(z3 7). -
—_———
A

) I b i) X))
~— —— —_————— x

A AL
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and

_ €3

Isﬂ(l,...N) (z) = Fx(s(w) — =|u) Res;,—

P (=)= 25") () (2P (=28) b (muz) o F(2 )28 b un)

A A®) A

>)
O/

(2.52)

Taking into account formulas (Z33)-(Z35) and (Z42), it is straightforward to compute the matrix
elements and check equation (2.50]) with

HS x; + ) Hr (2.53)
1<J

One can also provide a simpler proof without reference to the explicit formulas for matrix ele-
ments, but using the fh, ff commutation relation (ZI8al),([2.I8d)) and (K|f relation (239). The direct
consequence of this relations is the formula for the matrix elements:

Resz—z, (K .. . f(zit1)f(2i) - - ’;>z = G Y1 — 1) Reso—p, (K. §(2)f(2ig1) - . ’g> ,

x

(2.54)
Resz,—; (K% ... f(z:)b(u). .. @w = % Resz—a; (K% ... b(w)f(z) . .. ?§> ,
A 2 x

Ress,ma, o (K2f(—2n) | X) = r(=on) Ressms, oK) - |X) . (2.55)

Note that in the first two relations we additionally used the fact that Bethe roots x; are not in
resonance with each other as well as with evaluation parameters uy. It allow us to omit local (blue)
terms in (218D, (218d). These three relations are completely define the residues up to a constant.

We immediately observe that both matrix elements ([2.51]),(2.52) share the same transformation
properties under the permutation of x; variables. At the first glance the transformation under reflection
of z; variables is different. Indeed the reflection of zx in the first matrix element (2.51]) produce a
simple factor r*(xy), while in the opposite matrix element (Z52) we have to move corresponding
operator f(—zy) to the left boundary and back which produce the product of many terms:

.TQ __ €3 B
rﬂ(—xN)H:UéV 23 E H G oy — )G Han + z)).
kTN 5) j#N

Two factors coincide under the Bethe equations (2.27)). This proves the proportionality of corre-
sponding residues (2.51]),(252]). The proportionality constant (2.53])) may be computed along the same
lines.

It may be useful to note that the identities (2.54)-(2.55]) may be summarized in the following rules
for computation of the residues:

—x; +
17 = Fyl@+ 5w ] %= CiHS i =),
k i=|Ag|+1 Uk 2 i<j
If“.,i+1,i,...($> = Iéf.,i,i—&—l,...(Pi,i-&-lm%
I% &

N(x) = IaN(m)

r*(TN).
IN——ITN
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Finally, let us compute the action of KZ integral of motion IKZ =T 77“ on Bethe vector:

_ _ i “ €3
T T B @) = T DB (@) N T py o) IS [T Wt d g
Ui+ Tg — 5 idia Ui — Tq 5
_ i Ba = BAE(z)=1  _, Uy — Tg + Uj — Tg + 8
T, Di|B*"(x)) = |B*"(x)) = |B""(=)) 2] 2 c (),
Uj a 5 o Uj — g 5
j#ia
which finally proves
_ €3\2 _ .2

752 Bss @) PHD T | gy (i B) ~ (2.56)

2.6 Concluding remarks

In this notes we discovered Bethe ansatz equations for the spectrum of Integrals of Motion in CFT
with the W symmetry of BCD type. There many open questions, which we list in random order.

T-operator. We have avoided the construction of the boundary transfer matrix similar to Sklyanin
[SKIRR]. The reason is that this object is not well defined for Y(gl(1)). Its construction requires the
corresponding R-matrix to satisfy the property known as crossing unitarity. One can easily show that
MO R-matrix satisfies two basic properties of

Unitarity : R[0p; — 0p;|R[0¢; — Opi] =1, (2.57)
T-symmetry : R'0p; — 0pj] = R[0p; — 0pj], (2.58)

which follow immediately from the defining relations (2.8)). Both ([Z.57) and (2.358)) hold level by level
and can be easily verified by explicit calculations for lower levels. However, the crossing unitarity
property
R [0p; — 0pj|R"[0¢; — 0pi] = 1. (2.59)
is more subtle, as it mixes different levels and involves infinite sums of matrix elements. It is question-
able if one can make it any sense. Even if we believe that (2.59]) holds and try to make a step further,
we may conjecture the following formula for the generating function of integrals of motion (for the D
case
)

T(u) = Tr .

(Ri1---RonRom---Ro1)

This formula requires more accurate definition as it involves divergent summation over infinite dimen-
sional Fock space. In the A case this divergence has been regularised by an introduction of the twist
parameter which preserved the integrability. It is unclear whether such a twist can be introduced in
the present case as well. This certainly remains as open interesting question.

Eigenvalues of local Integrals of Motion. Our construction is specially adapted to diagonal-
ization of KZ integral. Diagonalization of local IM’s is a separate issue. We note that in the A
case [LV20] we provided explicit construction for diagonalization of the simplest non-trivial local IM
Io. In principle, it can be generalized for I with s > 2. Despite the fact that direct diagonalization
of local IM’s is still lacking, it is rather natural to expect that their eigenvalues are some symmetric
polynomials in Bethe roots. In the present case, we conjecture the following formula for the integral
I3 =5 f G4(z)dzx corresponding to the local density G4 given by (Z5). Namely, on level N one has
an eigenvalue

no9 2, 2 4 N
T T D S (Zn— M) N+—(on- % +65 > xp, (2.60)
— €1€9 3€1€9 €1€2

€
3 k=1
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where x}’s satisfy Bethe ansatz equations

@ (2)rP) (2) Az) A~ (—24 HG —2;)G N ~z; — ;) =1, (2.61)
J#i
with
(@) :_x_%a A :nx_uk—f_%s_
o= Aw =11

We have confirmed (Z60) by explicit diagonalization on lower levels and it is interesting to find a
proof.

Bullough-Dodd model Integrable systems studied in this notes are already non-trivial for n = 1.
Let us consider BC; system, which is known also as Bullough-Dodd model, or Zhiber-Shabat model.
This is the theory of one bosonic field ¢ with the action

5= [ (go0uw2 + a2+ e) )

According to Zamolodchikov [Zam89], this theory can be interpreted as ®; 5 integrable perturbation
of CFT (or equivalently as ®;5 perturbation). The corresponding conformal integrable system has
been studied within BLZ approach in [FRS96]. However, as far as we concerned, a system of algebraic
equations for the spectrum similar to [BLZ04] has not been derived ye

From the general formula (2.5]) we see that I3 identically vanishes for BD model. It implies the
following identity for the Bethe roots

N
> (4u* — 4N - Q).
k=1

The first non-trivial integral is Is which has the form

1

= o [(aw - 200)! - 50—+ @)

2
5(30° + 1) (020200 - 15(0%0) + (30" + T+ T 0% >]dx. (2:62)

Here all densities are Wick ordered. We note that our integral (2.62]) differs from the analytically
regularized integral by addition of I} and a constant. Bethe Ansatz equations follows the general rules
26]1) with a =1, 8 =2 and n = 1. We found that the eigenvalues of I5 — I¥* are given by

63Q* 63 N
N ( SQ v (45N . ?)cf +80N? — 95N + 27) — 5N(9Q% + 24N — 19)u® + 60Nu' — 2703 .
k=1

SWe note that algebraic equations for quantum KdV system, proposed by Bazhanov, Lukyanov and Zamolodchikov
[BLZ04], were given in [Fi005] improved explanation with precise connection to Virasoro symmetry. It will be interesting
if the approach considered in [Fi005] will provided new equations for the spectrum of conformal Bullough-Dodd system,
which is related to Virasoro algebra as well. It is also worth to mention, that as proposed in the recent paper of Lukyanov
and Kotousov [KL20], the desired algebraic equations for BD model should be searched in the Boussinesq integrable
system rather than KdV one.
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Colored Fock spaces and more general integrable systems. One may wonder that despite
affine Yangian commutation relations (L40) are symmetric with respect to permutations of all ¢4, but
in the Bethe Ansatz equations (2.27)) this symmetry is broken by the source term

n

Alz) = Hu

X — U —
k=1 k

SN

In fact this symmetry is broken by a choice of a particular Fock representation, in order to restore the
symmetry back one should introduce three types of Fock modules F* (see [EJMMI3|[BEMISLST6]),
this will provides us with more general integrable systems. In fact, we associate an integrable system to

the chain of colored Fock spaces with two colored boundaries BL‘]-'IO” RF2 - QFY|Pr , i, fLr=
1,2,3. We present the details in Appendix [B.I] here we just mention a particular interesting model
given as: 1’.7-"11 RFS @ Fap 1 ® fg’n‘& This model provides a UV limit for the (dual of) O(2n + 1)
sigma model considered in [LSI18]. Similarly

3‘]:5’ QFs - @F5, 44 ‘3 provides the UV limit of O(2n) sigma model.

K-matrices. We have mentioned in the main text that there are only three solutions of Sklyanin
reflection equation (2.I3]), which commute with the level. In such a case one can always set the vacuum
eigenvalue of I operator to 1. Then, if we denote

Ka_i|u) = g(u)a_1|u),
the reflection relation (2.I3]) on level 1 is equivalent to the functional relation

_&+tu
=i

where £ is an arbitrary parameter. The reflection relation on level 2 is more restrictive. It is not just
fixes the matrix of the K-operator on level 2, but also demands that the parameter & takes one of

three values , .
o (o) w e ().

2,3

(u+0)(g(u) = g(v)) = (u—v)(g(w)g(v) = 1) = g(u)

corresponding to three solutions K In principle, one might go to higher levels and check that
there are only three solutions. It would be interesting to prove this statement in general.
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Chapter 3

Integrals of motion for the deformed W
algebras.

In this chapter we review deformed W algebra. associated to a Lie algebras of B,C,D types. We
explicitly construct ”local Integrals of Motion” for this W-algebras, which commute with additional
affine Screening charge, and mutually commute with each other. Our Integrals of Motion are trigono-
metric generalisation of integrable structures in non deformed algebras, we argue that their structure
is easier in the deformed case. We also present explicit formulas for deformed R—matrix and Sklyanin
reflection operators.

3.1 Introduction

This chapter is based on my notes which has been never published, but became a part of the joint
paper with much more results and details [FJMV21].

From a general philosophy of quantum groups, it is quite natural to consider g-deformations of
local IM in search for clarification of the matters. It turns out that after the g-deformation, the
local Integral of Motion become non-local, but can be written down explicitly. The g-deformations
of W algebras have been provided in [AKOS96] for type A, and in [FRO7] for simple Lie algebras,
however in this chapter we will rely on [KP18| where the W algebras are defined as a commutant of
screenings. The deformations of the local IM associated to the W algebra of type A were constructed
in [KOJO6], [EJM17]. In this chapter we provide the construction for the g-deformation of the local
Integrals of Motion for the case of BCD type W algebras. We will first define Integrals of Motion as
a subset in W algebra which commute with additional affine screening, and then prove their mutual
commutativity. We also provide quantum analogs for the reflection and Sklyanin R, K matrices, as
well as KZ Integrals of Motion considered in previous chapter (?7).

As it was noted in [FJMI17] the integrable structures of type A can be naturally unified in the

quantum toroidal algebra é[l, which may be thought as an analytical continuation of the type A,
Wy,-algebra in variable n. Similarly to the A, case, in [FJMV21] we suggest to unify W currents
of type BCD in some other algebra K. It was also shown that algebra K has a three commutative
subalgebras, which after specialisation a concrete representation reproduce the IOMs for W algebras
of BCD case. In this chapter we develop more direct and more elementary approach, as I believe
that detailed consideration of algebra /C lies beyond the scope of the current thesis, and suggest to an
interested reader to read the paper.

This chapter is organised as follows: in section [3.2, we recall a definition of a quiver W-algebra
according to the work of Pestun and Kimura [KP18]. In section B3] we use a conjecture that the
Integrals of Motion could be found as a commutant of affine set of screenings, and provide explicit
formulas for them. In section B4l we prove that the conjectured Integrals of Motion are indeed com-
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mute with each other. In section we repeat the arguments of [MOI19] and construct the reflection
R matrix and Sklyanin’s K matrix corresponding to the W algebra, we also provide the formula for
the KZ Integrals of Motion which commute with each other and with an infinite series of the local
Integrals of Motion built it section

3.2 Basic Definitions

In this section we will define g-deformed W algebra following the paper of [KP18]. Our input data
will be the numbers {q1, g2, g3} such that gi1gag3 = 1 and a quiver I'. The rational limit considered in
previous chapters may be restored in the limit ¢; = %%, 8 — 0. For our purposes we will consider
quiver I" to be a Dynkin diagram of an (affine) Lie algebra g. To the each vertex i € {1,...,rank(g)}
of this quiver we will assign a half integer number d; which is the squared norm of corresponding root
d; = (o; - @;), in our notations roots in the middle of a Dynkin diagram normalised to have a unit
lengths. The edges between i-th and j-th vertex will be denoted as e(i — j), to any oriented edge e

it is assigned a number g, in all examples we will put all pu, = q3 , except the gl (N) case, for which

Miipl = q3/ vi=1,...N—=1, up1 = qu ,I. We will also define (g1, ¢2) deformed Cartan matrix ¢; ;

1- q

. . N
and it’s symmetrysation b; ; = ¢; j7—— 0

1 —d; 1—q —di; 1— gy
cig =0+ a ™0y — D e = >t eyt (3.1)
e(i—7) 1_q1 1

e(j—1) 1

here , d; j = min(d;, dj)g. We will also use a shorthand notation f[”](ql, a2, 1) = f(qt, g5, 1u").

We define a W-algebra as a commutant of a set of screenings S; = § S;(2) Q‘ffzz

Z Si k2 +Sz 0 IOg( )+QL

Si(z) =: e (3.2)
T i
[Sz,'m Sj,m] ’] nl— 2 5n+m 0 (33)
1
Qi 5y0) = - 2B0L) 9

log(qy ") "

It is convenient to write down a W-currents in terms of Loran series in Y operators:

yin = (1= a") (™) Fsjn. (3.4)

Commutation relations of the screening currents (3.7)) and definition of the Y-operators (3.4]), imply
commutation relations:

1 )
Wins $5,m) = —— (1 — qF™)8i j6n-4m,0,
n
1 . nl—
ians yjm) = = (1= g™ (1 = ) ()7 -

In general parameters . are irrelevant, except the cases when quiver has loops, in that case W-algebra depends only
on the product of u. along the loop.

2QOriginally in paper [KP18], d; ; = égcd(2di, 2d;), however as we are dealing with ABCD series only we may replace
in by diyj = min(di, dJ)
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It follows that the Y operators are almost commute with the screenings, except some contact terms:
—d; d; W
[Yi(2), Si(w)] = (1 = ;™)o(qr" ) : Yi(2)Si(w) :
Which implies that commutator of a Screening S; and a Y- operator is a local operator:

[Yi(2), 8] = (1 — ;™) : Yi(2)Silza1 ) -

Remarkably , there exist another operator : Yi(z)A~'(q;%s'2) : [KPI8] , which has the same

commutator with the screening charge S; = ¢ Si(w);r—ww.

5¢(Q1_diz)

— L = S =1 - Y)  Yi(2)Si(ar V) -
Sz(Ql dzq2 12) i| 1 1

The operator A;(z) = Silz) - can be expressed in terms of the Y;(2)

Si(q22)
dj d; -1
. rd; T d’L
44() = Yileila o) | T H Vi(ued ™ 2) T H Vil ) | 35)
e(i—j) r=0 e(j—i) =0

Having these operators at hand, we can always complete any expression in a way that it will commute
with i-th screening S; , for example Y;(z) we will be completed to Yi(z)+ : A; (¢, % g5 '2)Yi(x) : which
commute with &;:

Yi(x)+ : Ai_l(ql_d"qglx)Yl(x) =

d.;

d.;
T di,j—d i (r+1)d; ;—d
ra; j—d; -1 (r i, — Q4
[T 11 Yilpeqq,™ “2) IT 11 Yilue'ay " ")
elimsj) =0 e(j i) =0

=Yi(z)+:

—d; —
Y;((h ‘D) lz)

Such combination of operators commute with i-th screening S;, but doesn’t commute with it’s nearest
neighbours, the strategy is to pick a different screening charge S;+1 and complete the expression to
commute with them, and so on. This construction is similar to the one which apeeared in represen-
tation theory, namely Y; is an analog of (exponent of) fundamental weight, while A l'is an analog
of simple root. For a quivers which are the Dynkin diagrams of a simple Lie algebras, this procedure
will have a finite number of terms equal to the dimension of i-th fundamental representation.

So by definition the i-th fundamental W current T;(z) is a current which starts with Y;(z) and
then completed to commute with all the screenings:

T'(z) = Yi(2)+ : A7 Y q % gy ta)Yi(m) : + . ..

3.2.1 Higher W currents

If there is a product of several Y;(2)Y;(w) operators with common ¢, additional factors Sy, should be
added. The combination which starts with Y;(2)Y;(w) and commute with S; is equal to:

V) o 2 i)
Ai(q7 % gy 2) ) Ai(gy gy w)

| Yi(e)¥i(w) |
A g ) Ag gy w) | 30

Wi(zw) = Yi(2)Yiw) : + S4,(5) :
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(1—q1x 1 — gox)
0= 00— ) IIS“Z &0

Note that the current T%(z,w) should be properly understood: we assume that the first argument is
larger than the second one |z| > |w| (radial ordermgﬁ Easily to observe, that current T4(z,w) is
almost symmetric, except some delta terms arising from pole contribution of Sg, (%) .

d;
(- a2)(1 = qf") 5 zaf*, Yil2YiCTE)

W2i(za w) - W2Z(wa Z) =

1-q{'q qu = A(2)
(1 =g)(1 - qili)d(wqfiqz) Yi(2)YilerMagt)
1-qi'g z Ai(g; gy ")

A higher W-current is defined to start with a product of Y operators, and then completed to commute

with all screenings:
n

T (21, 20) = HYz(zz) . (3.8)
i=1

This current could also be defined as a product of n fundamental currents:

Ti(er, ..o =[] (fi(Z))1 [T () (3.9)
i=1

1<J
Function f;(x) could be found by normal ordering of Y;(z) with Y;(w).
w

Yi(2)Yi(w) = f1(2) s Viw)¥i(2) -

z

3.2.2 Example of Wy algebra

In this example, we choose conventions which already adopted for affine system of screenings é[(N ),
we will have one extra (affine)screening Sy and one extra Y-current Yy (z), but will not demand a
commutativity with Sy. Cartan matrix of affine gl(V) is equal to:

N—1
cij = (1+¢3)d Z i1 T 00 1)NVGB — SLNINVGB — ONa kT aE, (3.11)
=1

Wi-algebra corresponds to a linear quiver, and there is N — 1 currents which corresponds to a N — 1
fundamental representations of gl(N) algebra. For the first fundamental representation we have a sum
of N terms:

Tl(z _ }/1(2) Y2(\/q>32') YEﬁ(qzz) 4y YN*l(Q?); Z) i YN(q3N+1) .
Yn(py/a3z)  Yi(gsz) Ya(q2 2) Ynoo(gZ2)  Ynoilgs® 2)

For the second fundamental representation we have the sum of w terms which coincides with the
dimension of this representation:

T2(2) = Ya(2) JrY1(\/‘732)5/3(\/q?,z) L Y 2(qs ; 2)Yn (a5 i 7 2) ) Yiv(ds ;f) |
Yn(pgs)  Yo(gzz)Yn(ugs) Ynor(a? 2)Ynos(af ) Yn-a(ay® 2)

3 Actually we write |z| > |w| here, because there are poles not only at z = w, but also at a shifted point z = (¢{g2)* w
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The last current corresponds to the anti-fundamental representation of gl(NV):

N1 N

TN-1(5) = Yyvoi(z) | Yn- 2(\FZ) Yyslesz)  Yiles® 2) | Yu(pes 2)
Y, Y, 3 N N1 -
~N(Va37) N-1G3% YN—4((]322) Yala? 2)  Yilgy? 2)

Let us find a commutation relations in Wiy-algebra. It could be done directly using commutation
relations of Yj(z) currents, but the more convenient way is to use the formula (B.6)

Yk Yiw) w, Ya(@2) Vi(w)
LT (w) = fu( 5)Talew) = £ T) | mwfwmmww»+“2'n@anwﬁmr+
2\ Bl/ew) Yiiz) | Ya(ew) Ya(Vaez) (%) YN(q?,%w)
() Vo) Vatugad  alag) Walar) +’yw1<*f>yw4mfgww’

here S(z) = Si(z) from eq (B.2)).

Function f(x) could be found by normal ordering of

Vi) s Yilw)

Y (1y/a32) Yy (uyv/q3w)’
Yi(2) Vi(w) <g> . Yi(») Vi(w)
Yy (uy/@32) Y (py/gsw) " Y (uy/a32) Y (py/@sw)
fulz) =exp [ =) %(1 —aq1)(1 —q3) S an?’_n; )on
n>0 (1—prqy ?)

Analysing the poles of S(*%) function we get:

Tl(Z)Tl(w)fljl(%) . Tl(w)Tl(z)f;1(5> _

_a —;]2_)2})_1— Q1)5(q32w> T2 Jg2) — (1 —1Q2_)(qlg_l— q1)5<qiw>T2<\/Zq—3>-

3.3 Commutant of affine set of screenings

In this section we will consider quivers corresponding to affine Dynkin diagrams, we will have one
additional affine Screening S (z). According to the procedure of building a W-current described in the
previous section one would get an infinite number of terms [KP18]. It is not clear what is the meaning
of corresponding W-algebras. In this notes we will do quite a different thing: we will search for a
subalgebra of W algebra which commute with affine screenings.

L W(g) , [In,S] = 0.
In this section we will explain how to construct such elements I,,, and consider some examples of type

A. In the next section we will consider in details the Integrals of Motion of D type and prove their
commutativity.
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3.3.1 Example of gl(2)

This section is an illustration on how to construct commutant of screenings in the simplest case of
gl(2) W alpgebra. According to the section we have the ¢-deformed gl(2) cartan matrix of the
form (BII) , two screening currents Sp(z) , Sa(z) = S(z) and two Y; currents. Our strategy will
be the following: let us wright explicitly the fundamental current which corresponds to a W-algebra
commuting with &y

1 N(2) Ya2(/q32)
=) = Ya(h1/432) " Yi(gzz)

And the fundamental current which commutes with Sy
R Y Yi(pt
Tl(z) _ Z(Z) 1(” Q3Z)
Yi(v/a32) Ya(q32)

This two currents are sums of two terms which are identical up to some shifts of arguments, and we
conclude that their zero modes coincides@:

I = %Tl(z)d'z = %Tl(z)d'z (3.19)

o2mz o2nz’

The operator I; coincides with the first Integral of Motion considered in [FJM17], [FKSW07]. Under
the limit 4 — 0 we reproduce generalized Macdonald integrable system, current 7% (z)|,—0 = e(2)
where e(z) is a Ding-Iohara-Mikki current at level 2 , [EEJMI7].

To construct the higher Integrals of Motion, let us consider the current which corresponds to a tensor
product of the two fundamental representations (3.0]):

1 _._n(z) Vi(w) 2\ . Y(z) Ya(Vasw)
L(zw) = Ya(p\/q32) Yo (p/@3w) '+S(w) Yo (p/q32) Yi(gzw) -
+S<g) . Nw) Ya(/es2) _ N (Ves?) Ya(Vasw) |

z/) " Ya(uy/g3w) Yi(gsz) Yi(g32) Yi(gzw)

Here S(z) = S1(z) from section B
There is also another current, which commutes with S = S

71 _. Nz) Y(w) 2\ Ya(z) Yi(p'Yaw)
Ty (2 w) =: YI(@Z)Yl(\/qgw)‘+S(w)‘yl(\/q§z) Yalgw)

+S<E) . Yl(ﬂ_l\/q?)z) Yo (w) L Yl(,u_l\/qig,z) H(N_lﬁw) |
2/ Yalgsz) Vi(yaw) 0 Ya(gsz) Ya(qgw)

Again these two are the sums of four similar terms, but now after a shifts of arguments current 12
will contain shifted rational functions S (qf’%) The idea is to find a commutant of two screenings as
a convolution which will absorb this difference:
z dz dw Z - dz dw
b= § Sur(E)Tw) g o = § S ()T )y = 0 (3.22)
w w
C

21z 2ww 2z 2w’

If 322) is true, than obviously [I3,S12] = 0. Equation ([B:22) is equivalent to a system of difference
equations on a function Sy -(2):
Soo,T (i> = Soo,T (E) )
w z
9o (1) 5() = 5 (5 0) 5 ()
w w g3 w poz

4Note that the definition of fundamental currents is ambiguous, for example T can be multiplyed by any function of
Y, operators. However, equation (319) uniquely fixes this ambiguity.




78 CHAPTER 3. INTEGRALS OF MOTION FOR THE DEFORMED W ALGEBRAS.

Solution to this equations could be conveniently written in terms of the quantum dilogarithm functions
IKOJO6]:

o0

(57 = [[A =2 5 7 =

n=0

)

®
q3

. —1. ~1. -1,-1,
SOO,T(Z) — O'(Z)O'(]./Z) — (Zﬂ T)OO(ZQP, 77—)00 (Z 7?)00(’2 q13 7T)OO
(0125 7)o (0225 T)oo (@127 T)oo (27142 T)oo
Proceeding further, one could construct higher Integrals of Motion:

7 & dz
n_j{ H Soo.r Z)Tl(zh'”7 )11:1127:21'7

1<5<i<n

here T} (21, ..., 2y) is a higher W current (B:2.1)) :

T1 i Yl Zz
n(zlv"'v HYQMfzz

Here, one should specify the contour of integration: our choice is to do all integration along the unit
circle |z;| = 1. Such choice of contour is clearly symmetric under the permutation of variables z; <> z;,
another benefit of this contour is that functions S -(2) could be expanded in a convergent Tailor
series, and the whole integral of motion could be computed as a zero mode of some series:

[ I1 SW< )Tl(zl,...,zn)]().

1<j<i<n

Where for function f(z1,...,2,) = Z fir... ﬂnzz”" we defined [f(2)]o = fo,...0. Operators I, coincides
Zk =0

with the ones built in [FKSWO?], [FIMI7).

3.3.2 Example of gl(4) = s0(6)

In this section we will use the isomorphism between gl(4) and so(6) affine Lie algebras, we then expect
to have an Integrals of Motion built from the second fundamental current of gl(4) W algebra which
at the same time is the fundamental current of so(6) W algebra. However we will observe that the
Integrals of Motion of this type appears only at a spectial parameter of a twist u = 1.

It is easy to check that similarly to the previous case, zero modes of fundamental current 7 (z) and
anti-fundamental current 72(z) commute with all screenings of gl(4)

e f - f (0 | Y09 | Vi) | Vil
! 2mz 2mz Y4(,uq§/2z) Yi(g32) Ya(qs 3/2 2) Yi(g3z) )

and

V& :%dzT?’(z) :fdz ( Ys(e) Ya(g5'%2) L Nles2) | H(qu/QZ)) .

22 2w \Vi(ay?2)  V3(@2)  va(g)?s)  Yi(a2)

There also exists another current , which corresponds to the second fundamental representation of
gl(4) or fundamental representation of s0(6):

(20 Yilay*2)¥s(a5”*2) | Ya(as*2) | Yalas*2)Vilus2) | Yalas2)Valas2) | Yalgse)

2(,) —
) Ya(pgs2) Ya(pg32)Ya(gs2) Yl(qg/Qz) Yg(qg/Qz)n(uqu) Yl(Q§Z)Y3(Q3Z) Y2(Q3Z)
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And commutes with S1, S, S3. One can also construct another current:

T2(2)2<Y4<z> Vi le ) Yle %) | i) Yie'e?s) | Yieo)Ya(e) | Ya(e?)

+
Ya(q32) Yi(g32)Y2(q32) Yi(u~ q3/ 2) Y3(q§/22) Yi(g32)Ya(a32)  Yalg

Which commutes with Ss, S3, Sy.

We see that zero modes of the currents (3.27) and ([B:28) don’t coincide, except the case u = 1.
We conclude that at the special value of twist parameter (1 = 1): additional current appears, we will
see that W-algebras of B, C,D don’t have such a parameter and should be thought as p = 1.

For the end of this section, let us prove that [I{, I$] = 0 for any p. First of all, let us note that due

to commutativity of two currents: [Y (Yl (1 /)2 7 Y}(/‘”’l( /2) )] = 0, corresponding currents 7" (z) and T3 (w)
4(Hq3" = 4

commute up to delta terms:

Loy g3y = L@ =) (o= V(@) YalueyPw) s owp o Yi(z)  Yaluayw)
[T°(2), T%(w)] = 5 §(——) = ) :
1 —gqs qzw Y4(,uq3/ 2) Yi(g3w) a3z Y4(Nq/ z) Yi(gz3w)
+o( z _Yz(qé/zz) Y1 (gzw) 5 w ‘Yg(q3/ z) Yi(gsw)
@aw’  Yi(gzz) Yg(qg’/Qw) z Y1(g32) Y2(Q§/2w)
52y, Blw2) Yal™w) o ow . Ya(gs2) Ya(gs'w)
) o W) e e Yalggw)
2(q3"2) 138 G2 Yy(qy'z) Yalasw
5832 Yalg)?2) Ya(w) o Yald)?2) Ya(w)
ot )‘Y(2) L/2 '*(7)‘3/(2) 12
w 3\932) Yy(qs' "w) 43z 3\932) Yy(qs' "w)

Now it is easy to note that under the integral over ﬂ d“ZU all delta terms cancels with each other.

dz dw

272 27w

1, 1] = o [T (2), TP (w)] = 0

Now let us look at the OPE of W current corresponding to the first and second fundamental repre-
sentations ﬁ

1/2 w 1/2 . .
T (2)T? (w) = S<q3z )fu( e )fu<q3z ) (; }q(Y;;;/)Zz) Yj?f]gl) :+...>

1/2 n.—ny\s.—n/2 n/2
w a3 W):em 1o ooy r"as")as " +a )<w>">
fu(qéﬂz)fu( - p@n( (1 = ) -

It turns out that at the point u = 1 the scalar factors exactly cancel each other, and two currents
becomes local with respect to each other, and commute up to delta terms. It could be checked that
these delta terms cancels under the integral which picks up zero modes, the last statement proofs the
commutativity of [I7, I?] = 0. §

Each of three local currents Ii produce a series of 1ntegralsﬁ

n
O 5 R G e 1 £

1<5<i<n =1

5As explained in [KP18], see also first section of the current manuscript, there is a procedure to uniquely determine
..” by the condition of commutativity with all the screenings, together with some minimality assumption.

S Appearance of additional Integrals of Motion for the special values of twist parameter looks similar to ones revealed
on Rybnikov Ilyin arXiv:1810.07308

—1—]i—2] .

”

"Here 7 = ¢ is just a short notation to say that 7 = q3_2, fori=1,3and 7 =gq3", for i =2.

D+
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here T%(21,...,2y,) is a higher W current (3.2.1)):

The mutual commutativity of I was proven in [FKSW07], the mutual commutativity of I? and more
generally IOMs associated with s0(2/N) affine Lie algebra will be proven in the next section.

3.4 Integrals of Motion of s0(2N) type.

In this section we will be concentrated on the Dy Dynkin diagram (fig BI). Let us consider St

6
1
R ()
/ /
2 3 4 5
1 6

Figure 3.1: D Dynkin diagram

screening as an affine one. The definition of fundamental W current T (z) is ambiguous, namely it
may be multiplied on any operator depending of Y7. We fix this ambiguity in way that its zero mode

=4 2‘152 T'(z) commutes with the affine screening as well:

N—2 N-2
1\ Yi(2) (qS/zz) Y3(g32) Y4(q§/2z) Yn-i1(g3® 2)Yx—(az3® 2)
T'(z) = + S o +oot = +
Yi(gsz)  Yilas2)Vi(gs2)  vy(g¥%2)  Y3(d32) Yyn-2(q3? 2)

Vi agy™ ) | Yazilas® 2) Yy_o(gy” Yaos(a?
_ z ~v_1\9q z z _ 4
+ N 1(Q3N )+ N—1 3N i NN2( )ﬂ + N 3(‘1:57“) +...
2

Yr—(q3 2) Ynoi(gd z)  Ynoi(ed 2)Ya—(as 2)  Yn-a2(g3® 2)

Vi(qs *2)Va(es 22) | Yi(a) *2)
+ SN_1 + Vi (a1
YQ(Q?, ? ) 1143 z)

Indeed zero mode I; = § £2T7(2) is symmetric with respect to exchange 1 «» 1, and so commute

with additional affine screening 5’1
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Analytical properties of higher W current Before we proceed further let us describe some
properties of this current. The fundamental W current is a sum of 2N terms:

N 2N
TH(z) = Mi(z) + Y Ail2).
1

N+1

The contractions of different terms may be computed and written explicitly as:

M@A(w) = (5 Al Ai(w) (3.39)
NN w) = F(2)S(2) s M)A (w) 1, i< jiiA2N -
M@ w) = £ (2)S(2) M)A (w) 5, P> 5,0 £ 2N -,
M@ hon—i(w) = £-(£) () (a1 M) Aan—i(w) 1, i< N (3.40)
Nov—i@Ai(w) = £-(5)S(5) (S0 ) t Aav—i(DAi(w) , i< N, (3.41)

where

fr(2) = eap (Z La gy - gt T ) >z"> Cwith 7= Y.

n>0

Now let us consider the higher W current
1 —1(%2\p1 1
T} (1) = £ (2) TH )T (z2) =

21 z2
= Al(Zl)Al(ZQ) : —FS(?z) : Al(zl)AQ(zl) : —|—S(;1) : AQ(Zl)Al(Zl) H TP
Naively there is a plenty of poles at points 21 = z2¢5 , |k| < N — 1, however all poles except k = 1,k =
N —1 cancels. Indeed poles at z; = 22 cancels because for any term of a form : A;(21)A;(22) : there is
a term : Aj(21)Ai(22) : which has an opposite residue at point z; = 2. Residues at points z; = q§z:2
cancels due to an identity:

P Ai(2)Aan-i(gy 2) = A () Ao i (3 2)
1
The residue at 21 = z2q3 is proportional to a second fundamental current T?%(¢3 29) ([B3.9)

Yaz) ., Vi)

T?(2) =
Yi(ey*2)i(d)%2)  Yalgs2)Yi(gyz)

+ ...

. _N - . . d (g7t .
The residue at zo = zlqé N s proportional to a Heisenberg current H(z) e 5;}1(?33;)) which commute

with all S; except S7. These results may be compactly written in a following commutation relation:

—1 —1
| s =g ) —g ) 21\ 2, 1/2 22\ 2, 1/2
Ty (21, 22) — Ty (22,21) = 1—g3! 5<Q322>T (a3 Z2)+5(Q321>T (3" "21) ) +

b (gt _)(ql_ ) (5 2) e+ o (o 2 ) (e

Another important observation is that due to zeroes of function S(z) involving into contractions
B39) — ([B.41), we have some zero conditions for the triple product of fundamental currents. let us
introduce a function h(z) = (1 — ¢ '2)(1 — g3V 12)(1 — g32)(1 — g3 '2), then the operator:

O(z1, 29, 23) = h<ﬂ>h<z—l>h(@)Tg(zl, 29, 23), (3.43)

z2 Z3 z3
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is symmetric and has the following zero conditions:

O(z,qi2,qiq;2) =0 (i # j, 1,5 € {1,2,3}), (3.44)
O(Za q[:gt(N_l)Z7 QLQCI;:(N_DZ) =0 (345)

which are easily verified by using (8.39))-(B.41]). These conditions will be important in the proof of the
commutativity of the IOMs.

Commutant of screenings Analogically to ﬁ[(2) case, commutant of screenings could be con-
structed as a multiple integrals of the higher W-currents:

n

In == % H Sm,q§_N( )Tl Zlyesey R H 27TZZ .

c 1<i<i<n =1

The integration contour C' goes along unit circle |z;| = 1, T1(z1, ..., 2,) is a higher W current ([B.2.1)):
n
Yi(z;
Tz, 0 2n) = HM R

Let us show that (3.46)) is indeed commute with all the screenings. As we already point out 7(z) is

a sum of vertex operators :
2N
=> Ai(2), (3.48)
i=1

If we exchange the argument of first and the last terms: Aj(z) — A1(7712) , Aan(2) — Aoy (72) then
corresponding W-current:

2N—-1
T'(2) = Aon(72) + D Ail2) + Ar (77 '2) (3.49)
=2

will not commute with the first screening charge 57 but will commute with the affine one S7. We want
to prove that the two currents ([8.48),(3.49) are identical under the integral ([8.40). Let us for example
consider the case of n = 2. We want to prove that:

%SOOJ(Z)le (E)Tl(zl)Tl(ZQ) dzy dz i ?{SOOJ(@)JCT1(22)T1(Z1)T1(22) dz dzo

21z 229 21 2mz 229
C C

The only problem terms are:

7{5007 Z2 T ( 1)A12N(Z1)A( )dZI 0z ;7{Soo,‘r<Z2)fr_1(@)AI,QN(T:Flzl)Ai(ZQ) dz1 dz

27T21 27T22 27T21 271’22

And analogical ones with exchanged order of A operators.

The idea is to shift the variable z; — 77!z, and note that the product of two functions S T ("‘2 ) 1 (Z—Q

21 21

remains invariant. The only thing we need to care, is that we don’t cross any pole when shifting the
integration contour. This can be done using contractions ([B.39)-(3.40), the crucial fact is that poles
+(N-1)

at points z; = Zquﬂ y 21 = Q3 zo are canceled by zeroes of function Sy, 7-( ) The case of general
n is completely analogical, the same line of argument leads to the fact that:

)
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And so

n

H SOOT @ <j>T1 lyecer ® H27rzl

C 1<5<i<n =1

.

commutes with the affine set of screenings. The Integrals of Motion I, can be rewritten in terms of
fundamental current as well:

i dz
o i T s (T

& 1<j<i<n

Here we used the definition of higher W currents (8.9) and introduce the function:

97(2)@7'(@1?:12)
O+(q12)O7(q22) '

WT(Z) = f;1<z)soo,7'(z) =

Proof of mutual commutativity of [,, In this paragraph we will assume that: {g3 > 1, ¢1 <
1, g2 < 17 < 1}, the other domains of parameters could be achieved by analytic continuation. Now
we want to proof the commutativity [I,,, I,,] = 0. We have for the product of two IOMs:

Zi Zi i

02 { 1 1 ?

L,I, = I | SOOT< ) | | SOO7T<—Z‘>TH(21,...,zn)Tm(szrl,...,szrm) | | .
Cnm j<j<n nt1>i<j<n+m J i=1 v

The contour C),,, is understood in the spirit of radial ordering i.e we assume that z; < z; for
i < n,j > n. Now using the identity which follows from pestun’s prescription to write a higher

W-currents ([3.2.1)):

"
To(z1y ey 2n) T (we, .oy wpy) = | | fT(—Z'Z)TnJFm(zl,...,zn,wl,...,wm)
. . J

we may rewrite the product of two IOMs as:

n,n+m 1 . ntm dz:
) )
T Im = H 2 H SOO,T(i)Tn-‘rm(Zla s 7Zn+m) H )
WT(%) ey Zj 5 2mz;
Cnym i=1,j=n+1 Zj 7 1<j<i<n+m =1

n n+m

1 Z;
Ll = | S T(J)T ,
n %C 7—(%) H 00, 2 n+m(zl zn+m)

N = 1,] m—+1 1<5<i<n+tm

As follows from the properties of higher W current and the position of zeroes of S r function the
operator:

V4
SOO’T( Z>Tn+m(217 .. wzn—i-m)
Zj

is symmetric with respect to permutation z; <+ z;, and do not have any poles other than the poles of
function So ~. Our strategy is to deform both contours Cy, , and Cy ,, to the unit circle, once it is
done the product of theta functions could be symmetrized under the integral, and the commutativity
of IM reduced to the following theta identity, which was proven by induction in [FKSWO07].

n,n+m 1 n,n+m 1
Sym( 11 w (ﬁ)) :Sym< 11 w())
i=1,j=n+1 ' ‘%j i=1,j=m+1 T\z



84 CHAPTER 3. INTEGRALS OF MOTION FOR THE DEFORMED W ALGEBRAS.

Let us rename the variables z,1; = w;. The function f (%) has its poles outside of the contour so
we don’t have to cross them when moving contour to the unit circle. The only obstruction to move
the contour C,, ,, to the unit circle are poles of operator Ty 4m (21, ... 2n, Wi, ... wy) at points w; =
qg_lzj, w; = qulzj, while for the contour C,,, we have to cross poles at points w; = g3z;, w; = 7¢32;.
Now we are going to show that corresponding residues are identical for both integrals which will finish
the proof. In this notes we consider only the example of n = 1, m = 2, the proof for a general case is
analogical and provided in [EJMV21].

Let us consider the residues at w = z2q5 ! for the first integral and, w = zaq3 for the second one. It is
convenient to write the residues in term of O3(z1, 22, 23) operator ([8:43]) which doesn’t have any poles,
and symmetric in its arguments:

3

LS s L E M E TR £

—1
|z1|=|22|=1 !

2= % h_1<q%?)h_l (%)SOO’T<%)fT(q§1)fT< >O3 21,22, q3%2) ﬁ Sa
i=1 v

|z1|=]22|=1

Now, after the shift of variables zo — g32o in the first integral, the integrands become the same due
to identities:

Seo,r(2) = 07(2)0-(1/2)
UT(q3Z)fT(Z) = UT(Z)S_I(Q3Z)
S(z71) = S(as2).

And we again have to care that we may perform a shift of argument z9 — g32o without crossing a

pole. The only relevant poles at points 21 = ¢q; 222 in this case are coming from the S T( > function,

however thy are cancelled with a zero of O3(zy, qL2 21, qLQw) operator (3.44).

Now consider a residue at w = 7¢5 12 for the first integrals and w = 7~ g3z, for the second one. We
have:

Ji = ]{ h—1<7613_122)h—1(ZQ)SOW(Z)]’T(T% )fT< ra; )Os(fqgle,zl,zz ﬁ

<1 21

2z
_ _ =1
|z1]=]22]=1

3

T2 = 7{ h1<T_1%22)h1(22>S°°T< >fT(Tq3 )fT<%T‘1§1>03(2172’2,7*1(1322, H

“1 Z1 =1

27T2:Z
|z1|=]22]=1

Again after a shift zp — 7 !¢329 in the first integral, integrands become the same due to an identity:

UT(quflz)f(z) = Sil(Tﬁlqu)Sfl(qu)aT(z).

Z1 1

The relevant poles of function S - (5) at points zo = ¢y %zl z2 = q, %T*
condition (3.45). Which finishes the proof of commutativity.

z1 are cancelled by a zero

3.4.1 Integrals of motion for the ¢g-deformed W algebras of BCD type.

Cases of BCD algebras fits into the same scheme. There are three types of endings of an affine Dynkin
diagram (see 3.2]). We pick one node as an affine one, and consider W albega of corresponding non
affine Lie algebra. We resctricted ourselves to the case when affine node is of type D or C (long root),
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while the case of type B (short root) is not covered by our construction. We define the fundamental W
current T (2) such that it commutes with all screenings except affine one and we fix a U(1) ambiguity
of this current by a requirement that its zero mode I = § 5= Az T1 ) commutes with all screenings.
We define higher W currents according to (3.8]),(3.9).

Th(z1,20) = f;1<§>T1(21)T1(z2) _

=: Al(Zl)Al(ZQ) : +S<ﬂ) : Al(zl)AQ(zl) : +S<%) : AQ(Zl)Al(Zl) S

<2

parameter 7 is chosen according to table 3.1l

Affine Lie algebra | Parameter of elliptic deformation 7
N
Ay Has 2 - arbitrary
BY Q1/ a3 "
Cn ai/a
DN q3— +2
BCy at g}~

Table 3.1: Contrary to the Ay case, parameter of elliptic deformation in BCD case should be fixed

It turns out that analytical properties of higher W current are analogical to the ones of D case:

R i G R G E ) B

I _)(qi_l %) (8(c*2) ) + 8(c22 ) i)

where C? = 77 1g3 for type D affine node, and C? = 77 !¢ for type C. This similarity was used
in [EJMV2]] to define K algebra generated by the current E(z) and K(z) which unifies W algebras
of types BCD. We also studied the representation theory of the K algebra, we found that in concrete
representations current E(z) becomes equal to a fundamental current 7 (z) of W algebra. Another
result of the paper is a formula for higher Integrals of Motion, let us mention them here without a
proof:

I, = ?{Tl(zl) TN z) T el (;) H Q‘jf; .

& 1<j<i<n

here, o = 3 for a D type affine node, and a = 1 for a C type affine node,

LUS(Z) — @T(Z)@T<q3_lz)
! ©7(q12)0-(q22)’

wl(z) _ @T(Z)@T(qflz)
T 0+(¢22)0+(g32)

In [EJMV?2I] it is proven that IMs ([8.59) commute with each other and with affine set of screenings.
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3.5 R - matrix, K-matrix, and associated KZ Integrals of Motion

In this section we provide a g-deformed versions of R and K matrices, build KZ integrals of motion,
and show that they commute with the local IMs.

Let us remember that screening operators and Y operators have zero modes, s;0, ¥;0. In this
section we will write them explicitly: Y;(z) = e¥0Y2%¢(2) , Si(z) = %0 °8(2)§95¢() | where osc means
that operator contains only oscillatoric zero modes ¥; 1,s;x k # 0. In order to have a notations con-
venient for Yang-Baxter equation we introduce spectral parameters u; = e¥:9. Screenings zero modes
then equal to:

Si0 = (a,; -log,, (u)),

where «; is a simple roots of a Lie algebra and bold symbols denotes vectors log(u) = {log(u1),...,log(u,)},
Yo = {y1,07"'7yn,0}' .
Having at hand the screening operator S;, one can always define a reflection matrix R, by definition:

e Tt depends only on current s;(z), in other words [R;,Yj(2)] = 0 for i # j

e And intertwines the spectral parameter of corresponding W algebra:

—d;
Ri ey@o}/;OSC(Z)+6yi’0—(ai~y0):)/;‘OSC(Z) SfSa(zq(; )1 =
S7*(zq1 Mgy )

osc —d;
- eyi,o—(ai'yo)}/iosc(z) + e¥io . }QOSC(Z)% : Rz . (362)
Sosc(qu zq2 )

This last equation means that the result of conjugation by the R-matrix is just an action of Weyl
reflection on zero modes of W-current: y;0 — yi0 — (@ - yg). In other words, R-matrix intertwines
with the action of a Weyl group on zero modes of W-algebra. We will see that depending on the root
system, this reflection operators becomes a ¢-deformation of R and K matrices considered in previous
chapters@ R operator uniquely fixed by these two conditions. It is also clear that R; ‘operator doesn’t
depend on the overal shift of zero modes and so depend only on certain combination R; = R; ( (i- yo))

RRR relation. Let us consider two roots of equal lengths, connected with a node, corresponding
fundamental W current reads:

osc(, 1/2
gelets) 1
Ylosc(qu) Y'zosc(qg/QZ)

W( ) = ulyosc( ) -+ u9

Using the commutation relations (3.62), easy to see that:

R () R R (W )Ry () Ry () Ry (12) =
=U z u YOSC(q;/2Z) u 1 =
= gy T e

= Ry( >R1< DR ()W () Ry (C2) R () Ry Y (22,

u1 u1 u1 u1 Uz

this last line is equivalent to a Yang-Baxter equation [MO19]:

Rl( )R2( )Rl( 2) R2( )Rl( )Rz( 1)

8We put a check because ratlonal analogs of reflection operator not only reflects zero modes but also permute Fock
spaces.
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KRKR relation. Now let us consider two roots of lengths 2 and 1, corresponding fundamental W
current reads:

1/2 -2 -1
YOSC z YOSC z 1
W(Z) _ ulylosC(Z) + UQ)Q/()SEEIZS,Z)) u211(qz;]/22) + u;lm.
1 yese( (12?/2 2) 1 \41 99
Analogically to the previous case, it is clear that:
. . . S . U9~ . .
B (ud) Ry () Ro () B (°) = B () o) R () R 1)

In this case it is instructive to change a notation Ry(u?) = K(u), and recognise a famous Sklyanin
KRKR = RKRK relation [SKI8S|:

KQ('UQ)Rl (’UJ1UQ)K2(’LL1)R1(%) == Rl(%)Kg(ul)Rl (U1U2)KQ(’LL2).
The same relation will be true for two roots of lengths 1 and 2 (clearly this is just a redefinition of
(B6)).

Now let us suppose that we have an affine Lie algebra of 9, €, ® type it’s Dynkin diagram is a
strip with three possible endings (see fig(32))). One can always define R;(u) operators attached to any
root in the middle, and K (u), Kx(u) operators attached to the first and last roots. [ Such operators
will enjoy the relations of affine Weyl group, it is known that there is a commutative N dimensional
lattice [I84], we call the corresponding commutative operators - Integrals of Motion of KZ type

Ti=T"T", (3.68)
+ o Wil = UN | - .
7; —Rz( )...RNfl( )KN(UN)RNfl(UN’U,Nfl)...Ri(ui+1ui),
Uj UN-—-1
7;_ = Ri_l(uiui_l) e Rl(uQul)fvﬁ(ul)Rl(%) . Rz’—l( Ui )
Ui Ui—1

(75, 7] = 0.

These KZ Integrals of Motion commute with ”local” Integrals of motion which uniquely defined as a
kernel of affine screening system (see sections (3.3)),(3.4]))

[1,,S8;] =0, fori=1,...,rank(g),
[In77;] = 07
I, I,] = 0.

The first line is just a definition of integrals I,,, second line follows from the fact that Ri,iﬂ(u@- — Ujy1)
acts on the elements of W algebra simply by exchanging u; <+ u;11 , as I, belongs to an intersection
of all W algebras, R and K matrices just permute the weights u;. It is then easy to understand that
the result of the KZ operator is the identical permutation. The last line follows from the conjecture
that 77 has a simple spectrum (we checked it numerically in rational limit), and all Integrals of Motion
commute with 7;

3.6 Discussion

In this chapter we present ([B.59)) an explicit formulas for Integtals of motion of ¢g-deformed W algebras
of B, C,D types. We explained that contrary to A type, these integrable systems don’t have a twist
parameter.

9The case of D W-algebra should be treated differently, we have two roots 1 and 1 which doesn’t connected with a
node, which means that R;(u)Rz:(v) = Ri(v)Ri(u). Let us define K1 operator such that K151 K1 = S; and K depends
only on difference s1(z) —s2(z), it is clear that KRKR = RKRK is trivially satisfied. Note that for the D case K operator
doesn’t depend on spectral parameter wu.
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C 071*— 0—0:-0—0 =0

B O =0

Figure 3.2: Three types of endings of the Dynkin diagram of B, C,D type. The construction of local
Integrals of Motion doesn’t work for B type node chosen as an affine one.

Generating function of IOMs, KZ IOMs We presented an explicit formula for Sklyanin K
matrices ([B.60)-(B67), and found KZ IOMS (B.68) which commute with local ones. It will be nice
to build a generating function which contain all these Integrals of Motion under some specialisation,
usually this generating function could be found as a trace

T= tr(Ko(u)R()l(%)Rog(%)on(ﬁ)Ko(u)RO_;(%) ... Ry (™)) , however we were not able to do that.
The deep reason for our failure is that DIM R-matrix doesn’t have a crossing unitarity property which
is necessarily in Sklyanin’s construction [SKI88|, more technically we were unable to properly define

an auxiliary space which is traced out in Sklyanin’s formula.

N_k

The case of ﬁ [(N): appearence of additional Integrals of Motion at u = ¢ We found that
in gl(N) case there are integrals of motion which are built from a fundamental and anti-fundamental
W current. Additional integral of motion which corresponds to k — th fundamental representation of

gl v [ dz Yi(2)
t=f o Gt )

: Sk —(k—1)
appeared at special values of 1 = ¢ = or 7 = ¢y

At this special points two things happens:

,for N > k> 1.

e k-th fundamental current become local with respect to a fundamental and anti-fundamental
ones. And simple calculation shows that their zero modes commute.

e Zero mode of k-th fundamental current start to commute with affine system of screenings.

It would be interesting to probe the spectrum of IOMs at this special points.

Analytic continuation of W algebras of type BCD In [FJMV21] we introduced a new quantum
algebra K which may be thought as an analytical continuation of BCD W algebras. This algebra
posses a comodule structure which allows to multiply the represenations of K and representations of

toroidal algebra é [(1) which corresponds to increasing the rank of a BCD Lie algebra. Each W algebra
considered in this chapter corresponds to a particular representation of algebra K. It was observed
that algebra I has three integrable subalgebras, which after specialisation of a concrete representation
reproduce Integrals of Motion considered in current notes.
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Conclusion

In this thesis we studied the integrable structures associated to an affine Yangian and its ¢g-deformatoin.

We found that integrable structures of affine Yangian are naturally appears in the context of
conformal field theories. Namely we identify the affine Yangian ”spin chain” on n sites with
integrable systems of W,, algebras of type A.

We studied the question of integrable boundary conditions for the affine Yangian. We found three
solution of Sklyanin K RK R equation (ZI1)-(2I2)). We identify the boundary affine Yangian
”spin chain” with integrable structures of the W algebras of types BCD.

We studied the spectrum of the integrable structures, and constructed the Bethe vector, and
found the correspondig Bethe equations (L14), ([2.27]).

We found that the study of representation theory of the affine Yangian may provide new in-
tegrable perturbations of CFT. In particular affine Yangian has Fock representations of three
different colors F*. We associate an integrable system to the chain of colored Fock spaces with

two colored boundaries (| F* @ Fg? -+ @ ]:3”)53 , o, B r=1,2,3.

We provided explicit formulas for the g-deformed Integrals of Motion of arbitrary high spin for
the case of W algebras of type BCD (B.59]), we also provide formulas for g-deformed R and K

matrices (B3.62)).
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Appendix A

A.1 Large u expansion of the operator R(u)
We look for the solution to the equation
R(w) (= (u+J(@)° + QT (@) = (= (u+ (@)’ - QJ'(x) ) R(u) (A.1)

where J(z) = >} 40 are~* in the form [MOT9]

oo 1 21
R(u) = exp <iQ<2u log u + Z(—l)klmf)) , Where 7= 27r/ k+1(z)dz, (A.2)
k=1 0

uk

Solving (A.l) one can find first few densities g(x) explicitly:

J3 JY 1 -2 J? 1 -2Q?
=J? == == J2 JJ?
g2 3 g3 37 g4 6 + 24 9 gs = 10+ ] T
JO o 1-2Q% 5, 5 2-9Q*+6Q* , JT5(1-2Q% 5 5 2-9Q%+6Q%
A TR T 97_21*12*]%*96*7(1”?:)

and more disgusting expression for gg

5

1
—JS —2QH)JY % + = (2-9Q%* + 6QY T2 T2, + — (—9+ 41Q*% — 26Q%) J2
— 67102 4 6
+ 161980 (90 — 671Q% + 998Q* — 360Q°) JZ,,.

For all densities gi(z) in (A3) we used zeta-function regularization. For example

1 1
2_ [ . 2. _ 4a_ f .. _ |21 2 2
/‘] _/'J‘ 24’ /J /"]' /4 192 /J /J 240

where :: stands for the Wick ordering.
Explicit formula ([A.2) is useful for us, because it provides a relation between Yangian currents
(L33) and W™(z) currents. For example for the first few modes:

fo=Qar, fi= Qzan+la—n
n

eo=Qa_1, e = Qzan—la—'m
n

Of course these formulas are only true in a bosonic representation, however it is easy to analytically
continue them to the arbitrary number of bosons:

fo=QU1, fi=QL
eo=QU_1, e =QL_;.
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Where Ly is a special W) current, such that:
[szla Un] = —nUp+1.

Let us also note that there is easily established pattern in the densities (A.3]). Namely, the first
terms in (A.3) can be written as

n = J"
g n(n —1) +

2 (n— 2)2(3” —3) (1- 2Q2)Jn—4J§+

n (n—=2)(n—3)(n—4)(n—-15)

2_ 2 4 n—6 72
e (2 - 9Q% +6Q*)J" 02, +

Using this observation one can formally do the resumation in (A.2).

G(z) = 2ulogu+ > (~1)* L gppa(2)/u”,

k=1
which admits the derivative expansion
1-2Q% J? 2-9Q%+6Q* J2

G(x) =2 J)1 J g L . A4
(#) = 2(u+T)log (u+J) + —— 02 7 480 wtJp (A.-4)

The expansion ([A.4]) suggests the following general form

U. Joy Izzy - - -

G(z) = 2(u+ J)log (u+ J) + Z 2h+2( ) (A.5)

( + J)2k+1 ’

where Usgio(Jy, Juz,--.) is a homogeneous and even with respect to the transformation J — —J
density of degree 2k + 2. It would be interesting to find the densities Usgio(Js, Jog, - - . ) exactly.

One can also compute the R(u) operator in the “free fermion” point ¢ = —2. Namely, take
Q= —% in (A.2)) and represent the current J(z) by the complex fermion ¢ (z) as

J(x) = —= 4" (@)(2) : .

7

Then one can check that (see also appendix [A.4))

o, eXP (;N O%W(:r)log( +Ma> ne: )da:)

A.2 Affine Yangian commutation relations

R(u)

Here we will derive current form of commutation relations of the Yang Baxter algebra (L40) from the
RLL algebra ([L32]). Similar analysis has been performed in [Prol9]. We use the following notations

T L

and admit the convention that the operators acts in “quantum” space from up to down. It is also
convenient to define according to (L33)

hu) & o), e(w) & RN u) - Lop(u) and  f(u) € Lo (w) - B ().
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We will introduce currents ey (u) and fy(u) associated to 3D partitions. There are 3 currents on level
2 (34]), 6 currents on level 3 (see ([AIT)) etc. Similar expressions one has for fy(u).

All these and other generators of the Yang-Baxter (I.32]) admit large u expansion which is inherited
from the large u expansion of the R—matrix (A.2]). In particular,

hO h1 el
h(u):1+ﬂ+ﬁ+“" e(u):EJrﬁJr"" Flu)y =224 224

while the higher currents are expected to behave at ©u — oo as

The relations of the Yang-Baxter algebra (I.32)) appear from the tensor product of two Fock spaces
Fu and F,,. We will use the following notations for the bra and ket highest weight states in F,, ® F,

(vac| & (u| @ (v],  |vac) ¥ |u) @ Jo).

The action of the zero-mode ap on the vacuum state |u) is
aplu) = —iu|u).

he and hf relations:

Then on level 0 we have

(ul |v) (ul [v)

(] |w) (] |w)

On level 1 one has two relations

(ul a—1lv) (ul a—1v)
:>< = ><: — h(u)Loo(v) = 7220 Lo a(0)(u) + =Emh(v) Loo(u)
(vl ) (ol Ju) (A.7)
and

(ul ) (ul [v)

:>< _ ><: e Lon(Wh(t) = g Lo (®)h(u) + () Lo o)
(vl a_ilu) (o] a_1lu) (A.8)

In fact (A7) and ([A.8) are not independent. Taking the linear combination @ x (A7) — (v —v) x (A.8)
one arrives to the equation (A7) with u < v.
Now, multiplying (A1) by (v — v + Q)h~!(v) from the left and using (A.6]) one get the relation

(u—v+Q)h(w)e(v) = (u=0)e()h(w)+QLoo(u) = (u—v+Q)e(v) = <u—v>h-1<u>e<v>h<u>+@(ej§u>).
.9

In the leading order in large v expansion one obtains (compare to (L42))

[eo, h(u)] = QL o (u).
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We note that the relation ([A.6) implies that the product h(u)e(v) could not have poles, which
implies that

Lo o(u) =h(u)e(u) = e(u+ Q)h(u).
Formula (A.9) allows one to rewrite
n+m n+m u— 2,
] e,]nh( )e]n+1 N e]7L+m - % ‘% H Z : A e(zn+m) R e(Zl)h(u)dZ,

Hu—zk—i-Q

Cn+m

where the contours Co go concentrically around oo in such a way that all singularities of the function
F(z) are kept inside of these contours.
Similarly to (A.9) one also obtains the relation

(u—v+@Q)f(v)h(u) = (u—v)h(u) f(v) + QLo,o(u),

which enables one to rewrite

n

n+m _
Fier oo i (W) f - fi 7{ 7{1‘[ u szh(u)f(zn+m)...f(z1)d2.

u—zk—

n+m

ee and ff relations:

On level 2 we have three independent equations

<u|:>< i) (ul ><:a1|v> <u:>< aalv)  (ul ><:a_2|v>
(vl fu) (vl fu) (ol fu) (ol Ju)

(u|:>< a—1|v) (ul ><:a_1v>
(v] a_1lu) (v] a_1|u)

In the r.h.s of any of these relation one has a linear combination of five terms

(A.10)

h(v)Lgoo(w), h(W)Lsmn(u), Lso()Llsa(u), Lzoa(v)h(u), Lgo(w)h(u).

One can always find special linear combination of three equations ([A.I0) which kills contributions of
last two terms. Explicitly, one has

Ar(u—v)h(u) Ly oo (v) + A2(u — v)h(u) Lo (V) + As(u — v) Lo o (u) Lo o (v) =
=A1(v—u)h(v) Ly ou(u) + A2(v — u)h(v) Lo o (u) + Az(v —u) Lo (V) Lo o(uw), (A.11)

where

Al(u) = -Qu+Q), Azu)=—iQ, As(u)=(u+Db)(u+ b_l)
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We note that using (A.9]) one can expresd]

Lon()Con() = MO 10,y Qleuye(v) + Q2w)] .

u—v

and hence the relation (A.II]) can be rewritten as

(u—v+b)(u—v+bHu—v—Qe(ue)=(u—v—>b)(u—v—b""u—v+Q)e(v)e(u)+
+((u—v—b_l)(u—v+Q)eﬂ(u)+(u—v—b)(u—v—}—Q)e@(u)—|—(u—v—b)(u—v—b_l)e@(u)+(u — v)),
(A.12)

where the higher currents ey (u) are given by (L30).
Other two relations from (A.I0]) are equivalent to commutation relations between h(u) end ey (v)

(similar to (A.9))

(w04 Q)(u—v+ @+ 3 )er(v) = (=) (u—v+ 7 ) A~ (werr(w)hu)+

b
1 bQ(u — v)

+ <(u—v+Q)<u—v+Q+ %) - (u—v)(u—v—i— b)) ern(u) — %(em(u) —eH(u)>_
- 2ibQ((u —v+Q)e(v)e(u) — Qez(u)>
and similar for e5(v)

(u—v+Q)(u—v+Q+blen(v) = (u—v)(u—v+ b)h_l(u)eg(v)h(u)+
1Qu—v
+((w—v+Q)(u—v+Q+b) — (u—v)(u—uv+b))eu) - %bc_?(bl)<em(u) — e(w)) -

- 2ibilQ((u — v+ Q)e(v)e(u) — Qe2(u)>

ef relation

In order to obtain the relation (L.40d)), we consider matrix element

<U:>< [v) (ul ><:U>
(vlay a-1lu)  (vla a—1lu)

which reads explicitly as

U —v Q U —v

7’“ ot Qﬁz,m(u)ﬁm,z(v)“‘i’u ot QED,D(U) ( ) = u—v1 Qﬁuyg(v)ﬁgyu( ) R Q o D(v)h(u).
Using (A.8) and similar relation
U —v Q
mh(u)ﬁg’g(v) + mﬁu,z(u)h(v) = £D g(U)h('LL)
1'We also have more general relation
h(u)h(v)

Lo o(u)lsa(v)=
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nothing that
e(u+ Q) = Eg,u(u)hfl(u),

and multiplying by 2~ (u)h~!(v) from the right one obtains

e(u + Q)f(v) =+ u—’l;Q—i-Q (ﬁm,u(u)h_l(u) - L:z,u(u)h_l(u)ﬁm,z(u)h_l(u)) =
= f(v)e(u+ Q) + U—?‘FQ (ED,D(v)hfl(v) — Em,g(v)hfl(v)ﬁg,u(v)hil(v)) . (A.13)

After shifting v — u — Q, equation ([A.13) reads

P(u) — ¥ (v)

u—"v

le(u), f(v)] =—-Q where Y(u+ Q) = ED,D(u)hfl(u) — EZ,D(u)hil(u)ﬁgyg(u)ffl(u).

Serre relations

Formulas at level 3 becomes tough, however they are straightforward. For example for e(u)e=(v) we
will have:

_g(u—v)g(u—v—i—b)e el 20Q g(u—v)g(u —v+0b)
e(uee(v) = glu—v)g(u—v+0) mo(v)elu) + (b=b"1)(Q +b) 9(“‘”)9(“‘”+b)x
X e(v) (v—uiQ—be@(u) + i ueﬁ'jj(u) +o— —1b — b_leg(u)) + locals

We will specify ”locals” terms later (see ([A.16])), here we just want to point out that L.h.s by definition
doesn’t have any poles and so does the r.h.s. This condition will imply some additional relations, most
of them will be non local, and we are not gonna discuss them. However we note that the multiplier

glu—v)glu—v+Q)
glu—v)glu—v+Q)

doesn’t have pole at u = v + ). Surprisingly, there is a ”local” term with pole at this point. Setting
the residue to zero, one finds a relation

(14 6?)(1 + 2b%)e(u)ers(u) + Q(1 + 2b2)e(u)e@(u) —b(b* — b? — d)er(w)e(u)+
def

+2b(1 + b2)e@(u)e(u) + 2b(1 + b?)e(u)e(u) — (b2 4 1)%ezm(u)) feﬂ(u) =0 (A.14)

We will have similar relation for e(u)e@(v). And also one trivial relation which follows from the fact

that e(u)e(u)? = e(u)?e(u) = e(u)3. As a result we will have 6 independent currents at level 3, which
is equal to the number of 3d young diagrams with 3 boxes. In practise we used this three relations
in order to exclude composite currents (eg(u)e(u), es(u)e(u), eg(u)e(u)). This three relations may
look mysterious, however, after explicit calculation we found that this three relations are equivalent
to Serre relations, the later could be written down in terms of currents as

Z (mm — 224, + 3303)6(3301)6(3302)6(1‘03) + Z [e(xtn)v 6@(5602) + eﬂ($02) + e@(xUQ)] =0 (A'15)

oES3 oES3

Namely, using the quadratic relations, we may reorder any polynomial in e(u;) in a way that it will
contain only monomials with ordered arguments: e(u;, )e(us,)...e(u;,) , i1 < ig... < iy , this could be
done explicitly with the formulas (A16]). After doing this procedure with Serre relations we found that
they proportional to linear combination of three currents, and so equal to zero in Yangian algebra.
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Finally, after imposing three relations (A.I4]) we will have explicitly:

gu—v)g(u— v +b) e(wern(v)| = glu—v)glu—v+0) [ oo )e(u)} o
N 2Q <§(u—v)§(u—v+b[ } glu—v)g(u—v+0b)
£7

(b—=b0"1)(Q +0) v—u—Q—>b v—u [e(v)e@(u)}d—l—

d
B e ],). o

where
r e b—2b~! b
_e(u)eﬂ(v)]d def e(u)ers(v) — — 111—|— 2beﬁﬁ(v) - u—v2—|—b16%(v) - _‘:JZ_QQQ@(U),
- _p-1 -1
0], & elwlele) = g g ppem) ~ oy —geat)
r e b b1 b) egv)
_e(u)e@:(v)}d L e(u)es(v) — - vl_ 2Qefﬁﬂ(v) - %e@( ) — @ ::3 . l(g;r ) 2@% =
and
def 2 1 2bQ) u—v—>b+b1
[emo)e(w] = emv)efu)- b0 Qu—v-2T T Qb vt - B"
2 u—v—0Q—>b 20Q) 1
S b—b Tl (u—v—b)(u—v— Q)eﬁjﬂ(u) -0 HQ+D) (u—v— QQ)e@(uﬂ_
b2 20 —2u—4b+b" 1 +b73 (Q+b 1)t 20 — 2u — 3Qb~2

+(b—b—l)(lH-Q) (u—v—>b)(u—uv—2b e@(u)_(QQ-I-b_l)(b—b_l)(u—v—b_l)(u—v+Q)er%(U)

with the higher currents given by

0) = eyt ) (Lol + b, o)
q(0) == b_l)?b o) (Lom(v) +ib7'L, g(v))
ewlv) = p b_lgb o) (2020 () +iQL, 5(v) = 26+ 57Y)(b+2071)e(v) )
) = g T o ) asse () + 3L, (1) = 2 L),
202

4= GG T et () (Lenmn(®) #3007 Lo, m (v) =207 Lo m(v)),

20*

B 12iQ 4
“TTQ+)Q+b)

P ) (Looon(v)+ (2Q +0)(2Q + b—l)ﬁ’z* = ()= (2Q +0)(2Q +b71)

2 -1 2
B %e(v)emv) - We(v)e’@(v) —2Qe(v)em(v),

20)? _ ,
= G- @@ Qe n (¢ Feeea(t)HiRLe w )~ Lomn(v).

E@,DDD (’U)) -
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Q3b_1
DT o—D)Q+D2Q+oD)(Q+2b1)

X

% h~(w) ((2@ F 0L oo (0) +i(3Q + D) Ly o (v) — 2b_1/$,am](v)) - be_le(v)e@(v),
and
Qb
T HQ+@Q+ b )@+ 2)(2Q+0)
X h_l(v) ((ZQ +b)Ls oon(v) +i(3Q + b_l)bﬁg, w (V) — 2b£zvmm(v)) — 50 1 be(v)e@(v),

In principle we may go further, and calculate quadratic relations at next levels, however as we already
have shown, the algebra is generated by the h(u), e(u) and f(u) currents, so in principle we don’t
need to use higher currents. The only problem is to prove that quadratic and Serre relations are the
only ones which currents e(u) obeys.

Relations in ¢ notations

We see that there is an S3 symmetry associated to permutation of the triple (b,b~!, —Q). In fact it is
more convenient to go to epsilon notations:

il byt = € Q=- € — €1 +e+e€3=0.

\/6162’ \/6162’ \/€1€2

It is also convenient to change a normalization of the highest weight/spectral parameters, together
with the normalization of the bosonic zero mode:

b=

o()
Veie

Then the relation ([A.12) takes apparently symmetric form

p(x) = o(x) = —i

g — ) [e(u)e() + ero(v) N ez(v) n esn(v) }:

uUu—v+€ U—v+ € U — v+ €3

=g(u—v) {e(v)e(u) +

where
9(x) = (@ +tea)z+te)(zte) g =(—ea)lr—e)(r—e).

Our conventions about relation between e and b, ) notations are summarized in the table below

fields normalisation Current e commutator [e, f]
b notations | dp(2)dp(y) = — gt +reg | e(w) = h (W)Loo(u) | [e(u), f(ug)] = —QUI—tl)
e notations | 96(2)06(y) = g +reg | e(v) = VEhT (0)Lan(v) | le(or), f(un)] = L)

In definition of matrix elements Ly ,(u) we define the state |OJ), as well as any state |[A) to be
normalized as (A|[A) = 1 in any notation.
Note that here we used a Maulik-Okounkov R matrix, which breaks the symmetry between €1, €9, €3,

so that we have a selected €3. In fact, there exist additional R}LQ) matrices with either €; or €5 selected

(see appendix [AL4]).
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A.3 Special vector |x) and shuffle functions

In the later we will need a more detailed description of a subalgebra n* generated by currents f(z).
Easy to understand that the subspace of the form £, &, (v1)... L, g, (v,) may be identified with the
subspace nt(v) = h(v1) ... h(v,)nT. A particular result of this section is an explicit realization of this
mapping, which plays an essential role in sections

First of all let us note that both spaces are graded by the number of f(&;) currents in the monomial,
let us note each graded component of corresponding algebras by n}, n} (v).

It is a natural idea to identify elements of n™ and n™(v) by their matrix elements in some repre-
sentation:

nf = (@lng 1) (A.18)

In order to unambiguously characterize the elements of nj(,, nj(,('u) we need a big enough set of repre-

sentations and vectors |x). Our choice is the following: let us pick an N Fock spaces: Fy, & ... Fzy,
and consider simplest vector of grade N :

0. 100 = g ] ST TT8(6 - &)elen)-e(€)]0)
N

| — T — €
ik 31

Then, our mapping (AI8) maps an element of n}, n}i(v) to a rational function of N variables

f(x1,...,xN) obeying the so called "wheel” condition [FJMMI15]:
flxi, 21+ €, 21+ € +€,24,...) =0
For nj(, and additional condition:
flo,v+esz,x3,...)=0
For nf,(v). This functions is a rational limits of Shg and Shy functions from [FJMMIH]. The multi-
plication in algebra, implies the multiplication of Shuffle functions
Sp i njk xn&—)n}JrM (A.19)

f(@) +9(y) = Sym, (F@)g(w) [[ S~ )

For n*, And

Sy inf(v) x ni(u) — nJJQ+M(u,v)

f(@) * a(y) = Symy,, (o) [T =TI St )

T, 5]

For n™(v).
Let us introduce, W (2) current U,

0 — Un 1
21 c)oy =Y 1o( L) nso (A.20)
" U u? ’

It is clear from the RLL relation that R(u) matrix commute with W) current:

(a!? + U,)R™ = R*"(aV) + U,,)
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Taking the matrix element over the auxiliary space (&|...|u) for positive n we will get:

['Cu,fa (u)7 Un] = Lu+n,®(u)7 (A.Ql)

where (g +n| = 2t (p|an.

It is also clear, that J, for n > 0 belongs to the subalgebra n™. Indeed, explicit calculation of the
large u limit of R(u) matrix (A2]) shows that:

U1 = fo Ufl = €9, (A.22)
Un+1 = _n[f17 Un] Up—1 = _n[elyUn]-
Then we get:
U = f+- @16 sde witn, (A.23)
gn+1( _') = _k<£lgn(£2 cee fnJrl) - gn(gl ce. 5n)£n+1)a
and

gn(€) = (-1 'H& (> -vicie™),

where C! are the binomial coefficients.
Note that the function g(£) defined ambiguously, indeed algebra Y(g[( )) enjoys Serre relations

(A15)
Sym; ; k[ fis [fj [ fra]]] = 0

Indeed such an element lies in the kernel of the Shuffle map (A19])

Sym,; ; 1 (fziflzﬁfg(fl — 28 +&3)5(61 — &2)S(61 — €3)S(&2 — 53)) =0

In particular, commutativity of J, may be thought as a consequence of Serre relation, for example
choosingi=j=k=0

U1, Us) = [fo, [f1, fol] "Z€0

We should consider functions g, (&) modulo equivalence:

g5 (&) ~ g2 (&) + Ker(So) (A.24)

It is easy to understand that modulo this equivalence function g, (§) is invariant under the simultaneous
shift of all variables £ — £ 4+ h we will use this fact in section [[.4.5]
As we announced, operators E(u) uo belongs to the subspace n'(u),:
Lxz(u Fy(z|u) h(u)f(zn) - - - f(z1)d21 ... dz)y (A.25)
(27i) W

where contours go clockwise around oo and all poles of F)(z).

Let us prove this statement, and find recurrence relations for the rational function Fy(z|u). Now
in order to recover formula (A.28) we have to use relation (A.21]) together with the formula (A.23)).
In order to reproduce (A.28) we have to reorder h and f current, in order to move h to the left, this
can be done with the simple fact

%gn B j{ [((u_g)h(u)f(f) - 673f(u)h(u)kli? -

2m u—&—e3)
o0
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Here in the first equality we used equation (L.40d]), while in the second we used a simple fact that Lh.s
of (L.40c) doesn’t have pole at u = v + €3, and so r.h.s does (h(u)f(u+ €3) = f(u)h(u)), thus we may
deform integration contour.

Equation (A.21) together with (A.26) implies integral formula (A.25]) together with recurrence
representation for Fi(z|u)

Fain(z,wlu) = Fa(=lw)gn(w) (1= J] 6 —wp) [T = (A.27)

2,7 7

A.4 Other representations of YB (&(1))

In this notes we were concentrated on an examples of ”spin chain” with n sites and periodic boundary
conditions, this setup corresponds to an affine A, Toda field theory. At the each site of our ”spin
chain” we should place a representation of RLL algebra. The generating function of IM’s is equal to

Zag)) aslo)
T(u) :Tl“].‘o qm™ Ro,l(u—ul)...Rgm(u—un)

One possibility is to choose R (v — ug) to be the Maulik-Okounkov R—matrix. However we have
already seen that RLL algebra in current realization is symmetric under permutation of three param-
eters e, in terms of usual parameters b, Q, b~! this means a symmetry between b and Q = b+% where
b= \ﬁ .
€2
In order to see two additional representations of RLL algebra let us realize representation of W
algebra in the space of two bosons as commutant of Screening charge, according to [BFMI8|[LS16]
there are three choices of screening currents. Our notation is that there exist three different types of
representation of Y B (g/;\[(l): we call them ]-"51), 182) and ]:53). We assign the screening charge Si to a
tensor product of two Fock spaces of the same type ]—25’“) ® }“5’“), and we assign ”fermionic” screening
charge S; ; to the tensor product of different Fock spaces .7:75]) ® J-“é’“’ with (4,7,k) = cycl(1,2,3).
Fixing one of the Fock spaces to be of the type 3, we will have three options for the other one

S = 7{ @ BN gy 5, — j{ b I00@ B0 gy G — 7{ o o)1 (a)) g,

where = ivb2+1 and § = iv1+b2.

While the third screening charge Ss leads to the MO R—matrix

27
iQ [ |55 (0¢0(x)—061(x))?— L5 (0g0(x)—0¢1 ()% | +o( )] 42
R =RYP = xio[z ’ 1 G oG :

)

the first and the second screenings have dimension % and the corresponding W algebra admits free

fermion representation. For example for the first screening, let us introduce two fermionic currents

P(z) = e~ buzbdol@) =P (z) (A.28)
W () = ebureboo(@+5e1 (@) (A.29)

where iu is the zero mode of ¢g(z). It is easy to check that they obeys free fermionic OPE’s

(@)Wl (y) = +reg, Y(2)Y(y) =reg, V(x)Yi(y) = reg.

sin(z — y)
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Correspondingly, W2 (x) current which commutes with S is simply
W® (@) = o' (2)(i0 + ub)(x)
Intertwining relation implies

RYYT ()(i0 + ub)i(z) = ()(i0 — ub)y! (2)RY (A.30)

One can find that the R;l) matrix is given by the explicit formula

R}l)(u) = exp [% 0% i () log (1 + ZZ) Lb(x)d:c} (A.31)

Indeed under the adjoint action of R matrix fermions transform as:

-1 1
RPwE(RY) = 7 v)
RPl()(RY) = (1= S)i(z)

U

Such that (A30) holds. Although formula for R matrix looks pretty simple, it’s structure is quite
complicated because one should remember that (z) operator is nontrivial in terms of individual

bosons (A.2])),([(A29).

In order to find local integrals of motion we have to expand R matrix in powers of % Let us
introduce a shorthand notation

®(z) = bo(x) — fo1(x)
It is easy to find that
T (@) (x) == 0P (x) (A.32)
ot ()90 (2) = %(8@(:6))2 + %82<I>(a:) (A.33)

cpT (2)0%(x) == é(@@(m))?’ + 0D (x)0*®(x) + é@g’@(x)

Using the formulas (A.31]), (A32)-([A.33)), it is easy to find first non trivial integral of motion in the

space of one boson Fs:
I I

T(U) = Tr,aux(qzn a—nanRgcl)) — 671+u%+...7
where , )
ZQ u 9 ZQ T 1 5 1 ) da
V=g [ 0fdn h=—F | [58(00)* - J1?06D09) -

In general, representation may contain Fock modules of different types. Let us consider the fol-

lowing one
Fy= (FO)" (FO) (7). Fan=F

Where F is our quantum space, and Fa,x is an auxiliary space. As usual the generating function of
Integrals of Motion is

ni1+n2 ni+n2+nsg

ni
T(u) = Traux (qz" ana_nRaux,q) = tTquz (qzn And—n H RQ’f(U_Uj) H Rl,f(u—v,‘) H RMo(u—f()k)>
j=1 i=n1+1 k=n1+n2
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Expanding at large spectral parameter, it is easy to find first non trivial integral of motion:

> /8 ni+ng 1 ni+nz2+ns
1= iQ / a@ S @05 Y. (@00~ 5 Y0 BiioeiDog; + 3 Biy0oid’s,
i=ni1+1 i=ni+no+1 ] 1<j

Where B is a nq X no X ng block matrix:

b B
B=|1 b! Jé]
B B —Q

Alternatively, after switching to the epsilon notations:

i 161 o 162 REaC 163 n1fnzing
I, = — e % - 7 - i3_
p=—a [ G200 +32 Y @af gl Y 06)
=0 =1 i=n1+1 i=n1+no+1
1 i€ €€ 2 dx
| 522 T L00:Dos; + 30 L0005 | |5
irj iy 73 &
And basic fields normalized as follows:
0'3 1

9ip(2)0j0(y) = —bi;

7 ¢ sin?(z — y)

Where o3 = €16€9¢3.
Bethe ansatz for the models considered in this section could be derived along the same lines,
the only difference is in the action of 1 (u) generators on vacuum. For a Fock space representation

F =TI, RF ) we have:
bu—up — €q
v()e) =[] ———"*|9)

U — U
k=1
So that we will have the same Bethe equations as in ([L81]), but with different source function

n
U — U, — €
Aw) = || ===
k=1 k
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Appendix B

B.1 Restoring the symmetry between ¢,

One may note that affine Yangian commutation relations ([L40) are symmetric with respect to per-

mutations of all e,. Nevertheless Bethe Ansatz equations (2.27)) are not symmetric in all €,, because
noo 3

of the source term A(z) = [] % We are now in a position to restore the symmetry, which will
ke 2

help us to build more general integrable systems. The resolution of the paradox is the following: there

actually exists three types of Fock modules F. In order to describe Integrable systems, we have to

define an R-matrix acting between different Fock spaces F ® fo. In the following we will use the

results of [BFMIS8|LST6] and also [FJMV21] where various integrable systems of this type considered

in details for the g-deformed case. To the Fock module F we assign a free bosonic field (2.6):

690(55) = —1 “ + Z ane—in:c’ [ama an] = mém,fna

here (o, 3,v) = perm(1,2,3). To the tensor product of two Fock modules we have to assign a W-
algebra and an R-matrix. If the both Fock modules are of the same type F7 ® 7, then we assign to
them two Screening currents:

Nl

(03 9

ot _ 7{ L) @@ 5

where (a, 8,7) = perm(1,2,3). The W-algebra which commutes with these Screenings consists of two
currents of spin 1 and 2

Wi = 0p1(x) + Opa(x)

W§ = 5001(0) = 0p2(0)* + —2=(Pr(2) ~ P a(@)

defines the R-matrix in the usual way:
Ri2(p1 — palea, €, 64) Wiy = Wiy Ri2(p1 — v2l€a, €8, €4)-
P1rP2

Here R7% (p1 — p2lep, €y, €q) is our old Maulik-Okounkov R-matrix (2.8).

Now to Fock modules of different types: F7 & ]-"5?2 we assign a single ”fermionic” screening charge
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This screening called ”fermionic” because it is a zero mode of a free fermion:

Y(z) =e %Wl(x)*\/gm(z) wT(x) B e*\/%%(x”\/g@z(w)

Y()9t(y) = sm(@—g)
Sty =0

Corresponding W algebra which commutes with screening charges consists of two currents of spin 1,
2:

+ reg

1 1
Wiea = \/—67018901(33) + \/—?ﬁagog(x)

Wia = (09(2))? + 0*®(x),

where ®(x) =, /5—%01 — 4 / gog ) and also an auxiliary current of spin 3. Again the R-matrix can

be found from the condltlon
RYY Wiaa = Pia(Wri2) RS

here P 5 is a permutation operator P 5 : Fa ®]—'§2 — }'52 ®F;, - Note that now we have to permute not
only the bosonic field 1 <+ (2, but also have to exchange €, <> €g (we use (o, 8,7) = perm(1,2,3)).
Fermionic R-matrix has very similar form in terms of free fermions:

2w

RYY = e[ [ 5 i@)log () @) o).

Boundaries and K-matrices. We already seen (2.11))-(2.12)) that there is three types of boundaries,
which produce three types of K-matrices. First let us consider the case of the right boundary. We will

use the following notation F}'' @ F5?--- @ Fo» ‘ Br for n Fock spaces and the right boundary. The

case of a left boundary is completely similar and can be obtained by the following isomorphism

(B = Br)|Fom @ FOu1' . @ F™ ~ Dy ... D, (]—'{“@]—'5“2---@}",3‘" 53),

where D; is the operator of reflection of the bosonic fields ¢; — —;.
For the Fock module of type o and the boundary of type 8: F2 ‘6 we assign two screenings charges:

2e il
Ef) i ﬂw"(m)dac,

where (a, 8,7) = perm(1,2,3). The corresponding K-matrix is equal to:
g
Kals = R(V20n| ik V2e,, s V2e,)
If the Fock module and the boundary are of the same color, then the K-matrix is equal to the identity
matrix:

Kajo = 1d.
Additional screening charges depend not only on the last Fock module F7 , but on the previous
one F2._,. For F* | ® fg‘a we have

1 E 1

e} «
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And for F | ® i

8 we have:

ﬂn_x,ﬁnx _ e—f"n_z+6—ﬂnm
Sf’,y—fe o pn—1(2) 67¢()daﬁ, Sf,'y_%e < pn-1(2) EW@()dx.

Equivalently corresponding W-algebra may be found from the condition of symmetry under reflection
of the last boson ¢, — —¢,. These rules may be summarised by the following picture:

JEea@ - Ze@ (2) ) - o)
Fo Fi e Ty

e i%
/i—j@n,l(z) - ,/%ﬁtpn(l‘) (f (n— — on())

" Fa \O |

JEe @+ [Zeu@) (:—j) (et &)+ ula)

Figure B.1: The exponent of corresponding screenings, for different choices of Fock spaces and bound-
ary conditions.

Finally we may assign an integrable system to the chain of colored Fock spaces with two colored
boundaries BL‘]:f‘l ® Fy?-- @ fﬁ"‘ﬂR , using the corresponding R— and K-matrices. We may

construct KZ Integrals of Motion (2.14]) and off-shell Bethe vectors (2.25]) in precisely the same way
s described in the main text. We may also find local Integrals of Motion as commutant of screenings
charges. The corresponding Bethe equations read as:

PP () rPR (1) A() A7 (=) H G(z; — )G —z; — x5) = 1,

o [E—e)@—e)(@—e) . e () — Tt cal?
G(a) (z+e)(z+e)(z+e3) Alz) gw—ureé’“ (z) T —€q)2
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Appendix C

C.1 Sklyanin’s K matrices

In this appendix we will present some formulas which relate the K ¢ p(u) matrices and R-matrices
of some shifted parameters, u, q1,g2. R(u)-matrix itself could be computed explicitly at each level, or
order by order in 1 expansion [FHMZI7].
In the D case, there is an explicit formula in terms of modes of screening current

n(l—gy ")

KD _ einn m(Sl,n—si,n)(sl,fn—si—n)

Straightforward property of this operator is:

KpSi1(2)Kp = Si(2)
KDRl (U)KD = KDRj (U)KD

Using the fact that nodes 1 and 1 doesn’t connected with a node : [S1(z), S;(w)] = 0 we have
Ri(u) Ry (v) = Ry(v) Ry (u).

The later immediately leads to the K RK R relation:

- - - UQ - UQ - - -~
KDRl(u1U2)KDR1(uT) = Rl(a)KDRl(U1U2)KD
C and B cases are more complicated, here we will concentrated on a C case, while the case of B is
completely analogical. As was defined in previous section K (u) depends only on the longest screening

S1(z), and obey the relation

—d; —d1
& (u) qu(z)+% : Yl(z)%; - (in(z)—i-u (o) 7E) :) K (u)
Si(g ' 2) )

Here d; = 2, but let us stay with a general d; for a moment. K-matrix could be found as a series in
1.
ﬁ.

§ .1 .
K(u) = (1+ ZKnW)KO
n=1

For ©w — oo one has:

—d; —1
Kng(z) = Yl(z)—81(q1 q2 Z)' <

With a straightforward solution:

. a4 i 1—¢ "
Koy = exp ((log(Q1 deQ 1) + 7) 2 —dy _1) S—nsn)
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Proceeding further, K; could be found as a solution of equations [FHMZI17]:
[Ki: Yi(2) A" gy Py ') ] = Vi(2) Ko — Koo s Vi(2) A7 (g Mgy ' 2) Alg "My %) (C2)
For i > 1, and:
(K1, Vi(2) AT (g Py ') ] = Vie) = Yalar "y *2) AT (g gy '2) Aa (g2 g %2)
Fori=1

Here we introduced shorthand notation: A;(z) =: SSZT% : see (B.0) , [KP18] for details. General
solutions of equations (C.2)) are not known, however they could be solved order by order, for example:

o lalel [, d
R NP W onz
( ‘D) ) 4 )

In general, K, is a multiple integral, containing n integrations.
Easily to observe that structure of the formula doesn’t depend on the value of parameter d; and
so we have an identity:

KC(U7 q1, QQ) = R(U‘27 Q%7 q2)
1

KB(“: q1, QQ) == R(’U,, q1§7q2)
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