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The integrability of 4d N' = 2 gauge theories has been explored in various contexts, e.g., the
Seiberg—Witten curve and its quantization. Recently, Maulik and Okounkov proposed that an
integrable lattice model is associated with the gauge theory, through an R-matrix, which we refer
to as the MO R-matrix in this paper, constructed in the instanton moduli space. In this paper, we
study the R-matrix using the Ding—Iohara—Miki (DIM) algebra. We provide a concrete boson
realization of the universal R-matrix in DIM and show that the defining conditions for the MO
R-matrix can be derived from this free boson oscillator expression. Several consistency checks
for the oscillator expression are also performed.

Subject Index A10

1. Introduction

It has been more than 30 years since the discovery of the integrable nature of 4d N = 2 super Yang—
Mills theories (Refs. [ 1-4]). After intensive studies, it turned out that at least for a rather large family
of 4d N' = 2 theories, the class S theories (Ref. [5]), each gauge theory in the Coulomb branch is
associated to a Hitchin integrable system (Ref. [6]). The quantization of such an integrable model is
described by the introduction of Q2-background (Ref. [7]), which has two deformation parameters.
When one parameter is tuned to be zero, which is referred to as the Nekrasov—Shatashvili limit,
the instanton partition functions have new connections with integrable quantum mechanical systems
such as the Toda-chain, Calogero system, and Bethe ansatz equation (Ref. [8]). For the general
choice of the parameters, such an integrable structure is promoted to a quantum field-theoretical
one described by the gg-character, which corresponds to infinite-dimensional quantum algebras
(Ref. [9]). The explicit algebraic realization was demonstrated by Refs. [10—13], where the relevant
symmetries were identified with the (quantum) W-algebra (Ref. [14]), Ding—lohara-Miki (DIM)
algebra (Refs. [15,16]), and SH€ algebra for a degenerate limit (Refs. [17-19]).

A more direct link with the quantum integrability structure of such systems was explored in
Ref. [20], where an R-matrix was constructed in the cohomology ring of the instanton moduli space.
We will refer to it as the Maulik—Okounkov (MO) R-matrix in this paper. From the construction of
the R-matrix, the SH¢ algebra was identified as the 5[\1 Yangian. A remarkable property of the MO
R-matrix is that it acts on the tensor product of two Fock spaces instead of the finite-dimensional spin
degrees of freedom. By composing several Fock spaces with R-matrices, we can realize the Hilbert
space of u(1) x Wy algebras as a Yangian. It was essential in Ref. [17] to prove the AGT conjecture
(Refs. [21,22]). While the appearances of the algebras are totally different, the correspondence
between the representations is exactly even for the degenerate representations (Ref. [23]).

© The Author(s) 2017. Published by Oxford University Press on behalf of the Physical Society of Japan.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Funded by SCOAP3



PTEP 2017, 093A01 M. Fukuda et al.

To push forward in the direction of understanding these integrable models and especially the
physical meaning of the MO R-matrix in gauge theories, we consider a generalization to the 5d
version of AGT (Ref. [24]). The compactification on the S! circle implies that the corresponding WW-
algebra should be g-deformed. As the representations of the W-algebra are universally covered by the
SH€ (or Yangian), the g-deformed version is described by DIM (Ref. [25]), and the 5d AGT relation
can be proved with its help (see, e.g., Ref. [13]). As its 4d sibling, the DIM algebra also possesses
an R-matrix (Ref. [26]). This fact can be understood from the aspect that DIM is a quantum-group
analogy for the Yangian, and thus is equipped with a universal R-matrix (Ref. [27]). The matrix
elements of the R-matrix at the first several levels were computed in Refs. [28,29].

From the viewpoint of string theory, one merit of considering the g-deformed version is that
the duality structure is more manifest. It is known that the DIM has an SL(2,Z) automorphism
(Ref. [16]). Since it interchanges the topological string amplitudes including D and NS branes
through the topological vertex (Refs. [30,31]) realized as an intertwinner of DIM (Ref. [32]), it may
be identified with the duality symmetry of a type IIB superstring. Thus the integrability property
begins to have a new perspective in the relevance of nonperturbative duality in the brane-web (see,
e.g., Refs. [33-35]).

The purpose of this paper is to explore an oscillator realization of the R-matrix for DIM. While
there are some works on this subject (see, e.g., Refs. [26,28,36,37]), the bosonic representation along
the MO line is new. Since the MO R-matrix gives the bosonized Hamiltonians of the (generalized)
Calogero—Sutherland system, our result gives those for the Ruijsenaars—Schneider model (Refs. [38—
42]). These Hamiltonians describe the structure of the cohomology ring for the (K-theoretical) moduli
space of instanton moduli spaces.

We organize this paper as follows. In Sect. 2, we briefly describe the DIM algebra and its bosonic
(horizontal) representation. In Sect. 3, we first review the R-matrix proposed by Maulik—Okounkov
(Ref. [20]) and explain how conserved charges can be constructed out of it. Next, we use the notion
of the universal R-matrix to derive the property that should be obeyed by the R-matrix for DIM. In
Sect. 4, we expand the R-matrix in terms of the spectral parameter and derive the recursion relation
among coefficients. We also give the first two terms in the expansion. In Sect. 5, we derive some
conserved charges from the R-matrix. Finally in Sect. 6, we calculate the action of the R-matrix on
the generalized Macdonald basis and show consistency with the previous result (Refs. [28,29]).

Notation conventions

Let us explain our convention on notation here. There are two parameters introduced for the -
background, ¢ and ¢, but it is more convenient for us to introduce a third one p, which is related to ¢
and ¢ by

p= 1

g
There are also several types of bosons used in this article and since it seems confusing, we list all of
them here:

o First, by satisfying [bu, bal = L(1 = g™™)(1 = ")(1 — p™ @™ = $™™P 800 (7 is 2
central element in the DIM algebra) is a generator in the DIM algebra. We note that in different
representations of DIM it takes different forms, e.g., in the vertical representation it is a diagonal
operator, and in the horizontal representation it is mapped to the g-boson a,,.
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1—q|‘
1—¢lml
horizontal representation of the DIM algebra. We note that it has no definite coproduct structure.

© The g-boson a, satisfies the commutation relation [a,,, a,] = m~—"r8m4n0. It is used in the

© Finally, «, is the normal boson oscillator defined by [ay,, @] = n8pymo. It is used only in
the degenerate limit ¢ — 1. We note that the vertex operator «(z) has nothing to do with «,,
especially since the latter does not give the mode expansion of «(z).

We have to work on tensor products of Fock spaces/representation spaces. We use the superscript
@) to denote the operator living in the ith Fock space/representation space. For example, oz( ) is the
boson operator «,, in the second Fock space, and xT© (2) is the generator x* (z) defined in the Oth
(auxiliary) copy of the DIM algebra. We also use short notation to express some special combination
of bosons in several Fock spaces:

1 1 In|
il sel). o ). e

For a state |¢) in the ith representation space, however, we use the notation |/);.

2. The DIM algebra and its universal R-matrix

In this section, we review the defining relations of the DIM algebra and the universal R-matrix. We
adopt the same conventions of notation as in our previous paper (Ref. [35]).

2.1. DIM algebra

The DIM algebra, which will be denoted Uy, 4, (g/;ﬁ) in this paper, has two parameters ¢; = ¢ and
¢> = t~! and satisfies the following defining relations:

WE@,vEwml=0, ¥ @Y (W) = gfy_—vf/z)w—(w)w*(z), (1)
gly~'w/z)
Yy @xEw) = 2T w2 FxEw) T ), )
Y @xEw) = 2T 22/ wExEw)v T (2), (3)
FE@xEwW) = g@/w)FxEwixt (), (4)
1 — 1 —
@] = ST D) oyt 5120 — sz ), (5)
(I -q192)
where
o 1 —giz o —1
g2 = 1:1:!’3 oL, e 93 = (q192) ",

y is a central element of the algebra, and §(z) = ZneZ z" 1s the delta function. In addition, it also
satisfies the Serre relations (Ref. [43]),

[xg, [ty =0, [xg [x.aD, ] =0 (6)

The mode expansion of each generator is given by

@) =) xiz " v =) vk (7)

nez n>0
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These defining relations are a two-parameter generalization of the Drinfeld realization of the quan-
tum group (Ref. [44]) and thus the DIM algebra is sometimes called the quantum toroidal algebra
(associated with gl,).

This algebra has the following known coproduct structure:

(S

AGFD) = pFT @
+ ot ED +. Fi
AW @)=y (V(z) )Y (V(l) z),
1
AGHE) =7 () @ 1+ ¥~ (132 @3 (v2),

AGT@) =x (Y02 @V (32 +10x (), (3)

+1 1 +1 1
where, y )} = p¥2 ® 1 and Yoy =1©® pEa.
Given a quantum group, a special operator called the R-matrix is usually inherited from its quasi-
triangular Hopf algebra nature. This R-matrix, which is often called the universal R-matrix, has the
following properties:

RA(e)@)R™' = Po A(e)(z), (for e € the quantum group), )
(A ® DR = R3Ry;3, (1 ® A)R =Ri3Ryy, (10)

where P is the operator that exchanges two copies of algebras (quantum groups), i.e., P(a ® b) =
b ® a, and the notation R;; denotes the R-matrix acting on the ith and jth algebras. Such an R-matrix
automatically meets the Yang—Baxter equation. Since the DIM algebra is a generalization to the
quantum groups, we expect a similar R-matrix structure in DIM, and indeed in Ref. [26], it was
argued that the DIM algebra is a quasi-triangular Hopf algebra and equipped with the universal
R-matrix R(z). This object will be the main character of the paper.

2.2.  Horizontal representation of the DIM algebra and the q-deformed VV-algebras

In addition to 7, there is one more central element llfg_ /¥, inthe DIM algebra. The representation of
the algebra can thus be parameterized with two numbers (£1, £;) such that p = qgl /2 and W(;:_ /Yy =
qu. A large family of the representations is parameterized by (€1, €2) € Z x Z, among which the
SL(2,Z) automorphism of the algebra acts as

S-(h,h) = (=h,h), T-(,h)=1,01+D0). (11)

We often refer to the transformation S, which is a 90° rotation on the representation plane, as the
S-duality of the algebra.

The (1, 0) representation is called the horizontal representation of the DIM algebra in the literature.
It is characterized by the g-boson representation. Let us introduce the following vertex operators:

n(z) =: exp (Z ! _ntna_nzn) ,

n#0

§(z) = exp ( — Z ! _nt_npgla_nz”) .

n#0
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11— _aoon
ot (2) = exp ( -3 (1 —p "piayz )
n>0 "
_ 1—¢" i n
9 () =exp( ) (1—p "pia_nz"), (12)
n
n>0
where : e : denotes the normal ordering, p = %, and a,, is the g-deformed boson oscillator satisfying

1 — g™l

Sino- (13)

[am,an] = mw

The horizontal representation is defined by the vertex operators

pu(PED) = T3, pu(WE@) = 02 @), put @) = un@),  pu @) =ulE@),  (14)

and u € C is the weight of the representation.
It is convenient to introduce the boson oscillators b, as the mode expansion of log ¥ *:

anﬁz—"), w—<z>=wgexp<—2b_nﬁz"). (15)

n>0

V) =¥y exp (
From the algebraic relation (1) and the coproduct of ¥ ¥, we see that b, satisfies

1 A A — A —
b, bl = — (1= g1 = "MA=p"G" =777 ]S 11,0
Alby) =by, @ P " 41 ® by, (16)

In the horizontal representation, b,, and wgt are respectively mapped to

1—#" _lnl n
PRA AL U TRt (17)

It is known (Ref. [25]) that one can embed the g-deformed W,, algebra in the (m, 0) representation
of the DIM. The (m, 0) representation can be constructed by taking the coproduct of m (1, 0) rep-
resentations. For the m = 2 case, the representation is isomorphic to the direct sum of U(1) current
and g-Virasoro generators. The latter is realized as (Ref. [25])

by — —

Puyuy (A(E(2))) = puy ® pu, (A(1(2))) = u1 A1(2) +uaA2(2), (18)
where
1(z) = a(2)x" (2)B(2), (19)

with

o0 1 .
Ol(Z) =e&Xp| — Z Wb_nZ ,

n=

—

B(z) = exp (Z ;_nb,,z_”) (20)

~n
n=1 Y

<>
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For later convenience, we list the expressions of «, 8, and A in the horizontal representation: !

© | _n
pu(a(z>>=exp( P )

n=1
- - 100 4 4@ n)
Puy @ Puy (A (z))) = exp ( 2a") +4a2)" ),
,; n(p? +p‘7)(p )
-
pu(B(2)) = exr>< ”),
n=1
Sl . .
Pur ® P (A(B(2)) —exp(gn ™ +p_§)(p2a,<g) +a)z )
11—+ 1l
A1 (z) =: exp (n#o o~ +p‘n| (0~ pY a@,),)) 3
_. N M _ ) A —1(Z).
Ar(z) =: exp( };} -1 +p|"|< ) (a —p a_n)) = A (p) .o (2D

3. Relation with the MO R-matrix

In this section, we first review the MO R-matrix (Ref. [20]), which was induced from the instanton
moduli space of 4d N' = 2 super Yang-Mills gauge theories, with a short-cut approach taken in
Ref. [45], and then derive the key relation RMO (1) T(Q, u) = T(—0Q, u)RMO (1) satisfied by the MO
R-matrix from the horizontal representation of the universal R-matrix of DIM by taking the limit
qg— 1.

3.1. A briefreview of the MO R-matrix

The MO R-matrix is defined on the tensor product of two Fock spaces with background charge 1 and
12, 1.e., the vector spaces are generated by bosons a D and a satlsfymg [ozn , cxm ] = 6yn6n+m 0
with the vacuum state of each Fock space being the eigenstate of the boson zero mode, ozo |n,) =
niln:), oc,,)lnl) = 0 for n > 0 (no summation).

The R-matrix acts only on the subspace spanned by o, = % ( b _ (2)) and the defining relation
it satisfies is
RYO @)L, (@, 0) = Lu(@, —~QRYC @), (22)
where u = %5(772 —n1) and
L (i1, Q) = % D ity 0y, A+ Onay — e, =: LY + Onay — iicr, . (23)

m

! Remark: It might be confusing that substituting A(a,) = p"/?a + a'" into the above expression of
Pu(ae(z)) does not give us p,, @ pu, (A(a(2))). We note that the g- boson does not have a consistent coproduct
n,-éO ——a_,z"and Ax*(2)) =x* ) ® 1 +
v (y(l) z) ®x T (ya)z). The correct formula can be obtained only by first taking the coproduct in the expression
in terms of the generator of the DIM algebra and then performing the representation map.

structure, as can be seen from the fact that p, (x*(z)) = uexp(}_
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Here, ) ' denotes summation without terms involving the boson zero mode. The overall scale of the
R-matrix is fixed by its action on the vacuum state,

RMO@) 1) @ In2) = Im) ® |n2). (24)

In Ref. [45], it was argued that Eq. (22) solves the R-matrix uniquely with the above normalization.

Once we have obtained the explicit expression of the MO R-matrix, we can construct a family of
lattice integrable systems by just using the R-matrix as the Lax operator. The transfer matrix in the
N-site lattice model is

T(i) = o(nIRYC@RYC (@) - - - RYO (i) ) o, (25)

where we take u = %(ni —n)fori=1,...,N.For N = 1, we find the Hamiltonian of the system
matching the Calogero—Sutherland Hamiltonian with an infinite number of particles (Refs. [46,47]),

H= Z (A p OOy + Ay Q) + \/EQ Z no_py, (26)

n,m>0 n>0

where «,, is the boson on the first site. For larger NV, we obtain a coproduct structure for the Calogero—
Sutherland Hamiltonian.

The Yangian algebra constructed from the MO R-matrix is isomorphic to the Yangian of g/;[\l
(Ref. [20]) (see also Ref. [45] for a short review) and this Yangian algebra can also be obtained in
the degenerate limit ¢ — 1 with t = ¢? for fixed B from the DIM algebra (Ref. [18]).

3.2.  From the R-matrix in DIM to the MO R-matrix

In this section, we start from the defining condition of the universal R-matrix in DIM,
RA()@R™ =P oAe)z) foree Uy g(al), 27)

to explain the origin of the defining conditions for the MO R-matrix by taking the horizontal rep-
resentation of the universal R-matrix. The appearances of them are very different and it is not so
obvious whether they should be the same. We show, however, that they agree with each other in the
degenerate limit, where we set ¢ = e”, t = ¢ = P, and take the i — 0 limit.

To compare with quantities in the MO context, we identify the weight « in the horizontal represen-

tation as the g-boson zero mode #%°. Then using the notation af = L (afll) + a,(qz) ), we can rewrite

nzﬁ

the ¢g-Virasoro operator as

Py (AE(2))) = 1% AL (2) + 196 Az (2)

% a4

— A% (tV2A1(2) + 1 VZA2(2)). (28)

9
By putting 12 A1(z) = 1 + A(2)h + B(z)* + O(B>), and using A (z) =: A;l(;) :, we have

A =1 — A(;)h + ( : AZ(;) : —B(}%))hz + O

=1—A@)h+ ( 4%*() : —B(z) — C@)W* + OR),
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where, A ( %) =: A(z) + hC(z) + O(h?). Summarizing the above, we get the following simple result:

Py (A(t(2))) = 159 (2 4 A22) : —CEORE + OR)). (29)

Expanding A1(z) with respect to h, we see that

‘/E = —_n = — _n
A(z) = 75 Yo C@=08 ) nalz (30)

n=—oo n=—0oo

where Q = JLE(\/B — \/Lﬁ)' Note that in the h-expansion we need to replace a, with \/Lﬁan + O(h),
where «;, is an undeformed boson operator. Combined together, we have

o0

cA%(z) : —C(2) :,8(% Z ca”,a”, 2" —Q _Z na_nz”>. (31)

m,n=—0o0
At the leading order, the ¢g-Virasoro operator becomes
Lot 2 . 0) _ - - 3
Puran (A(1(2))) = 120 (2 +1B Y (LS, — OnaZ, +agaZ,)z" + O ))
n=—00

— 5% (24 I2BT(0. ) + O()). (32)

where L)) = % Ym0, ,0, - and we replace o, with its eigenvalue —u, as explained in the

previous section.
Since P exchanges the dofs at two sites, it flips the sign of «,, , 1.e., P, = —«,, and thus turns

T(Q, i) into T(—Q, ir):*

R (1) puy 1, (A((2))) = (P + puyur (A(1(2)))) R(w)
=  R@) 2+ WBT(Q,u) + OR)) = 2+ BT(=0,u) + O(1*)) R(u), (33)

where the natural choice of the spectral parameter is u = % = (V2P e expand R(u) =
ano R™ (1) "; then we see that the leading order of the R-matrix satisfies

ROTQ, ) = T(—Q,w)R?, (34)

and it can be identified as the MO R-matrix RMO (#).

Remark Therelation RA(e) = Po A(e)R is satisfied by all the DIM elements e. The DIM algebra
is generated by x*(2), by, and centers. The centers are not relevant in the R-matrix relations. The
other generators of the DIM algebra are #(z), t*(z), and b,,, where

@) =a@p @y By 7

P(AF(2)) = 19 Ax(2) + 19 A1(z) = p(A(t(E))). (35)

? Rigorously speaking, we should write pyu, (R())0uyuy (A(1(2))) = (P - puy iy (A(H(2))) puy iy R@)),
but to avoid the complexity of the equations, we omit the representation map for R (). It should be understood
that all R(u) appearing in this article are in the horizontal representation.
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We see that #*(z) induces the same defining relation for the R-matrix. The remaining relation that
we have not considered is RA(b,) = P o A(b,)R, which in the degenerate limit 4 — 0 reduces
to ROt = oF R, This explains why the MO R-matrix acts only on the diagonal space spanned
by a™.

4. Explicit computation of the R-matrix

In this section, we solve the defining equation of the universal R-matrix in the horizontal represen-
tation in terms of the g-boson oscillators at the first two lowest orders.? For simplicity, we omit the
notation for the horizontal representation map p and we use the shorthand notation A°? = P o A in
the following.

Unlike in the degenerate case of the MO R-matrix, the constraint RA(b,) = A°P(b,)R, namely

R(pTa,(f) (2) (p7 @ 4 a,,l))R is less trivial. This equation does not depend on the spectral
)] 2

parameter, SO we have the following operator, which exchanges a,, * and a;,”, as part of the R-matrix:
R I
R__ =exp|mi - qma_mam . (36)
m=1

With the Campbell-Baker—Hausdorff formula (see Appendix A for a review and derivation), we have

R__aPR™' =a@, R _aPR7! =4 (forn #0). (37)

Let us put an ansatz for the R-matrix R(z) = R’ (u)R__; then we have R’ (u)(p 2 af) (1)) =

(2) + aﬁ,l))R’(u) This means that R” commutes with p i a(2) + aﬁ,l), so R’ is constructed from
( ) lnl (1)

only the boson operator @, := —play,
The defining relation now becomes

R'A (1(2)R'™! = AP (1(2)), (38)
where, A% (#(z)) and A% (¢(z)) (OP/ means that we do not exchange u; and u; as in A°P) read

AP (t(2)) = u AP (2) + ua AP (2),
AP(t(2)) = ;AT (@) + w1 A (2). (39)

Now A(l)10 (2), Agp (z) after the action of P read

11— "
A(l)p(Z) =: exp (Z - (a(z) plza(_lr)l)) 5

il ©
n#onl—i—p"

11 —¢t7"/z\n 2 Il op/Z -1
AP (2) =: exp ( — - <—> (a( ) —p2 a' ))> = A p(—) . (40)
2 In| - - 1
szo L +pmAp p

Recalling that u = =L, we have
2

R'(u) AT 2) + AP @) R W) = AP (2) + urF ). (41)

3 We note that the formal expression of the universal R-matrix is already given in Ref. [26] and the result
we obtain below can be obtained from it directly.
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At u = 0, the above equation becomes R’ (O)A(z)p @R(0) = ATp (z) and the solution is

, B o E [ —¢m o
R'(0) = exp(Z (n1—p) + m)(1 TR LA ) (42)

m=1
This follows from the fact R’(0)a”,R’~1(0) = —p"d”. It also satisfies the property
R'(0) (uAT2) + AF @) RTH0) = AP (2) + urF (p*2). (43)

Since R’(u) is fixed for small u now, one may expand it in terms of u around u = 0. We write
R'(u) as

R'(w) = (1+RVu+RPu? + - )R (0); (44)

then the equation we need to solve becomes
(1+RDu+RDu? + .- ) (AT 2) + urF p?2)) = (AT (@) + ur (2))
x (14 RDu+ RO 4.,
which reduces to the recursive equation
[R™, AT ()] = A @RV — R" DAL p?2). (45)
Forn=1,[RV, AP )] = AP (z) — AP (p?2). Our claim is that the solution is given b
1 2 2 g y

(I-p _
1 +
uR"’ = d= g t—l)( E X ®x_, u>

rez

__ ul-p) ( (_ 11— b - n)
T=g—rH{ 7" % n L)

-~ 1), (46)

zero mode

where the normalization of the R-matrix is again fixed by R(#)|0) ® |0) = |0) ® |0), as we required
in the case of the MO R-matrix.

Proof. In general, if [4, B] is a c-number, the equation edeB = el-BleBed 1olds. Using this, we
can show the equation [: A . . eB@) :] = (e[A+(W)’ B-(] _ e[B+(Z)’A*(W)]) : edM+B@) - where
A(w) and B(z) are linear summations of boson oscillators and + denotes the positive/negative mode
part.

With this identity, we have

[ : exp ( — Z ! _ntnp_gla‘z;w") :,Acl)p(z)]

n#0
N (1 —gm (A=) fzy\n N (=g =) ywyn
:(e"p(z - %) >‘e"p<z - (%) ))
n=1 n=1
11— n Il B L —-1.
x:exp(}%;l_i_pln(z -2 +p 2)w)apn>.. 47)
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Note that

oxp (i (1—g"(1 - r—")xn> _(U—gp (- pix)
- (1=p~22)(1 = px)

—1
- >( L 1|)
(1—[?) l—p_fx l—pix

(it only applies around x ~ 0), we have

(I-p) . B 1=t o, N o

1 1 1 1
= 1. T, 1. + 1
1—pm2 1 —p2 -2~ 1-@ 257!

The zero mode (wP-order term) is exactly Agp (z) — Agp (P2). O

Higher orders can be determined from the recursive formula, but it is rather complicated to perform
the calculation.

5. Charges of the associated integrable system

Let us compute the first charge from R(! imitating the calculation in the degenerate limit reviewed
in Sect. 3.1. The monodromy operator is To(#) = Ryg()Roo(u) - - - Ryo(u). The N-site transfer
matrix is given by

tn () := 0(0]T(@)|0)o = 0(0IR10(w)R20(u) - - - Rno(1)[0)o. (43)

In the one-site case, the transfer matrix reads

0(0[R10(1)|0)o = o(O|R’(0)R__|0) + u o (O|RVR’(0)R__[0) + - - - .
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The first term gives rise to some vertex operator, which is an overall factor of the R-matrix. The
second term can be obtained from the w-order term of

O W) 00 @ (W)R'(0)R-_|0)9

1=
= xTD(w) o(0] : exp ( - Z . p_|2a(0,)12”> : R'(0)R——[0)o
n#0

=x" 0 (w) o (OIR'(OR--|0)o, (49)
where we used
aPRjG(0R__10 = p?R{(0)a"R__1
= pIR}y(OOR__19a® (forn > 1).
Dividing out the overall factor, we obtain the first charge xa“ , which agrees with the Hamiltonian of
the Ruijsenaars—Schneider model (Ref. [48]).

It is easy to find charges in the case of the N-site. Let us decompose the R-matrix as R(u) =
>, a; ® b;; then, e.g., charges in the case of the 2-site can be computed as

0{0IR10()R20(11)[0)0 = 0(01(A ® D)Ry2()|0)o

=" AG@) 0(016{”10)o

= A (0(0|R10()]0)0) ,

where in the last line we used the fact that the (0|b§0) |0)o are merely c-numbers. This result suggests
that charges in the 2-site case are the coproduct of charges in the case of the 1-site. The 2-site

and the coproduct gives

zero mode
rise to nontrivial interactions between 2-sites. This argument can be generalized to higher N-site

1
Hamiltonian* is A(x{) = xT (@) ® 1 + v (v1?) @ X (va)2)

cases.
Since xa“ is exactly the S-dual of the first nontrivial charge in the vertical representation (or (0,m)
representation, for m € Z-o) (Ref. [26]), it is therefore natural to conjecture that higher-rank charges

correspond to the S-dual of the ¥, (n > 2) in the vertical representation.

6. Comparison with the results from Refs. [28,29]
In this section, we compute the matrix elements of the oscillator expression obtained for R(u) to
compare it with the known results in the literature (Refs. [28,29]).

Let|A1, A7) bethe eigens‘cate5 ofA(x(J)r), 1e., A(xg') |A1,X2) = Kkaa,121, A2) with the corresponding
eigenvalue «; »,; then R(u)|11, A2) will be the eigenstate to AP (x('; ):

K02 R@ A1, A2) = R@AK)IA1, 22) = AP (xR W)[A1, A2), (50)

4 We note that this is a conjecture. Even though the first charge is computed to have the same expression as
xg , we did not prove that it has the same coproduct as x; as we have already taken the horizontal representation
and expressed everything in the g-boson, which has no definite coproduct structure.

5 This basis is often called the generalized Macdonald polynomial basis. The normalization is determined
by 1A, 22} = a5 a%,10)1 @ [0) + -
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following from the definition of the universal R-matrix. From this relation, we have R(u)|A1, Ap) =
Ry 2, (W) X1, A2)°P. Here, R;,, 5, (1) is a constant factor and A1, A2)°P is the polynomial obtained from
|A1,A2) by replacing u with 1/u, and exchanging aV and a?. In Ref. [28], the form of R;,,;, (1) is
conjectured as

q) 3 (Aal+1a2D) G

Riia ) = (4 :
1 t le?\z(?tt)

m ., .
A 7‘][}\.j z+1)

@ ol
Gaina) = Mejen (1 — ug’ WOHELTRT ) (51

i jyen, (1 — ug

It was checked at low levels and was further studied in Ref. [49].

Let us check the consistency with our result. We apply the bosonic representation of the R-matrix
obtained in Sect. 4 to |A1, A2) in the horizontal representation up to level 2.

At level 1, there are two generalized Macdonald polynomials:®

0,0) = a)10)1 ® |0)2,

I ey
@Y (1 —u

The corresponding eigenvalues are

0,0) = aN10y; ®10)2 4+ a2 10); ® [0)2.

1

Kg = up (1+(Z_ —p+q)u), Kgr = Uy (1+(l_1 —p—i—q)u_l). (52)

The action of R(u) is evaluated as
(14+RVu+ OWH)R OR-_|0,0) = p'>(1 = (1 — pu)a'’|0); @ 10)2
+ (1 = pua?)0)1 ® 10)2 + O@?)
_p ! Pw-1
u—1/p
(14 RDu 4+ 0w))R OR__19,0) = ((1 + wp'? — p~)a%10)1 ® [0)2 + OGP

,0)P + O@?),

—1/2¢,, _
— Mm ?)°P 4+ @(u2)_

u—1
The coefficients before |41, 1,)°P obtained here agree with the results in Refs. [28,29] up to O (u?).
One may also check such consistency with Refs. [28,29] at level 2. The details are explained in
Appendix B.

7. Conclusion and discussion

We showed in this paper that by taking the (1,0) horizontal representation of the DIM algebra,
the MO R-matrix can be obtained from the bosonic realization of the universal R-matrix in the
degenerate limit ¢ — 1. The universal R-matrix, by construction, is associated with the algebra,
not its representation, and in Sect. 6, we did see that the matrix elements of the R-matrix computed

® The label of the generalized Macdonald polynomial is determined so that the eigenvalue takes the form
Kijag = W€y, + ey, with e, = 14 (1 — 1) Zi(qw — Dt~ for A = {A?}. This formula is quoted from
Ref. [29].
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in two ways agree with each other. We may also have the MO R-matrix as the degenerate limit of
the universal R-matrix in a different representation, e.g., in the (0, 1) vertical representation. The
degenerate limit of the DIM algebra, i.e., the g/[\l Yangian or the SH algebra, however, does not
present a manifest SL(2,Z) symmetry, and it is unclear what is a suitable definition for the MO
R-matrix in such a representation. We will leave this problem to future work.

Also, there are many unsolved questions even in the (1, 0) representation, due to the complexity
of the calculation. To conclude this article, we list them here as future directions:

© We solved only one defining equation among three for the universal R-matrix, i.e.,
(A ® DR = Ry3Ry3, (1® A)R =Ry3Rp2 (53)
are left untouched. In fact, if we decompose the action of the R-matrix on the vacuum state as

R®)[0); ® [0)2 =Y _a; ® b;|0); ® |0)2,
1

using Eq. (53) we can show that R(«) can act only trivially on the vacuum, i.e., R(1)|0)1 ®1|0), =
[0)1 ® |0)2. We conjecture that by setting such a normalization condition, the solution of the
R-matrix obtained in this article satisfies Eq. (53), as there is only one unique solution to Eq. (27)
with this specific normalization. We emphasize again that it is not straightforward to check this
conjecture even at the leading order in u of the R-matrix. This is due to the fact that we took
the horizontal representation of the R-matrix and we cannot assign a coproduct for the g-boson
used in the representation.

© It is not clear how the oscillator expression of the universal R-matrix is related to that of the
MO R-matrix. The recursive formula obtained in this paper for the universal R-matrix is not
directly related to that for the MO R-matrix. As we can see, R() starts at order O (%) in the
degenerate limit, which also implies that all R" (n > 1) are of order O(%), and the naive limit
h — 0 suggests

lim R(u) = 1
Nim () ,

which is clearly wrong. Interestingly, at the leading order of &, the recursive equation for the
R™ becomes trivial ([R(”“),ak_] = [R(”),ozk_]), and the leading order in A of RM (1 -
B, o d—nay) survives in all the R™ _ We can resum all of them into an O (k°) term,

1 —
n>0 u n>0 n>0

. v (1= B)hu 20
;(1 — B)hu Za_nozn = Za_nan — - Zoz_nan, (54)

which reproduces the first nontrivial term in the expansion of the MO R-matrix (see, e.g.,
Ref. [45]). In other words, this suggests that R‘)) contains almost all pieces of the higher-
rank terms of the MO R-matrix as its h-expansion, with corrections from the R (n > 1).
Unfortunately, at the current stage we do not know how to reproduce the second nontrivial
expansion mode in the MO R-matrix in a similar way.

© We have neglected an overall vertex operator R’(0)R__ in the calculation of charges in the
related integrable lattice model. It is not clear what kind of role it plays both in the Ruijsenaars—
Schneider model and in the degenerate limit.
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Appendix A. Campbell-Baker—-Hausdorff formula

Let us check Eq. (37). We use the following Campbell-Baker—Hausdorff formula, where (ad4)B =
[4, B]:

e!Be™ = B+ [4,B1 + L[4, [4,B]] + - -- = *VB. (A.1)

(=) ()]

) ) _ghml
Using the relation [a,, ', ay, 1=¢"

M

m—+n,0, We have

1 1—1"
|:7Tl aDal) g )] = —niag_),

—m m >7n
m=1 ml— 9"
L 1—m -
[m’ — a)als ),a" ):| = m’a(_n) (forn > 0). (A.2)
m 1 —g™

Using this equation and the Campbell-Baker—Hausdorff formula, we have

R__a$R™
o0 o0
N L= o «o) ) < N L= o e»)
= €xXp (T[l — ma,mam an eXp — 1 — ma,mam
m:lml_q m—lml_q
— ei”ia,(q_)
= —a7)  (forn #0). (A.3)

Note that R__a§,+)R: L a§,+) holds because of the trivial commutation relation [R__, a(+)] =0.
Combining these relations between R__ and a,, , we have Eq. (37).

Appendix B. Matrix element of the R-matrix at level 2
At level 2, the generalized Macdonald basis is known as
A gy I+ -0 OME
IO IUE R
0, 8) = a}a}10)1 @ 102 — a)10)1 ® 10)s,
(I=p)Q2t—0+q—t+qt) (1) o
2p12(1 — qu)(u — 1)
(1-p A -9+ u 4
2p12(qu — D(u - 1)

10)1 ®10)2 +a')10)1 ®10)2,

5,0 = 110)1 ® 10)2

J10)1 ®10)2 + aa®10)1 ® [0)2,
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1=p) (1=p) A+ —A+qg+1t—2pt—pgt — >+ ptu+ (t + qt — * — qt*)u?)

14,rm) =
p(1—uy(1 — au)(1 — (u+ qu — 1)1)
x aa10); ©10)2
(1 =p) (A +p)A 4+ — (1 —q+3t+2pt +pgt + 2 + ptu+ (t — gt + 1> + 2pt* + qt*)u?)
pd—uw)(d —tw)(1 —t(u+ qu—1))
x a)]0)1 ®10)2
2(1 —p)
S 11100 @ (002 + 6% 100 © [0)2 — a%[0)1 @ 102,
1 =p(1+q)(1 =0
n.5 = 1= (1 + 0’
B = =+ 0 —w(g—w({ + 0u— 1+ 0 (( O+ u

— (1 =gt =1 +0 +p — g1 +20)) u— g1 = p)(1 + ) a1} 10)1 @ 10)2
_ I-p)
P =)@ = g)((1+0u— (1+q)0)
+ (1 = g =t = 3g1 = pqg = pt = 2pgnyu+ gi(1 +p)(1 + ) )a[0)1 ® 10)2
2q(1 —p)1 +q¢)(1 -1 20,@
PRA= U +0w—g 1

I+ -1 4?42
(I —q)(1+0n 191

((1 —q(1 — 1) + 1 + 2pt)ui?

10)1 ® [0)2
10)1 ® 10)2 +a%10); ® [0)2.

The action of the R-matrix can be computed as
pl+¢A =01 — (1 —p)(d+qu) (1) (1)|0
(1= +0)
+p(— (1 —=p)1 +61)M)a_2|0)1 ® 10)2
I-pd+gd— t)
1+4¢
+ (1 =p)(1+ Q)Ma |0)1 ® |0)2
2p'2q(1 —p)(1 — (1 +Q) 20,@
(1—g)(1+10 i
_ (u—D(qu—1)
(u—1/p)(gpu—1)
R(u)|c0, 0) = —f;’((l —p) (1 + 1) — Hua'}|0); ®[0)2 — —(1 —p) (1 +0a%0)1 ®10)2

R(u)[H,9) = )1 ® 10)2

a®a?)10); ® [0),

10)1 ® [0)2 + O@?)

12,5)°P + 0a?),

- §u<(1 — 1+ —0aMa®0); ® [0)
u
——(=p)( - na®a?|0); ®10),

2p1/2

+ (1 = puaDa?0); ® 0)2 + OW?)

(w—Du—1

— 0] 2
= = Upu—n T OO,
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1 2
RI0) = (p— — (1 =g+t = p+pq+pt = pgt = ptyu)a’}a10)1 © 10)2

(I-pd—-gd+1)
2p1/2¢

ua®)|0); ® |0);

1
+ Sl =p = =ng— (- 2p)tua®)a)10)1 ® 10)2 + O@?)

zw—mwm—w
(qu—1)(u — 1)

0,0 + O@W?),

(1—1)
R(w)|0, (1) = (p —Q2-q+ % —2p— qT)u) a?a?)10); ® |0),

< g(1 =p)(1+1)
_(p-L TP TD

a®10), ® 10)2 — 2(1 = p)(g — pHraJ10)1 ® |0
ot u 1001 ®10)2 = =1 =p)(g = pt)a_3|0)1 ® [0)2

2 1 — 1—1¢ ¢
(1 —p)( 1/ZI)(q p) a0}, @ 10}
U—MU—OW—M)U)m 2
t(1+1) 110)1 ® 10)2 + Ow?)

_ (w=p)u/p-1)

I, )% + O ),

(u—1D@u—1)
1 1 —
R(u)|9,0) = (p -~ (+";—Ep)u) a?)10); ® 10)2 + — (1 —p)(g —pHa}10); ®10)2

_U=pd=0lg-p)
t(1+1)

4 20 -pA+ 9 —1)(g —pt)
pPqt(1 +1)

U+ U =0+ Qp* = (1 —g)(1 —p) = 2p)u) 24
p(1 =t +1)

aa?0); ® 10),

110)1 ® 10)2

+ OW?)

_ _ (w—=p)u/p—q) o)

op 2
= D=1 + O®W”).
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