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DOUBLE YANGIAN AND THE UNIVERSAL R-MATRIX

MAXIM NAZAROV

ABSTRACT. We describe the double Yangian of the general linear Lie algebra
gl by following a general scheme of Drinfeld. This description is based on the
construction of the universal R-matrix for the Yangian. To make exposition self
contained, we include the proofs of all necessary facts about the Yangian itself.
In particular, we describe the centre of the Yangian by using its Hopf algebra
structure, and provide a proof of the analogue of the Poincaré—Birkhoff-Witt
theorem for the Yangian based on its representation theory. This proof extends
to the double Yangian, thus giving a description of its underlying vector space.
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INTRODUCTION

The main subject of this article is a Hopf algebra that appeared in the framework
of quantum inverse scattering method introduced by L. D. Faddeev, E. K. Sklyanin
and their collaborators, see for instance [9, 15, 26, 27, 28, 30]. This algebra then
became a part of a family of examples in the theory of quantum groups created
by V. G.Drinfeld [3, 4, 5]. He gave to this family the name Yangians in honour of
C.N.Yang, the author of a seminal work [32]. The Yangian that we consider here
corresponds to the general linear Lie algebra gl . It is a canonical deformation of
the universal enveloping algebra of the polynomial current Lie algebra gly[z].
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The general notion of a quantum double was also introduced in [5]. However
the Yangians were not discussed there in the context of this notion. Here we define
the double Yangian of the Lie algebra gl similarly to [10]. Yet many details and
proofs are also missing in the latter work. In the present article we fill these gaps.

We denote by Y(gly) the Yangian of gly , and by DY (gly) its quantum double.
There are several equivalent definitions of the Hopf algebra Y(gly) available [20].
In this article we use the definition that appeared first, see for instance [16, 17, 31].
Details of this definition are given in our Sections 1,2 and 4 by closely following [21].
Sections 3,5 and 6 describe basic properties of the Yangian Y(gly) that we will use.

We will also use an analogue of the classical Poincaré-Birkhoff-Witt theorem [2]
for the algebra Y(gl, ). The first proof of this analogue was given by V. G. Drinfeld
but not published. Other proofs were given later in [18, 24]. In Section 8 we give
yet another proof of this analogue by using the representation theory of current Lie
algebras. The fact from the theory that we use is established in Section 7. It is this
proof that will be extended to the double Yangian DY (gl ) in the present article.
This method was used in [23] to prove analogues of the Poincaré-Birkhoff-Witt
theorem for the Yangian of the queer Lie superalgebra qy and its quantum double.
For the algebra dual to the coalgebra Y(gly) the same method was used in [7].

The structure of a Hopf algebra includes a canonical anti-automorphism relative
to both multiplication and comultiplication, called the antipodal map. In general
this map is not involutive. In Section 3 we also compute the square of this map for
the Yangian Y(gly), by following [22] where the Yangian of the general linear Lie
superalgebra gl ;5 was considered. This yields a family of central elements of the
algebra Y(gly ), see also [6]. In Section 9 we prove that these elements generate the
whole centre. Our proof uses another general fact from the theory of current Lie
algebras, which we establish in the beginning of the section. The idea of reducing
the proof to that fact belongs to V. G. Drinfeld, as acknowledged in [21].

In Section 10 we introduce the bialgebra Y* (gl ) dual to Y(gly ). First we define
it in terms generators and relations similarly to Y(gly). However Y*(gly) is not a
Hopf algebra. The antipodal map is defined only on a certain completion Y°(gly)
of Y*(gly) described at the end of that section. In Section 11 we define a bialgebra
pairing between Y (gl ) and Y*(gl). This definition goes back to [25] where the
quantized universal enveloping algebras of simple Lie algebras were considered. In
Section 12 we prove that this pairing is non-degenerate. Details of this proof first
appeared in [23] where instead of gl , the Lie superalgebra qx was considered.

In Section 13 we define the universal R-matrix for Y (gl ). This is the canonical
element of a suitable completion of the tensor product Y*(gly) ® Y(gly), which
corresponds to the bialgebra pairing. There we also describe the basic properties of
this element relative to the Hopf algebra structures on both Y(gly) and Y°(gly) .

In Section 14 we define the double Yangian DY (gly) as a bialgebra generated by
Y(gly) and Y*(gl) . Following [5, 25] the cross relations between the elements of
Y(gly) and Y*(gly) are introduced by means of the universal R-matrix. Then we
provide a more explicit description of the algebra DY (gl ). Using this description
one can define a central extension of DY (gly ), see for instance [8, 11].

Finally, in Section 15 we introduce a filtration on the algebra DY (gl ) and show
that the corresponding graded algebra is isomorphic to the universal enveloping
algebra of the current Lie algebra gly[z,271]. This implies our analogue of the
Poincaré-Birkhoff-Witt theorem for DY (gl ). This also implies that the defining
homomorphisms of the algebras Y(gly) and Y*(gly) to DY (gly) are embeddings.
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The purpose of the present article is to provide the basic facts about the double
Yangian DY (gl;) with their detailed proofs. We do not not aim to review all works
which involve this remarkable object. Still let us mention here the pioneering works
[1, 19, 29] where the double Yangian of the special linear Lie algebra sl; was studied.
The double Yangians of all simple Lie algebras were studied in [13, 14] by using the
definition of the underlying Yangians from [4]. This approach to double Yangians
is different from ours. Recently some of the results on DY (gl ) presented here have
been extended to the double Yangians of the other classical Lie algebras [12].

1. DEFINITION OF THE YANGIAN

The Yangian of the general linear Lie algebra gl is a unital associative algebra
Y (gly) over the complex field C with countably many generators

Ti(jl), Ti(jz), ... Wwhere i,5=1,...,N.
The defining relations of the algebra Y(gly) are
r+1 s T s+1 r s s T
(L1) (T T - (1)) T = T T - 1T
where r,s =0,1,... and Ti(;)) = §;; . By introducing the formal generating series
(12) Tiju) = b3 + T u™ + TP u™ 4. € Y(gly)[[u ]

we can write (1.1) in the form
(1.3) (u =) [T35(w), Tra(v) | = Tij(u) Tia(v) — Tiej (v) Tir(u) -

Here the indeterminates u and v are considered to be commuting with each other
and with the elements of the Yangian. The following is an equivalent form of (1.1).

Proposition 1.1. The system of relations (1.1) is equivalent to the system

min(r,s)
T s a—1 r+s—a r+s—a a—1
G =S (rl e et
a=1

Proof. Observe that the multiplication of both sides of (1.3) by the formal series
Z;C:O uP~ 1P yields an equivalent relation
[Ty (u), T (v) ] = (Tkj (u) T (v) — Tkj(v)Til(u)> > urTher,
p=0

—T,,—S

Taking the coefficients of u="v™* on both sides gives

s a—1 r+s—a r+s—a a—1
)= 3 (T T 3T,

a=1

[T(T)

ij
This agrees with (1.4) in the case r < s. Finally, if > s observe that
Z (TIE?—l)TST+s—a) o T]E;-l—s—a)j;(la—l)) —0. 0
a=s+1

We shall be often using formal series to define or describe maps between various
algebras. If A(u) and B(u) are formal series in u with coefficients in certain algebras
then assignments of the type A(u) — B(u) are understood in the sense that every
coefficient of A(u) is mapped to the corresponding coefficient of B(u).
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Many applications of Y (gl ) are based on the following observation. Let E;; be
the standard generators of the Lie algebra gl so that

(1.5) [Eij, Exi] = ;1 Eig — 015 Eygj -
Proposition 1.2. The assignment
(1.6) Tij(u) = 0 + Eju™t
defines a surjective homomorphism Y(gly) — U(gly) . The assignment
(1.7) By~ T
defines an embedding U(gly) — Y(gly)-
Proof. By the definition (1.3) we need to verify the equality
(u—v)[Eij, By Ju vt =
(615 + Erju") (6 + Eqv™") — (65 + Ejv™ ") (6u + Equ™").

But this clearly holds by the commutation relations (1.5) in gly, which proves the
first part of the proposition. In order to prove the second part, put r = s =1 in
(1.4). This gives

1) (1) _ (1) (1)
[Tij ’Tkl } = 5ijiz - 5ilTkj :

Thus (1.7) is an algebra homomorphism. Its injectivity follows from the observation
that by applying (1.7) and then (1.6), we get the identity map on U(gly) . O

The homomorphism (1.6) is called the evaluation homomorphism. By its virtue
any representation of the Lie algebra gly can be regarded as representation of the
Y(gly). Any irreducible representation of gl remains irreducible over Y(gly) due
to surjectivity of this homomorphism. We will also be using its composition with
the automorphism F;; — —Ej; of the algebra U(gly). The composition maps

(18) T;'j (u) — 6ij — Ejiu_l .

The reason for using it rather than (1.6) will be explained in Section 6.

2. MATRIX FORM OF THE DEFINITION

Introduce the N x N matrix T'(u) whose ij-th entry is the series Tj;(u). One
can regard T'(u) as an element of the algebra End CV ® Y(gly)[[u™!]]. Then

N

(2.1) T(u) = e ®Ty(u)
ij=1
where e;; € End CN are the standard matrix units. If ej,...,ex are the standard

basis vectors of CV, then T'(u) e; is interpreted as the linear combination
N
T(u)ej = e ®Ti(u) € CV @ Y(gly)[[u']].
i=1

For any positive integer m we shall be using algebras of the form

(2.2) (EndCM)®™ @ Y(gly) .
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For any a = 1,...,m we denote by T, (u) the matrix T'(u) which corresponds to
the a-th copy of the algebra End C" in the tensor product (2.2). That is, T, (u) is
a formal power series in 4 ~! with the coefficients from the algebra (2.2),

N
Ta(u) — Z 1®(a—1) ® ey ® 1®(m—a) ®Tij(u>
i,j=1
where e;; belongs to the a-th copy of End C and 1 is the identity matrix. If C'is an

element of the tensor square (End CV)®2 then for a,b = 1,...,m with a < b we will
denote by C, the image of C under this embedding (End CV)®2 — (End CV)®™ .

eij ® exy > 19®(a—1) ®eij ® 1©(b—a—1) Qe @ 19(m=b)
Here the tensor factors e;; and ey; belong to the a-th and b-th copies of End cN
respectively. The element Cy;, can be identified with the element Cpp ® 1 of (2.2). If
t:EndCY — EndCV : €ij > €ji

is the matrix transposition, then for any a = 1,...,m we shall denote by t, the
corresponding partial transposition on the algebra (2.2). It acts as ¢ on the a-th
copy of End CY and as the identity map on all the other tensor factors.

Consider now the permutation operator

(2.3) P = f: eij ® eji € EndCY ® EndCV.
ij=1
The rational function
(2.4) Ru)=1—Pu!
with values in End CY ® End CV is called the Yang R-matriz. Here and below we
write 1 instead of 1 ® 1, for brevity. We will be frequently using the identity
Ru)R(—u)=1—u"2
We will also work with the rational function
Ri(u)=1-Qu™!

where
N

Q= Z eij & e;; = ph = ptz,
i,j=1
We should write either R*(u) or R'2(u) instead of R*(u) but we will not do so.
Note that Q is a one-dimensional operator on C¥ @ CY such that Q?> = N Q. Hence

(2.5) Ri(u)™'=1+Q(u—N)"".
Proposition 2.1. In the algebra (End C)®3(u,v) we have the identity
(2.6) Rio(u) Riz(u+ v) Raz(v) = Raz(v) Riz(u + v) Ria(u).

Proof. Multiplying both sides of the relation (2.6) by wv(u 4 v) we come to verify
(27) (U -+ P12)(u + v+ Plg)(?) + P23) = (’U + ng)(u —+ v+ P13)(u —+ Plg).

Each operator P;; is the image of the corresponding transposition (ij) € S3 under
the natural action of the symmetric group &3 on (CV)®3 by permutations of the
tensor factors. So (2.7) follows from the relations in the group algebra C[S3]. O
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The relation (2.6) is known as the Yang—Bazter equation. The Yang R-matrix is
its simplest nontrivial solution. Below we regard T (u) and T5(v) as formal power
series with the coefficients from the algebra (2.2) where m = 2. We also identify
R(u — v) with the rational function R(u —v) ® 1 taking values in this algebra.

Proposition 2.2. The defining relations of the algebra Y(gly) can be written as
(2.8) R(u —v) Ty (u) Ta(v) = To(v) T1 (u) R(u — v).

Proof. Let us apply both sides of (2.8) to an any basis vector e; ® ¢, € CV @ CV
as explained in the beginning of this section. For the left hand side we get

ZTW ) T (v ®61®6k—7Zng ) T (v) ® e @ €5,

while the right hand side gives

T i —— > Ti(v)T; i .
Z o ( ) ®e; ® ey - %: i (V) T (u) @ e; @ ey,

Multiplymg by u — v and equating the coefficients of e; ® e we recover (1.3). O

3. AUTOMORPHISMS AND ANTI-AUTOMORPHISMS

In this section, we will use the N x N matrix T'(u) to define several distinguished
automorphisms and anti-automorphisms of the associative unital algebra Y (gly).
For each of them, we will describe the N x N matrix whose ij-entry is the formal
power series in u~! with the coefficients being the images of the corresponding
coefficients of the series T;;(u). For example, the assignment (3.2) below means
that for all indices r =1,2,... and 4,5 =1,...,N

(r) 7 ()
Ty = (=1)" T
Proposition 3.1. For any ¢ € C an automorphism of Y(gly) can be defined by
(3.1) T(u) = T(u—c).
Proof. The image of T'(u) relative to (3.1) clearly satisfies the defining relation (2.8).
Further, the mapping (3.1) is obviously invertible which completes the proof. O
We may regard the element T'(u) defined by (2.1) as a formal power series in u~!
whose coefficients are matrices with the entries from the algebra Y(gly ). Since the
leading term of this series is the identity matrix, the element 7'(u) is invertible. We

denote by T~!(u) the inverse element. Further, denote by 7'!(u) the transposed
matrix for T'(u). Then

N
Hu) = Z eij @ Tji(u)
ij=1

Proposition 3.2. Fach of the assignments

(3.2) T(u) — T(—u),
(3.3) T(u) v~ T (u),
(3.4) S:T(u)— T (u)

defines an anti-automorphism of Y(gly) .
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Proof. The images T} (u) of the series T;;(u) under any anti-automorphism of the
algebra Y(gly) must satisfy the relations (1.3) with the opposite multiplication:

(u =) [T}(w), Tii(v) | = Ty (u) Ty (v) = Tiy(v) T (w).

Exactly as in the proof of Proposition 2.2, one can show that these relations can
be equivalently written in the following matrix form

R(u —v) T3 (v) T{(u) = T{(u) Ty (v) R(u — v)
where T'(u) is the N x N matrix whose ij-th entry is T};(u). But the relation
R(u —v) To(—v) T1 (—u) = Th(—u) To(—v) R(u — v)

follows from (2.8) if we conjugate both sides by P and replace (u,v) by (—v, —u).
This shows that (3.2) defines an anti-homomorphism. Furthermore, the application
of the partial transposition ¢; to both sides of the relation (2.8) yields

(3.5) T (u) R*(u — v) Ta(v) = To(v) R (u — v) T} (u).
Since R(u —v) is fixed by the composition of ¢; with o, applying t2 to (3.5) yields
T (u) Ty (v) R(u = v) = R(u — v) T3 (v) Ty (u).
Hence (3.3) is an anti-homomorphism. Finally, for (3.4) observe that the relation
R(u—v) Ty (v) Ty (w) = Ty (u) Ty (v) R(u — v)

is equivalent to (2.8). Note now that the mappings (3.2) and (3.3) are involutive
and so these two anti-homomorphisms are bijective.

The bijectivity of the anti-homomorphism S of Y(gl,) defined by (3.4) follows
from the bijectivity of its square S? which is computed at the end of this section. [

The anti-automorphisms (3.2) and (3.3) are involutive and commute with each
other. Their composition is an involutive automorphism of Y(gly) such that

(3.6) T(u) > T(~u).

This automorphism of the algebra Y (gl ) will play an important role in Section 6.
However, the anti-automorphism (3.4) is not involutive unless N = 1. This is the
antipodal map S of the Hopf algebra Y(gly ), see Section 4 below.

To compute the square of the anti-homomorphism (3.4) consider N x N matrix
obtained from 7~1(u) by transposition. Let us denote this new matrix by 7%(u) .
Accordingly, the ij-th entry of this matrix will be denoted by Tig(u) . This entry is a
formal power series in 4 =1 with coefficients from the algebra Y(gly) . By definition,

(3.7) S Tij(u) = Tfi(u).
Our computation of the image of T};(u) relative to S? is based on the next lemma.

Lemma 3.3. There is a formal power series Z(u) in u™! with the coefficients from
the centre of the algebra Y(gly) and with the leading term 1 such that for alli and j

(3.8) D Thilu+ N) T (w) = 6i; Z(u).
k=1
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Proof. Let us multiply both sides of the relation (2.8) by 75 *(v) on the left and

right and then apply transposition relative to the second copy of End CY. We get
R*(u —v) T} (v) Ty (u) = Ty (u) TS (v) R (u — v) .

Multiplying both sides of this result on the left and right R*(u —v)~! we get

(3.9) R (u—v) ' Ty (u) TQﬁ(v) =T} () Ty (u) Rt (u—v) ",

Multiplying the latter equality by v — v — N and then setting u = v + N we get

(3.10) QTi(v+ N)Tf(v) = T (v) T (v + N) Q

see (2.5). Because the operator @) is one-dimensional, either side of (3.10) must be
equal to @ times a certain power series in v~! with the coefficients from Y(gly) .
Denote this series by Z(v). By applying the left hand side of (3.10) to the basis
vector e; ® e; we obtain the required equality (3.8).

It is immediate from (1.2) and (3.8) that the leading term of series Z(v) is 1.
Let us prove that all the coefficients of this series are central in Y(gly). We will
work with the algebra (2.2) where m = 3. By using the relations (2.8) and (3.9),

Riy(u— )" Riz(u—v — N) Ty(u) Ta(v + N) T (v) =
Rls(u—v) "' To(v 4+ N) Ty (u) T (v) Ryg(u— v — N) =
To(v + N) T (0) Ty (u) Rty (u — v) " Ryg(u—v — N).
Note that by using the expressions (2.4) and (2.5) we obtain the equality
Qas Riy(u—v) ' Rig(u—v—N)=Qo3(1—(u—v—N)"?).
So multiplying the first and third lines of previous display by (23 on the left gives
(1= (u—v—=N)">)Ti(u) Z(v) Qa3 = Q23 Z(v) Ty (u) (1 — (u—v—N)?)

where we also used (3.10). The last display shows that any generator Ti(jr) commutes
with every coefficient of the series Z(v). d

It follows from (1.2) and (3.8) that the coefficient of the series Z(u) at u~?! is
zero. In Section 9 we will show that the coefficients of Z(u) at u=2,u=3,... are free
generators of the centre of the algebra Y(gl,) . Hence we will again use Lemma 3.3.

Proposition 3.4. The square of the map S is the automorphism of Y(gly) given by
S?:T(u)— Z(u) ' T(u+ N).
Proof. Let us apply the anti-homomorphism S to both sides of the identity

N
D Tjk(u) T (u) = 655 -
k=1

Using (3.7) we get

2

> 8% (Thi(w) T () = 655

k=1
Comparing this with (3.8) we conclude that S%(Ty;(u)) = Z(u) ! Tri(u+ N). O
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4. HOPF ALGEBRA STRUCTURE

A coalgebra over the field C is a complex vector space A equipped with a linear
map A : A - A® A called the comultiplication, and another linear map ¢ : A — C
called the counit, such that the following three diagrams are commutative:

A —2 . AcA

sl =

ARA —— ARA®A
deA

which gives the coassociativity axiom of the comultiplication A, and

A2 ARA A2 ARA
idJ{ J,S®id idl lid@a
A—— CoA A —— ABC

A bialgebra over C is a complex associative unital algebra A equipped with a
coalgebra structure, such that A and € are algebra homomorphisms. In particular,
then A(1) = 1® 1 and ¢(1) = 1. A bialgebra A is called a Hopf algebra, if it is
also equiped with an anti-automorphism S : A — A called the antipode, such that
another two diagrams are commutative:

A 2y A 2y
Al Tu AJ Tu
A®A — ABA A®A — ABA

Here p: A® A — A is the algebra multiplication and § : C — A is the unit map of
the algebra A, that is 6(¢) = ¢- 1 for any ¢ € C.

Proposition 4.1. The Yangian Y(gly) is a Hopf algebra with comultiplication
N

(4.1) A Ti(w) =Y Tig(u) @ Tij(w),
k=1

the antipode (3.4) and the counit € : T'(u) — 1.

Proof. We start by verifying the axiom that A : Y(gly) — Y(gly) ® Y(gly) is an
algebra homomorphism. We shall slightly generalize the notation used in Section 2.
Let m and n be positive integers. Introduce the algebra

(4.2) (End C)®™ @ Y(gly)®".
For all a € {1,...,m} and b € {1,...,n} consider the formal power series in u~*

with the coefficients in this algebra,

N
Ta[b] (u) = Z 181 & eij ® 1®(m=a) g 100-1) o le(u) © 18(n=b).

4,j=1
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The definition of A can now be written in a matrix form,
(4.3) A T(u) — T[l] (u) T[Q] (u)

where Tj) (u) is an abbreviation for the series Ty (u) with the coefficients from the
algebra (4.2) where m = 1 and n = 2. We need to show that A(T'(u)) obeys (2.8):

R(U — 7}) Tl[l] (U) T1[2] (’LL) TZ[l] (’U) TQ[Q] (’U) =
Topy(v) Topy (v) Thay (u) Ty (w) R(u — v).
Here m = n = 2, and R(u —v) is identified with R(u —v) ® 1® 1. But this relation
is implied by the relation (2.8), and by the observation that the elements 77 (u)
and T5p1)(v) commute, as well as the elements Typj(u) and Thpg)(v) do.

Our S is an anti-automorphism relative to multiplication due to Proposition 3.2.
Since A is a homomorphism of algebras, the definition (4.3) implies that

AT Hu) — T[g]l(u) T[;}l (u) .

Therefore S is also an anti-automorphism relative to comultiplication. The other two
axioms involving S are readily verified since

(S@id) A T(u) = Tpy' (u) Tig (u)
and
([d@S) A : T(u) = Tjyy(u) Ty (u)
so that subsequent application of p yields the identity matrix in both the cases. O

We have & (Ti(jr)) =0 for r > 1. By expanding the formal power series in u~! in
(4.1) we obtain a more explicit definition of the comultiplication A on Y(gly),

N r—1
(4.4) AT =TP 01 +10T + SN 19 010,
k=1 s=1

Hence this comultiplication is not cocommutative unless N = 1.
Proposition 4.2. For the series Z(u) defined above we have
A:Z(u)— Z(u) @ Z(u) .

Proof. The square S? of of the antipodal map is a coalgebra automorphism. Hence
the images of T'(u) relative to the compositions A S? and (S2®S?2) A are the same.
By Proposition 3.4 these images are respectively equal to

A(Z(u)*1 T(u+ N)) = A(Z(u)*l) (T(wu+ N)®T(u+ N))
and
(S?@8*)(T(u) ® T(u)) = (Z(u) "' T(u+ N)) @ (Z(u)"" T(u+ N)).

Here we identify Z(u)~! with the series 1® Z(u)~! which takes its coefficients from
End CY ® Y(gly) and use the homomorphism property of A. By dividing the right
hand sides of above two equalities by T(u+ N) @ T(u+ N) and equating the results

A:Zw) e Zu) @ Z(u)7t. O
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5. TWO FILTRATIONS ON THE YANGIAN

There are two natural ascending filtrations on the associative algebra Y(gly) .
The first one is defined by

deg Tzf) =7r.
For any r > 1 we will denote by fl-(;) the image of the generator Ti(f) in the degree
r component of the corresponding graded algebra gr Y(gly ). It is immediate from
the defining relations (1.4) that all these images pairwise commute. In Section 8

we will prove that these images are also algebraically independent.
Now introduce another filtration on Y(gly) by setting for r > 1

1p(r) _
(5.1) deg' T;;" =r—1.

Let gr’' Y(gly) be the corresponding graded algebra. Let iy) be the image of Ti(f)
in the component of gr’ Y(gly) of the degree r — 1.

The graded algebra gr’ Y(gl, ) inherits from Y(gl,) the Hopf algebra structure.
Namely, by using (4.4) for any r > 1 we get

(5.2) AT =TV 01+10T)",

7 (r)y _ Ty _ ()
(5:3) e(T,;”) =0 and S(T;"”) =-T;".

For any Lie algebra g over the field C consider the universal enveloping algebra
U(g). There is a natural Hopf algebra structure on U(g). The comultiplication A,
the counit € and the antipode S on U(g) are defined by setting for X € g

(5.4) AX)=X®1+10 X,
(5.5) e(X)=0 and S(X)=-X.

In the next proposition g is the polynomial current Lie algebra gly[z] =2 gl ® C[z].
The latter Lie algebra is naturally graded by degrees of the indeterminate z.

Proposition 5.1. The graded Hopf algebra gr' Y(gly) is isomorphic to U(gly|z]).
Proof. Using the defining relations (1.4) we get
[T’i;r)’fk(;)] = O ingrsfl) — 6 fk(jwsfl).
Hence the assignments
(5.6) Ejjz ' Tiy) for r>1
define a surjective homomorphism
(5.7) U(gly[2]) — er' Y(aly)

of graded associative algebras. At the end of Section 8 we will show that the kernel
of this homomorphism is trivial. Hence comparing the definitions (5.2),(5.3) with
the general definitions (5.4),(5.5) completes the proof of Proposition 5.1. O
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6. VECTOR AND COVECTOR REPRESENTATIONS

We shall often use the matrix T'(u) to describe homomorphisms from Y(gly ) to
other algebras. Namely, let A be any unital associative algebra over the field C. Let
X (u) be the N x N matrix whose ij-entry is any formal power series X;;(u) in u™*
with the leading term d;; and all coefficients from the algebra A . If o : Y(gly) — A
is any homomorphism, then the assignment

(6.1) a:T(u)— X(u)

means that every coefficient of the series T;;(u) gets mapped to the corresponding
coefficient of the series X;;(u) for all indices ¢,j = 1,...,N. If we regard T'(u) as
a series in u with the coefficients from the algebra End CV ® Y(gly) then, more
formally, we may write

idea:T(u) = X(u)
instead of (6.1). Here

N
X(u) = Z ei; @ Xi;(u),
ij=1
is regarded as a series in u with coefficients from the algebra End CY @ A ; cf. (2.1).
Setting A = End C" and X (u) = R(u) above, we can define a homomorphism
Y(gly) — End CV by the assignment T'(u) — R(u). To prove the homomorphism
property by using the matrix form (2.8) of the defining relations of the algebra

Y(gly), we have to check the equality of rational functions in v and v with values
in the algebra (End CY)®3,

ng(u - ’U) ng(u) R23 (’U) = R23 (’U) ng(u) ng(u — U).

But this equality is just another form of (2.6). In other words, the assignment
T(u) — R(u) defines a representation of Y(gly) on the vector space CV. Here

Tij(u) = 05 — ejiu™"

by (2.3) and (2.4). Note that this representation of the algebra Y(gly) can also be

obtained by pulling the defining representation E;; — e;; of the Lie algebra gly

back through the homomorphism (1.8). This remark justifies the definition (1.8).
By pulling the defining representation E;; +— e;; of the Lie algebra gly back

through the homomorphism (1.6), we get the representation of Y(gly) such that

Tij (’LL) — (Sij + €ij u_l .
Hence this representation can be described by the assignment T'(u) — R!(—u).
Observe that the representations T'(u) — R(u) and T'(u) — R'(—u) differ by the
involutive automorphism (3.6) of the algebra Y(gly).

By pulling the representation T'(u) — R(u) back through the automorphism
(3.1) of Y(gly) for any ¢ € C, we get the representation of Y(gly) on the vector
space CV, such that T'(u) — R(u—c). It is called a vector representation of Y(gly),
and is denoted by p.. Thus

Pe - TZ(U) — (Sij — €j; (u — C)_l
or equvalently,

(6.2) Pe Ti(jr)  —c"tey forany 7> 1.
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By pulling the representation T'(u) — R*(—u) back through the automorphism
(3.1), we get the representation of Y(gly) on CV, such that T'(u) — R'(c —u). It
is called a covector representation of Y(gly), and is denoted by o.. Thus

O¢: TZ](’LL) — (Sij + €4 (u - C>_1
or equvalently,
(6.3) Oc: Ti(jr) " le;; forany > 1.

In Section 5 we introduced an ascending filtration on algebra Y(gly) such that
any generator Ti(jr) of Y(gly) has the degree r — 1. We denoted the corresponding
graded algebra by gr’ Y (gl ) and defined a surjective homomorphism (5.7) by (5.6).

Under this homomorphism the element Ti(jr) of Y(gly), or rather its image T, jr

in gr' Y(gly), corresponds to the generator E;;z"~! of U(gly[z]). One can define
a representation &, of the algebra U(gly[2]) on the vector space CV by

(6.4) oc: By A crfleij forany r>1,

so that

Ge(Eij2 1) = 0o(T))) .
The representation o, is an example of an evaluation representation of U(gly[z]),
see the general definition in Section 7 below.

7. EVALUATION REPRESENTATIONS

For any Lie algebra a over C consider the corresponding polynomial current Lie
algebra a[z] = a® C[z]. Let 6 be any representation of a on the vector space C,
and ¢ be any complex number. Then one can define a representation of a[z] by

Xz —¢’0(X) forany s>0.

This is the evaluation representation of the Lie algebra a[z], corresponding to 6
at the point z = ¢ of the complex plane C. When a = gly and 6 is the defining
representation of the Lie algebra gl on CV, we obtain &. in this way.

We will need the following general property of evaluation representations. For
any ci,...,c, € C let us denote by 6.,. ., the tensor product of the evaluation
representations of the Lie algebra a[z] corresponding to 6 at the points ¢y, ..., ¢, .
We extend the representation 6., . ., to the universal enveloping algebra U(az]).

Lemma 7.1. Suppose that the Lie algebra a is finite-dimensional, and 0 is its
faithful representation. Let the parameters ¢y, ..., c, and integer n > 0 vary. Then
the intersection in U(a[z]) of the kernels of all representations O, ..., 1is trivial.

n

Proof. Using the faithful representation 6 of the Lie algebra a, we can identify a[z]

with a subalgebra of the Lie algebra gly[z]. Hence it suffices to consider the case

when a is the Lie algebra gl , and 6 : gl — End CV is the defining representation.
Choose any basis Xi,..., X2 in gly such that one of the basis vectors is

I'=FE;+--+Eny.

To distinguish between the algebras U(gly) and End CV, the operators on CV
corresponding to the elements Xi,..., Xy2 € gly will be denoted by x1,...,zN2
respectively. Note that one of these operators is the identity operator 1.

Take any finite non-zero linear combination C' of the products

(7.1) (Xa,2°) ... (Xq,,2°™) € U(glylz])
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where the indices aq,...,a,, and s1,...,8,; = 0 may vary. The number m of
factors in (7.1) may also vary. Let &,, be the symmetric group acting on the set
{1,...,m}. For each fixed m > 0, we will suppose that the elements

(7.2) > (Xayy) 21 0) @ ... @ (Xay,, 20) € (gly[2])®™

q€Gm
corresponding to the products (7.1) which have exactly m factors and appear in C
with non-zero coefficients, are linearly independent. We may suppose so without
loss of generality, due to the commutation relations in the algebra U(gly[z]). Using
the natural identification of vector spaces

(aly[2)®™ = glx™ [21, - 2],
the sum (7.2) may be also regarded as a polynomial function in m independent

complex variables zq,..., 2z, . This function takes values in the vector space g[ﬁm.
For every element (7.1) appearing in the linear combination C', suppose that

Xopsoo i Xy #1 and X, ==X, =1

for a certain number [ > 0. Then z4,,...,24, # 1 and x4,,, = ... =4, = 1. We
may suppose so without loss of generality, as the elements I, 1z, 122, ... € gly[2]
are central. Further, suppose that s;y1 > -+ > s,,,. Of course, the number [ here
may depend on the given element (7.1); let [y be the maximum of these numbers.
Let us consider two cases. First suppose that lj = 0, so that [ = 0 for every
element (7.1) appearing in the linear combination C. The image of (7.1) under the
representation 0., ., of U(gly[z]) is then the operator of multiplication by

ar+1

m
(7.3) H(cf*’+-~-+c;’€)e(c.

k=1
Since s1 = --+ = S, here, any non-trivial linear combination of the scalars (7.3)
corresponding to different sequences si,..., s, cannot vanish identically for all
n >0 and cq,...,c, € C. This proves the claim when [y = 0.

Second, suppose that Iy > 0. For any element (7.1) appearing in the linear
combination C, take its image under the representation 6., . with n > [. This
image belongs to the algebra End (C)®" which we will identify with (End CV)®",
Let V; be the subspace in (End CV)®" spanned by the elements z;, ®...®1x;, where

at least one of the first [ tensor factors xy,,...,2p, is 1. The indices by, ..., b, here
range over 1,..., N2. Modulo V; the image of (7.1) in (End CV)®" equals the sum
(7.4) > (" a0,,) @@ ()" ag,,,) @190

PES,

multiplied by
(7.5) I (e +- -+ ).
k=l+1

Notice that the sum (7.4) does not belong to V; unless this sum is zero or I = 0.

In the linear combination C, take the terms where [ = l. Let D € (End CV)®"
be the image of the sum of these terms under the representation 6., . .,. We assume
that here n > ly. The images of the terms with | < [y under the representation
Oc,...c, belong to the subspace Vj,. We will show that D # 0 for some n > [y and
¢1,-..,¢n € C. Then D ¢ V},, and Lemma 7.1 will follow.
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Observe that the sum (7.4) does not depend on the parameters c¢;i1,...,cn
while the product (7.5) can depend on these parameters. Due to this observation,
we may now assume that for all terms in the linear combination C' with [ = [,

the sequences s;,41,...,Sn are the same; see the case l[p = 0 considered above.
Moreover, we may assume that m = [y for all these terms. But under the latter
assumption, the inequality D # 0 for some cy,...,c;, € C follows from the linear
independence of the elements (7.2) with m = . O

8. POINCARE-BIRKHOFF-WITT THEOREM

Let us now make use of the bialgebra structure on Y(gly ). For any ¢y,...,¢, € C
take the tensor product of the vector representations pc,,...,p., of Y(gly). We
get a representation

Per.cn  Y(aly) — (EndCN)®m,
If n = 0, the representation p.,.. ., is understood as the counit homomorphism ¢ :
Y(gly) — C. Using the matrix form (4.3) of the definition of the comultiplication
on Y(gly), we see that
id® pe,...c, 1 T(u) = Ria(u—c1)... Ript1(u—cp).

Here we apply the convention made in the beginning of Section 6 to the algebra
A = (End CM)®" and to the homomorphism o = p., ., -

The tensor product of the covector representations o, , ..., ., will be denoted
by 0¢,...c,. By using the matrix form (4.3) of the definition of the comultiplication
on Y(gly) again, we see that

id®oe,..c, : T(u) — Riy(ct —u)... R, 41(cn —u).
By using Lemma 7.1, we will now prove the following proposition.

Proposition 8.1. Let the parameters c1,...,c, € C and the integer n = 0 vary.
Then the intersection of the kernels of all representations o, .. ., 1s trivial.

Proof. Take any finite linear combination A of the products

(r1) (rm)
T;1j11 o ',Timjm € Y(g[N)
with certain coefficients
1o Tm
Al lgm €C
where the indices 71,...,7, > 1 and the number m > 0 may vary, as well as the

indices 41,71, -, im,Jm . Suppose that A # 0 as an element of Y(gly).

The algebra Y(gly) comes with an ascending filtration such that Ti(f) has the
degree r—1. Let d be the degree of A rtelative to this filtration. Let B be the image
of A in the degree d component of the graded algebra gr’ Y(gly). Then B # 0.

We can also assume that

AT Tm =0 if 7“1+"'+Tm>d+m'

1171 tmIm
Let C be the sum of the elements of the algebra U(gly[z]),
> Afvern o (B 2 (Bigg, 2.
ri+-+rm=d+m

The image of C' under the homomorphism (5.7) equals B. In particular, C' # 0.
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Consider the image of A under the representation o, .,. This image depends
on cy,...,c, polynomially. The degree of this polynomial does not exceed d by the
definition (6.3). Let D be the sum of the terms of degree d of this polynomial.

Now equip the tensor product Y (gl )®™ with the ascending filtration where the
degree is the sum of the degrees on the tensor factors. Then under the n-fold
comultiplication Y(gly) — Y(gly)®"

Ti(jr) — Z 120-D & Ti(]?”) ® 18("=b) plus terms of degree less than r — 1,
b=1
see (4.4). But under the n-fold comultiplication U(gly[z]) — U(gly[2])®",

Eij Z’I“fl — Z 1®(b71) ® (E'L_j Z’l“fl) ® 1®(n7b) .
b=1

The definitions (6.3) and (6.4) now imply that the sum D € (End CY)®" coincides
with the image of the sum C' € U(gly[z]) under the tensor product of the evaluation
representations &, , ..., 0., . Since C' # 0, using Lemma 7.1 we can choose n and
C1,...,Cp s0 that D # 0. Then o, ., (A) # 0 by the definition of D. O

Proposition 8.2. Let the parameters cy,...,c, € C and the integer n = 0 vary.
Then the intersection of the kernels of all representations pe, ..., is trivial.

The proof of Proposition 8.2 is similar to that of Proposition 8.1 and is omitted.
We will now prove the injectivity of homomorphism (5.7) by modifying the logic of
our proof of Proposition 8.1. Take any finite linear combination C of the products

(Biyj, 2" ) (B, 2™ 1) € Uglyl2])

with certain coefficients
C'rl...rm e C

1151 imim
where the indices r1,...,7,;, = 1 and the number m > 0 may vary, as well as the
indices 41,1, -y %m, Jm . Suppose that C' # 0 as an element of U(gly[z]).
The algebra U(gly[z]) is graded so that for any integer s > 0, the generator
E;; z° has the degree s. The homomorphism (5.7) preserves the degree. Without
loss of generality suppose that the element C' is homogeneous of degree d, that is

Cr:rm =0 if T1+"'+7‘7n3£d+m'

1171 tmJm

Now define the element A € Y(gly) as the sum
Z Crrm T(Tl) B T(Tm)

11 tmJm 11 T imm
rite At rm=d+m

Let B be the image of A in the d-th component of the graded algebra gr’ Y(gly).
The element B coincides with the image of C' under the homomorhism (5.7).

Now let D € (End CV)®" be the image of C' under the tensor product of the
evaluation representations o, ,...,0.,. The image of A under the representation
Oc,...c,, depends on ¢y, . .., ¢, polynomially. The degree of this polynomial does not
exceed d by (6.3). The sum of the terms of degree d of this polynomial equals D, see
the proof of Proposition 8.1. Since C # 0, using Lemma 7.1 we can choose n and
C1,...Cy s0 that D # 0. Then deg’ A = d. Indeed, if deg’ A < d then the degree of
the polynomial o, . ., (A) would be also less then d. This would contradict to the
non-vanishing of D. By the definition of the element B € gr’ Y(gly), the equality
deg’ A = d means that B # 0. So the homomorphism (5.7) is injective.
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Let us now invoke the classical Poincaré-Birkhoff-Witt theorem for the universal
enveloping algebras of Lie algebras [2, Section 2.1]. By applying this theorem to
the Lie algebra gly[2] we now obtain its analogue for the Yangian Y(gly).

Theorem 8.3. Given an arbitrary linear ordering of the set of generators Ti(jr)
with 7 > 1, any element of the algebra Y(gly) can be uniquely written as a linear
combmatzon of ordered monomials in these generators.

Corollary 8.4. The graded algebra grY(gly) is the algebra of polynomials in the
generators Tiy) withr > 1

9. CENTRE OF THE YANGIAN

Let a be any Lie algebra over the field C. Consider the corresponding polynomial
current Lie algebra a[z] . In the proof of Theorem 9.3 we will use a general property
of the universal enveloping algebra U(a[z]). It is stated as the lemma below.

Lemma 9.1. Suppose that the Lie algebra a is finite-dimensional and has the trivial
centre. Then the centre of the algebra U(a[z]) is also trivial, that is equal to C.

Proof. Consider adjoint action of the Lie algebra a[z] on its symmetric algebra. It
suffices to prove that the space of invariants of this action is trivial.

Let A be any element of the symmetric algebra of a[z] invariant under the adjoint
action. Let M = dim a. Choose any basis X, ..., X of a and let

[ Xy, Xq] Zcpq

where ¢;, € C. Let L be the minimal non-negative integer such that
A = Z Ad1---dM (XlzL)dl...(XMZL)dM
dy,...,dn

where dy, ..., dy range over non-negative integers and A, .. 4,, is a polynomial in
the basis elements X, z° of a[z] with 1 <p < M and 0 < s < L only. We have

ad(X,2)(A4) =0

for every index p = 1,..., M. The component of the left hand side of this equation
that involves the basis elements of a[z] of the form X, zZ*! must be zero. Thus

Z Ady . dy Z Cpq g (X254 ..(quL)d‘?_l...(XMzL)dM X,z =9.

di,...,dpr q,r=1

Taking here the coefficient of X, 2! we obtain that

Z Ag,. dMZCpq (X1 2D)h (X2 E)dat . (X 2B = 0.
dy,...,dn

If follows that for any non-negative integers dj,. .., d}, we have

M
(9.1) Z Ady.dr41...d},Cpq (dg+1)=0 where p,r=1,...,M.
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Let us now fix dy, ..., dy, and observe that the elements X = (d; + 1) X, with
q=1,..., M also form a basis of a. Since the centre of a is trivial, the system

M
[X,,,Z agX,;]=0 where p=1,...,.M
q=1

of linear equations on aq,...,ay € C has only trivial solution. It can be written as
M
Z agcpy (dg+1) =0 where p,r=1,..., M.
q=1

Hence by comparing (9.1) with the latter system we obtain that Agf.azt1..ay, =0
for every ¢ =1,..., M . It now follows that A € C, and L = 0 in particular. (]

Now consider the series Z(u) defined by (3.8). For any r > 1 let Z(") be the
coefficient of this series at u~". Just before stating Proposition 3.4 we noted that
ZM) = 0. Hence

Zu) =14+ 2Pu=2 4 2Oy 3 4.

Proposition 9.2. For any r > 2 the element Z") € Y(gly) has the degree r — 2
relative to the filtration (5.1). Its image in the graded algebra gr' Y (gly) is equal to

N
(1—r) Y T Y.
=1

Proof. Let us expand the factor Ty;(u + N) appearing in the definition (3.8) as a
formal power series in v ~'. The result has the form

where _
Tii(u) = — Té:)u_Q — 2Tl£?)u_3 ——
is the formal derivative of the series Ty;(u) and
Xii(u) = X,(c?)u_3 + X,g?)u_‘l +...

is a series with coefficients X,g? € Y(gly) such that deg'X,g:) =r—3forr > 3.
By setting i = j in (3.8) and summing over ¢ = 1,..., N we now get the equality

N
(9.2) N+ > (N Thi(uw) + Xpi(w) T (u) = N Z(u).
ik=1
Here we used the definition of the matrix T#(u) as the transposed inverse of T'(u) .
The leading term of the series Tkﬁl(u) is d;; while for any r > 1 the coefficient
of this series at u~" has the degree r — 1 relative to (5.1). It follows that modulo

lower degree elements, for any r > 1 the coefficient at u~" of the series at the left
hand side of (9.2) equals

N N
N -0 e =N Y =T

i,k=1 i=1
Hence Proposition 9.2 follows from (9.2). Also we see once again that Z() =0. O

Theorem 9.3. The coefficients Z2), Z3) ... of the series Z(u) are free generators
of the centre of the associative algebra Y(gly) .
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Proof. Let us apply Lemma 9.1 to the special linear Lie algebra a = sl . Since the
centre of the universal enveloping algebra U(sly [2]) is trivial, the decomposition

N
gly[z] =sly[z] ® Clz Z Ei;
i=1

of Lie algebras implies that the centre of U(gly [2]) is generated by the elements

(9.3) Z B2t

where > 1. Moreover these generators are free due to the Poincaré—Birkhoff-Witt
theorem [2, Section 2.1] applied to the Lie algebra gly[z].
Under the isomorphism (5.7), the elements (9.3) go respectively to the elements

N

ST

i=1

where again r > 1. Therefore the latter elements are free generators of the centre
of the algebra gr’ Y(gly ), see Proposition 5.1. On the other hand, we have already
proved that the elements Z(2), Z3) . of the algebra Y(gly) belong to its centre,
see Lemma 3.3. Hence Theorem 9.3 follows from Proposition 9.2. (]

10. DUAL YANGIAN

The dual Yangian for the Lie algebra gly , denoted by Y*(gly ), is an associative
unital algebra over the field C with a countable set of generators
-1 —2 .
TZ(] ), Ti(j ),... where i,5=1,...,N.
To write down the defining relations for these generators, introduce the series

(10.1) Ti(v) =6 + T D+ T Do+ TU0? 4+ e Y (gly) (o]

ij

The reason for separating the term 6;; in (10.1) will become apparent in the next
section. Now combine all the series (10.1) into the single element

(10.2) Z v) @ eij € Y¥(gly)[[v]] ® EndCV .
3,j=1

We will write the defining relations of the algebra Y*(gly) first in their matrix
form, to be compared with (2.8). For any positive integer n, consider the algebra

(10.3) Y*(gly) ® (End CV)®™,

For any index b € {1,...,n} introduce the formal power series in the variable v
with the coefficients from the algebra (10.3),

(10.4) Z ) @180 D @ e @170,

4,j=1
Here the belongs to the b-th copy of End CV. Setting n = 2 and identifying R(u—v)
with 1 ® R(u — v), the defining relations of Y*(gly) can be written as

(10.5) T (w) Ty (v) R(u — v) = R(u —v) Ty (v) Ty (w) .
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The relation (10.5) is equivalent to the collection of relations

(u— ) [T5;(u), Tiy(v)] = Ty (u) T (v) — T (v) Ty (u)
foralli,j, k,l =1,..., N. We omit the proof of the equivalence, because it is similar

to the proof of Proposition 2.2. The last displayed relation can be rewritten as

oo

(7500, Tia0)] = 32 w1 (T3 () T (0) = T3 (0) Ty (w) ).
p=0
Expanding here the series in u,v and equating the coefficients at ©"~'v°~! we get
(10.6) (TS T = 6 Ty —sa T+
> (b—r—5—1) rn(—b) —b) (b1 —s—1)
Z (Tzl Ty 7 — Tig Ty ' )
b=1

The proof of next proposition is similar to that of Proposition 4.1 and is omitted.

Proposition 10.1. The dual Yangian Y*(gly) is a bialgebra over the field C with
the counit defined € : T*(v) — 1 and the comultiplication defined by

(10.7) . Z ) @ T (v) .

Expanding the power series in v in (10.7) and using the axiom A(1) =1® 1, we
get a more explicit definition of the comultiplication on the dual Yangian Y*(gly),

N r

(10.8) ATy =15 0141017+ 3 Y 1Y ens Y
k=1s=1

for r > 1; cf. (4.4). Since (1) = 1, for every r > 1 we get E(T( T)) =0.

The dual Yangian Y*(gly) is a bialgebra but not a Hopf algebra. The antipodal
map S is defined only for a completion Y°(gly) of Y*(gly) such that the element

T*(0) € Y°(gly) ® EndCV
is invertible. Then
T*(v) € Y°(gly)[[v]] ® End CY
is also invertible, and the antipode S is defined by mapping T*(v) to its inverse.
This inverse will be denoted by T%(v). It will be used again in the end of Section 15.
In order to construct such a completion, let us equip the algebra Y*(gl,) with
a descending filtration, defined by assigning to the generator Tl-(]ﬂ) the degree r for

any r > 1. Then Y°(gly) is defined as the formal completion of Y*(gl, ) relative to
this descending filtration. The algebra Y°(gly) ® End CV contains the inverse of

T —1®1+ZT(1®%.
4,j=1
We extend the comultiplication A on Y*(gl) to Y°(gly), and also denote this
extension by A. The image A(Y°(gly)) lies in the formal completion of the algebra
Y*(gly) ® Y*(gly) with respect to the descending filtration, defined by assigning
to the element TZ-({T) ® T,E;S) the degree r + s. Indeed, the image A(Tf{”) in
Y*(gly) ® Y*(gly) is a sum of elements of degrees r and r + 1 by (10.8).
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The kernel of the counit homomorphism ¢ : Y*(gl) — C consists of all the
elements which of positive degree relative to the filtration, see Proposition 10.1.
Therefore € extends to the algebra Y°(gly). This extension is the counit map for
the Hopf algebra Y°(gly), it will be also denoted by e.

For any ¢ € C the assignment T*(v) — T*(v + ¢) determines an automorphism
of the algebra Y°(gly). This follows from the relations (10.5), cf. Proposition 3.1.
But for ¢ # 0 this automorphism does not preserve the subset Y*(gln) C Y°(gly),
and therefore does not determine an automorphism of Y*(gly ).

To find the square of the antipodal map S of the Hopf algebra Y°(gly) let T (v)
be the result of applying to the inverse of (10.2) the transposition in End CV . Write

N
T (v) = Y Tj(v) ®ei; € Y(gly)[[v]] @ End CY
i,j=1
so that
A * b
S:Ti5(v) = T} (v) .
The proof of the next lemma is similar to that of Lemma 3.3 and is omitted here.

Lemma 10.2. There is a formal power series Z°(v) in v with coefficients from the
centre of the algebra Y°(gly) such that for all indices i and j

N
Z Tyi(v = N) kaj(v) =045 Z2°(v).
k=1

In general, the coefficients of the series Z°(v) do not belong to the dual Yangian
Y*(gly). However, the proposition below can be derived from Lemma 10.2 just as
Proposition 3.4 was derived from Lemma 3.3. Hence we again omit the proof.

Proposition 10.3. The square of the map S is the automorphism of Y°(gly)
S%:T*(v) — Z°(w) ' T*(v - N).
The latter result follows just as Proposition 4.2 followed from Proposition 3.4.
Proposition 10.4. For the series Z°(v) defined above we have
A:Z°(w)—=Z°(v)®Z°(v).

The completion Y°(gly) of the filtered algebra Y*(gly) can be described more
explicitly. At the end of Section 12 we will show that the vector space Y*(gly) has
a basis parameterized by all multisets of triples (1,41,71),- -, ("m; tm, jm) Where

7’1,...,?”m€{1,2,...} and il,jh...,im,jnL6{1,...,]\7}

while m = 0,1,2,.... The corresponding basis vector in Y*(gly) is the monomial
(=r1) (=7rm)
(10.9) Tiljl Yo Timjm .

The ordering of the factors in this monomial can be chosen arbitrarily. Choose
any linear ordering of the basis monomials. For any positive integer r, there is
only a finite number of the basis monomials (10.9) such that ry + -+ + 7, < 7.
This means that when the index of the basis monomial (10.9) in any chosen linear
ordering increases, then the filtration degree (10.9)

r4-c+ 1Ty — 00,

Therefore the vector space Y°(gly) consists of all infinite linear combinations of
the basis monomials (10.9), with the coefficients from the field C.
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11. CANONICAL PAIRING

There is a canonical bilinear pairing
(11.1) (,):Y(gly) x Y*(gly) — C.
We shall describe the corresponding linear map 8 : Y(gly) ® Y*(gly) — C. It will
be defined so that for all integers m,n > 0 the linear map
(EndCV)®™ @ Y(gly) ® Y*(gly) ® (EndCN)®" — (End CN)®(m+n)
given by id ® 8 ® id, will send

(11.2)  Ti(ur) ... To(um) @ T (v1) .. TF(vn) = [[ I Rarm(ua —vs).

1<as<m 1<b<n
Here uy, ..., Um,v1,...,v, are independent variables. The coefficients of the series
(11.3) Ti(ut)y. oo, Tm(um) and Ty (v1),..., T (vn)

belong to the algebras (2.2) and (10.3), respectively.

Note that the series in uq, ..., uy, and vy,...,v, at the left hand side of (11.2)
satisfy certain relations, implied by the defining relations of the algebras Y(gly)
and Y*(gly). The following proposition guarantees that the pairing is well-defined.

Proposition 11.1. The assignment (11.2) agrees with relations (2.8) and (10.5).

Proof. This follows from the Yang-Baxter equation (2.6). For instance, let us con-
sider the case when m = 2 and n = 1. Here we have to check that the series

(R(uy — u2) T1(u1) To(us) ) @ T*(v)
and
(TQ(U2) Ty (u1) R(up — U2)) ®T*(v)
with the coefficients in the algebra
(EndCM)®? @ Y(gly) ® Y*(gly) @ EndCV,

have the same images in under the map id ® 8 ® id. These images are series with
the coefficients in (End CV)®3. Note that the second element can be rewritten as

(PTi(u2) To(u1) P R(uy — ug)) @ T*(v)
By the definition (11.2), the images of the two elements are respectively
Ria(ur — ug) Riz(u1 — v) Raz(ug — v)
and
Pry Ryz(uz — v) Raz(uy — v) Pra Ria(u1 — uz)
= Ros(ug — v) Riz(u1 — v) Ria(ug — uz).
The equality of two images is now evident due to (2.6). Using (2.6) repeatedly, one

can prove Proposition 11.1 for any m,n > 0. O

Let us show that the assignments (11.2) for all m,n =0,1,2, ... determine the
values of the bilinear pairing (11.1) uniquely. When m = n = 0, we get from (11.2)
the equality (1,1) =1. By choosing m = 1 and n = 0, we obtain from (11.2) that

(T.(T) 1y =0forany r > 1. When m = 0 and n = 1, we obtain that (1,T-(]-75)> =0

ij 7

for any s > 1. In both cases, we had to use the equality (1,1) = 1 obtained above.
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Now suppose that m,n > 1. To determine the pairing values

(11.4) (T ) i) ey

2171 imJIm ?
for any indices
TlyeeoysTmsS1,--58n € {1,2,...}
and
il,jl,...,im,jm,kl,ll,...,kn,ln S {1,...,N},
the product of the rational functions Ry p+m (uq — vp) on the right hand side of

(11.2) should be expanded as power series in the variables u;*, ..., u," v1, ..., v, .

The series (11.3) should be then also expanded.

Note that although the coefficient of v in the series (10.1) is a sum of two terms,
di; and Tigfl), the pairing value (11.4) can be still determined by (11.2) for any
indices s1,...,8, = 1 by using the induction on n. Namely, if some of the indices
S1,...,8n are equal to 1, the value (11.4) can be determined by (11.2), using the
values (11.4) with n replaced by 0,...,n — 1.

Consider the case m = n = 1 in more detail. Then the map id ® S ® id maps

N [eS) 0
T(u)@T"(v) = Z €ij @ (Z Tz'(f) u_r) ® (5kl + Z Tlgzs)vs_1> ® ekt

i,4,k,l=1 r=0 s=1

to the series

N 00
(11.5) Rlu—v)=1®1— Z Z u "l €ij @ €j;;

i,j=1 r=1

see (2.4) and (10.1). Using the equality <T1(J )1 1) = dg, for r = 0, we get

<T(T) T( S)> —0rs 05 051, for r,s>1.

ij
More explicitly the value (11.4) will be determined in the course of the proof
of the next lemma. This lemma describes a basic property of the bilinear pairing
(11.1). It is valid for any integers m,n > 0.

Lemma 11.2. If rq1 + -+ 1rp < 81+ -+ + Sp, then the value (11.4) is zero.

Proof. First suppose that s1,...,s, = 2. Then by the definition of the pairing
(11.2), the value (11.4) is the coefficient of

—r —Tm ., S1—1 sp—1
(11.6)  €,;, ®...Q €55, Q€hily Q... @€hyp, - Uy ooty ™ot o)

in the expansion of the product in (End CN)®(m+”)[[ T un v, o]
— —
H H Ra,b+m( a_'Ub H H 1_ZU_T - ab+m)~
1<a<m 1<b<n 1<a<m 1<b<n

If the coefficient of (11.6) is non-zero in this expansion then clearly we have the
inequality 71 + -+ +7rm =51+ -+ Sp -

Now suppose that some of the numbers sy, ..., s, are equal to 1. Without loss of
generality we will assume that s1,...,sq4 > 2 and sg41,...,5, = 1 for some d < n.
Rewrite the product at the right hand side of the definition (11.2) as

— — — —
H H Ra,b+m(ua - Ub) : H H Ra,b+m(ua - Ub) .

1<b<d 1<a<m d<b<n 1<a<m
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By definition, the coefficient of (11.6) in the expansion of this product equals
T Tm —s —s —1 —1
<T( 1) i ( ) Tlgllll) tet T’idldd) (5kd+1ld+l + Tk(: ) ) e (5knln + Téﬂln))> :

11 1m]m dt+1la+1

The value (11.4) is then the coefficient of (11.6) in the expansion of the product

(11.7) I 1II I—Zu T Pubim ) %

1<b<d 1<as<m

— —
(T (-3 v R -1).
d<b<n 1<a<m
If that coefficient here is non-zero, then M4 trm =281+ t+sgt+n—d. O

12. NON-DEGENERACY OF THE PAIRING

In Section 10 we equipped the algebra Y*(gly ) with a descending filtration. Now
consider the corresponding graded algebra gr Y*(gly ). Its component of degree s

will be denoted by gr,Y*(gly). For any s > 1 denote by T( %) the i image of Ti(j_s)
in gr,Y*(gly). By (10.6) we immediately get

Lemma 12.1. In the graded algebra grY*(gly), for any r,s > 1 we have
[i‘g‘ir)’fk(li | = 6kJT( ” S)_‘S T -,

In Section 5 we equipped the algebra Y(gl,) with an ascending filtration, such
that the corresponding graded algebra grY(gly) is commutative. Its subspace of
all elements of degree s will be denoted by gr,Y(gly). Keeping to the notation of

Section 5, for any s > 1 let T(s) be the image of the generator Ti(;) in gr.Y(gly)-
We can define a bilinear palrmg

(12.1) (1) erY(gly) xgrY*(gly) = C
by making its value

T ) (Tm) N(_S ) ( Sn)
(122) <T11J11 e 'L'nLJ'm Tklll ' T knln >
equal to (11.4) if r1+. . .47y, = s1+...+s, and by making it equal to zero otherwise.
Here r1,...,7m,51,...,8, = 1 and m,n > 0. The indices i1, j1,--.,%m,Jjm and
ki,l1,...,ky,l, may be arbitrary. This definition is self-consistent. Namely, if
(12.3) r+-+r,m,=s1+...+s,=s

for some s > 1, then by Lemma 11.2 we have
(r1) (rm) (=s1) (=sn) (r1) (rm) rp(=s1) (=sn)
(Tigy o Do + X T T 4 Y) = (L5 T T T ™)

for any X € Y(gly) and Y € Y*(gly) of degrees respectively less and more than s.

Proposition 12.2. For any index s > 0, the restriction of the pairing (12.1) to
gr.Y(gly) x gr,Y*(gly) is non-degenerate.

Proof. Fix an integer s > 0. In each of two vector spaces gr,Y(gly) and gr,Y*(gly)
we will choose a basis so that the matrix of the bilinear pairing (12.1) relative to
these bases is lower triangular, with non-zero diagonal entries. In particular, we
will prove that these two vector spaces are of the same dimension.

Let r1,...,7n and s1,...,s, be non-increasing sequences of positive integers
satisfying (12.3). In other words, these two sequences are partitions of s. We will
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equip the set of all partitions of s with the inverse lexicographical ordering. In this
ordering, the sequence r1, ..., r, precedes the sequence s1, ..., s, if for some ¢ > 0

"Tm = S8n,Tm—-1=5n-15 -++ T'm—ct+1l = Sn—c+1 while 7, < Sp—c-

Suppose that sq,...,sq > 2 while s411,...,5, = 1 for d > 0. Unlike in the proof
of Lemma 11.2, now we do not exclude the case d = n. Take the coefficient at

—r _ 1 —1 _
(12.4) TP TR Th N R

in the expansion of the product (11.7) as a series in u;*,...,u; ' v1 ..., v,. This
coefficient is an element of the algebra (End CN)®(m+m) If this coefficient is non-
zero, then equality
rn+-+r,m=8+...+ 8,

implies that each of the indices 71, ..., 7y, in (12.4) is a sum of some of the indices
$1,---,8n . Moreover, then each of the indices sy, ..., s, appears in these sums only
once. If a sequence ry,...,r,, obtained by this summation precedes the sequence
S1,...,8, in the inverse lexicographical ordering, then the two sequences must
coincide. That is, m = n and r, = s, for every index a = 1,...,m.

For r =1,2,... denote by S, the segment of the sequence 1,...,m consisting of
all indices a such that s, = r. If the sequences rq,...,7., and s1,..., S, coincide,
then the coefficient at (12.4) in the expansion of the product (11.7) equals

(=™ H (Z H Pa7p(a)+m>

r>1 P a€S,
where p runs through the set of all permutations of the sequence S,.. Note that in
the products over r and a above, all the factors pairwise commute.
The graded algebra gr Y(gl ) is free commutative with the generators Tig-r) where

r > 1, see Corollary 8.4. Choose the basis in the vector space gr,Y(gly) consisting
of the monomials

(12.5) R )

2171 tmJm "

The ordering of factors in (12.5) is irrelevant, let us order them in any way such

that 71 > --- > rp,. Choose any linear ordering of these basis vectors, subordinate

to the inverse lexicographical ordering of the corresponding sequences r1,...,7,.
The above arguments imply, that for any two basis elements,

TOO T and T E)

1171 imJm

such that the the sequence 71, ..., 7, precedes the sequence s1,...,S,, the pairing
value (12.2) is non-zero only if m = n and for every index a = 1,...,m we have

Te =8¢ and g =14, jo = kg -

Then the value (12.2) equals (—1)™g!h! ... where g, h, ... are the multiplicities in

the sequence of the triples (r1,41,71),-- -, ("m, tm, jm). Therefore the monomials
(12:6) T T

in gr,Y*(gly) corresponding to the basis elements (12.5) of vector space gr, Y (gly),
are linearly independent. These monomials also span the vector space gr,Y*(gly) .
The latter result follows from Lemma 12.1 by using induction on m . Hence these
monomials form a basis in gr,Y*(gly). The matrix of the pairing (12.1) relative
to the two bases is then lower triangular, with non-zero diagonal entries. ([l



26 MAXIM NAZAROV

The graded algebra gr Y*(gly) inherits from Y*(gl,) the bialgebra structure.
Namely, using (10.8), for any r > 1 we get

(12.7) ANTS) =TV e1+10T" and (T)7) =0.

Although the antipode S is defined only on the completion Y°(gly) of Y*(gly), it
still induces a well-defined anipodal map on the graded algebra grY*(gly),
(128) g - i.gf’l‘) — _i‘gf’f‘)

Hence gr Y*(gly) becomes a Hopf algebra.

Now consider the subalgebra z gly[z] 2 gly ® (2 C[z]) in the polynomial current
Lie algebra gl [z]. The next proposition indicates the difference between the graded
algebras gr Y(gly) and gr Y*(gly), cf. Proposition 5.1.

Proposition 12.3. The Hopf algebra grY*(gly) is isomorphic to the universal
enveloping algebra U(z gly[z]).

Proof. Lemma 12.1 implies that the assignment F;; 2" +— ’_ZN’ig_T) for 7 > 1 defines a
surjective homomorphism

(12.9) U(zgln[2]) = er Y™ (gly)-

The kernel of this homomorphism is trivial, because the monomials (12.6) in ig*r)
corresponding to basis elements (12.5) of the free commutative algebra grY(gly)
form a basis in gr Y*(gly). This was shown in the proof of Proposition 12.2. By
comparing the definitions (12.7),(12.8) with (5.4),(5.5) we complete the proof. O

We state the main property of the pairing ( , ) as the following theorem.
Theorem 12.4. The map (11.1) is a non-degenerate bialgebra pairing.

Proof. By Lemma 11.2 and Proposition 12.2 the pairing ( , ) is non-degenerate.
Let us show that under the pairing (11.1), the multiplication and comultiplication
on Y(gly) become dual respectively to the comultiplication and multiplication on
Y*(gly). We have to prove that

(12.10) (X, ZW)=(A(X),Z@W) and (XY, Z)=(XQY,A(Z))
for any elements X,Y € Y(gly) and Z, W € Y*(gly). Here we use the convention
(XY, ZeW)=(X,Z)(Y,W).

For instance, let us prove the first equality in (12.10). To this end it suffices to

substitute the series Tj, ;, (u1) ... T;,, j,, (um) and
T, (v1) .. Ty (va) Tk*d+1ld+1 (Va+1) - - Ty 4, (vn)
for X and Z, W respectively. Here 0 < d < n. If d = 0 or d = n, then we substitute
1 respectively for Z or for W. After these substitutions, we will have to prove that
(].2].1) <Ti1j1 (’Lbl) N Timjm (um) s Tk*lll (’Ul) e Tk*nln ('Un) >
equals the sum
N

(12.12) S AT W) o Tipn, () s T, (01) - T, (0n) ) %

<Th1jl (Ul) e Thm]m (um) ? Tk*d+1ld+1 (Ul) e Tk*nln (Un) > .
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To prove the latter equality, let us multiply (12.11) and (12.12) by the element
€1 & ... Q€ 5., Qep i, @...Q¢€k,., € (End (CN)®(m+n),

taking the sum over the indices 41, j1, ..., %m, Jm and ki,l1,...,kn,l,. In this way,
from (12.11) we obtain the product

— -
H H Ra,b+m(ua - Ub)

1<as<m 1<b<n

due to the definition (11.2). From (12.12) we obtain the product

— — — —
H H Ra,b+7n(ua _Ub) : H H Ra,b-{-m(ua _Ub)

1<b<d 1<a<m d<b<n 1<as<m

which is evidently equal to the previous product.
We have already noted the equality (1,1) = 1. Moreover, by setting n = 0 the

definition (11.2), for any r1,...,7, = 1 we get the equality

(. 1y =0 if m>1.
Thus (X,1) = e(X) for any element X € Y(gly). By setting m = 0 in (11.2) and
using the induction on n or, alternatively, by using Lemma 11.2, we obtain for any
$1,...,8n, = 1 the equality

(1, T .15y =0 if n>1.

klll ntn

Thus (1,Z) = ¢(Z) for any element Z € Y*(gly). Therefore the counit and the
unit maps for the bialgebra Y(gly) are dual respectively to the unit and the counit
maps for the bialgebra Y*(gly). d

Due to Theorem 8.3, the vector space Y(gly) has a basis parameterized by all
multisets of triples (r1,41,71)s- - (Tm, tm, Jjm) Where

T1,...,7‘7,L€{1,2,...} and il,j17...,im7jmE{l,...,N}

while m = 0,1,2,.... The corresponding basis vector in Y(gly) is the monomial
(T ) (T'rn)
(12.13) Tiljl1 I P

The ordering of the factors in this monomial can be chosen arbitrarily. Suppose
that here ry > --- > r,. Then the sequence ry,...,7r, can be regarded as a
partition of r1 + --- + 7,,. Equip the set of all partitions of 0,1,2,... with the
following ordering. If r < s, the partitions of r precede those of s. For any given
r, the set of partitions of r is equipped with the inverse lexicographical ordering;
see the proof of Proposition 12.2. Choose any linear ordering of the basis elements
(12.13), subordinate to the above described ordering of their sequences r1,..., 7y, .
The proof of Proposition 12.2 implies that the monomials
T T

corresponding to the basis elements (12.13) form a basis of the vector space Y*(gly ).
The matrix of the pairing (11.1) relative to these two bases is lower triangular with
non-zero diagonal entries; see also Lemma 11.2. Here the basis elements of Y*(gly)
are linearly ordered as the corresponding basis elements (12.13) of Y(gly) .
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13. UNIVERSAL R-MATRIX

Consider the formal completion Y°(gly) of the filtered algebra Y*(gl,) defined
in Section 10. By Proposition 11.2 the canonical pairing (11.1) extends to a pairing
(L) Y(gly) x Y°(gly) — C.

Choose any basis X1, Xs, ... in the vector space Y(gly).

Proposition 13.1. The completion Y°(gly) does contain the system of elements
X1, X5, ... dual to X1,Xa,... so that (X, X)) = b,s for any r and s.

Proof. As we explained at the end of Section 10, one can choose a basis Y7, Y, ...
in Y(gly) and a basis Y{*, Y5, ... in Y*(gly) so that the filtration degree
(13.1) deg Y - 00 when s— o0,

and so that the matrix of the pairing (11.1) relative to these bases is lower triangular
with non-zero diagonal entries. Let [ g,s| be its inverse matrix. The formal sums

o0

(13.2) Ys/ = Z grs Y,

r=1

satisfy the equations (Y;,Y!) = §,s for all indices r and s. Each of these sums is
contained in Y°(gly) due to (13.1). Moreover, because the the matrix [g,s] is also
lower triangular, the property (13.1) implies that

(13.3) degY! — 0o when s — o00.

Now let X7, X5, ... be any basis in Y(gly). Let [hys] be the coordinate change
matrix from the basis Y7, Ys,... so that for any index r we have

Y, = i hrs X
r=1

This sum must be finite, so that for any fixed index s there are only finitely many
non-zero coefficients h,,. The sums

(134) X7/" = Z s }/s/
s=1

satisfy the equations ( X,., X!) = d,, as required. Each of these sums is contained
in the completion Y°(gly) due to the property (13.3). O

Consider an infinite sum of elements of the tensor product Y°(gly) ® Y(gly)

(13.5) R=> X @X,.
r=1
This sum does not depend on the choice of the basis X1, X5, ... in the vector space

Y(gly) in the following sense. Let Y7,Ys,... be the basis in Y(gly) used in the
proof of Proposition 13.1. Using the formula (13.4) for every r = 1,2,... expand
the vectors X1, X%, ... in (13.5). Then fix an index s and consider the sum of terms

o0

Z(hrsysl) @ X

r=1
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corresponding to the vector Y, in (13.4). Only finite number of these terms are
non-zero, and their sum is equal to Y, ® Y,. In this sense, the sum in (13.5) equals

iYs’@@Ys.
s=1

The infinite sum R is called the universal R-matriz for the Yangian Y (gly) .

Any element of the vector space Y°(gly) ® Y(gly) determines a linear operator
on the vector space Y(gly). If A is the operator corresponding to an element
ZRY €Y°(gly) ®Y(gly), then

(13.6) AX)=(X,Z)Y forany X € Y(gly).

By the above argument, the series of operators corresponding to (13.5) pointwise
converges to the identity operator id : X — X on the vector space Y(gly) .

Proposition 13.2. For the comultiplication on Y(gly) and Y°(gly) we have
(137) (ld ® A) (R) =TRi12R13 and (A & ld) (R) = Ri13Ra3

where

Riz=)» X/ ©X,®1, Riz=)» X, @10X,, Rp=>» 18X @X,.
r=1 r=1 r=1

Proof. Let us prove the first of the two equalities (13.7). This is an equality of
infinite sums of elements from the tensor product Y°(gly) ® Y(gly) @ Y(gly). It
means the equality of the corresponding operators Y(gly) — Y(gly) ® Y(gly)-
By applying the linear operator corresponding to the infinite sum (id ® A) (R) to
any fixed element X € Y(gly) we get the element A(X). By applying to X the
operator corresponding to R12R13 we obtain the sum

YNAX YY)V 0Ye= ) (AX), VoY)V, @Y., = AX).

r,s=1 r,s=1
Here we used the first equality in (12.10), and non-degeneracy of the pairing (11.1).
The property (13.3) guarantees that in both sums over r and s displayed above,
only finite number of summands are non-zero when X is fixed; see Lemma 11.2.
We have thus proved the first equality in (13.7). The second equality is deduced
from the second equality in (12.10) in a similar way. (Il

Proposition 13.3. For the counit maps on Y(gly) and Y°(gly),
(d®e)(R)=1 and (e®id)(R)=1.
Proof. Because ¢(X) = (X, 1) for any element X € Y(gly) by Theorem 12.4,

oo

([d®e) (R) = (Ve,1)Y]=1.

s=1
Similarly, because e(Z) = (1, Z) for any element Z € Y°(gly ), we also have

oo

(e®id)(R) =) (1,Y])V.=1

s=1

where only finitely many summands are non-zero due to (13.3), see Lemma 11.2. O
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The infinite sum in (13.5) can be also regarded as an element of a completion
of the tensor product Y*(gly) ® Y(gly). Namely, let us extend the descending
filtration from the algebra Y*(gly) to the tensor product Y*(gly) ® Y(gly) by

giving the degree r to each element of the form Tigfr) ® X where X € Y(gly) and
r > 1. The element 1 ® X of Y*(gly) ® Y(gly) is given the zero degree. Take the
formal completion of the algebra Y*(gly) ® Y(gly) relative to this filtration. This
completion contains the tensor product Y°(gly) ® Y(gly), but does not coincide
with it because the algebra Y(gly) is infinite-dimensional.

The next corollary shows in particular, that the sum in (13.5) is invertible as an

element of the completion of the algebra Y*(gly) @ Y(gly)-
Corollary 13.4. For the antipodal maps on Y(gly) and Y°(gly) we have
(id®S)(R) =R~ and (S®id)(R)=R"

Proof. Regard the first equality in (13.7) as that of the elements of the completion
of the algebra Y* (gl )@Y (gly) ®Y(gly). On this algebra, the descending filtration

is defined by giving the degree r to each element of the form Tig_r) ® X ®Y where
X,Y € Y(gly) and r > 1. The element 1 ® X ® Y is then given the degree zero.

Let 1o : Y(gly) ® Y(gly) — Y(gly) be the map of algebra multiplication, and
d:C — Y(gly) be the unit map: 6(1) = 1. Let us apply the map id ® S ® id, and
then the map id ® u to to both sides of the first equality in (13.7). At the right
hand side we get the element ((id ® S)(R)) - R. At the left hand side we get the
element of the tensor product Y°(gly) ® Y(gly),

((id®p) (id®Seid) (Id® A)) (R) = ((id® 6) (id®e) (R) = 1o 1.

Here we used the first axiom of antipode from Section 4 in the case A = Y(gly),
and the first equality of Proposition 13.3. Hence the first equality of Corollary 13.4
follows from the first equality in (13.7).

Similarly, using the first axiom of antipode in the case A = Y°(gly) and the
second equality of Proposition 13.3, the second equality of Corollary 13.4 follows
from the second equality in (13.7). The last equality should be regarded here as
that of the elements of the completion of the algebra Y*(gly) ® Y*(gly) @ Y(gly)-
On this algebra a descending filtration is defined by giving the degree r + s to any
element of the form

(=n) (=)
T, "ol " ®X.
Then the elements Ti;#) ®1®X and 1 ® Ti;fr) ® X are given the degree r, while
the element 1 ® 1 ® X is given the degree zero. Here X € Y(gly) and r,s > 1. The
argument is completed in the same way as for the first equality. (I

Let us now replace the complex parameter ¢ in the definition (6.2) of a covector
representation p. of Y(gly) by the formal variable v. Then we get a homomorphism
(13.8) po: Y(gly) — End C" [u];
it is defined by the assignment T'(u) — R(u — v) of formal power series in u~!.

Similarly, the assignment T*(v) — R(u — v) of formal power series in v defines
a homomorphism

(13.9) prY*(gly) — EndCY [u™1].
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To prove the homomorphism property using the matrix form (10.5) of the defining
relations of the algebra Y*(gly ), we have to check the equality of rational functions
in the variables u,v and w with the values in the algebra (End C™)®3,

R01(u - 1}) Rog(u - ’U)) ng(v - w) = R12(7J — ’LU) Rog(u - U)) Rm(u — ’U).

This equality follows from (2.6). Here we use the indices 0, 1,2 instead of 1,2, 3 to
label the tensor factors of (End CV)®3. By comparing the expansions (10.2) and
(11.5), we see that

(13.10) Pu Tig-_r) = —u "ej; forany r>1.
Obviously, the homomorphism p extends to a homomorphism
Y°(gly) — End CN [[u~1]].
We shall keep the notation p,; for the extended homomorphism.
Proposition 13.5. We have equalities of formal power series in u™' and v,
(py ®id) (R) =T(u) and (id®py)(R)=T"(v).

Proof. By the definition (11.2) of the pairing Y(gly) ® Y*(gly) — C for any n > 0
the element T'(u) € End (CV) ® Y(gly)[[u"!]] has the property that

T(U) [ Tl* (’Ul) e T;(’Un) — ng(u — ”U1) e R1,n+1(u — Un)
under the linear map
ido A ®id : EndCY @ Y(gly) ® Y*(gly) ® (End CY)®" — (End CV)® v+,

Because our pairing is non-degenerate, the same property for the element
o0
(r @) (R) = Y (V) &Y,
s=1

will imply the first equality of Proposition 13.5. Note that when s — oo, then the
degree in 4™t of the image p¥ (Y/) tends to infinity due to (13.3) and (13.10). Hence
the above displayed sum over s = 1,2, ... is contained in End (CM)®Y (gly)[[u"1]] .

Thus to prove the first equality of Proposition 13.5, we have to show that under
the linear map id ® f ® id,

Z P (Y @Y, @ Ty (v1) ... T, (vy) = Rio(u—v1) ... Ry pi1(u—vy).
s=1

Since the system of vectors Y/, Y5, ... is dual to the basis Y7, Y>,... of Y(gly), this
is equivalent to showing that

Tl*(’l)l) . T;(’Un) — ng(’u — ’Ul) . R17n+1(u — ’Un)
under the linear map
pr@id: Y*(gly) ® (EndCV)®" — (End CN)®(+D[, 1),

The latter property follows directly from the definition of the homomorphism pJ.
The proof of the second equality of Proposition 13.5 is similar and is omitted. [

Corollary 13.6. We have the equality of formal power series in u™' and v,

(Py @po) (R) = R(u—v).
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14. DOUBLE YANGIAN

Let A’ be the comultiplication on Y*(gly) opposite to the comultiplication A
defined by (10.7). By definition, the map

A" Y (gly) = Y™ (gly) © Y™ (gly)

is the composition of the comultiplication A with the linear operator on the tensor
product Y*(gly) ® Y*(gly) exchanging the tensor factors.

The double Yangian of gly is defined as an associative unital algebra DY (gly)
over C generated by the elements of Y(gly) and Y*(gl) subject to the relations

(14.1) RAW)=A'(W)R forevery W e Y*(gly).

In the rest of this section we will provide a more explicit description of the algebra
DY(gly), see Theorem 14.4 below. In Section 15 we will show that the defining
homomorphisms of Y(gly) and Y*(gl) to DY (gly) are in fact embeddings. At the
end of that section we will also provide an equivalent definition of the DY (gly) .
In (14.1) we have an equality of infinite sums of elements of the tensor product
Yo(gly) ® DY(g[N) It means the equality of the corresponding linear operators
Y(gly) — DY (gly), cf. (13.6). For instance, let us consider the infinite sum

i Y, ®@Ys) A(W)
s=1

at the right hand side of the equality postulated in (14.1). Note that for any fixed
X €Y(gly) and Z € Y*(gly), only finitely many summands in the infinite sum

XYY,
s=1

are non-zero; see Lemma 11.2 and the property (13.3). This observation shows that
the linear operator Y(gly) — DY(gly) corresponding to the infinite sum R A(W)
is well-defined for any element W € Y*(gly).

Now take the pair of homomorphisms p,, and p;; where we use the same formal
variable u, see (13.8) and (13.9).

Proposition 14.1. The associative algebra homomorphisms p., p, extend to a
homomorphism DY (gly) — End CN[u, u™1].

Proof. Using (14.1), for any W € Y*(gl5) we have to check the equality
(ld® py) (R) (id @ py, ) (A(W)) = (id ® p},) (A(W)) (id @ pu ) (R)

of formal series in u with coefficients in the algebra Y°(gly) ® End CV. It suffices
to substitute here the series 7;%(v) for the element W. Due to the definition (10.7)
and to Proposition 13.5, the result of the substitution is the relation

k=1

Let us take the tensor products of both sides of the latter relation with the element
e;; € End CY, and then sum over 4,5 = 1...,N. Using the identity €ij = €ikCkj
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we then get the relation

N

(14.2) (T (w) @ 1) (Ti(v) @ pi(Ti5(v) @ einen;) =
i,j,k=1

N
D> (T5w) @ pi(Tih(v) @ eiwery) (TH(u) @1)
i k=1

of formal power series in u, v with the coefficients in Y*(gly) ® End CY ® End CV.
Note that by the definition of the homomorphism (13.9),

Z pu zg ® €ij = R(U - U)

1,5=1

Therefore the relation (14.2) can be rewritten as
Ty (u) Ty (v) (1@ R(u — v)) = (1@ R(u = v)) Ty (v) Ty (u).
But this is just the defining relation for the algebra Y*(gly ), see (10.5). O

Let ¢ be any non-zero complex number. In Proposition 14.1, we can specialize
the formal variable u to c. Then we obtain a representation DY (gl ) — End CV.
We call it a covector representation of the algebra DY (gly ), it extends the covector
representation (6.2) of the algebra Y(gly).

The vector representation (6.3) of Y(gly) can be extended to a representation
of DY (gly), by mapping T*(v) — R*(v —u). We call it a vector representation of
the algebra DY (gly) and denote it by o.. Note that then

(14.3) O¢: Ti(jfr) —c ey forany r>1.

The proof that these assignments together with (6.3) define a representation of the
algebra DY (gl ) is similar to that of Proposition 14.1, and is omitted here.

To write down commutation relations in the algebra DY (gl,), we will use the
tensor product End CV ® DY (gly) ® End CV. There is a natural embedding of the
algebra End CV ® End CV into this tensor product, such that r @y +— 1@ 1®y
for any elements z,y € End CV. In the next proposition, the Yang R-matrix (2.4)
is identified with its image relative to this embedding.

Proposition 14.2. In the algebra End CY @ DY (gly) ® End CY [[u=!,v]] we have
(144) (Tw)@1)Ru—v)(1@T*v)=1T")Ru—v)(T(u)®1).

Proof. Let us substitute 7;%(v) for W in the equality in (14.1), and then apply the
homomorphism p ® id to the resulting equality. Due to the definition (10.7) and

to Proposition 13.5, we get an equality of formal power series in 4~ and v with
the coefficients from End CY @ DY (gly ),

N

N
T(u) (py(Tii(v)) @ T (v) = > (pi(T5(v) ® T (v)) T(w).
k=1 k=1

Let us now take the tensor products of both sides of this equality with the element
e;; € End CY, and then sum over 4,5 = 1...,N. Using the identity €ij = €ikCkj
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we obtain an equality of series with coefficients from End CY @ DY (gly) ® End CV
N

(14.5) D (T(w) @ 1) (p) (T (v) @ T(v) @ einen;) =
ij,k=1
N

Y (pa(T5(0) © T (v) @ eanen ) (T(u) ©1).

,5,k=1
By using the definition of p.f the equality (14.5) can be rewritten as (14.4). O
Proposition 14.3. Relation (14.4) is equivalent to the collection of relations (14.1).

Proof. By Proposition 14.2 the relation (14.4) follows from (14.1). Let uq, ..., up,
be independent variables. Define the homomorphism

(14.6) oo Y (gly) = (EndCM)®™ [urt, . up)]

? m

as the composition of the m-fold comultiplication Y*(gly) — Y*(gly)®™ and of the
tensor product of the homomorphisms (13.9) where u = uy,...,u,,. By using the
descending filtration on Y*(gly) and the surjective homomorphism (12.9) we can
prove that when the number m vary, the kernels of all homomorphisms p;; .,
have only zero intersection. The proof is similar that of Proposition 8.1 and is
omitted here. It now suffices to derive from (14.4) that for any W € Y *(gly)

(14.7) (P, @1d) (R AW)) = (i, @ 1) (A" (W) R).
Here the homomorphism (14.6) is extended to a homomorphism
Yo(aly) = (End CV)®™ [lug ™, .. ug]

and the extension is still denoted by p;;, . . Using Propositions 13.2 and 13.5, the
relation (14.7) can be rewritten as

Ti(wr) - Ton(um) (Pa, .., @ 1d) (A(W))
= (Pany.. oy, ®1d) (A (W) T () - T (1) -

It suffices to verify the latter relation for each of the series 7} (v) being substituted
for the element W. By the definition (10.7), the substitution yields the relation of
the formal power series in ufl, ...,u;; and v with the coefficients in the algebra
(EndCM)®™ @ DY (gly),

Tl(ul) .. Tm(um) X

Py (T, (0) @ Py (T, (W) @ . @ py, (T g, (0) T 5(v) =

P (T, (0) @ @ pg (T, () @ pg, (T 5 (0) @ Tig, (v)

X Tl(ul) .. .Tm(um).

Let us now take the tensor products of both sides of this relation with the element
e;j € EndC", and then sum over the indices i,j = 1..., N. By using the identity

€ij = €ik1Ckiks - - Chyy_ 1k Chimj
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in End C"V, we arrive at the following relation of series with the coefficients from
the tensor product (End CV)®™ @ DY (gly) ® End CV:

(Th(ur) ... T (um) @ 1) Ri g1 (u1 — v) ... Ry 1 (U, — v) (1 @ T (v))
= (1®T"(v)) Rim+1(u1 —v) ... Ropmep1 (i, — 0) (T1(ug) - .. T () @ 1)

Here the subscript m + 1 labels the last tensor factor End C"V, which comes after
DY (gly). This relation can be proved by using (14.1) repeatedly, i.e. m times. O

We have now established the following theorem explicitly decribing DY (gl ) .
Theorem 14.4. The algebra DY (gly) is generated by elements Ti(jT),Té_T) with

1<4,j <N andr > 1 subject only to the relations (2.8),(10.5) and (14.4).
Note that the relation (14.4) is equivalent to the collection of relations
N
(=) [Ty (). T )] = 3 (5ot Tom (0) T (0) = 6 T () T ()
m=1
forall i, j,k, 0l =1,..., N. We omit the proof of the equivalence, as it is very similar
to the proof of Proposition 2.2. The last displayed relation can be rewritten as
oo N
(T3 (), Tia0)] = D2 3 w707 (65 Tom () Ty (0) = 8t T (0) Tong () ).
p=0 m=1

"7 we get

" N
[Tigi")ka(l_s)] - Z (53' <5a,r—s+1 T;ET_S) 4 Z Tisz_l) Tn(’;_s_a)>
m=1

a=max(1,r—s+1)

Expanding here the series in u, v and equating the coefficients at v~

— (5a,r—s+1 Tk(;is) + zN: Tk(:nisia) Trg?lv)
m=1

for any indices r, s > 1. Here we keep to the notation ﬂ(jo) =45 -

We will complete this section with describing a bialgebra structure on DY (gly ).
The algebra DY (gl ) is generated by its two subalgebras, Y(gly) and Y*(gly). We
have already shown that the assignments (4.1) and (10.7) define comultiplications
on these two subalgebras, while the assignments ¢ : T'(u) — 1 and € : T*(v) — 1
define counit maps on them; see Propositions 4.1 and 10.1. Let us now replace the
comultiplication A on Y*(gly) by its opposite comultiplication A’.

Proposition 14.5. The double Yangian DY (gly) is a bialgebra over C with the
comultiplication defined by extending A on Y(gly) and A’ on Y*(gly), and with
the counit defined by mapping T (u), T*(v) — 1.

Proof. Using the equivalent form (14.4) of the defining relations (14.1), the proof
is similar to that of the proof of Proposition 4.1. Here we omit the details. ([l

15. FILTRATION ON THE DOUBLE YANGIAN

In Section 5 we explained that the associative algebra Y(gly) can be regarded as
a flat deformation of the universal enveloping algebra U(gly[z]). Our explanation
was based on Proposition 5.1. In the present section we establish an analogue of
that result for the double Yangian DY (gly) .
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In order to do so, let us replace the descending filtration on the algebra Y*(gly)

by an ascending filtration, such that any generator T( ") with r > 1 has the degree
—r. Relative to this ascending filration on Y* (g[N) the subspace of elements of
degree not more than —r coincides with the subspace of the elements of degree not
less than r relative to the descending filtration. Let us now combine the ascending
filtration on Y*(gly) with the ascending filtration on Y(gly) used in Section 8.
That is, now introduce an ascending Z-filtration on the algebra DY (gly) by setting

deg'TA(T) =r—1 and deg'T(A—T) =—r
for each index r > 1. Denote by gr’ DY (gly) the corresponding Z-graded algebra.
Keeping to the notation of Section 8, for any r > 1 let T}; 7.\") be the image of Tig-r)

the degree r — 1 component of gr' DY (gl ). Since we are now using an ascending
filtration on Y*(gl, ) instead of the descending one, for any r > 1 we will denote by

Ti;*r) the image of Ting) in the degree —r component of gr’' DY (gly). So ié—w)
now formally gets a new meaning, which should not cause any confusion however.
Lemma 15.1. In the graded algebra gr’' DY (gly) for any r,s > 1 we have
o~ S Ty ™ = 6u TS if r—s>0,
[T” T 1 = ( 1) 1)
O T, L TTS if r—s<0.
Proof. This follows from the relation displayed in Section 14 last. Indeed, relative
to the ascending filtration on DY (gl ) the commutator at the left hand side of that

relation has the degree r — s —1 for any r, s > 1. For r — s > 0 the sum at the right
hand side equals

5 T r—s) 5 T(r s)
plus terms of degree not more that r —s — 2. For r —s = 0 that sum equals
O (8 + Ty V) =0 (9w + TG ) = 0 TV =8 T
plus terms of degree not more that —2. Finally, for r — s < 0 that sum equals
ST 5T
plus terms of degree not more that r — s — 2. [
The graded algebra gr' DY (gly) inherits from DY(gly) a bialgebra structure,

see Proposition 14.5. Moreover gr’ DY (gl ) is a Hopf algebra, see the remarks we
made just before Proposition 12.3.

Proposition 15.2. The graded Hopf algebra gr' DY (gly) is isomorphic to universal
enveloping algebra U(gly[z,27Y) .

Proof. Consider the subalgebras gr’ Y(gly) and gr’ Y*(gl,) of the graded algebra
gr’' DY (gly). We have an isomorphism (5.7) of graded algebras defined by the
assignments (5.6). Further, due to Lemma 12.1 a surjective homomorphism

Uz gly[z71]) — e’ Y¥(gly)
can be defined by

Eijz7"— Tigfr) for r>1.
Lemma 15.1 ensures that these two homomorphisms extend to a homomorphism
(15.1) Ulalylz271) = g/ DY (aly)
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This homomorphism is surjective and we will prove that it is injective as well. Our
proof will be similar to the proof of injectivity of the homomorphism (5.7) given at
the end of Section 8. But now we will use Propositions 14.1 and 14.5.

Take any finite linear combination C' of the products

(Eijy 2%) ... (F 25m) € Uglylz, 271])

imJm

with certain coefficients

81...8m
Cilljl-uimjm eC

where the indices s1,...,s, € Z and the number m > 0 may vary; the indices

01515 - -+ »4m, jm may vary as well. Suppose C' # 0 as an element of U(gly[z,27]).

The algebra U(gly[z, 271]) comes with a natural Z-grading such that for any integer
s the generator E;; z° has the degree s. The homomorphism (15.1) preserves this
grading. Without loss of generality, suppose that the element C' is homogeneous of
degree d with respect to this grading. That is,

O 51:-5m =0 if s34+ +sm #d.

11J1--imJIm

Now define the element A € DY(gly) as the sum

DI G AU AR
s1+-+sm=d
where for every k =1,...,m weset rp, = s, if s, <0, and rp = s +1if sp > 0.
Let B be the image of A in the d-th component of the graded algebra gr’ DY (gl ) .
The element B coincides with the image of C' under the homomorhism (15.1).
For any non-zero complex number ¢ the evaluation representation (6.4) of the
algebra U(gly[z]) can be extended to a representation &, of U(gly[z,271]) so that

Oc: BEijz° = c’ey; forany seZ.
Then by (6.3) and (14.3) we have

o(TS)) i s<0,
ac(Tz-(fH)) if s>0.

50( Eij z° ) = {
Now let ¢, ..., c, be any non-zero complex numbers. Let D € (End CY)®" be
the image of C' under the tensor product of the representations o, ...,d., of the
algebra U(gly[z,27]). Denote by o, ., the tensor product of the representations
Ocyy---50c, of the algebra DY (gl,,); here we use Proposition 14.5. The image of
A € DY (gly) under the representation o, ., is a Laurent polynomial in ¢y, ..., ¢, .
The degree of this polynomial does not exceed d, see (4.4) and (10.8). The sum of
the terms of degree d of this polynomial equals D, see the proof of Proposition 8.1.
For any finite-dimensional Lie algebra a there is an analogue of Lemma 7.1 for
a[z, 27! instead of a[z]. The proof of that analogue is similar to that of Lemma 7.1
itself and is omitted here. Using that analogue, we can choose n and ¢1,...,¢, # 0
so that D # 0. Then deg’ A = d. Indeed, if we had deg’ A < d then the degree of
the Laurent polynomial o, . ., (A) would be also less then d. This would contradict
to the non-vanishing of D. By the definition of the element B € gr’ Y(gly), the
equality deg’ A = d means that B # 0. So the homomorphism (15.1) is injective.
Comparing the definitions (5.2),(5.3) and (12.7),(12.8) with general definitions
(5.4),(5.5) now completes the proof of the proposition. O
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By applying the Poincaré-Birkhoff~-Witt theorem [2, Section 2.1] to the current
Lie algebra gl [z, 27 !] we now obtain its analogue for the double Yangian DY (gl ) .

Theorem 15.3. Given any linear ordering of the set of generators T(T) and T(fr)
with r > 1, any element of the algebra DY (gly) can be uniquely wmtten as a lmear
combmatzon of ordered monomials in these generators.

Corollary 15.4. The defining homomorphisms of the algebras Y (gly) and Y*(gly)
to DY (gly) are embeddings.

We will now use our ascending filtration on DY (gl,y) to show that in the initial
definition of this algebra, the relations (14.1) can be replaced by the relations
(15.2) AX)R=RA(X) forevery X €Y(gly)-.

Here A’ is the comultiplication on Y(gly) opposite to (4.1). The infinite sums at
both sides of the relations (15.2) can be regarded as elements of the tensor product

of Y(gl,y) and of the completion of DY (gl ) relative to our ascending filtration. The
completion of Y*(gly) as a subalgebra of DY (gl,) then coincides with Y°(gly) .

Proposition 15.5. Relations (15.2) in the algebra DY (gly) are equivalent to (14.1).
Proof. Let Y1,Ya,... be the basis of Y(gly) from the proof of Proposition 13.1. Let

Y, Y, = ZamY and A(Y, Zb’”Y@Y
r=1 p,q=1
so that a;, ,b), € C are the structure constants of the bialgebra Y(gly) relative to

this basis. Since the system of vectors Y7, Yy, ... of Y°(gly) is dual to the system
Y1,Ys, ... relative to the bialgebra pairing (11.1), we also have the equalities

VY, = Zb’ v/ and A(Y, Zaqu’®Y'
p,q=1

Here we extend the comultiplication A on Y*(gly) to Y°(gly) as we did just after
stating Proposition 10.1.
It suffices to take X =Y, with r = 1,2,... in the relations (15.2). Hence we get

ST b, (YD) (YY) = Y b (YY) @ (YY)

P,q,5=1 P,q,s=1
or
o] 00
T ! _ r /7
E aqﬁbpq(Y’PY—s)<®Y;s - E aspbpq(YY)®Yrt'
P,q;s,t=1 P,q,;8,t=1

So the relations (15.2) are equivalent to the relations in our completion of DY (gl)

o0 oo

(15.3) S oalbr, Vv = " al br YV, where rt=12,....
p,q,s=1 p,q,5=1

The vectors Y/, Y7, ... have been determined by (13.2) using a basis Y7*, Y5, ...
of Y*(gl). We also have the equalities

(15.4) YP =) fr V)
r=1
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where f.s = (Y,,Y). The matrix [g,s] used in (13.2) is inverse to [ f;s]. Due to
(13.2) and (15.4) we can replace W € Y*(gly) by ¥/ € Y°(gly) with ¢t = 1,2,...
in the relations (14.1). In this way we get

o0 o0
> ap (VY)Y = 3 a(Y)e 1Y)
P,q,5=1 p,q,s=1
or . .
t r ! / _ t s ! /
Z Upq bgp Yy @ (Ys¥y) = Z Upg bys Yy ® (Y, Y5).
P,q,T;s=1 P,q,T;5=1
So the relations (14.1) are equivalent to the relations in our completion of DY (gl )
Z ap b, Ys Y, = Z al, bl Y)Yy where rt=12,....
Pp,q,5=1 p,q,5=1

By cyclically permuting the summation indices in these relations we get (15.3). O
Corollary 15.6. The coefficients of the series Z(u) lie in the centre of DY (gly) -

Proof. The coefficients of Z(u) lie in the centre of Y(gly) by Lemma 3.3. To prove
that they commute with the elements of Y*(gly ) as a subalgebra of DY (gly) let us
substitute the series Z(u) for X € Y(gly) in (15.2). Due to Proposition 4.2 we get

Y (Z)Y])® (Z(w)Y,) = Y (Y] Z(w) @ (Ys Z(u)).
s=1 s=1
As the coefficients of Z(u) are central in Y(gly), dividing this by 1 ® Z(u) yields
Y (ZwYl)eY, = (Y Zu)eY,.
s=1 s=1

It follows that the coefficients of Z(u) commute with every Y. in our completion of
the algebra DY (gl,) . By using the relations (15.4) we now get the corollary. O

Now consider the series Z°(v) appearing in Lemma 10.2. Arguing as in the proof
of the Corollary 15.6, but using the relations (14.1) and Proposition 10.4 instead of
the relations (15.2) and Proposition 4.2, we can show that the coefficients of Z°(v)
belong to the centre of our completion of the algebra DY (gl ) . However, in general
these coefficients do not belong to the algebra DY (gl ) itself, see Section 10 again.

Our completion of the algebra DY (gl,y) can also be used to rewrite the relations
(10.5) and (14.4) similarly to (2.8). Take the element T'%(v) inverse to T*(v) . In the
notation analogous to (10.4) the equality (10.5) of series in u and v with coefficients
in Y*(gly) ® (End CY)®2 can be then rewritten as the equality

R(u =) T (w) T (v) = T5 (v) T (w) B(u — v)
of series with coefficients in Y°(gly) ® (End CV)®2. The (14.4) can be rewritten as
R(u—v)(T(u) ®1) (1@ THv)) = (1@ T%v)) (T(u) ® 1) R(u —v).
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