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Abstract

In this thesis, four realizations of the Onsager algebra are explored. We begin with its
original definition as introduced by Lars Onsager. We then examine how the Onsager
algebra can be presented as a Lie algebra with two generators and two relations. The
third realization of the Onsager algebra consists of viewing it as an equivariant map
algebra which then gives us the tools to classify its closed ideals. Finally, we examine
the Onsager algebra as a subalgebra of the tetrahedron algebra. Using this fourth

realization, we explicitly describe all its ideals.
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Résumé

Dans cette these, quatre réalisations de l'algebre d’Onsager sont explorées. Nous
commencons avec sa définition d’origine introduite par Lars Onsager. Ensuite, nous
examinons comment l'algebre d’Onsager peut étre présentée comme une algebre de
Lie engendrée par deux générateurs avec deux relations. La troisieme réalisation de
I’algebre d’Onsager consiste 1’examiner sous la forme d’une algebre d’applications
équivariantes ce qui nous permet ensuite de classifier ses idéaux fermés. Finalement,
nous examinons l'algebre d’Onsager comme une sous-algebre de ’algebre tétraedre.
En exploitant cette quatrieme réalisation, nous décrivons explicitement tous les idéaux

de 'algebre d’Onsager.
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Chapter 1

Introduction

1.1 Outline

The purpose of this thesis is to explore various realizations of an algebra which took
on the name of Nobel Prize winning Norwegian-American physical chemist and theo-
retical physicist, Lars Onsager (1903-1976). Four realizations of the Onsager algebra
will be studied, following the order in which they were discovered.

We begin, in this chapter, by chronologically going over the key events pertinent
to this thesis including the birth of the Onsager algebra and its original definition,
[Ons44]. In Chapter 2, we examine how the Onsager algebra can be presented as a
Lie algebra with two generators and two relations. This is done with the help of the
works [DG82], [Per89], [Dav9l] and [Roa91].

In Chapter 3, we consider the realization of the Onsager algebra as an equivariant
map algebra (a Lie algebra of regular maps equivariant under a group action). Using
this correspondence, one can then describe the closed ideals of the Onsager algebra.
This is done in reference to the works [DR00a] and [DROODb].

Finally, in Chapter 4, we examine the tetrahedron algebra and its realization as

a map algebra and show that the Onsager algebra is isomorphic to a subalgebra of
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the tetrahedron algebra. Using this realization, we can then explicitly describe all
ideals of the Onsager algebra. This is done with the help of the works [HT07] and
[E1d07].

The literature presents these results while omitting many steps and details.
Therefore, the goal of this thesis is to fill in these gaps in order to have complete

and concise arguments to support them.

1.2 Background

Throughout this thesis, unless otherwise specified, it is assumed that k is an arbitrary
field of characteristic zero, t is an indeterminate and all tensor products are over k.
Furthermore, we will denote the set of natural numbers, {0,1,2,...}, by N and the
set of positive natural numbers, {1,2,...}, by N,.

In this section, we give a quick review of some basic definitions that will be used

throughout the thesis. More details can be found in [Hum?78| and [EW06].

Definition 1.2.1 (Lie Algebra). A Lie algebra over k is a vector space L, together

with a bilinear map, the Lie bracket,
LxL—L, (x,y)— [zy]
satisfying the following properties:

[z,2] =0, foralzel, (1.2.1)

[z, [y, 2]] + [, [z, 2]] + [z, [x,y]] =0, forall z,y,z € L. (J.I)

The Lie bracket [x,y] is often referred to as the commutator of x and y. Condition

(J.I.) is known as the Jacobi identity .

Let gl(L) denote the set of endomorphisms of the vector space L. This is also a

vector space over k and becomes a Lie algebra, known as the general linear algebra,
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if we define the Lie bracket by
[v,y] =20y —youx,  formzyecgl(l),
where o denotes the composition of maps.

Definition 1.2.2 (Lie Algebra Homomorphism). Let L; and Lo be Lie algebras over
k. The map ¢ : Ly — Lo is said to be a Lie algebra homomorphism if ¢ is a linear
map and satisfies ¢([z,y]) = [p(x), o(y)] for all x, y € L;. If ¢ is also bijective, it is

said to be an isomorphism.

An important homomorphism is the adjoint homomorphism. If L is a Lie algebra,

it is defined as the map
ad : L — gl(L)
such that (ad,)(y) := [z,y] for x, y € L.

Definition 1.2.3 (Lie Subalgebra). Given a Lie algebra L, a Lie subalgebra of L is
a vector subspace K C L such that [z,y] € K for all z,y € K.

Remark 1.2.4. Lie subalgebras are easily seen to be Lie algebras in their own right.

Definition 1.2.5 (Ideal). An ideal of a Lie algebra L is a subspace I of L such that
[z,y] € I forallz € L and y € I.

An important example of an ideal of a Lie algebra L is the center of L, defined

by

Z(L) ¥ {x € L|[z,y] = 0 for all y € L}.

Definition 1.2.6 (Closed Ideal). A (non-trivial) ideal I of a Lie algebra L is called
closed (in the sense of Date and Roan) if Z(1) & {z € L|[z,L] C I} = I or equiva-

lently L/I has a trivial center.

Remark 1.2.7. Note that [ is always included in Z(I).
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Definition 1.2.8 (Derived Series / Solvable). The derived series of a Lie algebra L

is the series of ideals
LW =L, 1] and LW =[L*D L*D] for k> 2.
The Lie algebra L is said to be solvable if for some m > 1 we have L™ = 0.

Definition 1.2.9 (Lower Central Series / Nilpotent). The lower central series of a

Lie algebra L is the series of ideals
L'=[L,L] and L*=I[L,LF" fork>2.

The Lie algebra L is said to be nilpotent if for some m > 1 we have L™ = 0.

1.3 Timeline

The Onsager algebra appeared for the first time in Onsager’s solution of the two-
dimensional Ising model in a zero magnetic field [Ons44], which is a landmark in the
theory of exactly solved models in statistical mechanics. In [Ons44], Onsager deter-
mined that the so-called transfer matrix associated to this model was proportional
to exp(Ap) exp(A;), where Ay and A; are non-commuting matrices. By analyzing
the structure of the algebra generated by Ay and A; in detail, Onsager derived a Lie
algebra (denoted Q) with basis {A,,, G, | m € Z,1 € N, } and antisymmetric product

given by:
(A, An] = 2G1, [ >m, (1.3.1)
[Gh Am] = Am-H - Am—la (132)
[Gl,Gm] = 0. (1.3.3)

Note that the fact that this is a Lie algebra is not obvious. In Lemma 2.1.3, we show

that this is indeed the case.
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Remark 1.3.1. In the above definition, the notation is slightly nonstandard. The el-

Am  G1

>, 5 in most references,

ements A,,, GG; in our definition correspond to the elements

including [Ons44]. This adjustment is made for notational purposes.

Onsager’s work on the two-dimensional Ising model was soon after simplified by
using Clifford algebras [KO49] and fermion techniques [SML64]. These new methods
of solving the two-dimensional Ising model did not involve the Onsager algebra. This
caused the Onsager algebra to lose prominence in the literature until the early 1980s,
at which point it began to re-emerge in various papers but in a not so apparent
manner. Namely, in Dolan and Grady’s 1982 paper [DG82] on the role of self-duality
in producing integrability, the Onsager algebra appeared implicitly. The essence of
the main result of [DG82] was that when we have a pair of dual operators A, B

satisfying what we will refer to as the Dolan-Grady relation
[4,[A, [A, B]]] = 4[A, B],

then there exists an infinite set of conserved commuting self-dual charges. Perk made
the connection between the Dolan-Grady algebra (generated by A and B) and the
Onsager algebra when he considered the chiral Potts model in [Per89], which con-
tains the two-dimensional Ising model as a special case. He observed that Dolan and
Grady’s construction was identical with that of Onsager, but in a different notation.
Davies then, after receiving some inspiration from the work of von Gehlen and Ritten-
berg [vGR85], aimed to prove that the Onsager algebra and the related Dolan-Grady
relation did not need self-duality. He managed to do so in [Dav91] by taking the one
Dolan-Grady relation
4, A, [A, B])) = 44, B

and replacing it by the two relations

[A,[A[A, B]ll = 4[A, B],  [B,[B,[B, A]]] = 4B, A].
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Doing this eliminated the need for the self-duality condition. He then gave a math-
ematical treatment of the Onsager algebra using only these two relations. In the
same year, Roan took it upon himself to attempt to add rigour to Davies’ arguments
from the mathematical point of view. In the first section of his paper [Roa91], Roan
followed Davies’ arguments to derive the important relations between generators of
the Onsager algebra from the Dolan-Grady relations. In Chapter 2 of this thesis, we
will follow their procedure and add some additional arguments in order to demon-
strate that the Onsager algebra and the Dolan-Grady algebra are in fact isomorphic.
Following this result, the literature uses the two realizations interchangeably as the
definition of the Onsager algebra.

We then fast forward to Date and Roan’s work [DR00a, DR0OOb] in which they
studied the Onsager algebra from the ideal theoretic point of view. They managed to
obtain a complete classification of closed ideals and the structure of quotient algebras.
They did so by first showing that the Onsager algebra can be seen as a subalgebra
of an sly-loop algebra fixed by the Chevalley involution. In Chapter 3 of this thesis,
we will imitate their procedure to show that the Onsager algebra can be described
as an equivariant map algebra, a realization which is then used to classify its closed
ideals. Another motivation for looking at the Onsager algebra as an equivariant map
algebra is examined in [NSS09]. In this paper, Neher, Savage and Senesi provided
a complete classification of the irreducible finite-dimensional representations of an
arbitrary equivariant map algebra. They applied their results to the Onsager algebra
to recover a classification of its irreducible finite-dimensional representations. Further
motivation for looking at the Onsager algebra as an equivariant map algebra is that
one can attempt to describe its indecomposable representations in hopes of potentially
generalizing the result to an arbitrary equivariant map algebra.

In 2007, Hartwig and Terwilliger continued to investigate the relationship be-
tween the Onsager algebra and sly-loop algebras in their joint work [HT07], except

they worked with a three-point sly-loop algebra. Their main result showed that this
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three-point loop algebra is isomorphic to the tetrahedron algebra, X, hence giving
it a presentation via generators and relations. Their second main result was that X
can be decomposed into a direct sum of three subalgebras (not ideals), each of which
turn out to be isomorphic to the Onsager algebra. In the same year, Elduque began
his paper [Eld07] by reviewing their work and presenting it in a simplified way. The
rest of Elduque’s paper consisted of solving some of the problems suggested at the
end of [HT07], one of which was to describe the ideals of the tetrahedron algebra.
Elduque managed to describe these explicitly along with the ideals of the Onsager
algebra. In the fourth chapter of this thesis, we will add some arguments to the works
of Hartwig, Terwiliger and Elduque in order to present a complete proof of the fact
that the Onsager algebra is isomorphic to a subalgebra of the tetrahedron algebra.
Using this realization of the Onsager algebra, we then proceed to explicitly describing

all its ideals.



Chapter 2

Dolan-Grady Relations

2.1 The Onsager Algebra

We begin this chapter by recalling the original definition of the Onsager algebra.

Definition 2.1.1 (The Onsager algebra). The Onsager algebra, denoted O, is the
(nonassociative) algebra over k with a basis {A,,,G; | m € Z,l € N} and antisym-

metric product given by:

[Al, Am] = 2Gl—ma [ > m, (131)
[Gl’ Am] = Am+l - Am—h (132)
Gy, Gl = 0. (1.3.3)

Remark 2.1.2. Note that it follows from (1.3.1) that G_,, = —G,,, (m € Z).
Lemma 2.1.3. The Onsager algebra is a Lie algebra.

Proof. All there is to verify here is that our product indeed satisfies the Jacobi identity

(J.I.). We have four cases to consider, the first being trivial:

(G, (G, Gol] + [Giny (G, GI)] + (G, [Gr, Gl =0+ 0+ 0 =0,
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for any [,m,n € N,. Next we consider the three remaining cases.

[Ala [Am7 An]] + [Ama [Ana Al” + [An7 [Al7 Am“
= 2[141, Gm—n] + Q[Am, Gn—l] + Z[Am Gl—m] by (131)
- 2A-l—m—l—n - 2Al+m—n + 2Am—n+l - 2Am+n—l + 2A’4n—l+m - 2An+l—m by (132>

=0,

for any [,m,n € Z. Also,

[Al, [An’u Gn” + [Amy [Gnu Al]] + [Gna [Al, Am]]
= Q[Al, Am—n — Am+n] + 2[Am, An+l — Al—n] + 2[Gn, Gl—m] by (131), (132)

= 2G e min — 2G1mn + 2Gmnt — 2Gmtin by (1.3.1), (1.3.3)
=2G1_min — 2G1_mn + 2G 1y — 2G i by Remark 2.1.2
= 07

for any [,m € Z and n € N,. Finally,

(A1, (G, Gl] + [Giny [Gy All] + (G, [Ar G
=0+ [Gm, Antt — Ain] + [Gry Aimn — A by (1.3.1), (1.3.3)
= Amintt — Angicm + Aicnem — Amyin

+ Ansicm — Al + At — At by (1.3.2)

=0,

for any [ € Z and m,n € N. O
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2.2 The Dolan-Grady Algebra

As discussed in the introduction, a presentation of the Onsager algebra as a Lie
algebra generated by two generators and two relations came to be implicitly in the
work of Dolan and Grady. In this chapter, we will consider their algebra defined as

follows.

Definition 2.2.1 (The Dolan-Grady algebra). Let O.A be the Lie algebra over k

with generators A, B and relations

[A,[A,[A, B])] = 4[4, B), (2.2.1)
(B, (B, [B, Al = 4[B, A. (2.2.2)

Relations (2.2.1) and (2.2.2) will be referred to as the Dolan-Grady relations.
The goal is to prove the following proposition.

Proposition 2.2.2. The Onsager algebra, O, is isomorphic to the Dolan-Grady al-
gebra, OA.

In order to have the tools to prove this, a set of elements in OA satisfying
Onsager’s relations is needed.

Let Ag = A and A; = B. Let G; be the commutator
1
G, = §[A1’AO] (2.2.3)

and define A,,, G,, (m € Z) in OA by

Apsr — Ay =[G, Ay, (2.2.4)
G = %[Am, Ag. (2.2.5)

In particular, we note that Gy = %[Ao, Aol = 0.
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Theorem 2.2.3. ([Roa91, Theorem 1]) The A,, and G, as defined above satisfy

Onsager’s relations; i.e.,

[As, Ar] = 2Gi_im,
[Gl, Am] = Am—i—l - Am—h
G, G,] = 0.

Remark 2.2.4. We have used the same notation, i.e.,A,, and G, as in the definition
of the Onsager algebra. This follows the standard practice in the literature. It will be
clear from the context in which algebra we are working. In particular, in Section 2.3
and Section 2.4 we will always be working in the Dolan-Grady algebra. Of course, after
Proposition 2.2.2 has been proven, the distinction between A,, € O and A,, € OA

becomes irrelevant.

The proof of Theorem 2.2.3 consists of a series of lemmas and is quite tedious.
Hence, Section 2.3 is dedicated to its proof. Once it is proven, the theorem can then

be utilized to prove Proposition 2.2.2 in the last section of this chapter.

2.3 The Dolan-Grady Algebra and Onsager’s Re-
lations

Theorem 2.2.3 is proven using a series of lemmas. One begins by showing that (1.3.1)
implies (1.3.2) and (1.3.3). It then only remains to show that (1.3.1) is satisfied. To
do so, we aim to prove that the commutators [A;, A,,] depend only on the difference

I — m of the indices. Having this, along with (2.2.5), we can conclude (1.3.1).
Proposition 2.3.1. Relation (1.53.1) implies the following relations:
1
An+l - A—n—l = _§[A07 [Ala A—n“> n Z Oa (231)

An+1 - A—n—l—l = [Al, [AO, An]], n Z 1. (232)

1
2
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In order to prove this, one requires the following lemma:
Lemma 2.3.2. ([Roa91, Lemma 2|) Let n > 1.

(i) If [Ag, An] = [A_n, Ao], then (2.3.1), & (2.3.2),.

(ZZ) [f [AlyAn+1] = [A,nle,Al], then (ng)nfl 4 (232)n+1

Notation: Note that the notation (2.3.1),, above refers to the relation (2.3.1) for

n = m (and similarly for (2.3.2),,).

Proof. Let n > 1.
(i) Assume [Ag, A,] = [A_,, Ap] and apply %adA1 to get

1 1
5[1417 [A(]a An“ == §[A17 [A,n, AO]]
By the Jacobi identity, we have that
[Al) [A—n’ AU]] - [A—nu [Ala AO]] - [A()) [A17 A—n]]

It then follows that

1 1 1
5[1417 [ACH An“ - §[A—n7 [Ala AOH - 5[1407 [Ala A—n]]
1
== [A,n, Gl] - 5[140, [Al, A,n]] by (223)
1
= (A — A1) — §[A07 (A, Ay by (2.2.4)
So we have that
1 1
§[A1: [A07 An“ + AfnJrl = A,n,1 - §[A07 [Ala Afn“ (233)

Since

(2.3.1), < A,.1 = RHS of (2.3.3)
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<= A, 1 = LHS of (2.3.3)

< (2.3.2),,

it allows us to conclude that (2.3.1), < (2.3.2),,.
(ii) Assume [A, A1) = [A_n11, A1) and apply %adAO to get

1 1

2 2

1 1
— - §[A0> (A, A]] = §[A0> [A1, Apia]]-

[Ao, [Anir, Ai] = S[Ao, [Ar; Appi]

By the Jacobi identity, we have that
[Ao, [A1, Ania]] = [As, [Ao, Ana]] + [Anga, [Ar, Ao

It then follows that

1 1 1
—5[140, [A1, A ]] = 5[141, [Ao, Apia]] + §[An+17 [Ay, Agl]

1
)

1
- §[A1’ [Ags Ani1]] = (Anse — A4y).

[Ay, [Ao, Ant1]] + [Ant1, G1

So we have that

An + S [Ao, [A1, Ania]] = Ango — S [AL [Ao, Anga])-

1 1
2 2

Next we recall that

1
(231>n71 . An — A,n = —5[140, [Ah A,nJrlH,

(232)71—1—1 : An+2 - A—n = [Al, [A(), An—l—l“-

1

2
Hence it follows that

(2.3.1),_1 <= A_, = LHS of (2.3.4)

<= A_, = RHS of (2.3.4)

<> (2.3.2),41.

This then allows us to conclude that (2.3.1),,—1 < (2.3.2)41.

by (2.2.3)

by (2.2.4)

(2.3.4)
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Proof of Proposition 2.53.1. First we note that

[Ag, An] = 2G_, by (1.3.1)
[A_,, Ao] = 2G_, by (1.3.1)
EESS [Ao,An] == [A,H,Ao].

It then follows from Lemma 2.3.2(i) that (2.3.1), < (2.3.2),. Furthermore, it also
follows that (2.3.3) holds. Similarly,

[Ah An+1] = 2G—n by (].3].)
[Afn%»l; Al] = 2G,n by (131)
== [A1, Ap] = [An, Al

So it follows that (2.3.4) holds.

Now we can use all of this to prove our proposition. From above, we know that
it is enough to prove (2.3.1),, and then (2.3.2),, will follow. To do so we proceed by
induction.

Base Cases: The following shows (2.3.1)o:

Al - A_l == [Gl, Ao] by (224)
= 2o, (41, Al

When it comes to showing (2.3.1);, we note that it is not only equivalent but also

simpler to prove (2.3.2);.

AQ - AO = [G1> Al] by (224)
= 2[4, A, 41 by (2:2:)
LAy, (A, 4]

T2
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Induction Hypothesis: Assume (2.3.1),, holds for 0 <m <n — 1.
Inductive Step: Prove for m = n. From (2.3.3) and (2.3.4), it follows that

1 1
A—n—l - A—n+1 - 5[1407 [A17 A—n“ - An—l—l - An—l - 5[1407 [A17 A—n+2“
1 1
~ _5[1407 [Ala A—n]] = An-‘rl - A—n—l + A—n—H - An—l - 5[1407 [Ala Af(n72)]]

1
= —5[140, A, AL =4 — A+ A — A+ A — A

1
~ —5[140, (A, Al = Anp — A
< (2.3.1),.
Observe that the n — 2 case of the induction hypothesis was used above. O]

Lemma 2.3.3. ([Roa91, Lemma 3]) Relation (1.3.1) implies relations (1.3.2) and
(1.3.9).

Proof. We begin by showing that (1.3.1) implies (1.3.2). Recall that Proposition 2.3.1
tells us that (1.3.1) implies (2.3.1) and (2.3.2). The following shows that (1.3.2) is

satisfied for m = 0:

(G, Ao] = = [[A1, A1), Ag] by (1.3.1)

1

2
1

= _5["407 [Ah A—(l—l)“

= Al — A_l by (231)5_1

The following shows that (1.3.2) is satisfied for m = 1:

1
(G, Ai] = 5[[1417140],141] by (1.3.1)
1
= 541,140, 4]
= A1+l - Alfl by (232)[

From (1.3.1) we have that [A;, Ag] = 2G;. We then apply adg,, to get:

2(Grm, Gi] = (G, [As, Ao]]. (2.3.5)
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Furthermore, by the Jacobi identity, we have the following
2[Gm, Gi] = [[Gim,y Ai], Ao] + [Ary [Gins Aol (2.3.6)
For m =1, we have

2[G1v Gl} = HGh Al]? AO] + [Ala [Gla AOH

= [AI—H — Al—l; A(]] + [Al, Al — A_l] by (224)
= 2Gl+1 —2G_1 + 2G4 — 2Gl+1 by (131)
=0.

Hence showing that (1.3.3) is satisfied for [ = 1 or m = 1. Next, we note that for any
m € Z, it follows from (2.2.4) that

Am+2 = Am + adGl Am+1-

We claim that

Apsr = (gi(ade,)) (Am) + (lu(ade,)) (Amt) for 1 >0, m € Z, (2.3.7)
where
r (
1 if =0, 0 if =0,
gi(z) =140 ifl=1, h(x)=141 ifl =1,
zgi1(x) + gio(x) ifl> 2, xhi—1(x) + hi—o(x) if 1> 2.
\ \

To prove this claim, we proceed by induction on [ € N. First, we consider the base

cases:

=0, A = (g90(adg,)) (An) + (ho(adg,)) (A1),
l=1, A1 = (91(adg,)) (An) + (hi(ade, ) (Amga)-

Assume (2.3.7) holds for [ > 2. We proceed to show it for [ + 1.

Amtirt = Amyio1 + [Gr, A by (2.2.4)



2.3. The Dolan-Grady Algebra and Onsager’s Relations 17

= (g1-1(ade,)) (Am) + (h-a(ade,) ) (Amr)
+ 1[Gy, (au(ade,)) (Am) + (lu(ade,)) (Amia)]
= (g1 + zg)(ade,)) (Am) + (i1 + zhy) (ade, ) (Amsa)

= (131 (adg,)) (Am) + (hiri(adg,)) (Apir)-

Hence proving our claim, (2.3.7), which we can now use as follows:

[Gla Am} = [Gb (gm<adG1))A0 + (hm(adGl))Al]

= (gm(ade,)) (G, Ao] + (hm(ade,))[Gi, Al since [G1,G] =0
= (gm(adgl))(Al — A+ (hm(adgl))(AlH — A1) by above
= ((gm(adgl))Al + (hm(adgl))Al+1) — ((gm(adgl))A_l + (hm<adG1))A1_l)
= A — A,

Hence, we have (1.3.2).
The next step is to prove that (1.3.1) and (1.3.2) imply (1.3.3). From (2.3.6)

above, we have that

2[Gm7 Gl] = [[va Al]7 AO] + [Ala [va AOH

= [Am—H — Al—ma Ao] + [Al, Am — A_m] by (132)
= 2Gl+m - 2Gl—m + 2Gl—m - 2Gl+m by (131)
=0.

Hence, we have (1.3.3). So we have proven that
(i) (1.3.1) implies (1.3.2), and
(i) (1.3.1) and (1.3.2) imply (1.3.3).

So finally, we conclude that the relation (1.3.1) implies relations (1.3.2) and (1.3.3).
[l
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Lemma 2.3.4. ([Dav9l, Lemma 1|) A 1, Ay, A1, and Ay defined by relations (2.2.4)
and (2.2.5) satisfy

[A_1, Ag] = [Ag, A1] = [A1, A)] (2.3.8)

if and only if Ao and Ay satisfy the Dolan-Grady relations (2.2.1) and (2.2.2) with
AOZA andAlzB.

Proof. We begin by assuming (2.3.8) and showing that Ay and A; satisfy the relations
(2.2.1) and (2.2.2) with Ay = A and A; = B.
[Ao, A_l] == [1407 Al — [Gl, A()H by (224)
= [Ao, A1] + [Ao, [Ao, G1]]

1
= [AQ,Al] — E[AO’ [A(), [A(), Al]” by (225)
Since [Ag, A_1] = —[Ao, A4], it follows that [Ag, [Ao, [Ao, A1]]] = 4[Ao, A;]. Similarly,

[Al, AQ] = [Ab Ao] + [Al, [Gl, Al]] by (224)
1

- [Ah AO] - 5[‘417 [Ala [Ah AO]]] by (225)
Since [Al,AQ] = [Ao,Al], it follows that [Al, [Al, [Al,AO]]] = 4[141,140]. Next, we
prove the other direction by assuming that Ay and A; satisfy the relations (2.2.1)

and (2.2.2) with Ay = A and A; = B.
A2 = AO + [Gl, Al] by (224)

1

= AO + 5[[_/417 Ao], Al] by (225)

1
= AO - 5[1417 [A17A0”'

By applying ad4, we get

Ay, Ag] = [y, A] = 51, [, [Ay, Ag]
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= [A1, Ag] — 2[Ay, Ao by (2.2.2)
= [Ao, 44].
Similarly, we have that
A_1 = Al - [Gl, AQ] by (224)
1
= Ay — 5[[1417 Aol, Ao] by (2.2.5)

1
= Al - 5[1407 [A07A1”'
By applying ad 4, we get

[Ag, A_i] = [Ag, 1] — %[AO, [Ao, [Ao, Ai]]]
= [AQ,Al] — 2[140, Al]
= [Al, AQ]

Equivalently, [A_1, Ao] = [Ao, A1]. ]

Lemma 2.3.5. ([Dav9l, Lemma 4], [Roa91, Lemma 4]) If Ay and A; satisfy the
Dolan-Grady relations (2.2.1) and (2.2.2), then

[A_o, Ag| = [A_1, A1] = [Ao, A2] = [A1, A3). (2.3.9)
Proof. From (2.3.8) we have that
[A_1, Ao] = [Ag, A1] = [A1, As).
Apply adg, to each of the commutators to get

(G, [Ar, Ao]] = [[Gr, A, Ao] + [A-y, [Gr, Ao]] by (J.I)
= [A() — A_Q, Ao] + [A_l, A1 — A_l] by (224)
= [Ag, A o] +[A_1, A4,
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(G, [Ao, Au]] = [[G1, Aol, Ai] + [Ao, [G1, Ad]] by (J.LI.)
= [A1 — A1, Ai] + [Ag, As — Ao by (2.2.4)
= [Ab A—1] + [Ao, A2],

[Gh [Alv AQH = [[Gla A1]> AZ] + [Ala [Gb A2H by (J.I.)
= [As — Ao, As] + [A1, A5 — A4 by (2.2.4)
= [Ag, Ag] + [A1, A3].

Hence it follows that
[Ag, A_o] + [A_1, A1) = [A1, A_1] + [Ao, As] = [Ag, Ag] + [A1, A3). (2.3.10)
Next, we apply ada, ad, on [A;, Ag] to get

[A1, [Ao, [A1, Ao]]] = [[A1, Ao], [Ar, Ao]] + [Ao, [A1, [Ar, Ao]]] by (J.1.)
& 2[A4, [Ao, Gi]] = 2[Ay, [A1, G1]] by (2.2.3)
& [A [Gr, Ao]] = [Ao, [Gr, Ad]]
& [A1, Ay — A4 = [Ag, Ay — Ay by (2.2.4)
< [Ay, Ayl = [Ag, A
& [A, A + [Ao, A2] = 0.

From (2.3.10) we then have that
[Ao, Ao] + [A_1, Ai] = [Ar, Ay + [Ao, Ao] = [Ag, Ao] + [A1, A3] = 0.
Hence we can conclude the desired result,

[A_Q,Ao] = [A_l,Al] = [Ao,AQ] = [Al,Ag].
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Corollary 2.3.6. If Ay and Ay satisfy the Dolan-Grady relations (2.2.1) and (2.2.2),
then (2.3.1), and (2.3.2), are satisfied for n € {0,1,2}.

Proof. We begin by showing that (2.3.1), is satisfied as follows:

5o, 141, Ad]) = (A, A1), Ag by (J.L)
= [G1, A by (2.2.3)
— A — A by (2.2.4).

Note that we clearly have [Ag, Ag] = 0 = [Ag, Ap]. Thus by Lemma 2.3.2(i) we have
that (2.3.2)p holds. Similarly, since from (2.3.8) we have [A;, As] = [Ao, A;], it follows
from Lemma 2.3.2(ii) that (2.3.2), is also satisfied. Furthermore, from (2.3.9) we have
that [Ag, As] = [A_2, Ap]. Hence Lemma 2.3.2 tells us that (2.3.1), is satisfied. Next
we show that (2.3.2); is satisfied:

AL [0, A] = S[[Ar, Ad], A by (J.1)
=[G, A] by (2.2.3)
= Ay — Ap by (2.2.4).

Since (2.3.8) tells us that [Ag, A1] = [A_1, Ag], it follows from Lemma 2.3.2(i) that
(2.3.1); is also satisfied. O

Lemma 2.3.7. ([Roa91, Lemma 4], [Dav9l, Lemma 5]) If Ay and Ay satisfy the
Dolan-Grady relations (2.2.1) and (2.2.2), then

[A_g,Ao] - [A_Q,Al] == [A_17A2] - [Ao,Ag] == [Al,A4]. (2311)

Proof. We begin by showing that [A_s, A;] = [A_1, As] = [Ap, A3]. To do so we will
need to develop two equations by using (2.3.9). First of all, from (2.3.9) we have that
[A_1, A1] = [Ao, As]. To it we apply adg, to get

[G1, [Ay, Ai]] =[G, [Ag, As]
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& [[G1, AL], A + [A_y, [Gr, Ay] = [[Gh, Ao), As] + [Ao, [G1, As] by (J.I)
S [Ag— Ao, A+ [A1, Ay — Ag] = [Ay — Ay, Ao + [Ag, Ay — Aj] by (2.2.4)
& 2[Ag, A)] — [As, Ar] +2[A1, As] — [A_1, Ao] = [A1, As] + [Aq, As]

& 2[Ag, A1] — [A_o, A1] + 2[A_1, Ay] — [Ag, A1] = [Ag, A] + [Ao, A3] by (2.3.8).

Which is equivalent to our first desired equation
2[A_1, Ag] = [A_a, A1] + [Ao, As]. (2.3.12)
Next, consider the relation [A_s, Ag] = [A_1, A1] (from (2.3.9)) and apply ad, ad,:
[Ao, [A1, [A—2, Ao]]] = [Ao, [A1, [A_1, Ad]]]- (2.3.13)

For computational simplicity let us consider each side of (2.3.13) separately and then

look at the equality.

LHS of (2.3.13) = [Ay, [A1, [A_s, Ao]]]

= [Ao, [[A1, A_s], Ag] + [A_s, [A1, A]]] by (J.L)
= [Ao, —[Ao, [A1, A_s]] + 2[A_s, G4]] by (2.2.3)
= [Ag, 2(A3 — A_3) — 2[G1, As]] by (2.3.1),
= [Ag, 245 — 245 — 2(A_, — A_y)] by (2.2.4)
= 9[Ay, Ay — A_|]

= 2[Ag, A3] + 2[A_1, Ay
= 2[140, Ag] + 2[140, Al] by (238),

RHS of (2.3.13) = [Ay, [Ar, [A_1, A]]
= [Ao, [[A1, A1], Ay]] by (J.I.)
= [[Ao, [A1, AA]], Au] + [[A1, Aa], [Ao, Ad]] by (J.1)
= —2[As — A5, A1] + 2[G1, [A1, A_4]] by (2.3.1); and (2.2.3)
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= 2[Ay, Ao] + 2[A_s, Ay] + 2[[G1, A1), A_y] + 2[4y, [Gy, AL ]| by (J.1)
= 2[Ay, Ag] + 2[A_s, Ay] + 2[As — Ao, A_y] +2[A1, Ag — A_5] by (2.2.4)
= 2[A;, As] + 2[A_5, Ay + 2[As, A1) + 2[A_1, Ao] + 2[Ay, Ao] + 2[A_o, Ay
— 2[Ag, Ay] + 4[A_y, Ay] + 2[As, A_y] + 2[Ag, Ay] — 2[Ag, A)] by (2.3.8)
= 2[Ag, A1) + 4[A_5, A] + 2[Ay, A1)

Next we consider the equality of LHS and RHS of (2.3.13)
2[Ao, As] + 2[Ao, A1] = 2[Ag, A1) +4[A_o, A1] + 2[As, A_4],
which is equivalent to our second desired equation
2[A 5, Ai] = [Ao, As] + [A_1, Ay (2.3.14)
Next we combine (2.3.12) and (2.3.14) by utilizing their common term [Ag, A3).

2[A_1, Ay] — [Ag, Ayl = 2[A_y, A)] — [A_1, A,
— [A_y, A = [Ay, Ay

So we obtain one of the equalities of (2.3.11). Now if we replace this result in (2.3.12)
we get
2[A—27 Al] = [A—Qa Al] + [A()) A3]
> [A_s, Ai] = [Ao, A3].

Hence, so far we have succeeded in proving that [A_5, A;] = [A_1, Ag] = [Ao, A43].
Next, we aim to prove that [Ag, As] = [A_3, Ag]. To do so first we note that

[le [A—lel]] = [[le A—l]’ Al] + [A—h [Gb Al]] by (J'I')
=[Ag — Ao, A1] + [A_1, As — Ay by (2.2.4)
= [Ag, A1] — [Ao, A1] + [A_1, Ao] — [A_1, A



2.3. The Dolan-Grady Algebra and Onsager’s Relations 24

= [Ag, A1] — [Ao, A] 4 [As, Ay] — [Ag, A4 by (2.3.8) & above.
So,
(G1,[A_1, Aq]] = 0. (2.3.15)
Furthermore, we note that

[Ao, [G1, [Ao, [A-1, Au]]]]
= [[Ao, G1], [Ao, [A—1, Au]]] + [G1, [Ao, [Ao, [A-1, Ad]]]] by (J.1)
= [[[Ao, G1], Aol, [A—1, A]] + [Ao, [[Ao, G1], [A-1, Ad]]

— [G1, [Ao, [Ao, [A1, A]]] by (J.1.)

— [[Ao, [Ao, G1]], [A-1, Aa]] + [Ao, [[Ao, G1], [A—1, Ai]]]

+ 2[G1, [Ap, Az — A_s]] by (2.3.1)y
= %[[Aoa [Ao, [Ao, Ad]]], [A1, Au]] + [Ao, [G1, [Ao, [Ar, A]]]]

+ [Ao. [ Ao, [Gr [A_1, ALT]]] 4+ 2[Gh, [Ao, As] + [A_s, Ao]] by (2.2.3)
= 2[[Ao, A1, [A-1, Ai]] = [Ao, [G1, [Ao, [A—r, Ad]]]]

+4[G1,[A_1, A1) by (2.2.1), (2.3.9), (2.3.15)
= —4[G1, [A1, Ai]] = [Ao, [G1, [Ao, [A-r, Ad]]]] by (2.2.3),(2.3.15)
= — [Ao, [G1, [Ag, [A-s, AL by (2.3.15).

Hence, we have that [Ag, [G1, [Ao, [A-1, A1]]]] = 0. But we note that

0 = [Ao, [G1, [Ao, [Ay, Aull]] = —[Ao, [Gy, [Ao, [Ar, A]]]]

]
=2[A,

2[Ao, [G1, As]] — 2[Ag, [G1, A]]

2[Ag, A3 — Aq] — 2[Ap, Ay — A_3] by (2.2.4)
[Ao

9[Ao, As] — 2[Ao, A)] + 2[A_y, Ag] — 2[A_y, Ag]
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== 2[140, A3] - 2[140, Al] + 2[140, Al] - Q[A_g, AQ] by (238)
= 2[Ap, A3] — 2[A_3, Ag].

So we have that

2[Ag, A3] — 2[A_3,Ap] =0
< [Ap, A3] = [A_3, Ag).

To sum up, so far we have that [A_3, Ag] = [A_2, A1] = [A_1, A2] = [Ap, A3]. Finally,
we seek to prove that [A;, A4] = [A_2, A1] in order to complete the proof of our lemma.
We proceed by a similar argument used above to get that [Ag, As] = [A_3, Ag]. So

first we note that

Gy, [Ao, As]] = [[G1, Ao), Az + [Ao, [G1, As]] by (J.L)
= [A; — A1, Ag] + [Ag, As — Ay by (2.2.4)
— [A1, As] — [A_1, As] + [Ag, As] — [Ao, Ay]
= [Ao, A1] — [Ao, A3] + [Ao, A3] — [Ao, Ai] by (2.3.8) & above.

So,
(Gh., [Ag, As]] = 0. (2.3.16)
Furthermore, we note that
[A1,[G1, [Ar, [Ao, A:]]]]
= [[A1, G1], [Ar, [Ao, Ao]]] + [Gr, [Ar, [As, [Ao, Ao]]]] by (J.1.)

= — [[A1, [A1, Gi]]; [Ao, Ao]] + [A4, [[A1, Gil, [Ao, As]]]
+ Q[Gl, [Al, A3 — A_l]] by (JI), (232)2
- %[[Ah [Ay, [A1, Aoll], [Ao, A2]] + [A1, [Ar, [Gr, [Ao, Ao]]]]

— [A, [Gy, [A1, [Ao, A2)]]] + 2[G1, [Ar, A3] — [A1, A4]] by (J.1), (2.2.3)



2.3. The Dolan-Grady Algebra and Onsager’s Relations 26

= = 2[4y, Aol,[Ay, Ao]] — [41,[Gr, [y, [Ao, A

+ 2[G1, [Ao, As] + [Ag, As]] by (2.2.2), (2.3.16), (2.3.9)
- = [Gh [AOv AQH - [Ala [G17 [Ala [AO, AQHH + 4[G1, [Ao, AQH by (223)
= — [A,[G1,[A1, [Ao, A3]]]] by (2.3.16).

Hence, we have that [A;, [G1, [A1, [Ao, As]]]] = 0. But we note that

0= [Aq, [Gy,[A1, [Ao, Ad]]]] = 2[A4, [G1, A3 — A_4]] by (2.3.2)5
= 2[Ay, [G1, As]] — 2[Ay, [G1, A]]
— 9[Ay, Ay — Ag] — 2[Ay, Ag — A by (2.2.4)
= 2[A;, Ay] — 2[A1, Ag] — 2[A1, Ao] + 2[A1, Ay
— 2[A;, A + 2[A;, A_] by (2.3.8).

So we have that
2[141, A4} + 2[141, A,Q] - O
< [Al,A4] = [A_Q,Al].
This completes the proof of our lemma. n

Lemma 2.3.8. ([Roa91, Lemma 5] [Dav9l, Theorem 1)) If Ay and A; satisfy the
Dolan-Grady relations (2.2.1) and (2.2.2), then every adjacent pair A,,, Ami1 satis-

fies the relations

[A, [Ams [Amy Amti]]] = 4[Am, Amtal, (2.3.17)
[Am+17 [Aerl; [Am+17 Am“] = 4[Am+17 Am]7 (2318>
and [Ami1, Am] = 2G4y for all m (in particular, the commutators [Ami1, Am] are

independent of m).

Proof. We proceed by induction on m. We first consider the base cases m € {—1,0, 1}.
The case m = 0 is simply the assumed Dolan-Grady relations (2.2.1) and (2.2.2).
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Next, consider the case m = 1. From (2.3.9), we have that [Ag, As] = [A1, As]. Apply
adg, to get that

[G1, [Ao, Ao]] = [G1, [Ar, As]]

< [[G1, Ao, As] + [Ao, [G1, As]] = [[G1, A1], As] + [A1, [G1, A3]] by (J.I.)
& [A] — Aq, Ag] + [Ag, As — Aq] = [Ay — Ag, As] + [Ar, Ay — A5 by (2.2.4)
< 2[Ay, Ag] — [Aq, Ag] + 2[Ag, A3] — [Ag, A1] = [Aa, A3] + [A4, A4]

& 2[Ap, A1l + 2[Ag, As] — [Ao, A1] = [Ag, As] + 2[Ao, A3] by (2.3.8), (2.3.11)
< [Ag, A1] = [Ag, As].

Hence we have the additional relation
[Ag, Ai] = [Ag, A3] (2.3.19)

with which we now have the tools needed to show that (2.3.17) and (2.3.18) are

satisfied for m = 1.

(A1, [Ar, [Ar, Aol]] = [Ag, [Ad, [Ao, Ad]] by (2.3.8)
= —[Ay, [A1, [Ar, Aol]]

— _4[Ay, Ag) by (2.2.2)

= 4[Ay, A4]

— 4[A;, Ay by (2.3.8),
[A2, [Az, [Ag, A1]]] = [Asz, [A2, [As, Ao]]] by (2.3.8)

= [As, [[A2, A1), Ao] + [A1, [As, Ao]]] by (J.I.)

= [Az, [[A1, Ao], Ao]] + [Az, [A1, [Az, Ao]]] by (2.3.8)

= —[Ag, [Ao, [A1, Ao]]] — [A2, [A1, [Ao, As]]]
=2[As, A — A 1| — 2[Ay, A3 — A 4] by Corollary 2.3.6,
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(2.3.1) and (2.3.2)s
= 2[Ag, Ay] — 2[Az, A1 — 2[Ay, A3] + 2[Ag, A_4]

= 2[4y, A1) — 2[Ap, Ay] by (2.3.19)
— 2[4y, A1] — 2[A,, Ay] by (2.3.8)
= 4[142,141}.

Furthermore, note that

4[142, Al] = 4[A1, Ao} by (238)
= 8G, by (2.2.3)
— [AQ,Al] = 2G1

Next, we consider the case m = —1. From (2.3.9), we have that [A_o, A¢] = [A_1, A4].

Apply adg, to get that

[G1, [As, Ao]] = [G1, [A-y, Ad]]

& [[G1, As], Ao + [Ag, [G1, Ao]] = [[Gr, A, A + [A-y, [Gr, Al

e [Ay — A g Ag] + [A 2, Ay — A 1] = [Ag — Ao, Ai] + [A_r, As — Ag] by (2.2.4)
< 2[A 1, Ag] — [A_3, Ag] + 2[A 5, A1] — [A_2, A 1] = [Ao, A1] + [A_1, A5

& 2[Ag, Ar] + [Ao, As] — [A 9, A 1] = [Ag, 4] + [Ao, As] by (2.3.8) and (2.3.11)
& [Ag, A = [Ag, A4].

Hence we have the additional relation
[Ag, A1] = [A_2, A_] (2.3.20)

with which we now have the tools needed to show that (2.3.17) and (2.3.18) are

satisfied for m = —1.

[Ao, [Ao, [Ao, Aa]l] = [Ao, [Ao, [As, Ad]l] by (2.3.8)
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= —[Ao, [Ao, [Ao, A1]]]
= —4[Ay, A{] by (2.2.1)
= 4[A1, Ao]
— 4[Ag, A_1] by (2.3.8),
[A1, [A1, [A_, Adl]] = [Ay, [Ay, [Ao, Ad]] by (2.3.8)
= [A_1, [[A-1, Aol Ad]] + [Ay, [Ao, [Ay, Ad]] by (J.L)
= [A_1, [[Ao, A1], A1]] + [A_1, [Ao, [A1, Ad]]] by (2.3.8)

= —[A_1, [A, [Ao, Ai]]] = [A-1, [Ao, [Ar, AL4]]]
= —Q[A_l, A2 — AO] + 2[14_1, AQ - A_Q] by COI‘OH&I‘y 236,
(2.3.1); and (2.3.2);

= —2[A_1, Ag] + 2[A_1, Ag] + 2[A_1, As] — 2[A_1, A_9]

= 2[Ag, A1] — 2[A_1, A_,] by (2.3.8)
= 2[Ag, A1] — 2[Ay, A] by (2.3.20)
= 4[Ag, A]

= 4[A_1, Ag] by (2.3.8).

Furthermore, note that

4[A0, A_l] = 4[141, Ao] by (238)
= 8G, by (2.2.3)
— [Ao, A*l] — 2G1

as desired. In the general case, let us consider when m is positive. We assume that
(2.3.17), (2.3.18) and [A,+1, A,] = 2G, are satisfied for 1 < n < m and show that

they are also satisfied for n = m. To do so we define A, (k € Z) and G| as follows:

A6 = Amfla



2.3. The Dolan-Grady Algebra and Onsager’s Relations 30

Al = A,
! ]' / /
G = 5[1417140];
A1 = Ay + (G AL
By the induction hypothesis, the pair A,,_1, A, satisfies (2.3.17), (2.3.18) and [A,, Ap—1]

= 2G;. Hence, so does the pair Aj, A]. Case m = 1 then tells that the pair A}, A
also satisfies (2.3.17), (2.3.18) and [A), A|] = 2G. But note that

1
G = Q[A'l, Ag) by definition
1
= §[Am7 A by definition
=G, by the induction hypothesis,
Al =A, by definition,
A, = Ay + (G, Al by definition
= An1 + [Gh, A by definition and above
= Am—l + Am+1 — Am—l by (224)
= Am+1-

Therefore the pair A,,, A,,+1 satisfies (2.3.17), (2.3.18) and [A,,41, Am] = 2G1. By
induction, this proves our lemma for the case of m positive. The proof for m negative
is the same as for when it is positive but our induction hypothesis will be for —1 >

n > m = —k where k is any positive integer. O

Lemma 2.3.9. ([Roa91, Lemma 6] [Dav9l, Theorem 2|) If Ay and Ay satisfy the
Dolan-Grady relations (2.2.1) and (2.2.2), then for N € N, and all values I, m
satisfying m = 0,...,N, m — | = N, we have

[AbAm] = [Al+17Am+1} (2321)
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(i.e., the commutators [A;, Ap] depend only on the difference | —m of the indices).

Proof. We proceed by induction on N.
Base Cases: 1t is simply a matter of noting that case N = 1 follows from (2.3.8),
case N = 2 follows from (2.3.9) and case N = 3 follows from (2.3.11).
Induction Hypothesis (I.H.): Assume that for 3 < M < N — 1 and for all [ and
m such that m =0, ..., M and m — [ = M, we have that [4;, A,,] = [Ai11, A1)
Before proceeding to the inductive step, we will show that here the relations
A1 — A1 = —%[AO, [Ay, AL, n >0, (2.3.1)

Apyr — Anyr = 5[A1 [Ao, Al n =1, (2.3.2)

1
2
are satisfied as we will need to use these properties in our proof below. To do so,
we again proceed by induction. The base cases (n = 0,1,2) are true in general, as
proven in Corollary 2.3.6. Next, we assume (2.3.1), and (2.3.2), are satisfied for
2 <n < N —1 and proceed to prove the case n = N. We begin by noting that the

induction hypothesis for our first induction tells us that for 1 <n < N — 1,

[A_p, Ag] = [A1_n, A1] by (ILH.) for l = —n, m =0
= [As_,,, As] by (LH.) foril=1—n,m=1
=[A_1, Api] by (ILH.) foril=—-2,m=n—2
= [Ap, A,] by (LH.) for il = -1, m =n — 1.

So by Lemma 2.3.2, we have that (2.3.1),, < (2.3.2),. Hence it is sufficient to prove
(2.3.1),, the proof of which is as follows:

2o, (A1, ALu]] = —{[Ao, A1), Ai] — 2 [A, [Ao, AL by (J.1.)

= G1, A — 5[4, [A0, AL by (2.2.3)
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=[Gy, A, + %[Al, [Ag, An]] since [A_,, Ag] = [Ao, 4,]
=[G, An] + %[[Al, Ao, An] + %[Ao, (A1, Ay)] by (J.1.)

= [Gl, A_n] + [Gl, An] + %[AQ, [A_n+2, Al]] by (223) and (IH)
1

= Afn+1 - A,n,1 + An+1 - Anfl - 9

[Ao, [A1; Ans)]
by (2.2.4)
=A,1-A,1+A 1—-A, 1+ A, 1—A_,1 Dby induction
=A, 0 — A,
Hence, by induction, we have that (2.3.1),, and (2.3.2),, are satisfied for 0 <n < N
and can now return to proving our lemma.

Inductive Step: First, consider the case when M = N — 1. So for all [ and m
such that m = 0,...,(N —1) and m—[ = N — 1, we have that [A;, An] = [Ai41, Amia]-
Act on both sides of the equation by adg,:

LHS =[Gy, [Al, Al
= [[G1, Ail, An] + [A1, [G1, A by (J.I.)
= [Ai1 — Al An) 4+ [AL A — A4 by (2.2.4)
= [Arr, Am] = [Air, An] + [Ar A ] — [Ar A
= [A;, A1) — [Ai1, A by (LH.) for M = N — 2,
RHS = [G1, [Air1, Ama]]
= [[G1, Aiz1], A1 + [Ai1, (G, A by (J.I.)
= [Ajro — Al Apia] + [As1, Ao — Al by (2.2.4)
= [Aiv2, Ama] = [A Ana] + [Aigr, Amgo] — [Arr, A
= [Ajr1, Amao) — [Al, A by (L.H.) for M = N — 2.

Hence,

[Al7 Am+1] - [Alfla Am] = [Al+17 Am+2] — [Al7Am+1]
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= [Aim1, Al = 2[4 Ap] — [A, Ao
If we let I’ =1 — 1, then we obtain the following N equations
[Av, A] = 2[Avi1, Amia] = [Aviz, Amial,
where m =0,...,(N — 1) and m — I’ = N. This is equivalent to
[Am-n, Al = 2[Ans1-N, Amga] = [Amga-n, Amal,

for m =0,...,(N —1). For notational simplicity, let X,, = [A,_n~, An]. So, since
m=0,...,(N — 1), we have N 4 2 variables along with the N equations,

Xy = 2X i1 + Xppyo = 0. (2.3.22)

Observe that the coefficient matrix of the linear system is in row-echelon form. For

example, for N = 4 we get

121000
012100
00121 0]
000121
Hence, in general, we can determine Xg,..., Xxy_1 as a linear combination of Xy

and Xy,1. We postpone the proof that there exists one more independent equation
which will allow us to take X1 as independent variable and Xy, ..., Xy as dependent

variables. Rather, we suppose for a moment that
Xj = CL]'XN_H for 0 S] < N, a; € k. (2323)
It follows from (2.3.22) that

Xon — 2Xoms1 + Xonpo = 0

& XNl — 20mp1 X N1 + o Xy =0
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S (Am — 2041 + Amy2) Xn41 = 0.
Thus, for all m =0, ..., N — 1, we have that
G — 2G 41 + Apao = 0. (2.3.24)
Using these relations, one can prove the claim that
an—qg=(q¢+ Day —q, for 1 < g < N.

To do so, we proceed by induction on gq.

Base Cases: For ¢ =1 and ¢ = 2 we have that

an_1=2an — an1 aN_9 = 2aN_1 — N by (2.3.24)
:2aN— 1, :2<26LN— 1) — an
= 3CZN — 2.

Induction Hypothesis (1.H.): Assume ay_q = (¢+ 1)ay —gfor 1 <g< N —1.

Inductive Step: By our induction hypothesis we have that
aAN—(N-2) = (N — 1)CLN — (N — 2) and aN—(N—l) = NCLN — (N — 1)

Using this we can show the ¢ = N case as follows:

aN_N = ap = 2a; — as by (2.3.24)
=2(Nay — (N —-1)) = ((N —1l)ay — (N = 2)) by I.H.

So this proves our claim and gives us the relations between our variables as follows:

Xni1 = Xy,
Xy =anXny1, and

XN—q:((Q+1)aN—q)XN+1, for 1 <q < N.
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Then, once we have our additional independent equation, we will be able to figure
out the value of ay.

To find one more independent equation, we must consider the even and odd N
cases separately. Let us begin with the even case, N = 2m, and consider the (N —1)
case which tells us that [A_g,40, A1] = [A_mi1, An). We act on both sides of this

relation by ady4, ad4, to get

LHS = [Ay, [Ao, [A_ami2, A1]]
= — [A1, [Ao, [A1, Aomsa]]]
— Ay, Ao 1 — Ay ] by (2.3.1)2m_2
= 2[Ay, Agm_1] + 2[A_omi1, A4,

RHS = [A4, [Ao, [A_imi1, Anl]]

= [A1, [[Ao, Acimia], Am]] + [A1, [A-mir, [Ao, An]]] by (J.L)
= [[A1, [Ao, A—ppa]], Am] + [[Ao, Ao, [Ar, A]] + [[A1, Amia], [Ao, An]]

+ [A_t1, [A1, [Ao, Anl]] by (J.1.)
= [[[A1, Ao], A—mia], Am] + [[Ao, [A1, Aria]], Am] + [[Am, Ad], [Ao, Amia]]

+ [[Am, Ao], [A1, A_ma]] + 2[A a1, Ar — A_a] by (J.1) & (2.3.2)
Gy A ], An] — 2[Ay — A Al 40

0+ 20A ity At — Ad] by LH., (2.2.3) and (2.3.1)1
— A s — A Al 4 20A s Al + 2A s Api] by (2.2.4)

= 2[Afm+27 Am] + 2[A7m+17 Am+1]7

LHS = RHS
= 2[1417 AQm—l] + 2[14—2771—&-17 Al] - 2[A—m+27 Am] + Q[A—m—i—h Am+1]

= [Alu A2m71] + [A72m+17 Al] = [AferQ; Am] + [A,erl, Aerl]
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< [Aomtt, A1) = [Amst, Ama] by LH. for N — 2
S Ay A = [A_y Ay, since N = 2m
& [An, A1) = [Ay oy, Ay ]

& X=Xy,

<:>X1—X%+1:0.

So we have our additional independent equation which allows us to take Xy,; as

independent variable and can now determine the value of ay in the even case.

Xi— Xy, =0
& (Nay — (N = 1)) Xy 41 — (ga]\f—ngl) Xya1 =0
@((N—%)a]\;—]\f—i—g—l—l—l))ﬁvﬂzo
@EaN—Ezo
2 2
Say = 1.

Hence, we have that ay_, = (¢+ 1)1 —¢ =1 for all 1 < ¢ < N, leading us to the

conclusion that

Xo=X;=...= Xnq= Xy = Xnus
<~ [A,N,Ao] = [AlfN,Al] =...= [Ao,AN] = [Al,ANJrl].

So we have the result for even N.
Next, we consider the odd case, N = 2m + 1. This case requires a little more
work in order to find our additional equation. First, by induction hypothesis, we have

that [A_o, Ao] = [A_, Ay]. If we act on both sides by ad 4, ada,, we obtain

LHS = [A()v [Ah [A—2m7 Aom
= [Ao, [[A1, A—am], Aol] + [Ao, [A_sm, [Ar, A]] by (J.I)
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= — [Ao, [Ao, [A1, Aom]]] — 2[A0, [G1, A—sni]] by (2.2.3)
= 2[A0, A2m+1 - A_Qm_l] - 2[A0, A—2m+1 - A_Qm_l] by (231>2m and (224)

= 2[A0, A2m+1] + 2[A—2m+17 A0]7

RHS = [Ay, [A1, [A_m, Anl]]
= [Ao, [[A1, Aol Am]] + [Ao, [A-m, [Ar, Am]] by (J.1.)
= [[Ao, [A1, A-m]], Am] + [[A1, A-m], [Ao, Am]] + [[Ao, A-m], [A1, Am]]
+ [A_, [Ao, [A1, Anl]] by (J.I.)
= = 2fAm = Acprs A £ [[Ar, Ao, [Aoy An]] + [[Ao, Ao, [A, A
+ [A_, [[Ao, A1, Al + [A_ i, [A1, [Ao, Anl]] by (2.3.1),, and (J.I.)
= 2[Am, Api1] + 2[A o1, An) + [[A1, An], [Ao, Anl] + [[Ao, Aol [A1, Al
—2[A_, [G1, An)] + 2[A-m, Ay — A by (2.2.3) and (2.3.2),,
=2[An, Ama1] +2[A 1, A + [[A1, A, [Ao, Anl] + [[Ao, A, [Ar, Al
—2[A_ ., A — A F2[A 0 A — A by (2.2.4)
= 2[Am, Ama1] + 2[A 1, Al + [[A1, A_n], [Ao, An]] + [[Ao, A, [A1, A
+2[A 0, A1) — 2[A i, A
=2[A_ 1, An]l +2[A ., A + [[A1, A, [Ao, Anl] + [[Ao, A, [A1, Al

So from LHS = RHS, we get that
2[1407 A2m+1] + Q[A—2m+17 AO] = 2[A—m—17 Am] + Q[A—my Am—l]
+ HAb Afm]a [A0> Am]] + [[AOa A*’m]y [Ab Am]]

Then, we note that by the induction hypothesis we get [A_o,,41, Ao] = [A_m, Am_1].

Hence we get the first equation we will be working with:

2[A0> A2m+1] = Q[A—m—b Am] + HAh A—m]v [A0> Am]] + HAO, A—m]> [Ah Am“
(2.3.25)
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Next, again by induction hypothesis, we have that [A_o,, 11, A1] = [A_n, Ap]. If we
act on both sides by ady4, ad4,, then we have that
LHS = [A4, [Ao, [A—2m+1, A1]]]
= —[A1, [Ao, [A1, Aami]]]
= 2[A1, Aoy — Aoy by (2.3.1)9m-1
= 2[A1, Agy] — 2[A1, A o],

RHS = [A;, [Ao, [A_n, Anl]]
= [A1, [[Ao, Aol Am]] + [A1, [A-m, [Ao, A]]] by (J.1)
= [[A1, [Ao, Am]], Am] + [[Ao, Aol [Ar; Am]] + [[A1, Aoin], [Ao, An]]
+ [A_, [A1, [Ao, Anl]] by (J.I1.)
= [[[A1, Ao], A, Am] + [[Ao, [Ar, A-m]], Am] + [[Ao, A-m], [A1, Anm]]
+ [[A1, Ay [Aos An] + 2[A-m, A — Ao by (J.I.), (2.3.2),,
=2[[G1, Aol Am] = 2[An1 — A1, Ap] + [[Ao, A, [A, Ana]]
+ [[A1, A, [Ao, Anl] + 2[4, Apia] — 2[4, A_a] by (2.2.3), (2.3.1),,
=2[A i1, An] + 2[An, A1) — 2[Ama, An] + 2[A_ 1, A
+ [[Ao, Aol [Ar, An]] + [[A1, Aol [Ao, Am]] + 2[Am, Amga] = 2[Am, Aopid]
=2[A_11, Am] + 2[A 0, Asa] + [[Ao, A, [A1, An)] + [[A1, A, [Ao, Anl]-

So from LHS = RHS, we have that

2[A1, Asm] — 2[A1, A o] = 2[A_ i1, Al + 2[A_m, Aprsi]
+ [[Alv A—m]7 [AOa Am“ + HAO; A—m]v [A17 Am]]

Then, we note that by induction hypothesis we have that [A;, Aopm] = [A—mi1, Aml.

Hence we get the second equation we will be working with:

2[A72Vn7 Al] = 2[A7m7 Aerl] + [[Alu Afm]v [A()a Am“ + HAOa Afm]a {Ala Am]] (23'26)
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We then combine (2.3.25) and (2.3.26) to get our additional independent equation

[AO; A2m+1] - [A—2ma Al] - [A—m—b Am] - [A—m7 Am—l—l]
& [Ag, An] — [A1_n, Ay] = [A#,A¥} . [A%,A%} since N = 2m + 1

= [Axon, An] = [A1_y, Al — [A¥_N,AN4} + [A%_N,A%} — 0

2

<:>XN—X1—X¥ +X% = 0.
We can now determine the value of ay in the odd case.

XN—Xl—X%—FX%:O

< Xy _XN—(N—l) _XNf% +XN,¥ =0

N +3 N +1
~ CLNXN_H — (N(IN — (N— 1))XN+1 — ((T) anN — (T)) XN+1

AT ()
o (13 () (Y e
(v (Y20 () v -

2—-2N—-(N+3)+(N+1) 2N -2+ N+1-N+1
=4 G/N+ XN+1:O
2 2
N N
S —ay—— =0 since Xyy1 # 0
2 2
S ay = 1.

Hence, we have that ay_, = (¢+ 1)1 —¢=1for all 1 < g < N, leading us to the

conclusion that

X0:X1:...:XN_1:XN:XN+1
<~ [A,N,AU] = [AlfN,Al] =...= [AO,AN] = [AlaAN -+ 1]

So we have the result for odd N, and this completes the proof of our lemma. n
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Corollary 2.3.10. If Ay and A; satisfy the Dolan-Grady relations (2.2.1) and (2.2.2),
then (1.3.1), i.e., [A;, Am] = 2G|, is satisfied. Furthermore, it follows that G_,, =
—Gpn-

Proof. 1t follows from Lemma 2.3.9 that the commutators [A;, A,,] depend only on
the difference [ — m of the indices. Furthermore, recall from (2.2.5) that we defined

[A, Ao] = 2G,,,. We can then use this to generalize to the case [4;, A,,] as follows:

[A, Al = [Ar-1, A by Lemma 2.3.9
= [Ai—m+1, A1) by Lemma 2.3.9
= [A;_m, Ao by Lemma 2.3.9
= 2G1_n by (2.2.5).

Hence (1.3.1) is satisfied. Furthermore, it follows that

1
G = 5[Am, Ao) by (2.2.5)
1
- _5[1407 Afm]
= —%[Am, Ao| by Lemma 2.3.9
_ G, by (2.2.5).
O]

So, we have shown that (1.3.1) is satisfied. Furthermore, it follows from Lemma
2.3.3 that (1.3.2) and 1.3.3) are also satisfied. This proves Theorem 2.2.3. This

theorem is then utilized to show our Proposition 2.2.2 in the next section.
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2.4 Alternate Presentation of the Onsager Algebra

In this section, we utilize Theorem 2.2.3 in order to show Proposition 2.2.2 which

states that Onsager’s algebra, O, is isomorphic to the Dolan-Grady algebra, O.A.

Proof of Proposition 2.2.2. Consider the map ¢ : OA — O given by

A Ay, B — A;. (2.4.1)
It follows from
[Ao, [Ao, [Ao, A1]]] = —[Ao, [Ao, 2G1]]
= 2[Ao, [G1, Ao]]
= 2[Ag, A1 — A_4]

= 2([Ao, A1] — [Ag, A_1))
— —8C
— 4[140,141],

[Ar, [A1, [Ar, Aof]] = [Ar, [Ar, 2G4]]

= —2[A, [Gy, A]]

= —2[Ay, Ay — Aj]

= —2([A1, Az] = [As, Ao])

= 8G,

= 4[A1, Aol
that Ay, A; satisfy relations (2.2.1) and (2.2.2), hence proving the existence of a
homomorphism as defined in (2.4.1). This homomorphism is unique since A and B
generate OA.

Next, consider the subalgebra N generated by Ay and A;. We claim that from

the relations (1.3.1) and (1.3.2) it follows that N is the algebra @. This can be proven

by induction on [ € N as follows.
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Base Case: Consider the case when [ = 1. From [A, Ag] = 2GY, it follows that
G, € N. Furthermore, since [G1, Ag] = A; — A_4, it follows that A_; = A; — (A —
A1) eN.

Induction Hypothesis: Assume that for all l < n (n € N), 4, A, G, and G_,
are included in N.

Inductive Step: Consider when [ = n. It follows from
[Anfla Afl] = 2Gn = _2an and {Gla Anfl] = An - Anf2

that G,,, G_,, and A,, = (A, — A,_2) + A,_5 are included in N. Furthermore, from
(G, Ag] = A, — Ay, it follows that A, = A, — (A, — A_,) € N.

So this confirms that N is in fact the Lie algebra O since it contains its basis,
{A,,,G; | m € Z,1 € N.}. Hence, ( is surjective. It remains to show that ( is
injective.

Let Ay = A and A; = B. Let {A;,@ﬂm,l € Z} be defined as follows

G = 5[?47,2%] (2.4.2)
Apr = Ay = [Gr, A, (2.4.3)

1~

G = = [ A, Ay (2.4.4)

Theorem 2.2.3 then tells us that A,, and G,, satisfy the relations (1.3.1), (1.3.2) and
(1.3.3).

Clearly, we have that O.A C span{gr;,/le}. Furthermore, one notices that ZT;
and ZJVZ can be written in terms of :4\6 = A and :4: = B by recursively applying the
definitions of A, and G; above (2.4.3) and (2.4.4), so span{;l;,arl} C OA. Hence
span{;ljn, 5,} =0A.

Next, we claim that ¢((A,,) = A, and ¢(G;) = G;. To prove this we proceed by
induction on [ € N.

Base Cases:
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=1 (o) = ¢(B) = A,
() = 516, () = 3[4, A = Gy
((Go) = ~¢(C1) = ~Gi =G,
C(AT) = (A = [Gr, ) = C(A) = [¢(Gh), ¢(A)
=((B)—[G1, A=A — A +A ,=A_,.

Induction Hypothesis: Assume C(Z;) = A,, C(E\_/n) = A_,, C(é;) = G, and
C((G_)=G_, for 0 <n <L

Inductive Step: Prove for n = 1.

C(A) = (A2 + [G1, Aa))
= ((A1=2) + [¢(G1), C(Ary)]
= A2+ Gy, A1) by induction hypothesis

=Al o+ A — A=A,

(@) = 5c(A, (D)

= %[Al, Ao by above and by induction hypothesis
=G,

C(A=r) = (A = [Gr, Ad))
= ((A) = [¢(Gh), C(Ay)]
= A, — [Gy, A by above and induction hypothesis
=A-A+A=A,

((G2) = —C(G)) = —G1 =G

This proves our claim. Since {A,,,G, | m € Z,l € N, } is a basis of O, it follows that

(¢ is injective. Hence ( is an isomorphism. O]

We conclude this chapter by noting that following the result of Proposition 2.2.2,



2.4. Alternate Presentation of the Onsager Algebra 44

Definition 2.1.1 and Definition 2.2.1 are used interchangeably in the literature to define
the Onsager algebra.



Chapter 3

The Onsager Algebra as an
Equivariant Map Algebra

3.1 Equivariant Map Algebras

Let X be an algebraic variety and let g be an finite-dimensional Lie algebra, both
defined over an algebraically closed field of characteristic zero k and equipped with

the action of a finite group I' by automorphisms.

Definition 3.1.1. A regular map between affine varieties is a mapping which is given

locally by polynomials.

Definition 3.1.2 (Map Algebra). The map algebra associated to X and g, denoted
M(X,g), is the Lie algebra of regular maps from X to g with bracket defined as

[8: Mmx,9(@) = [B(x), 7(2)]g,
forz € X and 8,7 € M (X, g).

Definition 3.1.3 (Equivariant Map). A map f : Y — Z between the varieties Y

and Z is said to be equivariant under the action of a group I if
flg-x)=g-[f(x),

45
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forany x € Y and g € I.

Definition 3.1.4 (Equivariant Map Algebra). The equivariant map algebra associ-
ated to X, g and T, denoted M = M (X, g)', is the algebra of maps equivariant with

respect to the action of I', that is
M(X,9)" ={ae M(X,9) | a(g-2) =g-a(x) Vo € X,g € T}.

Denoting by Ax the coordinate ring of X, Lemma 3.4 from [NSS09] shows that
an equivariant map algebra can also be realized as the fixed point Lie algebra 9 =
(9@ Ax)".

In this chapter, we will consider the case where X = Speck[t,t~'] = k\{0} (so,
Ax = k[t,t7]), g = sly and T' = {1,a} where «a acts as an involution on X and g.
In Section 3.2, we will consider the case where a acts as the Chevalley involution
and show that this equivariant map algebra, (k[t,t] ® sly)', is isomorphic to the
Onsager algebra, O. In Section 3.3, we will use this correspondence to describe the
closed ideals of O. And finally, in Section 3.4, we will consider an alternate involution
that appears in the literature and show that the equivariant map algebra obtained
is isomorphic to the one defined with the Chevalley involution (and hence is also

isomorphic to the Onsager algebra).

3.2 Realization of the Onsager Algebra
Recall the standard basis of sls,
0 1 0
e = ) f = Y h = )
00 1

satisfying the relations [e, f] = h, [h,e] = 2¢, and [h, f] = =2f. Let L = L(sly) =
k[t,t71] ® sly denote the sly-loop algebra with bracket given by

[P@r,q®y] =pe@ [z,Y] (3.2.1)
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for p,q € k[t,t7'] and z,y € sly.

Definition 3.2.1 (Chevalley Involution). The Chevalley involution on sly is defined

by u—u=(9)u(9}) for u € sly, hence by

e=f f:=e h:=—h (3.2.2)

The Chevalley involution is an involution, defined as an automorphism of order 2.
(In this thesis, we will not use the more general concept of a Chevalley involution
associated to a Chevalley system, [Bou75, Section 2.4]).

The Chevalley involution on sl induces an involution on the loop algebra L, also

called the Chevalley involution and denoted w:
wip(t) @ z) =pt @z, for p(t) € kt,t7'],z € sl;. (3.2.3)

Let £¥ denote the Lie subalgebra of £ fixed by the Chevalley involution, thus
LY = (k[t,t7 '] @ sly)" with T = {1,w}.

Proposition 3.2.2. The following elements form a basis of L:
=t —-tHeh=—cy, le N, (3.2.4)
by =t" Qe+t ® f, m € Z. (3.2.5)

Proof. First note that {e — f,h,e + f} forms a basis of sly and {t' +¢" | 1 € N} U
{t/ —t77 | j € N, } forms a basis of k[t,t7!]. It follows that

t+t)Ce—f),E+tHh E +t7)@(e+ f),
B =t @, -t7)@h{# -t7)e e+ f)

1€ N 7 e N,

forms a basis of k[t,t7!] ® sly = L.
It is simple to notice that, for i € Nand j € N, , under the action of the Chevalley

involution,

a; ="+t e+ f),
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=0 —-t7)Qh,

dj= (' —t7)@ (e~ f),

are eigenvectors associated to the eigenvalue 1 and (#/ —t)® (e+ f), (t* +t7) @ h

and (t' +1t7") ® (e — f) are eigenvectors associated to eigenvalue —1. Hence
{ai | ie N}U{c;.d; | j e Ni}

is a basis of £“. Since a; = b; +b_; and d; = b; — b_;, it follows that
{a|leN yU{b, | meZ}

is a spanning set of £¥. As it is clearly linearly independent, it is in fact a basis of

L. [l

To simplify notation, from now on we will omit the tensors. Hence our basis will

simply be denoted by

=t —tHh=—c_y, le Ny,

by, =t"e+t""f, m € Z.

Theorem 3.2.3. The basis of LY from Proposition 3.2.2 satisfies the following rela-

tions:
(i) (b, bm] = ciom,
() e, bm] = 2(bmst = bm-i),
(111) [y, cm) =0,
forle N and m € Z.
Proof. (i)

[by, b = [tle +t7 f, t™e 4+t f]
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= [tle, t ™™ f] + [t7'f, t™e]
— tl—mh o t—l—l—mh
_ lemy, _pem)y,

= Cl—m-

[c1,bm] = [t'h — t 7 h, t™e + 7™ f]
= [t'h,t"e] + [t'h,t ™ f] + [t 'h, t"e] + [t 'h, " f]
= ottme — o= f _ opm—le oMy
= 2((tHme 4t~ UM §) — (tmle 4 =M=V §))

= 2(bm — byn).
(iii)
(1, em] = [t'h — t ' h,t™h — t7™h] = 0.
O

Lemma 3.2.4. The Onsager algebra is isomorphic to the Lie subalgebra of L fized
by the Chevalley involution; i.e., O = L*.
Proof. Consider the k-linear map v : O — L% defined by

1
Am — bm Gl — §Cl (326)

for m € Z and | € N,. It follows from Theorem 3.2.3 that

(402 ()] = ] = 1o =2 ()

= 29(Giem) = 7(2G1-m)
= 7([Ar, Am]),
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(G =

Cz, } = m+l — by

7( m+l> (A *l) = V(Aerl - Am#)
Y([Gr, Am)),
{1
0=

E
n

C, 3 :|

7(0)
=([G1, Gn))-

Hence, v as defined in (3.2.6) is a homomorphism. Since {A,,,G;lm € Z,l € N,}
forms a basis of O and {b,,, sc1lm € Z,1 € N, } forms a basis of £¥, (3.2.6) defines
a bijection between O and L£*. This brings us to the conclusion that v defines an

isomorphism; i.e., O = LY. O
Corollary 3.2.5. by = e+ f and by = te +t1f generate L as a Lie algebra.

Proof. Consider the isomorphisms ~ from Lemma 3.2.4 and ¢ from Proposition 2.2.2:

OA— O — ¥,

Br+—— A — by.

Since A, B generate OA, then (yo ()(A) = by and (y o ()(B) = by generate L. [

3.3 Closed Ideals of the Onsager Algebra

By exploiting the realization of the Onsager algebra as a fixed subalgebra of the
sly-loop algebra, one can classify its closed ideals.

We begin by noting that an element X of the sly-loop algebra L is an element of
L£¥ (and hence of the Onsager algebra) if it satisfies the criterion developed below.
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If X € L then, for some p(t), q(t),r(t) € k[t,t1],
X =p(t)e+qt)f +r(t)h.
We apply the Chevalley involution to get

w(X) =pt ) f+q(t e —rt")h.

So,
t)=p(t"),
Xells
r(t) = —r(t)
Hence giving us the criterion:
XeL & X=ptle+pt ") f+rt)h withr(t)+rt") =0. (3.3.1)

Lemma 3.3.1. A polynomial r(t) € k[t,t7'] such that r(t) + r(t™') = 0 can be
uniquely written in the form r(t) = ry(t) — ro (') with r(t) € k[t], r(0) = 0, i.e.,
ro(t) = tk[t].

Proof. Let r(t) € k[t,t7!]. By allowing zero coefficients,
r(t) = Z a;tt

for some n € Z*. Then

n

r(t) = —r(t™) < Z gt = Z it

<~ Z ((ZZ' + a_i)ti =0
& a; = —a_; for i € [—n,n|.

In particular, note that ag = 0. Now, if we define

n

ry(t) = Z a;t’,

i=1
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then

n

r(t) = ry(t) + i ait' =7 (t) = > ait™ =71 (t) —r (7).

i=—n =1

]

Definition 3.3.2 (Reciprocal Polynomial). Let P(t) be a non-trivial monic polyno-
mial in k[t]. P(t) is called a reciprocal polynomial if P(t) = £t¢P(t~'), where d is the
degree of P(t).

The reason for this terminology is the following. If we write P(t) = ag + ait +
st ag 1t 4 agt? with ag = 1, then P(t) is reciprocal if and only if a; = a4_; for
0 <17 < d. For example, 1 is the only reciprocal polynomial of degree 0 and ¢+ 1 and
t — 1 are the only reciprocal polynomial of degree 1. The reciprocal polynomials of

degree 2 are the polynomials t> — 1 and 2 4 a;t + 1.

Remark 3.3.3. If P(t) is a reciprocal polynomial of degree d, then P(t)k[t,t™!] =
P(t=Y)k[t,t71] since t¢ is a unit in k[t,t71].

Definition 3.3.4 (Divisible). ([DR0O0b]) Let P(t) be a non-trivial polynomial in
k[t]. An element X of £ is said to be divisible by P(t), denoted P(t) | X, if
X = P(t)a with @ € £. The notation P(t) | X1, Xs, ..., X, will denote the fact that
X1, X, ..., X, are divisible by P(t).

Define Ipy) :={X € L* | P(t) | X}
={Pt)ae L’ |aeLl}

= {p)e+p(t™)f +r(t)h € L | p(t),pt™"),r(t) € P(t)k[t, ']}
Lemma 3.3.5. Ipy is an ideal of L.

Proof. 1t is clear that Ipg) is a subspace of £*. Next, consider an arbitrary X =

P(t)a € Ipw. Since L£¥ is a subalgebra of £, then [X,Y] € £ for any Y € L“.
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Furthermore, for any Y € L%,
(X, Y] =[P(t)a, Y] = P(t)]e, Y]

is divisible by P(t). Hence, [X,Y] € Ipy) for any Y € £ and so Ipg is indeed an
ideal of L£¥. O

Remark 3.3.6. Lemma 3.3.5 is also clear from the description of Ipy) = LN P(t)L
and the fact that P(¢)L is an ideal of L.

Remark 3.3.7. If P(t) is a reciprocal polynomial then, by Remark 3.3.3,
Ipgy = {p(t)e +p(t™") f +r(t)h € L | p(t),r(t) € P()k[t,t']}.

Lemma 3.3.8. If P(t) and Q(t) are two reciprocal polynomials, then Ipyy N Igu =

Liem(P(t),0(t)), where lem denotes the least common multiple in k[t].
Proof. Let R(t) = lem(P(t),Q(t)). Let X € Ipy. Then

R(t) | X
= Q(t) | X and P(t) | X

= X e Ip(t) N ]Q(t)~
Thus, IR(t) - Ip(t) N ]Q(t)‘ Let Y = p(t)e —i—p(_l)f + T(t)h € Ip(t) N ]Q(t)‘ Then

P(t) | p(t),r(t) and Q(¢) | p(t), ()
= p(t),r(t) € POk[t,t ] NQ)E[t,t7'] = R(t)k[t, t™]
=Y € [R(t)-

Thus, [p(t) N [Q(t) - [R(t)- ]

In particular, if Q(t) | P(t) then it follows from Lemma 3.3.8 that Ipu) C Igq).

Hence, in this case, there is a canonical projection

,Cw/fp(t) e ,Cw/IQ(t).
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Lemma 3.3.9. ([DR0O0b, Lemma 1]) Let P;(t), 1 < j < J, be pairwise relatively
prime reciprocal polynomials and P(t) := H;.Izl P;(t). Then the canonical projections

give rise to an isomorphism of Lie algebras:
J
‘Cw/IP(t) - H‘Cw/-lpj(t)7
j=1

where the Lie algebra on the right hand side is the direct product algebra.

Proof. We begin by showing that

N&io) = 1),

7=1
where (Q(t)) denotes the ideal of k[t] generated by a polynomial Q(t) € k[t]. We
proceed by induction on J. The J = 1 case is trivial. In the case of J = 2, since

Pi(t) and Py(t) are relatively prime, we have that

(P(t)) N (Po(t) = (lem(Py(t), Pa(t)))

= (P1(t) P2(t)).
Next, we assume that
RGIORIY 0N

for K < J and proceed to showing the case K = J. Let A = Pi(t) and B =
H;]:Q P;(t). By induction hypothesis, we have that (B) = ﬂ;]ZQ(P](t)) It is known
that since A = Py(t) and P;(t) for 2 < j < J are relatively prime, then A and B are
also relatively prime. Hence we have that

J J

((F(1) = (4) N (B) = (lem(A, B)) = (AB) = (] [ B;(1)),

j=1 j=1
which proves our claim. With this, we note that injectivity simply follows from
Lemma 3.3.8 and the fact that P(t) := H;.lePj(t) where P;(t), 1 < j < J, are

pairwise relatively prime reciprocal polynomials. So, it remains to show surjectivity.
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For X; = p;(t)e + p;(t™ 1) f + ¢j(t)h € L, for 1 < j < J, let N be a positive
integer such that Vp;(t) and tV¢;(t) are all polynomials in ¢.

By the Chinese remainder theorem, there exist polynomials p(t), ¢(t) € k[t] such
that the following relations hold in klt]:

p(t) = tpi(t), qt) =tVg(t)  (mod Py(t)) V.
Define the element X of £« by
X = p(t)e +pt)f +q(t)h,

where
oty =20 4= (% _ tNg(tl)) € kit ).

Note that p(t) — p;(t) and ¢(t) — ¢;(t) are divisible by P;(¢) for all j:

|
8
—
~
S~—
|

q(t)

O NIRNDIF N N

Hence, p(t) — p;(t) and q(t) — g;(t) are in Ip,;) and X = X (mod Ip,()) for all j.
O]



3.3. Closed Ideals of the Onsager Algebra 56

Lemma 3.3.10. ([DROOb, Lemma 2]) Let P(t) be a reciprocal polynomial and write
Pit)=(t—-DEt+1)5P(t) L,K>0  P*(£l)#0.

Denote P(t) := (t — 1)2L72(t 4 1)25/21P*(t), where [r] stands for the integral part of

a rational number r. Then

Z(Ipw) = {p(t)e + p(t™") f +a()h € L | P(t) | p(1), P(1) | (1)}

As a consequence, Ipgy is closed if and only if the zero-multiplicities of P(t) att = %1

are even.
Proof. Let X = p(t)e +p(t™")f + q(t)h € L*. Then

X e Z(Ip(t)) = [X, Ew] - IP(t)
< P(t) | [X, LY]

& Pl) | [X, e+ fl,[X, te+t71f] by Corollary 3.2.5.

Note that

[(X,e+ f]=[p(t)e+pt ) f +q(t)h, e+ f]
=2q(t)e — 2q(t) f + (p(t) — p(t™"))h

=2q(t)e +2q(t")f + (p(t) —p(t"))h  since q(t) +q(t™") =0,

[(X,te+t ' f] = [p@)e+pt ") f +q(t)h, te + 1 f]
=t"'pt)h —tp(t " h + 2tq(t)e — 2t 1q(t) f

—dtg(t)e + 2 gtV f + (7 p(t) — tp(t )
since ¢(t) +q(t™') = 0.

By furthermore noting that

tp(t) —tp(t") = —(t —t7)p(t) + t(p(t) —p(t™)),
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we have that

Pt)|[X, e+ fl,[X, te +t71f]

& P(t) | q(t), (t—t")p(t),p(t) —p(t™").

Thus the claim of the lemma is equivalent to showing that

P(t) | (t—t")p(t),p(t) — p(t™") & P(t) | p(t).

Let p(t) be an element of k[t, t~!] such that P(t) | (t—t"1)p(t), p(t) —p(t~'). We note
that from P(t) | (t —t~1)p(t) it follows that there exists an a € k[t,t7!] such that
(t —t Hp(t) = aP(t). Then, since (t —t~1) =t"1(¢t — 1)(t + 1), we have that

(t—t Hp(t) = a(t — DEE+ 1)EP*(t)
St t—-1)t+Dpt) = aft — DX+ 1DEP 1)

& p(t) = at(t — D)+ DEP(1).
Hence, we have that

P(t) | (t =t )p(t) < P*(1) [ p(t), (t =1 | p(t), (t+ 1) p(t).

Next we note that in the trivial case when L = K = 0, we simply have P(t) = P*(t) =
P(t) and P(t) | p(t) follows directly.

Next, consider the case when L > 0. From (t — 1)271 | p(t), it follows that
there exists h(t) € k[t,t71] such that p(t) = h(t)(t — 1)L7L. Furthermore, since
(' =D = (=) E(t — 1)1, we have that

p(t) — p(t™Y) = h(t)(t — D — bt = 1)E

= (t = D" (h(t) — h(t)(=)"5).

Since (t — )X | (p(t) — p(t™1)), it follows that (t — 1) | (h(t) — h(t71)(—=t)'71), i.e.,
h(1)(1 — (=1)1) = 0. Note that if L is even, then we have that 2h(1) = 0, i.e.,



3.3. Closed Ideals of the Onsager Algebra 58

h(1) = 0. Tt follows that (¢ — 1) | h(t) and so that (¢ — 1)¥ | p(¢). On the other hand,
if L is odd, we do not get any additional information. To summarize, we have that
t—1" | p@) for L even,

(t— 1)1 p(t) for L odd,
which is equivalent to (t — 1)2L/2 | p(¢). If K = 0, then we can conclude that
P(t) | p(t). So, consider the case when K > 0. From (¢ + 1)K | p(t), it follows that
there exists g(t) € k[t,t7!] such that p(t) = g(t)(t + 1)X~1. We then have that

p(t) = p(t™") = g(t)(t + 7 =gt + DT
= (t+ 1) (g(t) — gt ™")

Since (t+1)% | p(t)—p(t™1), it follows that (t+1) | (g(t)—g(t~)t1=5) ie., g(—=1)(1—
(—1)!7K) = 0. Note that if L is even, then we have that 2g(—1) = 0, i.e., g(—1) = 0.

It follows that (¢ + 1) | g(¢) and so that (¢t + 1) | p(¢). On the other hand, if L is

odd, we do not get any additional information. To summarize, we have that

(t+ 1) | p(t) for K even,

t+ 151 p@) for K odd,

which is equivalent to (¢ + 1)25/2 | p(t). We can then conclude that, in all possible

cases, one has that P(t) | p(t). It remains to show that

P(t) | p(t) = P(t) | (t =t "p(t), p(t) — p(t™).

If P(t) | p(t), then there exists an 5(t) € k[t,t™'] such that

= B(E)(t — At + DR ()
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ﬁ(t) (t) L, K even,
s +nPe) L even, K odd,
R B(t)(t — 1)"1P(t) K even, L odd,

Bt —1)"rt+1)"tP(t) L,K odd.

\

Since t —t~t =¢"1(t — 1)(t + 1) it follows that

(t)t Yt—1)(t+1)P(t) L,K even,

Bttt —1)P(t L even, K odd,
R ORI ET

Bttt +1)P(t) K even, L odd,

| B P (1) L, K odd,

which allows us to conclude that P(t) | (t — ¢t !)p(t). Furthermore, with the same

case breakdown as above, we have that

B)P(t) = pEH P,

B+ 1)) = B + TP,

Bt —17TIP() = B = 1)TIPETY,

B -1+ 1) PE) — (e = DT + D)TIPE).

\

Since P(t) is a reciprocal polynomial, we have that P(t) = +t4P(t1) where d is the
degree of P(t). Without loss of generality, we can assume that P(t~1) =t ¢P(¢). It

follows that the cases become
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and hence we have that P(t) | (p(t) — p(t™')). Finally, we can conclude that
X € Z(Ipw) & X € {pt)e+p(t")f +q(t)h € £ | P(t) | p(t), P(t) | a(t)}.
O]

Lemma 3.3.11. ([DRO0b, Lemma 3]) Let I be an ideal in L and r(t) be an element
of k[t, t71].

(1) If r(t)e + r(t~1)f is an element in I, then (p(t) — p(t—*))h € I for any p(t) €
r(t)k[t,t71].
(i1) For a closed ideal I and an integer [, one has
Ert)—t7r@t")hel (j=0,-1) = p(te+pt)f el
for any p(t) € r(t)k[t, t™ ]
re+rt ) fel <= rit Ne+rt)fel
= thr(t)e+tr(tH)fel
= (tr(t) -t r@t)h el (j=0,-1).
Proof. Let I be an ideal in £* and r(t) be an element of k[t,¢"!]. Note that r(¢) can
be written as r(t) = ) a,t", for a, € k such that a, = 0 when |n| > 0.
(i) Assume r(t)e+7r(t7') f € I and let p(t) € r(¢)k[t,t™]. So, p(t) can be written

as r(t) = >, dit'r(t), for d; € k such that d; = 0 when |I| > 0. Denote pj(t) := t'r(t)
and so p(t) = >, dipi(t). We note that if (pi(t) — pi(t™1))h € I, for any I € Z, then

> dilp(t) = pt )b e,
< Zdzpz<t)h - Zdzpz(t_l)h €1,
I 1

= (p(t) —pt™")h el
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Hence, it is sufficient to show the claim (i) for p(t) = t"r(t) for arbitrary m € Z.
With this notation and (3.2.5), we have that

re+ritHfel < Zan(t"e +t7""flel & Zanbn el

This implies that, for all m € Z,

[Z Anbn, b_m] el

n

= Y anlbn b €1
= Z CnCrmin € 1 by Theorem 3.2.3

& ) a, " =t h el by (3.2.4)

& <tm > apt" =ty ant_”) hel
s (") —t "t )hel

< (p(t) —p(t™)hel

(ii) Now, let I be a closed ideal (i.e., I = Z(I)) and | € Z. Assume (t/r(t) —
tr(t™1)h € I for j = 0,—1. By recalling that r(t) = Y_ a,t", we have that this is

equivalent to

Zan(tj+” —t b = ZGanJrn el,

n

for j = 0,—1. By Theorem 3.2.3, we have that

Zancn = [Z anby, b0] and Zancn_l = [Z by, b1] )

n n

It then follows from Corollary 3.2.5 that

[Z Qnby, LY

Cc I
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Hence, we have that

> anb, € Z(I)=1.

This is equivalent to

Zan(t"e +tT"fel

n

— r(t)e+ritNfel since r(t) = Zant".

From (i) we now get that (p(t) —p(t~1))h € I for all p(t) € r(t)k[t,¢!]. In particular,
by considering the cases when p(t) = t"r(t) for m € Z,j = 0,41, we have that
(™ *r(t) — =™ Ir(t~)h € I for j = 0,£1. This is equivalent to Y a,(t" " —
I =3 anCpgn—j € I for j =0,+1. By Theorem 3.2.3, we have that

- Z anbfmfn7 bO] )

E ApnCm4n = E anbernybO =

n L N .
E UnCm4n—1 = § an bm+n y bl 5
n n

E UnCmin+1 = | — § anb—m—n;b1] .
L n

n

From this and Corollary 3.2.5, it follows that

[Z anbmm,/f"] C I and [Z anbmn,ﬁ“’] CI.

Hence, we have that
=Y abpin € ZI) =1 and > apb_p_n € Z(I)=1.
This is equivalent to

= Z an(t" e+t ), Z a,(t™" e —t" ) e T

n

= (t"r)e+t""r ), (" e+ t"r(t)f) € 1.
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Hence, for p(t) = t™r(t) (m € Z arbitrary), we have that
P e + p(tF)f € 1.

Then the same argument as in (i) allows us to conclude that p(t¥')e + p(tT1)f € I
for all p(t) € r(t)k[t,t7'].
The equivalent relations in the second part of (ii) simply follow from the preceding

ones of the lemma. O

Theorem 3.3.12. ([DROOb, Theorem 2|) Let I be an ideal in LY. Then I is closed
if and only if I = Ipgy for a reciprocal polynomial P(t) whose zeros at t = +1 are of

even multiplicity.

Proof. If I = Ipg) for a reciprocal polynomial P(t) whose zeros at t = %1 are of even
multiplicity, then we have already proven in Lemma 3.3.10 that [ is closed.

Next, let I be a closed ideal. Denote
I:={rt) €klt,t ]| r(t)e+rt ") f eI}

By Lemma 3.3.11(ii), I is an ideal in k[t,#~!] invariant under the involution 7(t)
r(t71). Let P(t) be the unique monic polynomial which generates the ideal T N k[t]
of the polynomial ring k[t]. Note that if d is the degree of P(t), then it follows
from Lemma 3.3.11(ii) that t?P(t7!) also generates I N k[t]. Hence, we must have
that P(t) = £t?P(t™'), i.e., P(t) is a reciprocal polynomial and we have that I =
P(t)k[t,t71.

The aim is to show that I = Ipy. Once this is proven, the result will again
follow directly from Lemma 3.3.10. We begin by showing the inclusion Ip) € I. Let
X =pt)e+pt")f + q(t)h € Ipy). Then p(t) € P(t)k[t,t™'] = I by definition of
Ipw and so p(t)e + p(t~') f € I. Furthermore, since ¢(t) € P(t)k[t,t~'] = I, it then
follows that

[q(t)h, bo] = [q(t)h, e+ f] = 2q(t)e +2q(t ") f € I,
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[q(t)h, b1] = [q(t)h, te + 171 f] = 2tq(t)e + 2t 1q(t ™) f € I.

Hence, from Corollary 3.2.5, we have that ¢(t)h € Z(I) = I. Finally, since p(t)e +
p(t™h)f € I and ¢(t)h € I, we have that X € I and can conclude that Ipq) C I.
So, it remains to show that I C Ip(). Assume, on the contrary, that there exists

an X € I\Ipy and write

X =pt)e+pt)f +at)h,  qlt)=q(t) —q:(t),

where p(t) € k[t,t7'] and ¢, (t) € k[t]. Note that if the degree of ¢, (t) is greater than
that of P(t), then by the division algorithm there exist g, (¢), h(t) € k[t] such that

where the degree of g, (t) is less than that of P(t). Since P(t) is reciprocal, this

implies that

q(t) = h(t)P(t) +q,(t) — Rt )Pt ") —q, (")
= (h(t) £ h(t )N P(H) + 7. (t) — g, (t71),

where d is the degree of P(t). Since we are considering elements X = p(t)e+p(t~!) f+
q(t)h ¢ Ipg it follows that, without loss of generality, we may assume that the
polynomial ¢, (t) is of degree less than that of P(t). Furthermore, since ¢(t) =
q+(t) — g (1), we may also assume that ¢, (0) = 0.

Let A be the set of elements X as above, i.e.,

A=< pt)e+pt ) f+qt)h € I\Ipw q(t) = q¢(t) — g+ (t71) for g, (¢) fi[t],

deg(q. (1)) < deg(P(1)), 4+ (0) = 0.

Note that the polynomials p(¢) and ¢(¢) defining elements such as X in A are
not divisible by P(t). Indeed if ¢(t) were divisible by P(t), then ¢(t)h € Ip), and
hence we would have that p(t)e + p(t~')f € I\Ipw). So p(t) € I = P(t)k[t,t71], ie.,
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p(t) would be divisible by P(t). But this would mean that X € Ipq), a contradiction.

Hence, we have that ¢(t) is not divisible by P(t). Furthermore, it now follows that

[(X.e+ fl=[p(t)e+pt")f +qt)h, e+ f] = 2q(t)e + 2q(t ) f + (p(t) — p(t~1))h

is in I\Ip( because ¢(t) is not divisible by P(t). If p(t) were divisible by P(t), then
(p(t) — p(t™1))h € Ipgy), hence we would have that 2¢(t)e + 2¢(t™')f € I\Ipw). So
q(t) € I = P(t)k[t,t7'], i.e., q(t) would be divisible by P(t), a contradiction. We have
now shown that both ¢(¢) and p(t) are not divisible by P(t).

Next, let X be an element of A with degree of ¢ (t) being maximal. Since X € I,

we have that the following are also elements of [

(X, e+ f] = 2q(t)e + 2q(t™1) f + v(t)h,

([X,e+ fl.te+t71f] = 2tw(t)e — 2t 0(t) f + 2(tq(t) — tq(t))h,

where v(t) = p(t) — p(t™'). Recall that p(t) and ¢(t) are not divisible by P(t).
Furthermore, we claim that v(¢) is also not divisible by P(¢). To show this, we
assume the contrary, i.e., that P(t) | v(t). In this case, we have that v(t)h € Ip) and
S0

2q(t)e +2q(t™ ") f € I\Ipw).

It then follows that q(t) € I = P(t)k[t,t7!], i.e., q(t) is divisible by P(¢). This is a
contradiction. Hence allowing us to conclude that v(t) is indeed not divisible by P().

Moreover, note that if G(t) := tq, (t)+t"'q.(t) € k[t], then one has that t'q(t)—
tq(t™') = q(t) — g(t7'). The degree of the polynomial G(¢), and that of ¢(t) — g(0), is
greater than the degree of ¢, (t). Hence, 2tv(t)e — 2t~ v(t) f +2(t71q(t) — tq(t))h ¢ A
and so t71q(t) — tq(t™!) is divisible by P(t). Furthermore, it follows that P(t) | tv(t).
This implies that there exists f(t) € k[t] such that
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Since P(0) # 0, we have that ¢ does not divide P(t). Hence, t must divide f(¢), i.e.,
f(t) =tg(t) for some g(t) € k[t]. So, we have that

which is equivalent to

But this implies that P(t) | v(t), a contradiction. Hence, we have that I = Ip(
and Lemma 3.3.10 then allows us to conclude that the zero-multiplicities of P(t) at

t = £1 are even. O

3.4 Alternate Involution

The purpose of this section is to show that the Onsager algebra is also isomorphic to
the Lie subalgebra of £ = sl, @ k[t, t7!] fixed by a slightly different involution which
appears in the literature, for example in [UI96]. This involution is mainly used when
one is looking to define the sl,-analogue of the Onsager algebra.

Consider the involution on sly defined by
eg:=—f, f:=—e, h:=—h (3.4.1)
This induces the involution o on £ = sl, ® k[t, t7}],
clx@pt)=2pt™"), forp(t) cklt,t™],x € sls. (3.4.2)

In order to show that the subalgebra of L fixed by w, £%, is isomorphic to the
subalgebra of L fixed by o, L7, one can refer to [NSS09, Lemma 3.3]. But the latter
is stated in the language of schemes, hence for our purposes we will mimic the result

in the context of Lie algebras as follows.

Lemma 3.4.1. Let 7 : L — L be defined by u @t — AuA~' @t~ for u € sly and
A=(}9) (i=+—-1). Then
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(i) w=ToT1,

(ii) T intertwines o and w; i.e., for any x € L, T(o(x)) = w(r(x)),
(iii) LY = L7 as Lie algebras.
Proof.

(i) Begin by noting that 7' (u ® t) = A uA ® ¢t~ and A~ = 1 (19) = (79).

7

Furthermore, we have that

o1 ) = To(A 7 eA) = To(A7te) = %TO’(@) = —%AfA_1 =Af = f=wle),

ror (/) = To(A7 fA) = —tr0(f) = 27(e) = 1 AeA™ = — Afie) = ¢ = w(f),

ot Y h) = T0(ATThA) = %TO‘(ih) =710(h) = —7(h) = —AhA™' = —h = w(h),

= w, as desired.

Therefore o7~
(ii) Let  be an arbitrary element of £. Then
w(r(x)) = TJT’I(T(aj)) =T10(x).

Therefore, 7 indeed intertwines w and o.

(iii) If z € L7 (i.e., o(x) = z), then it follows from (ii) that

i.e., 7(x) € L. In the other direction, if y € LY (i.e., w(y) = y), then

T Hwy) =7(y)

and it follows from (i) that
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e, 771 (y) € L°.

Hence 7 yields the desired automorphism and it follows that £ = £7(= O) as

Lie algebras.
O

Remark 3.4.2. We include some remarks which put the lemma above in a broader

context.

(i) Observe that the Chevalley involution w is given by w(u) = Int ({ }) where, for
any g € GLg, the map Int(g) : sly — sly is the inner automorphism defined by
Int(g)(u) = gug™" (Thus g = (9 }) for the Chevalley involution).

(ii) For any g € GLg, the map
Int (g(94)g™") = Int(g)wnt(g~") = Int(g)w Int(g) ™"
is therefore another involution of sly. For example, if g = ('}) then we get
g(18) g =(FDARHED =F)
and
Int (§°57) (2 %) =) (¢ L) () =(33),
ie, Int (97") = o as defined in (3.4.2).

(iii) The automorphism Int(g), g € GLs, of sly lifts to an automorphism INT(g) of
L =sl,®k[t,t7!] by

INT(g)(u® p(t)) = (Int(g) () ® p(t™").

(iv) If o is an involution of sly, g € GLy and ¢’ = Int(g)o Int(g~!), then the corre-

sponding involution of L,

u®p(t) = o(u) @p(t™") and w@p(t) = o'(u) @p(t™)
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are intertwined by INT(g), i.e., o/ = INT(g)oINT(g~!) (we use ¢ and ¢’ to

denote the corresponding involutions of £ = sl, ® k[t,t7']). As a corollary,

/

L7 = LC.

It is known that Aut sly = {Int(g) | ¢ € GLo}. Suppose o € Aut sly is an
involution. Then ¢ = Int(g) for some g € GLy. Thus

u = o*(u) = Int(¢g*)(u) = g*ug 2, (3.4.3)

for all u € sly. Let > = (25%) and u = ( i”]) . So, it follows from (3.4.3) that

9*u = ug?
a b Jj m Jj m a b
= =
c d I — I —y c d
aj+bl am —bj _ [Ja+me jb+md
ci+dl em—di]  \la—jc Ib—jd
From this we have that
bl = cm, (3.4.4)
am = 2bj + dm, (3.4.5)
dl = —2cj + al. (3.4.6)

So, we have that (3.4.4), (3.4.5) and (3.4.6) are satisfied for all u = (Jl TJ) € sly.
In particular, if we consider when m = 0 and [ = 1, it follows that b = 0. On
the other hand, if we consider when m = 1 and [ = 0, then we have that ¢ = 0.
And finally, since b = ¢ = 0, (3.4.5) and (3.4.6) then allow us to conclude that
a = d. Hence, the equation (3.4.3) implies that ¢*> = aFy = (§9) for some

a € k. One can use this to classify all involutions of sls.



Chapter 4

Subalgebra of the Tetrahedron
Algebra

Throughout this chapter, we return to k£ being an arbitrary field of characteristic zero.

The content of this chapter consists of discussing the so-called tetrahedron alge-
bra and its relationship with the Onsager algebra. This proves to be useful because
of the relationship between the tetrahedron algebra and the so-called three-point
slo-loop algebra. Hence, we begin by considering the latter relationship in the first
section and then move on to exploring the link between the tetrahedron algebra and
the Onsager algebra. Finally, using this, we will describe all the ideals of the Onsager
algebra.

4.1 The Tetrahedron Algebra

In order to study the relationship between the tetrahedron algebra and the so-called

three-point sly loop algebra, we first clearly require some definitions.

Definition 4.1.1 (Tetrahedron Algebra). The tetrahedron algebra, denoted X ([HT07,

70
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Definition 1.1]), is the Lie algebra over k with generators

{Xili,5 €{0,1,2,3},i # j} (4.1.1)
and the relations
Xij + X =0 fori#j, (4.1.2)
[Xij, Xjk] = 2(Xi; + Xji)  for mutually distinct ¢, j, k, (4.1.3)
[ Xhis [ Xniy [Xni, Xji]]] = 4[Xni, Xjk]  for mutually distinct h, 1, j, k. (4.1.4)

Definition 4.1.2 (Three-point sl Loop Algebra). The three-point sly loop algebra is
the Lie algebra over k consisting of the k-vector space sl @ k[t,t7!, (1 —¢)7!] and Lie
bracket

[r®a,y @b = [z, y] ®ab
for z,y € sly and a,b € k[t, ¢, (1—t)~']. Note that k[t, ¢!, (1—t)~!] is the subalgebra

of the field of rational functions k(t), generated by ¢, t~! and (1 —¢)~1.

In [HT07, Theorem 11.5] and [Eld07, Corollary 2.9], it is shown that X and
sly @ k[t,t71, (1 — ¢)7'] are isomorphic as Lie algebras under the homomorphism

defined by

P(Xi2) =2®1,  P(Xp)=yt+20(t-1),
w(XQ:g):y@l, w(X[)l):Z@t/—i—ZU@(t/—l),

V(X)) =201 (X)) =z @t" +y@ (" 1)
where ¢ =1—¢"1, ¢ =(1—1¢)"" and

-1 2 -1 0 1 0
r=2ec—h= ,y=—-2f—h= h
0 1 21 0 -1
is a basis of sly. Since this basis satisfies [z,y] = 2(x + y), [y,2] = 2(y + 2) and

[z,x] = 2(z + x), we call z,y, z the equitable basis for sly ([BT07]).
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When proving that 1) is an isomorphism, Elduque considers the following ele-

ments of sly ® k[t,t71, (1 —t)7'],

1 1

up = 79 (Xoo + Xg1) = (2@ L+ 2@ +y @ (' — 1)), (4.1.5)
1 1

= (Xo + Xio) = 2@ 1+y@t+2@ (t-1)), (4.1.6)
1 1

Up = Zw(Xm + Xo3) = Z(y 1+zet +r@ (' - 1)), (4.1.7)

which are proven to generate sly ® k[t, ¢, (1 — ¢)7!] as a Lie algebra over k. Simple

computations show that ug, w1, us satisfy the following relations:

[ug, u1] = —ust, [uy, ug) = —ugt’, [ug, ug) = —uqt”. (4.1.8)
Furthermore, one can prove that {ug,u1,us} is a basis of sly @ k[t,t71, (1 —t)"! as a
module over k[t,t71, (1 —¢)71].

With this, we can proceed to discuss the relationship between the tetrahedron
algebra and the Onsager algebra in section 4.2. The results will then be used to

describe all the ideals, in particular the closed ideals of the Onsager algebra in section

4.3. But first, let us note a relation between the tetrahedron algebra and sls.

Note 4.1.3. In [HT07, Corollary 12.4], it is shown that for mutually distinct h, i, €
{0,1,2,3} the elements Xj;, X;;, X;, form an ‘equitable’ basis for a subalgebra of
X that is isomorphic to sly. Note that the relation (4.1.3) is an indication of this

isomorphism.

4.2 The Tetrahedron Algebra and a Realization of
the Onsager Algebra

Lemma 4.2.1. For mutually distinct h,i,j,k € {0,1,2,3}, there exists a unique Lie

algebra homomorphism

p: O —K,
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Avr— Xhiv

Br— Xjk~
Proof. By definition of the tetrahedron algebra,
[Xnis [ Xni, [Xnir Xji]]] = 4[Xni, Xjil,

i.e., the elements Xj;, X;; satisfy the Dolan-Grady relations (2.2.1) and (2.2.2) which,
as seen in Chapter 2, define the Onsager algebra. This proves the existence of such a

homomorphism. This homomorphism is unique since A and B generate O. O

Lemma 4.2.2. Let O, be the linear span of {A,,| m € Z} and Og be the linear
span of {G;| | € N.}; hence O = O4 @ Og. If J is a nontrivial ideal of O, then J
intersects O 4 nontrivially, i.e., J N Oy # {0}.

Proof. Let J be a nontrivial ideal of O and let 0 # x € J. Since O = O4 ® Og (by

linear independence of {A,,,G; | m € Z,1 € N, }), x can be written as:

xr = Z CmAp, + Z d,G,, (4.2.1)

meEZ neN
where only finitely many ¢,, and d,, are non-zero.

If ¢,, = 0 for all m € Z, we can write x in the form:

T = ZdnGn

n<N
where dy # 0 and d,, = 0 for all n > N. Since J is an ideal of O, it follows that
[z, Ag] € J. Hence,

[I, Ao] =

Z dnGna AO

n<N

=) da[Gy, Ag]

n<N

=" du(A, — AL,) € N0},

n<N
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So this allows us to state that any nontrivial ideal J contains an element of the form
(4.2.1), where there exists at least one m such that ¢, # 0. It then follows that there
exists an M € N such that ¢y # 0 and ¢, = 0 for |m| > M. In sum, 0 # = € J can
be written as
T = Z CmAm + Z d, G, cy # 0.
|m|<M n<N

Again, since J is an ideal of O, it follows that [G;,z] € J. Hence,

[Glaic] = Gla Z CmAm+ Z CnGn

|m|<M In|<N
= Z Cm[GlaAm] + Z Cn[GlaGn]
Im|<M In|<N
= Z Cm[Gl,Am] e J
ml<M
Thus, it follows that J intersects O4 nontrivially, i.e., J N O4 # {0}. ]

Lemma 4.2.3. ([E1d07, Lemma 2.8]) Fiz mutually distinct h,i,j,k € {0,1,2,3}.

The Lie algebra homomorphism
¢: 0 —sl@k[t,t™! (1 —1)7!
determined by ¢(A) = V(Xpi) and ¢(B) = (Xji) is injective.

Proof. Without loss of generality, it is sufficient to prove the lemma for (h,i,j, k)
= (1,2,0,3). Notice that it follows from relation (1.3.2) that adg, |0, : Oa — Oa
and ada, |0, : O — O4 are injective.

Note that if ¢ is not injective, then its kernel, K, would be a nontrivial ideal of
O. From Lemma 4.2.2, we know that K N O4 # 0, thus ker(¢|o,) is nontrivial; i.e.,
®|lo, is not injective. Hence, in order to show that ¢ is injective, it suffices to show

that ¢|p, is injective. So, since

{(adg,)™ (Ao + A1), (adg, )™ (Ao — A1) [ m > 0}
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is a basis of Oy, it remains to show that

{o((adg,)™ (Ao + A1), d(ade, )™ (Ao — A1) | m > 0}

is linearly independent in sl, ® k[t,t71 (1 —¢)71].
From (4.1.7), we note that

Jugt =y @t+2Qtt+x Lt —1)
=yRt+20(1—t Nt+ret(l—t"-1)

=yRt+2z0(t—-1)—2z®1,
and from (4.1.6),
duy =2@1+yRt+2 (t—1).
Hence, we have that
d(A) =( X)) =2 @ 1 = 2(uy — ust)

and

P(B) =¢(Xo3) =y @t +2® (t — 1) = 2(us + ust).

Furthermore, using (4.1.8) and recalling that Ag = A and A; = B, it follows that

8(C) = (A1, Ao = Z[6(40), 0(A0)] = 2 [¥(Xos), (X 12)]
= %[Q(ul + ust), 2(uy — uat)] = 2[uy + uat, uy — ust]

= 2(ugtt’ + ugtt’) = dugtt’ = dug(t — 1),

P(Ag + Ay)
P(Ag — Ay)

2(U1 — UQt) + 2(U1 + UQt) = 4U1,

2(U1 — UQt) — 2(%1 + Ugt) = —4U2t.
So, we want to check if

{(aduge—1))™ (w1), (adug(—1)) ™ (uat) | m > 0}
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is linearly independent over k. Since
[Uo(t - 1), ul] = —Ugt(t - ].),

[Uo(t — 1),U2t] = ult”(t — 1)t

=uy(1—t)"1(1—t)

= Ult,
it follows that
(adug(—1))* ™ (u1) = ug (t(t — 1))™ = uy (£*™ + (lower terms in t)),
(adyg(e—1) V2 (uy) = —ug(t(t — 1))™ T = —uy (™2 + (lower terms in t)),
(adug(t—1))* " (ust) = —ugt(t(t — 1))™ = —uy(t*™*! + (lower terms in t)),
(adyg (- 1)) Tugt) = urt(t(t — 1))™ = uy (*™** + (lower terms in t)),

and these elements are linearly independent over k. This leads to the conclusion that

¢ as defined in the lemma is indeed injective. O]

Proposition 4.2.4. For mutually distinct h,i,j,k € {0,1,2,3} the subalgebra of

generated by Xp;, X is isomorphic to O.

Proof. Let € denote the subalgebra of X generated by Xj;, Xj;;. It follows from
Lemma 4.2.3 that the epimorphism O — 2 such that A — Xj; and B — Xj; is
injective. Hence, O = (). m

Remark 4.2.5. In [HT07, Proposition 7.8], it is shown that X = Q & Q' & Q" =
O & O @ O where Q (respectively 2, ") denotes the subalgebra of X generated by
X12 and X()g (respectively by X23 and X()l, and by X31 and XQQ).

In [E1dO7, Prop. 2.6(i)], it is shown that (Q) = uo(t — 1)k[t] ® uik[t] ® ustk][t].
Hence, if

vo =up(t — 1), v1 =u; and vy = usot,
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the Onsager algebra O can be identified with vok[t] v, k[t| D vek[t] where vy, v1 and vy
freely generate O as a k[t]-algebra and, by (4.1.8), its k[t]-linear Lie bracket satisfies

the following relations:
[Uo,’l}l] = —’Ug(t — 1), [Ul, 'UQ] = —7o, [1)2,’00] = 'Ult. (422)
Proposition 4.2.6. O is generated, as a Lie algebra over k, by vy, v; and vs.

Proof. Consider the subalgebra V of O generated by vy, v; and vs. Note that for any

n €N,
(ad%)?(votn) — (adm)(vlt"“) _ Uotn+1 cv

Furthermore, [vg, vgt"] = v1t"™ € V and [v1,v9t"] = vt (t — 1) € V. Hence, all
generators of the k-vector space, v;k[t] for i € {0,1,2}, are included in V' and, since

O is identified with vok[t] @ vik[t] © vak[t], it follows that O = V. O

Remark 4.2.7 (Tetrahedron algebra in figures). Note that the structure of the tetra-
hedron algebra can be summarized in the following figure which the reader will easily

recognize as a tetrahedron.

Figure 4.1: Tetrahedron algebra in figures.
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Here one notes that the relation (4.1.2) is illustrated by the fact that the labels on
each edge add up to zero. Remark 4.1.3 is illustrated by the fact that the labels of
every three edges, forming a face of the tetrahedron, are elements of an equitable basis
of a subalgebra isomorphic to sls. And finally the labels of every two non-adjacent
edges generate a subalgebra isomorphic to the Onsager algebra (hence illustrating

Proposition 4.2.4).

4.3 Ideals of the Onsager Algebra

In this section, we utilize the relationship between the tetrahedron algebra and the
Onsager algebra to determine the ideals and in particular the closed ideals of the

latter. We first note that for any ideal J of k[t], OJ is an ideal of O.

Proposition 4.3.1. ([Eld07, Proposition 5.6]) Let I be an ideal of O and consider

the following subspace of klt]:

Jr=A{p(t) € klt] | 3 p1(t), p2(t) € k[t], vop(t) + vip1(t) + vapa(t) € I}.  (4.3.1)

(i) Jr is an ideal of klt].
(i1) I lies between OJit(t — 1) and OJy, i.e., OJt(t —1) C I C OJ;.
Proof. (i) Let p(t) € J;. So there exist p;(t) and pso(t) € k[t] such that
x = vop(t) + vip1(t) + vapa(t) € I.
But since
(ady,)*(7) = (ady, ) (vitp(t) + vop1(t)) = votp(t) + vitpi(t) € I,

it follows that tp(t) € J;. Since J; is clearly a subspace, it follows that J; is an ideal
of k[t].
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(i) Let = vopo(t) + vip1(t) + vapa(t) € I. From (4.3.1), po(t) € J;. Furthermore,

since

[V, ] = v1tpo(t) + vopa(t) € 1
and  [—vy,x] = —vapo(t)(t — 1) + vopa(t) € 1,

then p1(t) and py(t) also belong to J;. Hence x € vgJ; ® v1J; @ veJ; = OJy, and so
1 COJ;.

Moreover, since

[vo, [v1, z]] = vipe()t(t — 1) € I,
[U2> [UU7 [Uh 93“] = UOpﬂ(t)t(t - 1) el,

(=0, [v2, 2]] = vapo(t)t(t — 1) € I,

it follows that OJrt(t —1) = voJt(t —1) S Jit(t — 1) BvaJt(t — 1) C I, which leads
to the conclusion that OJrt(t — 1) C 1 C OJ. O

Next, consider the opposite direction. Given a non-zero ideal J = ¢(t)k[t] of k[t],
what are the possible forms for an ideal I of O with J = J;?

Proposition 4.3.2. ([Eld07, Proposition 5.8]) Let J = q(t)k[t] be a non-zero ideal of
kft]. Then the ideals I of O with J = Jr are the subspaces

[=0Jtt—1)& S,
where S is of one of the following types (for w; = v;q(t),i =0,1,2):

(i) S = ke(wot + wit) & ké(wot — wit) B kedywat & ke’ (wo(t — 1) + wa(t — 1)) &
ko' (wo(t — 1) —wo(t — 1)) @& ke'd'y'wy (t — 1) where €,0,v,€,0",7" are either 0 or
1, withe+d#0#€ +8 (as J=Jp).

(11) S =S, = span{wot, wit, wo(t — 1), ws(t — 1), wot +nwi(t — 1)}, with 0 #n € k.

Proof. First, note that k[t] decomposes into the following direct sum of subspaces:
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k[t] = t(t — D)k[t] & (kt & k(t — 1)).
Hence, O can be written as a direct sum of vector spaces
O =0t(t —1) @span{v;t,v(t —1) | i =0,1,2} (4.3.2)
and if J = ¢(t)k[t] is a non-zero ideal of k[t], then
OJ = OJt(t — 1) @ span{v;q(t)t,viq(t)(t — 1) | i = 0, 1, 2}. (4.3.3)
Furthermore, for any non-zero ideal J of klt],
Ot(t—1),0J] COJt(t —1). (4.3.4)

So, there exist the following natural bijections:

{ideals I of O with OJt(t—1)C 1 C OJ}

!
{O-submodules of OJ/OJt(t — 1)}

!
{O/Ot(t — 1)-submodules of OJ/OJt(t — 1)},

where the term “O-submodule” (respectively, “O/Ot(t — 1)-submodule”) means that

we consider the adjoint action of O (respectively, of O/Ot(t — 1)) on the ideals OJ

and OJt(t — 1) and then take the quotient representation.

Given an element z € O (respectively, x € OJ), let us denote by T its class

modulo Ot(t — 1) (respectively, modulo OJt(t — 1)). Thus, from (4.3.2) and (4.3.3),

for a nonzero ideal J = q(t)k[t] of k[t],

O/Ot(t — 1) = @7, (kuit ® kv;(t — 1)),

OJ/OJt(t — 1) = @7, (kw;t © kw(t — 1)),
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where w; = v;q(t), 1 =0, 1, 2.

In order to determine the O/Ot(t — 1)-submodules of OJ/OJt(t — 1), one con-
siders the action of O/Ot(t — 1) on OJ/OJt(t — 1).

We begin by noting that since [v;t, w;(t—1)] = t(t—1)[v;, w;] and [v;(t—1), w;t] =
(t — 1)t[v;, w;] belong to OJt(t — 1), then

o, wy (6 — 1)) = [ur(t — 1), w51] = 0.

It then remains to consider the action of v;t on w;t and the action of v;(t — 1)

on w;(t —1) for all i, 5 € {0,1,2}.
L
(a) [orF, ] = [iof, wrf] = 0

(b) [0af, wol] = wn®® = wil, [ooF, waf] = —wnd

(¢) [oal, wni) = wol? = wol,  [o7F, w2l = —wol

2. [o(t — 1), w;(t — 1)]

(a) [vo(t —1),wa(t —1)] = [v2(t — 1), wo(t —1)] =0

(b) [v1(t — 1), we(t — 1)] = —wo(t — 1) = wo(t — 1),
[va(t — 1), w1 (t — 1)] = —wp(t — 1)

() [v1(t = 1), wo(t = 1)] = wa(t —1)° = wa(t — 1),
[vo(t — 1), w1 (t — 1)] = —ws(t — 1)

From the above computations, one notes that wyf generates the O-submodule @7, kw;t
and that w, (t — 1) generates the O-submodule @?_, kw;(t — 1). Furthermore, it fol-
lows that the eigenvalues of the action of vat on OJ/OJt(t — 1) are:

(i) 0, with eigenspace kwt @ (D7, kw;(t — 1)),
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(ii) 1, with eigenspace k(wot + wst),
(iii) —1, with eigenspace k(wot — wst).

It also follows from the above computations that the eigenvalues of the action of

vi(t—1) on OJ/OJt(t — 1) are:

(i) 0, with eigenspace kw;(t — 1) @ (P2, kw,t),

(ii) 1, with eigenspace k(wo(t — 1) +wq(t — 1)),

(iii) —1, with eigenspace k(wo(t — 1) — wq(t — 1)).

At this point, it is important to note that ideals I of O with J = J; are subspaces
of the form I = OJt(t — 1) @ S for some S. Our goal is to explore the possibilities
for S. Since any O-submodule of O.J/OJt(t — 1) is the direct sum of its intersections

with the previous eigenspaces, only the following four cases can occur:

(1) kwst and kw,(t — 1) are both included in S.
(2) Either kwst or kwy(t — 1) is included in S, but not both.
(3) Neither kwst nor kw,(t — 1) are included in S.

(4) A linear combination of wyt and w;(t — 1) (excluding the three previous cases)

is included in S.

Note that since wst generates the O-submodule @?:0 kw;t, if kwot C S then
k(wot + wit) and k(wet — wit) are included in S. Similarly, if kw(t — 1) C S then
k(wo(t — 1) +we(t — 1)) and k(wo(t — 1) — we(t — 1)) are included in S.

Hence, in the case of (1), S = k(wot + wit) & k(wot — wit) B kwat & k(wo(t —
1) +we(t—1)) & k(we(t — 1) —wa(t — 1)) & kwy(t —1).
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Next, consider case (2) when kwet C S. In this scenario, S = k(wot + wit) @
k(wot —wit) @ kwat @ ke’ (wo(t — 1) +wo(t — 1)) @ kd'(wo(t — 1) —wy(t — 1)) where €
and ¢’ are either 0 or 1.

Claim: € +90" #0

Assume €4+ = 0, i.e., € = ¢ = 0. Hence, S = k(wot+wit) Bk (wot —wit) B kwst.
Consider an arbitrary p(t) € J = J;. Recall from (4.3.1) the definition

Jr ={p(t) € k[t] | 3 p1(t), p2(t) € k[t], vop(t) + vip1(t) + vapa(t) € I}

It follows that p(t) = q(t)r(t) for some r(t) € k[t] and that there exist py(t), p2(t) € klt]
such that vop(t) + vip1(t) + vepe(t) € I. Since wy = vpq(t), we have that wor(t) +
v1p1(t) +vepo(t) € I. This is only true if r(¢) is divisible by t; i.e., if and only if p(¢) is
divisible by ¢. So, it follows that all elements of J are multiples of ¢, i.e., J = tq(t)k][t].
But this contradicts the fact that J = ¢(¢)k[t]. Hence proving our claim.

On the other hand, when kw,(t — 1) C S, it follows that S = ke(wot + wit) @
ko(wot — w1t) @ k(wo(t — 1) +we(t — 1)) ® k(wo(t — 1) —wa(t — 1)) @ kw;(t — 1) where
e and ¢ are either 0 or 1. If ¢ + 9 = 0, a similar argument as above would show that
J = (t — 1)q(t)k[t], which again contradicts J = ¢(t)k[t]. Hence, in this scenario,
e+ 0 #0.

For the case (3) where neither kwst nor kw; (t—1) are included in S, we have that
S = ke(wot+wit) B ko (wot —wit) B ke (wo(t—1)+wa(t—1)) Bk (wo(t—1) —wa(t—1))
where €,9, €, are either 0 or 1. We also note that, for the same arguments as in
case (2) above, € + ¢ # 0 # e+ J. Cases (1) to (3) are then summarized in part (i)
of the proposition.

And finally, in case (4), we simply have that S = span{wgt, wit, wo(t — 1), wa(t —
1), wot +nwy(t—1)}, with 0 # n € k. This case is exactly part (ii) of the proposition.

[

In view of the equivalence between ideals I of O with OJt(t —1) C I C OJ and
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O/Ot(t — 1)-submodules of OJ/OJt(t — 1), it is of interest to study the Lie algebra
O/0t(t —1).

Lemma 4.3.3. The Lie algebra B = O/Ot(t — 1) = @7, (kvit © kv;(t — 1)) is

solvable, but not nilpotent.
Proof. Consider the following cases for i, j € {0,1,2}:
1. [vit,v;(t — 1)] = 0, since [v;t, v;(t — 1)] = t(t — 1)[v;, v;] € Ot(t — 1),
2. [vit, v;t] where i # j,
(a) [orf, 5of] = [oof, o3f] = O,

(b) [oal, 70f] = 01 =,
(¢) [0, Trf] = wof? = o],

3. [vi(t —1),v;(t — 1)] where i # j,

(a) [vo(t —1),va(t — 1)] = [va(t — 1), v9(t — 1)] = 0,

(b) [or(t — 1), va(t — 1)] = —vo(f — 1)2 = vo(t — 1),

(C) [Ul(t — ].),Uo(t — 1)] = U2<t — 1)3 = Ug(t — ].)

Hence, BY = [B, B] = kvt @ kuvot @ kvg(t — 1) @ kvy(t — 1). Then, since

[U_lta 'U_Ot] = [Uo(t - 1)7U2(t - 1)] =0,

[U_lt7v_0t] - U2t2<t - ]-) =0= [U_Otav_lt]7

[0o(t — 1), va(t — 1)] = —ort(f — 12 = 0 = [va(t — 1), v0(t — 1)],

it follows that B® = 0 and hence B is solvable.
From above we have that B' = BY = [B,B] = kvt @ kvt @ kuo(t — 1) @

kva(t — 1). Next, we want to determine B = [B, B']. So we consider the following:

[Vot, Uit + Vot + vo(t — 1) + va(t — 1)] = —vpt2(t — 1) — vy#2(t — 1)
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=0,

[vo(t — 1), v1t + vot + vo(t — 1) + va(t — 1)] = —vit(t — 1)2 = 0,

[01t, Uit + Vot + vo(t — 1) + vt — 1)] = vat2(t — 1) = 0,

[v1(t — 1), 011 + vol + vo(t — 1) +vo(t — 1)] = va(t — 1)3 — vo(t — 1)2

= UQ(t - 1) + Uo(t — 1),

[Uat, V1t + Vot + vo(t — 1) + va(t — 1)] = vot? + vy 13

= ot + v1t,

[va(t — 1), 018 4+ vt + vo(t — 1) + vo(t — 1)] = vit(t — 1)2 = 0.

It then follows that B? = kvgt @ kvo(t — 1) @ kvt @ kvy(t — 1) = B. Hence B is not
nilpotent. O

Proposition 4.3.4. ([Eld07, Proposition 5.10]) Let I be a closed ideal of O, with
0# J=J; =q(t)k[t]. Then, with w; = v;k[t], i = 0,1,2, I is one of the following

ideals:
(1)) I =0Jtt—1)® k(wot £ wit) @ k(we(t — 1) £ wq(t — 1)).

(ii) T=0OJtt —1) ® (@, kwit) ® k(wo(t — 1) £ wy(t — 1)).
In this case, I = OJt & k(wy £ w,).

(iii) 1= OJt(t — 1) @ k(wt £ wit) & (D2, kwi(t — 1)).
In this case, I = OJ(t — 1) @& k(wy £ wy).

(iv) I =0J.

Proof. To prove that the closed ideals of O are those stated above, it is a matter of
sifting through all of the ideals with 0 # J = J; = ¢(t)k[t] as described in Proposition
4.3.2.
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First, recall that O = Ot(t — 1) @ span{v;t,v;(t — 1)|i = 0,1,2}. Hence, if
J = q(t)k[t] and w; = v;k[t], 1 =0, 1,2, then

[wgt, O] = [’LUQt, Ot<t - 1)] + k’[wgt, ’Uot] + k[th, ’Ult] + k’[IUQt, Uo(t — 1)]
+ ]{J[wgt, Ul(t — ]_)]
= [wat, Ot(t — 1)] + kw,t? + kwot® + kw t?(t — 1) + kwot(t — 1)

In the case of Proposition 4.3.2(ii), [wat, O] C I. Hence wot € Z(I)\I and so I, in
this case, is not a closed ideal. This is also the case for I as in Proposition 4.3.2(i)
with (e=d=1and y=0)or (¢ =0 =1and vy =0).

After eliminating these cases from Proposition 4.3.2, we are left with the four
cases specified in the statement of the proposition above. In order to confirm that
these are in fact closed, consider x = vopo(t) + vip1(t) + vepe(t) € Z(I) and its action

on vp, v; and vy:

[z, v0] = vap1 (t)(t — 1) +vapa(t)t € I C OJ (4.3.5)
[z, v1] = —vapo(t)(t — 1) +vopa(t)t € I C OJ (4.3.6)
[, v9] = —v1po(t)(t — 1) —vopr (1)t € I C OJ (4.3.7)

It follows from (4.3.6) and (4.3.7) that py(t),p2(t) € J and (t — 1)po(t), tpo(t) € J.
Furthermore,
po(t) = tpo(t) — (t — L)po(t) € J.

Therefore, x € Z(I) and hence Z(I) C OJ. This confirms that I = OJ is a closed
ideal of O, proving (iv).
Next, consider cases (i)-(iii). From (4.3.6) and (4.3.7) it follows that

tlpa(t)or (t—1)[pa(t)  and ¢ |pi(t) or (t—1) [ pi(D).
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Furthermore, from

[z, v1], v0] = —v1po(t)t(t — 1) € I,

[z, v2], vo] = —vapo(t)t(t — 1) € 1,

it follows that vipo(t), vapo(t) € OJ and hence vopo(t) = [vapo(t),v1] € OJ. By

recalling that
OJ = OJt(t — 1) @ span{v;q(t)t, viq(t)(t — 1)[i = 0,1, 2}.

we can conclude that € I and so Z(I) = I, i.e., I as defined in (i)-(iii) are closed
ideals.

It remains to check the last statements in (ii) and (iii). Since Jt = Jt(t — 1) &
kq(t)t, it follows that OJt = OJt(t—1) ® (@7, kw;t). Furthermore, w;(t —1) +w; =
wit and wit € IN(OJt @ k(wy £ wy)). It follows directly that I = OJt @ k(wy £ ws),
hence proving statement (ii). Similarly, using the fact that J(t — 1) = Jt(t — 1) @
kq(t)(t — 1), one can obtain the result stated in (iii). O
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