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Abstract. The goals of this paper are threefold. First, we provide a new “universal”
definition for the Racah algebra of rank 2 as an extension of the rank-1 Racah algebra where
the generators are indexed by subsets and any three disjoint indexing sets define a subalgebra
isomorphic to the rank-1 case. With this definition, we explore some of the properties of the
algebra including verifying that these natural assumptions are equivalent to other defining
relations in the literature. Second, we look at the symmetries of the generators of the rank-2
Racah algebra. Those symmetries allows us to partially make abstraction of the choice of the
generators and write relations and properties in a different format. Last, we provide a novel
representation of the Racah algebra. This new representation requires only one generator to
be diagonal and is based on an expansion of the split basis representation from the rank-1
Racah algebra.
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1 Introduction

The Racah algebra and its generalization has recently been the subject of interest in representa-
tion theory and in connection with (multivariate) orthogonal polynomials, see for example the
recent review article [6] and references therein. The title of the algebra refers to Giulio Racah,
who defined what are now known as Racah coefficients to express the recoupling of triples of
angular momentum [18]. The terminology is commonly used now to express recoupling coeffi-
cients of triples of various irreducible representations, including of quantum groups [13, 14, 15].
Back in the Istanbul Summer School [19], Racah even proposed an algebra that was closing of
degree 3, compared to the Racah algebra that closes quadratically. Later the Racah polynomi-
als, in particular their quantum versions, were defined by Askey and Wilson explicitly as “A set
of orthogonal polynomials that generalize the Racah coefficients or 6-j symbols” [1].

As is well known thanks to the work of Zhedanov, bispectral orthogonal polynomials admit
quadratic algebras [9] and the Racah algebra is the algebra associated with the classical (¢ = 1)
Racah polynomials. Again, it was Zhedanov [8] who drew an explicit connection between the
coefficients of Racah and the symmetry algebra. Now we understand the Racah algebra and the
Racah polynomials in particular in terms of tensor products of sl (C) and its real form su(1,1) [7,
10, 17]. Due to the inductive nature of the tensor product, this construction naturally generalizes
to higher rank [5, 6] and can be seen as the commutant of the diagonal embedding of sly(C) into
the n-fold tensor product of its universal algebra [4].

From a different perspective, there has been work to define a “universal” version of the Racah
algebra [2, 4], divorced from its realization in terms of tensor products, and to understand its
representation theory [11]. This paper follows in this vein. In particular, we define the rank-2
Racah algebra R(4) as an associative algebra with a set of generators and relations and show
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that it is equivalent to the definition given in [4]. In addition, we use the Jacobi identity to
recover relation (3.9) of [4] and show that the Jacobi identity for all commutation relations is
satisfied modulo this relation.

As with the motivation for the rank-1 case, we are interested in understanding the represen-
tation theory of this algebra. To this end, we discuss possible choice of linearly independent
generator and give a novel representation based on the split basis representation of the rank-1
algebra [11].

The manuscript is organized as follows. In each section of the core of this manuscript, we
first review some characteristics of the rank-1 Racah algebra before tackling the rank-2 case. In
Section 2, we propose a new universal definition of the rank-2 Racah algebra as an extension of
the rank-1 case, and we explore its properties and relations. In Section 3, we consider a special
set of generators to construct the rank-2 Racah algebra, the contiguous basis. The goal of this
section is to partially make abstraction of the choice of generator using discrete symmetries.
In addition, we use these symmetries to further explore the properties of the Racah algebra of
rank 2. In the last core section, Section 4, we provide the assumptions of how we obtained a new
representation. The explicit coefficients of the representation can be found in Appendix B, and
some proofs from Section 2 are provided in Appendix A.

2 Definition and properties of Racah algebras

2.1 The rank-1 Racah algebra

Definition 2.1. The Racah algebra of rank 1, denoted R(3) is defined to be the unital, as-
sociative algebra over a field K with generators C; with I C {1,2,3} satisfying the following
relations:

[C;,Cr] =0 forall i=1,2,3, [Ch23,Cr] =0, (2.1)

Cr2s = C12 + Co3 + C13 — C1 — Oy — O3, :

2Cik, [Cij, Cji]]l = CikCii, — CjiCij + (Cr, — C)(Cs — Cijr), i #5#k #1, (2.3)
where [, ] is the regular commutator.

To simplify the notation, we omit the set notation and write C;; = Cy; ;3, although it is
important to remember that the generators Cy are symmetric in the indices. Indeed, it is worth
noting that the set of equations (2.1)—(2.3) are invariant under the group of permutation Ps
acting on the indices. In addition, the maximal elements C723 and the elements with one index,
C;, © = 1,2,3, are in the center of the algebra. Furthermore, one should note that the Racah
algebra is not a Lie algebra as it closes quadratically.

Often, an additional linearly independent element is introduced to avoid commutators of
commutators, that is,

Digs = §[Ch2, Cag), (2.4)
which satisfies

D13 = 3[Cas, C13] = 3[C13, Chal, (2.5)
as a consequence of relations (2.1)—(2.2). With this definition, we can express (2.3) as

[Cjks Diji] = CirCjr — Cji.Cij + (Cr, — C5)(Ci — Cijin), (2.6)

and cyclic permutations thereof. Note that unlike the C' generators, the element Dj93 is not
fully invariant under Ps. Non-cyclic permutations of the indices 1, 2, 3 change the sign of the
element Dio3.
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With this definition, it is possible to chose a linearly independent basis of generators, for
example including the central elements Cy, Cy, Cs, Ci23 and the non-central ones Cio, Cas,
and D123.

Lemma 2.2. In the algebra R(3), the Jacobi identity is satisfied without additional constraints.

Proof. We need to check only the non-central terms Co, Co3, C13 and Di23. The first case to
check is

[C13, [C12, Ca3]] + [C12, [Ca3, C13]] + [Cas, [C13, C12]]
= 2[C13, D123] + 2[C12, D123] 4 2[Ca3, D123]
= 2(C12C13 — C13C23 + (C1 — C3)(Cy — C123) + C3C12 — C12C13
+(Cy — C1)(C3 — Cia3) + C13C3 — C23C12 + (C3 — C2)(Cy — Cha3)) = 0.

Here, we have used (2.6) and the symmetry of Dja3 (2.5).
The second (and last) case to check is a pair of C’s with the D. Up to permutation, it is as
follows:

[C12, [Ca3, D123]] + [Ca3, [D123, C12]] + [D123, [C12, Cas]
= [C12, C13C23 — C23C12] — [Ca3, C23C12 — C12C13] 40
= —D123C23 + C13D123 — D123C12 + Ca3 D123 — D123C13 + C12 D123
= [C13, D123] + [C12, D123] + [C23, D123] = 0.

We have shown in the rank-1 Racah algebra, the commutation relations satisfy the Jacobi
identity without further constraints. |

We finish our discussion of the rank-1 case by noting that the algebra possesses a Casimir
operator, that is,

¢ = D%23 — %{0122, 023} — %{0223, 012} + 0122 + 0223 + {012, 023}
+ %(01 + Co 4 C3 + Ch23)({Ch2, Caz} — 2C12 — 2C93)
+ (O3 — C3)(C123 — C1)C12 + (C2 — C1)(Cr23 — C3)Ca3
+ (C1 + C3)(Ch23 + C2) + (C103 — C123C2)(Cr23 — C1 + Co — C3), (2.7)

where the last line involves only central elements. If one uses the su(1,1) approach to construct
a representation of a Racah algebra, see, e.g., [7], then it has been shown that the Casimir
operator will take a value of 0, which corresponds to the so-called special Racah. However, in
this paper, we will not start from su(1, 1), but from a definition of the algebra, both for the
rank-1 and rank-2 cases.

2.2 The rank-2 and higher Racah algebras

For the higher-rank extension, we extend the indexing set in the natural manner and replace the
decomposition (2.2) and quadratic relation (2.3) with multi-indices. The commutation relations
are extended in a manner that agrees with the coupling structure of the tensor product. That
is, for any triple of disjoint subsets I, J, K, the subalgebra generated will be isomorphic to the
rank-1 case. This would be analogous to reducing these factors into irreducible components and
then taking their tensor product.

Definition 2.3. The Racah algebra R(n) is defined to be the unital associative algebra over
a field K with generators C7 with I C {1,2,3,...,n} satisfying the following relations:

[Cr,Cy]=0 forall ICcJ or INJ=g, (2.8)
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Crik =Crj+Cyx + Crx — Cr — Cj — Ck, (2.9)
51Cix,[C1,Cik]] = CixCix — CyxCry + (Cx — C)(Cr — Crik), (2.10)

where I, J and K are disjoint subsets in equations (2.9), (2.10). For notational convenience, we
omit the set notation and union sign and express IJ =1U J.

Lemma 2.4. The following relations hold in the algebra R(n):

(Cr,Cyk] = [Ck1,Cri] = [Cyk, Ck1l-
Proof. This follows directly from the commutation (2.8) and decomposition relations (2.9). W
Lemma 2.5. The following relation holds in the algebra R(4):

2Ok, [Cry,Cyk]] = CrsCxk1 — Ck1Cyk + (Cr — Ck)(Cy — Cryk). (2.11)
Proof. From (2.10) with K — I — J, we have

$[Ck1,[Cik, Ckill = CryCr1 — CkiCuk + (Cr — Ck)(Cy — Cryk).
The resulting identity follows from the relations in Lemma 2.4. |
Lemma 2.6. The quadratic relations (2.10) and (2.11) satisfy the Jacobi identity.

Proof. This proof is directly analogous to Lemma 2.2 with indices replaced by subset. Rela-
tion (2.10) is a straightforward computation that follows from symmetry of the commutator

[Cir: [Cry, Cok]l + [Cry, [Cyk, Cyk]] + [Cuk, [Cyk, Cryl] = 0.
Relation (2.11) is less obvious. We check

(Ckr1,[C1s,Cik]] + [Cr,[Cik, Ck1l) + [Cik, [Ckr1, Cryl]
=2(CrsCk1 — Ck1Cyx + (C1 — Ck)(Cy — Cryk) + CyxCry — CryCki
+(Cy—Cr)(Ck —Cryk) + Ck1Cik — CyxCry+ (Cx — Cy)(Cr — Cryk)) = 0.

Thus the triple commutation of any of the generators satisfies the Jacobi identity identically, as
expected in an associative algebra. |

As in the rank-one case, it is often useful to include additional generators so that the quadratic
relations (2.10) become commutators. These new elements are

DijkE%[Cij,Cjk], 1<i<j<k<n.

Note that unlike the C’s, these elements are defined for a trio of distinct ordered indices. How-
ever, we see that they are invariant under cyclic permutations as a result of Lemma 2.4

Dijk = 5[Cjk, Cir] = 5[Cin, Cij)-
As has been observed by others, it can simplify expressions to introduce new shifted generators
Pz'j :Cij —CZ'—Cj, 1,] € {1,2,3,4}. (2.12)

Note that with this definition the choice of repeated subscript P; = —C;.
With these definitions, we can express the quadratic relations for singleton subsets as

[Pjk, Diji] = PjiPyi — PijPji — 2P; Py + 2P;; Py,. (2.13)
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We will sometimes refer to these as interior quadratic relations because they agree with the rank-
one quadratic relations restricted to the subset {3, j, k}. However, they do not span the full set of
commutation relations. In particular, they do not include commutators of the form [Py, Dijk}
for distinct choices of i, j, k, . These can be obtained by taking appropriate linear combi-
nations of (2.10) and higher-order implications of the commutation (2.8) and decomposition
relations (2.9).

For example, we can obtain the following identity using the commutation (2.8) and decom-
position relations (2.9).

Lemma 2.7. The following commutation relations hold in R(n):
[Che, Diji] + [Cre, Dije] = 0.

Proof. Note that Cy, and hence Py, will commute with both Cjze and Cjre. We use the
decomposition relation (2.9) to obtain

[Cike, Cjre) = [Cik + Cre + Cig, Cj + Cre + Cie]
= [Cik, Crj] + [Cik, Cre] + [Cuk, Crj] + [Cre, Coz] + [Cie, Cor] + [Cig, Coj
= 2(Djrj + Dige + Dogj + Digj + Digr, + Digj).

Next we use the fact that D;j;;, is invariant under cyclic permutations and odd under singleton
flips Djji, = —Dji;. This leaves [Cipe, Cjre) = —2D;ji, —2D;j0. So, finally we see that Lemma, 2.7
holds from the commutativity of Cj, with Cje and Cjpy. |

Of course, this lemma does not give us the required relation [Cjs, D;j;i| rather relations
between such terms. For example in R(4), we are looking to obtain 24 equation with leading
order terms [P4, Dp| with A a two element subset and B a three element subset. We have 12
“Inner” equations of the form (2.13). There are 6 equations coming from Lemma 2.7 plus 4 from
the fact that Cjjxe is central and 4 from the fact that C;;, commutes with D;j;. Finally, there
are 12 additional choices of I, J, K where at least one subset contains 3 elements. This leads
to consistent linear system that can be solved for the required relations.

Lemma 2.8. In the Racah algebra R(n), the elements P;j and Do satisfy the following relation:
[Pij, Djre] = Py Pji, — PjgPy. (2.14)

Proof. As described above, we used a symbolic manipulator (MAPLE [16]) to solve the linear
system of equations involving terms P4 Dp for the required expressions. The resulting identities
are non-trivial but can be checked as follows. On the one hand, it can be directly verified using
the commutation (2.8) and decomposition relations (2.9) that [C;;, D;ji] can be expressed as

(Cijs Djri] = —4[Cijke — Cike, Dire] + 2[Cijre — Cine, Djre) + 2[Cijke — Ciji, Diji)
— 2[Cijke — Cije, Dije] + 4[Cij, Djge + Dirg) — 2[Cik, Djry — Dije]
—2[Cit, Djge + Dijie] — 4[Cres Dire) — 2[Cjie, Dije) + 2[Cji, Diji]
+ 4[Cjke; Dike — Dijic] + 2[Cjire, Diji, + Dije).

On the other hand, the first 2 lines are equal to 0 as consequences of the commutation rela-
tions (2.8), as Cjji and Cjji will both commute with D;j;, (and permutations). The third line
also vanishes from the relation in Lemma 2.7. Finally, the second to last line is comprised of
terms containing “inner” quadratic relations for singleton subsets (2.13) and the last line “inner”
quadratic relations for multi-index sets I = {i}, J = {j}, K = {kf} and I = {i}, J = {k},
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K = {jl} respectively in (2.10). Replacing these last two lines with their quadratic identities
leaves the resulting equation

[Cijs Djge) = (Cie — Ci — C5)(Cj — Cj — Ck) — (Cje — Cj — Cp)(Cig — C; — C),
which can be more succinctly expressed using the P generators as in (2.14). |
Lemma 2.9. The outer commutators satisfy the following identities:

[Pij, Djke] = —[Pji, Dikel, [Pij, Djke] = [Pre, Deij]
and

(Pijs Diel + [Prj, Djui] + [Pej, Djir) = 0. (2.15)

Proof. Each of these are direct consequences of Lemma 2.8. We also note that the first equation
is exactly Lemma 2.7 expressed in terms of P. |

For the final relations, we would like to understand the commutation of the D’s with each
other. These can be determined from the definition of the D’s plus the assumption that we have
an associative algebra and so the Jacobi relations hold. In particular, we have the following
identity.

Lemma 2.10. In the Racah algebra R(n), the following relation holds:
[Dijks Djke] = Pjr (Dyie + Digj) - (2.16)

Proof. We use Lemma 2.4 to write [Djjx, Djre] = %[Dijlm [Pye, Pyj]] using the fact that our
algebra is associative and so the Jacobi identity holds gives

[Dij, Djke] = 5[Pej, [Pres Diji]] — 5[Pres [Pej, Diji]]
1

= 5[Puj, [Pk, Drijl] — 51Pxes [Pej, Diil]
[Pej, Poj Pyi — PrjPui) — 2[Pres Poi Pji; — Pji Pk

N[— D[ N[

1
= — [Py, PjiPu] — 5 [Pre: Pk P
= —DyjiPoi — PjDjei — Doij Pri — PjiDyei = —Pji(Djei + Diui).

We can remove the negative signs using the skew symmetry of the D’s to write the expression as

[Dijk, Djre] = Pj (Djie 4 D) - n

Note that we can also apply Lemma 2.7 to reverse the order of the right-hand side, giving
the alternate form

[Dijks Djke] = (Drie + Djig) Pjg- (2.17)

Of course, there are two other expressions that we could have used for the definition of
the Djpe. The fact that each of these is equal is equivalent to verifying the Jacobi identity
triples with triples of the form [D, [P, P]]. We will return to problem in more generality but for
now we consider the following:

[Dijk, [Pjk, Pri] + [Pjk, [Pri, Diji]] + [Pris [Diji, Pix)] = 0.
The first terms can be evaluated using the symmetry of the D’s and expression (2.16), to give

[Dijk, [Pjk, Pri]) = 2Pji(Djie + Dyir).
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The second term can be computed using (2.14) as
[Pjk, [Pk, Drijl] = [Pjks Poj Pri — PrjPei) = 2Py Djri + 2Dy Py,
The third term uses (2.13) and becomes

—[Pre, [Pjk, Diji)] = —[Pre, (Pjr, — 2P;) Py, — Pij(Pj, — 2Fy)]
= _2Dékjpik — 2(ij + 2Pj)Deki -+ QPZ'ngkj.

Putting it all together (each line is one term) and ordering ¢ < j < k < ¢ gives

0 = —2Pjx(Djje + Dige) + 2Py Djri — 2D e Pyt + 2D ;e Py,
+ 2(Pji, — 2Pj)Djge — 2P;; D

or, with cancellations,
0= —2Pj;D;jo + 2Py Djp; — 4P;Digg — 2P D jpp.

Using the symmetry of the indices, and canceling out a factor of —2 gives
0= PijDjre + 2P; Do + PrjDjgi + PyjDjig.

We can use the permutation symmetry in the indices to express this instead as a sum over the ¢
index,

0 =2P;Djis + PjiDiie + PriDi¢j + PeiDjji,. (2.18)

Finally, we note that we can use (2.15) from Lemma 2.9 to express the relation with the order
switched,

0 =2DjkePi + DigePji + Digj Pri + Dij Poi.

Thus we see that this identity can be understood as a consequence of the Jacobi identity
for the commutations relations for the generators, as was first shown in [4]. We record the
previous results in the following theorem and show that the remaining Jacobi relations are
satisfied without additional constraints in the rank-2 case, R(4). In particular, we mention that
Theorem 2.11 shows that our definition of the Racah algebra is equivalent to the definition given
in [4].

Theorem 2.11. The Racah algebra R(4) is generated by the elements P;, P;; (2.12) and D;jj,
where the P’s are symmetric under interchange of the indices and the D’s are anti-symmetric.
The generators satisfy the following commutation relations:

[ I k:] = 2D’L]]€7 ( )
[Pjk; Diji] = (Pjx — 2P;) Pri — Pij (Pjr — 2P), (2.20)
[Pij, Dire) = Py Pji, — PjePy, (2.21)
[Dijks Djke] = Pji (Dyjie + D) (2.22)
Py Dyji, + PjeDygi + PreDyij + 2P D;jp, = 0. (2.23)

Furthermore, these relations satisfy the Jacobi identity without additional constraints.
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Proof. From the definition of the P;; and P; (2.12) and using the algebra decomposition rela-
tions (2.9), it is clear that the P’s generate the algebra and are symmetric under interchange of
indices. Lemma 2.4 shows that the D;j; are antisymmetric under interchange of indices.

Commutation relation (2.19) is the definition of the D’s while relation (2.20) follows directly
from the change of basis applied to (3.2). Lemma 2.8 gives relation (2.21) and Lemma 2.10
gives (2.22). Finally, the identity (2.23) follows from the discussion above under a cyclic per-
mutation, or equivalently using the Jacobi identity with [Djye, [Pk, Pre]]-

It remains to consider Jacobi identities more generally. First, we begin with the case of
three P’s. The Jacobi identity for triples {Pji, Pji, P;;} and {Py;, P;j, Pjr,} are verified using
Lemma 2.6. The case {Pjy, Pji, Py} is trivial since everything commutes. The final case is
a triple of the form {P;, Pj;, P;;} as in

(Pi¢, [Pjky Pijl]l + [Pjk, [Pij, Piel] + [Pij, [Pies Pil) = 2[Pi¢, Diji] + 2[Pjk, Djie).

Here we have use the definition of the D’s and the fact that P’s with disjoint indices commute.
Lemma 2.9 gives [Py, Diij| = [Pyj, Dje;] and so the remaining terms cancel.

For triples containing two P’s and a D, a first choice is for all three to belong to an R(3)
sub-algebra. This case was addressed in the previous section, Lemma 2.2.

For the other two cases, we assume that the P’s are not identical and have all 4 indices
contained in them. Without loss of generality, we take D;j; and then either P, and Py, or Py
and Pj,. The first case was discussed above where the identity (2.23) was derived.

For the second case, we compute

[Pi¢, [Pjk, Diji]] + [Pjk, [Dijis Piel] + [Dijk, [Pie, Pjrl) = [Pie, [Pik, Diji]] — [Pjks [Peis Diji]-
The first term is computed using (2.20)

[Pi¢, [Pjk, Diji]] = [Pie, (Pjx — 2P;) Py, — Pij(Pjy, — 25)]
= 2(Pji — 2P;) Dysyy — 2Dyi; (P — 2Py).

Using (2.21), the second term becomes

—[Pjk, [Peis Dij]] = —[Pjk, PoPij — Pir Py
= —2DjkePij — 2P Diji + 2P Dyjo + 2D ji; Py

Thus, we have

[Pi¢, [Pjk, Dijk]] + [Pjk, [Dijk, Pie)] + [Dijk, [Pie, Pjx]
= 2P Dyjo + 2P Do + 4P Dijo + 2Py Dyyj — 2D g P
— 4Dy Py — 2Djei Prj — 2Djip Pyj.

These resulting two lines are equivalent to (2.23) and the equation in reverse order (2.15) and
hence add to 0.

Thus, we have shown that the Jacobi relations for two P’s and a D are satisfied without
additional constraints. The proof of higher-order relations follow similarly and are included in
Appendix A. [ |

Let us finish the section by collecting the results above that hold in R(n) and compute the last
commutation relation from the definition in [4], thus showing that our two definitions agree. We
conjecture that in this case as well the Jacobi identity is satisfied without additional constraints,
though we leave this for future investigation.
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Theorem 2.12. The Racah algebra R(n) is generated by the elements P;, P;; (2.12) and D;jy,
where the P’s are symmetric under interchange of the indices and the D’s are anti-symmetric.
The generators satisfy the following commutation relations (for distinct indices):

[ i k] = 2Dz]k; (2.24)
[Pjk: Diji] = (Pjr — 2P;) Pri — Pij(Pji, — 2P), (2.25)
[Pij, Djre) = Py Pjr — Pjo Py, (2.26)
[Dijis Djre] = Pjir(Djie + Digk), (2.27)
[Dijies Diem) = PjrDemi — PriDjem, (2.28)
[Dijks Demn] = 0, (2.29)
PieDyji, + PjeDygi + ProeDyij + 2P D;jj, = 0. (2.30)

Proof. Relations (2.24)-(2.27) and (2.30) were shown for arbitrary indices. It remains to check
the final relations (2.28) and (2.29) which have no analog when n = 4.
For (2.28), we begin with the identity

[Dijks [Pres Peml] + [Pre, [Pems Diji]] + [Pems [Diji, Pre] = 0
to obtain

[Dijks Diem)| = [Pem, [Pks Drijl] = [Pem, PiPej — PjrPiel = PjkDemi — PriDjem.
Similarly, (2.29) is obtained from

[Dijka [me; Pmn]] + [Pemy [Pmn7DZ]kH + [Pm’m [Dijk7 PEmH =0. u

3 Generators, presentations, and symmetries

As is apparent from the decomposition relations (2.2) in the rank-1 case and (2.9) for rank-2,
the generators discussed above are not linearly independent. In this section, we will discuss
possible choices of linear independent generators, in preparation for the following discussion of
representations of the algebras. Different choices of basis will break permutation symmetry of
the full algebra and we will briefly discuss what is left of the symmetry of the chosen basis.

3.1 The rank-1 Racah algebra

In the rank-1 case, there are 4 central elements Cy, Cy, C3 and Cio3. If we begin with those
elements, then any choice of two of the remaining generators will be linearly independent and the
third is obtained using (2.2). Any choice is equivalent up to permutation symmetry. A common
choice is C2, Ca3 as described in Figure 1. The symmetry of the generators can be realized by
the interchange 1 +— 3.

3.2 The rank-2 Racah algebra

The rank-2 Racah algebra R(4) is generated by 15 elements, that is 4 elements with one in-
dex (C;), 6 elements with two indices (Cj;), 4 elements with three indices (Cjj), and one maxi-
mal element C1234. However, not all of these are linearly independent because of equation (2.9).
In fact, it is possible to reduce the set of generators to 10 elements. It is convenient to keep
the 5 central terms C; and C1a34, but various choices can be made for the non-central terms.
Many authors are keeping 5 two-indices elements, which possesses a dihedral-group symmetry
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Ci2 Cs Ca3

Figure 1. D, (or Py, the permutation group of two elements) symmetry illustration, i.e., the dihedral
group of a line. The dashed lines link two generators that commute, which solid lines link two generators
that do not commute.

Figure 2. D; symmetry illustration. The dashed lines link two generators that commute, which solid
lines link two generators that do not commute. On the right, the sub-Racah can be identified with red
(and thicker) lines with the triangular shape from the previous section.

(Dy, isomorphic to the symmetries of a square). However, let us consider the contiguous basis,
that is all the elements with continuous indices,

C1,03,C3,Cy, Ci2,Ca3,Cs4, C123, Ca34, C1234.

One nice property of this choice is that a dihedral group symmetry Ds appears naturally. One
can consider the diagram (see Figure 2).

In addition to the dihedral group Ds, the full algebra is invariant under the permutation
group Py acting on indices. While the P4 action also preserves the pentagon shape, the genera-
tors are not the contiguous basis anymore (unless one considers the identity transformation). It
is interesting to note that if one combines D5 and Py, one obtains a larger symmetry group iso-
morphic to Ps. This larger symmetry group appears in [3] and is presented differently, expressing
the action of Ps on the icosidodecahedron. However, we are interested here in investigating the
symmetries of the particular choice of generators and the expression of the algebra relations in
terms of these generators only, so we do not carry the entire symmetry group. Hence, we focus
on D5 and a natural expression of its action on the contiguous basis, the pentagon.

From here, it is interesting to assign more abstract names to those elements and consider any
element that can be obtained by a Ds5 or P, transformation. Let us assign up to D5 and Py
transformation the following:

wo = C1234, wr = Cf, wo = Co, w3z = C3, wy = Cy,
Qo = Cas, Oy = Csy, Qy = Cyas, Q3 = Ca3zy, Qy = Cho.

We can illustrate it as in Figure 3.
One can also introduce new notation I'; for the commutators, what we called D;;,. They are
defined as follows:

FZZ%[QZ+2392—2]7 7::0,...,4, IIlOd 5



The Racah Algebra of Rank 2: Properties, Symmetries and Representation 11

Figure 3. D5 symmetry illustration.

The notation may suggest that there are 5 commutators I';, but they are linearly dependent, i.e.,
T'o+T'1+T94T'3+1Ty = 0. If one consider the group action of D5 and Py, the sign of I'; must be
flipped depending on the group transformation. A rotation by 2nm/5 from the dihedral group Dj
acts as follows:

Q= Qiyn Wi = Wi, [ = Tign, mod 5,
while an inversion with respect to a vertex i (£2;) and its opposite edge (w;) acts as follows:
Qi+j — Qi_j, Wit > Wi—j, Fi+j — —Fi_j, mod 5.

Note that the mod 5 applies to the index, e.g., wg = w;.
This leads to the set of relations defining the rank-2 Racah algebra, which are invariant under
the action of the groups D5 and Pjy.

Proposition 3.1. All the relations between the elements of R(4) can be obtained from the
following relations up to the group action of Ds.

e The definition of the 4 commutators

4
[Qit2, Qo] = 2, Zfi =0.
=0
o The 5 central terms (w;, wj] = [ws, Q] = [w;, ;] = 0.

If two Qs are not next to one another on the pentagon, they commute
[Qi—1,Qi41] =0. (3.1)

If an Q and a T share the same index, they commute [Q;,T;] = 0.

e The “inner” equations, i.e., the equations that can be used for R(3)-subalgebra

[, Tiva] = Qi — {9, U1} — Q0 + (Wit + wite + wits)

+ (Wite — wiy3) Qg2 + wit1(Wiys — wit2). (3.2)

The “outer” equations

4
Qu Fz—i—l Z

k=0
— wit2(Qit2 + Qit3) — wi—1Qi—1 + wip1wiyo

itk Qith—1} + Qi3 — wip1 (s + Qig1)

+ Wit1wi—1 + Witow;—1. (3.3)
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An important result of this section is that it gives a minimal set of equations necessary to
verify a representation. In particular, there are 10 relations coming from (3.2) and 10 from (3.3),
along with the requirement that the central terms are constant. With a choice of 8 inner
equations and 2 outer equations, and some of the definitions, it is possible to satisfy all the
commutation relation of R(4).

Furthermore, the rank-2 Racah algebra possesses many rank-1 Racah subalgebras. Five of
those subalgebras appear naturally when looking at Figure 2. The rank-1 Racah algebra made
of C19, Cs3, C193 and central terms has been highlighted in Figure 2, but any D5 action will also
give arank-1 Racah subalgebra, e.g., {023, 034, 0324, Cg, C3, 04} or {0123, 0234, 023, Cl, 04, 01234}.

The last observation in this section is regarding Casimir operators of the rank-2 Racah alge-
bra. The Casimir element of the rank-1 case (see equation (2.7)) can be written as

€ =135 — 3{QF, Qo} — {05, U} + QF + Qf + {4, Q}
+ 2w +wa + ws + Q) ({4, Q} — 204 — 290) + (wa — w3) (2 — w1)
+ (w2 — w1)(2 — w3)Qo + (w1 + w3) (2 + w2)
+ (wiwg — Qaws) (N2 — w1 + w2 — w3).

It is interesting to note that all five operators

¢ =T7 = 3{ 0%, Yo} — {2 Quva} + Q2o + Q75 + {Qig2, Yia)
+ 3 (wim1 + wi + wip1 + Q) ({Qiga, Yo} — 2Qi0 — 2Q;9)
+ (Wi = wir1)(Qi — wi—1)Qiy2 + (Wi — wi1) (4 — wir1)Qi—2
+ (wic1 + wit1) (U + w;) + (Wim1witt — Qiwi) (R — wi—1 + wi — wit),
which can be obtained using the Ds; symmetries, are Casimir operators. This matches the
results in [3, 7, 8]. Each Casimir operator &;, i = 0,...,4 corresponds to the Casimir operator

of a rank-1 Racah subalgebra. As Crampé et al. noted in [3], it is quite surprising that the
Casimir operator of a R(3) subalgebra is also a Casimir operator of the whole algebra R(4).

4 Representations theory

4.1 The rank-1 Racah algebra

Let us recall some of the representation theory of the rank-one universal Racah algebra. This
representation theory has been studied by several authors but here we focus on the theory
explained by Huang and Bockting-Conrad [11]. As discussed in the previous section, we make
a choice of basis using linearly independent generators A = Cy3 and B = C45. The relations are
then

[A, B] = 2D, [A, D] = {A, B} + A> — 6A + q, (4.1)
(D, B] = {A,B} + B* - 4B - j,
with «, 8 and § central elements in the algebra. Compared to the previous section, A, B, D, «,
5 and § are
A = Cos, a=(Cy—C3)(C1 —Cr23), B=Cp, B=(C1—C2)(C5—Cha3),
D = D3, 6 =Cho3+ C1+ Cy+ Cs.
The authors give an infinite-dimensional R(3) module [11, Proposition 3.1] and later show

that this module is isomorphic to the quotient of the universal enveloping algebra by an ideal,
similar to the construction of Verma modules for Lie algebra representations.
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In this case, the action of A and B on states |j) in the R(3)-module are as follows:

Alj) = 0;15) + 15 + 1), (4.3)
Blj) = 0515) + wjli = 1), (4.4)

where the raising coefficient of A has been normalized to 1. In other words, A acts centrally and
east, while B acts centrally and west, considering that the states are ordered such that |j + 1) is
east of j). The coefficients 0;, 07 and ¢; can be found in the paper [11] or by setting the extra
parameter s to zero in Appendix B.

The central operators C; and Ci23 can be expressed as

Cl 261(61*1), Cg :CQ(CQ*]_), 03263(63*1),
Cias=(c1+ca+cs+N)(ci+ca+c3+ N+1).

Note that in the extension to rank-2, C'i93 will no longer be central. However, this Racah
algebra of rank 1 will appear as a Racah subalgebra in the rank-2 case.

4.2 The rank-2 Racah algebra

In the remainder of the paper, we make a choice of basis for our module, the contiguous basis,
breaking both the permutation symmetry of the original tensor product representation and
the dihedral symmetry of the previous section. However, it is possible to use the D5 and Py
transformations to create a representation in terms of other generators.

For convenience, we choose the non-central generators as follows:

Qo = Cag, O = Csy, Qo = C1a3, Q3 = Coa4, Qy = Ch2,

and we express the central terms using constants ¢;, i.e.,

w0:6’1234:co(co—1), wi:Ci:Ci(Cz'—1>7 7 1,...,4.

We also have

Lo = 3[Ci23,Caza],  T1=3[Coss, Cra], T = %[Cia,Chsl,
I3 = $[Ca3, Cs4l, Iy = 3[C34, Cha3).

Notice that Q¢ and 4 form an R(3) subalgebra together with 23, so we extend the notation
from Section 4.1, the rank-1 case, to construct the representation. We assume that 4 and 4
act similarly to A and B in (4.3), (4.4), that is Ci2lt,s) = @i s|t — 1,5) + 04|t s), Caslt,s) =

b slt,s) + [t + 1, s), where the coefficient of the raising term of Cy3 is normalized to 1. We do
not make any additional assumptions on 21, {5 and 23 except if applied on a state, they send
a state to a linear combination of itself and its 8 closest neighbours, e.g.,

0123‘ta S> = ﬂt,s’t - 173 + 1> + ﬁt,s‘tas + ]-> +ét,s|t + 17‘9+ ]-> +Mt,s|t - 175>
+upslt, 8) + Eslt +1,8) + fuslt — 1,8 — 1) + Dy glt, s — 1) + & slt + 1,5 — 1),

Since C1q, Co3 and Cj23 are the non-central generator of a rank-1 Racah subalgebra, one
can use the presentation equations of the rank-1 Racah (4.1)—(4.2) to determine the coefficients.
Considering that C12 and Caz can only move a state east-west, this implies that Cio3 can only
move east-west. Furthermore, by solving all the coefficients so they satisfy (4.1)—(4.2), one gets
that Cia3 is forced to be central, that is Cias|t, s) = vy 4]t,s).
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The remaining two generators are of the form

Caalt,s) = @F [t — 1,5 + 1) + 05 [t, s + 1) + 07 |t + 1,5+ 1) + ¢F |t — 1, 5) + 0} ¢, s)
F sl + 1 s) + drlt — 1s — 1) + 07t s — 1)+t + 1,5 = 1),

Cozalt,s) = drslt — 1,5 + 1) + Dy ult, s+ 1) + Prolt + 1,8 + 1) + dpalt — 1, 8) + Dyt 5)
+rslt +1,8) + G|t — 1,5 — 1) 4+ Dpslt,s — 1) + e slt + 1,5 — 1).

Using the commutation relations (3.1), it is possible to show that the coefficients ¢ g, ét,s, <Z>t,s
and 7, Ui 5, ¥y 5 are zero. Hence, we have

Caalt,s) = @f [t — 1,5 + 1) + 0 [t, s + 1) + ¢} |t — 1, s) + 9} [t 5)
FOflt— 1,5 = 1) + 07 [t s = 1),

Cozalt,s) = Vyalt, s+ 1) + Pyt + 1,5+ 1) + 9y
+ Dislt,s — 1) + st + 1,5 — 1).

t,s) + i slt+1,5)

It is interesting to note that C12 and C34 both act west and centrally (in combination with north-
south) and they commute, while Co3 and Ca34 both act east and centrally (in combination with
north-south) and they also commute.

From here, we will make some assumptions on the module. We will assume that the action
of any generator is zero below the line ¢t = 0, or in other words all states |—t,s) =0 for ¢ > 0. In
addition, we assume that any state above the line ¢ = s vanishes, that is |t,t +n) = 0 for n > 0.
Those two assumptions imply that we have an infinite triangular lattice of states.

Solving all the recurrence equations is quite a task, so we will not show all the calculations.
However, it is convenient to first solve the Racah subalgebra involving C'o, Cs3 and Ciag, i.e.,
using the commuting and the two inner relations, and then continue with the other ones. The
coefficients can be found in Appendix B. To illustrate the direction of the action and the meaning
of each coefficient, we produced the following diagram for each generators. The other elements
of the rank-2 Racah algebra can be constructed using equation (2.9).

C
Cu Cas 123
<« —> O
SOt et 0;‘ 1 Vg
west east centrally
C:
Cas 234
; J
~ ,S
b S
* *
¢t,s t,s 19t,s 7/13
s p
19;3 ét,s Ve
left burst

right burst

Figure 4. Direction of the action of each non-diagonal generator with the dependency on the parameters ¢
and s.
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5 Conclusion

First, we have given a “universal” definition of the Racah algebra in terms of generators and re-
lations that can be seen as an extension of the rank-1 Racah algebra using sets instead of indices.
The main properties and relations generating R(4) and R(n) are summarized in Theorems 2.11
and 2.12, respectively. Additional properties can be found throughout Section 2. Most signif-
icantly, we obtain the commutation relations for general P;; and Dji, as well as higher-order
commutation relations, for example, (2.16), given in other definitions [4]. Similarly, we obtain
the identity (2.18) first identified in [4] as arising from associativity in the algebra. We further
show that in R(4) no additional relations arise from the Jacobi identities in the algebra. This
result is important for our investigation into the representation theory of R(4) and in particular
for future work describing Verma modules and PBW-type bases for the algebra, following on
similar work as in [2, 11, 12] and conjectures in [5].

Next, we have explored the symmetries of some R(4) generators, that is the contiguous basis.
While this basis is unique, that is the set of generators is composed of operators with continuous
indices, i.e., {C1,Cy, C3,Cy, Cr2, Caz, C34, C123, Ca34, C1234}, many other sets of generators are
isomorphic. By using the permutation symmetries P, on the indices, one can get another
set of generators with the same properties and commutation relations. With this symmetry,
one can make a partial abstraction of the choice of generators to create a presentation and
a representation. That special set of basis possesses an addition symmetry group, which is
an automorphism of the set, that is the dihedral group Ds. Indeed, the symmetry of the
generators can be illustrated using a pentagon, as shown in Figure 3. This choice of basis leads
to elegant properties. Among others, the rank-1 Racah algebra R(3) using the indices {1, 2,3} is
a subalgebra of R(4), and using the D5 symmetry, 4 additional rank-1 Racah subalgebras arise
naturally. Furthermore, if one apply D symmetries to the Casimir operator of R(3), then 4
other Casimir operators arise.

Finally, we provide a novel representation for R(4) using a split basis, an extension of the
representation by Huang and Bockting-Conrad [11]. The explicit coefficients from the action
of the generators can be found in Appendix B. A representation of R(4) already exists [3] by
Crampé, Frappat and Ragoucy. However that representation and our representation differ. The
main difference resides in the fact that the representation by Crampé et al. requires that 2 gen-
erators are diagonalizable, while ours only requires one generator to be diagonalizable, which
is a consequence of our choice of a split basis. In addition, Crampé et al. assumed that their
representation is from the so-called special Racah, while we did not impose this constraint. How-
ever, using our representation, we calculated the values of the Casimir operators €;, i =0, ..., 4,
and we obtained that all of them vanish. Either our hypothesis led us to assume implicitly
special Racah, or there are no other cases, that is the so-called special Racah is in fact Racah
itself.

A Proofs of double commutators

Before we begin the computations, a bit of discussion of the strategy. In each case, we try to
reduce the equations to triples of P’s and in the case that a term contains commuting P’s we
try to move that pair to the left. In line with this, we move inner relations to the right and outer
relations to the left. It will also be useful to the following forms of the inner relation (2.20):

[Pij, Diji| = Pij(Pjx — Pix) + 2Dsjx — 2P; Pji + 2P; Py,
[Pij, Dijk]l = (Pjk — Pix) Pij + 2Dijx — 2P Pjy + 2P; Py,
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A.]. Case {Pig, Dijka Djkg}
We begin with the Jacobi relation for the set {Pi¢, Djjk, Djre}

[Pie, [Dijk, Djrall
= [Py, Pjr,(Dji¢e + Drie))
ik (Pie(Pje + Pre — Pij — Pig) + 2Dy + 2Djg,) — 2P, Pji,(Pyj + Puy)
+ 2P, P, (P + Pi)
= PjiPyy(Pj¢ + Pre — Pij — Piy,) — 2Pji(Djie + Diie) — 2P Pji(Pje + Pre)
+ QPKij(Pij + ij) (A.1)

The second term is

[Dijk, [Djke; Pie]]

= [[Pi¢, Dejil, Dijr) = [PixPoj — P Pij, Diji) = [Pe; Pik — PerPij, Diji

= [Pej, Djkil Pie — [Poks Drij] Pij + Pej [Pri, Drij] — Por[Pij, Diji)
= (PyPji — PijPu) Py — (Pyj Py, — PjiPie) Py
+ Pyj(Pri(Pyj — Pji) — 2Dsji, — 2P, Pij + 2P, Pjy,)
— Py.(Pij(Pjx, — Pri) — 2Dy, — 2P, Py, + 2P} Py;)

= Py Pji(Pir, + Pyj) — (PiPje + Pij Pre) Py
+ 2(Pyy — PjZ)Dijk + 2Pi(sz + PkZ)ij — 2P Py Py, — 2P, Py Pj. (A.2)

The third term is the same as the second, up to a sign and interchange of ¢ and ¢ and so reads
[Djke, [Pie, Dijkl] = —[[Pie, Dijkl, Dejg]

—PyPji.(Pre + Pj¢) + (PrePij + PjePir) Pji, — 2( Py, — Pij)Djie
— 2P)(Py;j + Piy) Pji; + 2P; Py, Py + 2P, P Pjy. (A.3)

Note that lines (A.1), (A.2) and (A.3) sum to 0. Thus, finally our Jacobi identity becomes
[Pi¢, [Dijk, Djrt]] + [Dijies [Djkes Piel] + [Djkes [Pies Diji)]
= —2Pji(Dji¢ + Dyi¢) + 2(Pre — Pje) Diji — 2(Pix. — Pij)Djge + 4P; Dyt + 4P, Dijp.
Here we have used the fact that [Pjy + Py, Pji] = 0 to cancel the P; and P, terms. Reordering
and grouping gives a sum of terms which vanish due to (2.23).
A2 Case {.ij, Dijk7 Djkg}

This computation is somewhat similar to the first, although possibly more straightforward. The
first term vanishes

[Pjks [Dijis Djktl) = [Pjks Pjr(Djie + Drie)) = Pji([Pjk, Drie) + [Prj, Djie]) = 0

due to Lemma 2.9.
The second term gives

[Dijks [Dje, Pjx]]
= [[Pjk, Djrel, Diji) = [(Pre — Pje) Pji + 2Djje — 2P Py + 2P, Pjy, Dy
= (P Pje + Pij Pre — 2P0 Pji;) Py,
+ (Pre — Pjo) ((Pik — Pij) Pji + 2Dyji, — 2P; Py, + 2P, Py)
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—2(Dji¢ + Drie) Pjr, — 2P;j[ Py, Diij] + 2Py [Pyj, Dl
= —2Py P}, + (PutPyy; + PjePij) Pir + 2(Pre — Pjo) Diji, — 2Digj Pji, — 2Diur Py
— 2P;j (PyPyj — Py Pji) + 2Py, (P Py, — PjePij) -

The third term is the same as the second, up to a sign and interchange of ¢ and ¢ and so reads

[Djke, [Pk, Dijil] = — [[Pjk, Dijil, Deji] = 2Py P, — (PixPug + Pij Pje) P,
— 2(Pyi — Pij)Djke — 2Dy;ij Pji, + 2Dy Pjy,
+ 2P; (P Pjo — Py Pji,) — 2Py (PiPji — Pij Pje) - (A.4)

Notice that the triple of P’s in (A.2) and (A.4) will sum together to give 2Dg; Pji, + 2Dy Pjy,
which will cancel with subsequent terms.
Putting everything together, we arrive at

[Pjks [Dijk, Djkal] + [Dijk; [Djkes Pikl] 4 [Djke; [Pk, Dijil]
= 2(Py¢ — Pje)Diji — 2(Pir, — Pij)Djge — 2Dg;ij Py, + 2Dy, Py, + 4P;.
A.3 Case {P;j, Diji, Djre}
This is the most involved case. We compute
[Pij; [Dijies Djia)] = [Pij, (Djie + Diie) Pi) = 2(Djie + Dyie) Dijic + [Pij, Djie + Diie) P

Here we have used the alternate ordering of (2.22) given in (2.17).

The first term on the right has not been involved in any of the previous computations as
all of the previous computations have decreased the order of terms to at most triples of P’s,
or equivalently a P and D. We can remove this term by taking the commutator of a PD
relation (2.23) (again with the opposite ordering) with a P as in

(Pjk, 2D;ieP; + Dyei Pij + Dyji Py, + Djii Pig] = 0,
which gives
2P;[Pji, Djke] + [Pjk, Dres) Pij + [Pjk, Dejil Pir + [Pjk, Djril P;
+ 2DkgkajZ’ + 2D£jz'Djki =0.
Thus, after a permutation of indices, we obtain
2(Dyi¢ + Djie) Diji. = [Pjk, Drie)Pij + [Prj, Djes) Pi (A.5)
— 2P[Pjr, Djre] — [Pjr, Djiil Pie- (A.6)

Note that line (A.6) contains only inner commutation relations the (A.5) are the outer ones. We
continue this strategy in the final form of the first term in the Jacobi identity

[Pij; [Dijies Djia)] = [Pji, Diok| Pk + [Pjis Drie) Pij + [Prj, Djes) Pi
— [Py, Dije) Pji. — 2P;[Pji;, Djie) — [Pjk, Djki] Pie.

The second term of the Jacobi identity is

[Dijk, [Djre, Pijll = [[Pijs Djke)s Diji) = [PiuPjr — PjePir, Diji]
= [P, Diji) Pik. — [Pej, Djki) Pite + Pie[Pjk, Djkil + Pje[ Pk, Dikjl-
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And the third
[Djkes [Pij, Dijkl] = —[[Pij; Dijls Djke] = —[PijPjr — P Pij — 2P; Pj + 2P Py, D]
= —[Pij, Djre) Pk + [Piks Dje) Pij + Pi[Pij, Djke] — 2P;[Pit;, Doyl
— Pij[Pj, Djkel + 2Pi[Pjk, D]
Thus, the Jacobi identity can be expressed as
[Pjk, 2D;ieP; + Dyei Pij + Dyji Py, + Dji; Pig] = In 4 Out,
with In and Out a collection of terms involving inner and outer quadratic relations, respectively,
that is,
In = —Pj[Pjk, Djre] + [Pie[Pjk, Djrill + Pje[Piks Dixj] — [Pij» Dijel Pj,
Out = ([Pji, D] + [Pri, Dijk] — [Pij, Djke]) P + ([Pjk Driel + [Pite, Dijre]) Pij
+ ([Prj> Djei] + [Pej; Djir]) Pir. + Pi[Pij; Djre] — 2P5[Pig, Diej)-
Beginning with the inner relation terms, we can use the lower-order Jacobi identity proven
earlier [Py[Pjk, Djki)] = [Pjk, [Pie, Djkil], to simplify the term in In,
[Pie[Pjk, Djkil) = [Pjks PijPre — Pt Pje] = PjiPijPre — PjiPjePi — (PijPoe — PitPje) Pji,
= 2Dyi Pro + 2P;jDjge — 2Dy Py, — 2P0 D
= 2Djikpk£ + 2D€jkPki + 2Piijkg + 2PZijz'k- (A7>
The other 3 terms from In give
—P;j[Pjk, Djre] + Pje[Pi, Dikj) — [Pij, Dije) Pji:
= Pij(PjePjr, — PjxPre — 2P Pjo + 2P Pyy) + Pjo(Pix Pk — Py Py, — 2P Py + 2P, Pyj)
+ (P Pij — PijPjy — 2P Py + 2P, Pjy) P
= (PixPj¢ — PijPre) Pji — 2P;jDjje + (P Pji, — Py Pje) Pij + 2Py Dyji. — 2Pje Dy,
+ 4Py Dyj; + 2P;(Pij Pre — PigPji).
Replacing with outer relations and permuting gives
— Py [Pjis Djkel + Pje[Pik, Dikj) — [Pij, Dijel Pj
= [Pji, Dyie) Pji + [Pij, Djie) Pij — 2PijDjge + 2Py Diji, — 2PjyDjige
+ 4Py Dyji 4 2P;[Pig, Dyej)- (A.8)
Combining (A.7) and (A.8) gives
In = [Pjk, Drie Pji. + [Pij, Djke| Pij + 2Py Diji, + 2Dyin Pyj + 2P;[ Py, Dyl
Here we have used the identity
4PkDéji + 2Djikpkg + 2D£jkpki + 2Dz‘gkpkj =0.
Moving on to the Out term. We use Lemma 2.9 several times to simplify
Out = [Pji, Dres) Pji + [Pij, Djex) Pij — [Pij, Djke) Pik + Pir[Pij, Djke) — 2P;[Pik, Diej)-
Finally, we compute
Pi[Pij, Djre) = Pir Py P, — Py Pj¢ Pl = 2Dy Pji + 2Py Digj + [Py, Djge] Pig,
leaving
Out = [Pji, Dres| Pjk + [Pij, Djer) Pij + 2Dwie Pji, + 2Py Dij — 2P;[Pix,, Diej-

Hence, we have shown In + Out = 0 and the Jacobi identity holds for these generators without
additional constraints.
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A.4 Case {Dijz, Dijk, Djké}

The final case will be for 3 distinct D’s. Without loss of generality we chose the indices as above
and consider the quantity

[Dije, [Dijks Djke]] + [Dijis [Djke, Dijel] + [Djkes [Dijes Diji]]-
The first term becomes

[Dije, [Dijks Djkel] = [Dije, Pik(Dyjie + Drie)l = —[Prj, Djeil(Djie + Drie) — Pjk[Djie, Diek]
= —[Pjk, Dres)(Dije + Dire) — PjrPig(Dijr + Dijre).

A similar computation for the second term gives

[Dijks [Djke, Dijel] = [Pej, Djril(Dijk — Dike) + PjePig(Djge — Dije).
And the third

[Djke, [Dije, Dij]] = [Pijs Dike)(Dire + Djre) + PijPre(Dijr + Dije)-

Combining these three terms gives the desired cancelations.

B Coefficients of the action of the proposed representation

Below are the coefficients of the action for each generator from R(4), where

ny =N+ ¢, MC{1,23,4},

ieM
Cl|ta S> = Cl(cl - 1)‘t’ S>7 02|t75> = 62(02 - 1)|ta 5>a C3|t? S> = C3(03 - 1)|t75>a
Cult,s) = ca(eqa — 1)L, ), Chasalt, s) = ni23a(nigza — 1)|t, s),

Chalt, s) = @i s|t — 1,8) + 04 |t, s),
Vrs=(s—t)(N+1—1t)(N+2c2—t)(2n123 —t —s—1),

Ors = (n12 —t)(n12 —t — 1),

Caslt, s) = O; (|t s) + [t +1,s), 0r s = (n2g — t)(naz —t — 1),

Chaslt, s) = vi4lt, s), vts = (123 — s)(n123 — s — 1),
Conlty5) = B1ult = 15 + 1)+ 9l 5 1) Gt — 1,5) + Dhult,) + Foalt — s — 1)
+ 192‘73\15, s—1),

Gre=—(s—t)(s —t+1)(N+1—t)(N+2c; — t),
N 1 n123(n123 + 2¢4 — 1)
pu— 1 _— e _——
(bt,s 901575( ¢t,s) (2 2(71123 - s)(n123 —5— 1)
X (8 — t)(N +1-— t)(N + 262 — t)(2n123 —t—s5— 1),
- - (N+1—t)(2n123—t—S)(N—I—QCQ—t)
¢t,s = 2915,5 2
nio — t—s
(S + 2¢4 — 1)(2?1123 — 8)(2111234 — s — 1)(2')1123 —t—5— 1)
4(277,123 — 25+ 1)(2n123 — 25 — 1)(71123 — 8)2
X (N +1-— t)(2n123 —t— S)(N + 2¢9 — t),
Oy, =—(s—t)(s — 23 — t + 1),
9 — ~nagg(nizg —1)(m2 —cg —t —1)(n12g +2c4 — 1) | niz3a(nigga — 1)
b8 2(7%123 — 8)(71123 — S — 1) 2
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(71123 — S)(n123 — 8 — 1) (n12 — t)(nIQ —t— 1) 03(03 — 1) + 04(04 — 1)
B 2 + 2 + 2 ’
5% (2n123 —t—s5— 1)(277,12 — S — t)(S + 204 — 1)(271123 — 8)(2’01234 — S — 1)

bs ™ 4(2n193 — 25+ 1)(2n123 — 25 — 1)(n123 — 5)2 ’
Cozalt,s) = Dyslt,s + 1) + Ppslt + 1,5+ 1) + D st, 8) + teslt + 1, 5)
+ Dy slt, s — 1) + |t + 1,5 — 1),
T§t,s =(s—t)(2ng3 —s—t—1),

ni2z(nigg —t — 1)(na3 —c1 — t)(n123 +2c4 — 1) nyo3a(nizsa — 1)

D T—
ts 2(n123 — 8)(71123 — S — 1) 2
(n123 — 8)(n123 — 8§ — 1) (7”L23 — t)(n23 —t— 1) 01(01 — 1) + C4(C4 — 1)
B 2 + 2 + 2 ’

ﬁt’s = 'J}t,s(s — 261 — t)(2n123 —t—s— 1)
S(—201 + s — t)(2n123 —t—5— 1)(5 + 264 - 1)(277,123 — s)(2n1234 - S — 1)
4(2%123 —2s+ 1)(271123 — 25 — 1)(77,123 — 8)2 ’
) 1 ni23(ni2s + 2¢4 — 1)
wt,s - 17 wt,s - 92 2(77,123 — S)(n123 5 — 1)7
s(s+2c4 — 1)(2n123 — $)(2n1234 — s — 1)
4(2n123 —2s+ 1)(271123 — 25 — 1)(77,123 — 8)2 '

wt,s =
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