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Abstract: We classify all continuous degenerate irreducible modules over the excep-
tional linearly compact Lie superalgebra E(1, 6), and all finite degenerate irreducible
modules over the exceptional Lie conformal superalgebra C K¢, for which E(1, 6) is the
annihilation superalgebra.

1. Introduction

Lie conformal superalgebras encode the singular part of the operator product expansion
of chiral fields in two-dimensional quantum field theory [9].

A complete classification of finite simple Lie conformal superalgebras was obtained
in [8]. The list consists of current Lie conformal superalgebras Cur g, where g is a sim-
ple finite-dimensional Lie superalgebra, four series of “Virasoro like” Lie conformal
superalgebras W, (n > 0), S, 5 and S'n(n >2,beC), K,(n>0,n#4), Kfp and the
exceptional Lie conformal superalgebra C K.

All finite irreducible representations of the simple Lie conformal superalgebras
Curg, Ko = Vir and K; were constructed in [4], and those of S2 9, W1 = K>3, K3,
and K4 in [7]. More recently, the problem has been solved for all Lie conformal
superalgebras of the three series W,, S, 5, and S‘n in [1], and for all Lie conformal
superalgebras of the remaining series K, (n > 4) in [2]. The construction in all cases
relies on the observation that the representation theory of a Lie conformal superalgebra
R is controlled by the representation theory of the associated (extended) annihila-
tion algebra g = (Lie R)4 [4], thereby reducing the problem to the construction of
continuous irreducible modules with discrete topology over the linearly compact Lie
superalgebra g.
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The construction of the latter modules consists of two parts. First one constructs a
collection of continuous g-modules Ind(F'), associated to all finite-dimensional irreduc-
ible go-modules F, where go is a certain subalgebra of g(= gl(1|n)) or sl(1|n) for the
W and S series, and = c¢so,, for the K, series and C Kg).

The irreducible g-modules Ind(F') are called non-degenerate. The second part of the
problem consists of two parts: (A) classify the go-modules F, for which the g-mod-
ules Ind(F') are non-degenerate, and (B) construct explicitly the irreducible quotients of
Ind(F), called degenerate g-modules, for reducible Ind(F).

Both problems have been solved for types W and S in [1], and it turned out, remark-
ably, that all degenerate modules occur as cokernels of the super de Rham complex or
their duals. More recently both problems have been solved for type K in [2], and it turned
out that again, all degenerate modules occur as cokernels of a certain complex or their
duals. This complex is a certain reduction of the super de Rham complex, called in [2]
the super contact complex (since it is a “super” generalization of the contact complex
of M. Rumin).

The present paper is the first in the series of three papers on construction of
all finite irreducible representations of the Lie conformal superalgebra C Kg. In this
paper we find all singular vectors of the g- modules Ind(F) for g = E(1, 6), where
F is a finite-dimensional irreducible representation of the Lie algebra csoe. In par-
ticular, we find the list of all finite degenerate irreducible modules over CK¢. In
our second paper [3] we give a proof of the key Lemma 4.4, and in the third paper
construct the complexes, consisting of all degenerate E (1, 6)-modules Ind(F), pro-
viding thereby an explicit construction of all finite irreducible degenerate modules
over CKg.

All degenerate E(1,6)-modules Ind(F) can be represented by the diagram
at the end of the introduction (very similar to that for E (5, 10) in [11]), with the point
(4, 0) excluded, where the nodes represent the highest weights of the modules Ind(F),
and arrows represent the morphisms between these modules. Here A, A1, A3 are the fun-
damental weights of sog = A3 (where A1 is attached to the middle node of the Dynkin
diagram).

In the subsequent publication we shall compute cohomology of these complexes,
providing thereby an explicit construction of all degenerate continuous irreducible
E(1, 6)-modules, hence of all degenerate finite irreducible C K-modules.

This work is organized as follows: In Sect. 2 we introduce notations and def-
initions of formal distributions, Lie conformal superalgebras and their modules. In
Sect. 3, we introduce the Lie conformal superalgebra CKg, the annihilation Lie
superalgebra E(1,6) and the induced modules. In Sect. 4, we classify the singu-
lar vectors of the induced modules (Theorem 4.1), and in Theorem 4.3 we present
the list of highest weights of degenerate irreducible modules. The last part of this
section and Appendix A are devoted to their proofs through several lemmas. More
precisely, we used the software Macaulay2 to simplify the computations, and Appen-
dix A contains the notations in the complementary files that use Macaulay2 and the
reduction procedure to find simplified conditions on singular vectors of small degrees.
All these simplified and equivalent lists of equations, obtained with the software as
explained in Appendix A, are analyzed in detail in the proofs of Lemmas 4.7-4.11 in
Sect. 4.
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2. Formal Distributions, Lie Conformal Superalgebras and their Modules

In this section we introduce the basic definitions and notations in order to have a more
or less self-contained work, for details see [2,8,9] and references therein.

Definition 2.1. A Lie conformal superalgebra R is a left Z/27-graded C[0]-module
endowed with a C-linear map R ® R — C[A] ® R, a ® b +— [ayb], called the
A-bracket, satisfying the following axioms (a, b, ¢ € R):

Conformal sesquilinearity [0ayb] = —Alayb], [ayob] = (A + 9)[ayb],
Skew-symmetry layb] = —(—1)P@POI[p_, 4 a),
Jacobi identity [ax[bycl] = [[ablispc] + (=1)P@QPOp [a; c]].

Here and further p(a) € Z/27Z is the parity of a.

A Lie conformal superalgebra is called finite if it has finite rank as a C[d]-module.
The notions of homomorphism, ideal and subalgebras of a Lie conformal superalgebra
are defined in the usual way. A Lie conformal superalgebra R is simple if [RyR] # 0
and contains no ideals except for zero and itself.

Definition 2.2. A module M over a Lie conformal superalgebra R is a 7./27-graded
C[0]-module endowed with a C-linear map R @ M — C[A] Q@ M, a ® v > aﬁ\”v,
satisfying the following axioms (a, b € R), v € M:

(M1), Ga)Mv = [9M, aMTv = —haMv,

(M2);. [a}, b v = [a,b] Y v,
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An R-module M is called finite if it is finitely generated over C[d]. An R-module
M is called irreducible if it contains no non-trivial submodule, where the notion of
submodule is the usual one.

Given a Lie conformal superalgebra R, let R = R[t, t_l] with d = 9 + 0; and define
the bracket [9]:

lat", bi"] = J% (’7) [ajyble™ . 2.1)

Observe that dR is an ideal of R with respect to this bracket, and consider the Lie
superalgebra AlgR = R /5§ with this bracket.

An important tool for the study of Lie conformal superalgebras and their modules
is the (extended) annihilation superalgebra. The annihilation superalgebra of a Lie
conformal superalgebra R is the subalgebra A(R) (also denoted by AlgR.) of the Lie
superalgebra AlgR spanned by all elements at”, where a € R, n € Z,. It is clear from
(2.1) that this is a subalgebra, which is invariant with respect to the derivation 0 = —o;
of AlgR. The extended annihilation superalgebra is defined as

A(R)¢ = (AlgR)* := Cd x (AlgR),.

Introducing the generating series

A .
a = —(at)), a€R, (2.2)
JEL+ '
we obtain from (2.1):
[ay, by] = [anblrsy, 9d(an) = (0a), = —Aay. (2.3)

Formula (2.3) implies the following important proposition relating modules over
a Lie conformal superalgebra R to certain modules over the corresponding extended
annihilation superalgebra (AlgR)™*.

Proposition 2.3 [4]. A module over a Lie conformal superalgebra R is the same as a
module over the Lie superalgebra (AlgR)* satisfying the property

aym € CIN]® M foranya € R,m € M. 2.4)

(One just views the action of the generating series a; of (AlgR)* as the \-action of
acR)

The problem of classifying modules over a Lie conformal superalgebra R is thus
reduced to the problem of classifying a class of modules over the Lie superalgebra
(AlgR)*.

Let g be a Lie superalgebra satisfying the following three conditions (cf. [7], p. 911):

(L1) gis Z-graded of finite depth d € N, i.e. ¢ = ®;>_4g; and [g;, g;] C gi+;-

(L2) There exists a semisimple element z € go such thatits centralizer in g is contained
in go.

(L3) There exists an element 0 € g_; such that [d, g;] = gi—4, fori > 0.
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Some examples of Lie superalgebras satisfying (L.1)—(L3) are provided by annihila-
tion superalgebras of Lie conformal superalgebras.

If g is the annihilation superalgebra of a Lie conformal superalgebra, then the mod-
ules V over g that correspond to finite modules over the corresponding Lie conformal
superalgebra satisfy the following conditions:

(1) Forall v € V there exists an integer jo > —d such that g;v = 0, for all j > jo.
(2) V is finitely generated over C[d].

Motivated by this, the g-modules satisfying these two properties are called finite con-
formal modules.
We have a triangular decomposition

g=9<0®Dgo D g0, with g.o = ®j <08/, 90 = ®j>09;- (2.5)

Let g>0 = @;>09,. Given a g>o-module /', we may consider the associated induced
g-module

Ind(F) = Ind_, F = U(g) ®u(g.o) F.

called the generalized Verma module associated to F. We shall identify Ind(F) with
U(g<o) ® F via the PBW theorem.
Let V be a g-module. The elements of the subspace

Sing(V) := {v € V]|g=ov = 0}

are called singular vectors. For us the most important case is when V = Ind(F). The
g>0-module F' is canonically a g>o-submodule of Ind(F), and Sing(F) is a subspace
of Sing(Ind(F)), called the subspace of trivial singular vectors. Observe that Ind(F) =
F & Fy, where Fy = Uy (g<0) ® F and U4 (g<o) is the augmentation ideal of the algebra
U (g<0)- Then non-zero elements of the space

Sing, (Ind(F)) := Sing(Ind(F)) N F;

are called non-trivial singular vectors. The following simple key result will be used in
the rest of the paper, see [7,10].

Theorem 2.4. Let g be a Lie superalgebra that satisfies (L1)—(L3).

(a) If F is an irreducible finite-dimensional g=o-module, then the subalgebra g~ acts
trivially on F and Ind(F) has a unique maximal submodule.

(b) Denote by Ir(F) the quotient by the unique maximal submodule of Ind(F). Then
the map F + Ir(F) defines a bijective correspondence between irreducible finite-
dimensional go-modules and irreducible finite conformal g-modules.

(c) A g-module Ind(F) is irreducible if and only if the go-module F is irreducible and
Ind(F) has no non-trivial singular vectors.

In the following section we will describe the Lie conformal superalgebra C K¢ and its
annihilation superalgebra E (1, 6). In the remaining sections we shall study the induced
E(1, 6)-modules and their singular vectors in order to apply Theorem 2.4 to get the
classification of irreducible finite modules over the Lie conformal algebra C Kg.
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3. Lie Conformal Superalgebra C K¢, Annihilation Lie Superalgebra E (1, 6)
and the Induced Modules

Let A(n) be the Grassmann superalgebra in the » odd indeterminates &1, &, ..., &,.
Let ¢ be an even indeterminate, and let A(1,n), = C[t] ® A(n). The Lie conformal
superalgebra K, can be identified with

K, = C[0] ® A(n), (3.1)

the A-bracket for f =&;, ..., g =&, ...&; being as follows [38]:

[figl= ((r —2)3(fe)+ (=1 Z(aif)(aig)) +Ar+s—4)fg. (3.2

i=1

where 0; = 3%
The annihilation Lie superalgebra of K, can be identified with (see [2])

A(Kn) = K(1,n)4 = A1, )4, (3.3)

with the corresponding Lie bracket for elements f, g € A(1, n) being

[f. 8] = (2f - a,-f) (@8) — (0 f) (Zg - a,-g) +(=DPD D@ ) (@B 9).
i=1

i=1 i=1
The extended annihilation superalgebra is
AK) = K(1,n)* =Ca x K(1,n)s,

where 9 acts on it as —ad 9;. Note that A(K},)€ is isomorphic to the direct sum of A(K},)
and the trivial 1-dimensional Lie algebra C(d + %).
We define in K (1, n), a gradation by putting

deg(t"&;, .. &) =2m+k —2,

making it a Z-graded Lie superalgebra of depth 2: K(1,n)y = @;>_2(K(1,n)4);. Itis
easy to check that K (1, n); satisfies conditions (L1)—(L3).
We introduce the following notation:

%'1 Z=Ei1...§ik, if I={i1,...,ik},
[ fl:=k, if f=&..§&,.

For a monomial &; € A(n), we let £&;* be its Hodge dual, i.e. the unique monomial
in A(n) such that ;67 =&, ...&,.

Warning. This definition corresponds to the one in [4] or [7], p. 922, but in [2] Theorem
4.3, the Hodge dual was defined in a different way.

The Lie conformal superalgebra C K¢ is defined as the subalgebra of K¢ given by
(cf. [5], Thm. 3.1)

CKg = Clal-span (f — i(—1)" 5 (=0 VI f* 1 f e A6).0<|f] <3}
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Now, we define a linear operator A : K (1, 6);. — K (1, 6); by (cf. [6], p. 267)

wan (AN
A(f) = (=12 (E) (f, (3.4)

where f is a monomial in K (1, 6);, d is the number of odd indeterminates in f, the
operator (‘%)_1 indicates integration with respect to ¢ (i.e. it sends ¢" to "+ 1)),
and f* is the Hodge dual of f. Then, the annihilation Lie superalgebra E (1, 6) of C K¢
is identified with the subalgebra of K (1, 6), given by the image of the operator I — i A.
Since the linear map A preserves the Z-gradation, the subalgebra E (1, 6) inherits the
Z-gradation.

Using Theorem 2.4, the classification of finite irreducible C K¢-modules can be re-
duced to the study of induced modules for E(1, 6). Observe that the graded subspaces
of E(1,6) and K (1, 6), with non-positive degree are the same. Namely,

E(1,6)-2 = ({1}),
E(1,6)1=({& : 1 =i =<6} (3.5)
E(1,6)0 = ({1} U{5§; : 1 =i <j=6}).

We shall use the following notation for the basis elements of E (1, 6)¢ (cf. [2]):
Ep =1, Fij = —&&;. (3.6)

Observe that E(1, 6)g >~ CEgy @ s0(6) =~ cs0(6). Take

1
0:=—-1 3.7
5 3.7)
as the element that satisfies (L3) in Sect. 2.
For the rest of this work, g will be E(1, 6). Let F be a finite-dimensional irreducible
go-module, which we extend to a g>o-module by letting g; with j > 0 acting trivially.
Then we shall identify, as above:

Ind(F) ~ A(1,6), ® F ~C[0]® A(6) @ F (3.8)

as C-vector spaces.

Since the non-positive graded subspaces of E (1, 6) are the same as those of K (1, 6),
the A-action is given by restricting the A-action in Theorem 4.1 in [2]. We describe the
g-action of K (1, 6); on Ind(F) using the A-action notation in (2.2), i.e.

A
filg@v)=>" TN cev (3.9)

j=0 7"

for f,g € A(6)and v € F.

In the last part of this section we shall state an easier formula for the A-action in the
induced module (see Theorem 4.3, [2]). This is done by taking the Hodge dual of the
basis modified by a sign, since we are using the definition of Hodge dual given in [4],
instead of the one used in [2]. Namely, let 7' be the vector space automorphism of Ind(F')
given by T(g ® v) = (—1)8lg* ® v, then the following theorem gives the formula for
the composition T o (f,-) o T 1.
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Theorem 3.1. Let F be a cso(6)-module. Then the ,-action of K (1, 6); in Ind(F) =
C[0] ® A(6) ® F, is equivalent to the following one:

Filg ®v) = (=) LAl

6
x [(Ifl —2)3(f9) @ v — (=D’ D@ ))B:8) @ v — D (3,0, /)¢ ® Fryv
i=1

r<s

6
H[fg ® Egov — (=P "0 (f&g) @ v+ (=P D (3: )58 ® F,-jv}

i=1 i#j

—)LZZfEiSngb FijU]~

i<j

4. Singular Vectors

By Theorem 2.4, the classification of irreducible finite modules over the Lie confor-
mal superalgebra C K¢ reduces to the study of singular vectors in the induced modules
Ind(F), where F is an irreducible finite-dimensional cso(6)-module. This section will
be devoted to the classification of singular vectors.

When we discuss the highest weights of vectors and singular vectors, we always
mean with respect to the upper Borel subalgebra in E(1, 6) generated by (E(1, 6))~¢
and the elements of the Borel subalgebra of so(6) in E(1, 6)¢. More precisely, recall
(3.6), where we defined F;; = —§;&; € E(1,6)9 >~ CEg ® s0(6). Observe that F;;
corresponds to E;; — E;; € 50(6), where E;; are the elements of the standard basis of
matrices. Consider the following (standard) notation for so0(6, C) (cf. [12], p. 83): We
take

Hj=iFj12;, 1=j=3, (4.1)
a basis of a Cartan subalgebra ho. Let ¢; € b be given by &;(Hy) = §x. Let
A={xe xeg;l|i<j}
be the set of roots. The root space decomposition is

g=bo®Pg..  withgy = CE,.

aEA

where, for 1 <[ < j <3,

Ee—e; = Fa—12j—1+ Fo2j +i(Fu—1,2j — Fa2j-1),

Eejve; = Fa—12j—1 — Fupj —i(Fa—1,2j + Fa2j-1), 4.2)
E_(e)—¢j) = Far—12j—1+ Far2j — i(Fau-12j — Fa2j-1),
E_(g4ej) = Fu—12j—1 — Fuj+i(Fa—1,2;j + Faj-1).

LetIT={s; —&,6 — 3,8 +e3}and At = {g; &+ gj | i < j}, be the simple and
positive roots respectively. Consider

. 1
o = Fy12j-1 —iFuj-1 = E(Es/fs_,' + Egpie;),
| 4.3)
Bij == Faupj+iFa—12j = E(Esl—sj — Eg4e))-
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Then, the Borel subalgebra is
Bso) = ({auj, Bij | 1 <1 < j < 3}). 4.4)

Recall that the Cartan subalgebra b in (CK (1, 6);)g =~ CEy @ s0(6) =~ cs0(6) is
spanned by the elements Eqy, H|, H>, H3. Let ¢y € h* be the linear functional given by
eo(Ego) = 1 and eq(H;) = 0 for all i. Let

Al = €1,
E1+&— €
x2=#, (4.5)
E1+é+€
A3 = 1 2 3
2

be the fundamental weights of s0(6), extended to h* by letting A; (Egp) = 0. That is
(Ai,aj) = &;j, where oy = 1 — &2, ap = &2 — €3, a3 = &2 +¢3. Then the highest weight
w of the finite irreducible cso0(6)-module F,, can be written as

L = npeg +niA1 +noiy + n3Az, (4.6)

where ny, n, and n3 are non-negative integers. In order to write explicitly weights for
vectors in C K (1, 6),-modules, we will consider the notation (4.6).

Consider a singular vector 7 in the CK (1, 6)-module Ind(F) = C[0]® A(6) ® F,
where F' is an irreducible cso(6)-module, and the A-action of CK (1, 6), in Ind(F) is
given by restricting the A-action of K (1, 6), in Theorem 3.1.

Using (3.4), (3.9), and the description of the upper Borel subalgebra of E(1, 6), we
obtain that a vector 7 in the E(1, 6)-module Ind(F) is a singular vector if and only if
the following conditions are satisfied:

(S1) Forall f € A(6),withO < |f] <3,
d2
di?
(S2) Forall f € A(6),with1 < |f| <3,

(£ r =i R i) = o,

d S LAAAfIFD 4 R
= (fai =i IV i) 1o = 0.

(S3) Forall f with [f| =3 or f € Bsg),

LAIAS1+D

(f 2 =i 2RI ) ) g = 0.

In order to classify the finite irreducible C Kg-modules we should solve Egs. (S1-S3)
to obtain the singular vectors.

Observe that the Z-gradation in E (1, 6), translates into a Z<o-gradation in Ind(F) =
C[0]® A(6) ® F, where wt 9 = —2 and wt §; = —1, but we shall work with the A-action
given by Theorem 3.1 where we considered the (modified) Hodge dual basis, therefore
from now on the Z<o-gradation in Ind(F') is given by wt 9 = —2 and wt &y = |I| — 6.

The next theorem is one of the main results of this section and gives us the complete
classification of singular vectors:
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Theorem 4.1. Let F,, be an irreducible finite-dimensional cso(6)-module with high-
est weight . Then, there exists a non-trivial singular vector m in the E(1, 6)-module
Ind(Fy,) if and only if the highest weight . is one of the following:

(a) u = (% +4) eo + Ao, where (up to scalar) m = 9% gs + 0 g3 + g1 of degree -5,
given by (4.40), with singular weight

! + A
— e ,
> 0 3

(b) u = (% +4) ey + niy, with n > 2, where (up to scalar) m = 2‘1‘23 & vy of
degree—3, given by (4.181), with singular weight

(g + 1) €0+ (n—2)hs,

(c) u = (—% + 2) eo +ni3, withn > 0, where (up to scalar) m = Z|1|:3 & Quyof
degree —3, given by (4.183), with singular weight

(—% . 1) eo+ (1 +2)h3,

(d)

(n1 + "2—2 +4) eo + niiy + noko, withny > 1, no > 0, where (up to scalar)
|

"
m Il=s &1 ® vy of degree —1, given by (4.249), with singular weight

n
w= (nl + ?2 +3) eo+ (ny — DAy +noia,
n
(e) u = (”72 — ?3 +2) ep +noky +n3r3, withny > 1, n3 > 0, where (up to scalar)

= Z\IIIS &1 ® vy of degree —1, given by (4.254), with singular weight
nj n3
= (— - —+1)eo+(n2— DAz + (n3 + 1)As,

— (n1 + "73) eo + niA1 +n3i3, withny > 0, n3 > 0. where (up to scalar)

) n
m = (Epje — i&nye) ® vy of degree —1, with singular weight

M:—(n1+n73+1)6()+(n1 + 1A +n3Ars3.

Remark 4.2.  (a) We have the explicit expression of all singular vectors in terms of the
highest weight vector v, in each case.

(b) The family (f) of singular vectors with n3 = 0 corresponds to the first family of
singular vectors in K¢, computed in Theorem 5.1 [2].

(c) The family (d) of singular vectors with np = 0 corresponds to the second family
of singular vectors in K¢, computed in Theorem 5.1 [2].

(d) The family (e) is new, with no analog in K.

(e) The highest weight for which we have a singular vector of degree —5 corresponds
to the (not present) case n = 1 in the family (b), and the one parameter family
(b) (resp. (c)) is the (not present) case n1 = 0 (resp. np = 0) in the family (d)
(resp. (e)).

Using Theorem 4.1, we obtain the following theorem that is the main result of this
work and gives us the complete list of highest weights of degenerate irreducible modules:
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Theorem 4.3. Let F, be an irreducible finite-dimensional cs0(6)-module with highest
weight . Then the E(1, 6)-module Ind(F),) is degenerate if and only if u is one of the
following:

(a) p = (n1+%+4)eo+n1)q +nohy, withny > 1, np >00rn; =0,ny > 1,

7
(b) n = (n72 — ?3+2) ey +noiy +n3A3, withny >0, n3 >0,
(c) = —(nl +"73) eo+niiy +n3iz, withny >0, nz > 0.

The rest of this section together with Appendix A is devoted to the proof of this
theorem. The proof will be done through several lemmas.

Recall that the Cartan subalgebra b in (CK (1, 6);)g =~ CEy @ s0(6) =~ cs0(6) is
spanned by the elements

Eoo, Hy, Hy, H3,

and, for technical reasons as in our work [2], from now on we shall write the weights
of an eigenvector for the Cartan subalgebra f as an 1 + 3-tuple for the corresponding
eigenvalues of this basis:

= (o5 15 12, U3). 4.7

Let © = noeg + n1A1 + nai2 + n3A3 be the highest weight of the finite irreducible
¢s0(6)-module F),, where ny, ny and n3 are non-negative integers, as in (4.6). Using the
notation (4.7), this highest weight can be written as the 1 + 3-tuple,

npyn+—+—, —+—, —+— (4.8)

2 2 2 2 2 2
Letm € Ind(F) = C[0] ® A(6) ® F be a singular vector, then

n n3 nz n3 n n3
r= )

N

I’l_:l = Zzak(él &® vl,k)’ with Vi k € F.

k=0 1

Lemma 4.4. If m € Ind(F) is a singular vector, then the degree of m in 9 is at most 2.
Moreover, any singular vector has this form:

= 9> Z%I@vl,z + 0 Z§1®v1,1+zf§l®vl,o~

[71=5 [11=3 [11=1

Proof. The proof of this lemma will be published in a second paper [3] of the series of
three papers. O

The Z-gradation in E(1, 6), translates into a Z<o-gradation in Ind(F):

Ind(F) ~ A(1,6) ® F ~ C[0] ® A(6) ® F
~CIQF®C'QF ® (CI®F)®(A*(COHRF) @---.
S—— S——

deg 0 deg —1 deg —2

Therefore, in the previous lemma, we have proved that any singular vector must have
degree at most —35.
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Recall that in the theorem that gives us the A-action, we considered the Hodge dual
of the natural bases in order to simplify the formula of the action. Hence, any singular
vector must have one of the following forms:

m=09" D & ®va+d D E®uia+ Y & v, (Degree —5),

I71=5 111=3 11=1
i = o Z §1®vip + 0 Z §r®ur+ Z £ ® vy, (Degree — 4),
171=6 [11=4 1]=2
m=20 Z &r®up+ Z &1 @ vr,0, (Degree — 3), (4.9)
[T11=5 |11=3
m=0 Z §®ur+ Z & ® vy, (Degree — 2),
[1]=6 |1]=4
m= Z & ® vr,0, (Degree — 1).
[7]=5

Now, we shall introduce a very important notation. Observe that the formula for the
action given by Theorem 3.1 has the form

frilg®v)=0a+b+AB+A>C=0+d)a+b+r(B—a)+1>C,

by taking the coefficients in 3 and A/. Using it, we can write the A-action on the singular
vector m = 8% my + 9 my + mo of degree 2 in 9, as follows:

f)\l’r’l = |:()L+3) ap + bo + A (By _a0)+)\.2 C():|
+(A +9) [(Ha) ar+b1+A (B —ay) + A2 Cl]
+( +9)? [(x +3)ax+by+ A (By —ax) + A2 cz]. (4.10)

Obviously, these coefficients depend also on f and m, and sometimes we shall write
for example ax(f) or a(f, m>), instead of ap, to emphasize the dependence, but we
will keep it implicit in the notation if no confusion may arise. In a similar way, for the
A-action of f* onm = 82 my + 9 m; +mg we use the notation

fim = [(,\ +9) ady + bdy + A (Bdy — adp) + 1> Cdo}
+(A+0) [(A +0d) ady + bd) + A (Bd; — ady) + 22 Cdl]
+(A +0)? |:(A +9) adr + bdy + A (Bdy — ad>) + \* Cd2:|. (4.11)

As before, these coefficients depend also in f* and m, and sometimes we shall write
for example ad> (f) or ad(f, m2), instead of ad,, to emphasize the dependence, but we
will keep it implicit in the notation if no confusion may arise.
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Lemma 4.5. Letm = 92 my+9 m; +mq be a vector of degree at most —5. The conditions
(S1)—(S3) on m are equivalent to the following list of equations:

e for|f|=0:
Cop = —By, 4.12)
2By = —ay — Cy, 4.13)
2bdy = iay— iCy. 4.14)

o for|f|=1:
3By, =—-2ibd; —2iady —2Cy, 4.15)
2Co=a;—B;—2bdyi, 4.16)
2a; = — By, “4.17)
3Bdy = i C; — bd; +2ady, (4.18)
2 by = —a; — By, 4.19)
b; = —By. (4.20)

o for | f| =2:
2Co=—2Bdypi —B;+ iady— ibd, “4.21)
2by =—iady— ibd; — By, 4.22)
bdy =bji +Byi. 4.23)

e for|f| =3:
Co = Cdypi, (4.24)
bdyp = —i by, 4.25)
By =Bdji+a; —adi, (4.26)
by =bdyi —a;+adji, “4.27)
bd; = —Bdy — Bpi — bj i, (4.28)
adp = —api +Bdyp+ Byi. 4.29)

o for f € Bso):

by, =0, (4.30)
by =0, 4.31)
by = 0. (4.32)

Remark 4.6. The equations in Lemma 4.5 are written using the previously introduced
notation. For example, strictly speaking, if i = 9>ms + dm + mg then Eq. (4.23) for
an element f = &;&; means

bd (& &k, mo) = b(§;&k, m1) i + B(§j5k, mo)i. (4.33)

Proof. Using this notation, by taking coefficients in 3’ A7, conditions (S1)-(S3) translate
into the following list, for f € A(6) (see file “equations.mws’’> where the computa-
tions were done using Maple, this file is located in the link written at the beginning
of the Appendices):
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eFor|f| =0:
Co = —B; — b2,
BZ__a_Z_Qv
2 2
bd, _ L 1'C
0—21512 2l 1,
adyp = Bdp,
C,=0,Cd, =0, ad, =0, Bd, =0, Cd; =0, Cdy =0,
bdy = —Bdj,
bd; = —Bdy,
ad; = Bd].
eFor|fl=1:

2 2 2Cy
B, =——ibd; — -iady — —,
2= Tt T gtad T

1 1 C
azzgibd1+§iad0+?l,
a;j B .

Co=————bdyi,
0= 75 T Tl
Cy = —Bd;i —bd>1i,
1 bd; 2ad
Bdoz—iCI——I+ (107
3 3 3

a; Bj

by = —— — —,

? 2 2

by = =By,
Cdy =0,ad, =0,Bd, =0,Cd; =0, Cdyp =0,
ad; = Bd;.

eFor|f| =2:
1 2C 2

Bg:—bdgi—giad]—TI—gin],

1 Bd d
Cdyp=-iCy— 28,4

3 3 3
Co=—Bdpi— 2L+ Liady— Lipa,+ 4
0= 0l ) 21610 2l 1 5

¢ 1, .
a2=?+§th1—§lad1,

I, I, a; By
b2:—§lad()—§lbd]—?—?,
bdg = b;i +Byi,

Cy = —i Bdy,

Cd, =0,ad, =0, Cd; =0.
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eFor|f| =3:
Cop=Cdpi,
C;=0Cdi,
Cy,=Cd>i,
bdy = —i by,
ar» =ads i,

By =Bdji+a; —adi,
by =bdyi —a;+ad;i,
bd; = —Bdyp — Bpi — bj i,

adyp = —api+Bdyp+ By,
B, = Bdsi.
oForf € Bso):
0 = by,
0 = by +ay,
0=0b+a,
Ozaz.

Now, taking care of the length of the elements &; involved in the expression of vectors
in Ind(F) of degree at most —5, we observe that some equations are always zero, getting
the list in the statement of the lemma. O

In order to classify the singular vectors we should impose Egs. (4.12)—(4.32) to the 5
possible forms of singular vectors listed in (4.9), depending on the degree. The following
lemmas describe the result in each case.

Lemma 4.7. All the singular vectors of degree —5 are listed in the theorem.

Proof. Using the softwares Macaulay2 and Maple, the conditions of Lemma 4.5 on the
singular vector ms were simplified in several steps. First, the conditions of Lemma 4.5
were reduced to a linear system of equations with a 992 x 544 matrix. After the reduction
of this linear system, we obtained in the middle of the file “m5-macaulay-2" a simplified
list of 542 equations (see Appendix A for the details of this reduction). In particular, we
obtained the following identities:

0=v1+v134506 =1y — 1 V134,56
0=v3+v123556 =v4 — 1012356
0=vwv5+v12345 0=vs—ivi2345
0=v123—iv12356 0=v124—012356
0=vi25—iv12345 0=v126—012345
0=v134—1v13456 =135+ V2456
0=v136+1v2456 0=vi45+v2456 (4.34)
0=vi46—1iv2456 0=v156—1013456 '
0=1v234—v13456 0=wv235+12456
0=wv236—1v246 O0=wv245—112456
0=v256—v13456 =v345— 1 V123,45
0=1v34,6—v1,2345 0=v356—1012356
0=1v456—v12356 0=1v23456+1v13456

0=v1,2456+iv12356 0=v12346+1V12345



518

C. Boyallian, V. G. Kac, J. I. Liberati

In particular, all the vectors v; can be written in terms of vy, v3, vs and vy 3 5. By impos-
ing these identities, we obtained at the end of the file “mS5-macaulay-2” the following
simplified list of 64 equations (see Appendix A for the details of this reduction):

0= Hiv + 1/21}1

0= H3v1 - 1/2v1

0= Hyvz+1/2v3

0= H1v5 — 1/21)5

0= H3vs + 1/21}5

0= Hyvi3s5+1/2v135
0 = Egov; — 9/2v;

0 = Egovs — 9/2v5

together with

0=E_(;—e)V1
0=E_(¢—evs

0= E_(¢;—e5)V1
0=E_(¢5—¢5)V5 — 20
0=E_(;—23)1

0= E_(5)—e5)V5 — 203
0= E7(61+€2)v1

0= E_(¢14+e0)V5 — 201,35
0= E_(c14e5)V1

0= E—(81+83)U5

0= E_(g+e5)V1 — 201,35
0= E_(¢p+e3)V5

and

0= Egl_gzvl +2U3

0= FE¢ —&,s5
0= Eg|753l}1 +2v5
0= E;g &5
0= E82_83v1
0= E82—£3 Us
0= E¢ 45,01
0= E¢ 1e,vs
0= E81+83 U]
0= E81+83 U5

0= E82+83 V1

0= E62+83 vs

Therefore, a vector

0= Hyv; — 1/2v;
0= Hivz —1/2v3
0 = Hyvz — 1/2v3
0= Hyvs — 1/2v5

0=Hvi3s5+1/2v135 (4.35)
0= H3vi35+1/2v135

0= Egovz — 9/2v3

0= Epov1,3,5 —9/2v135

0= E_(81_52)1)3 — 2v1
0=E_(¢,—¢)V1,35

0= E_(s—e5)V3
0=E_(5;—¢y)V1,3,5
0=E_(5;—£3)03
0=E_(5,—¢3)V1,3,5 (4.36)

0=E_(¢+6,) V3
0=E_(¢/46)V1,3,5
0=FE_(¢4e5)V3 +2V1 35
0=E_(¢,463)V1,3,5

0= E_(5)+e3) 03
0=E_(6,463)V1,3,5

0= E81—£2v3
0=E;—¢v135
0=FE; _¢v3

0=FE¢ ¢v135

0= E¢_g303 +205

0=FEe¢—e30135

0 = Eg 46,03 (4.37)
0 = E¢ 46,135 + 205

0= E81+83U3

0= E¢ 1650135 — 203

0= E£2+83 U3

0 = E¢,4e5v1,3,5 + 201

ms=0" D E@u+0 D EQui+ Y & @

|1]=5

|11=3 1]=1
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satisfies conditions of Lemma 4.5 if and only if Eqs. (4.34—4.37) hold. We divided the
final analysis of these equations in several cases:

e Casevs # 0. Using (4.37) we obtain that the Borel subalgebra of s0(6) annihilates vs.
Hence, it is a highest weight vector in the irreducible c¢s0(6)-module F,, and by (4.35),

the highest weight is
(9. 111 438)
l’l’ - 2 ) 2’ 27 2 . .

Using (4.36), the other vectors are completely determined by the highest weight vector
vs, namely

1
V] = EE—(€1—£3) Vs,
1
v3 = EE—(Sz—Sg) vs, (4.39)
1
V13,5 = 557(51%2) vs.

After lengthly computation, it is easy to see that (4.35—4.37) hold by using (4.38) and
(4.39). From now on, we denote by A€ the complement of the subset A in {1, ..., 6}.
Therefore, the vector

3
ms =0° [Z(E{zl}v —i&pi-1)) ® v21—1} + 3|: (i 5134 + 6234 + 18156 + £256) @ V1
=1

+(i §123 + 5124 + 18356 + §456) Q@ 3+ (I §125 + 5126 + 18345 + §346) Q V5

+ (i §136 + 65236 + 18145 + E146 + 1 5235 + 5245 — 16246 — §135) @ v1,3,5}
3
+ D (Eu+igy 1) ®vy (4.40)
=1

is a singular vector of Ind(F)), where vs is a highest weight vector in F,, u =
(9/2;1/2,1/2, —1/2) and vy, v3, v1 3,5 are given by (4.39). By computing

Eqo - ms = coefficient of A (1,7m5) ,

H) - s = coefficient of 10 (—i & & yms), (4.41)
H, - s = coefficient of A° (—i &3&4 1ms)

Hj - s = coefficient of A° (—i &s&g 1ms) ,

- 9 111
wt ms = E;E,E,z,

one can prove that

finishing this case.
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e Casevs = Oandvz # 0. In this case, using (4.37) and (4.35), we have that v3 is
a highest weight vector in F,, with u = (9/2; 1/2, —1/2, 1/2) that is not dominant
integral, getting a contradiction.

e Casevs =0, v3 = 0andv; # 0. In this case, using (4.37) and (4.35), we have that v
is a highest weight vector in F),, with u = (9/2; —1/2,1/2,1/2) that is not dominant
integral, getting a contradiction.

e Case() = vs = v3 = viandv; 35 # 0. In this case, using (4.37) and (4.35), we have
that vy 35 is a highest weight vector in F,, with u = (9/2; —1/2, —1/2, —1/2) that is
not dominant integral, getting a contradiction and finishing the proof. O

Lemma 4.8. There is no singular vector of degree —4.

Proof. The proof of this lemma was done entirely with the softwares Macaulay2 and
Maple. The conditions on the singular vector m4 were reduced to a linear system of
equations with a 1104 x 527 matrix, whose rank is 527 (see Appendix A for details).
Therefore, there is no non-trivial solution of this linear system, proving that there is no
singular vector of degree —4, finishing the lemma. O

Lemma 4.9. All the singular vectors of degree —3 are listed in the theorem.

Proof. Using the softwares Macaulay2 and Maple, the conditions of Lemma 4.5 on the
singular vector m3 were simplified in several steps. First, the conditions of Lemma 4.5
were reduced to a linear system of equations with a 694 x 442 matrix. After the reduction
of this linear system, we obtained at the end of the file “m3-macaulay-1"" a simplified
list of 397 equations (see Appendix A for the details of this reduction). In particular, we
obtained the following identities:

0=vi23—ivsse6 0=vip4+iv3se
0=vi125—iv346 O0=vi26+1v345
0=vi34—1iv256 0=vwv135+iv2456
0=v136—11245 0=wvi45—1i1236 (4.42)
0=vi46+iv23s 0=v156—1v234 ’
0=1v23456 0=v13456

0=v12456 0=v12356

0=v12346 0=v12345

Now, we have to impose the identities (4.42) to reduce the number of variables. Observe
that everything can be written in terms of

vy, jxk with 2 <j <k <6.
Unfortunately, the result is not enough to obtain in a clear way the possible highest weight

vectors. For example, after the reduction and some extra computations it is possible to
see that

(v1,3,6 — V1,4,5) + 1 (V1,35 +V1,4,6) (4.43)
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is annihilated by the Borel subalgebra. Hence, it is necessary to impose (4.42) and make
a change of variables. We produced an auxiliary file where we imposed (4.42), and after
the analysis of the results, we found that the following change of variable is convenient:

up =v123—1ivi24
Uy =v123+i V124

uz =v125—1 V1,26
ug =v12,6+1i V126
Us = V134 — V1,56 (4.44)

U = 134+ V1,56
u7 =v135— vi46+i (V136 +0145)
ug =v135+v146— 1 (V1,36 —V1,4,5)
ug =v135—vi46— 1 (v136+0145)
up =v135+v146+i (V1,36 —v145)
Observe that all the equations will be written in terms of #; with 1 <i < 10. By impos-

ing these identities, we obtained at the end of the file “m3-macaulay-2” the following
simplified list of 125 equations (see Appendix A for the details of this reduction):

0=Hiu; — i/4E_(£1_83)u10 +uq (4.45)
0=—Hiu+ Hui —u; (4.46)
0= Hju; + Hzu “4.47)
0= Hiuz — 1/4E_(s1ep)U5 — I [AE_(g 4¢3 U8 +3/2u> (4.48)
0 = Hiuz + Haup — 1/2E_ (¢ 46,5 + 2u2 (4.49)
0= —H1u2 + H3u2 + 1/2E_(81+£2)u5 —Uup (4.50)
0=Hiuz — 1/4E_(¢) _eyus +i/4E_(¢;_gyyug +3/2u3 “4.51)
0= Hiuz+ Hyuz — 1/2E_ (¢ _gyyus +u3 (4.52)
0=—Hiuz + H3uz +1/2E_( _¢yyus5 — 2u3 (4.53)
0= Hiug + Hzug +uy (4.54)
0 = Hougq + Hyug + ug (4.55)
0= H3ug — i [AE_ (¢, 4e))U10 (4.56)
0= Hius+i/4E_(¢—¢5)U10 4.57)
0 = —Hjus + Hyus + us (4.58)
0= H2u5 + H3u5 (4.59)
0=1/2E_(¢ 4¢3 + Hiug + H3ug + 2ug (4.60)
0 =1/2E_(g146)ut1 + Hiug + Houg + 2ug 4.61)
0 = Houg + H3ug +1i/2E_(gy4e3)U9 +2ug (4.62)
0=—i E_(¢+ep)Us + Hyu7 + Hou7 — H3u7 + Eqou7 — 2u7 (4.63)
0=1iE_(g4e5u2 + Hyuy — Hyu7 + H3u7 + Eqou7 — 2u7 (4.64)
0=—i E_(ey4ey)u6 — Hiuz + Hyu7 + H3uy + Eqou7 — 2u7 (4.65)
0 = Hyug — Eooug + 4ug (4.66)

0=—i/2E_(sy—ey)us5s + Houg+ Eqoug — 3ug 4.67)
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0 = Hyug + H3ug

0 = Hyug + Hyug + H3ug — Egoug + 4ug
0=1/2E_(5—eyu3 + Houg — Eqoug +3ug
0= —i/ZE_(51_83)u1 + H3yug — Eqgoug + 3ug
0= Hiuio — Eoouio +4uio

0 = Hauyo — Egouto + 4u10

0 = H3uio + Egou1o — 4u1o

0= —Hlul + E00u1 — 5u1

0= —Hjur + Egour — Sup

0 = —Hjus + Egousz — Sus

0 = H3uy + Eqoug — 4ugy

0 = —H3us + Egous +i/2E_(sy—e 10 — 3us
0= —Hiuec+ Eqote +1/2E_ (st — 4ug

0=E_(¢—eptt1

0= E_(e)—e)tt1 + E_(¢)—e3)lt5
0= E_(si—en)2 + E_(g1455)13
0= E—(e1—e5)U2 = E—(ey+en) U3
0=E_ (g2 +i E_(¢11y)U8
0=E_(¢i—e)u3 +i E_(e)—g5)tt9
0=E_(e—e)u3+i E_(s;—g5)tt8
0= E—(e;—ep)lt4

0= E—(ej+en)t1 + E—(e )4
0= E_(e)—e3)t4 — E_(¢14e5)Ut5
0= E_(gl_gz)MS +2uy
0=E_(si—e)tt6 — i E_(e1463)U9
0= E—(e;—e5)Ut6 +1 E—(e+e2) U9

0= —E_(c+en)3 + E_(s,—g3)ll6
0=1iE_(¢)+e5)tt6 + E_(g)—ep)tt7
0=—i E_(sy4en)tt6 +E_(¢)—e5)U7
0= —i E_(eysep)tt2 + E_(ey—eq)t7

0=E _(¢;—entt10

0= E7(61+83)u1

0= E_(sr4e3)U1 +2uy
0= E—(82+83)u2
0=E_(ey4e5)U3 — 2un
0= E7(61+83)M4

0= E—(82+83)u4

0= E_(g,+¢3)U5 + 2uy

(4.68)
(4.69)
(4.70)
.71
4.72)
4.73)
4.74)
(4.75)
(4.76)
4.77)
(4.78)
(4.79)
(4.80)

4.81)
(4.82)
(4.83)
(4.84)
(4.85)
(4.86)
(4.87)
(4.88)
(4.89)
(4.90)
4.91)
(4.92)
(4.93)
(4.94)
(4.95)
(4.96)
(4.97)
(4.98)
(4.99)

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

(4.105)
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0= E_(sy4e3)U5 (4.106)
0= E_(sy4e3)U8 (4.107)
0= E_(£1+53)u10 (4.108)
0=E_(e4e9)U10 (4.109)
0= E¢—su1 —2us (4.110)
0=E¢_su1+2iup “4.111)
0= Eq—gui 4.112)
0=FE¢_su2 (4.113)
0= E¢—su2 4.114)
0=Eq _oyup+2uy 4.115)
0=E;—su3z —2iug 4.116)
0= E¢ —syu3 +2us 4.117)
0= E¢_syu3 —2uy (4.118)
0= FE¢—sus 4.119)
0=E; _us (4.120)
0=Eq_suq (4.121)
0=FE¢_sus (4.122)
0= E¢ s us (4.123)
0=Eq us—2iup (4.124)
0= E¢ s up+2un (4.125)
0= Eg —syue+2u4 (4.126)
0= E¢_syu6 (4.127)
0=FE¢—su7 (4.128)
0= E; _su7 (4.129)
0= Eq_gyu7 (4.130)
0=FE¢_sug (4.131)
0= E¢ —sus (4.132)
0=Eq cug+4ius (4.133)
0=FE¢—suo+4ius (4.134)
0=Eg—syuo—4iu (4.135)
0= Eg_gyu9 (4.136)
0= E¢—sui0 (4.137)
0=E¢; _uipo (4.138)
0= Eq_gu10 (4.139)
0= E¢ 4eU1 (4.140)
0= Egi4e5u1 (4.141)
0= E¢yreiui (4.142)
0 = E¢ 4s,u2 +2us (4.143)

0 = E81+83u2 + 2 i ug (4144)
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0= E82+53u2 +2u3

0 = E¢1e,u3

0= E£1+53U3

0= E82+£3u3

0= FE¢teus —2iu
0 = E¢ tesuq — 2us
0= E82+53U4 —2uy
0= E81+82u5

0 = Eg¢ te3us

0 = E¢yresus

0 = E¢ire,u6 — 2uy
0= E£1+53u6 —2u3
0= Egysesu6 — 21 ug
0=E¢1eou7+41uy
0=Eg4equ7 —4iun
0= Eey4esu7+4iug
0= E51+52u8

0= Ee¢ +equs
0 = E¢yresus
0 = E¢ 1+e,u9
0= E£1+53U9

0= E¢y4eiu9

0= E¢1e,u10
0 = E¢ tesu10
0 = Egyresui0.

Therefore, a singular vector of degree —3 must have the simplified form

3= > & ®v;
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(4.145)
(4.146)
(4.147)
(4.148)
(4.149)
(4.150)
4.151)
(4.152)
(4.153)
(4.154)
(4.155)
(4.156)
(4.157)
(4.158)
(4.159)
(4.160)
4.161)
(4.162)
(4.163)
(4.164)
(4.165)
(4.166)
(4.167)
(4.168)
(4.169)

and it satisfies conditions of Lemma 4.5 if and only if Egs. (4.42), (4.44) and (4.45-4.169)

hold. We divided the final analysis of these equations in several cases:

e Caseuyg # 0. Using (4.137-4.139) and (4.167-4.169) we obtain that the Borel sub-
algebra of s0(6) annihilates u19. Hence, it is a highest weight vector in the irreducible

¢s0(6)-module F,,, and by (4.72-4.74), the highest weight is

w=(k+4;k k, —k),

with 2k € Z=.

(4.170)

Then we shall prove that the cases k = 0 and k = 1/2 are not possible. Using (4.111),
(4.127), (4.149) and other similar equations, we deduce that if uj9 7# O then u; # 0
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for all i. Now, we shall see that all u; are completely determined by the highest weight
vector ujg. If k& = 0, we are working with the trivial so(6) representation, and using
(4.111) we obtain u1¢p = 0 getting a contradiction. Assume that k % 0. Now, applying
Eg, ¢, to (4.45), we can prove that

i
Uy = EE_({;\I_SS)MIO. “4.171)

Similarly, using (4.56) and (4.60), we have

i

Uy = —@E—(smz)ulo, (4.172)
i

us = _EE_(‘QZ_S})IJ]O. 4.173)

Applying E; +¢, to (4.49) and using (4.143), we can prove that

212k — Dus = E_(g)+¢y)U5. 4.174)
Ifk # %, we have
1
uz = mE—(sl+52) us
= WZI)E—(€1+82)E—(82—83) uio
= mE_(Ez_m us. (4.175)
Ifk = %, we are working with a spin representation. Using (4.174) we get 0 =

E_(¢,+e,)us. Inthis case, by (4.49-4.50) and (4.76), we have wtup = (§+4; —3, —3., 1),
which is impossible in a spin representation (see p. 288 [12]).
Similarly, using (4.52) and (4.117), we have

1
uz = mE_(gl_‘g}) us
—i
= mE—(m—&%)E—@z—%) uio
—1
= —F (. _ . 4.176
2(2k — 1) (ep—e3) U1 ( )

Using (4.58) and (4.152), we have

~1
= mE—(sl+az) ui
—i
=—  F
8k(2k — 1)
_ 1
T 2Q2k—=1)

Ue

—(e1+62) E—(g1—¢3) U10

E_(e)_e5) Ud. (4.177)
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By (4.63), (4.149), (4.158) and (4.172), we have
i
T 202k—1)
1
= 8k(2k— 1)
Using (4.67), (4.127), (4.133) and (4.173), we have
i
T 202k—1)
1
~ 8k(2k— 1)
By (4.71), (4.111), (4.135) and (4.171), we have

u7 E_(¢+ey) Us

E_(¢1162) E—(¢1+e2) U10- (4.178)

ug E_(¢y—¢3) U5

E_(¢)—e5)E_(e—e3) U10- (4.179)

—i
22k — 1)
1

= mE,(el,E?’)Ef(glf‘%) uigp. (4180)

After a lengthly computation, it is possible to see that (4.45-4.169) hold by using

(4.170) with k # 1/2, and the expressions of u; obtained in (4.171-4.180). Therefore,
using the expressions of vi; ;’s given in terms of u; as in (A.14), the vector

ug = E_(e1—¢3) U1

m3 =2[(En.23) — i §1.2.3)1) — Epse) — i Eps.e0)] @u,
+2[Ep12.3) — i E12.310) + Esiey — 1 E35.60) ] @ ua,
+2[Epasy — i Ease) — Epasy — i Epase)] ®us,
+2[Epiosy — i Enasi) + Epasy — i Epasi)] ®ua, (4.181)
+2 [(Er1.3.4) — 1 Ep1.3.40) — Eise) — 1 E15.6)) | ®@ us,
+2 [ €134y — 0 Ep13.490) + Eisiey — 0 E15,6)0) | ® ue,
+[ sy + 0 E3,sy) — Epasy + i Epasye)
—(Eps6) + i Epaee) — (Eas) + i E14.60)] @ur,
+[Eqasy + i Ensspe) + Epasy + i Epasye)
—Epae + i Epsee) + Eae + i Eae0)] ®us,
+[ &35y + €150 + Epas) + i ERasy)
+(Eps.6) + i Ep360) — Epae) + i E.4.6))] ® uo,
+[Enzs)+ i E13.5)0) — Easy + i Epasye)
+(Ep3.6)+ 1 Ep36) + Erae) + i Epaee)] ® uio, (4.182)

is a singular vector of Ind(F},), where the u;’s are written in (4.171-4.180) in terms of
u10, where 11 is a highest weight vectorin F,, and . = (k+4; k, k, —k) with 2k € Z-

and k # % Now using (4.41), one can prove that
wtms=(k+1;k—1,k—1,—k+1)

finishing this case.
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e Caseujo = Oandus # 0. In this case, using (4.122—4.124) and (4.152-4.154), we
have that us is a highest weight vector in F),. Considering (4.57-4.59) and (4.79), we
have u = (4; 0, —1, 1) that is not dominant integral, getting a contradiction.

e Caseuyy = us = Oanduy # 0. In this case, using (4.110—4.112) and (4.140—4.142),
we have that u; is a highest weight vector in F),. Considering (4.45-4.47) and (4.75),
we have u = (4; —1, 0, 1) that is not dominant integral, getting a contradiction.

e Caseujy = us = u; = Oandug # 0. In this case, using (4.131-4.133) and (4.161-
4.163), we have that ug is a highest weight vector in F,. Considering (4.66—4.68) we
have u = (k+4; k, —k — 1, k + 1) that is not dominant integral, getting a contradiction.

e Caseujg = us = u; = ug = Oandus # 0. In this case, using (4.119-4.121) and
(4.149-4.151), we have that u4 is a highest weight vector in F),. Considering (4.54—
4.56) and (4.78), we have u© = (4; —1, —1, 0) that is not dominant integral, getting a
contradiction.

e Caseuyg = us =uj = ug = ug = 0andus # 0. Inthis case, using (4.116-4.118) and
(4.146-4.148), we have that 3 is a highest weight vector in F,. Considering (4.51-4.53)
and (4.77), we have u = (7/2; —=3/2, 1/2, 1/2) that is not dominant integral, getting a
contradiction.

e Caseuip = us = uy; = ug = uq = u3 = Oand uy # 0. In this case, using (4.113—
4.115) and (4.143-4.145), we have that u; is a highest weight vector in F},. Considering
(4.48-4.50) and (4.76), we have u = (7/2; —3/2, —1/2, —1/2) that is not dominant
integral, getting a contradiction.

e Caseujo = us = uy = ug = ug = uz = up = Oand ug # 0. In this case, using
(4.134-4.136) and (4.164-4.166), we have that ug is a highest weight vector in F,. Con-
sidering (4.69-4.71), we have u = (—k +2; k, —(k + 1), —(k + 1)) that is not dominant
integral, getting a contradiction.

e Caseujp = us = uy = ug = ug = u3 = up = ug = 0 andug # 0. In this case,
using (4.125-4.127) and (4.155-4.157), we have that ug is a highest weight vectorin F),.
Considering (4.60—4.62) and (4.80), we have u = (3; —1, —1, —1) that is not dominant
integral, getting a contradiction.

e Caseuip = us = Uy = ug = U4 = U3z = Uy = ug = ug = 0anduy # 0. In this
case, using (4.128—4.130) and (4.158-4.160), we have that u7 is a highest weight vector
in F),. Considering (4.63-4.65), we have u = (—k + 2; k, k, k) which is a multiple of
the spin representation with 2k € Z=¢. In this case u; = 0 for all i # 7 and most of
Egs. (4.45-4.169) are trivial, and it is easy to check that the remaining equations hold
in this case. Therefore, using (A.14), we have that the vector

m3 = (§1.3,5 — §p.a6) — i (Epse) +E1,45) Quy
+( i Epssie —Enaee) — Epsee +E1.451) ®uy (4.183)

is a singular vector in Ind(F},), where u = (—k +2; k, k, k) with 2k € Z~p and u7 is a
highest weight vector in F,. Now using (4.41), one can prove that

wtmy = (—k—1:k+1,k+1,k+1),

finishing the classification of singular vectors of degree —3. O
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Lemma 4.10. There is no singular vector of degree —2.

Proof. Using the softwares Macaulay2 and Maple, the conditions of Lemma 4.5 on the
singular vector 71, were reduced to a linear system of equations with a 268 x 272 matrix.
After the reduction of this linear system, we obtained at the end of the file “m2-macau-
lay” or in file “m2-equations.pdf” a simplified list of 192 equations (see Appendix A for
the details of this reduction). The 15™ and 16" equations of this list are the following
0=—iFipv3a56+Eo0 v3456—50v3456+1 V123456  (4.184)
0= Eoo v1,2,3,4,5.6 — 3 V1,2,3,4,5.6 (4.185)

and at the end of this list we have the conditions

0=F12v123456— V3456
0=F13v123456+V2456
0=F14v123456— 02356
0=F15v123456+12346
0= F16v123456— V2345
0=F3v123456—iv2456
0= Fr4v123456+i V2356
0= F25v123456— I V2346 (4.186)
0=Fr6v123456+i V2345
0=F34v123456— V1,256
0= F35v1234,56+V1,246
0=F36v123456— V1,245
0= F45v123456— V1,246
0= Fy6v123456+iV1245
0= Fs56v1234,56— V1,234
Therefore, if my = 0 Z|I|:6 & Qur+ Z\1|:4 &1 ® vy is a singular vector in Ind(F),),

,,,,, 6 € F), is annihilated by the Borel subalgebra
of 50(6) (see (4.4)), and using that F, is irreducible, we get that vy 23 45,6 is a highest

DR

weight vector. Now, we shall compute the corresponding weight . Recall (4.1) and
observe that using (4.185) and (4.186), Eq. (4.184) is equivalent to the following:

(H? +2H; + )vi 23456 =0, (4.187)

aaaaa

obtaining that Hiv; 234,56 = —V1,2.3.4,5.6. Therefore, the weight p is not dominant
integral, getting a contradiction and finishing the proof. O

Lemma 4.11. All the singular vectors of degree —1 are listed in the theorem.

Proof. Since the singular vectors found in [2] for K¢ are also singular vectors for C K,
using (B42-B43) in [2], we have that it is convenient to introduce the following notation:

6
ity = D Eige ® vy
i=1
3
= Z [(5{21}6 +igpi—1yc) ® wy + (e — ipi—1yc) ®Wz], (4.188)

=1
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thatis, for 1 </ < 3,
Ve = wp Wy, vp—1ye = i(w; —wy), (4.189)

or equivalently, for 1 <[ < 3,
1 . _ 1 .
wr = 5 e —ivei-ge), W= S @pne +i v (4.190)

We applied the change of variables (4.189), and using the softwares Macaulay2 and
Maple, the conditions of Lemma 4.5 on the singular vector 71; were simplified in several
steps. First, the conditions of Lemma 4.5 were reduced to a linear system of equations
with a 62 x 102 matrix. After the reduction of this linear system, we obtained at the
end of the file “m1-macaulay” a simplified list of 51 equations (see Appendix A for the
details of this reduction). More precisely, we obtained the following identities:

0= Hiw; — Egow; + 4w, 4.191)
0 = Hyw) + Hyw (4.192)
1
0= EE_(gl_gz)wl + Hywy + Hywy + wp (4.193)
1
0= _EE_(gl_gz)w] + Hywy — Egowy + 3w» (4.194)
1 1
0= EE*(8|*€3)w1 + §E7(52783)w2 + Hyw3 + Hyws +2ws3 (4.195)
1 1
0= _EE_(51_83)w1 — EE_(82_53)w2 + Hyws — Egows + 2w3 (4.196)
1 1
0= EE—(£1+82)w2 + EE—(61+53)w3 + Hiywy + Egow
1 _ 1 _
_EE_(el_gz)wz — EE_(€1_83)U)3 4.197)
1 _ _
0= EE—(81+82)w2 - EE—(81+£3)w3 + Hyw) — Hzw,
1
2 —(&1— gz)wz — EE (&1 gg)wz, (4.198)
1 1
0= ZE (e1+e2) W1 — EE (e2+e3) W3 + Hiwo — H3wy
1 _
_EE (e2—e3) W3 + W3 (4.199)
1
0= 2E (e1+e) W1 + 2E (ex+e3) W3 + Howa + Egown
1 _
E —(e2—e3) W3 — W2 (4.200)
1 1 _
0= 2E (e1+e3) W1 + 2E (e2+e3) W2 + Hiws — Hyw3s (4.201)
1 1 _ _ _
0= 2E (e1+e3) W1 — 5E7(82+53)WQ + Hyws + Egows — 2w3 (4.202)
0= —E (160 W3+ E_(5_ s W1 — E_(¢; ¢ W2 (4.203)
0=E_(s14e5 W2+ E_(¢)—¢,) W3 (4.204)

0= E_(82+g3)w1 (4.205)
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and

0=E;_cw
0= E81—83 wi
0= Ee, ¢ wy
0= E¢ w2 — 2w
0= E¢—gun
0=Eg wn
0= E¢ —¢,w3
0= FE¢—sw3 — 2w
0=E;, w3 — 2wy
0= E; w1 +2w2
0=E;—swi +2w3
0= E82—83w1
0= E81—82w2
0= E€176‘3w2
0= E;_gwo +2w3
0= E81—82w3
0=E¢ w3
0= E827€3w3
0= E¢ +ew1
0= E81+83 w1
0= E¢yre5wy
0= E¢1e,w2
0= E€1+63 w2
0= Egrew2
0= E81+82w3
0= E£1+S3 w3
0= E¢ 1e3w3
0= E¢+e,w1 —2w2
0= E£1+83wl —2w3
0= E82+83w1
0 = Egi4e, w2 + 2w
0= E81+63w2
0= Egyre;w2 — 2w3
0= E81+82w3
0= Eg 4e;w3 + 2wy
0= Egyqe;w3 +2wn.

C. Boyallian, V. G. Kac, J. I. Liberati

(4.206)
(4.207)
(4.208)
(4.209)
(4.210)
4.211)
4.212)
(4.213)
(4.214)
(4.215)
(4.216)
4.217)
(4.218)
(4.219)
(4.220)
(4.221)
(4.222)
(4.223)
(4.224)
(4.225)
(4.226)
(4.227)
(4.228)
(4.229)
(4.230)
(4.231)
(4.232)
(4.233)
(4.234)
(4.235)
(4.236)
4.237)
(4.238)
(4.239)
(4.240)
(4.241)
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We divided the final analysis of these equations in several cases:

e Casew; # 0. Using (4.206-4.208) and (4.224-4.226) we obtain that the Borel sub-
algebra of s0(6) annihilates w;. Hence, it is a highest weight vector in the irreducible
¢s0(6)-module F,,, and by (4.191-4.192), the (dominant integral) highest weight is

pw=(k+4:k 1, 1), with2k € Z=0,2] € Z=gandk — € Z=o. (4.242)

Then we shall prove that the case k = [ is not possible. Using (4.209), (4.213), (4.233)
and other similar equations, we deduce that if w; # 0 then w; # 0 # w; for all i. Now,
we shall see that all w;’s and w;’s are completely determined by the highest weight
vector wi. More precisely, using (4.208), we have that wt ,, = (k+4; k—1,1+1, —I).
Hence, from (4.193) we can prove that

2( —kwy = E_(¢)—enwy. (4.243)
If k # 1, we have

1
2(1 = k)

wy = E_(¢—eywi. (4.244)
If k£ = [, using (4.208), we have wy € [F,]u—(¢ —e,) that has dimension 0 if k = [,
which is a contradiction since wy # 0.

Therefore, from now on we shall assume that k£ # [. Similarly, using (4.213), we
have that wt,; = (k+4; k — 1,1, = + 1). Hence, from (4.195) we can prove that

—1

= e ra D Eemewi + Eoeewa) (4.245)

w3
Using (4.240), we have that wtw, = (k+4; k — 1,1, =] — 1). Hence, from the sum of
(4.201) and (4.202) we can prove that

_ 1

w3 = mE_(gl_h%)WI. (4246)
Using (4.236), we have that wty;, = (k+4; kK — 1,1 — 1, —I). Hence, from the sum of
(4.199) and (4.200) we can prove that

_ 1 _

wy = m (E_(51+82)w1 + E_(52_83)w3) . (4247)
Using (4.233), we have that wt;, = (k+4; k—2,[, —I). Hence, from the sum of (4.197)
and (4.198) we can prove that

1

= 2(k +1+ 1) (E_(31—83)w3 - E—(81+82)w2) . (4248)

wi

Now, we have an explicit expression of all w;’s and w;’s in terms of wy. After some
lengthy computations it is possible to prove that Egs. (4.191—4.241) hold. Hence, the
vector

my = Z [(5{21}f +ikpi—1ye) @ wi + (e — i§pi—1y) ® Wz} (4.249)
=1
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is a singular vector, where w is a highest weight vector of F,, u = (k+4;k,1, =),
with 2k € Z>, 2l € Z>0,k —1 € Z-¢, and all w;’s and w;’s are written in terms of w
in (4.244), (4.245), (4.248), (4.247) and (4.246). Now using (4.41), one can prove that

wtm =k+3;k—1,1, =)
finishing this case.

e Casew = Oandwy # 0. Using (4.209—4.211) and (4.227-4.229) we obtain that the
Borel subalgebra of so(6) annihilates w,. Hence, it is a highest weight vector in the
irreducible ¢s0(6)-module F),, and considering (4.193-4.194), we have

w=U+3k 1, —k—1), with2k € Z=¢, 2l € Z>o,
that is not dominant integral, getting a contradiction.

e Casew) = wy =0 and w3 # 0. Using (4.212-4.214) and (4.230-4.232) we obtain
that the Borel subalgebra of s0(6) annihilates w3. Hence, it is a highest weight vector in
the irreducible ¢s0(6)-module F),, and considering (4.195-4.196), we have

p=~0+2:k —k—=2,1),
that is not dominant integral, getting a contradiction.

e Casew; = wy = w3 = Oandwsz # 0. Using (4.221-4.223) and (4.239-4.241) we
obtain that the Borel subalgebra of so(6) annihilates w3. Hence, it is a highest weight
vector in the irreducible ¢so(6)-module F),, and considering (4.201-4.202), we have

w=(—=1+2:k k1), with2k € Z=0,2l € Z,k+1 € Z=o,k — € Z=g. (4.250)

Then we will see that the case k = [ is not possible. Using (4.216) and (4.220), we have

wy # 0 # wa.
Now, we shall see that all w;’s are completely determined by the highest weight
vector w3. More precisely, applying E;,_g, to (4.199), we can prove that

2k = Dwy = E_(gy—g5)W3. (4.251)
If k # [, we have

B 1

T 2k=1)
If k = I, using (4.220), we have 0 # Wy € [Flu—(sp—ey), ut dim [Fy ], —(ey—e5) = 0,
getting a contradiction.

Therefore, from now on we shall assume that k # [. Similarly, applying E¢, ¢, to
the sum of (4.197) and (4.198), we can prove that

_ 1 _
w) = mE_(81_53)w3. (4253)

In this case, Eqgs. (4.191-4.241) collapse to a few ones and it is easy to see that all of
them hold. Hence, the vector

1
20k — 1)
L

20k — 1)

W) E_(s)_ey)W3. (4.252)

my = (§)c — i&1)) ® E—(e)—e5)W3

(Eaye — iE3)c) ® E—(—ey)W3 + (§(6)c — i&5)c) @ W3 (4.254)
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is a singular vector, where w3 is a highest weight vectorof F,,and u = (=1 +2; k, k, 1),
with 2k € Z>0,2l € Z,k+1 € Z>0,k — 1 € Z~¢. Now using (4.41), one can prove that

wtm = (—l+1;k, k,[+1).

e Casew) = wy = w3 = w3 = 0and wy # 0. Using (4.218-4.220) and (4.236—4.238)
we obtain that the Borel subalgebra of s0(6) annihilates w>. Hence, it is a highest weight
vector in the irreducible ¢s0(6)-module F),, and considering (4.199—4.200), we have

w=(—k+1:0Lk1+1),

that is not dominant integral, getting a contradiction.

e Case w1 = wy = w3z = w3 = wy = 0and wy # 0. Using (4.215-4.217) and (4.233-
4.235) we obtain that the Borel subalgebra of s0(6) annihilates w. Hence, it is a highest
weight vector in the irreducible ¢s0(6)-module F),, and considering (4.197-4.198), we
have

w=(—k:;k1,0), with2k € Z-g,2] € Z=g, andk — [ € Z=g, (4.255)

which is dominant integral. In this case, the conditions (4.191-4.241) reduce to the
equation E_(g, ., wi = 0, that holds for the highest weight (4.255). Therefore, the
vector

7711 = (.S;:{z}c — lé{l}‘) ® wq (4.256)

is a singular vector of Ind(F),) with p as in (4.255). Now using (4.41), one can prove
that

wtmy = (—k—1;k+1,1,0)
finishing the proof. O
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Appendices
A. Notations in the Files that use Macaulay2

This appendix contains the explanations of notations used in the files written for Macau-
lay?2 in order to classify singular vectors in C K¢-induced modules of degree —1, ..., —5.
These notations are the link between this paper and the files that use Macaulay?2.
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As we have seen in (4.9), the possible forms of the singular vectors are the following:

m=09" D & ®va+d D E®uvii+ Y. & vy, (Degree —5),

I71=5 171=3 111=1
m=0> Z §1®uip + 0 Z E1 v+ Z & ® vr.0, (Degree —4),
171=6 |1]=4 ]=2
m=2a Z ErQui+ Z & ® vy, (Degree —3), A1
[11=5 [11=3
=9 Z §r®uvp+ Z &1 @ vy, (Degree —2),
[1]=6 |1|=4
m= Z & @ vr0, (Degree —1).
|71=5

In order to abbreviate and capture the length of the elements &; in the summands of
the possible singular vectors 712, and the degree of 112, we introduce the following notation
that will be used in the software:

gi=) E®uv_, (A2)

|I|=i

so they can be rewritten as follows (that is v; _— will correspond to vy 2, vy 1 or v7,0):

ms =09%gs + 0. g3+g1, (Degree —5)
ms =0% g6 + 0 g4+ g0, (Degree —4)
m3 =0 g5+ g3, (Degree —3) (A.3)
my =0 g6+ g4, (Degree —2)
my = gs, (Degree —1).

We have created a file (or a series of files in the case of ms, m3 and m) for each
possible singular vector of type (A.3). The first part of all the files have the same struc-
ture, and the idea is to impose the equations given in Lemma 4.5 to each ;. From these
equations, we constructed a matrix by taking the coefficients of these equations in terms
of a natural basis, getting in this way a homogeneous linear system that is solved in order
to get a simplified list of conditions. Unfortunately we are not expert in Macaulay2 or
Maple, therefore it is not done in the optimal or simplest way.

Description of the inputs:

e Input 1: We define RO = (@[z]/(z2 +1) ~ Q+iQ. We defined RO because the scalars
involved in the equations of Lemma 4.5 and in the formula of the A-action belong to this
field.

e Input 2: We define the polynomial ring R with coefficients in RO, in the skew-com-
mutative variables xi, ..., x¢ and the commutative variables F(; ;) (1 < i < j <
6), E,v; (1 <|I| <6).Observe that the variables x; correspond to the variables &; in
the paper and E corresponds to the operator Egg. All the other variables are the same as
in the paper. Note that in this case the software considers the term F(1 2)v3 as a monomial
in the polynomial ring, not as the element F; 2) € 50(6) actingin v3 € F.
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Remark A.1. Observe that the command “diff(x, f)” in Macaulay?2 is the derivative of f
on the right with respect to x. Since we work with skew-commutative variables x; and
we need to compute the left derivative dy, (see the formula of the A-action on induced
modules). In our case, we have

Ay, (f) = (=DM (diff(x;, f)), (A4)

and
dy; Ox; (f) = —(diff(x;, diff(x, f))). (A.5)

e Input 3: We define f_(0) = 1g, f_(I) =x; =& forl < |I| <3,and fd_(I) =
(f_(I)* =&f for 0 < |I| < 3. Observe that we used “diff” in the definition of fd.

e Input 4: For 1 <i < 6, we define g_(i) = Z\l\=i x7 *v_(I) asin (A.2) and (A.3).

e Inputs 5-10: Now we write the terms used in the notation introduced in (4.10) and
(4.11). Namely, we define the terms

a_((I), k) := a(&r, gx), ad_((I),k) := ad(&r, &),
b_((I), k) := b(&r, gk), bd_((1), k) := bd(&r, &),
B_((I), k) := B(1, gk), Bd_((I),k) := Bd (51, &),
C_((1). k) :=C(&r, g), Cd_((I), k) := Cd(&r, &)

foralll <k <6and0 < |I| < 3. Observe that in order to write the terms that appear in
the A-action, we have to take care of the sign in the derivative by using (A.4) and (A.5).

o Inputs 11-17: According to Lemma 4.5, the conditions (S1)—~(S3) on a vector 1, of
degree at most —5, are equivalent to the following list of equations:

«For|f| =0:

0= Cp+By, ec_((0), 1)

0=2By+ax+(Cy, ec_((0),2)

0=2bdy— iar+iCj. ec_((0),3)

«Forf =&

0=3By+2ibd;+2iady+2Cy, ec_((@), 1)
0=2Cp—a;+B;+2bdyi, ec_((i),2)
0 =2a;+ By, ec_((i),3)
0=3Bdy— iC;+bd; —2ady, ec_((i),4)
0=2by+aj;+By, ec_((1),95)
0=b;+By. ec_((i), 6)

*Forf =§&; (i <j):

0=2Cyp+2Bdpi+B; — iady+ ibd, ec_((, j), 1)
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0=2by+ iady+ ibd;+By, ec_((i, j),2)
O0=bdy+b;i —Byi. ec_((, j),3)

xForf =§&;& (i <j<k):

0=Cyp—Cdpi, ec_((, j, k), 1)
0 = bdy +1i by, ec_((i, j, k), 2)
O0=B; —Bd;i —aj+ad;i, ec_((, j, k), 3)
O0=by—bdri+a; —adi, ec_((, j, k),4)
O=bd; +Bdy+Bpi+bji, ec_((i, j, k),5)
O0=uadyp+api —Bdy — By 1i. ec_((i, j, k), 6)

xForf = ajjorBij € Bso) (1 <i < j <3):

bi(a;j) =0, ecborel_((i, j), 1)
b1(Bij) =0, ecborel_((i, j), 2)
by(a;j) =0, ecborel_((i, j), 3)
by(Bij) =0, ecborel_((i, j),4)
bo(a;j) =0, ecborel_((i, j), 5)
bo(Bij) =0, ecborel_((i, j), 6)

The right column of the previous list of conditions contains the name that is used in the
Macaulay file of ms for each equation. Observe that for each vector m; the equations
are implemented in a different way, taking care of the elements g;. Namely, if we work
with 4 = 9%g6 + g4 + g2, then equation ec_((0), 3) is written in the Macaulay file as

2bd_((0),2) — za_((0),6) + zC_((0),4) =0, (A.6)

where z corresponds to the complex number i. And for 715 = 8%gs5 + dg3 + g1, then
equation ec_((0), 3) is written in the corresponding Macaulay file as

ec_((0),3) =2bd_((0),1) — za_((0), 5 + zC_((0), 3) = 0. (A7)

Not all the equations are non-trivial for the different m;, since the length of the
monomial £&; may be greater than 6. For example, in (A.7), the length of &; is 6, but
this equation is trivial when it is implemented for 3 since the length of &; is 7. In the
following table we indicate which equations appear for the different 72; and we give the
length of &; that is present in each case. Therefore, the name and number of the equations
is modified for the file of each ;.
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ms | mg | m3 | mo | my
ELE
Co + B; 3 4 5 6 —
2By+a+Cy 5 6 - - -
2bdy —iax+1iCy 5 6 - - -
elfl=1:
3By +2ibd;+2iady+2Cy 6 - - - -
2Co—aj+B;+2bdyi 4 5 6 - -
2a + By 6 - - - -
3Bdy— i C;+bd; —2ady 6 - - - -
2by+aj;+B; 4 5 6 - —
b; + By 2 3 4 5 6
o|f]=2:
2Co+2Bdpi+B; —iadp+ibd; |5 6 - - -
2by+ iadyp+ ibd; + B 5 6 - - -
bdo+b;i —Bpi 3 4 5 6 -
o |f|=3:
Co—Cdpyi 6 - - - -
bdy +i by 2 3 4 5 6
B; —Bd;i —aj+adji 6 - - - -
by —bdyi+a;—ad;i 6 - - - -
bd; +Bdyp+Boi +bji 4 5 6 - -
adp+api —Bdy — Boi 4 5 6 - -
e [ € Borel:
by 5 6 - - -
by 3 4 5 6 -
bo 1 2 3 4 5

e Input 18-21: We denote by A_((1), k) a one column matrix whose entries are the
coefficients in the monomials x ; of the equation ec_((/), k). We should impose that the
equation of each entry must be zero.

e Input 22: We denote by M_((I), k) a one column matrix whose entries are the coef-
ficients in the monomials x; of the equation ecborel_((I), k). We should impose that
the equation of each entry must be zero.

e Input 23: The previously defined matrices A_((/), k) and M_(([), k) are one column
matrices whose entries are RO-linear combinations of the monomials v_(1), F_(i, j) %
v_(I) and E x v_(I). Each entry must be zero, for that reason we define the lists
zvari=list{v_(I), F_(i, j), E} and wvari=list{v_(I), F_(, j) xv_(I), E xv_(I)},
in this order, with the auxiliary lists avaril, avari2 and avari3.

e Input 28-31: We take the transpose of A_((I), k) getting a one row matrix. Then for
each entry in this one row matrix, we produce a column formed by the coefficients of this
entry with respect to the variables in wvari, obtaining in this way a matrix with coeffi-
cients in RO whose transpose is called D_((1), k). If we consider wvari as a one column
matrix, then we have A_((I), k) = D_((I), k)*wvari and it must be zero. Therefore we
obtained a homogeneous linear system that must be solved.
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e Input 32: With the same procedure, using the matrices M_((I), k), we define the
matrices N_((I), k) that complete the linear system.

e Input 33: The matrices D_((I), k) and N_((/), k) are put together into one matrix that
is called X whose coefficients are in R0O. So, we need to solve the homogeneous linear
system associated to X.

Observe that with this procedure, we consider the elements F_(i, j) * v_(I) as a mono-
mial in the ring R, not as an element in 50(6) acting in v_(/). Since the software (at least
from our knowledge) does not work with Lie theory, we first solve the linear system,
and then we impose the Lie setting by hand. The description of the inputs that we gave
is essentially the structure of all the Macaulay files associated to the vectors s, m4 and
m». The files associated to /73 and 711 have a modification: before the definition of the
matrices “D” and “M” all the variables F_(i, j) are written as linear combinations of
the more natural basis of s0(6) given by the H; and E. Therefore the list of monomials
in wvari is written in terms of them.
Now, we describe in details the list of files associated to each ;.

Files associated to ms
e File “m5-macaulay-1"

With the list of inputs previously described, we get a 1952 x 544 matrix X of rank 540
(see inputs 33—-40). This matrix X is constructed by joining together the list of matri-
ces [0,11,...,14. In order to reduce the size of the matrix, we study the rank of these
matrices and we found that the 992 x 544 matrix, called Y25, formed with the matices
10,11, 12, 14 also has rank 540. Unfortunately, the software Macaulay?2 can solve a linear
system if the matrix is over Z,, R or C, and it must be a non-singular square matrix
in the cases R or C. Therefore, we exported the matrix Y25 and we used Maple, see
the file “m5-maple-1”, to find the row-reduced echelon matrix of Y25, that is called C
in that file.

e File “m5-macaulay-2”

If we try to copy the matrix C in the file “m5-macaulay-1" the software runs out of mem-
ory. Therefore, we continue the work in this NEW Macaulay file “m5-macaulay-2”. Now,
we describe the inputs in details:

* Input 1-7: The rings RO and R, and the list of variables wvari are copied from the file
“mS5-macaulay-1”. We need wvari because, in input 19, we reconstruct the (reduced)
equations as linear combinations of the monomials v_(7), F_(i, j)*v_(I) and Exv_([I).

+ Input 8—15: The matrix C that is produced in the file “m5-maple-1”, which is the
row-reduced echelon matrix of Y25, is introduced in this NEW Macaulay file “m5-
macaulay-2” divided in several parts, called X1, ..., X7. These parts are put together
to reconstruct the matrix C and it is called X11 (input 15). Observe that Y25 was a
992 x 544 matrix of rank 540. For this reason, we copied the first 542 rows of C (the
row-reduced echelon matrix of Y25). Therefore X 11 is a 542 x 544 matrix with zero in
the last two rows.

* Input 16—19: We obtain a reduced (and equivalent) list of equations in a one column
matrix X28 = X27 x wvari (whose size is 542 x 1), where X27 is X 11 viewed with
entries in the ring R. Each entry must be zero.
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At the end of this list of equations, we observe the following conditions:

0=vi+v13456 0=v—ivi3456
0=v3+v123556 0=v4—1iv12356
0=wvs+v12345 0=vs—1iv12345
0=v123—1iv12356 0=v124—v12356
0=wvi25—1iv12345 0=v126—"12345
0=wv134—1v13456 0=v135+iv2456
0=v136+1v2406 0=v145+v2406 (A8)
0=vi46—1iv246 0=v156—1v13456 ’
0=1v234—v13456 0=v235+12456
0=wv36—1iv246 0=wv245—1v246
0=wv256—"13456 0=wv345—1v12345
0=1v346—112345 0=wv356—1v123556
0=v456—v12356 0=v23456+1v134556

0=wvi12456+10123556 0=v12346+1v12345

In order to simplify the 540 equations, we need to impose conditions (A.8). Observe that
all the vectors v; can be written in terms of the set {v_1, v_3, v_5, v_(1, 3, 5)}. This is
done in the following inputs.

* Input 20-21: We define a ring P that is isomorphic to R. In this case, P is the poly-
nomial ring with coefficients in RO, in the skew-commutative variables 7_1,...,7_6
and the commutative variables h_i, e j), em j), me; jy, memg ;) (1 < i < j <
3), EO0 ,u; (1 < |I| < 6). The idea is to replace the basis F(; ;) € s50(6) by the
basis given by H; and E,. We are using the following notation, for 1 <i < j < 3:

e_(i, j) = Es,-—aj,
em_(i, j) = Eepre;,
me_(i, j) = E*(é‘i*é‘j)?

mem_(i, j) = E—(£i+aj)'

(A.9)

* Input 22: We define a map Q : R — P, that impose conditions (A.8) and change the
basis in s0(6) using the notation (A.9). The definition of Q is the following:
Input 22: Quari = {x_i => t_i,
F_(1,2) => —z*xh_1,F_(3,4) => —zxh_2,F_(5,6) => —z*x h_3,
F_Q2xi—1,2%j—1)=> (e_(i, j)+em_(i, j) + me_(i, j) + mem_(i, j))/4),
F_2xi,2%j)=> (e_(i, j) —em_(i, j) +me_(i, j) —mem_(i, j))/4),
F_2xi—1,2%j)=> —zx(e_(i,j) —em_(i, j) —me_(i, j) + mem_(i, j))/4),
F_2%i,2%j—1)=> —z%(—e_(@i,j)—em_(i, j) +me_(i, j) +mem_(i, j))/4),
E => EO,
v1=>u_l,v2=>—z%u_1,v_3=>u_3,
vVa4d=>—zxu 3, vS5=>uS5v_6=>—z%xu_5,
v_(i, j) =>u_(=, j)),
v_(1,2,3) => —zxu_3,v_(1,2,4) => —u_3,v_(1,2,5) => —z*xu_>5,
v_(1,2,6) => —u_5,v_(1,3,4) => —zxu_1,v_(1,3,5) => u_(1,3,5),
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v_(1,3,6) => —zxu_(1,3,5),v_(1,4,5) => —z*xu_(1,3,5),v_(1,4,6)
=> —u_(1,3,5),
v_(1,5,6) => —zxu_1,v_(2,3,4) => —u_1,v_(2,3,5) => —z*xu_(1,3,5),
v_(2,3,6) => —u_(1,3,5),v_(2,4,5 => —u_(1,3,5),v_(2,4,6)
=>zxu_(1,3,5),
v_(2,5,6) => —u_1,v_3,4,5) => —z*xu_5,v_(3,4,6) => —u_5,
v_(3,5,6) => —z*xu_3,v_(4,5,6) => —u_3,
v_(i, j, k. D) =>u_@, j, k. D)),
v_(2,3,4,5,6)=>z*u_1,v_(1,3,4,5,6) => —u_1,v_(1,2,4,5,6)=>z *u_3,
v_(1,2,3,5,6) => —u_3,v_(1,2,3,4,6) => z*xu_5,v_(1,2,3,4,5 => —u_5,
v_(1,2,3,4,5,6) =>u_(1,2,3,4,5,06)},
Q = map(P, R, Quari).
* Input 23-27: We define anew ‘wvari’, which is the list of variables that will appear in the
equations. More precisely, wvari=list{u_(I), h_kxu_(I), e_(i, j)xu_(I), em_(i, j) *

u_(I), me_@i, j)xu_(I), mem_(i, j)*xu_(I), EOxu_(I)}, where u_([I) is restricted
in this case to the set {u_1,u_3,u_5,u_(1,3,5)}.

* Input 28-31: We apply the map Q to the equations in the matrix X28, and then we
obtain a 542 x 68 matrix, called X29, given by the coefficients in the monomials of
‘wvari’ that appear in the equations of Q (X28). The rank of X29 is 64. The matrix X29
is exported in order to reduce the linear system.

* Input 33: We use Maple to reduce the matrix X29. The matrix C that is produced in
the file “m5-maple-2”, which is the row-reduced echelon matrix of X29, is introduced
in this input and it is called X30. Observe that X29 was a 542 x 68 matrix of rank 64.
For this reason, we copied the first 70 rows of C (the row-reduced echelon matrix of
X29). Therefore X30 is a 70 x 68 matrix with zero in the last six rows.

* Input 34-38: We obtain a reduced (and equivalent) list of equations in a one col-
umn matrix X34 = X33 % wvari (whose size is 70 x 1), where X33 is X30 viewed
with entries in the ring P. Each entry must be zero. This final list of 64 simplified and
equivalent equations is copied in the proof of Lemma 4.7.

Files associated to ma
e File “m4-macaulay”

With the list of inputs previously described, except that we do not need to impose Borel
equations (hence the matrices “M” and “N” are not needed), we get a 1104 x 527 matrix
X of rank 527. Therefore, there is no non-trivial solution of this linear system, proving
that there is no singular vector of degree -4.

Files associated to m3
e File “m3-macaulay-1"

With the list of inputs previously described, we get a 694 x 442 matrix X of rank 397.
This matrix X is exported to a file and using Maple, see the file “m3-maple-1”, we obtain
the row-reduced echelon matrix of X, thatis called C. This matrix C is introduced as the
matrix X 11 in the Macaulay file (see input 43-44), to reconstruct the (reduced) equations
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as linear combinations of the monomials v_(/), F_(i, j) *v_(I) and E xv_([I). In fact,
the matrix X 11 is 400 x 442 because we removed the last zero rows of the row-reduced
echelon matrix, therefore it has zero in the last three rows.

* Input 45-48: We obtain a reduced (and equivalent) list of equations in a one column
matrix X14 = X 12 *x wvari (whose size is 400 x 1), where X12 is X 11 viewed with
entries in the ring R. Each entry must be zero.

At the end of this list of equations, we observe the following conditions:
O=vip3—ivsse O=vip4+iv356

O=vips5s—iviae O=vipe+ivias
0= vi34—1Tv256 0=v135+iv246

O0=vi36—iv245 O0=vi45—1i12356 (A.10)
O=via6+ivzis O=vis56—1iv234 ’
0=1v234556 0=v13456

0=vi2456 0=v12356

0=v12346 0=v12345

Observe that (A.10) can be written as

vy =0 if[I[=5, and vgpe = (D" ivg e fora<b<c. (Al

e File “m3-macaulay-2"

Now, we have to impose the identities (A.10) to reduce the number of variables. Using
(A.11), everything can be written in terms of

vy, jk with 2<j <k<6.

Unfortunately, the result is not enough to obtain in a clear way the possible highest weight
vectors. For example, after the reduction and some extra computations it is possible to
see that

(v1,3,6 — v1,4,5) + 1 (V1,35 +V1,4,6) (A.12)

is annihilated by the Borel subalgebra. Hence, it is necessary to impose (A.10) and make
a change of variables. We produced an auxiliary file where we imposed (A.10), and after
the analysis of the results, we found that the following change of variable is convenient:

Uy =v123— 10124

up =v123+1i V124

uz =v125— 1 V126

ug =v126+1i V126

us = V13,4 — V1,56 (A.13)
U =134+ V156

u7 =v135— V4,6 +i (V1,36 +v1,45)

ug =v135+v146 — i (V13,6 — V1,4,5)

ug =135 — V1,46 — i (V1,36 +V1,4,5)

ui =v1,3,5+v146+1i (V1,36 — V1,4,5)
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or equivalently
1 :
V123 = z(ul +u2) =iv456
i .
V2,4 = z(ul —uz) = —i V356

1 .
V12,5 = §(u3 +uq4) =1iv346

i )
V12,6 = §(u3 —u4) = —i V345
1 .
V13,4 = E(us +ue) =i V2556 (A.14)

V1,56 = 7(u5 —ug) =i V234
1 .
V13,5 = Z(bt7 +ug+ug+uyg) =—Ii V2456
1 .
V4,6 = Z(—u7 +ug —ug+uy) = —i V235
i )
V13,6 = Z(—u7 +ug+ug —uy) =1iv245

i :
V145 = Z(—u7 —ug+ug+ui) =1 0236

We also need to replace the basis F(; j) € 50(6) by the basis given by H; and E,. We
are using the notation introduced in (A.9). The identities (A.10), the change of variables
(A.14) and the new basis of s0(6) are implemented with the definition of a ring P that
is isomorphic to R and amap Q : R — P. More precisely,

* Input 1-22: They are the same inputs in the file “m3-macaulay-1".

* Input 23: We define a ring P as the polynomial ring with coefficients in R0, in the
skew-commutative variables 7_1, ..., ¢_6 and the commutative variables u; (1 < i <
10), h_i, €(i,j), em jy, meg jy, memg jy (1<i< ] < 3), EOQ.

* Input 24: We define amap Q : R — P, that impose conditions (A.10), the change of
variables (A.14) and change the basis in s0(6) using the notation (A.9). The definition
of Q is the following:
Quari = {x; => t;,
F_(1,2) => —zxh|, F_(3,4) => —zxhy, F_(5,6) => —z * h3,
F_Q2xi—1,2%xj—1)=> (e_(@, j)+em_(i, j)+me_(i, j) + mem_(i, j))/4,
F_2%i,2%j)=> (e_(i, j) —em_(i, j) + me_(i, j) —mem_(i, j))/4,
F_2*i—1,2%j)=> —zx(e_(»i,j) —em_(i, j) —me_(i, j) + mem_(i, j))/4,
F_2xi,2%xj—1)=>—zx(—e_(i,j)—em_(i, j) +me_(i, j) + mem_(i, j))/4,
E => EO,
v => u;,
v_(i, j) =>u_(=, j),
v_(1,2,3) => (uy +u2)/2,v_(1,2,4) => z % (u; —uz)/2,
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v_(1,2,5) => (uz +ua)/2,v_(1,2,6) => z % (uz — uq)/2,

v_(1,3,4) => (us +ue)/2,v_(1,5,6) => —(us — ug)/2,

v_(1,3,5) => (u7 +ug +ug +ujo)/4,

v_(1,3,6) => z % (—u7+ug+ug —ujg)/4,

v_(1,4,5) => z % (—u7 —ug +ug +uyg)/4,

v_(1,4,6) => (—u7 +ug —ug +uig)/4,

v_(2,3,4) => z % (u5 — ug)/2,

v_(2,3,5) => z* (—u7+ug —ug+uyg)/4,

v_(2, 3, 6) => (—u7 —ug+ug+ ul())/4,

v_(2,4,5) => (—u7 +ug+ug —uip)/4,

v_(2,4,6) => z* (u7 +ug +ug +ujo)/4,

v_(2,5,6) => —zx (us+ue)/2,v_3,4,5) => —(u3 — ua)/2,

v_(3,4,6) => —zx (uz+uq)/2,v_3,5,6) => —(u; —uz)/2,

v_(4,5,6) => —zx (u1 +u2)/2,

v_(@, j, k1) =>u_(~»,j k1),

v_(l..i —1Ji +1..6) => Op,

v_(1,2,3,4,5,6) =>u_(1,2,3,4,5,0)},

Q = map(P, R, Quari).
* Input 25—41: With the same list of inputs as in the file “m3-macaulay-1”, but applying
the map Q, we get a 694 x 170 matrix X of rank 125. This matrix X is constructed by
joining together the list of matrices [0, /1, ..., 4.
* Input 42—47: In order to reduce the size of the matrix, we studied the rank of these
matrices and we found that the 354 x 170 matrix, called X2, formed with the matices
10,11,12, 14 also has rank 125. We exported the matrix X2 and we used Maple, see the

file “m3-maple-2”, to find the row-reduced echelon matrix of X2, that is called C in that
file.

+ Input 48—49: The matrix C that is produced in the file “m3-maple-2”, which is the
row-reduced echelon matrix of X2, is introduced in this file and it is called X 11. Observe
that X2 was a 354 x 170 matrix of rank 125. For this reason, we copied the first 127
rows of C (the row-reduced echelon matrix of X2). Therefore X 11 is a 127 x 170 matrix
with zero in the last two rows.

* Input 50-55: We obtain a reduced (and equivalent) list of equations in a one column
matrix X14 = X 12 *x wvari (whose size is 127 x 1), where X12 is X 11 viewed with
entries in the ring P. Each entry must be zero.

* Input 56—60: In order to simplify the list of equations, we define Z_i =row i of X 14,
and then we consider the following list of linear combinations of these rows:
foriin0..124 do Z_i = X14_(i, 0);
i57:
X25={Z0,Z1-7Z0,Z2+7Z0,Z3,Z4+7Z 3,Z 5-72 3,Z_6,Z_7+Z_6,
Z8—Z6,Z9+Z 11,Z_10+Z_11,Z_11,Z_12,Z_13—-Z_12,Z_14+ Z_13,
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Z 15+7Z_17,Z_16+Z_15,Z_17+Z_16,Z_18+Z_19—7Z_20,Z_18—Z_19+Z_20,
—Z_18+Z_19+7Z 20,Z 21,Z.22,7Z 23+7Z 22,7 24+ 7Z_ 25+ Z_26,

foriin 25..29 list Z_i,

Z 30—-720,Z31-7Z3,Z32—-7 6,Z 33+Z7Z_11,Z 34—7_14,Z_35—7_15,
foriin 36..124 list Z_i};

obtaining an equivalent list of equations given by the rows of the 127 x 1 matrix X29 (all
of them must be zero). These equations are copied in the proof of Lemma 4.9 together
with the final analysis of them, see (4.45—4.169).

Files associated to ma
e File “m2-macaulay”

With the list of inputs previously described, we get a 268 x 272 matrix X of rank 192.
This matrix X is exported to a file and using Maple (see the file “m2-maple.mws”)
we obtain the row-reduced echelon matrix of X, that is called X11. In fact, the matrix
X 11 is 195 x 272 because we removed the last zero rows of the row-reduced echelon
matrix. This matrix X 11 is introduced in the Macaulay file “m2-macaulay” as the input
43. In order to reconstruct the reduced system of equations as linear combinations of
the monomials v_(1), F_(i, j) *x v_(I) and E * v_(I) we multiply X11*wvari, obtain-
ing a one column matrix, called X14, with the list of equations that must be zero (see
inputs 45-52). This matrix X 14 is exported into a latex-pdf file “m2-equations.pdf”,
and the analysis of these equations is done in the paper (see the proof of the lemma 4.10
corresponding to 712).

Files associated to m
e File “ml-macaulay”

Since the singular vectors found in [2] for K¢ are also singular vectors for C K¢, using
(B42-B43) in [2], we have that it is convenient to introduce the following notation:

6
my =Y &ije ® vy
i=1

3
= Z [(é{zz}v +ikpi—ye) @ wy + (e — iEpi—1y) ®wz], (A.15)

=1
thatis, for1 </ < 3,
Ve = wp+wy, vy = i(w — wy), (A.16)

or equivalently, for 1 <[ < 3,

1 . _ 1 .
wy = E(U{Zl}c —ivp—1)c), W= E(U{Zl}c +1i vpr-1ye). (A.17)
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Now, with the usual list of inputs previously described, we have to impose the identi-
ties (A.16) to change the variables. We also need to replace the basis F; j) € 50(6)
by the basis given by H; and E,. We are using the notation introduced in (A.9).
The change of variables (A.16) and the new basis of s0(6) are implemented with
the definition of a ring P that is isomorphic to R and a map Q : R — P. More
precisely,

+ Input 1-19: They are the usual inputs, for example as in the file “m3-macaulay-1".

* Input 20-21: We define aring P as the polynomial ring with coefficients in R0, in the
skew-commutative variables¢_1, ..., f_6 and the commutative variables u; (1 <i <10),
omegay, omegay, omegas, domegay, domegaz, domegas, h_i, e(; j), em j), meg j),
memg ;) (1 <i < j <3), EO.

+ Input 22: We define a map Q : R — P, that change of variables (A.16) and change
the basis in s0(6) using the notation (A.9). The definition of Q is the following:

Quari = {x_i => t_i,

F_(1,2) => —z*xh_1,F_(3,4) => —zxh_ 2, F_(5,6) => —z % h_3,
F_Q2xi—1,2%j—1)=> (e_(@i, j)+em_(i, j)+me_(i, j) + mem_(i, j))/4),
F_2%i,2%j)=> (e_(i, j) —em_(, j)+me_(i, j) —mem_(i, j))/4),
F_Q2*xi—1,2%j)=>—zx*(e_(,j)—em_(, j)—me_(i, j) +mem_(i, j))/4),
F_Q2xi,2%xj—1)=> —z*x(—e_(,j) —em_(i, j)+me_(i, j) + mem_(i, j))/4),
E => EOQ,

v_i=>u_i,

v_(@, j) =>u_@, j),

v_(@, j, k) =>u_=3,j k),

v_(@, j, k, 1) =>u_=, j, k1),

v_(2,3,4,5,6) => z % (omega_l — domega_1),

v_(1,2,4,5,6) => z * (omega_2 — domega_2),

v_(1,2,3,4,6) => z * (omega_3 — domega_3),

v_(1,3,4,5,6) => (omega_1 +domega_1),

v_(1,2,3,5,6) => (omega_2 +domega_2),

v_(1,2,3,4,5) => (omega_3 +domega_3),

v_(1,2,3,4,5,6) =>u_(1,2,3,4,5,0)},

Q = map(P, R, Quari).

* Input 23-37: With the usual list of inputs, but applying the map Q to the equations,
we get a 62 x 102 matrix X of rank 51. We exported the matrix X and we used Maple,
see the file “m1-maple”, to find the row-reduced echelon matrix of X, that is called C
in that file.

* Input 39: The matrix C that is produced in the file “ml-maple”, which is the row-
reduced echelon matrix of X, is introduced in this file and it is called X 11. Observe that
X was a 62 x 102 matrix of rank 51. Therefore X 11 is a 62 x 102 matrix with zero in
the last 11 rows.
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* Input 40—45: We obtain a reduced (and equivalent) list of equations in a one column
matrix X14 = X12 % wvari (whose size is 62 x 1), where X12 is X11 viewed with
entries in the ring P. Each entry must be zero.

These equations are copied in the proof of Lemma 4.11, in Egs. (4.191-4.241), and
the final analysis of them is done in that proof.
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