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I. INTRODUCTION

Lie conformal superalgebras encode the singular part of the operator product expansion of
chiral fields in two-dimensional quantum field theory.6

A complete classification of (linear) finite simple Lie conformal superalgebras was obtained in
Ref. 5. The list consists of current Lie conformal superalgebras Cur g, where g is a simple
finite-dimensional Lie superalgebra, four series of “Virasoro-like” Lie conformal superalgebras
W,(n=0), S, ,, and §,,(n>2,b e (), K,(n=0,n#4), K, and the exceptional Lie conformal su-
peralgebra CKj.

All finite irreducible representations of the simple conformal superalgebras Cur g, Ky,=Vir,
and K, were constructed in Ref. 2, and those of S, ;, W;=K,, K3, and K, in Ref. 3. More recently,
the problem has been solved for all Lie conformal superalgebras from the three series W,, S, ,, and

S,

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)
annihilation algebra g=(Lie R)Jr,2 thereby reducing the problem to the construction of continuous
irreducible modules with discrete topology over the linearly compact superalgebra g.

The construction of the latter modules consists of two parts. First one constructs a collection
of continuous g-modules Ind(F), associated with all finite-dimensional irreducible gy,-modules F,
where g is a certain subalgebra of g [=g[(1|n) or 5[(1|n) for the W and S series, and =cso,, for the
K, series].

The irreducible g-modules Ind(F) are called nondegenerate, and the second part of the prob-
lem consists of two parts: (A) classify the gy-modules F, for which the g-modules Ind(F) are
nondegenerate, 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 Ref. 1, and it turned out, remarkably,
that all degenerate modules occur as cokernels of the super-de Rham complex, or their duals.

In the present paper, we solve the problem for the Lie conformal superalgebras K, with n
=4 (recall that for 0=<n<4 the problem has been solved in Refs. 2 and 3, though in Ref. 3 the
construction for n=3 and 4 is not very explicit). First, we construct the g-modules Ind(F) (Theo-
rem 4.1). Second, we find all F, for which Ind(F) is reducible and, furthermore, find all singular
vectors (Theorem 5.1). Finally, in Sec. VI we construct a contact complex, which is a certain
reduction of the de Rham complex, and show (using Theorem 5.1) that the cokernels in the contact
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complex and their duals produce all degenerate g-modules (Corollary 6.6). As a result, we obtain
an explicit construction of all finite irreducible K,-modules for n=4 (Theorem 7.1).

We should mention that the construction of our (super) contact complex mimics the beautiful
Rumin’s construction'® for ordinary (nonsuper) contact manifolds.

The remaining cases, namely, the representation theory of K (the derived algebra of K,) and
of the exceptional Lie conformal superalgebra CKg, and the explicit construction of degenerate
modules for K3, will be worked out in a subsequent publication.

Il. FORMAL DISTRIBUTIONS, LIE CONFORMAL SUPERALGEBRAS, AND THEIR
MODULES

In this section, we introduce the basic definitions and notations in order to have a self-
contained work (see Refs. 6, 4, 1, and 3). Let g be a Lie superalgebra. A g-valued formal
distribution in one indeterminate z is a formal power series

a(Z) = E anz_n_l’ a, € g.
ne’
The vector superspace of all formal distributions, g[[z,z7']], has a natural structure of a
C[d.]-module. We define
Res, a(z) = ay.

Let a(z) and b(z) be two g-valued formal distributions. They are called local if

(z=w)Ma(z),b(w)]=0 for N> 0.

Let g be a Lie superalgebra, a family F of g-valued formal distributions is called a local
family if all pairs of formal distributions from F are local. Then, the pair (g, F) is called a formal
distribution Lie superalgebra if F is a local family of g-valued formal distributions and g is
spanned by the coefficients of all formal distributions in F. We define the formal d-function by

Sz-w)=z"1> (%)n

nel

Then it is easy to show (Ref. 6, Corollary 2.2) that two local formal distributions are local if and
only if the bracket can be represented as a finite sum of the form

[a(z).b(w)]= 2 [a(2) )b ()]}, 8z = w)/j!,
J

where [a(z)(j)b(w)]=Resz(z—w)j[a(z) ,b(w)]. This is called the operator product expansion. Then
we obtain a family of operations ,), n € Z,, on the space of formal distributions. By taking the
generating series of these operations, we define the \-bracket as

)\ll
[a)\b] = 2 _'[a(n)b]
nelZ, '**

The properties of the A-bracket motivate the following definition.

Definition 2.1: A Lie conformal superalgebra R is a left 7./27-graded C[d]-module endowed
with a C-linear map R® R— C[A]®R, a®b—>a\b, called the \-bracket, and satisfying the fol-
lowing axioms (a,b,c € R):

Conformal sesquilinearity [da,b]=—-Nayb], [aydb]=(\+ J)[a\b],

Skew symmetry [ayb]=— (= 1)P“PO[p_, 4],
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Jacobi identity [a\[b,c]]=[[arblys el + (= P OPO b [a)c]].

Here and further, p(a) € 7/27 is the parity of a.

A Lie conformal superalgebra is called finite if it has finite rank as a C[J]-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 [R\R]# 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[d]-module endowed with a C-linear map RQ M — C[A]® M, a® v—a,v, satisfying the follow-
ing axioms (a,b € R), v e M;

M1),  (da)yv=[M"a)Tv =-\a)v,

M2),  [a) D)o =[ab ]}, v.

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 nontrivial submodule, where the notion of submodule is the usual one.

Given a formal distribution Lie superalgebra (g,F) denoted by F the minimal subspace of
al[z,z7']] which contains F and is closed under all jth products and invariant under d,. Due to

Dong’s lemma,6 we know that F is a local family as well. Then Conf(g,]-'):=_7_-' is the Lie
conformal superalgebra associated with the formal distribution Lie superalgebra (g, F).
In order to give the (more or less) reverse functorial construction, we need the following: let

R=R[t,r"] with =3+, and define the bracket,’

[a" b= S, (’J" )[ajb]t’“”_j . 2.1)

jely

Observe that 3R is an ideal of R with respect to this bracket. Now, consider Alg R=R/3R with this
bracket and let

R= { > (a7 ' =adt-z)la e R}.

ne’

Then (Alg R, R) is a formal distribution Lie superalgebra. Note that Alg is a functor from the
category of Lie conformal superalgebras to the category of formal distribution Lie superalgebras.
On has®

Conf(AlgR)=R, Alg(Conf(g,F)) = (Alg F,F).

Note also that (Alg R,R) is the maximal formal distribution superalgebra associated with the
conformal superalgebra R in the sense that all formal distribution Lie superalgebras (g, F) with
Conf(g,F)=R are quotients of (Alg R,R) by irregular ideals [that is, an ideal I in g with no
nonzero b(z) € R such that b, € I]. Such formal distribution Lie superalgebras are called equiva-
lent.

We thus have an equivalence of categories of Lie conformal superalgebras and equivalence
classes of formal distribution Lie superalgebras. So the study of formal distribution Lie superal-
gebras reduces to the study of Lie conformal superalgebras.

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 superal-
gebra R is the subalgebra A(R) (also denoted by Alg R, ) of the Lie superalgebra Alg R spanned by
all elements ar”", where a € R, ne Z,. It is clear from (2.1) that this is a subalgebra, which is
invariant with respect to the derivation d=-4d, of Alg R. The extended annihilation superalgebra is
defined as
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A(R) = (Alg R)* := Co X (Alg R),.

Introducing the generating series

N
ay= > —(a), aeR, (2.2)
JjeZ, .]'
we obtain from (2.1),
lay.b,]=[ayb]\sps  day) = (da), == \ay. (2.3)

Formula (2.3) implies the following important proposition relating modules over a Lie con-
formal superalgebra R to certain modules over the corresponding extended annihilation superal-
gebra (Alg R)*.

Proposition 2.3: (Reference 2) A module over a Lie conformal superalgebra R is the same as
a module over the Lie superalgebra (Alg R)* satisfying the property

aym e C(N]® M foranyae R, meM. (2.4)

[One just views the action of the generating series a, of (AlgR)" as the N-action of a € R]

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. Ref. 3, p. 911):

(L1) g is Z-graded of finite depth d e N, i.e., g=®;=_,g; and [g,,9;]1C g;s,.

(L2) There exists a semisimple element z € g, such that its centralizer in g is contained in g,,.

(L3) There exists an element d € g_, such that [d,g;]=g;_y4» for i=0.

Some examples of Lie superalgebras satisfying (L1)—(L3) are provided by annihilation supe-
ralgebras of Lie conformal superalgebras.

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

(1) For all v € V, there exists an integer j,=~—d such that g;v=0, for all j= jj.
(2) Vs finitely generated over C[4].

Motivated by this, the g-modules satisfying these two properties are called finite conformal
modules.
We have a triangular decomposition
0=0<0®P oD g0 With g(=B,08;, 8>0= Dj>08; (2.5)

Let g=9=®;=g;- Given a g-module F, we may consider the associated induced g-module

Ind(F)=Ind}., F= U(g)®U(g>O)F,

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

Sing(V) :={v € V|g=qv =0}

are called singular vectors. For us the most important case is when V=Ind(F). The g-,-module F
is canonically a g-,-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@® F,, where F,.=U,(g-,) ® F and
U, (g~p) is the augmentation ideal of the algebra U(g—). Then nonzero elements of the space

Sing, (Ind(F)) := Sing(Ind(F)) N F,
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are called nontrivial singular vectors. The following key result will be used in the rest of the paper
(see Refs. 9, 7, and 3).
Theorem 2.4: Let g be a Lie superalgebra that satisfies (L1)—(L3).

(a) If F is an irreducible finite-dimensional g-,-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—1Ir(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 gy-module F is irreducible and Ind(F) has
no nontrivial singular vectors.

In Sec. IT we will describe the Lie conformal superalgebra K, and its annihilation superalgebra
K(1,n),. In the remaining sections we shall study the induced K(1,n),-modules and its singular
vectors in order to apply Theorem 2.4 to get the classification of irreducible finite modules over
the Lie conformal algebra K,,.

lll. LIE CONFORMAL ALGEBRA K, AND ANNIHILATION LIE ALGEBRA K(1,n),

Let A(n) be the Grassmann superalgebra in the n odd indeterminates & ,&,, ..., §,. Let ¢ be an
even indeterminate, A(1,n)=C[t,7']® A(n), and consider the superalgebra of derivations of the
superalgebra A(1,n),

n

W(1,n) =Y ad, + >, a;0;

i=1

a,a; € A(1,n) (, (3.1)

where d,=4d/ d¢; and d,= 4/ dr. The contact superalgebra K(1,n) is the subalgebra of W(1,n) defined
by

K(1,n) :={D € W(1,n)|Dw=fpw for some f, € A(1,n)}, (3.2)

where w=dt—-27_ £dE, is the standard contact form, and the action of D on w is the usual action
of vector fields on differential forms.
The space A(1,n) can be identified with the Lie superalgebra K(1,n) via the map

260+ (= VPO (Edf + if) (£, + ),
i=1

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

[f.g]= <2f - &t%f) (dg) - (&J)(Zg - &&ig) +(= 1P (3)(dg).
i=1 i=1 i=1

The Lie superalgebra K(1,n) is a formal distribution Lie superalgebra with the following
family of mutually local formal distributions

a(z) = >, (at)z7™" fora= § & e An).

jez

The associated Lie conformal superalgebra K, is identified with

K,=C[d] ® A(n), (3.3)
the N\-bracket for f= f,-l-"f,»r,g:fjl-"ij being as follows:’
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[frgl= ((r— 2)afe) + (- 1) (&f)(ﬁig)) +Nr+s—4)fg. (3.4)
i=1

The Lie conformal superalgebra K, has rank 2" over C[d]. It is simple for n=0,n+# 4, and the
derived algebra K} is simple and has codimension 1 in K.
The annihilation superalgebra is

A(K,) =K(1,n),=A(1,n), = C[t] ® A(n), (3.5)

and the extended annihilation superalgebra is

A(K,) = K(1,n)* = Caix K(1,n),,

where J acts on it as —add,. Note that A(K,)° is isomorphic to the direct sum of A(K,) and the
trivial one-dimensional Lie algebra Clo+ %)
The Lie superalgebra K(1,n) is Z-graded by putting

deg(r"&, -+ &) =2m+k=2,

and it induces a gradation on K(1,n), making it a 7Z-graded Lie superalgebra of depth 2:
K(1,n),=®;=_»(K(1,n),);. It is easy to check that K(1,n), satisfies conditions (L1)-(L3).
Observe that K(1,n), is the subalgebra of

n

W(1,n), = ad,+ >, a,0;

i=1

a,a; e A(1,n), (, (3.6)

defined by [cf. (3.2)]

K(1,n), :=={D € W(1,n),|Dw=fpw for some f, € A(1,n),}. (3.7)

IV. INDUCED MODULES

Using Theorem 2.4, the classification of finite irreducible K,-modules can be reduced to the
study of induced modules for K(1,n),. Observe that

(K(1,n),)=({1}),
(K(L,n),) . ={&:l <is<n}),

(K(1,n),)o={tt U{&gl <i<j<n}). (4.1)

We shall use the following notation for the basis elements of (K(1,n),)o:

Eqp=t, Fij=-¢&§;. (4.2)
Observe that (K(1,n),)y=CEy,® so(n)=cso(n). Take

ﬁ = - %1 (43)
as the element that satisfies (L3) in Sec. II.
For the rest of this work, g will be K(1,n),. Let F be a finite-dimensional irreducible
go-module, which we extend to a g-,-module by letting g; with j>0 acting trivially. Then we
shall identify, as above
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Ind(F) =A(1l,n) @ F=C([d]® A(n) ® F (4.4)
as C-vector spaces. In order to describe the action of g in Ind(F), we introduce the following
notation:

&= §i1 ‘“§ik if 1={i}, ....i}},
apgp=ay - a g i L={l,....I}
d&r=0rg it f=¢,
fl=k if f= fil "'fik~ (4.5)
In the following theorem, we describe the g-action on Ind(F) using the N-action notation in
(2.2), i.e.,
N
Megev)=2 j—,(t’f) (g ®v)
j=0J"*

for f,g e A(n) and v e F.
Theorem 4.1: For any monomials f,g € A(n) and v € F, where F is a gy-module, we have the
following formula for the N-action of g=K(1,n), on Ind(F):

Hlg®v)=(- 1)p(f)([f| -2)d(dsg) ® v+ > 19((7#')(51'8) ®uv+(-1)NY 9a,0,8 ® Frsv
i=1 r<s

+ )\[(— 1)p(f)((7fg) ® Eggu + (= 1)PVPO (d0,8))&® v+ > Aay)(9;8) ® Fjv
=1 i+

+N2(= 1PV a(d,0,8) ® Fyp.
i<j

The proof of this theorem will be done through several lemmas. Since this is quite technical,
we have moved the proof into Appendix A.

In the last part of this section we shall prove an easier formula for the N-action in the induced
module. This is done by taking the Hodge dual of the basis (cf. Ref. 3, p. 922 and observe the

difference). More precisely, for a monomial & € A(n), we let & be its Hodge dual, i.e., the unique

monomial in A(n) such that £&=&-+-&,.
Lemma 4.2: For any monomial elements f=§&,8=§&;, we have

£= g&i=(- 1)|§‘§ig_’
af(g) =(- 1)[\f|(lf\—l)/2]+lf1|§|f§’
g&=-(-1)'ag.
Proof: The proof is left to the reader. O
The following theorem translates Theorem 4.1 in terms of the Hodge dual basis.

Theorem 4.3: Let F be a gy=cso(n)-module. Then the \-action of K(1,n), in Ind(F)=C[J]
®A(n)®F, given by Theorem 4.1, is equivalent to the following one:
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filg ® v) = (= DVIWFD2EIE 4 (11 =2)a(fg) ® v = (= 1PV (0)(dg) ® v = 2, (6,0,f)g
i=1

r<s

® F 0 +\| fg ® Eqv — (- )PV 9(fég) @ v+ (- 1PV (0 €8 ® Fijv:|

i=1 i#j
-\ f&éig ® Fijv
i<j

Proof: By simple computations, using Lemma 4.2, it is easy to obtain the \-action in the
Hodge dual basis. That is, let T be the vector space automorphism of Ind(F) given by T(g®v)
=g®uv, then the theorem gives the formula for the composition To(fy-)oT~!. For example, in
order to “dualize” the second term in the N-action in Theorem 4.1, we write a(aif)g,,g in terms of f

and g as follows:

dapkg= (- 1)[(lf\—l)(lf]—Z)/Z]+(lf]—1)\§,~g\(aif)§: (- 1)[(\1‘1—1)(\f\—2)/2]+<\f\—1)(\g‘\—1)+1+|§\((9if)(aig)
= (= DWIHD2RARH A 5.6) (0,3)

obtaining the second summand in the formula, given by the theorem. By similar computations, the
proof follows. O

V. SINGULAR VECTORS

By Theorem 2.4, the classification of irreducible finite modules over the Lie conformal supe-
ralgebra K,, reduces to the study of singular vectors in the induced modules Ind(F), where F is an
irreducible finite-dimensional cso(n)-module. This section will be devoted to the classification of
singular vectors.

When we discuss the highest weight of vectors and singular vectors, we always mean with
respect to the upper Borel subalgebra in K(1,n), generated by (K(1,n),)~ and the elements of the
Borel subalgebra of so(n) in (K(1,n),),. More precisely, recall (4.2), where we defined F;=
-§& e (K(1,n),)g=CEy® so(n). Observe that F;; corresponds to E;—E;; € so(n), where E;; are
the elements of the standard basis of matrices. Consider the following (standard) notation (cf. Ref.
8, p. 83).

Case g=s0(2m+1,C): Here we take

Hi=iFy 15, 1<j<m, (5.1)

a basis of a Cartan subalgebra b. Let €; € h* be given by &;(Hy)= . Let

A={xg*xgli#jfU{*g}

be the set of roots. The root space decomposition is
g=b® & g, withg,=CE,
aelA
where for 1</<j<m and 1 <k=m,

Eg o =Far1ojo1+ Faj+ i(Fo10j= Faajo),
J
Egpe,=Fori0j1 = Fainj— i(Fa1 )+ Fanjo1),

Eoep=Far12j1+ Fagj— i(Fa1 0= Faipje1),
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E—(81+5j) =Foipjo1 — Foppj+ i(le—l,zj + F21,2j—1)’

Evp = Foc1omer + WFop s - (5.2)

Let II={g;-&5,....8,-1—€,.€,} and A*={e;*¢;|i<j}U{g;} be the simple and positive
roots, respectively. Consider

. 1
apji=Fy 1 pjo1 —iFp 01 = E(Esl—aj + Esl+aj),
Byii= Fapi+iFs 2= 3(Ey s —Eg (o)
1= g2 U112/ =3 &8 ote;

Ve=E, . (53)

€k

Then,

Booominy =y Bpyvll <i<j<sml<k=<mj). (5.4)

Case g=50(2m,C): Here we take

Hj:iFZj—l,Zj’ 1 g‘] =m,

a basis of a Cartan subalgebra fj, as with so(2m+1). In this case,
A={*g*gli# )}

is the set of roots. Let [T={e,—&,,...,€,_1—&,,€,_1+&,} and A*={g; = ¢g;|i</} be the simple
and positive roots, respectively. Then,

Booom = {ay Byl <i<j<m}). (5.5)

In order to write explicitly weights for vectors in K(1,n),-modules, we will consider the basis
for the Cartan subalgebra b in (K(1,n),),=CEy,® so(n), introduce above,

Ey:H,, ..., H,, m=[n/2],

and we shall write the weight of an eigenvector for the Cartan subalgebra h as an m+ 1-tuple for
the corresponding eigenvalues of this basis,

= (o3 s e s ) - (5.6)

Observe that a vector 7 in the K(1,n),-module Ind(F) is a singular highest weight vector if
and only if the following conditions are satisfied:

(S1) (d?/aN?)(fyrit)=0 for all f e A(n),

(S2) (d/dN\)(f\rii)|y=o=0 for all f=¢, with |I|=1,

(S3) (fyrit)]\=0=0 for all f=¢& with |I|=3 or f € Byy(,).

In order to classify the finite irreducible K,-modules we should solve the equations (S1)—(S3)
to obtain the singular vectors. The next theorem is the main result of this section and gives us the
complete classification of singular vectors:

Theorem 5.1: Let F be an irreducible finite-dimensional cso(n)-module with highest weight
M.

If n=4, then m € Ind(F) is a nontrivial singular highest weight vector if and only if ni is one
of the following vectors (in the Hodge dual basis):

(a)  ri=(§pye—iépyye) ®v,, where v, is a highest weight vector of the cso(n)-module F and
=(-k;k,0,...,0), with k € 7~,,
(b)
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m
EDY [(Erape + i&ps - 130) @ Wi+ (Epape — i€ - 110) @ Wil = 8, 0daiéom + 13¢ @ Wina1»
=1

where wy=v , is a highest weight vector of the cso(n)-module F with the highest weight

u=m+k=2;k0,...,0) forkeZ=,
and all w;,w; are nonzero and uniquely determined by v,,.

If n=3, then i € Ind(F) is a nontrivial singular highest weight vector if and only if ni is one of the
following vectors:

(a)  ri=(§pye—iépye) ®v,, where v, is a highest weight vector of the ¢s0(3)-module V and
=(=k3k), with k € 37,

(b)  ri=(Epyet+iépye) @v,+ (Epye—ipye) ® wi—iépe @ wy, where v, is a highest weight vector of
the c¢s0(3)-module F with highest weight

w=(k+1:k) forkeil—y andk+ 3,

and all w;,w, are nonzero and uniquely determined by v ,.
(C) }’;)l=(9(§* ® U,u) +i§{1 2)¢ & UM—2§{2’3}(' ® F2ﬂ30/“'+2§{1 3¢ ® F1’3Ulu, where v
vector of the cs0(3)-module F with the highest weight ,LL=(% ; %)

u IS a highest weight

The proof of this theorem will be done through several lemmas. Since this is quite technical,
we have moved the proof into Appendix B.
Remark 5.2:

(a)  The explicit expression of all nonzero vectors wy, W, in terms of v,, that appear in the second
family of singular vectors for all n=3 are written in (B68)—(B72).

(b) If n=4, the first family of singular vectors ri=(&pyc—ijy) ®v,, where v, is a highest
weight vector of the cso(4)-module F and w=(-k;k,0), with k € Z~, corresponds to the
family of singular vectors b, in Proposition 7.2, part (i), in Ref. 3. Finally, the second family
of singular vectors in Theorem 5.1, part (b), correspond to the family of singular vectors bs
in Proposition 7.2, part (ii), in Ref. 3.

(c) If n=3, the singular vectors in cases (a), (b), and (c) described in the previous theorem,
correspond to the vectors a,, as and ag in Proposition 5.1 in Ref. 3, respectively. Observe
that the families (a) and (b) described for n=4 correspond to the families (a) and (b) for
n=3, but in the latter case, the parameter k is one-half a positive integer. Observe that the
missing case (k+1;k) with k:% in the family (b) is completed by case (c).

VI. MODULES OF DIFFERENTIAL FORMS, THE CONTACT COMPLEX, AND
IRREDUCIBLE INDUCED K(1,n),-MODULES

Let us recall some standard notation from Ref. 1. In order to define the differential forms one

considers an odd variable df and even variables d¢,,...,d§, and defines the differential forms to
be the (super) commutative algebra freely generated by these variables over A(1,n),=C[f]
® A(n), or

Q,=Q, =A(l,n),[d¢, ....d¢E] ® Adr).

Generally speaking, (), is just a polynomial (super) algebra over the variables

L&, ... &.dLdE, ... dE,,

where the parity is

p(t)=0’ p(gi)zla P(dt)=1’ P(dfz)=0
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These are called (polynomial) differential forms, and we define the Laurent differential forms to be
the same algebra over A(1,n)=C[t,r']® A(n),

0=0,=0(1,n) := A(1,n)[dé&, ...,d§,] ® Aldt].

We would like to consider a fixed complementary subspace )_ to ), in () chosen as follows:

O_=Q,_=r'C[r']e A ® C[d, ....d&] ® Aldr].

For the differential forms, we need the usual differential degree that measure only the involve-
ment of the differential variables dt,d¢, ... ,d¢,, that is,

degt=0, degé =0, degdr=1, degdé =1,

which give the standard 7-gradation both of Q and Q.. As usual, we denote by QF, QX the
corresponding graded components, and if we need to take care of the dependence on n, they will
be denoted by Qﬁ and Q],f,yé_,, respectively.

We denote by Q]z the subspace of differential forms with constant coefficients in QF.

The operator d is defined on () as usual, as an odd derivation, such that d(r)=dt,d(&)
=dé&,d(dt)=d(d&)=0. Observe that d maps both ), and ()_ into themselves and that d*>=0.

As usual, we extend the natural action of W(1,n), on A(1,n) to the whole ) by imposing the
property that D (super) commutes with d. It is clear that ), and all the subspaces QX are
W(1,n),-invariant. Hence, Q’i and QX are W(1,n),-modules, which are called the natural repre-
sentations of W(1,n), in differential forms.

We define the action of W(1,n), on {)_ via the isomorphism of {)_ with the factor of ) by ().
Practically, this means that in order to compute D(f), where f € )_, we apply D to f and “disre-
gard terms with non-negative powers of z.”

The operator d restricted to Q’i_, defines an odd morphism between the corresponding repre-
sentations. Clearly, the image and the kernel of such a morphism are submodules in QX . The
second statement of the following result is Proposition 4.1, part (3), in Ref. 1. Now, we complete
the proof of this result.

Proposition 6.1:

(a) The maps d :Qi—>Qi+l are morphisms of W(1,n),-modules. The kernel of one of them is
equal to the image of the next one and it is a nontrivial proper submodule in Qi.

(b) The dual maps d*: (Qi+l)#—> (Qi)# are morphisms of W(1,n),-modules. The kernel of one of
them is equal to the image of the next one and it is a nontrivial proper submodule in (Qi)#.

Proof:

(a) Consider the homotopy operator K:€), ., — (), , given by

K(dé,v)=&,v, K(v)=0 if v does not involve dé,.
Let £:Q,,—, , be defined by

e(dé,v)=¢e(&,v)=0, e(v)=v if vdoes not involve both d¢, and §&,.

One can check that Kd+dK=Id—e. By standard argument, using this homotopy operator,
the proof follows.

(b) Considering the dual maps K:(€, ,)*—(Q,,)" and &:(Q, ,)*—(Q, )", we obtain K*d*
+d*K*=1d-¢&".

Therefore, if e (€,,)* is a closed form, we get a=d*(K*a)+&*(a), and &*(a) is also a
closed form. Observe that (e*a)(v)=a(e(v))=0 if v involve d&, or &,. Hence, ¥« is essentially an
element in (£2,_; ,)*, namely, it is equal to an element in (,_, ,)* trivially extended in »’s that
involve d¢§, or &,. It follows by induction on n that
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a=d"a; + q (6.1)

for some ay,a; € (,,)" and g is a closed form that is a trivial extension of an element &
e (Qq,)*. However, Q ,=C[1]® A(d)={p(1) +q(1)dt|p.q € C[]} and &, € (Q,)¥ is closed if and
only if &y(g(1)dr)=0 for all g € C[z]. In general, it is easy to see that y e ()" is exact if and
only if vy is closed [i.e., Y(g(t)dt)=0] and 9(1)=0. Therefore, using (6.1), we have a=d"B
+a(1)1*, where 1*(c1)=c and zero everywhere else. Since 1% e (Qg, ¥, we get the exactness of
the sequence

d*

e (2 ) —— (Q, ) —— (@ ).

O
Recall that K(1,n), is a subalgebra of W(1,n),, defined by (3.7). Hence, (2, and QF are
K(1,n),-modules as well.
Observe that the differential of the standard contact form w=dr-2!,§d¢ is dw=
=37 (d&)?, and following Rumin’s construction in Ref. 10, consider for k=2,

F=don Q2+ 0 Q' C O, (6.2)

Iﬁ:da)/\ﬂi_2+w/\ﬂf__l Cﬂli, (6.3)

and I'=wAQ0, I'=wAQ?, °=0=1. 1t is clear that d(I¥) CI**' and d(I*) CI**', and using (3.7) it
is easy to prove that I¥ and I'j are K(1,n),-submodules of QF and Q’fr, respectively. Therefore, we
have the following contact complex of K(1,n),-modules (we also denote by d the induced maps in
the quotients):

d d d d

0—C—-0'—-o—0%P— - (6.4)

Let ‘C[dgi]lgﬂi be the subspace of homogeneous polynomials in d§,...,d¢&, of degree .
Using that the action of c¢so(n)=CEqy® so(n)=(K(1,n),), in Qi is given by

n

Ego+> 210, + >, &, Fij— &d;— &9, (6.5)

i=1

it follows that C[d&]' is a cso(n)-invariant subspace. Now, consider I''=7(C[d¢])), where m: QL

—>Qi/ Il+, and take O'=(I")*. Here and further, we denote by # the restricted dual, that is, the sum

of the dual of all the graded components of the initial module, as in Ref. 1, Sec. B1. Then, we have
Proposition 6.2:

(1) The cso(n)-module ®',1=0, is irreducible with highest weight (-1;1,0, ...,0).
(2) The K(1,n),-module (Qi/ Ii)#,l =0, contains O and this inclusion induces the isomorphism
(Ql/1L)* =nd(®).

(3)  The dual maps d*: (Qfl/li+1)#—>(ﬂl+/lfr)# are morphisms of K(1,n),-modules. The kernel of
one of them is equal to the image of the next one and it is a nontrivial proper submodule in

QL)
Proof:

(1) Consider I'=m(S"(d¢))), where m: Q! — Q! /I'. Observe that

I'=C[dé,, ... d&VICLdé,, ... .d&]( @g)?),

and it is well known that I’ are irreducible lowest weight cso(n)-modules with lowest
weight vector (dé +idé)" whose weight is (I;-1,0,...,0), (see Ref. 8). Therefore, ©'
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=(I')* are irreducible highest weight cso(n)-modules with the highest weight
(-1;1,0,...,0).

(2) By the definition of the restricted dual, it is the sum of the dual of all the graded components
of the initial module. In our case, I'! is the component of minimal degree in Qi/ Ii, so O
becomes the component of maximal degree in (Qi/ Ifr)#. This implies that g~ acts trivially
on ®, so the morphism Ind ®'— (Q/1))* is defined. Clearly, /1. is isomorphic to

I''e [, ....&]

s0 it is a cofree module. Then the module (Qi/ Ii)# is a free C[dy,d,, ...,d,]-module and the
morphism

Ind(®') — (QL/1)*

is therefore an isomorphism.

(3) The first part of this statement follows immediately from the fact that d commutes with the
action of vector fields. It remains to prove that the kernel of one of them is equal to the image
of the next one.

First, we shall prove the exactness of the sequence (6.4) except for level 1, where we have
ker d=Im d+Ctdr. Let a e QF such that da e I*'. Then da=wA B+dway, with Be QF and y
e Q%! Observe that d(a—wA y)=wA(B-d7y); hence, by replacing a by another representative,
we may assume that y=0. Since 0=d’a=d(wAB)=dwA B-—wAdB, then dorda=dor(wAp)
=(sgn)wrdw B=(sgn)w A wAdB=0. Therefore, da € Ker(dwa -)=0. However, the differential
complex (Q},d) is exact by Proposition 6.1, part (a), proving the exactness of (6.4). By standard
arguments, it is easy to see the exactness of the dual, finishing the proof. O

Corollary 6.3: The following K(1,n),-modules are isomorphic

QY15 = (Ind(T5))*.

Let us now study the K(1,n),-modules QF. Recall that we identified (via isomorphism) Q
with QF/QF. Let #:Q0F— QF/QF=QF. Observe that I* = 7(I*) is a K(1,n),-submodule of QF, and
d(I*) CI*!. Let

E=6-§ and Ti=r'e0fc Ol

Proposition 6.4: For g=K(1,n),, we have the following.
(1) The cso(n)-module T* is an irreducible submodule of QF with the highest weight

(n+k=-2;k,0,...,0) fork=0,
and g~ acts trivially on T*.
(2) There is a g-module isomorphism QF/I*=Ind(T"%).
(3) The differential d gives us g-module morphisms on QF/I*, and the kernel and image of d are

g-submodules in QX 1.
(4) The kernel of d and image of d in QX/I* for k=2 coincide, in Q'/1', we have Kerd

=C(tTdt)+Im d, and in Q°, we have Ker d=0.

Proof:

(1) First, a simple computation shows that g-, maps I'* to zero. Also, as a go-module, T is
isomorphic to the space of harmonic polinomials in d§,, ... ,d§, of degree k multiplied by the
one-dimensional module (t~'£,). This permits us to see that its highest weight vectors are

(r'¢,) fork=0,
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(r1E(dé - id&)Y)  fork=1.

The values of the highest weights are easy to compute using (6.5).

(2) Tt is straightforward to see that Q(z is a free rank 1 C[d,,d,,...,d,]-module. Now, the action
of dy,d;,...,d, on Q%11 is coefficientwise; hence, the fact that QF/IF is a free
C[8y,d,, ...,d,]-module follows. This gives us the isomorphism QF/I* =Ind(I'¥).

(3) Tt follows immediately from the fact that d commutes with the action of vector fields.

(4) Let ae QF be such that da e I**!. Then, da=wAB+dwny, with [;?eQ’i and yeQ’i‘l.
Observe that d(a—wA y)=wA(B-dvy); hence, by replacing a by another representative, we
may assume that y=0. Since 0=d’a=d(wA B)=dwA B-wrdp, then dorda=dor (o B)
=wArwadB=0. Therefore, da € Ker(dw -)=0. However, the differential complex ()’ ,d) is
exact except for k=1 (see Proposition 4.3 in Ref. 1), proving the statement. O

In the last part of this section, we classify the irreducible induced K(1,n),-modules. Let g
=K(1,n),. Now, we have the following.

Theorem 6.5: Let F,, be an irreducible gi-module with the highest weight u.

If n=4, then the g-module Ind(F ,) is an irreducible (finite conformal) module except for the
following cases:

(a) w=(=1;1,0,...,0),l=0, Ind(FM)=(Qi/Ii)#, and d#(Qi“/If:'l)# is the only nontrivial proper
submodule.

(b) p=(n+k-2:k,0,...,0),k=1, and Ind(F,)=Q/I*. For k=2 the image dQO*"'/1*"" is the
only nontrivial proper submodule. For k=1, both Im(d) and Ker(d) are proper submodules,
and Ker(d) is a maximal submodule.

Proof: We know from Theorem 2.4 that in order for the g-module Ind(F) to be reducible it has
to have nontrivial singular vectors and the possible highest weights of F in this situation are listed
in Theorem 5.1 above.

The fact that the induced modules are actually reducible in those cases is known because we
have got nice realizations for these induced modules in Propositions 6.2 and 6.4 together with
morphisms defined by d,d", so kernels and images of these morphisms become submodules.

The subtle thing is to prove that a submodule is really a maximal one. We notice that in each
case the factor is isomorphic to a submodule in another induced module so it is enough to show
that the submodule is irreducible. This can be proven as follows; a submodule in the induced
module is irreducible if it is generated by any highest singular vector that it contains. We see from
our list of nontrivial singular vectors that there is at most one such vector for each case and the
images and kernels in question are exactly generated by those vectors, hence they are irreduc-
ible. O

Corollary 6.6: The theorem gives us a description of finite conformal irreducible
K(1,n),-modules for n=4. Such a module is either Ind(F) for an irreducible finite-dimensional
go-module F, where the highest weight of F does not belong to the types listed in (a) and (b) of the
theorem, or the factor of an induced module from (a) and (b) by its submodule Ker(d).

VIl. FINITE IRREDUCIBLE K,, MODULES

In the first part of this section, we follow Sec. E in Ref. 1. In order to give an explicit
construction and classification of all finite irreducible K,-modules, we need the following defini-
tions. Recall that W(1,n) acts by derivations on the algebra of differential forms Q=0Q(1,n), and
note that this is a conformal module by taking the family of formal distributions

E={8z-1tw and &z - t)wdt|w € Q(n)}.

Translating this and all other attributes of differential forms, like de Rham differential, etc., into
the conformal algebra language, we have the following definitions.
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Recall that given an algebra A, the associated current formal distribution algebra is A[z,77']
with the local family F={a(z)=2,_,(at")z" '=ad(z—1)},. 4. The associated conformal algebra is
Cur A=C[d]®A with multiplication defined by ayb=ab for a,b € A and extended using sesqui-
linearity. This is called the current conformal algebra, (see Ref. 6 for details).

The conformal algebra of differential forms (), is the current algebra over the commutative
associative superalgebra ()(n)+Q(n)dt with the obvious multiplication and parity, subject to the
relation (dr)?=0

Q, = Cur(Q(n) + Q(n)dr) = C[d] ® (Q(n) + Q(n)dr).

The de Rham differential d of Q, [we use the tilde in order to distinguish it from the de Rham
differential d on (n)] is a derivation of the conformal algebra (), such that

d(w; + w,di) = dw, + dw,dt — (= 1PV w,dr). (7.1)

Here and further, w; € Q(n).
The standard Z,-gradation Q(n)=& jEZ+Q(n)j of the superalgebra of differential forms by their
degree induces a 7,-gradation

Q,= @jezfl{u where Qﬁl =C[d] ® (Q(n) + Q(n)y~'dr),

5o that d: Q) — QJ*!,
Let w=di-3" &dé e Q). Observe that do=-3"_ (d&;)%. Now, we define, for j=2,

P =C[d] ® (0 A QY +do A Q(n)/~2dr) C Q,

I,llz‘C[&] @ (wAQn)?), I°=0. (7.2)

It is clear that d(F) C F*!, and it is easy to prove that . are K,-submodules of Q. Therefore, we

get a Rumin conformal complex (Q{,/ I{lg) where we also denote by d the differential in the
quotient.

Let V be a finite-dimensional irreducible cso(n)-module, using the results of Sec. II and
recalling that the annihilation algebra of K, is K(1,n),, we have that the K(1,n),-modules Ind(V)
studied in Sec. VI are K,-modules with the \-action given by Theorem 4.3. We denote by Tens(V)
the corresponding K,-module.

Since the extended annihilation algebra K(1,n)* is a direct sum of K(1,n), and a one-
dimensional Lie algebra Ca, any irreducible K(1,7)*-module is obtained from a K(1,n),-module
M by extending to K(1,n)*, letting a——a, where « € C. Translating into the conformal language
(see Proposition 2.3), we see that all K,-modules are obtained from conformal K(1,n),-modules
by taking for the action of ¢ the action of —d,+al,a € C. We denote by Tens, V and €}, ,,a € C,
the K,-modules obtained from Tens V and (), by replacing d by d+ « in the corresponding actions.

As in Ref. 1, we see that Theorem 6.5 and Corollary 6.6, along with Sec. II and Proposition
2.3, together with Propositions 2.6, 2.8, and 2.9 in Ref. 1, give us a complete description of finite
irreducible K,-modules, namely, we obtain the following theorem.

Theorem 7.1: The following is a complete list of nontrivial finite irreducible K,-modules (n
=4, aeC):

(1) Tens, V, where V is a finite-dimensional irreducible cso(n)-module with the highest weight
different from (=k;k,0,...,0) and (n+k-2;k,0,...,0) for k=1,2,...,

(2) (Qﬁ/l’;):{/ Ker d*,k=1,2,..., and the same modules with reversed parity, and
(3) K,-modules dual to (2), with k> 1.

Remark 7.2:
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(a) Using Proposition 6.4, we have that the kernel of d and the image of d coincide in Qfl/ I],‘l for
k=2. Now, since Q52/**? is a free C[d]-module of finite rank and (QX*'//%*1)/Imd

=(QM1/ 1Y) /Ker d=1m d C Q¥*?/1*2, we obtain that (Q5*'/1¥1)/Im d is a finitely gener-
ated free C[d]-module. Therefore, we can apply Proposition 2.6 in Ref. 1, and we have that

(QE Y Ker d* = ((QX1})/Ker d)* (7.3)

for k=1.

(b) Since for a free finite rank module M over a Lie conformal superalgebra we have M**
=M, using (7.3), the K,-modules in case (3) of Theorem 7.1 are isomorphic to
(QF/1Y /Ker d, k=1,2,....

(c) Let V be a finite-dimensional (one dimesional, in fact) irreducible c¢so(n)-module with the
highest weight (0;0,...,0). Observe that the module Tens V has a maximal submodule of
codimension 1 over C. Hence, the irreducible quotient is the one-dimensional (over C) trivial
K, -module. Therefore, we excluded the case k=0 in Theorem 7.1, case (2).

(d) Let V be a finite-dimensional irreducible cso(n)-module with the highest weight (n
—-2:0,0,...,0). Observe that in case (3) in Theorem 7.1, we excluded k=1 because in this
case the dual corresponds to the module Tens, V, which is isomorphic to (), , and it is an
irreducible tensor module; therefore, this module is included in case (1) of Theorem 7.1.

(e) The case K,=W, was studied in full detail at the end of Sec. V in Ref. I.

(f)  The remaining cases K3, K, and CKg will be worked out in a subsequent publication.

APPENDIX A: PROOF OF THEOREM 4.1

This appendix is devoted to the proof of Theorem 4.1, and it will be done through several
lemmas.
Given IC{l,...,n}, we shall use the following notation:

gi=el=#jelj<i}.

12 1

It is easy to see the following useful formulas:

iy = (= 1)l=072, (A1)
(&) = (= DMWga g0 ifINI=0, (A2)
gy = (= 1)erll-Dr2g, (A3)

Without loss of generality, we shall assume all over the proofs that

f=&, g=&& withJNI=@ and KCI.

Lemma A.1: For any m=3, f, g € A(n), we have 1"'f-(g ®v)=0.
Proof: Using that

—mt" e, ifrel

(-DImo & ifrel, (A4)

[tmgh gr] = {

it is easy to see that
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P (geu) =" (EE®v)= X (sgn) s (3 ("EEN E¢ @ v

=0 SC7S=i ( )

_2 E Z(Sgn),”

i=0 SCJ,|S|=i LCK ( - )

(3S§J)(5'L§K)(f “0, (&) @ v (A5)

for certain signs (sgn); g, (sgn); s, that are not needed explicitly yet. Now, observe that for |S|=i
and LC KCI, we have

deg(t"a,(&&5) =2(m—i) + 1| +|S| - |L| -2=2m—i+ || - |L| -2=m - 2.

Hence, using (A5) and m=3 we prove the lemma. O
From Lemma A.1, the N-action has degree at most 2 in X. Now, we study the A\’-term.
Lemma A.2:

& (EEcov)= ) (- 1)\II(\J|+|K|)+[\L\(\L\—1)/2]—|LI(|K|—|LI)g}(aLfK)(OngI) Q0. (A6)
LCK

Proof: Using (A4), it is clear that

& (&Ec@v) = (= DIVg(&)(&) ® v.

Hence, we may suppose that J=@ and we shall apply induction on |K|. If |K|=0, the statement is
obvious. Now, consider §;&x, with j<k; for any k; € K. Observe that

& (i ®v)=(= 1)"'5,’5151( ®v+ (= 1)“'((9;51)51( Qv
= (- 1)|1|+|1\\K\+[|L\(|Ll—l)/2]—\L|(\K\—\L\)gj((ngK)((;Lfl) Qv

LCK

+ > (= 1)\’I+(\1\—1)|K|+[\L\(\L\—l)/2]—|L\(|K|—|LI)(,9L§K)(augjgl) Q0. (A7)
LCK

Now, using that

a(E) =(-DHE@,8) ifjeL,
Go(&E) = (- V(9,80 ifje L,

3p9;&= (= 1)|L|¢9j¢7L§1,
Eq. (A7) becomes

& (§&c®v)= E (- 1)|I‘(|K|+1)+[‘L‘(‘L‘_l)/2]_|L|(|Kl_|L|)+‘L|(aL(gng))(aLgl) Qv

LCK
+ E (- 1)|’|+(\1|—1)\K\+[\L\(\L\—l)/2]—|L|(|K|—|L|)+\L|+|L|(ajaL)(fng)(ajaLgl) Qv
LU{ICKU{j}
= > (- 1)\1\(|K|+1)+[\L\(\L\—1)/2]—|L|(|K|+1—\LI)((9L)(gng)((9L§I) ®v,
LCKU{j}
finishing the proof. O

The following lemma provides the N\’-term in the \-action formula of Theorem 4.1.
Lemma A.3: For any monomial elements f=§&, g=§&, with [# D, we have

fg@v)= (1A - 2)a(afg)®v+za(m<§,g>®v+( DO 008 © Fiyo-

i<j
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Proof: Consider as before f=§,, g=&,&¢ with JNI=@ and KCI. Recall formula (A6),
& (EEcov)= D, (- 1)\ll(\J|+|KI)+[\L\(\L\—l)/2]—|L|(|K|—|L|)§J((9L§K)((;Lgl) Q0.
LCK

Since ;& € g~ if |[I-L|>2, it is enough to consider the summands that appear in the cases |/
-L|=0,1,2.

Case |I-L|=0: This summand appears if and only if K=1, and it corresponds to the single
possible choice of L=K. Using (A1), we get

8y (= DIV 1 @ (A8)

and using (A2) together with 1=-24, it can be rewritten as

—20(=1)"D3e) ® v, (A9)

obtaining part of the first term of the statement of this lemma. Observe that the term d{g) is
nonzero if and only if K=1; therefore, the expression (A9) also contains the &k ; in (A8). This kind
of analysis will be repeatedly used.

Case |I-L|=1: This case is clearly divided in two subcases:

(la) K=1I and L=I—-{i} moving i € I, or
(Ib) K=I—{k}, and L takes the single value K.

Let us compute each subcase separately.
Subcase (la): Recalling (A6) and using (A2), the summands in this subcase become

terms(la) = 51(,12 (- 1)|IHJ‘+‘I|2+[<‘[|_1)(‘I|—2)/2]_(m_])gj(&l—{i}gl)(al—{i}gl) ®uv=- 51(,12 (

iel iel
— 1)Il\\J|+(\1\—1)(\1\—2)/2§J§i§i Q.
Now, observe that 0 # &£ ®v e Ind(V). Moreover, using that £&+&&=[&,&]=-1 € g_,, we ob-
tain
terms(la) = — &g /(- DIMHI=DU=22) 9¢, @ v

On the other hand, as in (A9), if K=1I, we have

07f'(g) =(- 1)\IW|+\I\(|1|—1)/2§J’ (A10)

obtaining

terms(la) = (- 1)P<f7[f|a(afg) ®Uv,
getting the other part of the first term in the statement of this lemma.

Subcase (1b): Recalling (A6) and using (A1) and (A2),

ferm(10)= 5K’1_{k}(_ ])‘I”JMII(M_IHm_1)(m_2)/251(&1—{k}§1—{k})((91—{k}§1) = Ok, -k}
X (= 1)‘1HJ|+sk+|I\(\l|—1)/nggk.

On the other hand, observe that 4, ’_f)(fjg) #0 if and only if j¢KUJ, jel and [
-{j}C{j}UKUJ, i.e., K=I-{j}. Hence, if K=I—-{k}, then
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n

i I
E (3(3,.,‘)(5]8) = a(ﬁkf)(gkg) = (— l)ak&I—{k}(ékgjgl—{k}) - (_ 1)8,(+(|J\+1)(|1‘_1)+(|1‘_1)(|1‘_2)/2§kéj _ (
J=1
— )b 2

obtaining terms(1b) and the second term of the statement of this lemma.

Case |[-L|=2: It remains to see that this case produce the last term in the statement of this
lemma. In order to prove it, observe that this case must be divided in the following subcases,
depending on the relation between f and g, more precisely, depending on the relation between K
and 7, namely,

(2a) K=1, hence L=1-{i,j} moving i<j, i, jel, or
(2b) K=1—-{r}, hence L=I—{r,s} moving s € [ with s #r, or
(2¢) K=I-{r,s} with r<s, hence L takes the single value K.

Now, we must show that for each choice of K as in cases (2a)—(2¢) the resulting sum over the
corresponding subsets L’s is always equal to

(- 1PV Aa,9,08 ® Fiyv.
i<j
Using (A6), it is clear that

terms(2a) = >, (- 1)m‘J|+m+[(lll_z)(|1|_3)/2]_(“‘_2)2515[5,'(fifj) ®v

i<ji,jel
= > (- 1)\1||J\+[\1|(\1\+1)/2]+1g}gigj ® Fijp.

i<jii,jel

On the other hand,

> 5(aiaj§1)(fjfl) ® Fjv= > (- 1) %id_; y(&€) © Fijv = > (- 1)S"+gj+(|1|_2)m5131—{1‘,]‘}(51)
i<j

i<jijel i<jijel
®Fp= 2 ()28 0 Fo,

i<ji,jel

where in the last equality we are using the following formula that can be easily verified for i
<J,

(= 1)erretl-D2g g if <

al—{i,j}(gl) = {(_ l)s,-+sj+\1|(|1\—l)/2§j§i if i > . (AL1)

Therefore, taking care of the sign of the last term in the statement, we proved that it corresponds
to terms(2a).
In order to study case (2b), suppose that K=I—{r}. Then, using (A6),

terms(2b) = D, (- 1)‘Il|J‘+‘I|(m_1)+[(‘1l_2)<‘1|_3)/2]_(‘Il_z)g‘](a]—{r 36 F_9é) ® v

sel,s#r

= 2 (_ 1)‘I”JH(I”_I)(Ill_2)/2§J(‘9I—{r,x}§l—{r})(&I—{r,s}fl) ®uv.

sel,s#r

Using (A11), it becomes
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terms(2b) =~ X, (= DIVHE=DU-22 e o ll=02¢ (5 &) ) @ Foo

sels<r

LS () MU e et DR (e Y@ F

sel,r<s
- E (_ 1)‘1“J‘+8r+85+|1‘+1g](a]—{r,s}gl—{r}) ® F, v
sels<r
- 2 (_ 1)Illlj‘+sr+SS+‘I‘+lg](a[—{r,s}gl—{r}) ® Frxv . (A12)
sel,r<s

On the other hand, if K=I—{r}, we have

E a(aiajf)g ® Fjv = E (= D0 p(E€y) © Fv = E (- 1)£r+SS+|IHJ|§J(al—{r,s}gl—{r})

i<j i<jijel s<rsel
® Fyv+ E (_ 1)8r+£S+“”J‘gj(’?[—{r,s}gl—{r}) ®F. .

r<s;sel

Therefore, comparing the last equation with (A12) and taking care of the sign in the last term of
the statement, we prove that terms(2b) correspond to it for K=I1—{r}.

Finally, suppose that K=I—{r,s} with r<s, then (2c) or, more precisely, the sum in (A6) over
those L with |I-L|=2 becomes

terms(2¢) = (= 1) VIR0 (5, 61 0) (G grn) @ v

=—(- 1)\I||J\+\I\+[(\I\—2)(\I\—3)/2]+s,+sx+|l|(\1\—1)/2 & Iptrs) gl—{r,x}) ® Fv

= — (= DIV treres (5, & g) @ Fiv. (A13)

On the other hand, if K=I-{r,s} with r<s, we have

E ‘9(al.a}.f)g ®F iU = E (- 1)8i+8j‘91—{i,j}(fjgl—h,s}) QF iU = (- 1)8r+SX+‘I"Jlgj(al—{r,s}gl—{r,s}) ® F,uv.
i<j

i<jijel

Therefore, comparing the last equation with (A13) and taking care of the sign in the last term of
the statement, we prove that case (2c) corresponds to it for K=I—{r,s}, finishing the proof. [
The following lemma gives us the \!-coefficient of the \-action.
Lemma A.4: For any monomial elements f=§&, g=§& with [# D, we have

tf-(g®v)=(- l)p(f)(o"fg) ® Eggu + (= )P (dd,g))&® v+ > 07(9;‘)(%‘8) Q Fjv.
i=1 i+

Proof: We shall use the usual notation: f=¢;, g=§&,& with JN /=0 and K CI. Using (A4) and
(A5), it is easy to see that

t&- (&€ @ v) = (- DIV e) g @ v+ 2 (- DIVEII.£)(g6) ¢ @ v,
j=1

and in the second term, we can apply the (0)-action formula given by Lemma A.3, in the special
case of f= &€ and g=§, hence,
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& (& ®v) = (- l)llHjlfj(fgl)fK ®uv+ X (- 1)llH!l_l[HM(ang)(ﬁ(aiglgj)(fifl()) ®v+(

ij=1

= DI 3 (= DI, (85,6060 © Fr- (A14)

j=1r<s

It remains to see that the three terms in the above equation correspond exactly to the terms in the
statement. In order to do it, let us consider the first term of (A14), and using (A5), we obtain

(- l)mmgj(tgl)fl( ®v=_(- 1)""]‘512 (ggﬁ)Lgk—L(tgl—L) ®v= 51(,1@(— 1)|IHJ|§J ® Egpv

LCK
(A15)

since deg(t&,_;)=|I-L| has to be 0, i.e., we have only one summand that corresponds to L=1I and
we must have K=/. Observe that the term L=/ corresponds to take all the brackets against
Epooees b if K={k,, ... ,k;}, hence it allows us to compute the sign in (A15), obtaining

(= DWVIg (1) &¢ @ v = 8 (= DIVFIIRD2E @ By = (— 1)PV a5,

where we used (A10) to prove the last equality, getting the first term of the statement.
Now, let us consider the second term in (A14) and observe on it the expressions (d;£;) and
‘9<'7i§1§,-)§i§1<' In order to be nonzero, we must have i=j and j € J. Therefore,

3 (= DIVHIG,) (9 ) (E00) © v = 2 (= DIPHRVIG,£) (3. (&0) € v

ij=1 jed
=2 (- 1)mV‘Hjl(ﬁjgj)(ﬁl(fjf[()) ®v
jelJ
=2 (- I)VI_II‘&]((ang)gng) ®v=2(
jelJ jelJ
- DV g (0,8 ) © v =2 (
jelJ
= DV (9,618 &) @ v =2 (= 1)VIHIHIK
jelJ

X(9(0;€,€k)) & @ v = > (- 1)pm+p(g)((9f(t9jg))§,' ®uv,
=1

proving that it corresponds to the second term of the statement of this lemma.
Finally, consider the last term in (A14). Observe that the expression (7@#-,?5]5/_)5,( implies that
r=j or s=j. Therefore, this last term can be rewritten as follows: '

j=1r<s Jj=1 i<j

(= DI 2 (= DMVEII,6)) (3,066 )66 © Frop == 2 (= 1)'”'+'f(a,-§,>[2 (J3,0,6,6)€)

® Fyv+ 2 (9(3,0,86)€) © Fjiv] =- 21 (= 1)”|+|J|+|I|(f7j51)[2 (d(a.6)éx) ® Fijv
Jj<i j= i<j

=2 (dggpé0) ® Fj,-v] =2 [ 2 Ao (GE)E) @ Fo— 2 d4e)(9€)E) © Fﬁv]
Jj<i

jelJ Li<jiel J<ijiel

=> > Aag)(98)€k) ® Fiv (since Fij=—Fj;) = > Iap(dig) ® Fijv = > Iap(9;8)

jediel jediel i#j
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® Fl‘jv,

finishing the proof.
The following lemma gives us the A\>-coefficient of the \-action.
Lemma A.5: For any monomial elements f=§&,g=§& with [# D, we have

(%’2f> (g®v)= (=12 a(4,00) ® Fipv.

i<j

Proof: Using (A5), we have

P& EEc@v= D (sgn)éé (P& ) v+ 2 2(sgn)&yyék-L(t&-L&) ® v

LCK jel LCK

+ X X 2(sgn)é)_gi yéx-(&-1&€) @ v (A16)

{ijiCsi<j LCK

for certain signs that depend on the parameters. Now, observe that the first two terms in (A16) are
0 because deg(r?&,_;)=2 and deg(t&;_;&)=1 since j ¢ I. Using that deg(&_;&¢)=1 for |I-L]|
=1, the last term in (A16) is nonzero only if L=K=1, therefore,

PE- (EEc@v)=- X 2(sgn); &gy ® Fijv. (A17)

{lijycsi<j

It remains to compute the sign (sgn); ; and rewrite (A17) as in the statement of this lemma.
Suppose that &=¢,---§--+&;---§,, then the term that appears in (A17) is obtained (super)
commuting the £’s, namely,

g &, e E @ U= E 2(- 1)|’|€',-'+l+(fjj-—(6‘,-'+l))(I’\+l)§* /g\l(,glg)g]g*g[(@) v

{ijtcri<j

= > 2= 1)|’|6{+1+(€f-—(6,{+l))(|1\+l)+1§*...g...g(glgigj)...g*gK

{ijtcri<j

©v= > 2(- 1)|1|e{+1+(ej.-(e{+1))(|1\+1>+1+(|1\+2)(|J\-(ejf.+1))

{ijtcri<j
X e B B EGEE)E B v = {,,,-EK,-Z(
_)illeeleeig ’g‘l ... :-5; e E(EEE) E ® v ==2(
- 1)""1‘%_ (G:9,E)(EEE) & ® v, (A18)

where we used in the last equality that fj_{,-!j}=(—1)8}'/+8/J'z9,~¢9jfj, and the term ¢;d;€; implicitly
contains the condition {i,j}CJ.

Now, in order to move through &, we may apply the (0)-action formula or make the direct
computation recalling that the only surviving term corresponds to the case L=K=I in (Al6),
namely, it is nonzero if K=/ and we have to take all the brackets, that is, if §,=§il- . -§,~V, then

(&&) - (Gov)=(=DIE - & &6 & @v= (1IN Hlge gy = (- )iligg
QUv. (A19)
Now, inserting (A19) into (A18), we have
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& (§&k ©v) = 26 (- 1)t D2 Y (0,0;¢)) ® Fyjv. (A20)
i<j
On the other hand, if f=§; and g=¢£&, with KCI,JNI=Q, then d{d;d;¢) # 0 if and only if K
=1 and {i,j} CJ. Hence, it captures the above conditions. Finally, observe that

I{9;0;8) = I ,01(&,€k)) = I (;€,) €k + (= DVIEN(960)]) = IN(3:0;€,) &) = (= 1)"‘(“'_2)(5;'5;@)
X (9yx) = oy (= DIVHIED2(G.5,8) (b (A1), (A21)

replacing (A21) in (A20), we prove the lemma.
A simple computation shows that Theorem 4.1 also holds for f=¢g.

APPENDIX B: PROOF OF THEOREM 5.1

This appendix will be devoted to the proof of the classification of singular vectors in Theorem
5.1. First, we shall consider some technical results.
Let 71 € Ind(V)=C[d]® A(n) ® V be a singular vector, then

N
n7=22r7k(§1®v”{) with Uik € V.
=0 I

In order to obtain the singular vectors, we need some reduction lemmas. In Lemmas B.1-B .4,
we prove that N<1 and |/|=n-2. In Lemma B.5, the case N=1 is discarded for n=4, and in the
case n=3, we explicitly found the corresponding singular vector. Finally, the proof of Theorem 5.1
is completed at the end of this appendix.

Lemma B.1: If i € Ind(V) is a singular vector, then the degree of ni in d is at most 2.

Proof: Using Theorem 4.3 for f=1 and (S1), we have

N

d2
0= ﬁ(lﬂﬁ) =2 D k(k—1)(\ + 19)k_2[(— 2)A(& @ v + NME® Egguyi—n(1 = 6y,)& ® vyy)
=2 1
N
> &€& @ FijUI,k:| +2 2 2%k(N+4 k_1[§1 ® Egovp—n(1—=68,)& @ vy~ 2 &6
i< k=1 1 i<

N

® Fijvl,k:| - 22N+ D 64 Fijvl,k] : (B1)
=0 1 i<

Rewriting d as (A+d)—\, we can consider (B1) as a polynomial in A+¢ and \. Then the terms in
(N +0)*\? give us

0= 2 &&&® Fiuy forall k=2. (B2)
1 i<j

Using it and considering the coefficient of (\+d)'\ in (B1) for /=1, we have
0=>§® (Eqovx = n(l = 8 ,)vp+2vy)  for all k> 2.
i
Hence,

EO()UI,k - n(l - ﬂ]"n)vl’k =- 2U1,k for all k> 2. (B3)

Now, using (B2) and (B3) and taking the coefficient of (\+4d)’ in (B1), for /=2, we obtain
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0= ((-2)k(k - D& @ vy +2k& @ (Eggu i — n(l = 8j1,)vp4)) = > (= 2)klk+ 1§
I I

®uvyy forall k>2,

getting v; =0 for all I and k> 2, finishing the proof.
From the previous lemma, any singular vector has the form

n?:&z<§1: §E® v,’z) +&(§I: §E® v,‘,) + <§1: §E® v,,0>.

Now, we shall introduce a very important notation. Observe that the formula for the action
given by Theorem 4.3 has the form

frlg®@v)=da+b+NB+NC=(\+da+b+\B-a)+\°C,

by taking the coefficients in d and M. Using it, we can write the \-action for the singular vector 7
of degree 2 in J as follows:

f)\n-’i = [()\ + C?)ao+ bo + )\(BO - ao) + )\2C0] + ()\ + (?)[()\ + (?)Cl] + b] + )\(B] - Cl]) + )\ZCI] + ()\
+ (?)2[()\ + 0)612 + b2 + )\(Bz — Clz) + )\2C2].
For example,
Cr=-2 2 (- 1)[\ﬂ(lf\+l)/2]+lf1|1\f§i§],§] ® Fijurs-
I i<j

Obviously, these coefficients depend also in f, and sometimes we shall write, for example, a,(f) to
emphasize the dependence, but we will keep it implicit in the notation if no confusion may arise.
In order to study conditions (S1)—(S3), we need to compute

(furit) =By + 2NCo+ [N + d)a, + by + N(By —a;) + N°C ]+ (N + 9)(B, + 2\C)) + 2(A + O)[ (A
+0)ar + by + N(By — ay) + N2Co ] + (N + 9)%(By + 20C5)

and

(fui)" =2Cy+ 2B, + 4NCy + 2(N + 9)C; + 2[(\ + d)ay + by + N(By — @) + N*C,] +4(\ + ) (B,
+2NC,) +2(N + 9)%C,.
Therefore, by taking coefficients in (A +d)'\/, conditions (S1)—(S3) translate into the following list:
e For all fe A(n):

OZCZ,
Ci=ay=-B,,
02C0+B]+b2. (B4)
e For f=§& with |[1|=1:
0=a2=B2,
0=a1 +Bl +2b2,
0=Bo+b1. (BS)
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e For f=§&, with |I| =3 or fe Bso(n):

aj ——bz,
ap=-by,
0=b,. (B6)

Lemma B2: The following conditions hold in a singular vector.

(1) 171 #n, v;,=0,
(2) If|I|$n—3, U1’1=0.
(3) If|l|<n-5, v;,=0.

Proof:
(1) Using (B5), we have a,=0 if f=§, with |J|=1, that is,

0=, (= DWIWED2RVI( 7| — 2)(£,¢ ® v, ,).
I

Now, suppose there exists / such that v;,# 0 with || <n-1. Let I, be one set of minimal length
with this property. Then,

0=af)= X (sgn); A1 =2 (f& ® 1)
1= 1|
Then take f= f,(c) if |75| # 2 (where from now on A¢ denotes the complement of A in {1, ...,n}), and
take f= f,-o for a fixed iy & I, if |Ij|=2. Then, we compute a,(f) with this choice of f, obtaining

0= (sgn)(|l5| - 2)¢, ® v, if [Ig] # 2,

and, if |Ij|=2, we have

0=(sgn)&; &, ® v; 2+ (sgn)é, ® vy ugij2+ > (sgn)&gige © vy Ugi 20
iely
where i, satisfies JoU{iy,i;}={1,...,n}, and £,=§---&, as before. Hence v1,2=0, finishing the
proof of case (1).
(2) Using case (1), observe that for f=¢ with |I[|=3, we have

r<s

b2(f) = E (Sgn)j,f(ajf)(ajf*) ® Uy~ E (aré).gf)f* ® Frsv*,Z =0.
Jj=1

Therefore, using (B6), we get a,(&)=0 for |I|=3.
Now, suppose there exists J such that v, ; # 0 with |/|<n-3, and take J, with minimal length
satisfying this property. Then, since |Jj| =3, we have

0= al(fjg) = > (sgn)(|J5] - 2)515@ ®v,=K§ ®vy 1, K#0,

1=l
proving that v Jol =0.

(3) Since v, =0 for |[J|<n-3 (by the previous proof), it is easy to see that b,(£)=0 if |{|
=5. Then, by (B6), we have that ay(&)=0 if |I|=5. Hence, v,,=0 if [J|<n-5, finishing the
proof. O

After this lemma, we have that any singular vector has this form
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i=PE UL+ 2 Qv+ X E®u,.

[1|=n-2 [1|=n-4

Now, we shall continue with more reduction lemmas:
Lemma B.3: If n=3, then v, ,=0.

Proof: Using (B4), we have a,(f)=c;(f) for any f. In particular, taking f=1, we have, on the
one hand,

a2(1) == 25* V0,

and, on the other hand,

o)== X §E&E @ Fijvy = 2 (=D @ Fij(vg jen)
i<j [J|=n-2 i<j
since we must take J={i,j}* and &&&; je=(~1)""'£,. Therefore,
2,=- 2 (- I)HjFij(U{i,j}",l)- (B7)
i<j

Now, we shall study condition a,+B,+2b,=0 for [f|=1, and compare it with (B7). Fix f
=§,~0 and observe that

by(f)= (- 1)“"5’1'05* ®u,o=(~ 1)i°+n§{i0}f @ Uy - (B8)

Then, from the last equation, we need to pick up the term with &; ) in a;(f) and B,(f). Since

a(f)= 2 (- 1)|I‘§i0§1®01,1’

[1|=n-2

then a,(f) does not have terms without &, On the other hand,

B(H= 2 (- 1)'”“&‘051 ® Egp 1+ 2 2 (- 1)|I‘+lai(§i0§i§1) ®vp,

[1|=n-2 i#ig |l|=n-2
=2 2 CDM@GEEE® . (B9)
i#j [1|=n-2

hence, only the last summand of (B9) has the term &> and this is possible only if 7 ={j,ip}", i
=i, and j # ij, namely,

(term g{io}(‘ in Bl(,f)) = - E (— 1)n+]§j§{jsi0}c ® Fi()i(v{j’io}c’l) = — 2 (_ l)n+j§{i0}(‘ ® Fioj(v{j,io}(‘,l)
J#ig i<io
- Z’ (= D™ e © Fi0g0e), (B10)
Iy

where we used that &€ ;1e=(=1) &) if ig<j, and &&; ;1e=(=1)""&; e, if ig>j. Comparing
(B10) with (B8), we have

20, =" > (- 1)i0+j+1Fi0/‘(U{j,i0}C,l) -2 (- 1)i0+jF[0j(v{j,i0}C,1) = > (- 1)i0+iji0(U{j,i0}C,l)
J<ig ih<j J<ip

- 2 (_ 1)i0+jFi0j(v{j,i0}",l)’ (Bll)

ig<j

where we used in the last equality that F; = Fjiy Since (B11) holds for all i), we may take the
sum over ip=1,...,n and compare it with (B7), obtaining
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2nv,,=4v,,,

proving that v, ,=0 for all n=3. O
Lemma B.4: If n=3, then any singular vector in Ind(V) has this form

= dé, v, )+ | lE &® v
I|=n-2

for certain v, ;, vige V.

Proof:

Claim I: For all b#c, vy, ;e;=0.

Proof of Claim 1: Combining (B4) and (B5), we have a,(f)=c,(f) for all [f|= 1, since b,(f)=0
by the previous lemma. Let us fix b # ¢. We may suppose b < c¢. Consider f=§,&., then (obviously)
a,(f)=0. Hence,

0=co(&€) =~ > E E,6.6E6 @ Fij(v) =— > E6EE & i e ® Fif(Vip c.ijyeo)
i<j |l|=n-4 i<jii,j#b.c
which may be rewritten as follows:
0= X &€& i e ® Fif(Vip cijyeo) (B12)
i<jii,j#b,c

On the other hand, fix a# b,c. By (B4), b,(£,)+By(£,)=0. Observe that

h(&)= 2 (D80 V1= > (- D" (0,&.130) ® vy e + > (- 1)"(0,€(130) ® vy

[1|=n-2 Jj<kijk#a i#a
+(=1)"™9,6, ®v,,. (B13)
Now,
(term g{a,b,c}" of bl(ga)) = (_ 1)n_l(aa§{b,c}") ® Ulp,c)e.1- (B 14)
Similarly,

Bo&)= X (~DMIEg @ Egio+ > > (-D'"oEee) @vo- > 2 (1)

[1=n—4 i |ll=n-4 [l|=n-4 i#]
X(0,€)€;6 ® Fij(v)- (B15)
Obviously, the term &, , »c Will appear in (B15) only in the last sum, for certain values of I,
namely,
(term g{a,b,c}" of BO(ga)) == E (_ l)n_lglg{a,b,c,l}” ® Fa,l(v{u,b,c,l}",O)' (B16)
l1#a,b,c

Using (B14) and (B16) and the fact that 0=5b,(&,)+By(&,), we get

0=H(a) = (9, c}c) @ Vipje.1 = > &b ene ® Fof(Viapeneo)-
l#a,b,c

Now, moving a, we may take
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0= E ga . H(Ll) = 2 ga(aag{b,c}c) ® Ulpce1 — E 2 gaglg{a,b,c,l}f ® Fa,l(v{a,b,c,I}C,O)
a#b,c a#*b,c a#b,c l#a,b,c

= E ga(&ag{b,c}”) ® Ulp,cle1 — E gaglg{u,b,c,l}c ® Fa,l(v{a,b,c,l}”,O) - 2 gaglg{u,b,c,l}‘?

a#*b,c a<la,l#b,c I<aa,l#b,c
® Fa,l(v{a,b,c,l}",O)
and using that &,§,=-§¢,. F,/==F,,, and £,(9,& ;) =€, cpe> the last equation becomes

0= > Ep.e ® Vg geq — 2( > E&&upenc®F a,l(U{a,b,c,l}f,o)> = > Ep.oye

a#b,c a<la,l#b,c a#b,c

® vy ey (using (B12)) = (n—2)(&p, e ® v cjer)

proving Claim 1 for n=3.

Claim 2: For all b, vy,e ;=0.

Proof of Claim 2: The idea is similar to the proof of Claim 1, but taking other monomial
terms.

Fix b. As in Claim 1, we have a,(f)=Cy(f) for all |f|=1. In particular, since

Co(&) =~ | ‘2 > (- 1)‘1l+1§b§i§j§1 ® Fij(vp),
I|=n—4 i<j

we have

(term &, of Co(£,)) =~ > (- D)"EEEE0. 1 e @ Fij(Vip i jyeo)

i<jiij#b

and it is easy to see that

(term &, of a;(&)) = (= 1)" " &€ ® vippe-

Therefore,

Eppe ® Ve = 2 E&i€pie ® Fyjvpijie0)- (B17)

i<jiij#b

Now, take a # b. Using (B13), we obtain

(term &g, pye of by(€,)) = (= 1)"(d,€p30) ® Ve (B18)
Similarly, using (B15)
(term &g, pye of By(€,)) =— > (- D" 2&E 0 p1¢ ® Fot(0iapc0)- (B19)
1#a,b

Using (B18) and (B19) and the fact that 0=5b,(&,)+By(&,), we get

0=L(a) := dépye ® vjpye; — > Eapne ® Foy(iapeo)-
1#a,b

Now, moving a, we may take
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0= & La)= 2, £ &pye) ® Ugpye = > > Ea&i&apie ® Foi(Uip o) = > Epye ® Vipye 1
a#+b

a*b a#b a#b l#a,b

- > E&i€abne ® Foy(Ugapeo) = > E&i&upne ® Foivigp o) = (n=1)(Epe

a<la,l#b I<aia,l#b

® Vgpye1) — 2( Y Ebbapn® Fu,z(v{a,b,z}v,o)> =(n=3)(&pye ® vyyey)  (using (B17)).
a<lia,l#b

Hence, vye ;=0 for all b and n=4.
If n=3, the condition a;(&,)=Cy(&,) gives us

Ve, = Fijvg o) (B20)

where {b}*={i,j} and i <j. On the other hand, by taking the term &, of by(&,&,&;) and using that
bo(§1£,&)=0, we obtain that F;(vg ¢)=0 for all i <j, which, combined with (B20), produces the
desired result, finishing the proof of Claim 2.

Finally, in order to complete the proof of this lemma, we need to study the vectors v, . Since
v1=0if [[|<n-1, it is clear that b,(f)=0 for |f|=3. Therefore, using condition (B6), we have
ao(f)=0 if |f|=3, which immediately gives us that v;,=0 if |[[|=n-3 or n—4, completing the
proof. U

From the previous lemma, any singular vector has this form

n=d&, ®v, )+ > & ® .

[1|=n-2

Using (4.1), (A1), and (4.4), the Z-gradation in K(1,n), translates into a Z,-gradation in Ind(V),

md(V)=A(l,n) @ V=C[d@An) @ V=C1Va("a Ve (e Ve AX (V)& ---.
deg 0 deg -1 deg -2
Therefore, in the previous lemmas, we have proved that any singular vector must have degree —1
or —2.
Recall that in Theorem 4.3, 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:

(1) Ai=0(&, ®v,)+Z;;&; je® vy -
(2) nﬁ:Eif{i}c & U;.

The next lemma studies the first one.
Lemma B.5: If n>3, the first case is not possible. If n=3, then

m= &(f* ® U'M) + i§{1’2}c ® Uy~ 25{2,3}c ® F2,3U’u + 25{1’3}0 ® F1,3UM

is a singular vector, where v, is the highest weight vector of the ¢s0(3)-module of the highest
weight ,u=(%%)

Proof: From now on, we assume that rii= (¢, ®v,.) + 2, ;&; 3 ®vy; ;5. Observe that conditions
(B4)—(B6) clearly become

(1) bl(f)ZO, iffEBso(n)'
(2)  by(f)+By(f)=0, if |f|=1 or 2.

() Co(f)+B,(f)=0, if f=1.
(4) b()(f)ZO’ if |f|:3’4 OrfEBﬁo(n)'

It is possible to see that they are equivalent to the following equations in terms of the vectors
vy and v,

bl(f)=0a iffEBso(n):
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Boo(n) -0, =0 (B21)
bi(&)+By(&)=0: (1<a=<n)
-V, = E (- 1)a+ija(U{l.’a}) + E (- 1)a+jFaj(U{a,j}) (B22)
j<a a<j
for a<b,
0= Eg(0an) = vjupy = 2 (= D™ F ) + 2 (= D05, (B23)
j<b.j*a b
and for b<a,
0=Ego(vias) = Vas) + 2 (= D Fyogm) = 2 (= D)™ Fy(vp,). (B24)
j<b b<jj*a

by(€,6,)+B(§,6,)=0: (a<b)

0=—F(v,) + (= D™ Eqvip) = 2 (= DPF (o) + 2 (= 1)°

j<b.j#a b<j
HE ) + 2 (= DY) - 2 (= D™F, (v, (B25)
j<a a<j,j#b
Co(1)+B,(1)=0:
0=Egv,) + 2 (= D™F;(vg ). (B26)
i<j

Finally, in the case of condition by(f)=0, if [f|=3,4 or f € By,(,), we shall only need the following
equations that are deduced from by(&,£,€,)=0, with a<b<c,

0= (_ 1)b+CU{b,c} + (_ 1)a+cFab(U{a,c}) - (_ 1)a+bFac(U{a,b})v (B27)
0= (_ 1)a+CU{a,C} - (_ 1)b+CFah(U{b,c}) + (_ 1)a+thc(U{a,b})’ (B28)
0= (— l)a+bv{a’b} + (— 1)b+CFaC(U{b’C}) - (— 1)a+CFbc(U{a,C}). (B29)

Now, fix a<b, by taking a linear combination of (B23) and (B24), we obtain

0==2(= D™ Eg(i) +2(= D0+ 2 (= D"E (g - 2 (= DI, (v )
j<b,j*a b<j

=2 D))+ 2 (= D™F,04,)

j<a a<j.j#b

and, comparing the last four summands with (B25), we obtain

Fup(vy) = (= D Ego(uia ) +2(= Doy, 0. (B30)

On the other hand, observe that (B25) can be rewritten as follows (a<b):
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0==Fg(v,)+ (- l)a+bE00(v{a,b}) - 2 [(- 1)b+jFaj(v{j,b}) -(= 1)a+ijj(U{a,j})]

Jj<a
= 2 [(= D vy 5) + (= D™, (0 )] = 20 [(= DPE (g ) + (= D Fy(vg,)]-
a<j<b b<j
(B31)
Therefore, inserting (B27)—(B29) into the last three summands of (B31), we have
Fop(v,) = (= D™ Ego(viap) = (1= 2)(= )01 ). (B32)
Hence, using (B30) and (B32), we get
n
E(viap) = S Viab)
and
2F (v,) = (n=4)(= )" log, ), (B33)
or, with some restrictions,
= (= 1)m+bH! F , n#4. B34
Uta,b} ( ) (l’l—4) ab(v*) n ( )
Now, combining (5.3), (B21), and (B34), it easy to prove the following identities (1 <I<j
$m):
V(12 = W{1-1215 (B353)
Upi-12j-1y= — U 2j-1}» (B36)
V01— 2me1) = — W01 2ms 1} (B37)
Taking the sum over a in (B22) and using (B26), we get
no,=-2 (- D™F (v ) = 2E0(v,),
i<j
obtaining
n
EOO(U*) =V (B38)

2

Let u=(n/2;uy,...,u,) be the weight of the highest weight vector v, [see (B21) and (B38)].
Since H,=iF,, then by (B34), we have

M1 v
(n—4) "

Now, considering (B22) with a=1, and using (B35)—-(B39), we have

U1’2=—2l. (B39)
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v*=—2(— 1)1+jFlj(v{l,j})=_iHl(Ul,2)_ 2 F1,21—1(U{1,21—1})+ 2 Fl,zl(v{l,zz})

1<j I<l=m 1<l=m
M . .
—5n,oddF1,2m+1(U{1,2m+1})=—2—(n 4)H1(U>:<)+l > Fio(vpaemny) =i > Fio(vpoan)
- 1<Il=m 1<I<m

+18, 04dF1 2ma1 (V2 2m41)) 5

that is,

2
M . 14
i (= DYE, (o). B40
(l’l _4)0* 122<j( ) l,j(U{Z,]}) ( )

Considering (B23) with a=1, b=2, and inserting (B39) and (B40) on it, it is easy to see that

V,=—2

0=2u3+(n=2)u +(n—4), (B41)

obtaining w;=-1 or (4—n)/2, which is negative for n=5 and it is impossible for the highest
weight of an irreducible so(n)-module, finishing the proof in this case.

If n=3, observe that Eqs. (B34), (B38), (B39), and (B41) hold in this case, obtaining the result
of the statement of this lemma.

If n=4, using (B33) we have v, ;=0 for all a<<b, obtaining a trivial singular vector and
finishing the proof. U

From now on, we assume that the singular vector has the form 7i=2,;&3 ®v;, and we shall use
the following notation for n=2m or n=2m+1:

n m

TEDY iy ®v;= > [(Epane + 1&g - 130) @ wi+ (e — &y~ 130) © Wil = 8, 0adi€om + 13 © Wna1»
=1 =1

(B42)

that is, for 1<I<m,

Uy =Wt Wy, Uy = (W= W)), Vot = Wy (B43)
Observe that conditions (B4)—(B6) clearly reduce to

(1) 1 fl=1, By(=0.
(2) If |f|=3 or f € Bso(n), bo(f)=0.

After some lengthly computations, it is possible to see that they are equivalent to the follow-
ing equations in terms of the vectors v;,w;, wy:

Bo(ga) =O:
0= (= 1)Egva— 2 (= D'F ;. (B44)
k#a

b0(§a§b60)=0’ with a<b<c:

0= (_ l)c ab(vc) - (_ 1)bFac(vb) + (_ l)anc(Ua)- (B45)
Recall the basis of the Borel subalgebra introduced in (5.4) and (5.5), and using that

term with & in by(€,€,) = (= )Py + F 5 (v,).

term with &y in bo(€,8,) == (= D“*Pv,+ F(v,).
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term with &e in bo(&,€,) = Fop(v), 1 # a,b,

condition by(f)=0 for f € Byy(,) becomes for n=2m or n=2m+1,
bo(e;)=0, with 1 <i<j<m:

a;(wy) =0, (B46)
(W) = w; =W, (B47)
a;(w)) =w; == a;(w)), (B43)
a;(w) =0=a,(w), k#i,j. (B49)
bo(By)=0, with 1 SI<j<m:
Bij(wi) =0, (B50)
Bij(w) == (w; +W)), (B51)
Bij(w;) =w;= B;;(w;), (B52)
Bijwy) =0=B;(w), k#ij. (B53)

bo(v) =0, with 1 <k<m, and n=2m+ 1, corresponds to

Yelwp) =0, (B54)

V(W) = W1, (B55)

YeWpi1) = 2wy, (B56)
viw)=0=yw), 1<I<m, [#k. (B57)

Now, we shall impose conditions (B44) and (B57) to get the final reduction. Recall notations
(5.1) and (5.2).

Lemma B.6: If n=2m or n=2m+1, Eq. (B44) is equivalent to the following identities (1<j
= m):

2(Eg+ H) (W) = > [E—(el+sj)(wl) - E(sl—sj)(wl)] > [E—(sj—sl)(wl) - E-(sj+e,)(Wz)]

1<I<j j<ism

- 5n,oddE—sj(Wm+1) (B58)

and

2(EOO - Hj)(wj) = E [E(s[+aj)(wl) - E—(s,—aj)(wl)] + E [E(ej—sl)(wl) - E(sj+s,)(wl)]

I1=I<j j<l=m
+ 6n,0ddE£j(Wm+1)’ (B59)

and for n=2m+1, we we have the additional equation

Eg(Wpi1) = E [Es,(wz) - E—al(wl)]-

1<i=m
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Proof: It follows by a straightforward computation, by considering a linear combination of Eq.
(B44) for the cases where a is 2j and 2j— 1, and replacing the vectors v;’s in terms of w;’s and w;’s.
The last equation follows from (B44) for a=2m+1. O

Proof of Theorem 5.1: Suppose that n=2m or n=2m+1, with m=2. Case n=3 will be
considered at the end of this proof.

Using (B52) and (B56), we have that w;#0 implies that w;# 0 for all i<j. Now, we shall
show that there are only two possible cases: w;# 0 for all i, or w;=0 for all i. Suppose that w;
# 0 for some j, and let j, be the minimal index j such that w;# 0. Then w o is the highest weight
vector, by using (B48), (B52), and (B56). Now, suppose 1 <j,<m. Using (B43), we have that Eq.
(B45), for a=1, b=2, and c¢=2j, with j,> 1, becomes

0="F,(wj +w,)) = Fy 2 (W= w1) = iF; 5 (wy = wy), (B60)

and for a=1, b=2, and c=2j,—1 with j,>1, it becomes

0=iF ) o(wj = Wj) + F1aj1(wi + W) +iFp 5, (W —w)). (B61)

Now, taking the linear combination (B61) +i (B60), and using (B48) together with (B52), we have

Hl(wjo) == Wj()’

which is impossible for the highest weight vector. Similarly, if » is odd and j,=m+1, by consid-
ering (B43), we have that Eq. (B45), with a=1, b=2, and ¢=2m+1, becomes H;(W,,,1)=—W,11
getting a contradiction. Therefore, all w;’s are zero or all of them are nonzero.

(a) If w;=0 for all i, then w;#0 for some j. Let j, be the maximal one with this property. As
before, observe that w; is annihilated by the Borel subalgebra by using (B47), (B49), (B51),
(B55), and (B57), hence Wi, is the highest weight vector. Now, we shall prove that j,=1.
Suppose that j,>1, then taking the linear combination (B61) —i (B60), and using (B48)
together with (B52), we have

HI(WJO) == Wj()’

which is impossible for the highest weight vector. Therefore, in this case, the singular vector
has the form

1= (&g — i€p1ye) @ Wy

as in part (a) of the statement of this theorem. Recall that w, is the highest weight vector of
V=V(w). It remains to find necessary and sufficient conditions on the highest weight w in
order to get a singular vector of this form. Observe that we only have to impose (B44) and
(B45). Using Lemma B.6, we obtain that it reduces to the following conditions:

EOO(WI) =—H1(W1) and HJ(Wl) =0 forj > 1.

Hence, u=(-k;k,0,...,0), finishing part (a) of this theorem.

(b) If w;#0 for all i, we should obtain part (b) of the present theorem. Using (B52), we have
w;# 0 for all 1 <j<m. It remains to prove that w, # 0. If not, combining (B47) and (B51)
we get a contradiction. Therefore, all w;’s and w;’s are nonzero. Observe that w, is annihi-
lated by the Borel subalgebra by using (B46), (B49), (B50), (B53), (B54), and (B57).
Therefore, w is the highest weight vector of V=V(u). It remains to find conditions on the
highest weight w in order to get a singular vector of this form, and we should also show that
all w;’s and w;’s are fully determined by w.

Let us compute . Using (B43), we have that Eq. (B45), with a=1, b=2j-1, and c=2; for
j>1, becomes
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0= F1,2]‘—1(Wj + Wj) + iFl,zj(Wj - Wj) - inj-l,zj(Wl -wy), (B62)
and for a=2, b=2j-1, and c=2j for j>1, it becomes
0="Fyoj 1w+ W) +iFp5/(w;=W)) + Faj_j 5wy +wy). (B63)
Now, taking the linear combination (B62) —i (B63), and using (B48) together with (B52), we have
Hjw;)=0 forj>1.

We have to compute Eyy(w;) and H,(w;). Observe that Eq. (B59), for j=1, becomes

2(E()O - Hl)(wl) = 2 [E(s]—sl)(wl) - E(£]+sl)(wl)] + 5n,oddEsl(Wm+1)

1<i=m

= 2 [ay(w—w) + By(w+ )]+ On.0dd V1 (Wps1)

1<l=m
and inserting (B48), (B52), and (B56) into the previous equation, we get
Eoo(wy) = Hy(wy) +2(m = 1)w; + &, oqqW1 -

proving, as the statement of this theorem, that w is the highest weight vector of the cso(n)-module
V with the highest weight

(,LL] + 2(m - 1) + 5]’1,0dd;/’l’1’0’ . ,O) for M1 € Z>0. (B64)

Now, we shall show that all w;’s and w;’s are fully determined by w;.
Using (B43), we have that Eq. (B45), with a=1, b=2, and ¢=2k—1 for k> 1, becomes

0=H (Wi =wp) + Fy gy (W + W) + iF5 55y (W) =), (B65)
and for a=1, b=2, and c¢=2k for k> 1, it becomes
0=iH (W + W) + F oy (wy +Wy) +iF 5 (wy = wy). (B66)
Now, taking the linear combination (B65) —i (B66), we have
0=2H,(wp) + E_¢ _o(w1) + (@1 = Bi) (W),
and using (B47) together with (B51), we obtain
0= 2H1(Wk) + E_(El_sk)(wl) + ZWk. (B67)

Now, by applying B, to (B67) and using (B52), it is possible to see that H,(w;)=u;—1, where u,
was defined above as H;(w;)=pu,w,. Therefore, from (B67), we get

1
Wp=— 2_ME—<sl—sk>(W‘)’ k>1. (B68)

In a similar way, by taking the linear combination (B65) +i (B66), we can deduce

o
Wy = Z_ME_(81+Sk)(W1), k>1. (B69)

In the odd case, taking (B45) with a=1, b=2, and c=2m+1, it is possible to deduce by a similar

computation that

1
Wi == —E_g, (W), (B70)
M
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Considering (B58) for j=1 and using (B68)—(B70), we have that

2(E00 + H])(Wl) = 2 [E—(el—sl)(“_}l) - E—(sl+sl)(wl)] - (Sl’l,OddE—Sl(Wﬂl+1)

1<i/=m

1
= _[ E E—(81+81)E—(€1—81)(W1) + 5n,0ddE—£1E—sl(Wl):| .
M1l 1<ism

Applying E(s 1ey) tO the previous equation, we obtain

(Ego+ H)(W)) = 2(m =2+ py) + 8, 000w = (n =4 + 21w,

Therefore, we have

1<i=m

Wl = C|: E E—(£]+SI)E—(81—S[>(W]) + 6n,0ddE—a|E—s](W1):| P (B71)

where C=1/2u;(n—4+2u,). Hence, Eqs. (B68)-(B71) show that all w;’s and w;’s are fully
determined by w.

Conversely, using the expressions of w;’s and w;’s, it is possible to prove, after some lengthly
computations, that the vector 7 in (B42) satisfies Egs. (B44)—(B57), finishing the proof of this
lemma for n=4.

If n=3, all the previous equations hold except for (B71) for ,u,1=%. More precisely, the same
reduction holds and we have the first family of singular vectors 7= (£p)c—iéf)c) ® Wy, where w is
the highest weight vector of weight (—k; k), but, in this case, k € %Z>0. The second family, corre-
sponding to w; #0 for all i, is also present. In this case, using (B64), w, is the highest weight
vector of the c¢s0(3)-module V, with the highest weight (u,+1;u,), but, in this case, u, € %Z>0.
Now, using (B70) and (B71), we have the complete expression of the singular vector i, that is (in
this case m=1),

" MlE_el(W])’ " 2 - 1)
but the last equation makes sense if u; # % Observe that in the particular case u, =%, there is no
singular vector of this form because in this case the s0(3)-module V is the two-dimensional
module corresponding to the standard s[(2) =s0(3) representation, and in this case, w; must be a
linear combination of w; and w,, which is incompatible with (B55) and (B56). Finally, observe
that in the case ,u,1=%, which is the weight (% ; %) that we discarded, there is a singular vector, and
it was found in Lemma B.5, finishing the proof of Theorem 5.1. O

(E—le—sl(W]))’ (B72)
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