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1 Introduction

In 1985 Filippov introduced a generalization of a Lie algebra, which he
called an n-Lie algebra. The Lie bracket is taken between n elements of the
algebra instead of two. This new bracket is n-linear, anti-symmetric and
satisfies a generalization of the Jacobi identity.

In [F] and several subsequent papers, [F1],[K], [KI1],[L] a structure theory
of finite dimensional n-Lie algebras over a field ' of characteristic 0 was
developed. In [L], W. Ling proved that for every n > 3 there is, up to
isomorphism only one finite dimensional simple n-Lie algebra, namely C**?
where the n-ary operation is given by the generalized vector product, namely,
if e1,--,enq1 is the standard basis of C**!| the n-ary bracket is given by

n+i—1
€,

[617"' 7éi7"'en+1] = (_1)

where 7 ranges from 1 to n + 1 and the hat means that e; does not appear
in the bracket.

A. Dzhumadildaev studied in the finite dimensional irreducible rep-
resentations of the simple n-Lie algebra C"*!. D.Balibanu and J. van de
Leur in classified both, finite and infinite-dimensional irreducible high-
est weight representations of this algebra. Another examples of n-Lie alge-
bras appeared earlier in Nambu’s generalization of Hamiltonian dynamics
[N]. A more recent important example of an n-Lie algebra structure on
C>°(M), where M is a finite-dimensional manifold, was given by Dzhu-
madildaev in [D], and it is associated to n — 1 commuting vector fields
Dy, ,D,—1 on M. More precisely, it is the space C°°(M) of C*°-functions
on M, endowed with a n-ary bracket, associated to n — 1 commuting vector
fields Dy,--- ,D,_1 on M:

f fn
[f1, -+, fn] = det Dulf) e Dalfa) | (1)
Ducs(fi) - Ducalfa)

A linearly compact algebra is a topological algebra, whose underlying
vector space is linearly compact, namely is a topological product of finite-
dimensional vector spaces, endowed with discrete topology (and it is as-
sumed that the algebra product is continuous in this topology). In 2010,
N. Cantirini and V. Kac, ([CK]), classified simple linearly compact n-Lie
superalgebras with n > 2 over a field F of characteristic 0. The list consists



in four examples, one of them being n + 1-dimensional vector product n-
Lie algebra, and the remaining three are infinite-dimensional n-Lie algebras.
More precisely,

Theorem 1. [CK]|

(a) Any simple linearly compact n-Lie algebra with n > 2, over an alge-
braically closed field F of characteristic 0, is isomorphic to one of the
following four examples:

(i) the n + 1-dimensional vector product n-Lie algebra C"1;

(ii) the n-Lie algebra, denoted by S™, which is the linearly compact
vector space of formal power series F|[[x1, ..., x,]], endowed with
the n-ary bracket

[fl,... ,fn] =det | ... ..

where D; = %;
7

(iii) the n-Lie algebra, denoted by W™, which is the linearly compact
vector space of formal power series F[[z1,...,z,_1]], endowed
with the n-ary bracket,

fi fn
roo ] =det | D1 Dilf)
Dur(f)) - Dus(fa)

where D; = %;
7

(iv) the n-Lie algebra, denoted by SW™, which is the direct sum of

n — 1 copies of F[[z]], endowed with the following n-ary bracket,

where fU) is an element of the j™ copy and f’ = %:

[f1<j1>, . frij">] =0, unless {j1,...,j0n} D{1,...,n—1},
i B k) lk .

TR Pl AR A ot SRR Aol

= (=D""(fro o fear(Fefosr — Foonfi) iz - f)

(b) There are no simple linearly compact n-Lie superalgebras over F, which
are not n-Lie algebras, if n > 2.



In the present paper, we aim to classify all irreducible continuous rep-

resentation of the simple linearly compact n-Lie algebra W™. In the same
way that D.Balibanu and J. van de Leur did the classification of irreducible
modules in , we reduced the problem to find irreducible continuous rep-
resentations of simple linearly compact n-Lie (super) algebra W™ to find
irreducible continuous representations of its associated basic Lie algebra on
which some two-sided ideal acts trivially, plus some minor extra condition
on the representation which is related with the definition of the associated
basic Lie algebra of g. This minor condition is relevant for the represen-
tation theory of the remaining infinite dimensional linearly compact n- Lie
(super) algebras classified in [CK], which is part of a work in progress.
The paper is organized as follow: In Section 2 we give the basic definitions
and results related with n-lie algebras and state the relationship between
representation of n- Lie algebras and representations of its associated Lie
algebra. In Section 3, we introduce the simple linearly compact n- Lie al-
gebra W™ we identify its associated Lie algebra with the Lie algebra of
its inner derivations which is nothing but W,,_;, the Lie algebra of Cartan
type W and finally we relate representation of the n-Lie algebra W™ with
representations of W, _1. In Section 4, we present some general results of
the representation theory of W,,_1, prove some technical lemmas and we de-
scribe some generators of the two sided ideal that must act trivially in our
representations. Finally in Section 5, we state and prove the main result of
the paper.

2 n-Lie algebras and n-Lie modules

We will give an introduction to n-Lie algebras and n-Lie modules. We will
also introduce some useful results over the correspondence between repre-
sentations of n-Lie algebra and representations of its basic associated Lie
algebra.

From now on, I is a field of characteristic zero. As mentioned before, we
are interested in studying irreducible representations of the linearly compact
n-Lie superalgebra W". N. Cantarini and V. Kac stated in that there
are no simple linearly compact n-Lie superalgebras over F, which are not
n-Lie algebras. Then we will use the representation theory of n-Lie algebras
to give the representation theory of simple linearly compact n-Lie superal-
gebras. Given an integer n > 2, an n-Lie algebra V is a vector space over a



field F, endowed with an n-ary anti-commutative product

AWV — TV
ar N Nag = [ag, - ay],

subject to the following Filippov-Jacobi identity:

[al, e, Qp—1, [bl, L ,bn“ = [[al, e, Qp—1, bl], bg, L ,bn]—l—
[b17 [a17 A 7an—17 b2]7 b37 A 7bn:| + te + [b17 et 7bn—17 [(1/1, tet 7(1//”_17 bn]]‘
(2)
A derivation D of an n-Lie algebra V is an endomorphism of the vector
space V such that:

D([ay,- - ,ay]) = [D(a1),a9, - ,an)+[a1, D(ag), -+ ,an)+- - +la1, -, D(ay)].

As in the Lie algebra case (n = 2), the meaning of the Filippov- Jacobi
identity is that all endomorphisms Dy, 4, , of V (a1,...a,—1 € V), defined
by

D, ..ap_1(a) =a1,...,apn—1,4a]

are derivations of V. These derivations are called inner.

A subspace W C V is called a n-Lie subalgebra of the n-Lie algebra V if
[W,--- ,W] C W. An n-Lie subalgebra I C V of an n-Lie algebra is called
an ideal if [I,V,--- V] C I. An n-Lie algebra is called simple if it has not
proper ideal besides 0.

Let V be an n-Lie algebra, n > 3. We will associate to V a Lie
algebra called the basic Lie algebra, following the presentation given in
[BL]. Consider ad : A" 'V — End(V) given by ad(aj A ... A a,—1)(b) :=
Dq, ..ap_1(b) = Ja1,...,ap—1,b]. One can easily see that we could have
chosen the codomain of ad to be Der(V) (the set of derivations of V') in-

stead of End(V). ad induces a map ad : A"~V — End(A®V) defined as
ad(@y A Nan_1)(bi A Aby) =T bi AL Alay, ... ap_1,b] ... Abpy.
Denote by Inder(V') the set of inner derivations of V', i.e. endomorphisms
of the form Dg, 4, , = ad(a1 A... Aay—1).

Let a:=a; A...ANap—q1 and b:=by A ... Ab,_1 be elements of A»"1V.
Define

0,6] = 5 (ad(@)(8) — ad(b)(a). (3)

The following proposition was proved in [BL].



Proposition 1. [-,-] defines a Lie algebra structure on A" 'V and
ad : A"V — Inder(V) is a surjective Lie algebra homomorphism.

Consider

Ker(ad) = {ai1A---Aan_1 € A"V 1 ad(agA- - -Aan_1)(b) = 0 for allb € V},
and

Ker(aNd) = {a1A--Aap_1 € NIV z;a(al/\- <*Aap—1)(b) =0 for allb € A*V'}

It is straightforward to check that Ker(ad) is an abelian ideal of A"~V and
Ker(ad) C Ker(ad). Thus

A" V/Ker(ad) ~ Inder(V), (4)
as Lie algebras. Thus,
A"V ~ Ker(ad) x Inder(V). (5)

A vector space M is called an n-Lie module for the n-Lie algebra V, if
on the direct sum V & M there is a structure of n-Lie algebra, such that the
following conditions are satisfied:

e I/ is a subalgebra;

e )M is an abelian ideal, i.e. when at least two slots of the n-bracket are
occupied by elements in M, the result is 0.

We have the following results that establish some relations between rep-
resentations of A"~V and n-Lie modules.

Theorem 2. 1) Let M be an n-Lie module of the n-Lie algebra V' and
define p : A"~V — End(M) given by

plar A+ Aan1)(m) = [as, - an_1,m]

for allm € M, where this n-Lie bracket corresponds to the n-Lie struc-
ture of V. M. Then p is an homomorphism of Lie algebras.

2) Given (M, p) a representation of A"~V such that

p(la,b]) = p(ad(a)()) (6)



is satisfied for all a := a1 A -+ A ap—1 and b := by A --- ANby_1 in A"V
and the two sided ideal Q(V') of the universal enveloping algebra of A"~'V,
generated by the elements

Lay,,a2n—2 = [al’ T ,an] NGpi1 A---Qop—2—
n
= (D) ar A NG A AN an)(ai Aanga A Nagng)  (T)
i=1
acts trivially on M, then M is an n-Lie module.

Proof. Part 1) is direct from the definition of the Lie bracket in A"~V and
the Filippov-Jacobi identity of the n-Lie bracket corresponding to the n-Lie
structure of the semidirect product of V' and M.

Let’s prove part 2). Consider the n-ary map [[, ]] : A" H(Vx M) — Vx M
such that M is an abelian ideal and V is a subalgebra with its own n-Lie
bracket and define

a1, -+ yan—1,m]] :== plar A+ Aayp—1)(m) (8)

where a; € V, m € M. We need to show the Filippov-Jacobi identity holds
for the n-ary bracket defined above. It is enough to show that

[[al’ 5, Gp—1, [[bl’ o ’bn—lvm]m - [[bl’ o 7bn—1’ [[al’ o 7an—1’m]m =
n—1
Z[[bl,“'[aly--- Jn—1,b], - b1, m]] (9)
i=1
and
[[[aly t 7an]7 An+1, " 5 A2n—2, m]] =

n—1

Z(_l)n+i+1[[a17 o [an-i-l? cr,A2p—2, G4, m]? o 70’271—2]] (10)

=1

hold for a; and b; € V and m € M. Let’s prove the identity (). Since p is
a representation of A"~V we have that

1n—1
p<§Zb1/\.../\[al,...,an_l,bi]/\.../\bn_l
=1

n—1
1
—52(11/\.../\[bl,...,bn_l,ai]/\.../\an_1>(m)
=1

=p(a)p(b)(m) — p(b)p(a)(m).



Using (8]) this identity means

%Z[[blf“[ala”' san_1,bil, s bu_1,m]]
=1
n—1
— % i:1[[a1’...[b17... 7bn—17ai]7"' 7an_1’m]]
= [[alv"' 7an—17[[b1"" 7bn—1’m]m - [[blv ’bn—l’[[alv"' 7an—1vmm]'

(11)

By hypothesis p satisfies (@). Writing (@) evaluated in m and using (&), we
get

n—1
1
52[[51,'“[6117"' s An—1, 03]+ b1, m]]
i=1
1n—1
- 5 Z[[a17"' [bla"' 7bn—17ai]7”’ 7an—17m]] (12)
=1
n—1
- [[b17"'[a17"' 7an—17bi]7"' 7bn—17m]]' (13)
=1

Thus, equating (IIl) and (I3]), we have ().
Let’s prove the identity ([I0]). Writing the identity (I0]) using (8] we have
that
pllat, ... ap] Aapsi A ... Aagp—2)(m)
n

= (=1)""play Ao Ndi Ao AN an)p(ai A Gpgi A ... A agn—2)(m). (14)

i=1
Therefore ([[4]) is equivalent to the fact that the ideal Q(V') acts trivially on
M, finishing our proof. U

Proposition 2. Let M be a n-Lie module over an n-Lie algebra V. Then
any submodule, any factor-module and dual module of M are also n-Lie
modules. If My and Ms are n-Lie modules over V, then their direct sum
My & My is also n-Lie module.

Proof. Due to condition (@), the proof of Proposition 2.1 in remains
the same in our case. O



As in [DI] we deduce the following Corollary.
Corollary 1. Let M be a n-Lie module over n-Lie algebra V. Then

a) M is irreducible if and only if M is irreducible as a Lie module over
Lie algebra A\"~'V.

b) M is completely reducible, if only if M is completely reducible as a Lie
module over Lie algebra A" V.

Since we are aiming the study of the representation theory of V' as an n-
Lie algebra, Theorem 2 shows that it is closely related to the representation
theory of the Lie algebra A"~ 1V. But first, due to (5], we need to characterize
the ideal Ker(ad). We have the following Lemma.

Lemma 1. If a € Ker(ad) and p is a representation of A"~ 'V satisfying
(@), then p(a) commutes with p(b) for any b € A"V,

Proof. Consider a € Ker(ad) C Ker(;&). Thus by condition (6] we have

p(a)p(b) — p(b)p(a) = pla,b] = p(ad(a)(b)) = 0.

Thus, we have the following Proposition.

Proposition 3. Let p be an irreducible representation of A" 'V in M with
countable dimension that satisfies (@). Then Ker(ad) acts by scalars in M.

Proof. Immediate from the Lemma above and Schur Lemma. O

Theorem 3. Let (M, p) be an irreducible representation of A"~V that sat-
isfies (@) and the ideal Q(V') acts trivially on M. Then

a) p’Ker(ad) = AId with Id the identity map in End(M) and X\ €

(Ker(ad))* is an Inder(g)-module homomorphism (where F is thought
as a trivial Inder(V)-module),

b) p|IndeT(V) is an irreducible representation of Inder(V') that satisfies
(@) and such that the ideal Q(V') acts trivially on M.

¢) p = plmdery) ®Ad-



Proof. Let’s prove part a). If [ € Inder(V') and a € Ker(ad), since Ker(ad)
is an abelian ideal, by Lemma [I] we have 0 = p([l, a])(m) = A([l, a]) Id(m) .
Thus A is an Inder(V)-module homomorphism.

Let’s prove part b). Consider N & M a non-trivial Inder(V)-subrepre-
sentation of M and take 0 # m € M such that 0 # N := p(Inder(V'))(m) C
N. Note if a € Ker(ad), due to Lemma [ and Proposition Bl p(a)N =

p(a)p(Inder(g))(m) = p(Inder(V)p(a)(m) = A(a)p(Inder(V))(m) = N. Us-
ing (B), we can conclude that 0 # N is a subrepresentation of M as a
A"~V -module but M was irreducible by hypothesis which is a contradic-

tion. Part c) is an immediate consequence of (Bl and Lemma [l O

3 The simple linearly compact n-Lie algebra WW"

We denote by W™ the simple infinite-dimensional linearly compact n-Lie
superalgebra , whose underlying vector space is the linearly compact vector
space of formal power series F[[x1, - ,2,-1]] endowed with the following
n-ary bracket:

oo s fa] = det (1) -+ Drl/n) (15)

where D; = %
1

Remark 1. (a) Consider the n-Lie algebra W endowed with the n-bracket
(@35). Then, the map ad : A" 'W" — Inder(W"), which sends fi A --- A
fn—1 — ad(fi A -+ A fp—1) is an isomorphism of Lie algebras. Due to
Proposition [[] we only need to show that Ker(ad) = {0}. Let fiA---Afn_1 €
Ker(ad), then

ad(fi Ao A fu)(f) =det | DI D) o)

for all f € A"~'W™. But, F[[x1,--- ,%,_1]] is infinite dimensional, we have
that at least two f;’s are linearly dependent, which means that
Jin- A fno1=0.

10



(b) Inder(W™) is a Lie algebra with the bracket given by the commutator.
Thus, by the Filippov-Jacobi identity it follows that

[ad(fi A A fu1), ad(gi A -+ A goi1)] = ad(ad(f))(g),

forall f = fiA-- Afp—1and g = g1 A+ gn—1 € Inder(W™). This is condition
(@) of Theorem [2I Thus this condition always holds for any representation
p of Inder(WW™).

Denote W (m,n) the Lie superalgebra of continuous derivations of the
tensor product F(m,n) of the algebra of formal power series in m even com-
muting variables x1, ..., z,, and the Grassmann algebra in n anti-commuting
odd variables &1, ...,&,. Elements of W (m,n) can be viewed as linear dif-
ferential operators of the form

X = ;Pi(x’g)a—xi + ;Qj(xyf)a—gf P;,Q; € F(m,n).

The Lie superalgebra W (m,n) is simple linearly compact (and it is finite-
dimensional if and only if m = 0). From now on, we will denoted the Lie
algebras W(n —1,0) by W,,_1.

Proposition 5.1 in [CK], gives us the description of the Lie algebra of
continuous derivation of each simple linearly compact n-Lie algebra. More-
over, they state in particular, that the Lie algebra of continuous derivations
of the n-Lie algebra W™ is isomorphic to W, _1 and in the proof of this
Proposition, they show that the Lie algebra of continuous derivations of the
n-Lie algebra W™ coincides with the Lie algebra of its inner derivations.
Thus,

Inder(W"™) ~ W,,_1. (17)

Therefore, Theorems 2 and Bl and Remark [ gives us the following.

Theorem 4. Irreducible representations of the n-Lie algebra W™ are in 1—1
correspondence with irreducible representations of the universal enveloping
algebra U(Wp,—1), on which the two sided ideal Q(W™), generated by the
elements

Lay,,aon—2 — ad ([alv T aan] AN/ RVANEEAN a2n—2)

n
—Z(—l)””ad (@ AN+ ANaj--Nayp)ad (a; N apsr A A agp—2)
i=1

acts trivially.

11



4 Representations of simple linearly compact Lie
superalgebra W,,_;.

In this section we present the approach given by A. Rudakov in [R] for the
representation theory of the infinite-dimensional simple linearly compact Lie
algebra W, _1.

n—1
Recall that any D € W,,_1 has the form D = Z fi0/0x; with f; €
i=1
Fl[x1,- - ,xn—1]]. Consider the filtration

(Wn—l)(j) = {Dv deg fi > j + 1}

of W,,_1, such that the subspaces (Wn_l)(j) form a fundamental system of
neighborhood of zero. The corresponding gradation is

(Wn—l)j = {Dv deg fl :] + 1}
This gives a triangular decomposition
Wit = Wao1)- @ (Wa1)o © (Wao1)4,

with (Wy—1)+ = ®1m>0(Wn—1)m. We shall consider continuous represen-
tations in spaces with discrete topology. The continuity of a representation
of a linearly compact Lie superalgebra W,,_1 in a vector space V with dis-
crete topology means that the stabilizer (W,,_1), = {9 € W,_1|gv = 0}
of any v € V is an open (hence of finite codimension) subalgebra of W,,_;.
Let (Wn_l)zo = (Wn_1)>0 ® (Wn—l)O' Denote by P(Wn_l, (Wn_l)zo) the
category of all continuous W,,_j-modules V, where V is a vector space
with discrete topology, that are (W,,_1)¢-locally finite, that is any v € V
is contained in a finite-dimensional (W;,_1)¢-invariant subspace. Given an
(Wpn—1)>0-module F, we may consider the associated induced W,,_;-module

Wh—
M(F) = Ind(Wn 11)20F = U(Wn_l) ®U((Wn,1)20) F

called the generalized Verma module associated to F.
Let V be an W,,_1-module. The elements of the subspace

Sing(V) := {v € V[ (Wn-1)>ov = 0}

are called singular vectors. When V- = M(F), the (W,_1)>o-module F is
canonically an (W),_1)>o-submodule of M (F), and Sing(F') is a subspace

12



of Sing(M (F)), called the subspace of trivial singular vectors. Observe that
M(F)=F & Fy, where Fy = U, (Wp-1)-) ® F and U4 ((W,—1)-) is the
augmentation ideal in the symmetric algebra U((W,—1)—). Then

Sing, (M(F)) := Sing(M(F')) N Fy
are called the non-trivial singular vectors.

Theorem 5. [KR|[R] (a) If F is a finite-dimensional (W,_1)>o-module,
then M(F') is in P(Wy,—1, (Wn—1)>0).

(b) In any irreducible finite-dimensional (Wy_1)>o-module F' the subal-
gebra (Wy_1)4 acts trivially.

(¢) If F' is an irreducible finite-dimensional (W,_1)>0-module, then M (F')
has a unique maximal submodule.

(d) Denote by I(F) the quotient by the unique maximal submodule of
M(F). Then the map F +— I(F) defines a bijective correspondence between
irreducible finite-dimensional (Wy_1)>0-modules and irreducible (W,_1)-modules
in P(Wp—1), Whn=1)>0), the inverse map being V + Sing(V').

(e) An (Wy_1)>0-module M (F) is irreducible if and only if the (W,,—1)>0-
module F' is irreducible and M (F') has no non-trivial singular vectors.

Remark 2. (a) Note that
(Wn—l)O = gln—l(F)v (18)

the isomorphism is given by the map that sends z;0/0z; — E; ; where E; ;
denote as is usual the matrix whose (7, j) entry is 1 and all the other entries
are 0 for¢,j=1,--- ,n— 1.

(b) Due to Theorem[Glpart b) any irreducible finite dimensional (W,,—1)>0-
module F' will be obtained extending by zero the irreducible finite dimen-
sional gl,,_;- module.

In the Lie algebra gl,_;(F) we choose the Borel subalgebra
b={x;0/0x;:i<yj i,j=1,---,n—1}. We denote by

h ={x;0/0x;, i=1,--- ,n—1}

the Cartan subalgebra corresponding to b.

Let F! ... F"~1 be the irreducible (W,,_1)so-modules irreducibles ob-
tained by extending trivially the irreducible gl,_;-modules with highest
Welght)‘l = (07 7_1)7 )‘2 = (07 7_17_1)7"‘ ’)\n—l = (_17 7_17_1)
respectively. We will call them ezceptional (W;,—1)>o-modules.

13



Theorem 6. [R] If F is an irreducible finite dimensional gl,_,-module
which coincides with none of the exceptional modules F',--- F"~1 then the
Wi—1-module M(F') is irreducible. Each module NP = M(FP) contains a
unique irreducible submodule KP which is generated by all its non-trivial
singular vectors.

Corollary 2. [B|] If the W,,_1-module E is irreducible, then the gl,,_;(F)-
module F' := Sing(E) is also irreducible. If F' coincides with none of the
modules F,--- | F" ' then E = M(F). If F = FP, then E is isomorphic
to J(FP) = NP/ Sing, (M(FP)).

4.1 Some useful lemmas

Let F' be an irreducible finite dimensional gl,,_;-module with highest weight
vector vy and highest weight A. Let J(F) = M (F)/ Sing, (M (F)).

Our main goal is to find those irreducible finite dimensional
gl,,_1(F)-modules F for which J(F') is an irreducible module over the n-
Lie algebra W™, more precisely, we are looking for those J(F') where the
ideal Q(W™) acts trivially.

Lemma 2. Q(W") @uw,_,)., F' C Sing, (M(F)) if and only if Q(W™)
acts trivially on J(F). -

Proof. Suppose Q(W™) acts trivially on J(F). Note that by Theorem [6] and
Corollary2lthis means that Q(W")-(U(Wpn-1)®uw,_,)-,F) C Sing, (M(F)).

Since Q(W™) is a two sided ideal, we have that Q(W") @w, )., F C
UWn-1)QW™")®w, )5 F+QW™M) @, ). F' = QW) (U(Wn-1)®uw, 1),
F) C Sing, M (F).

Reciprocally if Q(W™") ®@uw,_,)-, ' C Sing, (M(F)), it is enough to
show that U(W,-1)Q(W") ®u(w,_,)., F C Sing, (M(F)).

Note that U(W,-1)(Q(W™) ®u(w,_,)-, F) is the submodule generated
by Q(W™) ®U(Wn,1)20 F and Q(W™) ®U(Wn71)20 F C Sing_,_(M(F)) by
hypothesis, thus we have U(W,_1)Q(W™) @y, _,)., I is a subset of the
unique irreducible submodule Sing, (M (F')) of M (F), therefore Q(W") acts
trivially on J(F). O

Lemma 3. Q(W") @uaw,_ ), va C Sing (M(F)) if and only if Q(W™)
acts trivially on J(F').

Proof. Due to Lemma 2 we only need to show that Q(W™) @y w,_,)., va C
Sing_ (M (F)) implies that Q(W™) acts trivially on J(F). It is immediate
from the definition of generalized Verma module and the facts that F' is a
highest weight gl,,_ (F)-module and gl,_;(F) C U(W,_1)>0. O

14



4.2 Description of the ideal Q(IW")

Recall that Inder(W™) ~ W,,_1, where the isomorphism is given explicitly
by

Jio faa
- Di(f1) --- Di(fn-1)
S ‘
ad(fl/\/\fn—l) H;(_]‘) - det Dz(fl) DAz(fn—l) DZ
Dn—l(fl) e Dn—l(fn—l)
(19)
for any fi,---, fu—1 € Fllz1, -+ ,zn—1]], D; = a%j and the hat means that

the row ¢ does no appear in the matrix. Consider the subset

n—1

A={D =) fiD;: f; € Flz1,- ,an]}.

i=1

It is dense in W,,_1. Since we are classifying continuous representations it is
enough to characterize a set of generator of Q4(W") := Q(W") [ A. Take
fi,- - fon—o € Flzy, -+ ,2,_1], where f; = X with

l i

I . % —1
Xli=xlwy ),

where [ := (zﬁ, ,it ) for any le, ,iil_l €Zspand l € {1---,2n—2}.

n—1

Then the generators of Q4 (W™) are given by

n—1 n n—1 n—1
Lfr,ofon—2 = (Z a(k) Dk) _Z(_l)“—n Zﬁ(ZaQ) Dy (Z v(i, ) DS) )
q=1 s=1

k=1 i=1
(20)
where
1 k Tn—1
A

Bli,q) = (—1ymire L]

detAq—i—l,i, q = 1--- ,n—l,
':L'l...':L'q...LL'n_l
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S s Ji fon—2 (i) _
~(i,8) = (—=1)"* +8$1"'$s”'ﬂfn—1 detCyly, s=1---,n—1,

with i =1, -+ ;n and the matrices A, B and C'’s are defined as follows:
1 ... 1
i i1
A . .. |
T

Ag41,i is the matrix A with the ¢ + 1-row and the i-column removed,

1 ... 1
n—1/.p -n+1 2n—2
Do (@ =1 ey B
B1 = Zn_T(T_l) U= B
r=1 g k U
n—1/.r -n+1 2n—2
Zr:l (Zn—l - 1) th—1 In—1
and
1 1 1
i -n+1 -2n—2
i i1
@) _ _ '
Cot1 = e | T
s ls s
-7 -n+1 2n—2
-1 p1 tp—1

where the hats mean that the corresponding row is removed.

5 Main theorems and their proofs

In this section we will state the main result of this paper. Recall that
the inner derivations of the simple linearly compact n-Lie algebra W™ are
isomorphic to W,,_1 and denote by h the Cartan subalgebra of the Lie algebra
gl,,_1 (F) chosen above Theorem [6l Let F be a finite dimensional irreducible
highest weight gl,,_;(F)-module, with highest weight A € h* and highest
weight vector vy Recall that our goal is to determine for which A € b*,
the two sided ideal Q(W™) acts trivially on the irreducible highest weight
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module J(F) = M(F')/ Sing, (M (F')), This will ensure us that J(F) is an
n-Lie module of W". Let’s denote by A; = A(E;;) fori =1,--- ,n—1 and
introduce the following useful notation for the proof of the theorem,

Lo
@j:{ Hr=J (21)

0  otherwise,
with 4,5 € {1, ,n — 1}.
Theorem 7. (1) Let n = 3.

(a) If F is a highest weight irreducible finite dimensional gly(F)-
module, with highest weigh A € b* which coincides with none
of the exceptional modules FP with p = 1,2, then the irreducible
continuous Wo-module M(F') is an irreducible continuous rep-
resentation of the simple linearly compact 3-Lie algebra W3 if
and only if A € b* is such that \y = Ao, \; # —1,7 = 1,2 or
Al =—1—= 29, Ao #0.

(b) If F coincides with some of the exceptional gly(IF)-modules, then
the irreducible continuous representation J(F') of Wy is an irre-
ducible continuous representation of the simple linearly compact
n-Lie algebra W3.

(2) Let n > 4.

(a) If F is a highest weight irreducible finite dimensional gl,,_;(F)-
module, with highest weigh X € h* which coincides with none of
the exceptional modules F*,--- F*~ 1 then the irreducible contin-
uous representation M(F') of W,—1 is an irreducible continuous
representation of the simple linearly compact n-Lie algebra W™
if and only if A\ € b* is such that Ay = Ay = -+ = A\,_1 with
Ni#—1 fori=1,---n—1.

(b) If F' coincides with some of the exceptional gl,_,-modules, then
the irreducible continuous representation J(F') of Wy—1 is an ir-
reducible continuous representation of the simple linearly compact
n-Lie algebra W™ if and only if A € b* is such that \y = Ao =
cee= Ay = —1.

Proof. Let F' be a highest weight irreducible finite dimensional gl,,_;(F)-
module, with highest weigh A € h* and highest weigh vector vy Recall that
b := @'"'F E;; is the chosen Cartan subalgebra of the Lie algebra gl,,_; (F).
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Here we are identifying the subalgebra b with the subalgebra of W,,_; gen-
erated by the elements :Eia%i, i=1,---,n—1. Consider F as a (W,,_1)>0-
module and take the induced module M(F) = U(W,_1) Qu(w,_)s,) F-
We will use Lemma [B] and the general look of the generators of Q4(W™)
to find out for which X's, Q4(W™) acts trivially in J(F'). Let wy =
1 QU((Wp_1)s0) VA = 1 ® vy.

According to the description of the generators given in ([20) and taking
into account that (W,,_1)4 acts by zero on wy, it is enough to consider the
subset of generators Q4(W") and ask them to either act trivially w) if F
is non-exceptional or Qo(W™) ® vy C Sing(M (F')) otherwise. It is enough
to consider xy, ... g, , with monomials f; € Flxq,--- ,2,—1] as in ([20) such
that,

(1) deg(fi--- fon—2) = 2n — 2 and there exist i € {1,--- ,n} such that
(a) deg(fifn+1--- fan—2) =n—2or
(b) deg(fifnt1--- fon—2) =n—1,

(2) deg(f1--- fan—2) = 2n — 3 and there exist i € {1,--- ,n} such that
(a) deg(fifnt1--- fon—2) =n—2o0r
(b) deg(fifnt1--- fon—2) =n—1,

(3) deg(fife- - fon—2) = 2n — 4, and there exist i € {1,--- ,n} such that
deg(fifn+1-+ fan—2) =n —2

since the remaining ones are either zero or act trivially any way. Here, we
are assuming by simplicity that ¢ = n. Let’s analyze each possible case.

Case 1:

Here, deg(f1--- fon—2) = 2n — 2. We have four possible expressions for
fifa--- fon—gsuchthat xy .. f, ., # 0. Namely, there exist j, k € {1,--- ,n—
1} (j < k), such that

fl"'f2n—2:x%"'sz"'x%"'$%—l7 (23)
fl"'f2n—2:$%"'x?"'x%"'$i—17 (24)
or for some l < j<ke{l,--- ,n—1},
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Case 1 (a):

If fi- - fop_o = x%“'fﬂj"'xi“w%—h since deg(fnfnit1- - fon2) =
n — 2, its follows that f,fpe1-- fon—o = x1---T;--xp—1 for some [ €
{177n_1} and fl"'fn—l — xl...x%...xn_l or fl”'fn—l =
$1"'£Ifj"'l‘i"'$n_1 for some j < k€ {1,--- ,n—1}.
Suppose fi- fn—1 = 1 3 aTp_1. Then | = j and f,, -+ fan—o =
x1-+-2j - Tp—1. Therefore, we can consider the monomials as follows.
(i) Let n > 3 and j,k € {1,---n— 1} with j < k.
fs = o s=1,---n—1, s#k,
fk = $%7 fn = 17
fn-i—S:‘TS 8217"'7j_17
fots =Tsp1 s=j,0omn—2.
Thus, using (20) for these f;’s, it follows that,
_ n—1
Lfr, fan—z (1®wvy) = (_1)j+1 2 (Z)\S +he® Ek,jv)\)‘ (26)
s=1

(ii) Let n > 4 and 1,5,k € {1,---n — 1}. Here, to set the monomials
fnt1,  fon—o, we assume that | < j, otherwise we can interchange
those indexes in the definition of f,41," - fon—2. Set,

fs:xs S:l,---,j—ljs#l—élhjork_ékhj,
2

fimo; = mixj,  fi-o,,; = Tk

fS:xS—l-l st)"'vn_27

fn—l =1, fn:$la
fnts = xs s=1,---,1—1,
Jnts =Tsp1 s=1,-7—2,
frts =Tst2 s=j—1,-n=3, foyuo=1

By (20) we have, if [ < k < j.

Tfr o fons - (1@ VN = (=1)" 20N — A (1@wvy).  (27)
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(iii) Let n > 5 and l,j,k,m € {1,---n — 1} with j < k. Here, we set

Js = s s=1,---,k—1, S#m_ém,korl_él,ky
=6 = TmTk,  fi-o,, = TiTk,

fS:$S+1 s:k‘,-'-,n—Z, fn—1:17 fn:$lv

The monomials f,41, -, fan—o are the same as in the case above,
then by (20), we get ,

Ty foms - (L@ VN) = (1)FFH (N — N+ 1)1 ® Eyjvy).  (28)

(iv) Let n > 4 and take j = m in the definition of fq,--- , f,—1 and keep the
same definitions for f,, -, fo,—2 we took in (iii). By (20) its follows:

Ifl<j<k,
Tpo fons - (L@ V) = (17T — X+ 1)(1 @ Egyva); (29)
if j <<k,
Tpy o fono (10UX) = (= 1)L\ =X+ 1) 1R By, jua— 1@ Ej By jvy);
(30)
and if j < k <,
Ty fomes - (L@ 0)) = (—1)TTHFFHL (O — X (1 @ By juy). (31)

(v) Let n >5and [, j,k,m € {1,---n— 1}.

fs:xs 3:17”’7m_1737ék_5k,m0rl_6l,my
Jk—bm = TmTks  fi—g,,, = T1Tk,
fS:‘TS-i-l S:m7'”7n_2 fn—1:17 fn:xmn

fn-l—S:‘TS 8217"'7j_17
fn+s:x8+l s:j,---m—2,

fn+s:xs+2 s:m—l,~-n—3, f2n—2:1-

Again, ifl<j<k<m,l<j<m<korj<m<k<l by 20) we
have
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(vi) Let n > 5 and 1,5, k,m € {1,---n — 1}.

fs:xs 3217"'7m_1737ék_5k,m0rl_5l,ma
fimbim = TmT frsym = Ths

fS:xs-Fl S:ma"'7n_27 fn—1:17 fn:xlm
fn—l—s:xs 3:17”’7j_17

fn—}—s:xs—l—l S:j,"'k—2,
fm+s=x440 s=k—1,---n—3, fopa=1.

Thusfori<j<m<k, l<j<k<morj<k<m<l, we have,
Tfy o fonz - (L@ V) = (=1)TFH200, — N) (1@ By joy). (33)

(vii) Let n > 6 and I, j,k,m,t € {1,---n — 1} with j < k.

fs =z s=1,--- t—=1,8#m—0p0rl—20p4,
Jm—bms = TmTt,  fi-s,, = TiTk,
fs:xs-i-l s=t,-,n—2, fp1=1, fao=apn,
frnts = Ts s=1,---,m-—1,

fn+s:$s+1 s=m,-j—2,

fn+s:$s+2 s=j—1,---n—3, f2n—2:1-

Again, by 20),

then [ = k. Therefore, we have the following possibilities.

(viii) Let n >4 and [, j,k € {1,---n—1}. Note that to define the monomials
fna1, - fon—o we are assuming that j < k. Otherwise, we can interchange
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those indexes in the definition of f,,11, - fon—2.

fs = x5 s=1,---,7—1,8#1—0,; or k— 0y,
fims, = TTp, fos,, = Th,

fs=s1 s=j,--n=2, fopa=1 fo=uj,
frts = Ts s=1,---,5—1,

Jnts =Tst1 s=J,- k=2,

Jnts =Ts42 s=k—1,---n—3, foyo=1

By (0) we have: If j <1 < k,

(35)

if j<k<l,
Efy o foma - (L@ 02) = (=1)72(00 = A\ +2)(1 @ B} jup); (36)

ifl <j<k,

Thyo fons s (L@UN) = (=1)TT1200 = N + 1)(1 ® B jvy). (37)

Now consider (20]), namely suppose fi -+ fp—1 =125 - x% oo x,_q and
oo fon—2 =m0 Ty T

(ix) Let n >4 and I, 4,k € {1,---n — 1} and set

fs = s s=1,---,j—1,8#k—0 orl—20;,
fi—o; = 1%k, fr-o,,; = 2,

fs=zs11 s=7J,,m—2, fao1=1 fo=uwz,
Jn+s = Ts s=1,--,1-1,

favs =wsp1 s=1,-k—2,

favs =Tsr2 s=k—1,---n—=3, fo 2=1

Then by 20) if I < j < k or j <l < k we have.

Tfro fonn - (1@ 0)) = (1)1 ® 2B jEy vy). (38)
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(x) Let n >4, 1,5,k e {l,---n—1} and

fo =, s=1, =1 s#k—0kj,  fos,, =Tt
fs=Tst1  s=j,-,n—2, fo1=1 fo=uxy
frnas = s s=1,---,1—1,

Jots =Tsp1 s=1,-7—2,

fn+s:$s+2 SZj—l,--'TL—3, f2n—2:1-

By 0) we have: If j <l < korl<j<k,
Tfy o fons  (LOV)) = (=1)72(D; ® Ej oy — Dy @ By juy); (39)
ifl <k <y,
Thyo fon s (1@ 0)) = (=1)'2(Dj ® By vy); (40)
and if j < k </,
Ty fonn - (1@ 02) = (=1)'2(Dy @ By juy). (41)

Ifl = j, we have that f1--- f,,_1 = xl---:ﬁj'--x%---:nn_l and f, -+ fop_o =
x1-- 25 Tp—1 and ([23) holds. Thus, we have the following cases.

(xi) Let n > 4 and 1,5,k € {1,---n — 1} with j < k. We consider the same
f1,+++ fn_1 of the previous example and f,, - fon_o are defined as follows.

fn:xla fn-i-s:xs 8217"'71_17
fn—l—s:xs-l—l S:l,”-j—2,
fn+s:xs+2 s=j—1,-n-=3, f2n—2:1'

Then by (20),
Ty fons - (1@ 02) = (=)L = \) (1 ® B juy). (42)

(xii) Let n >4 and 1,5,k € {1,---n — 1} with j < k. We consider the same
fiy  fan—1 asin (xi) and fp, -+ fon—2 are defined as follows:

fn:xky fn—i—s:xs 3:17”’j_17
fn-f—S:‘TS-i-l S:j,"'k—2,
fn—l—s:xs-‘rQ s=k—1,---n—3, f2n—2:1-
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Then by ([20) we have,
Tfr o fane - (L@ 0A) = (171201 @ By iy joa). (43)

Now, consider ([24)), namely f1 - -+ fop—o = o2 --- 22, with deg(fy, -+ fon—2) =
n—2. Then, there exist k € {1,--- ,n—1} such that f,, -+ fop—o =1 T+ - xp_1

andfl...fn_l:xl...x%...xn_l'
(xiii) Let n >3 and j,k € {1,---n — 1} with j < k.

fs:$s 821,"'71—1,8#]', fJ:$3$k7 fn:17
frts = Ts s=1,---,k—1,

Jrrs =751 s=k,---n—2.

Again, by [20) we have,

n—1

Tfrfonn - (100) = (D) N = M) O A+ D1 @0vy).  (44)

s=1

(xiv) Let n > 4 and [,5,k € {1,---n — 1}. Take the same definition of
fi,-++ fn—1 given in (xiii) and define the remaining polynomials as follows,

frts = Ts s=1,---, =1 s#n+1—0,;— o
fn+l—5l,j—5l,k =TTy,

fnvs =xsp1 =17, k=2,

Jnts =Ts2 s=k—1,---n—=3, fopa=1

Then by (20), it follows:
If j <k <l

Ty fone - (1O 0) = ()" = X)L+ X = AT @w));  (45)
ifl <j<k,

Tfrofona - (1@ 0A) = (1) = A) (L4 X5 = M) (1@ wn); (46)
and if k <1 < 7,

Ty fons - (L@ W) = (D)™ TR = X)X+ N = N)(A@vr).  (47)
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Case 1(b):

Equations (23] and (25]) don’t give us new equations. Thus, consider

f1,+++ fan—2 such that (EZD holds. If fy, - -+ fon—o =1+ -@p_ythen f1--- fr, 1 =
Ty @ as e xy_q for some j, k€ {1, ,n—1}.
Then we have.

(i) Let n >4 and l,j,k,m € {1,---n — 1}.
fs = x5 s=1,---j—1, s#l—0,and fi_5 , = z2y,
fs =T s=J,on—=2, fpa=1 fo=zTn,
fnts = Ts s=1,---,1—1,
fn-i—s:xs-i—l S:la"'m_27

fn+s:xs+2 s=m-—1,---n—3, f2n—2:1'

Again, by (20)), it follows:
fj<li<m<k j<m<k<ll<j<m<korj<m<Il<eEk,

Ty fon o (1002) = (=1 (1@ Eg By jox) = (A=) (10 B jvr));
(48)
fj<k<li<mg<k<m<lj<l<k<morl<j<k<m

Ty fona (L@ 0A) = (CD7FF (L4 N = M) (1@ Epgoa); - (49)
andifl<m<j<km<I<j<km<jij<k<lm<j<Il<ek,

Ty fone (L@ 0A) = (7N = M) (L® Egjua)- - (50)
Suppose ([24)) holds, then f1 -+ frn—1 =21 - xp—1 = fn - fon—2. There-
fore the polynomials fi--- , fo,_o are defined as follows.

(ii) Let n > 5 and I, 5, k,m € {1,---n — 1}.

fs = x5 s:l,---,m—l,s#l—&l,mandfl_glym:a:mxl,

fs = Tsi1 s=m,-- ,n—2, fo1=1, fu=mx514,

frgs =25 s=1,- .51,

fn-i—s:xs—l—l S:j,’”k—z,
fn+s:xs+2 S:k—l,’”n—3, f2n—2:1'
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Then, by (20)),
Zfre fanez - (1@ 02) = ()™ G = X) (4 = M) (L@ 0y). (51)
Case 2(a):

Here we have that deg(fy -« - fon—2) = 2n—3 and deg(fn frnt+1 - fon—2) =
n — 2. We have two possible expressions for fifs--- fon_o. There exist j €
{1,--- ,n — 1} such that

fl"'f2n—2:x%"'xj"'x%_l (52)

for some [, j,k € {1,--- ,n—1}.
If fi-e  fon—2 = fE%"'xj“‘fE%z—p since deg(fnfot1- - fon—2) = n —

2, its follows that ffp41-- fon—2 = @12 - xp—1 and fi1--- fpo1 =
z1 -+ Tp—1. Then we have.

(i) Let n > 4 and 1,5,k € {1,---n — 1}. Note that to define the monomials
fna1, - fon_o we are assuming [ < j, otherwise we can interchange those
indexes in the definition of f,,11, -+ fon—2.

fS:xS Szlu"'ak_

fS:‘TS-i-l S:k7”'7n

1, s#1—4,;, and fl_(;l’j = xx},

=2, fa1=1, fa=ua,
frnts = Ts s=1,---,1—1,
Jonts =Tsp1 s=1,-j—2,
Jonts =Tst2 s=j—1,---n—=3, fopo=1

Then, we have:
Ifj<i<korj<k<l,

Ty e fono(100)) = (1) T (D@ E) jus—Dp@Eg joa— (A=) (D;@0));
(54)
ifk<j<l,
Ty fono - (1@ V) = (17D @ By juy — (A — N)(D; @ 03)); (55)
ifl<j<k,
Ty foms - (1@V)) = (=1)THHRY(DL @ By juy — (A — M) (D ®0y)); (56)
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andifl<k<jork<l<y,
Zfro fana - (1@ 02) = (17T O = N)(D; @ vy). (57)

The equation ([B3]) doesn’t provide new information.
Case 2 (b) and 3:

After doing the same analysis, these cases don’t provide new equations.

Observe that in all the equations (26]) to (B0]), except for equations (B39)
to () and B0) to (B), their right hand side belongs to 1 @y (w,_,))-, I
therefore they are trivial singular vectors. Due Lemma[3, we need to insure
that all the equations (26]) to (B0), except the equations (B9) to (@I and
B0) to ([B1), are equal to zero. Since different equations hold for n = 3 and
n >4 , we will study theses cases separately.

If n = 3, equations (28] and (@) hold and they have to be zero. Thus,

()\1 + Ay + 1)(1 ® EQJU)\) =0 (58)

(A= X2)A+ X+ 1)(1®@wvy) =0 (59)

Equation (B9) implies Ay = Ay or Ay = —1 — Ay. Suppose Ay = —1 — Ay
then the equation (B8] holds, hence M (F') is a continuous representation of
the 3-Lie algebra W3. Due Theorem [6, M (F) will be irreducible if \; # 0.
Otherwise if A = (0, —1), then F coincides with the exceptional module F'*
and we need to take the quotient of M (F!) by the submodule generated by
all its non-trivial singular vectors to make the module irreducible. In the
other hand if A\ = A2, we will show that Fs vy = 0, using the Freudental’s
formula.

Now, if n > 4, equations ([27)), [@4) and [{@T) equate to zero implies that
)\1 :)\2 :"':)\n—l or )\1 :)\2 :-":)\H_Q:Oand )\n—l = —1.

Therefore we will apply the Freudenthal’s formula to calculate the di-
mensions of the weight spaces and check wether the remaining equations are
satisfied. To give the root basis of gl,,_;(F) it is convenient to have consider
another basis for gl,,_;(F). For do this we need to take into account that
gl,,_1(F) = sl,_1(F) @ s, (F), where sl,,_;(IF) are the traceless matrices and
5, (F) denote the subspace of scalar multiple of the identity. We define a
basis of gl,,_;(F) as a basis of sl,,_1(F) and the identity matrix.

As usual let F;; be the matrix with a 1 in the (4,7) position and 0’s
everywhere else, D; ; = E;; — E; ; and h; = D; ;1. A basis for sl,_(F) is
given by Ay, -+, hy_o. Let H be the subalgebra of diagonal traceless matrices
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which is a Cartan subalgebra of sl,_;(IF). Let ¢; : h — F be defined by

n—1
€ <Z aiEZ-,Z-> = aj. We define the set of root
i=1

¢:{€Z—6]’1§Z7éj§n—l}

and the ¢; — €; root space is generated by E; ; and a basis for this set of root
is given by
A={e —€g, €2 €3, ,€n—2 — €n_1}.

Let AT be the set of all dominant weights and § = %Z«»O o If o =
€; — €i+1, the fundamental dominant weights relatives to A of sl,_1(F) are
given by,

m= ln-1-iar+2n—1—das+-(i—1)(n—1—1i)a;_1
+i(n —1—d)a; +i(n —2 —i)aip1 + -+ iay_2 (60)

Therefore A is a lattice with basis (m;, ¢ = 1,---,n — 2). Let n > 3,
L =sl, 1(F), a; = ¢; — €;41 and m; as ([60). Require (a;, ;) = 1, so that
(ag,a5) = =1/2if | i — j |= 1 and (o4,a5) = 0if | i — j |> 2. Rewriting
A= (A, ,Ap—1) with Ay = -+ = \,_1 in this new basis we have that
A:=(0,---,0). Since (A+0,\+9) — (L + 9, + ) =0 for p = —a_; with
ke {1,--- ,n — 1} then Freudenthal’s formula gives that the multiplicities
for p = —ay_1 is equal to zero. Besides, it follows from Freudenthals formula
too, that the multiplicities for p = — 22;1] ap, are also equal to zero for all
i,je{l,---,n—1}, i < j. Thus E; juy =0, forall 4,5 € 1,---n—1,i < j.
In particular all the equations from (20]) to (7)) are equal to zero and M(F)
results a continuous representation of the n-Lie algebra W™ with n > 3. Due
Theorem [6] M (F) will be irreducible if \; # —1 with ¢ = 1,---n — 1. Oth-
erwise, if A = (—1,---,—1), then F coincides with the exceptional module
F"~1 and we have to take the quotient of M (F"~!) by the submodule gen-
erated by all its non-trivial singular vectors, to make the module irreducible.

Finally, if A = (0,0,---,—1), rewriting it in the new basis we have
that A = m,_2. The Freudenthal’s formula gives that the multiplicities for
f = —Qp_3 — ap_o are equal to one. This implies that E,_q,—3vy # 0,
therefore equation (B2]) is non zero and the induce representation M (F') is
not a representation of the n-Lie algebra W™, finishing our proof. O
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