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Introduction

Let V and W be vertex operator superalgebras equipped with Virasoro vectors @y,
ow and assume that W is a vertex subalgebra of V.

Definition 1 We say that W is conformally embedded in 'V if oy = oy .

In this work we deal with following problems.

1. Classify conformal embeddings when V,W are affine vertex superalgebras
endowed with @y, wwy given by Sugawara construction.

2. Under the assumptions in (1), analyze the decomposition of V as a W-
module.

We will give a complete solution to problem (1) when V is the affine vertex su-
peralgebra associated to a basic Lie superalgebra (BSA) and W is the subalgebra
generated by {x(_l)l | x € g°}, g° being any regular equal rank basic Lie subsu-
peralgebra of g. Furthermore we will answer the following question

(0) Give an explicit criterion to locate regular maximal equal rank basic Lie
subsuperalgebras.

Finally, we discuss some examples related to problem (2).

We start briefly discussing the origin of Definition (1| and its relevance.

Some history

The general definition of conformal embedding introduced above is a natural gen-
eralization of the following notion, which has been popular in physics literature
in the mid 80’s, due to its relevance for string compactifications.

Let g be simple finite-dimensional complex Lie algebra and g° a reductive
quadratic subalgebra of g (i.e. such that the restriction to g° of an invariant form
on g is non-degenerate). The embedding g® < g is called conformal if the central
charge of the Sugawara construction for the affinization §, acting on a level 1

9
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integrable module, equals that for the natural embedding of g” in §. Such an
embedding is called maximal if no reductive subalgebra a with g° C a C g embeds
conformally in g.

Maximal conformal embeddings were classified in [30]], [11], and the corre-
sponding decompositions are described in [25], [23], [13]. In the vertex algebra
framework the definition can be rephrased as follows: the simple affine vertex
algebras Vi (g°) and V;(g) have the same Sugawara conformal vector for some
multiindex k of levels. One may wonder whether the embedding Vi (g°) C Vi(g)
is conformal according to Definition |I{for some k, not necessarily 1. Such a k will
be called a conformal level. This question was answered in [4]], where it was also
proved that equality of central charges still detects conformality of maximal equal
rank subalgebras and that the same criterion holds also we dealing with non max-
imal equal rank embeddings. Question (2) has appeared many times in literature.
Complete answers when g° is semisimple (and an almost complete answer when
g has a nonzero center) have been given in [4]. Explicit decompositions were
also given in loc. cit..

Next, the non-equal rank case was treated in [7]. The further step was to
analyze the super case, i.e. when g is a basic Lie superalgebra. This has been
done in [9] in the special case when g° = g, 1.e. it is the even part of g = g5 @ g3.
In particular conformal levels have been computed.

Relevance of the definition

Beyond the motivations coming from Physics, conformal embeddings share in-
teresting properties from the point of view of modularity of characters of affine
algebras [25]. They provide very interesting connections with the combinatorics
of abelian ideals of Borel subalgebras [13].

In the realm of VOA theory, conformal embeddings have been thoroughly
investigated by Adamovi¢, PerSe, Adamovié-PerSe (see e.g. [1I], [29], [2], [3])
and the relations with simple current extensions have been discussed in [22]. It
is worthwhile to notice that a technical tool provided in [3] to detect conformal
embeddings (and further generalized in [4]) will be of fundamental importance
for our treatment: it will be called the AP-criterion.

Quite recently, Adamovi¢, Kac, Moseneder Frajria, Papi, PerSe, have studied
conformal embeddings of affine vertex algebras in minimal W-algebras [3], [6].
The minimal W-algebras are vertex algebras obtained by quantum Hamiltonian
reduction starting from a basic Lie superalgebra and an even minimal nilpotent
element: see [26]; they are quite relevant in Physics, since they include the super-
conformal algebras. It turns out that the notion of conformal embedding, together
with that of collapsing level, are crucial in providing, through the theory of W-
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algebras, semisimplicity results for certain categories of representations of affine
Lie algebras [8].

Overview of the results

In this subsection we shall display the main results of our work in rough terms.
We shall concentrate on pairs (g°, g) where g is a basic Lie superalgebras and g°
is a semisimple (see def regular equal rank basic Lie subalgebra of g. A
regular subalgebra g° is one that admits a basis consisting of elements of some
Cartan Subalgebra h C g and root vectors of g relative to b.

e Problem (0): Give an explicit criterion to locate regular maximal equal rank
basic Lie subsuperalgebras.

In the Lie algebra case maximal subalgebras are detected by the Borel-De
Siebenthal theorem via an explicit procedure [[12].

In the super case, we can follow the method described in [31] to find all pos-
sible regular subalgebras of g: it consists in taking all possible affine Dinkin dia-
grams of g and then deleting one or more dots from it. In this way, we obtain the
Dynkin diagram corresponding to a regular subalgebra. Then, repeating the same
operation on the obtained Dynkin diagram, that is adding a dot associated to the
lowest root of a simple ideal and cancelling arbitrary dots as many times as neces-
sary, we will obtain all the Dynkin diagrams associated with regular semisimple
BSA. To obtain equal rank subalgebras, only the first step will be considered.

We formulate a super analogue of the Borel-De Siebenthal algorithm.

Theorem 1 Let g be a BSA and by C g be a Cartan subalgebra. A Lie subsuper-
algebra g’ C g is an equal rank maximal regular subalgebra if and only if there

exists an affine simple root system (cf 1= {o,...,0p} in b* such that if
Zf:o c;io; = 0 is the linear dependence with coprime non-negative integer coeffi-

cients, then
gd=b®P ga.

aeN

where A is the root system generated by T1 = T1\ { o} with c; prime and b/ C b is
generated by hy, o0 € I1.

Unfortunately, we cannot offer a conceptual proof of this result, which has to be
proved by direct verification.

e Problem (1) Let #;(g°) be the affine vertex subalgebra of V;(g) generated by
{x—pllxe a’}. Classify levels k such that the #;(g°) is conformally embedded
into Vi (g) when g° is a regular equal rank subalgebra.

As noted above, the main technical tool to detect a conformal embedding is
the AP criterion, that can be stated as follows. We assume that g = gg &) g(l) @
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D gg, where 98 is even abelian and g? are basic classical ideals for i > 0. The
algebras g and g? are equipped with bilinear invariant forms (-,-) and (-, -);, with
the normalizations given in Let g' be the orthogonal complement of g° and
assume that is completely reducible as g°-module:

gl = Vg(’(.ul) ®--- Vgo(.uS)'
Then #/(g®) is conformally embedded in V;(g) if and only if

S (ufop] +2p7);
=0 2(uj(k) + h>/)

for all i > 0, where
° uij is the restriction of U; on g? Nnp*

° th~ are the dual Coxeter numbers

o ui(k) = [k

We apply this criterion to all regular equal rank subalgebras to obtain all conformal
levels k and the results are detailed from Chapter 3 to Chapter 9.

Theorem 2 Up to an explicit list of exceptions, the conformal levels for the pair
(g°,9) are the same of the pair (gg,9).

Recall that conformal levels for the pair (gg, g) have been found in [9].

e Problem (2) Describe the structure of V;(g) as 7 (g%)-module.

An approach to these problems comes from the fusion rule argument, that has
been introduced by Adamovic-PerSe in [2]] for Lie algebras and it has been gener-
alized to the Lie superalgebras in [9]. Using the same notation already adopted,
assume that 98 = {0} and g is the fixed space of an automorphism of g of finite
order. Decompose

g' =D Vp . (D
u

Theorem 3 (Fusion rule argument) Assume that, if v is the weight of a g°-primitive

vector occurring in g' @ g' then there is a g°-primitive vector in Vi(g) of weight
vV if and only if v = U for some [ in ([{I)). Then Vi(go) is simple and

Vi(8) = Vi(a”) @ P Ly (1),
u

where Ly(H) is the irreducible representation of VK(g®) with top component
Voo (m).
g
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The numerical criterion of this method is the following:

Corollary 1 The hypothesis of the previous theorem hold whenever for all primi-
tive vectors of weight v occurring in g' @ g', one has either v = 1 for some W in

[ or )
S +
Zuu p)¢

k)+nY) 7T

By using the fusion rules argument, we provide decompositions when g =
B(m,n) (for both conformal levels k = 1 and k = (3 —2m+2n)/2) and g = D(m,n)
(only for k =1).

Structure of the thesis

The thesis in organized as follows:

e In Chapter 1, we display the setup of our work: the general property of the
Basic Lie Superalgebras and we describe the process to obtain regular Lie
subalgebras by means of affine diagrams. Then, we present the concept of
conformal embedding and the AP criterion.

e In Chapter 2, we give the notion of regular subalgebra, the method to find
them and the result analogous to the Borel-De Siebenthal theorem for the
Lie Superalgebras.

e From Chapter 3 to 9, we detail the computation of all regular equal rank
subalgebras of BSAs and we compute their conformal levels.

e In the last chapter, we report the fusion rule argument and we verify that
it can be applied to equal rank subalgebras of B(m,n) (for both conformal
levels k =1 and k = (3 —2m+2n)/2) and D(m,n) (only for k = 1).
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Chapter 1

Basic definitions and notation

1.1 Basic Lie Superalgebras

Let us start with a brief reminder about basic notions of basic Lie superalgebras
(BSA).

Let g = go @ g1 be an associative superalgebra; the Lie bracket on the homo-
geneous elements is defined by the equality:

[a,b] = ab— (—1)P@DPBlpg  forall a,begyUg,

the parity p being O for elements in gg and 1 for elements in g;. With this structure,
go 1s a Lie algebra and g; is a go-module under the adjoint action.

Recall the a Lie superalgebra is simple if it has not trivial graded ideals. Finite
dimensional Lie superalgebras have been classified by V. Kac [19].

We will be interested in the so called basic Lie superalgebras (BSA), which
are defined by the following conditions:

e g is simple;
e go is a reductive Lie algebra;

e g has a non-degenerate invariant even (that is (go, g;) = 0) supersymmetric
bilinear form. Supersymmetric means that it is symmetric on the even part
and skew-symmetric on the odd part.

Let h be a Cartan subalgebra of gg. A root & of g (& # 0) is an element o € b,
the dual of b, such that

ga ={x€g|[hx]=a(h)x,heh}#0.

A root is called even (resp. odd) if goNgg # 0 (resp. g1 Nge 7# 0); we will denote
by Ag (resp. Ap) the set of even (resp. odd) roots.

15



16 Basic definitions and notation

Let E be the real vector space spanned by A, a total order on E is always
assumed to be compatible with the real vector space structure; that is, v > w and
v > w imply that v+v >w+w, —v < —wand cv > cw forc € Rand ¢ > 0.

A positive system A™ is a subset of D consisting precisely of all those roots
a € A satisfying a > 0 for some total ordering of E. Given a positive system AT,
we define the fundamental system IT1 C D to be the set of o € AT which cannot be
written as a sum of two roots in A™. We refer to elements in D™ as positive roots
and elements in IT as simple roots. Similarly, we denote by A~ the corresponding
set of negative roots.

The classification of BSA is part of the classification performed in [19]]. In the
following we give an explicit presentation of the BSAs and of their root systems.

The Lie superalgebra A(m,n) or sl(m+1,n+1)
These superalgebras are defined by

slim+1,n+1) = {x: (i Z) | str(x) = tr(a) — tr(b) :o},

where a,b,c and d are (m+1) x (m+1), (m+1) x (n+1), (n+1) x (m+1)
and (n+ 1) x (n+ 1) matrices, respectively. The even elements are of the form

<g 2) and the odd elements of the form ((3 g . The Cartan subalgebra H is

the subspace of diagonal matrices. For a diagonal matrix D = diag(dy,...,dntn+2)
we define

&(D) =d, (i=1,---m+1)
§i(D) =dusri;  (j=1-n+1)
Then the even and the odd roots are
A ={e—¢€(i,j=1,-- m+1;i#j),6—0;(i,j=1,--- ,n+1;i# j)}
Al ={£(g-90))(i=1,--- . m+1;j=1,--- ,n+1)}

This superalgebra is simple if m # n. If they are equal, we can consider the
simple quotient
psl(m+1) =sl(m+1,m+1)/CI

The Orthosymplectic superalgebra B(m,n) or osp(2m+ 1,2n)

B(m,n) is a subalgebra of sl(2m + 1,2n) consisting on those x = (Zl Z) for
which the even and odd components x¢ (& = 0, 1) satisfy
ng—k (—I)CBxC =0,
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t

where x” = (Zt

4
—c'\ .
d ) is the supertranspose of x and

o o
oo
N =R=)

0 I,

The Cartan subalgebra consists of diagonal matrices D and we put
& (D) =d; (i=1,...,m)
0;(D) = dam+1+ (j=1--,n)
Then the even and the odd roots are
Ao={Fete;,xg(i,j=1,--- myi# j),£6+0;,£26(i,j=1,--- ,mi# j)}
Ay ={xg=+06;,£6;(i=1,---,m;j=1,---,n)}

The Orthosymplectic superalgebras D(m,n) and C(n)

D(m,n) = osp(2m,2n) is a subalgebra of s[(2m,2n) consisting on those x for
which
ng—f— (—l)ngg =0,
where
0 Iy
B I, 0O

0 I,
-1, O

As usual, the Cartan subalgebra consists of diagonal matrices D, we put
El'(D)Zdl' (i=1,...,m)
6j(D)=dmij  (j=1---,n)
Then the even and the odd roots are given by
Ao ={xgxei(i,j=1, mi# j),£8=08;,£28(,j=1,+ ,mi#j)}
A1 = {:|:8,':|:6j(i: 1,--- ,m;j: 1,--- ,n)}
The Lie superalgebras C(n+ 1) = osp(2,2n) form a special case. The roots of
C(n+1) are given by

Ao ={£8+6;,£25(i,j=1,--- ,mi#j)}
A ={te+8;(j=1,---,n)}
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The exceptional superalgebra D(2,1; @), x € C, (a #£0,—1)

The even part of this superalgebra is sl(2) @ s((2) © sl(2) and the odd part is
the tensor product of three 2-dimensional representations, one for each s[(2). In
terms of 21, 2¢&,,2¢3 (the roots of the three s((2)), the even and the odd roots of
D(2,1; @) are given by

Ao ={E2¢(i=1,---,3}

Al = {iel +& :i:83}

The exceptional superalgebra G(3)

The even part of G(3) is sl(2) @ G, and the odd part is the tensor product of
the 2-dimensional representation of s[(2) and the fundamental 7-dimensional G-
module. In terms of 28 (the root of s[(2)) and &, &, &3 with £ + & + &3 = 0 the
roots are

Ay = {:|:25,8i —&j, :|:8,'}

A= {:|:5,:]:£,':i:5>}

The exceptional superalgebra F'(4)

The even part of F(4) is s[(2) ©so(7) and the odd part is the tensor product of the
2-dimensional representation of s[(2) and the simple s0(7)-spin module. In terms
of & (the root of s1(2)) and €1, &, &3 the roots are

Ay = {:i:5, +&+ €, :|:8,'}

A= {1/2(i5:t81 :|:82:|:83)}

1.2 Normalized form

Every BSA has a non-degenerate bilinear supersymmetric invariant form. Through-
out our discussion we will use the normalizations of the form given in the follow-
ing table (these normalizations are taken form [24], Table 6.1):

Lie superalgebra Normalization
A(m,n),psl(n), B(m,n) (e1,6) = 8; (8,8)=—6; (&,8)=0

C(n+1),D(m,n)
. ( ) ):_(1+ )/27 ( ) ):1/27
D@ Lia) 81(8?, &) = oc/2,a (8i,£j)82: f)z(i%j)
(e1,6) =2/3, (&,€;)=-2/3, (i#))
(575):_2/37 <8i76) =0
F(4) (&i,€j) = 6ij, (6,6)=-3, (6,&)=0
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We also give a normalization for a Lie algebra: we require that (0,0) = 2, where
0 is the highest root.

1.3 Dynkin diagrams

For every choice of simple root system II C A we can draw a diagram, called
Dynkin Diagram, using these rules (cf [[16]):

e to each simple even root we associate an empty circle O, to each simple
odd isotropic root we associate the symbol & and to each simple odd non
isotropic root we associate a black circle, o

e the i and the j circles are joined by 7);; lines with

2|aij| -
= : ifajj,a;j#0 (1.1)
M0 min (gl fa) T

2 ..
nij = | if ai = Ooraj; =0 (12)

 ming,, 20 (law|)

e we add an arrow on the lines connecting the i-th and j-th dot when 1;; > 1
pointing from i to j if a;aj; # 0 and |a;;| > |aj;| orif a;; =0,a;; #0,|a;;| <
2 and pointing from j to i if a;; = 0,a;; # 0, |a;;| > 2

1.4 Real and Odd reflections

One of the main difference between semisimple Lie algebras and BSA stands in
the fact that in Lie algebras simple roots systems are conjugated under the ac-
tion of Weyl Group and they have an unique Dynkin diagram, up to isomorphism.
Instead, in Lie superalgebras, there are different conjugacy classes of simple sys-
tems, each one with its own Dynkin Diagram.

In order to move from one diagram to another odd reflections are used: given
a simple system IT and an isotropic odd root & & II the reflection ry is a bijection
between simple sets of roots and sends II to

rel) =" ={B e[ (B, ) =0, #a}U{B+a|(B,a) #0tU{—a}
The positive system of T1% is

A% ={-a}UA~{a}.
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As in the case of Lie algebras, for a non isotropic root & we can associate the
(real) reflection

(x, )

(o, cx)

ra(x) =x—2

For an odd non isotropic root &, we have 200 € A* and we define the reflection 7,
as the real reflection r,, associated to 2¢x.

Proposition 1.4.1 Given two fundamental systems I1 and I1' there exists a se-
quence consisting of real and odd reflections ry ..., r; such that, up to the action
of the Weyl Group of g,

rye--- I’k(n) = H,.

Remark 1.4.2 Real reflections do not change the Dynkin Diagram, then if we
want to obtain all possible Dynkin Diagrams we can use only odd reflections.

1.5 The Kac-Moody affinization

The Kac-Moody affinization of a superalgebra g is the Lie superalgebra

§=glr,r""OCK,
where g[t,#~!] stands for the algebra of Laurent polynomials. The Lie bracket is
defined on the generators of § by

[xtm,xt"] = [X,y]tm+n+m(x;Y)5man7 [Kag] =0

Let IT be obtained from a simple root system IT of g by adding the corresponding
lowest root.

Definition 1.5.1 We call an affine simple root system a set of root obtained from
I1 by applying even and odd reflections.

Given an affine simple root system we can draw its (affine) Dynkin Diagram
using the same conventions as in section [[.3]

1.6 Conformal superalgebras

In this section, we provide the notions of conformal embeddings between vertex
operator superalgebras and we describe the AP criterion from [9] to find them in
a numerical way.

We use the definition of Vertex operator algebra given in [20] and we recall
here the notion of conformal algebra (cf [21]).
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Definition 1.6.1 A Lie conformal superalgebra is a Z/27-graded C[T]-module
R = Ry ® R; endowed with a parity-preserving C-bilinear map R® R — C[A] @R
denoted by [ayb], such that the following axioms holds:

sesquilinearity [Tayb] = —Alayb] Tlayb] = [Tayb] + [a) Th]
skewsymmetry [byal = —pla,b)la_y _7b]
Jacobi identity [az [buc]] + p(a,b)[bulayc]] = [[arc]ptpuc]

Remark 1.6.2 A vertex algebra can be endowed with the structure of a Lie con-
formal superalgebra by introducing the A-product via the formula

[apb] =Y

n>0

A

n!

Given a Lie conformal superalgebra R one can construct its universal envelop-
ing vertex algebra V(R). This vertex algebra is characterized by the following
properties:

e There is an embedding R — V(R) of Lie conformal algebras

e Given an ordered basis g; of R, the monomials : a; a;, - --a;, : withi; <i;4
and i; <ij.y if p(a;) = 1 form a basis of V(R)

The normal order product of more than two elements is defined from right to left.

The Affine Vertex Algebra

Given a BSA g with a non-degenerate invariant bilinear form (-, -), one defines the
Current Lie conformal algebra Cur(g) as

Cur(g) =C[T|®g®CK,
with TK = 0 and the A-bracket defined for a,b € g by
[arb] = [a,b] +A(a,b)K  [g2K] = [K3K] =0
Let V(g) be its universal enveloping vertex algebra. The vertex algebra
Vi(g) :=V(9)/(K~k)V(g)

is called the level k universal affine vertex algebra. Its unique simple quotient is
denoted by Vi (g) and called Simple affine vertex algebra.
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1.7 Conformal Vector and Conformal Embeddings

Let g be a BSA and let k # —h", where h" is the dual Coxeter number, that is the
half of the eigenvalue of the action of Casimir element on g. Let {x;} be a basis
of g and let {y;} its dual basis, that is (x;,y;) = 0;;. We can define the conformal
vector, inside the algebras V#(g) and V;(g), as

Oy = ——~ CYViXi -
8T 20 1 k) ,;) YiX

Let g° be an equal rank subalgebra contained in g such that the restriction of (-,-)
is nondegenerate. We further assume that g° decomposes as g° = 98 PP g?
with 98 even abelian and g? BSA ideals for i > 0.

Let (-,-); be normalized invariant form on g? and set {le 1, {y{ } to be dual
bases of g? with respect to (-,-);. Let hy be the dual Coxeter number of go For

g9, let {xV},{)?} be dual bases of g with respect to (-|-)o = (|- )|g «gg and set
h =0.
If k = (ko,...,ks) is a multi-index of levels we set

VE(g®) =Vh(g)) @ @ Vh(g)),

and, assuming k; + h}/ # 0 for all j, we let

Vie(g%) = Vi (80) @ -+ @ Vi, (a9).

We consider also V¥(g%) and Vi (g%), as conformal vertex algebras with con-
formal vector @y

1 dimg]

Z:' +hvzy

We let 7 (g°) denote the vertex subalgebra of Vi(g) generated by x(—1)1,
x € g. Note that, given k € C, there is a uniquely determined multi-index u(k)
such that 7;(gg) is a quotient of V) (g%) hence, if u;(k) + hY{ # 0 for each j,
is a conformal vector in 7% (g°). We will say that 7 (g°) is conformally embedded
in Vi(g) if 05 = @yp.

Our aim is the study of conformal embeddings of #;(g®) in V;(g). The ba-
sis of our investigation is the following result [9, Theorem 2.1]. Let g' be the
orthocomplement of g in g.
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Theorem 1.7.1 In the above setting, ¥;(g°) is conformally embedded in Vi(g) if
and only for any x € g' we have

((!)go)ox(—l)lzx(—l)l. (1.3)

Assume that g' is completely reducible as a g°-module, and let
t
o' =P Vyp(w)
i=1

be its decomposition. Set g = 0.

Corollary 1.7.2 %;(g°) is conformally embedded in Vi(g) if and only if

s (wd ol +2p7);

Lwm ) .
foralli> 0.
Definition 1.7.3 We say that k € C is a conformal level for the embedding g° € g
if
o i/ +k#0

o ujk+k+#0forall j
° "//k(go) is conformally embedded in Vi(g)

We will refer to the condition of Corollary [I.4] as AP criterion. From chapter 3
to chapter 9, for each BSA g, we detect regular equal rank subalgebras using the
method described in [2.1| and we compute the conformal levels by using the AP
criterion.

1.8 Decomposition in the vertex algebras

Another two interesting problems concerning the embedding #;(g°) C Vi(g) are
the following:

e Simplicity problem: determine the structure of #;(g°), in particular deter-
mine when it is simple.

e Decomposition problem: describe the structure of Vi (g) as #;(g°)-module.
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Both problems can be dealt with a statement called fusion rule argument. It was
applied firstly in the Lie case in [2] and then generalized to the superlie case in
[9]. We briefly describe here this result.

Assume 98 = 0 and that g° is the set of fixed points of an automorphism & of
order s and let

be the corresponding eigenvalue decomposition. Note that 9(0) =g%and g' =
EBf;ll g(’). Since g' is assumed to be completely reducible as go—module, we have

g' = ®uVp(n) (1.5)

Theorem 1.8.1 Assume that, if v is the weight of a g°-primitive vector occurring
in g' @g! then there is a g°-primitive vector in Vi(g) of weight v if and only if
V = U for some W in . Then Vi(go) is simple and

Vi(g) = Vi(a”) o P Ly (1)
u

Here Lo (1) is the irreducible representation of Vk(g%) with Vyo(u) as top com-
ponent (Vgo( u) the irreducible representation of g® of maximal weight u).

The numerical criterion to verify the condition of the previous Theorem is
described in the following remark:

Remark 1.8.2 The hypothesis of the Theorem hold whenever for all primi-
tive vectors of weight v occurring in g' ® g', one has either v = | for some 11 in

L3 or

In Chapter [I0| we will apply this argument to find the decomposition of maximal
regular (cf def|2.1.1) equal rank subalgebras of B(m,n) (for both conformal levels
k=1and k= (3—2m+2n)/2) and g = D(m,n) (only for k = 1).



Chapter 2

Regular subalgebras

2.1 Semisimple regular Lie subalgebras

In this section, we describe the subalgebras we are interested in and we detail a
way to find them.

Definition 2.1.1 Ler g be a BSA. A subalgebra g’ of g is regular if there exists a
basis of g’ consisting of elements of some Cartan subalgebra ) and root vectors
of g relative to .

Then g’ can be written in the following form:

g =b®P ga

o
with i’ C hand A’ C A.

Definition 2.1.2 Let g be a BSA. A subalgebra g' C g is semisimple if it is the
direct sum of components which are either a BSA or simple Lie algebras.

For the whole discussion by "regular" we will mean "semisimple regular”. The
method for finding the (semisimple) regular subalgebras of a BSA is completely
analogous to the usual one for Lie algebras by means of extended Dynkin dia-
grams [15]. The main difference is that for the superalgebras case one has to
consider all the Dynkin diagrams associated to the nonequivalent simple root sys-
tems.

A first classification of the regular semi-simple subalgebras of basic BSA and
the proof of the method has been given in [31]. Therefore we will limit ourselves
to summarize the used techniques.

Given for a BSA a simple root system and the associated Dynkin diagram, we
draw the affine Dynkin diagram by adding to it a dot corresponding to the lowest

25
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root. Now, deleting arbitrarily one or more than one dot of this extended diagram,
will yield one Dynkin diagram or a set of disjoint Dynkin diagrams corresponding
to a regular subalgebra of g. Indeed, taking away one or more roots, one is left
with a set of linearly independent roots which constitute the simple root system of
a regular subalgebra of g.

Then repeating the same operation on the obtained Dynkin diagrams, that is
adding a dot associated to the lowest root of a simple part and cancelling one
arbitrary dot (or two dots in the case A(m,n)) as many times as necessary, we will
obtain in this way all the Dynkin diagrams associated with regular semisimple
BSA. One can easily notice that in order to get the maximal regular semisimple
BSA of the same rank as g, only the first step has to be achieved (which does not
mean that all the so-obtained subalgebras are maximal).

The other possible maximal regular subalgebras of g if they exist, will be
obtained by deleting one dot in the (non-extended) Dynkin diagram of g and will
be therefore of rank r — 1.

In chapters 3 to 9, we will use this method to find all possible equal rank
regular subalgebras of BSA.

2.2 Maximal semisimple subalgebras of Lie algebras

In this section we briefly recall some fact concerning semisimple subalgebras in
Lie simple algebras.

Let g be a semisimple Lie algebra: the method of finding semisimple subal-
gebras is by means of removing dots to the affine Dynkin diagram, as described
above for regular subsuperalgebras (cf. [28]], Chapter 12).

There is also a characterization of subalgebras that are maximal among semisim-
ple subalgebras in terms of the coefficients of simple roots with respect to the
maximal root. It comes from the Borel- De Siebenthal theorem, in the version for
Lie algebras (again in [28]], Chapter 12)

Theorem 2.2.1 (Borel-de Siebenthal) Let g be a simple Lie algebra and A be an

irreducible root system. Let {a, -+ ,04} C A be a fundamental system. Denote
with o be the highest root of A with respect to {a,,--- , 0y} and expand
l
o =Y cioi.
i=1

Then the subroot systems of A that generate a maximal semisimple subalgebra are
those with fundamental systems

i) {ag, -, o}~ {a}, where c; =1

i) {—op, -, 04} ~{a;}, where c; = p is a prime number
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2.3 Maximal regular subsuperalgebras

A natural question that can arise is whether a result similar to theorem [2.2.1| can
be stated When g is a BSA.

We show a partial positive answer when dealing with regular subalgebras, as
stated in the following result:

Theorem 2.3.1 Let g be a BSA and ) C g be a Cartan subalgebra. A Lie sub-
superalgebra g' C g is an equal rank maximal regular subalgebra if and only if
there exists an affine simple root system (cf@ 1= {o,...,04} in b* such
that if Zf:o cio; = 0 is the linear dependence with coprime non-negative integer

coefficients, then
g=boP g,

aeN

where A is the root system generated by T1 = T1\ {0} with c; prime and b/ C b is
generated by hy, o € IL

The proof of the Theorem [2.2.1] relies on the geometrical description of root
systems that cannot be extended to Lie superalgebras; unfortunately we cannot
offer a conceptual proof of this result.

However, we see that the statement holds by direct verification: from chapters
3 to 9 we will detect all possible equal rank regular subalgebras and we will remark
that the criterion holds.
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Chapter 3

Embeddings of Regular Subalgebras
in A(m,n)

3.1 Affine Dynkin Diagrams of A(m,n)
Let g =A(m,n) = sl(m+ 1,n+ 1), using the notation of Chapter 1 the roots are

Ap={xgte,(1<i#j<m+1)£§+5;(1<i#j<n+1)}
Ay={xg+5(1<i<m+1,1<j<n+1)},

with the relation }_ & — Y 6; = 0 The invariant bilinear form on h* is:

(8i78j)A(m.,n) = 51"
(05 6)) A(mn) = —0ij
(87 6i>A(m.,n) =0
Taking as simple system of roots
H: {81 _827 78m_£}’n7178m_61761 _627 a5n_6n+1}7

the minimum root is 8,11 — €. The corresponding affine Dynkin Diagram is

£1-82 Emlem Sm—61 B31-62 ﬁn_l—ﬁn

29
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Applying repeatedly odd reflections on the diagram we obtain, up to permutation
of & and J;, all the possible affine diagrams of A(m,n): they are in bijection with
the sequences of m € and n 8. They are of the form

(here ® can be either O or @)

3.2 Regular subalgebras

Deleting one root from the previous diagram we obtain the whole algebra A (m,n).
Then there are no maximal equal rank regular subalgebras.

We also notice that for every choice of a simple root system { ¢; };— 1...mt+n—10f
A(m,n), the maximal root is } oy, then the statement of the Theorem is
verified.

In order to find all regular subalgebras we must delete a root from the diagrams
of A(m,n). In this way the subalgebras obtained are all of the type

sl(p,q) ®slim+1—p,n+1—gq),

and they are maximal among the regular subalgebras.

3.3 Equal rank subalgebras

We can obtain equal rank subalgebras if we take a maximal regular subalgebra
and add the 1-dimensional centralizer. The result is a subalgebra of type

go:5[(p,q)@5[(m+l—p,n+1—Q)@Cw

We define € as the dual of ®.
We split the analysis of the conformal embedding of these subalgebras into
three cases:

e p#0,m+1landg#0,n+1
e 3" =sl(g)@sl(m+1,n+1—-q)oCao.
e '=go=sl(m+1)@sl(n+1)oCo
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Case p#0,m+1and g # 0,n+1

We can suppose without loss of generality, that the root systems of the subalgebras
sl(p,q) and sl(m+1—p,n+1—gq) are given by

Ag[(qu) — {:i:

(
Af;[(PJI) _ {:I:(
Af)[(m-l—l—p,n—l—l—q) _ {:l:( '
(

Asll(m-i-l—p,n—i—l—q) _ {:I:

As simple root systems we take

I(p,
'P4) = (&) — 3,6, — €3, , €p_1 — £p, €y — 81,81 — 83, , 851 — O}

[ l-pn+l—q) _
IT° (m1=p.n 9 - {8p+l - 8p+2:£p+2 - 8p+33 5 E8m = &t 1, €yl — 6q+17 T 76n - 6n+1}

The centralizer of g° is a one dimensional space Cw and we choose

(n—m+p—q)l, 0 0 0
0o 0 (P— @) mr1—p 0 0
n—m 0 0 (n—m+p—q)l
0 0 0 (P— @14

The orthogonal complement g! of is generated by g, where

a==+(g—¢) (1<i<pp+1<j<m+1l),
+(6—0;) (1<i<gqg,q+1<j<n+1),
t(e-8) (1<i<pqtl<j<ntlorp+l1<i<m+1,1<j<q),



32 Embeddings of Regular Subalgebras in A(m,n)

The maximal weights of g! wrt g° are & — §,,; and €y+1 — 01. We have to split
these weights into a linear combination of roots of the subalgebra:

1
€ — 5n+1—31—p—<281 25> n+1+”—19+61<zgl Z j)+

q i=p+1 Jj=q+1
5[(;7(]) 5[(m+1—p,n+1—q)
L (Ya-y [ Ya- ¥
+ €& —) 6| - & — 9
P=4 \i=1  j=1 Mm=n=prq\iZp g
Co
S=-dt- L (Yea-ys Lo (Y Yo
€py1 —O01 = —0] +—— € — j | tEp+1— & — i |+
P—qg\;5 j=1 m—n—p+q i=p+1 Jj=q+1
5[{(1) 5I(m+17\1:.n+17q)
L (Le-X Y ey o
- & —) o +— € — j
P—4q4\;5 =1 M=N=p+q \iZp1 g

Then

1 p q
8" =Vai(pq) (81 o (Zgi - 5]’)) ®
P=a\izn =1
1 m n
®Vs[(m+1—p,n+1—q) <—5n+1 +f ( Z & — Z 5j)> ®

l m n
®V5[(m+lfp,n+lfq) <8p+1 - < Z & — Z 5]>) 02y

1 J 1 u i
Vo | ——— S O 71 [ — — Y5
(55 (Ee-Eo) et (Lo £ 9))

= 5[(p,q)(w1)®Vs[(m+1—p,n+1—q)(a)er"*P*CI) ®V(Cw( )@
D Vei(p.g) (Optg-2) @ Vet(me1—pnt1—q) (@1) @ Veu(—E),
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where ; are the fundamental weights and € = o*.

sl(p,q)

sl(m

uk) =k

2p =% (p—q+1-20)&+YI_(g+p+1-2/)9;
o =6~ 5y (X061, 5)
@H¢2:‘6Y+ﬁq<ﬁﬂ&_zid®)

(p—q+1)(p—q—1)
P—q

(2p+(x)1,(01) =

(p—q+1)(p—q—1)
pP—q

(2[) +wp+q—27wp+q—2) =

h'=p—q

+1—p,n+1—gq)

uk) =k

20 — m+1—p . 1—92; ' n+l—gq 1—21)8..:
P—Zi:1 (P q-+ l)8p+z+2j:1 (Q+P+ ]) g+
O = Ep11 ~ g ( ip+1 €~ Lig1 5]')

Omtn—p—q = _6n+1 + m < ?1:p+l & — Z?:q+1 5])

(m—p—n+q+1)im—p—n+qg—1)
m—p—n+q

(2p+(x)1,(01) =

(m—p—n+q+1)(im—p—n+q—1)

2 Opin—pg,Onin_p_g) =
(p+ m-+n—p—q> m+npq) Mm—p—ntgq

W =m—p—n+q
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Co

°
2

i)
I
)

= 1 p _v4 ) 1 m N o/ .
. 8__p—q( i=1 €1 ):j:151) m—n—p—i—q( i=p+1E&i ):j:q+151)

The equation from the AP criterion is the same for the two components of g! and
itis

m—n (p—g+1)(p—g—1) (m—p-—ntqt1l)im—p-n+tq-1)
2k(p—q)(m—p—n+q)  2(k+p—q)(p—q)  2k+tm—n—p+qg)(m—p—n+q)
n—m
The solutionsare k=1, k= —1 and k = —
Exceptional cases
If h = —k, we cannot accept the conformal level: it happens when p — g or m —

p —n+ q equals one of the numbers 1,—1,—(n—m)/2.

Case g’ =sl(q) ®sl(m+1,n+1—¢q)®Co
We can suppose without loss of generality, that the root systems of the subalgebras
sl(q) and sl(m+ 1,n+ 1 — g) are given by

A = {£(8- ). (1<i# j<q)}
Ay = (), (1< i j<m+1),£(8-8)),(q+1 <i#j<n+1)}
AP = (e - 8). (1 <i<mg+ 1< j<n))

As simple root systems we take

@) = {8, — &,,--- 81— 8,}

sl(m+1.n+1—q) _
I1 (m " q)—{gl_827"'78m_8m+1;€m+1_5q+17"'75n_5n+1}
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The centralizer of g° is a one dimensional space C@ and we choose

1 qlm+1 ‘ 0 0
0= 0 |(m—n+q)l 0
m-—n
0 0 qInJrlfq

The orthogonal complement g! of is generated by g, where

a==+(5-6;) (1<i<qq+1<j<n+]l),
t(g—8) (1<i<m+1,1<j<gq),

The maximal weights of g! wrt g° are 8; — 8,1 and & — 0, We have to split
these weights in a linear combination of roots of the subalgebra:

p
\ .

|
p

i=1 Jj=q+
5?(;) sl(m+ ljrrt+1 —q)
LYo (Yea- ¥
9 j=1 m=n+q \i3 g
Co
> A DICED)
81—5q——q—|-— 5]—|-81—— & — 5]' +
=1 m—n+q \iZ ;g
5&:1) 5[(m+1‘,;+17q)
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Then
1 m n
(51__26>®V5[m+1n+1 q)< 5n+l+m——n+q (;t?i—j;lfsj)) &
Vi -) 6 — ; ;
M(q;] mrma(Be £,9))

1 m n
S Ve < q+Z >®Vslm+ln+1 —q) (81——m_n+q (Zgi— Y 5]‘))@
: e
RV - 5 i j
Cw( qj—le me n+q<ze J;rl >>

= Vat(g) (@1) @ Vat(ma1 n+1—g) (Omn—g) @ Vew(€) © Vei(q) (0g—1) @ Vat(ma1,n41—9) (01) @ Ve (—

where @; are the fundamental weights and € = @*.

sl(q)
o ulk)=—k
° 2p=Y7,(qg+1-2/)3;
o 51—— j= 16

w1 =—8+¥] 9

o 2p+w,m)= W
(g+1)(g—1)

(2p+(0q_],(1)q_]) = q

° h\/:q

slim+1,n+1—gq)
o uk)=k

o 20 =Yl (~ q+1—2l)e,+z"“ Ng+1-2))8,1;

_ 1 m R /) )
e W =¢& + m—ntq (Zizl & i=g+1 6])
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- 1 m . n .
L4 a)ernfq - _5n+1 + m——m—q ( i=1 & _Zj:q+] 5])

(m—n+q+1)(m—n+qg—1)
m—n-+gq

e 2p+o,m)=

(m—n+qg+1)(m—n+q—1)
m—n-+gq

i (2P + Omtn—g; wm+n—q) =
o iV =m—n+tgq

Co

°
N
e
I
o

+_ 1yv9q L 1 m ._\h .
€=,Yi 19 _mfn_+q( i=1&i ):j=q+15/)

n—m

L e e

e V=0

The equation given by the AP criterion is the same for the two components of g!
and it is

n—m (g+1)(g—1) (m—n+q+l)(m—n+q—1)_1
2kgim—n+q)  2q(—k+q) 2(k+m—n+q)(m—n+gq)
The solutions are k=1, k= —1 and k = (n—m) /2.
Exceptional cases
If h = —k, we cannot accept the conformal level: it happens when ¢ or m —n+g

equals one of the numbers 1,—1,—(n—m)/2.

Case g’ = go=sl(m+1)®sl(n+1)oCw

The root systems of the subalgebras s[(m+ 1) and sl(n+ 1) are given by

AD) — (g —g),(1<i#j<m+1)}
A — (4(5,—8)),(1<i#j<n+1)}
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As simple root systems we take
stm+1) — {e1—&, - &n—Ens1}
) = 18 — 8, , 8y — Spr }

The centralizer of g° is a one dimensional space Cw and we choose

1 ( (n+ Dlyy | 0 )

n—m 0 ‘ (m+ 1)1,

W =

The orthogonal complement g' of is generated by g, where

d=t(e-8) (1<i<m+1,1<j<n+1),

The maximal weights of g! wrt g° are &, — 8,1 and &; — &,,1;. We have to split

these weights in a linear combination of roots of the subalgebra:

J/

m+1 1 n+1 1 m+1
81_5n+1 81_—2& n+1+?251+ +128l
I(m+1) ) 5[(n+1) ’ Co
1 m+1 1 n+1 m+1
81 — Ent1 = 8m+1+—2 z+51—n—2 6j+— +1 i+mj;5j
) 5[(m+1) ) sl(n+1) " Co

Then

| 1 m+1 1 n+1
g = Vs[(m+1) € - j i ®V5[(n+l) =81+ —— n+1 Z 5]

1 m+1 1 n+1
Vi — O;
®Veo m+1 ,:Z{ n+1jzz'1 i) ®

1 mtl n+1
G9V5[(m+1) —Ent1+ j & ®V5[(n+1 o ——— Z 0;

1 mtl 1 ntl
Vi —— ) & 0j
o\ T & 5T n+1 5 Z

= Vsi(m+1)(@1) ®Vs[(n+l)(wn) ®V<Cw( ) @ Vai(mr1)(@m) @ Vsi(ni1) (01) @ Veo(

where ; are the fundamental weights and € = ®*.

)e

)°

_5)7
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sl(m+1)
o ulk)=k
o 2p =Y" 1 (m+2—2i)g

_ +1
o =€ — Y

1
° a)m:—é‘m+1+m+l Zm+ &

m(m+2)
. (2P+w1,w1)—m—+1
m(m+2)
20 + Opry ) = —
* 2p+ o 0n) =~
o hV=m+1
sl(n+1)
o ulk)=—k
e 20 = Y1 (2n+2-2/)8;
e 0 =30 n+12n+15

o W, = _5n—|—1 I n+1 Zn-i—l 5

n(n+2)
2 =
* (2p+a,m) nl
n(n+2)
i (2p+wm+n—qawm+n—q)zﬁ
o hY =n+1
Co
o uk)=k
e 2p=0
[ ] E:—m—_HZm+lgl n+l Zn+16
n—m

o (£,8)=

(m+1)(n+1)
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e V=0
The equation from the AP criterion is the same for the two components of g! and
is
n—m N m(m+2) n(n+2)
2k(m+1)(n+1)  2(m+1)(k+m+1) 2(n+1)(—k+n+1)
The solutions are k =1, k= —1 and k= (n—m)/2.

Exceptional cases

If h = —k, we cannot accept the conformal level: it happens when m -+ 1 or n + 1
equals one of the numbers —1,—(n—m)/2.

3.3.1 Conclusions
When g = sl(m+ 1,n+ 1), the subalgebras of type
o’ =sl(p,q) ®sl(m+1—pn+1—g)@Co

where @ centralize gO, have the same conformal levels: they are k = +£1 and
k=(n—m)/2.

3.4 Conformal Embeddings in ps((m,m)

When g = psl(m,m), we can repeat the same arguments used for A (m,n) removing
the 1-dimensional space C®. Then, the regular equal rank subalgebras of g are of
the form

o g’ =sl(p,q) ®sl(m—p,m—q)
e g =5l(q) Dsl(im,m,—q)
e g" =sl(m) @sl(m)
The three equations given by the AP criterion are

(p—q+1)(p—q—1) (p—q+1)(p—g—1)
2(k+p—q)(p—q) 2(k—p+q)(q—p)
(g—=D(g+1)  (¢g—1)(g+1)

=1

2q(—k+q) 2q(k+q)
(m—1)(m+1) (m—l)(m-i—l):1
2m(k+m) 2m(—k+m)

They are solved by k =1 and k = —1



Chapter 4

Embeddings of Regular Subalgebras
in B(m,n)

4.1 Affine Dynkin Diagrams of B(m,n)

Let g = B(m,n) = osp(2m+ 1 | 2n), with the notation of Chapter 1 the roots are

A(): {ie,-iej,iei(l gi;éjgm),i&iBj,iZ&(l < l%]ﬁl’l)}
Ay :{ie,-i(ij,i@]i:l,...,m,j:l,...,n}

The bilinear invariant form is:

(87 Si)B(m n) — 0
Taking the following as simple system of roots :
{616,863, —€1,€ — &, Em—1 — Em, Em},

the minimal root is —20;. The corresponding affine diagram is

C=0- - 0—®—0--0=0

-261 81-02 dp1-0, 8,81 £1-82 Sm1-Em

Applying repeatedly odd reflections on the diagram we obtain, up to the action
of the Weyl group, all the possible affine diagrams of B(m,n). The number of
different diagrams this affine diagrams are in bijection with the sequences of m €
and n 6 (then they are (”+m)) For instance, we show these diagrams for B(2,2).

41
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odee
-261 01-0z Oz-81 £1-82 €2
0ede
-261 d1-21 £1-0z Oz-22 £z
0eed
O=R—O0—R>R
261 81-21 81-82 £:2-82 B2
€00¢
-01-81 01-02 O2-g2 g2
£1-01
€0€0
-01-81 -01-82 £2-02 62
£1-01
€80
-81-82 -01t+82 01-02 o2

£1-82
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In general, for B(m,n), the possible affine diagrams are the following (here ®
can be either O or ®). The labels associated to the roots are the coefficient of the
maximal root.

e [f the number of odd simple roots is even

&

0

- OJ
ol
O

O
Ol

e [f the number of odd simple roots is odd

" OJ
o

-
©-
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4.2 Regular maximal subalgebras

If we delete one of the external left root from the previous diagrams we obtain the
Dynkin diagram of B(m,n).

Instead, deleting one internal node from one of these diagrams we obtain two
diagrams: the left one of type D(p, q) and the right one is of type B(m — p,n—q).

Eventually, if we delete the last root we obtain the diagram of the algebra
D(m,n).

The proper subalgebras obtained in this way are all maximal among regular
subalgebras because there are not strict inclusions between two of them.

Notice that Theorem [2.3.1]is verified.

4.3 Conformal embeddings of subalgebras

In this section we compute the conformal levels of the (equal rank) maximal reg-
ular subalgebras found previously. We split those subalgebras in the following
groups, and study them separately:

® D(p,q) ©B(m—p,n—q), with p#0and g # 0,n

Cy®B(m,n—q), with g # 0,n

D, ®B(m— p,n), with p # 0
e C,®B,

D(m,n)

4.3.1 Caseg’=D(p,q) ®B(m—p,n—q),withp#0and g#0,n

In order to study the conformal embeddings, we can suppose without loss of gen-
erality, that the root systems of the subalgebras D(p,q) and B(m — p,n — q) are
given by

A ={te+ej(1<i#j<p),£8+8,+25(1<i#j<q)}
AP ={+e+8;(1<i<p,1<j<q)}
A ={tete,te(p+1<i#j<m),£8+8;,+£28(q+1<i#j<n)}
AP = {+&+8;,+8;(p+1<i<mq+1<j<n)}
As simple root systems we take
P = {8, — 8,0 — 8, , 8, — €1, — &, ,Ep—1 — €p, Ep—1 + &y}

B
IT" = {6q+l _6q+2>6q+2_5q+37"' 7571 —Ep+1,Ep4+1 — Ept2, 7, Em—1 _8m7£m}
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The orthogonal complement g' of g° = D(p,q) ® B(m — p,n— q) is generated
by gq, where

a=xg+e (1<i<pp+1<j<m),
tg (1<i<p),
+6;+6;, (1<i<qg,q+1<j<n),
tg+68 (1<i<pg+l<j<norp+1<i<m1<;<gq),
+6; (1<i<gq)

The maximal weight of g! wrt g° is 8; + 8,1, then

8" =Vi0(p.g)(01) @ Vaim—pn—g)(8g1)

20 =217 ,(p—j)gi+2LL (g —i-p+1)§
° 60251
e 2p+w,0)=2p—2g—1

o V' =2p—2q-2

B(m—p,n—gq)
o ulk)=k
¢ 2p =Y (2m—2j+1)gi+ X, (2n—2m+2p—2i+1)§
© W=0,41
. 2p+,0)=2(m—p)—2n—g)

o b =2(m—p)—2(n—q)—1

The AP criterion reads

2p—2q—1 2(m—p)—2(n—gq)

2(k+2p—2q—2) 2(k—|—2(m—p)—2(n—q)—l):1

The solutions are k = 1 and k = w
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Exceptional cases

If h¥ = —k, we cannot accept the conformal level: it happens when k = 1 and
m—p=n-—q.

4.3.2 Case g =C,®B(m,n— q), with ¢ # 0,n

We can suppose without loss of generality, that the root systems of the subalgebras
C, and B(m,n — g) are given by

AC = {4848, +25(1<i# j<q)}
A ={Fete;,+e(1 <i#j<m),£5+8;,+28(q+1<i#j<n)}
A¥ = {46+65,+8;(p+1<i<mq+1<j<n)}

As simple root systems we take

HC: {51 _82762_637"' ;51,]—1 _66]72561}

B
I = {6q+1 - 6q+2a 6q+2 - 6q+3a T 7611 —Ept1,Ep+1 — Epy2,  Em—1 — Em,&‘m}

The orthogonal complement g' of g° = D(p,q) @ B(m — p,n— q) is generated
by gq, where

o=%18§+6 (1<i<qq+1<j<n),
+g+6; (1<i#j<m1<j<q),
+ 6 (1<i<q)

The maximal weight of g! wrt g° is 8; + 8,1, then

9! =V, (81) @ Vi(mn_g)(8g+1)

u(k) =—1/2k

2p=2%] (g—i+1)5

0):51

2p+w,0)=qg+1/2

hY =qg+1
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B(m,n—q)
o ulk)==k
20 =X (2m—2j+ 1)ej+ X0y (2n—2m —2i+ 1),

O = 8341

2p+w,0)=2m—2(n—q)
o i =2m—-2(n—q)—1

The AP criterion reads

qg+1/2 2m—2(n—q) _q
2(=k/2+q+1) 2(k+2m—2(n—q)—1)
The solutions are k =1 and k = w
Exceptional cases
If h¥ = —k, we cannot accept the conformal level: it happens when k = 1 and

m=n—q=.

Case g = D, ® B(m — p,n), with p #0
We can suppose, without loss of generality, that the root systems of the subalge-
bras D), and B(m — p,n) are given by

AP ={tete(1<i#j<p)

AS ={tete,+e(p+1<i#j<m),£8§+8;,+28(1 <i# j<n)}

AP ={4+6+5,+5;(p+1<i<m1<j<n)}
As simple root systems we take

P ={e &, 61— €& 1+&}

P = {8~ 8,8 — &, 61— €4 1,Ept1—Eps2s " »Em—1 — Emy Em}

The orthogonal complement g! of g° = D, ® B(m— p,n) is generated by g,
where

a=xg+te; (1<i<pp+1<j<m),
+ g (1§i§p),
:f:Si:f:Sj (1§l§p,1§]§n
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The maximal weight of g' wrt g% is &, + §;, then

gl = VDq(gl) ®VB(m—p,n)(61)

o uk)=k
o 2p =230 (p—Jg
e =&

e 2pt+w,w)=2p—1

o WV =2p—2
B(m—p,n)
o uk)=k

e 2p=3" 1 (2m—=2j+1)g;+ YL . (2n—2m+2p—2i+1)§;
o 60261
e 2p+w,0)=2(m—p)—2n

e hV=2(m—p)—2n—1

The AP criterion reads

2p—1 2(m—p)—2n _q
2(k+2p—2) 2(k+2(m—p)—2n—1)
The solutions are k = 1 and k = 3=22+21,
Exceptional cases
If K = —k, we cannot accept the conformal level: it happens when k = 1 and

m=p-+n=.
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Case g = g9 =C, DB,
The root systems of the subalgebras C,, and B,,, are given by
AC = {48+, +25(1<i#j<n)}
AP ={tete,+e(1<i#j<m)}
As simple root systems we take
€= {81 — 8,8~ 85, , 81— 6,,28,}
I8 ={e —&, - ,6n1—EmEn}
The orthogonal complement g, is generated by gq, where
a=tg+0, (1<i#j<m1<j<n),
+ 6 (1<i<n)
The maximal weight of g! wrt g° is &, + §;, then
g' =V, (81) @V, (&1)

u(k) = —1/2k
20 =2¥" (n—i+1)8

a):51

2p+w,0)=n+1/2
e WV =n+1

o ulk)=k
p=Y",2m—2j+1)g

e MW=¢&

2p+ @,0) =2m

o IV =2m—1
The AP criterion reads

n+1/2 n 2m
2(=k/24+n+1) 2(k+2m—1)

The solutions are k = 1 and k = w

=1
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Exceptional cases

If h¥ = —k, we cannot accept the conformal level: it happens when k = 1 and
m=n.

4.3.3 Case g° = D(m,n)

The root system of g° is given by

A ={+e+ei(1<i#j<m),+8+8,£285(1<i#j<n)}
AP ={+&+8; (1<i<m1<j<n)}

As simple root systems we take
HD = {51 _52752_637 75}’1_81781 — &, 8m—1— &y Em—1 +€m}
The orthogonal complement is generated by g, where

oa==+¢ (1<i<m)
+6; (1<i<n)

The maximal weight of g' wrt g° is &;, then
gl = VD(m,n)((Sl)
o uk)=k

2p =250 (m— g+ 250y (n—i—m+1)5,

(] 60261

2p+w,0)=2m—2n—1

o W =2m—-2n-2
The AP criterion reads

2m—2n—1
2(k+2m—2n-2)

=1

The solution is k = %

4.3.4 Conclusions

When g = B(m,n), every maximal regular equal rank subalgebra except D(m,n)
has the conformal levels k = LW (unless k+ hY = 0). The subalgebra

D(m,n) has only the conformal level k = 3=22-+22,



Chapter 5

Embeddings of Regular Subalgebras
in D(m,n)

Let g = D(m,n) = osp(2m | 2n), with the notation of Chapter 1 the roots are

Ag={Fgxe(1<i#j<m),£8+6;,£28(1 <i#j<n)}
Al :{isiiEJ-(l §i§m,1 S]SI’Z)}

The invariant bilinear form is:

(€1,€}) D(mn) = 6ij
(i 6;) D(myny = —6ij

(87 Si)D(m,n) =0
Taking the following as simple system of roots :
{61— 82,6, 63, —€1,8— &, €1 — Em Em—1 + Em},

the minimal root is —20;. The corresponding affine diagram is

Em1-Em

O=0--O0—@—O-

-261 61-62 0,10, 0,81 £1-82

En17€m

Applying repeatedly odd reflections on the diagram we obtain, up to the action
of the Weyl group, all the possible affine diagrams of D(m,n). For instance, we
show these diagrams for D(2,2).

51
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£1-82

a1tz

0z-€2

Oz te:z
-81-81 B2-£2
01-02
£1-01 date2
-261 O1-81 e1tez £2-02 28z

In general, for D(m,n), the possible affine diagrams are the following (here ®
can be either O or ®)

e [f the number of odd simple roots is even

1 1

2 2
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1

©-

O

e [f the number of odd simple roots is odd

©-

1

>—O

5.1 Regular equal rank subalgebras

Deleting one node from one of these diagrams we obtain equal rank regular sub-
algebras: if we choose a root at the edge of the diagram we obtain the diagram of
the whole algebra D(m,n). If we choose a root of the internal part of the diagram
we obtain two diagrams of type D(p,q) and D(m — p,n — q), where p and g are
not both equal to zero (here D(p,0) = D, and D(0,q) = C,).

Since there are not strictly inclusions between tho of these subalgebras they
are all maximal among regular subalgebras.

We split the study of the conformal levels in the following cases:

e °=D(p,q)©D(m— p,n—gq), with p # 0,m and g # 0,n
e 9" =D(p,n) ® Dy, with p # 0,m.

e g°=D(m,q) ®Cp_y, with g £ 0,n

o 0" =g0=Dn®C,
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5.1.1 Case g’ =D(p,q)®D(m— p,n—q), with p # 0,m and g #
0,n

In order to study the conformal embeddings, we can suppose without loss of gen-
erality, that the root systems of the subalgebras D(p,q) and D(m — p,n — q) are
given by

AYPD = {4648, (1<i<p,1<j<q)}
(m—p.n—q) _ {teitej(p+1<i#j<m),£8+6;,+28(q+1<i#j<n)}
Pl (e 4 8i(p+1<i<mg+1<j<n)}

Ay

D
A1

As simple root systems we take

PP = {8, - 8,,8,— &3, -- Oy —€1,61 — &, €p1 —EpyEp1 €}

D(m—pin—q) _
TP =Pn=4) = {8, — 8412, 8,42 — 8413, On — €pr1,€pi1 — Epi2s s Em1 — Ems Em—1 + €m}

The orthogonal complement g' of g° = D(p,q) @ B(m — p,n— q) is generated
by g«, where

a=tgte (1<i<pp+1<j<m),
+g+d (1<i<pg+1<j<norp+1<i<m1<j<q)

The maximal weight of g! wrt g is 8; + 8,41, then

gl = VD(p,q) (81) ® VD(m—p,n—q) (6114-1)

e 2p=2Y" (p—ie+2¥i (g—j—p+1)§;

° 6()251

2p+w,0)=2p—2g—1

hY =2p—2q—2
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o ulk)=k
°2p= _22?1:];4_1 j8i+22?:q+1(_j_p+ 1)61'
e (= 5q+]

2p+w,0)=2m—2n—2p+2q—1
o W =2m—-2n—2p+2q—2

The AP criterion reads
2p—2q—1 2m—p)—2(n—¢q)—1

=1
2(k+2p—2qg—2) 2(k+2(m—p)—2(n—q)—2)
The solutions are k =1 and k =2 —m+n.
Exceptional cases
If ¥ = —k, we cannot accept the conformal level: it happens when k =2 —m +n

and2p—2g—2or2m—2n—2p+2g—2equals —k=m—n—2.

5.1.2 Case g’ = D(p,n) ® Dy,

We can suppose without loss of generality, that the root systems of the subalgebras
D(p,n) and D,,_, are given by

APP?) — (e 4 5 (1<i<p1<j<n)}

APm-p — {teitei(p+1<i#j<m)}
As simple root systems we take
PP = (8] — 85,8 — 83, , 84— €1,€1 — €2, ,Ep1 — €p, Ep1 +Ep)
P = {€,01— €pi2, " »Em—1 — Ems Em—1 + Em}
The orthogonal complement g' of g° is generated by gq, where

a=+tgte (1<i<pp+1<j<m),
+g+6 (p+1<i<m,1<j<n)

The maximal weight of g! wrt g% is &; + €511, then

gl = VD(le) (51) ® Vanq (8p+1)
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D(p,n)
o ulk)=k
® 20 =2%7" (p—i&+2Yi_(n—j—p+1)9;
° 0)251

e 2p+w,w)=2p—2n—1

o W =2p—2n-2

Du_p
o ulk)=k
¢ 2p =27 . (m—i)
& D =¢Ept]

e 2p+w,w)=2m—2p—1
o W =2m—-2p-2

The AP criterion reads

2p—2n—1 2m—2p—1

2k+2p—2n—2) 2kt 2m—p)=2)

The solutions are k=1 and k =2 —m+n.

5.1.3 Case g’ = D(m,q) ®Cy—,
We can suppose, without loss of generality, that the root systems of the subalge-
bras D(m,q) and C,_, are given by
AP = (gt ei(1<ist j<m),+£8+8,+25(1 <i# j<q)}
AP — (g8 (1<i<m1<j<q)}
ACr=0 = {+8§+8;,+28(q+1<i# j<n)}

As simple root systems we take

HD(m’q) = {61 _62762_63v 76q_81781 — &, €1 — Emy Em—1 +8m}
chfq = {6q+l - 5q—0—27 Tt 76n—l - 5n725n}
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The orthogonal complement g' of g° is generated by g, where

a=+6+0; (1<i<qgq+l<;j<m),
:t&‘l':tSJ' (13i§m,q+1§j§n)

The maximal weight of g! wrt g% is &; + Oy4+1, then

8" =Vo(mg) (81) @ Ve, (8441)

© 2p =237 (m—i)g+2YI_(g—j—m+1)5;
e =20

e 0=20

o 2p+w,0)=2m—2g—1

o Y =2m—2g—2

o u(k)=—k/2

¢ 2p=2Y" , (n—j+1)5
o W=0,41

¢ 0=25,

e 2p+w,0)=n—q+1/2
o =n—q+1

The AP criterion reads

2m—2qg—1 2n—2q+1

1
2kt 2m—2q—2)  2(—k+2(n—q)+2)

The solutionsare k=1l and k=2 —m+n.
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Exceptional cases

If iV = —k, we cannot accept the conformal level: it happens when k =2 —m+n
and 2m—2g—2orn—q+1equals —k=m—n—2.

5.1.4 Case gO =go=D;,,®C,
Here g° = C,, ® D,,. The root systems of the subalgebras C, and B,, are given by

AC = {+8+65,+25(1<i#j<n)}
AP = {+g+e,(1<i#j<m)}

As simple root systems we take

HC: {61 _82;52_537 761’1—1 _5n725n}
n° = {81 =&, &m-1— Eny Em—1 +8m}

The orthogonal complement g is generated by gy, where

a=+g+8 (1<i#j<m1<j<n),

The maximal weight of g' wrt g° is &, + &, then

g' =V, (61) @ Vp, (1)

o u(k)=—1/2

o 2p=2%"_ (n—j+1);
e W=7

e 2p+w,0)=n+1/2

e h=n+1
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o W=g¢g
e 2p+w,m)=2m—1
o V' =2m—2

The AP criterion reads

n+1/2 N 2m—1
2(=k/24+n+1) 2(k+2m—2)

The solutions are k=1 and k=2 —m+n.

Exceptional cases

If h¥ = —k, we cannot accept the conformal level: it happens when k =2 —m+n
andn+1or2m—2equals —k=m—n—2.
5.1.5 Conclusions

When g = D(m,n),every maximal regular equal rank subalgebra has the confor-
mal levels k = 1 and k =2 —m+n (unless k+ A" = 0).
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Chapter 6

Embeddings of Regular Subalgebras
inC(n+1)

6.1 Affine Diagrams of C(n+1)

Let g=C(n+1) = 0sp(2|2n), with the notation of Chapter 1 the roots are

A():{:E6,':i:6j,:i:26i|i,j: 1,...,71}
AIZ{i€i5i|i:1,...,n},

The bilinear invariant form is:

Taking the following as simple system of roots :
{S_ 51761 - 627 7611—1 _5n725n}7

the minimum root is —€ — 0;. The corresponding affine Dynkin Diagram is the
following:

61
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Applying repeatedly odd reflections on the diagram we obtain, up to permutation
of &;, all the possible affine diagrams of C(n+1):

1 2 2 2 1
23 £+8:1 282 e 23,

1 2 2 2 2 1
23 31-82 e+3; &84 8.8 23,
1 2 2 2 1
281 8182 e+8,, &3, 23,

1 2 2 1
-261 B1-62 0y,.1-0p, 1 /eté,

&y

6.2 Equal rank regular Subalgebras

Deleting one root at a time we obtain the diagram of a equal rank subalgebra g.
If you delete a node with label equal to 1 we obtain the whole algebra C(n+1).
Instead, deleting a node with coefficient equal to 2 this operation give us a

subalgebra of the type

90 = C(l + 1) ®Cy1,

with 0 </ < n. They are all maximal among regular subalgebras because there
are no strict inclusion between two of them.
Also in this case we see that the Theorem [2.3.1]1is verified.

6.3 Conformal embedding

In order to study the conformal levels of these subalgebras, without loss of gener-
ality, we can take the subalgebra obtained form the first diagram without the root
O — 041
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-g-01 01-02 811-9;

V---@

O—+ —O<<0

61—1_61+2 ‘an-l'a'n 28y
The orthogonal complement g! is generated by
(0o | 00 =+8+8;,+e+8;,i<l,j>1}

The maximal weight with respect to the action of g° is —& + 8/,

9" = V(=8 +811) = Veurn(—8) @ Ve, ,(8141)

| u(k) | 2p | o | 2p+to0) | B |
Cl+1)| k —2¥l 1 (j—1)8; -5 1-21 21
Cot | —k |2X0212(n—1—j+ 18y | &41 | 2n=20+1)/2 | n—1+1
The equation given by the AP criterion is
-2 n—l t
20k—=21)  —k+2n—-21+2

The solutions are k =1 and k = 1 +n.
6.3.1 Exceptional cases
If hV = —k, we cannot accept the conformal level: it happens when k = 1 +n and

2l=k=1+n.
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Chapter 7

Embeddings of Regular Subalgebras
in G(3)

7.1 Affine diagrams of G(3)

Let g = G(3), with the notation of Chapter 1 the roots are
A0:{8i—8j,:|:8,',:|:25} i,j:1,2,3
A= {:i:Si:i:S,ﬂ:5}

where €; — &, £¢; are the roots of G, satisfying €| + & + &3 = 0 and £20 are the
roots of Aj in G(3)g = G2 DA;.
The bilinear invariant form is:

(&,€)G(3) = 3

(&,€))ai3) = -3 i j
2

(6,6)63) = ~3

(el'vs)G(f)) = 0

Taking the following as simple root system:
{6 +e,&,83— 8},

the minimum root is —28. The corresponding affine Dynkin Diagram is

1 O=R—0C=0

-26 o+e1 g2 £3-82
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Applying repeatedly odd reflections on the diagram we obtain, up to isomor-
phism, all the possible affine diagrams of G(3).

-0-81 0-€3 £3-62

I1

-6+e1

€1-€3 £3-0 0-g2

111

-24 0-51 £€1-83 3-8z
£1-83 £3-82 €2-0 o

7.2 Equal rank subalgebras
Deleting one root at once we obtain equal rank subalgebras. In the following

tables we will detail all possible subalgebras obtained in this way with a special
attention to the coefficient of the root deleted.

Diagram I

The relation between the roots is

—25+2(5+81)+482+2(€3 —82) =0
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Root deleted | Coefficient Diagram Subalgebra | Maximality
26 1 —C=0| 6@ -
S+e 2 O G0 4,86, Yes
& 4 O—® O | A(1,0)®4, No
&8 2 C=R—0 | pp,1:3) Yes

Diagram I1
The relation between the roots is
3(—6—€)+(—0+¢€)+4(6—&)+2(e3—&)=0

Root deleted | Coefficient Diagram Subalgebra | Maximality

—5—& 3 —R—O | 42,0 Yes
—5+¢ 1 XK= | 603) ;

5 — & 4 —® O A(1,0)@4, No
§5—8& 2 g D(2,1;3) Yes
Diagram III

The relation between the roots is

(81 - 83) +2(—d+83) —|—2(5 - 82) +36 =0

Root deleted | Coefficient Diagram Subalgebra | Maximality
£ —& 1 2 G(3) -
£ — 8 2 O &=0O | B(1,1) @A Yes
0—& 2 =0 D(2,1;3) Yes
& 3 O—&— | 42,0 Yes
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Diagram IV

The relation between the roots is

3(—28)+6(0—¢))+4(e1—€&)+2(e5—&)=0

Root deleted | Coefficient Diagram Subalgebra | Maximality
—26 3 —0O—0O | 42,0 Yes
5—g 6 O O—L0O| a4 No
£ — & 4 O—® O aA1,004 No
& — & 2 O=R=0 | pp,1:3) Yes
Diagram V
The relation between the roots is
(e1—8)+2(e3—&)+3(eg—8)+36=0
Root deleted | Coefficient Diagram Subalgebra | Maximality
&1 —& 1 C:Eg_. G(3) -
& —& 2 O ®—. B(1,1)® A Yes
&—90 3 oO—0O @ Ay ®B(0,1) Yes
5 3 O—0O—=®| 420 Yes

e A subalgebra of the form A(1,0) & A; is contained in one B(1,1) B A;

e A subalgebra of the form A, & A; is contained in one B(0,1) G A,

7.3 Conformal Embeddings

For every subalgebra obtained, up to isomorphism, we search the conformal levels
of the embedding in G(3).
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731 ¢’ =A4,® G, (Diagram I)

O =0

-20 €2 £3-€2

The bilinear form of G(3) restrict to the normalized form of G», while

The subalgebra the even part of G(3), then the orthogonal complement is g;, gen-
erated by {gq | @ = £¢& £ 5,£8}. The highest weight wrt g° is —8 — ;. Then

gl = Vgo(—5 —&)= VAI(_‘S) ®VGz(_81)

In the following table we list the data to compute the levels of the conformal
embeddings.

| u(k) | 2p | o | 2p+o0,0) |1
Ay | —3/4k —-26 ) 3/2 2
Gy k &+3e—3¢ | —¢& 4 4
The AP criterion reads
3/2 4

=1

2(3/4+2) T 20k+4)

Its solutions are k = 1 and k = —4/3.

732 g’ =A(1,0)®A; (Diagram I)

O—

-28 o+e1 £3-£2
The bilinear form of G(3) restrict to the normalized form of A, while

()a(1.0) 3

()6 4°
The orthogonal complement g! is generated by

{go|a=40+&,+0+e,+(e1 —&),£(e — &)}
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In the following diagrams we describe the action of g” to g!; A| acts by horizontal
arrows and A(1,0) acts by vertical arrows.

—& — —&3 E—& <«— & —8& &1
T T T T T
—0+& +— —-0+& —0—&8 +— —-0—-& -0
T T T T T
0+& <+ O0+& 0—&6 <+ 6—& o
T T T T T
—&+8& — —&+& & — & —€

Then
gl :Vgo(—&‘z) é Vgo (e1—&)® Vgo (e1)
=Va(1,0)(1/4(=26) +1/2(6 + &1)) @ Va, (1/2(&3 — &))
Va.0)(3/4(=28) +3/2(6 + 1)) @ Va, (1/2(&3 — &2))
VA(170)(1/2(—25) +d6+¢),

In the following tables we list the data to compute the levels of the conformal
embeddings.

e For Vyo(—&) we have

| uk) | 2p | o | 2p+0,0) | 1Y
A(1,0) | =3/4k | —2&; —26 1/2¢; 3/8 1
A k &3 —3& 1/2(83 —82) 3/2 2

e For Vgo(el — &) we have

| uk) | 2p | ) | 2p+o,0) | k'
A(1,0) | =3/4k | —2¢,—286 | 3/2¢ 3/8 1
Al k & — 382 1/2(83 — 82) 3/2 2

e For Vyo(—¢€;) we have

| uk) | 20 |o|(@2ptow)|h
A(1,0) | =3/4k | —2e1 =26 | & | 1/2 |1

Then the conformal level k must satisfies
3/8 3/2

234+ 1) 2(k+2)
1/2

2(—3/4k+1)

The solution is £k = 1.
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7.3.3 ¢g°=D(2,1;3) (Diagram I)
-26 é+es g2

We take as form of D(2,1;3) the restriction of (-, -)G(3)- (It turns out that every
choice for the bilinear form brings at the same result, due to &¥ = 0). The orthog-
onal complement is generated by

{go | @ =*e), L83, £(e1 — &), L(ep—&3), L0+ &,£0 + €}

As gY-module, g! has only one maximal root: & — €.

| u(k) | 2p | o |(2p+tow)|hn
D2,1;3) | k |&—e+&—-26|8—e| 2 |0
The AP criterion reads 5
%"

then k = 1.

7.3.4 ¢ =A(2,0) (Diagram II)

X——0O

-8+e1 0-ga £3-82

The bilinear form of G(3) restricts to the normalized form of A(2,0).
The orthogonal complement g' is generated by

{ga | @ =£6,£25, L€, £(6+ &)}

The maximal weight in g' wrt g° are £/ and § + ¢
g' = Va2,0)(€1) ®Var,0)(6 +&1).
| u(k) | 2p | o |(2p+o0)|n

A(Z,O) k & —&+&—0 & 4/3 2
A(Z,O) k g —&+&—0|6+¢g 4/3 2
The AP criterion reads
4/3 1
2(k+2)

solved by k = —4/3
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7.3.5 g"=A; @A, (Diagram IV)

O OO0

-20 £1-€3 £3-€2

The bilinear form of G(3) restricts to the normalized form of A, and

The orthogonal complement is generated by
{ga | 0 =+tg,+€;+06,£0}

The action of g° on g! is described by the following diagrams:

& &

S0 €1
—& —&3 —&
—0+€ — -0+ — —-0+8& —0—& — —0—&«— —0—¢g

O+te «— 0+ —0+8& 0—&g— 86— —0—¢

Then the action splits as
8" = Vi, (=8) B Vi, (&1) B Viay (—€2) © Vi, (—8) @ Vi, (1) © Vi, (—8) @V, (—&2)

L uk) | 2p | o |2p+to,0) R
Ay | =3/4k -20 ) 3/2 2
Ao k 2e1 —2& €l 8/3 3
A> k 26126 | —& 8/3 3

Then the conformal level k£ must satisfies
( 3/2 B
2(—3/4k+2)
8/3
2k+3)
3/2 n 8/3 1
(2(—3/4k+2) 2(k+3)

But there are not solutions.
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7.3.6 g°=A,®B(1,1) (Diagram V)

O K@

£1-83 £2-0 o

The bilinear form restricts to the invariant form of A; and

()B(1,1) _E
('v')G3 2

The orthogonal complement is generated by

{ga ‘ o==+¢g,+&,+& =+ 6,:|:83 + 5,:E(82 — 83),ﬂ:(81 — 83)}
The only maximal weight of g wrt g° is & — &3 Then

9' = Vyo(e2—&3) = Va, (1/2(e1 — £3)) @ Vg(11)(3/2(€2 — §) +3/29)

| uk) | 2p | ) | 2p+0,0) | kY
A k &1 — & 1/2(81—83) 3/2 2
B(1,1) |32k | 6—& | 3/2& 3/4 -1

The AP criterion reads

3 3/4
Hk+2) T2(3/2k—1)

=1
Solved by k =1 and k = —4/3

7.3.7 ¢°=A4,®B(0,1) (Diagram V)

O—0O @

£1-83 £3-82 o

The bilinear form restricts to the invariant form of A, and

(*s*)B(0,1)
('7')G3

The orthogonal complement is generated by

2
3

{00 | @ = +&;,+&+ 6}
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The two maximal weight of g' wrt g° are £; + & and —&, + &, then

o' = V(e +8) BVp(—& +8)
=V, (€1) ®Vp(0,1)(6) & Va, (—€2) ® Vp(0,1)(6)

luk) | 2p | o | (2p+0,0)]| "'
Ay k 21 —26& &1 8/3 3
A> k 261 —2&6 | —& 8/3 3
B(0,1) | 3/2k 0 0 -2 -3
The AP criterion reads
4 2 !
3(k+3) 3k—6
The solutions are k = 1 and k = —4/3.
7.3.8 Conclusions
We summarize the results in the following table
Subalgebra | Conformal levels | Maximality
A1 B Gy 1,—4/3 Yes
A(1,0) A, 1 No
D(2,1;3) 1 Yes
A(2,0) —4/3 Yes
A1 DA None No
A1 ®B(1,1) 1,—4/3 Yes
A, ®B(0,1) 1,—4/3 Yes




Chapter 8

Embeddings of Regular Subalgebras
in F(4)

8.1 Affine diagrams of F'(4)

Let g = F(4), with the notation of Chapter 1 the roots are

A():{:I:Si,:I:S,:I:Si:I:Sj} i#+j=1,2,3
Ay ={1/2(£6te +t&,te)}

The bilinear invariant form is:

(€1,€j)F(4) = Gij
(6,6)F@)=-3
(6,€)r4)=0

Taking the following as simple root system:
{1/2(6 —&1 — &2~ &),8,6 — &,6 — &},
the minimum root is —&. The corresponding affine Dynkin Diagram is
-0 1/2(8-g1-£2-23) £ £2-83 £1-82

Applying repeatedly odd reflections on the diagram we obtain, up to isomorphism
all the possible affine diagrams of F'(4):
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1/2(8-g1-82t83)

1/2(-6+e1teztes)

II £2-83 &1-82

1/2(-8-81-82-23)

m OSRO—0——:C0

-6  1/2(d+erteztes) -si-g2 £2-83 £1-82

3

IV

£1-82 1.’2(6—21—22—83) 1.‘"2(6—51—22—33) -81-82

8.2 Equal rank subalgebras

Deleting one root at once we obtain equal rank subalgebras. In the following
tables we will detail all possible subalgebras obtained in this way with a special
attention to the coefficient of the root deleted.

Diagram I

The relation between the roots is
—0+4+2(1/2(0—e1——&))+3e3+2(e2—€&)+e —&=0

Root deleted Coefficient Diagram Subalgebra | Maximality

5 1 X—O=<O—0O F(4) -

1/2(5—81—82—83) 2 O OZ:O—O A1 ®B3 Yes
& 3 O— O——0O| 41,004 Yes
& — & 2 O=R—0O O|bpe,1;:2) a4, Yes

& —& 1 @==en@ra@) F(4) -
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Diagram I

The relation between the roots is

2(1/2(—6—|—81+82—|—83))+1/2(—5—81 —82—83)—|—3(1/2(5—81—82+83))+2(82—83)+81 —&=0

Root deleted Coefficient Diagram Subalgebra | Maximality
1/2(—6 + €& + & +&3) 2 ——0O——CO| 43,0 Yes
1/2(~8 — & — & — &) 1 —=O0—0 F(4) .
1/2(5—81—82+83) 3 ®_® O_O A(I,O)@AQ Yes
v O
& —& 2 D(2,1;2) DA Yes
£ —& 1 g F(4) -
Diagram III
The relation between the roots is
2(—5) +4(1/2(5 + & + &+ 83)) —+ 3(—81 — 82) —+ 2(82 — 83) +&—-—6=0
Root deleted Coefficient Diagram Subalgebra | Maximality
-5 2 R—O—C0O——C0O| 43,0 Yes
1/2(5+81+82+83) 4 O O—O—O Al BA; No
—& — & 3 O_® O_O A(I,O)@Az Yes
& — & 2 CO=R=0O O| b, 1;2) a4, Yes
E1— & 1 CE@ZiO—O F(4) -
Diagram IV

The relation between the roots is

e —&+2(1/2(0—¢e1+&—¢&))+2e3+2(1/2(-0+e+&—¢&))+(—€1—&)=0
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Root deleted Diagram Subalgebra Maximality

& —& 1 &Z:O F(4) -

O O—&0 | b2 1;2)@A | Yes
O—&—RKR——CO A(3,0) Yes
1/2(—5+£1+82—83) C}:Z®—O O D(2,1,2>@A1 Yes

—£—& 1 O:Z& F(4) -

e A subalgebra of the form A; & A3 is contained in one A| & B3.

1/2(6—81+82—83)

&

NN

8.3 Conformal Embeddings

For every subalgebra obtained, up to isomorphism, we search the conformal levels
of the embedding in F(4).

8.3.1 ¢°=A,®B; (Diagram I)

Q

The bilinear form of F(4) restrict to the normalized form of B3, while
('7 ')Al _ 2

€3 £2-83 £1-82

(o )r@y 3
The subalgebra is the even part of F(4), then the orthogonal complement is gj,
generated by {gy | o« = 1/2(8 £ & & +&)}. The highest weight wrt g° is
1/2(—5 + &+ &+ 83). Then

' =Vp(1/2(=8 + &1 +er+&)) = Vi, (=8/2) @ Vi, (1/2(e1 + &2 + &)

In the following table we list the data to compute the levels of the conformal
embeddings.

| u(k) | 2p | 10 | 6 | (2pto0)|hn
A [ =23k =5 ~5/2 =5 32 | 2
B3 k 5€1+3&6 + &3 1/2(£1+82+83) & +8& 21/4 5
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The AP criterion reads

3/2 21/4
2(—2/3k+2) | 2(k+5)

Its solutions are k = 1 and k = —3/2.

832 ¢%=A(1,0)®A, (Diagram I)

O— O——0O

-0 1/2(8-81-82-83)  £2-ga £1-82
The bilinear form of F(4) restrict to the normalized form of A,, while

(s)aq1,0 2

() F @) 3
The orthogonal complement g! is generated by
{ga | @ ==¢€,x(g+¢€j), £1/2(6 e e t83), a0 # £1/2(£0+ €1+ &+ &)}
The maximal weight wrt g° are —e3 and —&; — &3, then

gl = Vgo(—83) @Vgo(—ez — &)
=Vau0)(=1/3(&1 + &2+ &)) @Va, (1/3(& + & —2€))®
DVu1,0)(=2/3(e1+ &2+ &)) @Va, (1/3(261 — & — &)).

In the following tables we list the data to compute the levels of the conformal
embeddings.

u(k) 2p ® 2p+o,0) | hY

A(I,O) —2/3k —O+e+e+¢8 —(81+82—|—83)/3 4/9 1
A(1,0) | =2/3k | =0+ +e+& | —2/3(e+&+&) 4/9 1
A> k 2e1 —2& 1/3(81+82—283) 8/3 3
Ao> k 2€1 —2¢& 1/3(281 —82—83) 8/3 3

The AP criterion reads

49 . 8/3

223k ) 2k+3)

Its solution are k = 1 and k = —3/2.
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8.3.3 g’=D(2,1;2) ®A; (Diagram I)

=—C0 O

-8 1/2(6-g1-£2-23) 3 £1-82

We take as form of D(2,1;2) the restriction of (-,-)g3). (It turns out that every
choice for the bilinear form brings at the same result, due to hY = 0).The bilinear
form of F(4) restrict to the normalized form of A;. The orthogonal complement
is generated by

{ga | o = 1/2(:|:5:|:€3 :E(82—81>),:i:81,:|:82:i:81 :|:€3,:|:82:|:83}
As g-module, g! has only one maximal root: —&, + &3:

g' =Vyp(&r— &) =Vppi2)(&— 1/2(e2+&)) @ V4, (1/2(e1 — £2))

| u(k) | 2p | %) | 6 | (2pto0) R
D(2,1;2) k —0+€&+e+8& 83—1/2(82+83) —& — & 3/2 0
Ay k g —& (e1—8)/2 & —& 3/2 2

The AP criterion reads
3 3/2

=1
T 2kt2)

solved by k =1 and k = —3/2.

8.34 g’ =A(3,0) (Diagram II)

X——0O—0O

1/2(-8-g1-g2-23) 1/2(8-£1-g2+23) £-83 £1-82

The bilinear form of G(3) restricts to the normalized form of A(2,0).
The orthogonal complement g' is generated by

{go | ==%8,+€,£1/2(-5+e+e+¢&),£1/2(6 — e+ &+ &),
:|:1/2(5—|—81 —82+83),:l:1/2(5+81 —|—82—83)}

The maximal weight of g' wrt g% is 1/2(8 —&; — & — &)

0! =Va0)(1/2(8 —&1 — &, — £3)).
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| u(k) | 2p | %) | 2p+o0,0) | Y
ABB0) | k | -6—e+e—3e|1/2(6—& —&—&3) | 3 E
Then the conformal level kK must satisfies
3 =1
2(k+3)

Then k = —3/2

8.3.5 g’ =A,®A; (Diagram III)

O 0—0—0

-81-82 &2-83 &1-82

The bilinear form of G(3) restricts to the normalized form of Az and

('7 ')Al o _z

() F(a) 3
The orthogonal complement is generated by
{ga | @ =1/2(£0+¢e L& L&), L}

The maximal weights of g! wrt g° are —&3,1/2(—8 +¢& —& —&3) and 1/2(—8 —
€] — & — €3). Then the action splits as

gl :VA3(—83)@VA1(—5/2)®VA3(1/2(81 —82—83))@VA1(—5/2)®VA2(1/2(—81 —82—83))

u(k) 2p ® (2p+w,0) | hY
Ay | —2/3k -0 —0/2 3/2 2
Aj k —2& —4¢&3 —&3 5 4
Aj k —282—483 1/2(81 —82—83) 15/4 4
Aj k —2g —4e3 | —1/2(e1 + &+ &) 15/4 4

Then the conformal level k must satisfies

> =1

2(k+4)
15/4 3/2

2k+d) 2kt !

The solution is k = —3/2.
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8.3.6 Conclusions

We summarize the results in the following table:

Subalgebra | Conformal levels | Maximality
Al@Bg, 1,—3/2 Yes
A(1,0) DA, 1,-3/2 Yes
D(2,1;3) DA 1,-3/2 Yes
A(3,0) -3/2 Yes
Al BA; —3/2 No




Chapter 9

Embeddings of Regular Subalgebras
inD(2,1; )

9.1 Affine Dynkin Diagrams of D(2,1; «)

Let g = D(2,1; @), using the notation of Chapter 1 the roots are
Ay = {:|:2€i(i: I--- ,3}
A= {:I:Sl +e+ 83}

The invariant bilinear form on D(2,1; @) is

Taking as simple system of roots
I1= {282,81 —& — 83,283},
the minimum root is —2¢;. The corresponding affine Dynkin Diagram is

2ez £1-82-€3 2ea
588

|1+a]

-2g1

83
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There is, up to isomorphism, only one other affine diagram, obtained by applying
the odd reflection w.r.t. the simple odd root £ — & — &3.

-g1teztes g1-g2t&a
d

|1+a]
-£1-82-83 21+e:2-8a

9.2 Regular Maximal subalgebras

Deleting the central root from the first diagram we obtain the even algebra s[(2) &
s[(2) @ sl(2). Deleting one of the other three root give us the whole algebra
D(2,1,a).
In the second diagram, if we delete one root it remains the diagram of D(2, 1; at).
The conclusion is that there is only one equal rank regular maximal subalge-
bra, that is the even algebra g.

9.3 Conformal levels of gy C g;

The orthogonal complement of gg is g;. Taking the order such that & > 0 for all
i, the maximal & € g; is € + & + &3, then

g1 =Vg (&1 +8+8) =V (0) WV (0)dV; (),
where Vi(®) = Vy2)(&)-

We compute the ratios between the invariant form of D(2,1; @) and the three
sl(2):

€1, €
ui (k) = Mk ___k
(&1,€1)p2,1:0) l+a
&, €
(k) = (&2,€2)s1(2) 1t

(&2,8)p(2,1:0)

£€,€
ui (k) = —( L€Dsi(2) k= k
(83783)D(2,1;a) o
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Furthermore,

The the equation for the conformal levels is

3/2 3/2 3/2
Nk(+a)+2)  20k+2)  2(kja+2)

The solutions are k = 1,k= —1— o and k = .

Exceptional cases

We have to exclude those levels that satisfy k = —h. When o = 1 (which is the
same as o¢ = —2) the only conformal level is k = 1.
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Chapter 10

Decomposition in the Vertex
Algebras

In this Chapter, we will apply the fusion rule argument (I.8.I)) to compute the
decomposition of Vi (g) as (V)x(g°) when g is of type B(m,n) and k is a conformal
level and when g is of type D(m,n) and k = 1 (for the other conformal level
k =2 —m++ 2 the criterion is not satisfied).

To apply such criterion, we need to define an automorphism of finite order &
such that its space of fixed points is g°. A suitable o is the involution that acts as
(—1)iidong’,i=0,1.

10.1 Decomposition for g = B(m,n)

In order to apply Theorem we need to find a decomposition of g! @ g! as
g%-module.

For both Lie algebras of type B and D, it is known that the following equality
holds:

V(o) @V(w) =V(2o) BV (o +a)®V(0)

For the algebras osp(m,2n), we have a completely analogous statement from Mos-
eneder that we report in the following.

Let g = osp(m,2n) and, using the usual notation, we take as simple root system
the ordered sets:

(61 —52,...,5,,,1—3n,5n—£1,81—82,...,8m,1—8m,8m) if m is odd
(861 —02,...,00—1— 01,00 —€1,€1 — €2, .., Em—1 — Emy Emy + Emt1) if miseven
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Proposition 10.1.1 With the setup described above, let V the irreducible repre-
sentation of g = osp(m,2n) of maximal weight 6;. Then V @V decomposes as

i) V(261)®V(01+6)dV(0) if n > 2 and m # 2. If m=2n, V(0) occurs
with multiplicity 2.

28) BV (8)@V(0)ifn=m=1
28)@V(5+e)oV(0)ifn=1andm>?2
26))@V(01+6)®V(0)ifn>2and m=2.
26)@V(6+e)dV(6—¢e)®2V(0)ifn=1and m=2

Proof:

i) If v is a primitive vector in V ®V/, then, clearly, it is a singular vector for gg.

Since V =C" @ C?" as gg-module, one can compute easily the decomposi-
tion of V. ®V as gg-module. The outcome is that V(0) occurs with multi-
plicity 2 while, letting HW be the set of nonzero highest weights occurring
in the decomposition,

{261,061 + 6,61} ifm=1
HW — {2€1,€,261,01 + 02,€ + 01 } ifm=3
{2e1,e1+ 8,61 —€,28,,61 + 6,61+ 6} ifm=4
{281,81—|—82,25],61+52,81+51} ifm>5

By Proposition 2.3 of [18], only 26;,8; + &, and &; are dominant weights
for g. Since Vy;(261) and V(81 + 82) both occur with multiplicity 1 in
V®V,V(20) and V(8 + 6;) occur with multiplicity at most 1 in V®V.
Clearly V(26;) occurs in V ®V. Since 26; is the highest root, V(24 ) is the
adjoint representation, so, as gg-module

Vy (281) Vo (81) itm—1
V(28,) = V96(251)@V96(81)EBV%(81—|—51) ifm=3
V%(Z&) &, Vga(gl + 82) e, Vga(gl — 82) @D Vga(é'] + 5]) ifm=4
Vs (261) ©Vy, (81 + &) © Vg (€1 + 61) ifm>5

Since 8 + &, > &y, it follows that V(8; + &) does occur with multiplicity
1. If m = 1, we can compute the dimension of V(& + &,) using formula
(2.4) of [18]. It turns out that dimV (8 + &) = 2n? +n so dimV (28;) +
dimV (8; + &) = 4n> +4n = (2n+1)> — 1. This gives the statement in this
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case. If m > 1, it remains only to check the multiplicity of V(0). Since the
multiplicity of Vy(0) is 2, the multiplicity of V(0) is at most 2. Note that
V = V* as g-module, so V®V = gl(m,2n) and g acts trivially on CId. It
follows that V (0) occurs with multiplicity at least 1.

Let us assume m # 2n first. The supertrace defines a nondegenerate in-
variant form on gl(m,2n). Since the form is nondegenerate on CId & g we
have gl(m,2n) = Cld @ g U. Since V is irreducible, by Schur’s lemma,
dimHomg(V,V) =1, so V(0) cannot be in the socle of U. It follows that
V(8 4+ &) C U and dimU /V(8; + &;) < 1. If the form is degenerate on
V(8 + &), then V(3 + &,) is isotropic and, since dimV (8 + &) > 1, this
contradicts the fact the form is nondegenerate on U and dimU /V (81 + ;) <
1. It follows that the form is nondegenerate on V(6; 4 ;). Then, by Schur’s
lemma again, V(8 + &) UU cannot be one-dimensional so V(8 + &) =
U. The case m = 2n is easier, since, as sl(m.2n)-module, the trivial repre-
sentation occurs in gl(m,2n)/(CId) so V(0) has multiplicity 2.

We argue as in the proof of i) to deduce that V{;;(0) occurs with multiplicity
2 while

{261,061} ifm=1
- ) 128,828, 8+ 81} if m=3
{2e1,€1+&,61 —,26,,6+ 8} ifm=4
{2€1,€ +&,201,& + 61} ifm>5

By Proposition 2.3 of [18], only 20;, &; + €], and §; are dominant weights
for g. Clearly V/(26;) occurs in V @V with multiplicity 1 since Vg (20;) oc-
curs with multiplicity 1. Since 20 is the highest root, V(29 ) is the adjoint
representation, so, as gg-module,

Vs (261) © Vg, (1) itm=1
V(25)) = Vs (261) © Vg, (€1) ® V(&1 + 1) %fm: 3
Vga(251) D V%(el +&8)P V%(sl —8)® V%(sl +01) ifm=4
Vis(261) © Vs (€1 + &2) © V(€1 + 61) ifm>5

Since V%(‘Sl + €1) occurs with multiplicity 2, V(8; + €;) occurs with mul-
tiplicity 1. Likewise, if m = 1, V() occurs with multiplicity 1. To check
the multiplicity of V(0) we argue as in the proof of 7).

We argue as in the proof of i) to deduce that Vga(O) occurs with multiplicity
2 while

HW = {2817_2817261751 +527£l +617_81 +6l}
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V)

Clearly V(20;) occurs in V ®V with multiplicity 1. Also, by Schur’s Lemma,
V(0) occurs with multiplicity at least 1. Since 29; is the highest root,
V(26;) decomposes as Vy:(281) @ Vy;(0) © Vs (61 + €1) © Vs (81 —e1). Tt
follows that V(8; + &) must occur in the composition series of V @V
. If n =2, we compute dimV (8, + &) using (2.4) of [18], which gives
dimV (8; + &) = 16. Since dimV (28;) = 19 the claim follows in this case.
For n > 2, then V(0; + &) is tame of atypicality 1, that is the following
character formula holds:

o1 +8+p

_ ,—Ppp-1
chV(6;+8)=e PR Ze(w)wl_ye*&q%l’

wew

(see Proposition 3.2 of [27]; notation as in loc. cit.). From this formula it
follows that dimV (8; + &) = 2n? 4+ 3n+ 2, hence dimV (28 ) +dim V (8; +
&) = 4n* 4 8n+3 = (2n+2)? — 1; the result follows.

We argue as in the proof of i) to deduce that V- (0) occurs with multiplicity
2 while

HW = {2¢&,—2€1,20,,€1+61,—€ + 61 }.

Clearly V(26;) occurs in V ® V with multiplicity 1. Since 28 is the highest
root, V(28 ) decomposes as Vg (261) © Vg, (0) & Vg (61 + €1) @ Vg (61 — €1).
Since Vg (61 + €1) occur with multiplicity 2, V(8; & €;) must occur in the
composition series of V ® V. The modules V (8; & €;) are tame of atypicality
1, that is the following character formula holds:

e&iel +p

— PRIl _—
ChV(51:|:81) =e R Z g(W)W1+e_51:Fgl’

wew

(see Proposition 3.2 of [27]; notation as in loc. cit.). In particular dimV (8 +
€1) =3, hence dimV(28;) +dimV (8, + &) +dimV (0, — &) =8+3+3 =
4% —2. Since the trivial representation occurs with multiplicity 2 in the
composition series of gl(2,2) seen as a s/(2,2)-module, V(0) occurs with
multiplicity 2 in V ® V. The result follows.

Thanks to this Proposition we can test the condition of Theorem [I.8.1] We will
see that for the algebra B(m,n) that condition holds for both the conformal levels,
so we can write a decomposition of Vi(B(m,n)).

In the following, we analyze the condition for each subalgebra of B(m,n)
found in Chapter 4] and we will use the same notation and the same choices of
simple root systems.
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10.1.1 g% =D(p,q) ©B(m—p,n—q)
In Chapter 4], we obtained

gl = VD(p.,q) (61) ® VB(mfp,nfq) (6q+1)-

Thanks to the Proposition we have an explicit decomposition of g' ® g!.
In what follows, for this subalgebra and the others, we will show the computa-
tions when the two components of g° are either even or satisfy the condition i) of
Proposition [[0.1.1] The other cases give exactly the same results.

The decomposition is

gl @y = (Vb(p.g)(281) ©Vp(p,g) (81 + 82) © V() (0)) ®
® (VB(m—p.,n—q) (26q+1> D VB(m—p,n—q) (5114-1 + 5(]—0—2) D VB(m—p,n—q) (0))

In the following table we summarize the data needed to test the conditions of The-

orem [L.8.11

subalgebra weight k %

D(p,q) 26 ! %

D(p,q) o1+ 62 1 %
Bm—p,n—q) | 204+ I 2n;n—1 Enzzing EPZ; :
B(m—p,n—q) | 811+ 8442 I 2’;—1 Enz;r qu; ipzz :
D(p.q) 28 | (B=2m+2n)/2 4q_f,f ﬁi;_zﬂ
D(p,q) S+ 6 (3—2m+2n)/2 4q_4p4j_;ipzm_2n
Bm—pn—g)| 2y | (2w | S
B(m—p,n—q) | 811+ 8442 | 3—2m+2n)/2 ;Z:;Zirjz:rjzj:?
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For each choice of a weight of D(p, q) and B(m— p,n— q) we test the criterion:

k=1
2p+w,0) (2p+0,0)

’ pn } Li~p?
(pq) | B(m—p,n—q) 20u(k) + 1Y) " 2(u(k) + 1Y) € Zo
" ’ 0 no

2m—2n+2q—2p—1
0 28
2m—2n+2¢—2p+1
0 ) )
g+1 1 Og42 2m—2n—2p+2q no
29 —2p+2
20 0 29=2p+2 -
29 —2p+1
1 1
20 28 B
1 q+1 +2(]—2p+1 2m—2n+2q—2p no
1 1
26 ) S
1 g+1 1 O0g+2 +2(]—2P+1+2m—2n+2q no

) 0 2q-2p

s 2q—2p+1 no
1 1

o 29, 9 _ _

1+62 q+1 2q—2p+1 2m_2n+2q_2p no
! 1

o ) 0 2
1+ 6 g+1 1 Og+2 2Q+1+2m—2n+2q no

k=(3—-2m+2n)/2

Dip.g) | Bm—pin—q) | 22F2:0) | Rprow) |,

| | 2(u(k) +hv)  2(u(k)+hV) >0
" 0 0 no
dm—4n+49g—4p -2
" 2 /odd
! 2m—2n+4g—4p+1 no (even/odd)
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dm—4n+4qg—4p+2
0 0 0
41+ 02 2m—2n—4p+4qg+1 1o
4g—4p+4
26, 0 q—ap no
2m—2n+4q—4p+1
dm—4n+8g—8p+2
26 26,
: g+l 2m—2n—4p+4qg+1 no
dm—4n++8q—8p+6
e B T vorvrwr no
4q —4p
0 0
1o 2m—2n—4p+4g+1 "
4m—4n+8q—8p—2
0140 20+1 2m—2n—4ptaqtl no
dm—4n+8q—8p+2
O1+6 | Oy41+ 0442 o on—dp g 1 no

10.1.2 ¢°=C,®B(m,n—q)

In Chapter 4, we obtained
8" =V, (81) @ Viimn—gq)(8g41)-
The decomposition of g' @ g' is
o' @g' = (Ve,(28) ® Ve, (81 + &) @ Ve, (0)) @

@ (Vemn—q)(284+1) ® Vamn—q) (8g11+ 8412) + Vamn—q)(0)) -

In the following table we summarize the data needed to test the conditions of
Theorem
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subalgebra weight k %

c, 28, 1 %{%

Cq 61+ 6 1 %

c, 2| G2t m)2| g fj’:;; e

c, S+8 | 3—2m+2n)/2 4q+1j‘fzm_2n
Bmon—q) | 28,1 @am+%yszjr;T;
B(m,n—q) | 041+ 6442 | (3—2m+2n)/2 j’:—:fi—;:;qj—;

For each choice of a weight of C, and B(m,n — q) we test the criterion:

k=1
2p+0,0) (2p+w,0)
C, | B(mn— € 7-0?
¢ | Blmn=a) | ) T 2+ h) | € 0
0 0 0 no
2m—2n+2qg—1
0 20,
AR 2m—2n+2q 1o
2m—2n+2q+1
0 0 0
g+1 T Og+2 2m—2n+2q no
2q+2
26 0 “4+= no
2g+1
20 20, 2+ ! ! no
: g+ 2q+1 2m—2n+2q
1 1
28 1) 1) 2
1 g+1 1 Og+2 +2q—|—1+2m—2n—|—2q no
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2q
o 0 —
1+ 6 11 no
546 | 26 po ! :
— — no
! g+l 2q+1 2m—2n+2q
1 1
o 0, 0, 2—
1402 | Og41+ 012 2q+1 Tom—ony2g | "
k= (3—-2m+2n)/2
2p+w,0) (2p+o0,0)
C, | B(mn— € Z-o?
a Umsn =) | S+ %) 20ut) £ 1) >0
0 0 no
4dn—4m—4q+2
0 28,
a1 4g+1+2m—2n 1o
4n—4m—4q—2
0 | &41+6
g1+ Og+2 4g+1+2m—2n 1o
4q+4
26 0
! 4g+1+2m—2n 1o
4n—4m+6
20 20,
! 41 dg+1+2m—2n 1o
4n—4m+-2
20 0, 0,
| %+t %2 dg+1+2m—2n 1o
4q
o 0
1+ dg+1+2m—2n 1o
4n—dm+2
o 20,
1+ 41 dg+1+2m—2n 1o
4n—4m—12
o01+6& 5q+1 + 6q+2 no

10.1.3 ¢*=D,®B(m—p,n)

In Chapter ] we obtained

4g+1+2m—2n

gl = VDP (81) ® VB(m—sz) (51)
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The decomposition of g! ® g! is

gl ®g' = (VDP (2¢€1) ®Vp, (e1+&) ®Vp, (0)) X
® (VB(mfp,n) (261) ® VB(mfp,n)((sl + 62) + VB(mfp,n) (O)) :

In the following table we summarize the data needed to test the conditions of
Theorem [L.8.1]

subalgebra | weight k %
Dy 2¢ 1 21)21_’ 1
D, €1 +& 1 iﬂ : ?
S =)
D, 2¢; | (3—2m+2n)/2 4p_1i192m+2n
Dp e1+& | (3—2m+2n)/2 4p—4
4p—1—-2m+2n
Bm—p,n) | 28 |(3—2m+2n)/2 32:‘:”1;:112’3
B(m—p,n) | 61+6& | (3—2m+2n)/2 jz:jni—;:ﬁ__zi

For each choice of a weight of D), and B(m — p,n) we test the criterion:
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k=1
2p+w,0) (2p+0,0)

D, |B(m—p, € Zoo?
po | Bum =P i ) T 200 ) >0
0 0 0 no
0 25, 2n—2m—+2p+1 o

2m—2p—2n
2n—2m+2p—1

0 o

1+ 2m—2p—2n 1o
2
2€; 0 5 pl no
p_
1 1

2¢ 20

! 1 -1 am—2n—2p 1o
1 1
2¢ o —
! 1+ 2p—1 2m—2n—2p 1o
2p—2
& +8& 0 2?_1 no
€ +¢& 20 ! + ! no
tre ! 2p—1 " 2m—2n—2p
1 1
ate | at% | T oy ne
k=(3—2m+2n)/2
2p+w,0) (2p+w,m)

D B(m — Zi~0?
p B Gy ) 2 | €
0 0 0 no
0 25, 4dn—4m—+4p+2 o

4p—1—-2m+2n
4n—4m+4p -2
0 o
1+ 4p—1—2m+2n 1o
4p

2 0
é dp—1—2m+2n no

dn—4m+8p+2

281 261 " mtop no

4p—1—-2m+2n
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2€;

& +&

&+ &

& +&

o1+ 6

26,

o1+ &

1014 ¢°=C,®B,
In Chapter 4, we obtained

4n—4m+-8p—2

4p—1—-2m+2n

4p—4

no

4p—1—-2m+2n
4n—4m+8p—2

no

4p—1—-2m+2n
4n—4m+8p—6

no

4p—1—-2m+2n

g' = Ve, (81) @V, (&1).

The decomposition of g! ® g! is

no

o' ®g' =(V(,(28) @ Ve, (81 + 8) @V, (0)) ®

& (VBm(281) © Vg, (81 + 82) + Vg, 0)).

In the following table we summarize the data needed to test the conditions of

Theorem [[.8.1]

‘ (2p+w,)
subalgebra | weight k W
2n+2
C, 26 1
1 2n+1
C 5 +6 1 >
n 1 2n+1
5 26, . 2m+1
2m
2m—1
By, € +& 1
2m
4n+-4
C 26 3-2m+2n)/2 | —F——F—
g v B=2mA )2 e
4n
c S 3-2m+2m)/2 | ——
n 10 | B=2m42m)/2 | o
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dm+2
B 2€ 3-2 2n)/2 | ——
m 1| B=2m+2n)/ 1 +2m+2n
B e1+& | 3—2m+2n)/2 4m =2
m e e en 1 +2m+2n

For each choice of a weight of C,, and B,,, we test the criterion:

k=1
2p+to0) (2p+00)
L B ) 2 A | €
0 0 0 no
0 2€; 2m+1 no
2m
2m—1
0 & +8& no
2m
26, 0 gZ i? no
1 1
26, 2€; 2+2I’l—}—1 +% no
26, & +& ! — L no
2n+1 2m
o +& 0 2n2-r|i 1 no
0+& | 2g 1 L no
2n+1  2m
0 +0 | g+& — ! — L no
2n+1 2m

k= (3—2m+2n)/2
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2p+to0) (2p+o00)
C B € Z~o?
" " 20 +AY) T 2l +hY) | T
0 0 0 no
4m+2
0 2¢e _
! 14+2m+2n 1o
0 |e+e dm =2
_ no
e 14+2m+2n
dn+4
20 0 _
! 11 2m+2n no
4n+4m+6
20 2 _—
! “ 11 2m+2n no
4n+4m+-2
20 _
Lo ate 11 2m+2n no
4n
o 0 _
1+ 1+ 2m+2n 1o
dn+4m+-2
2 ormr e
di+& | 28 1+2m+2n 1o
4n+4m—2
S o -
1o & +e 1+2m+2n 1o

10.1.5 g% =D(m,n)
In Chapter 4 we obtained

gl = VD(m,n) (61 ) :

The decomposition of g! ® g! is

gl ® gl = VD(m,n) (261) D VD(m,n) (61 + 82) D VD(m,n) (O)

In the following table we test the conditions of Theorem [I.8.1]

(2p + 0, 0)

subalgebra | weight k W € Z~o?
dm—4n—4
Dimn) | 848 | 3—2m+2m)j2 | M=
— _— no
mn ! meen 2m—2n—1
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10.1.6 Conclusions

When g = B(m,n), every maximal regular subalgebra satisfy the hypothesis of
Theorem [I.8.1] for both conformal levels. Then the following decompositions
hold:

Vi(B(m,n)) =V1(D(p,q)) ®Vi(B(m—p,n—q)) ® Lp(p.4)(01) ® Lpn—pn—q)(8g+1)
=V_1,2(Cq) ®V1B(m,n—q) & Lc,(61) ® Ly(m.n—q)(Og+1)
=Vi(Dp) & Vi(B(m—p,n)) & Lp,(€1) © Lp(n—pn)(61)
=V_1/2(C) ®V1(Bm) ® Lc, (61) © La,, (€1)
=V1(D(m,n)) ® Lpn)(61)
Viz—2m+2n)/2(B(m,n)) =V3_amion) 2(D(P,q)) ©Vi3_2my2n)2(B(m — p,n—q))&
S Lp(p,q)(01) © Lym—pn—q)(9g+1)
=V_3_2m+20)/4(Cq) ©V(3_2my2n)j2B(m;n—q) & Lc,(81) D Lp(mn—q) (64+1)
=Via—2m+2n)/2(Dp) ©V(3_2mi2n) 2(B(m —p,n)) & Lp, (1) & Ly(n—p,n) (1)
=V_13-2m+2n)/4(Cn) ©V(3_2m12n) 2(Bm) © Lc, (81) © L, (€1)
=Vi3—2m+2n)/2(D(m,n)) & Lp(,n) (61)

10.2 Decomposition for g = D(m,n)

When g° C g = D(m,n) is a regular equal rank subalgebra, we can decompose
g¥g! using Proposition [10.1.1] Unfortunately, the hypotheses of Theorem m
hold only whit the conformal level k = 1.

1021 ¢°=D(p,q)©D(m—p,n—q)
In Chapter 5] we obtained

gl = VD(p,q) (51) S VD(m—pm—q) (661+1)
The decomposition of g' ® g' is

gl ® gl = (VD(p,q) (261> S VD(p,q)((Sl + 52) ¥ VD(p,q) (0))
® (VD(m—p,n—q) (2611—0-1) D VD(m—p,n—q) (6¢Z+1 + 644-2) + VD(m—p,n—q) (O))
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subalgebra weight 2(?5(2‘) j’_?}f‘;))
D(p,q) 28, %
D(p,q) 8 +8 %
Don=pn=a)| 2o 2§i;Z;Zii;ii
D(m—p,n—q) | 8,11+ 8412 2(n—m—q+p)

2n—2m+2p—2g+1

For each choice of a weight of D(p,q) and D(m — p,n — q) we test the crite-

rion:

2p+0,0)  (2p+0,0)
D D(m—p,n— Z0?
#:a) | Blm=pyni—d) 2(u(k)+nV) * 2(u(k)+hV) €50
O O no
0 26,41 2(n—m—q+p+1) .
2n—2m+2p—2qg+1
2(n—m—q+p)
0 0, 0,
g+1 + Og+2 on—am 2 2q i1 no
26, 0 2(q—p+1) o
2qg—-2p+1
28 28 n 1 N 1
no
1 o 2g—-2p+1 2n—2m+2p—2q+1
1 1
20 S, S, 2 _
1 g+1 + Og+2 +2q—2p+1 M amt2p—2q 11 no
2(q—p)
0 0 _“\d=pP)
e 2g—-2p+1 no
1 1
o 28 _
1+52 q+1 2q—2p—|—1+2n_2m+2p_2q+1 no
1 1
0 1) 5, 2_ _
14062 | Sgy1+ 012 iy Rk e e o S L
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10.2.2 ¢°=D(p,n) ®Dy—,
In Chapter 5] we obtained

8" =V (81)®Vp,_,(&p41)-

The decomposition of g' ® g' is

9' ®@9" = (Vp(pn) (261) B Vi () (81 + 82) © Vi1 (0))

® (Vp,,_,(2€p1+1) ©Vp,,_,(€p+1+€p42) + Vb, _,(0))

subalgebra weight k %
D(p,n) 26, 1 %‘ﬂ
D(pn) | &+ —;(_2;12 1
Din—p 2811 251@1—2_19’1)1

For each choice of a weight of D(p,n) and D,,_, we test the criterion:

2p+w,0) (2p+0,0)
D(p, Dy € Zso?
(p:m) m=p 20u(k)+ 1Y) " 2(u(k)+ 1Y) >0
0 0 no
2(m—
O 2€p+] # no
2im—p+1
25, 0 M no
2n—2p+1
206 2¢€ 2+ ! + !
no
: P 2p—2p+1  2m—2p—1
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20 Epr1+Epp 2+2n—;p—|—1_2m—12p—1 no
Si+6| 0 % o
0140 |  2m 2_2n—;p—|—1+2m—12p—1 no
O+ | Epr1tEpp 2_2n—;p+1_2m—;p—1 1o

10.2.3 ¢ =D(m,q) ®Cp—y
In Chapter[5] we obtained

8" = Vomg)(81) Ve, ,(8+1)
The decomposition of g! ® g! is

gl ® gl = (VD(m,q) (251) ©® VD(m,q) (51 =+ 82) ® VD (m,q) (0)) ®
® (VCn—q (2661+1) @ VCn—q(6q+l + 56]+2) + VCn q(O))

. (2p +0,0)

subalgebra weight k 20u(k)+h)
Dimg) | 26 |1 eIt
D(mq) | &i+6& |1 5%%%%
Cny 28441 1 %ﬁ
Coyg 81+ 0442 | 1 25(11—2;?—21

For each choice of a weight of D(m,q) and C,,_, we test the criterion:
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2p+ow,0) (2p+o o)
D Co_ € Zoy?
I e A COET N
0 0 0 no
2(n—q+1)
2 7
0 %1 2n—2q+1 1o
2(n—q)
O | it O m—2g+1 o
2(m—qg—1)
2 7
d 0 2m—2q—1 1o
28 28 L,
— no
! g+l 2m—2g—1 "' 2n—2q+1
1 1
28, | 8,1 +8 . -
| Qa1 F 02 m—2p—1 2n—2q+1| ™
2(m—q)
5 0 _Am—4q)
1+ 2m—2q—1 1o
1 1
5 28 2
1+ g1 Tom—2g—1 Tm—2gr1| ™
1 1
5 St +8,40 | 2 .
R R P st oy B

1024 ¢°=D,®C,
In Chapter 5] we obtained

g' = Vb, (&) ®Vc,(8)
The decomposition of g' @ g' is

o' @g' = (Vp,(261) ®Vp, (&1 +&) ®Vp,(0) @ (Vc,(28) @ Ve, (81 + 82) + Ve, (0))

. (2p+0,0)
subalgebra | weight | k m
2(m— 1
D,, 26, 1 M
2m—2q—1
2(m—gq)
D g+& | 1| ———
" 18 2m—2q—1
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2(n—q+1)

C 25 A SRR

" ! 2n—2q+1
2(n—gq)

C ) —

" 1+ 2n—2q+1

For each choice of a weight of D(m,q) and C,—, we test the criterion:

2p+w,0) (2p+w,m)

D C,_ Zi~¢?
i I I COE DR ORI
0 0 0 no

2(n—q+1)
2 -~ 7
0 01 2n—2q+1 1o
2(n—q)
0 6q+1—|—6q+2 2n—2q—|—1 no
2m—q—1)
2 -  z 7
o 0 2m—2q— 1 no
20 24, 1 + 1
— no
! g+l 2m—2q—1 "' 2n—2q+1
1 1
20 0, 0 — —
! g1+ 02 2m—2p—1 2n—2q+1 1o
2(m—q)

0 0 —_—

1+ 2m—2g—1 1o
1 1

o 29, 2

1+ 7+l +2m—2q—1+2n—2q+1 1o
1 1

0 0, 0, 2 -

1+62 | 811+ 0g12 +2m—2q—1 m—2g+1 no

10.2.5 Conclusions

When g = D(m,n), every maximal regular subalgebra satisfy the hypothesis of
Theorem [1.8.1]at the conformal level kK = 1. Then the following decompositions
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hold:

VI(D(m=n>) V1<D(p7 ))@Vl( (m_pan_Q))@LD(p,q)(sl)@LD(mfp,nfq)(5q+l)
=Vi(D(p,n)) ®Vi(Dm—p) ® Lp(pn)(61) ®Lp,, ,(&p+1)
=Vi(D(m,q)) ©V_1/2(Ca—g) © Lp(m,q)(61) & Lc, ,(64+1)

=V1(Dm) ®V_1/2(Cy) & Lp, (€1) & Lc,(61)
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