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Abstract. Given the maximal compact subalgebra ¢(A) of a split-real Kac-Moody algebra
g(A) of type A, we study certain finite-dimensional representations of £(A) that do not lift to
the maximal compact subgroup K (A) of the minimal Kac-Moody group G(A) associated to
g(A) but only to its spin cover Spin(A) described in [11]. Currently, four elementary of these
so-called spin representations are known. We study their (ir)reducibility, semisimplicity, and
lift to the group level. The interaction of these representations with the spin-extended Weyl
group is used to derive a partial parametrization result of the representation matrices by the
real roots of g(A).

1. INTRODUCTION

The involutory subalgebra €(A) with respect to the Chevalley involution
of a split-real Kac-Moody algebra g(A) (cp. [18]) is typically referred to as
its maximal compact subalgebra. If A is a generalized Cartan matrix of fi-
nite type, g(A) is a semisimple Lie algebra and £(A) indeed is its maximal
compact subalgebra. If A is not of finite type, then both g(A4) and £(A) are
infinite-dimensional and £(A) admits an invariant, negative definite bilinear
form, but it is not compact in a topological sense, i.e., it is not the Lie algebra
of a compact Lie group (cp. [12]). There are at least three reasons to study
the representations of £(A). First, its representations and among these in par-
ticular the finite-dimensional ones reveal parts of the structure theory of £(A).
Second, some indefinite €(A) are conjectured to arise as symmetries in theo-
ries of quantum gravity and therefore a well-developed representation theory
of ¢(A) is required there. Third, the representation theory of £(A) is expected
to be important to the theory of Kac-Moody symmetric spaces, similar to the
finite-dimensional case.
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40 ROBIN LAUTENBACHER AND RALF KOHL

An early result concerning the structure theory of €(A) is a presentation by
generators and relations given in [2]. The major challenge in the study of £(A)
is that it is in general not graded by a root system with finite-dimensional
root spaces as g(A) is, but only admits a filtered structure with respect to
the roots of g(A). In particular, ¢(A) is not a simple Kac—-Moody algebra or
sum thereof if A is not of finite type (cp. [2, 29]), and as a consequence, the
standard tools of representation theory such as highest weight representations
and character formulas are not applicable. It was observed in [22] that the
¢(E,,)-series can be characterized as the quotient of a generalized intersection
matrix algebra (cp. [29]), but the representation theory of these is also rather
poorly understood. It is not obvious that £(A) even possesses finite-dimen-
sional representations if A is not of finite type, but of course, these provide
interesting ideals of €(A). At some point, it may be possible to characterize
£(A) as the co-limit of ideals of finite-dimensional representations. For the
affine case, this has been shown in [22].

Concerning the case that A is an indefinite generalized Cartan matrix, there
are currently four elementary representations known. The basic one has been
first described in the physics literature [5, 4, 6] under the name K (Ep)-Dirac
spinor. It has been studied in a mathematical setting and generalized to arbi-
trary symmetrizable types in [13], where they were referred to as generalized
spin representations. Both names, Dirac spinor as well as generalized spin rep-
resentation, stem from the fact that the first and most important example is
the representation of ¢(E1o) which extends the standard spinor representation
of its naturally contained so0(10)-subalgebra.

The so-called higher spin representations Sz, Sz, and Sz of £(A) with the
exception of Sz were introduced first in [23], again in a physics setting. In
[27], the authors of this paper derived a coordinate-free formulation of S3 and
Ss in the setting of simply laced A, but a similar formulation for Sz remained
elusive back then. However, it became apparent that the Weyl group plays
a central role in this construction, which builds these representations on top
of the generalized spin representation Sy from [6, 4]. We provide a detailed
construction and description of all these representations in Section 3 (cp. The-
orems 3.3, 3.18, and 3.22). The novelties in this section are that we spell out
the importance of the Weyl group in this construction as clearly as possible,
that we provide everything in a mathematical and coordinate-free formulation
including Sz, and that we provide an abstract foundation for the generalized
I-matrices used in [23] that does not rely on the use of Clifford algebras (Sec-
tion 3.4). The subsection on generalized I'-matrices will not be needed until
the proof of Proposition 4.14 and Section 5.

We analyze these representations in Section 4, where we put the Weyl group-
based formulation to work. We show that Sg is irreducible if A is indecom-
posable, regular and simply laced and that the image of ¢(A4) under this rep-
resentation is a semisimple Lie algebra (Proposition 4.4 and Corollary 4.5).
Furthermore, we show that Ss is completely reducible, always contains an in-
variant submodule isomorphic to Si, and that its other invariant factors are
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controlled by the representation theory of W(A), namely how the symmet-
ric product Sym?(h*) of the dual Cartan subalgebra decomposes as a W (A)-
module (Proposition 4.7 and Lemma 4.9). As for S3, we show that the image
of £(A) under this representation is semisimple (Corollary 4.10). At the end
of Section 4, we show that the kernels of some of these representations are not
contained in each other (Proposition 4.14) and that their tensor product has
a smaller kernel than the individual representations (Proposition 4.13).

In Section 5, we study the spin representations’ lift to the group level. We
confirm the common belief (cp. [6, 4, 24, 23, 27]) that these representations
are spinorial in the sense that they do not lift to the involutory subgroup
K(A) = G(A)?, where G(A) is the minimal split-real Kac-Moody group of
type A and 0 is its Chevalley involution, but instead lift only to its spin cover
Spin(A4) introduced in [11]. This belief is plausible if one compares the one-
parameter subgroups induced by exp(¢o(X;)) and exp(¢ ad(X;)), where o is
a spin representation and Xj; is a so-called Berman generator of ¢(A). We show
in Proposition 5.9 that it indeed suffices to look at these one-parameter sub-
groups. Afterwards, we demonstrate that the spin representations’ lift realizes
an action of the spin-extended Weyl group from [11] on the modules Sz. We
use that the action of Spin(A) on £(A) factors through the adjoint action of
K(A) on £(A) to derive the representation matrices up to sign of all elements
in the We**(A)-orbit of the Berman generators, where W*(A) is the extended
Weyl group. This amounts to providing the representation matrices up to sign
of all z € ¢, = €(A) N ga ® g—o for « a positive real root (Propositions 5.19
and 5.21).

This article contains results that were obtained in the first author’s PhD
thesis [26] but did not appear in any journal so far. Most of these results’
proofs are as in [26], but occasionally, we decided to provide a more streamlined
version that skips lengthy but elementary computations. We also correct a sign
error in [26, Lem. 5.6] and note that, as a consequence, [26, Lem. 6.5] and
the proof of [26, Prop. 6.7] are incorrect and it is therefore unknown if [26,
Prop. 6.7] is true. We provide the appropriate references to [26] for propositions
and theorems but not for lemmas.

2. PRELIMINARIES

2.1. Kac—Moody algebras. We provide a constructive definition of sym-
metrizable Kac-Moody algebras that is equivalent to the construction in [18,
Chap. 1] due to the Gabber-Kac theorem (cp. [18, Thm. 9.11], originally [9]).

Definition 2.2. A matrix A = (a;;);';—; € Z"*" is called a generalized Cartan
matriz (GCM) if, for all 4 # j € {1,...,n},

ap; = 2, Qij <0, Q5 = 0 <— Aji = 0.

The matrix A is called symmetrizable if there exist a regular, diagonal matrix D
and a symmetric matrix B such that A = DB. The pair of matrices D and B is
called a symmetrization of A. The GCM A is called simply laced if a;; € {0,—1}
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42 ROBIN LAUTENBACHER AND RALF KOHL

for all ¢ # j. We denote the set of unordered pairs {4, j} such that a;; # 0 by
E(A), the edges of the generalized Dynkin diagram associated to A.

Definition 2.3. Let A € Z™*" be a GCM of rank [ < n and let § be a K-vector
space of dimension 2n — I. A K-realization (b,II1,11V) of A consists of linearly
independent subsets II = {a1,...,a,} C h* and IV = {aY, ..., )} C bh such
that

aj(a)) =a; foralli,je{l,...,n}.
One calls IT the simple roots, 11V the simple coroots, Q(A) := spany I1 the root
lattice, and QY (A) = spany 1V the coroot lattice.

Definition 2.4. Let A € Z"*" be a symmetrizable GCM with K-realization
(h,IL,ITV). The split Kac—Moody algebra over K of type A is defined as the Lie

algebra on generators h U {e1,...,en, f1,..., fn} subject to the relations
[h,h'] =0, lei, f] = 0y,
[h,ei] = ai(h)es, [, fi] = —ai(h) fi,
0= ad(e;)' " (e ), 0= ad(fi)' " (f;)

for all h,h' € h and for all 4,5 € {1,...,n}.
Definition 2.5. Let g = g(A)(K) be a split Kac—-Moody algebra and set
9o ={x €g|[h 2] =ah)x for all h € h}

for v € h. One calls a # 0 such that g, # {0} a root and g, a root space.
Denote the set of roots and its decomposition into positive and negative

roots by A =A_UA; CQ, where Ay ={a€A|a>0}and A_ = —-Ay;

then g admits the following root space decomposition (as a vector space):

9= P suobe P oo

aEA_ aEA

Proposition 2.6 (This is [18, Thm. 1.2 and Sec. 1.3]). On g(A)(K), there
exists an involutive automorphism w called the Chevalley involution that is
determined by

w(e))=—fi, w(fi)=—e;, w(h)=—h forallheh.
It satisfies w(ga) = g—a for all a € A.
Proposition 2.7 (cp. [18, Thm. 2.2]). Let A € Z™*"™ be a symmetrizable GCM
with symmetrization A = DB, where D = diag(ey,...,&,) is chosen such that
;>0 foralli=1,...,n, and let (h,I,I1V) be a K-realization of A. Set

b = spang{ay, ..., a,} and denote by b" a fized complementary subspace
of ¥ € h. On g = g(A)(K), there exists a K-bilinear form (-|-) such that

(hla) = a;(h)e; for all h € b,
(hilh2) =0 for all hy, hy € 1",
([z, yll2) = (][, 2]) forall z,y,z € g,
(galgs) =0 for all o, B € A such that o # —p3,
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(1 )lgnps_, 1 non-degenerate for all o € A,
[2,y) = (zly)v ™ (a)  for allz € go, y € g-a, a € A,

where v : h — b* is the isomorphism induced by the bilinear form, i.e., one has
v(h1)(h2) = (hilha) for all hy,he € Y. This form is referred to as the standard
invariant bilinear form. If A is indecomposable, (-|-) is unique up to scalar
multiples.

The definition of the Weyl group W(A) for a GCM A in the Kac—Moody
context is the straight-forward generalization of the definition in the classical
setting of crystallographic root systems.

Definition 2.8. Given a split Kac-Moody algebra g(A)(K) with GCM A €
7™ define the fundamental reflections s; € GL(b*) for i = 1,...,n via

si(A) = A — X )a; for all X € b*
and the Weyl group W (A) of g(A)(K) as W(A) := (s1,...,8,) C GL(H*).

It is a standard fact (cp. [18, Prop. 3.13]) that W (A) admits a presentation
as a Coxeter group. Furthermore, the action of W(A) preserves the roots. One
calls a root & € A real if there exists w € W(A) such that o« = w(q;) for some
a; € I, and imaginary if this is not the case. The sets of real and imaginary
roots are denoted by A™ and A™ = A\ AT,

2.9. The maximal compact subalgebra €(A).

Definition 2.10. Given a split-real, symmetrizable Kac-Moody algebra g :=
9(A)(R), its mazimal compact subalgebra €(A) is defined to be the Chevalley
involution’s fixed-point subalgebra, i.e., one has £(A) = {z € g | w(z) = z}.

If g(A) is a finite-dimensional split-real Lie algebra, then £(A) is maximally
compact in the sense that the Killing form restricted to £(A) is negative definite
and that £¢(A) is maximal with regard to this property. Correspondingly, if
G is a real Lie group with Lie algebra g(A), then £(A) is the Lie algebra
of the maximal compact subgroup K of G. Note that the notion mazimal
compact subalgebra must not be confused with the maximal compact form,
which is defined for complex Lie algebras and involves an additional twist
of the Chevalley involution by complex conjugation. For g = sl(n,R), one
has € = so(n, R), but the maximal compact form of sl(n, C) is su(n,R). One
also has to note that, for GCMs of non-finite type, the term mazimal compact
subalgebra is slightly misleading, as it is in fact not the Lie algebra of a compact
Lie group; its name derives from the analogy to the finite-dimensional case and
the fact that the invariant bilinear form is negative definite on €(A4) (cp. [18,
Thm. 11.7]).

Theorem 2.11 (cp. [13, Thm. 1.8], originally due to [2]). Given the split-real
symmetrizable Kac—Moody algebra g(A)(R), the mazimal compact subalgebra
t(A)(R) admits a presentation by generators Xu,..., X, and relations

P_y,;(ad X;)(X;) =0 foralli#je{l,...,n},
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where
et
H (t* + (m — 2k)?) if m is odd,
P, (t) = { *=°
m_
t- H (£ + (m —2k)?) if m is even,
k=0
and m = 0 spells out as [X;, X;] =0 whenever a;; = 0. Ezplicitly, one has X; =
e; — fi fori=1,...,n in terms of the Chevalley generators e1,...,en, f1,-. -, fn

of g(A)(R). The X; are called the Berman generators of ¢(A)(R).
For A simply laced, the above relations take the following simple form.

Corollary 2.12 (cp. [2, Thm. 1.31] or [13, Thm. 1.8]). Let A be simply laced
and denote by E(A) the edges of the generalized Dynkin diagram, i.e., the
unordered pairs {i,j} such that a;; = —1. Then ¢(A)(R) admits a presentation
by generators X1 =e1 — f1,...,Xn = en — fn and relations

(Xi, [ X3, Xj]] = =X, for all {i,j} € E(A),
(X, X;]=0 for all {i,7} ¢ E(A).

For later reference, we collect the following elementary result.

Lemma 2.13. The mazimal compact subalgebra ¢(A)(R) as well as its com-
plexification £(A)(C) = ¢(A)(R) ®@r C are filtered by AL, i.e., one has

() = P ta

acAy

as vector spaces, where to == (go B g—o) NEt. For x4 € £y, x € £3 such that
a—f€Qy, one has [T, x8] € Latp B ta_p.

Proof. The filtered structure of €(A) is a direct consequence of the graded
structure of g(A)(K) (cp. [2, 13] for a more detailed exposition). O

3. HIGHER SPIN REPRESENTATIONS

Historically, the name spin representation is reserved for a representation of
s0(p, q) that does not lift to the real Lie group SO(p, ¢) but only to its double
cover, the so-called spin group Spin(p,q). The most elementary spin repre-
sentations, corresponding to the missing fundamental weights not observed in
representations that lift to the group level, are typically constructed by means
of Clifford algebras. In signature (n,0), the representation matrices of suit-
ably normalized generators such as the Berman generators possess only the
eigenvalues :l:% which is why they square to —iId. As it turns out, one can
generalize the Clifford algebra construction to any maximal compact subalge-
bra, not just so(n + 1) which is £(A,), but in the classical cases, this provides
nothing new. For GCMs of affine and indefinite type however, these repre-
sentations are quite fascinating, because they show among other things that
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£(A) is not a Lie algebra of Kac—-Moody type, since these do not admit finite-
dimensional representations if they are themselves infinite-dimensional (and
simple).

Definition 3.1 (cp. [13, Def. 3.6]). Let A be a simply laced GCM and let
p: ¥(A) — End(S) be a representation of £(A) for S a finite-dimensional real
vector space. One calls p a generalized spin representation if

1
p(X)? = _Zld foralli=1,...,n,
where X5,..., X,, denote the Berman generators of £(A).

Proposition 3.2 (cp. [13, 3.7]). Let A be a simply laced GCM, p: t(A) —
End(S) a generalized spin representation, and denote by {A, B} :== AB + BA
the anti-commutator of matrices. Then one has, for all 1 <i# j <mn,

[p(Xi), p(X;)] =0 if aij =0,
{p(Xi),p(X;)} =0 ifaiy = 1.

Conversely, the extension of the map X; — M; defines a generalized spin rep-
resentation, if the linear maps M, ..., M, € End(S) satisfy

1
1M2 = __Idsa
4

[Mi,Mj] =0 Zf Qi = 0,
{Mi,MJ}:O ifaij:—l.

Theorem 3.3 (This is the specialization of [13, Thms. 3.9 and 3.14] to A
simply laced). Let A be a simply laced GCM; then a generalized spin represen-
tation exists. Its image is compact, hence reductive. If the Dynkin diagram of
A has no isolated nodes, then the image is furthermore semisimple.

Later on, we will refer to the representations described in the above theorem
as %—spin representations, because the representation matrices of the Berman
generators only possess the eigenvalues +3. For a given £(A), we fix a repre-
sentation denoted by p and whose carrier space we will denote by S in general

and Sy if it is an irreducible £(A)-module.

3.4. Generalized spin representations and I'-matrices. Most explicit
constructions of generalized spin representations use Clifford algebras. In [23]
for instance, the authors associate an element of a Clifford algebra to any root
of the root system such that the simple roots map to (multiples of) the p(X;)
and thus define a representation. They call these elements I'-matrices in gen-
eralization of the Dirac matrices which are typically denoted by ~,. We will
construct and study these generalized I'-matrices abstractly without reference
to an underlying Clifford algebra but note that this realization appears to be
achievable at least in the simply laced situation by using explicit basis expres-
sions for the roots as in [23]. Later, this framework will be used to derive the
representation matrices for any x € £, with o € A™ up to sign.
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In order to properly introduce generalized I'-matrices, we need to associate
normalized 2-cocycles to a root lattice.

Definition 3.5. Given the root lattice @ of a Kac-Moody algebra g(A4)(K)
with symmetrizable GCM A, we call ¢ : Q x Q — Co an associated, normalized
2-cocycle if

(1a) e(a, B)e(B,a) = (=)@ g(a,0) = £(0,0) = 1,

(1b) e(a, Be(a+ B,7) = e(e, B+ 7)e(B,7)

for all a, 8,7 € Q, where (-|-) denotes the invariant bilinear form.

The root lattice to any symmetrizable GCM possesses an associated, nor-
malized 2-cocycle (cp. for instance [19, Cor. 5.5]). As this can be checked in
a few lines, we provide an explicit construction below.

Lemma 3.6. Let A be a symmetrizable GCM and fiz its symmetrization A =
DB such that («;|a;) = bi; € 27 for all i = 1,...,n. Define the bilinear form
£:Q X Q — Z via bilinear extension of

bij Zfl <j,
elag, a5) = ¢ b if i =],
0 ifi>]

Then

£:QxQ = Oy ela,f) = (—1)EP)
is an associated, normalized 2-cocycle which we refer to as the standard 2-co-
cycle to Q.

Proof. One has for all 4, j =1,...,n that e(, ;) + g, ;) = b;;. Spelling
out B =37 by and vy = Y1 | c;o, this yields

§(BA/ +E’7ﬁ Zbcj azaaj +E agaaz Zbc] ij — Bh/)

Thus, for all 5,7 € Q(A4 ) one has that

(8.7)e(, B) = (~1EBVHED = (-1)B0)
and (1a) follows by bilinearity of £. Towards (1b), one uses

g(a, B) +ela+ B,7) =ela, B) +ela,y) +e(B,7) = ela, B+7) +(8,7)

to compute
e(a, Be(a + B,7) = (~ 1) @ATElHBN) = (el +em)
=cla,f+7)e(f,7) foralla,ByeQ(4). O

Definition 3.7 (cp. [23, Eqn. 4.6]). A map I': Q@ — End(S) for a finite-dimen-
sional vector space S is called a generalized I'-matriz if it satisfies

(2a) D()T(8) = (1) PT(B)N(a),
(2b) L0) =1d, T(a)?*=(-1)2C* T(a)=T(-a),
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(2¢) L(@)(B) = e(e, B)L(a + B)
for all o, B € @ and an associated, normalized 2-cocycle ¢.

The following properties of 2-cocycles follow rather directly from (1) and
will be used in the following computations:

cla,a) = (~1)HEI),
B e(p,a) if («|f) = 0mod 2,
e 8) = {—8(5,0[) if (a|8) = 1 mod 2.

Proposition 3.8 (This is [26, Prop. 3.10]). For a simply laced GCM A, a gen-
eralized Gamma matriz T : Q — End(S) defines a generalized spin representa-
tion p : € — End(S) via p(X;) == 1T(a).

Proof. For simple roots corresponding to adjacent nodes, one has
I(e)l(a;) = —T'(a;)T(a)
by equation (2a), whereas for non-adjacent simple roots, one has
[()l(a;) = D(a;)l(a).
This shows that the p(X;) commute and anti-commute as required by Propo-

sition 3.2. The correct normalization is checked via (2b). O

The converse statement is also true.

Proposition 3.9 (This is [26, Prop. 3.11]). Let A be a simply laced GCM and
p:t— End(S) a generalized spin representation. Then
(3a) I(+a;) = 2p(X;),

n—1

(3b) T, +-+ ) = (H (Gt gy - +ain>)r<ail> (o)
k=1

defines a generalized T'-matriz T : Q — End(S).

Proof. We begin by showing (2) for «, 8 € @ of height 1 and 2. We can always
assume a = Y | k;a; with k; > 0 since I'(—a;) = I'(«;) and the standard 2-
cocycle only counts modulo 2. For height 1, there is nothing to show, and for
height 2, one first checks if the expression of I'(«t) for o = o + «; is well-defined.
Towards this, compute

D(a; + a;) = e(ay, o )T ()T (),
F(Oéj + Oli) = E(aj, ai)F(aj)F(ai).

By the properties of generalized spin representations, the two matrices com-
mute if (j|ej) = 0 and anti-commute if (a;|a;) = —1. Also, in the first
case, one has e(ay, o) = 1 = €(a;, o), whereas in the second case, one has
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e(oi, oj)e(ay, o) = —1. Thus I'(a; + ) =T'(oj + @;). The only part of (2)
left to show is I'(a)? = (—1)2 (0“0‘) for o = a;j + aj. One has
(e + a)* = e(on, aj)e(ay, 00T ()T ()
= (=1)(@ilas) (_qyz(eslon) (_1)zleslay) — 1)z (etaglaitay)
From here on, we continue by induction on the height n, so assume that (2)
holds for all «, 8 € Q4+ with ht(a) + ht(5) < n — 1. In particular, I'(y) is well-

defined for ht(y) < n — 1 and one has for all o, 8 € Q4 with ht(a) + ht(38) <
n — 1 that

£(a, B)L(@)L(B) = T'(a + B).
Given o = a4, + -+ + a,,, we need to show I'(a) = (5, v)I'(B)I'(7) for any
8,7 € Q(A)+ such that o = 5+ v and ht(«) + ht(5) = n. We assume without
loss of generality that 8 contains «;, and multiply from the left with I'(«;,)

and exploit that I'(a;, ) = I'(—ay, ):

(8,7l (i )L (B)L () = (B, 7)e(eu,, BT(B — ai, )T'(7),

(B —ai) =T (- + P) = e(—ai,, /) (—ai)T'(B)
e(aiy, B)0 (i )T'(B).
Since ht(8 — o, ) + ht(y) =n — 1, one has
(B —a;)T(y) =e(B - @iy,7) T8 — sy +7),
and in combination with
e(f—ai,y) =e(B+ai,y) and B—oy +7 =, +- +ai,,
this yields
e(B, T (i )L(B)T'(v) = e(B,v)e(ev,, B)e(B + auiy, VT (viy + -+ + i)

By (1b)7 one has 6(ai1 =+ ﬁv 7) = 6(ai17 6)5(051'176 + 7)6(ﬁ7 7)7 which imphes
e(B,v)e(ai,, B8)e(B + auy,vy) =e(ay,, f+ ) so that the above equation simplifies
further to

e(B,7)L (i, )T(B)T(7)
= E(O‘iuﬁ + 7) (0112 +oeeet aln)

= E(O‘h sy et ag, (H € alkvalk+1 coe ain))r(aiz) o F(aln)

Together with
elagy, i + -+ au,) = e, aiy )e(Ray,, iy + -+ + i)
ey, iy )
= —e(y,,q, + -+ ),

one arrives at

n—1
g(ﬁaw)r(au)r(ﬁ)r(’}/) = - (H E(aik7aik+1 +-- 4+ ain))r(aiz) e P(ain)'
k=1
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One the other hand, one has
Do )(aiy +- -+ i)

n—1
_ (H iy 4 ain>)r<an>2r<ai2> (o)
k=1

n—1
=" (H E(O‘ikvailwl +eee O‘in))r(aiz) o 'F(ain)a
k=1

and as multiplication with I'(«;, ) can be inverted, this yields

eBTAIT(Y) = Tla, + -+ )
for all 5,7 € Q4 of height less than n such that 4+ vy = a;, + -+ «;, and
thus shows well-definedness and (2¢) by induction. We can now use this to
prove (2a) by using I'(aw + 8) =T'(8 + «) and (la):
e(a, BT (@)T(B) = (B, )T (BT (@) = T(@)T(8) = (-1)*PT(B)I ().
In order to show the missing parts of (2b), one computes
Lo+ f)? = e(a, BT ()L (B)e(B, )L (BT (@)
= £(0, f)e(8,0) (=1) 2 (1) (el
= (=1)@B)+3(BIB)+3(ale) — (_1)z(atBloth) 0

There are some identities of I'-matrices that we would like to state explicitly.

Lemma 3.10. Let A be a symmetrizable GCM with a symmetrization as in
Lemma 3.6 and denote the standard 2-cocycle by €. Then any generalized I'-
matriz satisfies

(4) Fa+B)=T(a-p8), Ta+28)=I(a) foralapeqQ.
Proof. With the help of (2b), one computes
(ot ) = e(a, BT (a)T(B),  T(a = f) = e(a, =A)I'()l'(=H),
and because ¢ is a standard 2-cocycle, one has further that
(o, —f) = (_1)§(a,76) - (_1)75(01,6) - (_1)§(a,6) = e(a, B),
which shows the first part of the claim. Regarding the second claim, one has

that T(a +28) =T(a+ B+ B) =T(a+ B — ) =T'(«a) by the first part. O

Remark 3.11. The above lemma shows that I'-matrices are unable to capture
distinctions beyond modulo 2Q). As a consequence, they cannot distinguish
different roots in symmetrizable root systems such as o; + 2«;. This should
come as no surprise as I'-matrices are tailored towards a more global description
of spin representations for simply laced A.

There exist generalized spin representations in the symmetrizable, non-
simply laced cases (cp. [21]) €(AE3), £(G5 ™), and €(BE1q) which all arise from
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a generalized spin representation of simply laced type of suitable quotients
which are ¢(A2) @ (A1), €(A4), and €(Ey), respectively.
In [13], the generalized spin representations for the general symmetrizable

case are constructed via embedding (A) in a simply laced cover ¢(A) first. This
cover would admit generalized I'-matrices with respect to the root system of
type A, but it is an open question how the ones needed for the representation
of €(A) spell out in terms of the root system of type A. For this, it might be
necessary to replace the 2-cocycles by ones of higher order.

Proposition 3.12 (This is [26, Prop. 3.14]). Let A be a simply laced GCM as
in Lemma 3.6, denote the standard 2-cocycle by e, and let (p,S) be a general-
ized spin representation with associated T'-matriz T : QQ — End(S) according to
Proposition 3.9. Then, for all x € ¥, there exists c(x) € R such that

p(x) = c(z) - T(a).
Proof. Given o € Ay (A), there exists an ordered series of simple roots
Bi,...,8ny €Il such that a= g1+ -+ On.
To such a fixed decomposition of o, we set

XBi4 4By = [X,Bw [X,Bzv [ - 7X,8N] - ]]

As £(A) is generated by the X, there exists at least one such ordered series
such that Xg, y..4 3, is nonzero, but for now, we do not need to assume this.
By Proposition 3.9, one has

p(Xor ) = g 0B, (B2, - ()] -]

From (2a), one concludes that

0 if (a|B) € 22,

[NMI@H=N®N@—FWWWVZ&N®HW if (al) € 2\ 22

so that, exploiting I'(o)I'(5) = e(«, 5)I'(a + B), there are two possibilities for
P(Xp1 4By ):

P(Xp14-+8y)
= ZLN[F(&), [C(B2), [, T(Bn)] ... ]]

0,
N {%5(517ﬂ2+---+ﬁN)"'8(5N175N)F(51+ﬁ2+“'+5]v)'

The first case occurs if there exists ¢ such that (5;|8;41 + -+ Bn) € 2Z and
the second case if no such i exists. By (3b), one has that

N-1
[a) = (H Bk Brg1 + - +5N))F(51) - T(Bw)
k=1
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so that one in fact obtains
0,
sT(B) - T(Bw),

because any cocycle squared is 1. The claim follows for all Xg, 1...45, € 8(A).
Note that the order of the nested commutator here is crucial and is reflected
in the order of the I'(53;) in the product. Recall that € is not graded by A but
instead filtered by Ay and set t-,, := @ﬂ<a t5. To = € t,, there exist ordered
decompositions

P(Xpi+t8y) = {

B 4480 =a forj=1,....k=dimt,,
c¢j € K, and a remainder r € £, such that

k
D e Xpi ) =T+
j=1
For y1 € £3,y2 € £, one has [y1,12] € €54 @ €1 (3_4) due to the filtered structure
of &. Now r also has a decomposition r = @V Y, which is furthermore such
that y, € £, is nonzero only if v < o and o — 7y € 2Q(A). Thus, by induction
on ht(a), one concludes

k

p@) = eip(XpPttp) — plr) = c(z) - I(a)
j=1

for all x € ¢, and a € A (A) because I'(a) =T'(7) if « —y € 2Q(A) by (4). O

At the present point, we are not able to say when p(z) for z € £, is nonzero
or not or what the constant ¢(z) is. We will pick up this thread in Section 5
once we introduced the spin cover of the maximal compact subgroup K(A)
and how it interacts with generalized spin representations p.

3.13. The higher spin representations Sg and Ss. In this subsection,
we provide a description of the higher spin representations from [23] in the
phrasing of [27], where we put more emphasis on how these representations
feature representations of W(A) as a crucial piece. The name stems from
the fact that the weight system of these representations also includes larger
eigenvalues than :l:%. Throughout, we will assume that A is simply laced.

Proposition 3.14. Let A be a simply laced GCM, let p be a generalized spin
representation of € as in Definition 3.1, where we denote the module by S, and
let V' be a finite-dimensional vector space. Let Xy, ..., X, denote the Berman
generators of € and set A™ D A ={ay,...,an} U{a; + ;| (4,5) € E(A)}.
Consider a map 7 : A — End(V') satisfying

() [7(),7(B)] =0 if (a]B) =0,

(6) {r(a),7(8)} =r(a£B) if(alf)=Flanda£BeA
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for all a, B € A. Then the assignment o(X;) == 7(c;) ® 2p(X;) € End(V @ S)
extends to a finite-dimensional representation o of €(A).

Proof. This is originally [23, Eqn. (5.1)], but the phrasing is as in [27]. O

If the map 7 admits an extension to all real roots, one has the following
identity.

Lemma 3.15. Let 7: A™ — End(V) satisfy equations (5) and (6) with A
replaced by A™. Let {i,j},{j,k} € E(A) but {i,k} ¢ E(A); then

o([Xi, X;]) = (i + o) ® 2p([ X5, X)),
o([Xi, [Xj, Xi]]) = (i + o + o) ® 2p([X5, [X;, Xi]])-

Proof. The proof consists of elementary computations exploiting the commuta-
tion and anti-commutation relations among the p(X;) as well as (5) and (6). O

Given a simply laced GCM A and real roots «, 8 with (a, 5) = —1, the
reflections s, sg with respect to a and 3 generate a subgroup of G, g =
(Sas s3) < W(A) which is isomorphic to &3, the symmetric group on three
letters. The three distinct irreducible representations of &3 are the trivial
representation U (dimension 1), the sign representation U’ (dimension 1), and
the standard representation F of dimension 2.

Proposition 3.16 (This is [27, Rem. 4.2 (iv)], based on an observation by
Paul Levy). Let A be simply laced and let n: W(A) — End(V') be a finite-
dimensional representation of W(A). Then

(7) 7:A™(A) = End(V), a—n(sa) — %Id

satisfies equations (5) and (6) if the restriction of n to any &y, o, such that
oy, o are adjacent simple roots does not contain the sign representation of &3
as an irreducible factor.

Proof. It (a|8) = 0, then sq,sg commute and so do 7(c), 7(8), as required.
For (a|3) = —1, one has with sq13 = sgsasp that 7(a+ 8) = {7(a), 7(8)} is
equivalent to

(8) 0= —n(sssasg) +n(sa)n(sg) +nlsg)n(sa) = n(sa) = n(ss) +1d.

For the trivial representation, this is easily seen to be true, whereas it is false
for the sign representation as then

—Id =n(spsass) =n(sa) = n(ss).
One can set up the standard representation as the subspace spang{c, 5} C bh*.
In this basis, one checks explicitly that (8) holds. Since any finite-dimen-
sional representation of &3 is completely reducible, one concludes that (7)
provides a representation if 7 restricted to &, «, contains no copies of the sign
representation. Note that it suffices to consider simple roots, because relations

(6) and (5) need only be satisfied for o, 8 € A, where A consists of simple
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roots and all roots a; + «; where ¢ and j are adjacent. Those are the only root
spaces involved in the pairwise Berman relations [X;, [X;, X;]] = —X. O

Lemma 3.17. Let (h, 11, 11Y) be a realization of A and set Vy := bh*, Vy :=
Symg(f)*), the symmetric product of b* with itself. Then the standard represen-
tation of W(A) on Vi and the induced representation on Vo contain no copies
of the sign representation upon restriction to any Su, q; for {i,j} € E(A).

Proof. After restriction to &g, q;, consider a basis {a;, o} U{b1,...,0m_2}
of h*, where m = 2n — rnk(A), such that the b; are orthogonal to both «;
and «;. Then span{a;, a;} forms a copy of the standard representation of
&4, ,a;, while span{by, ..., by, 2} decomposes into m — 2 copies of the trivial
representation. For Sym?(h*), one can use the basis
{oqozi, Qg (Ozi + Oéj)(()éi + Ozj)} U {Ozibk, Ozjbk | k=1,....,m— 2}
U{bkbl|1§k}§l§m—2}
to see that only the trivial representation and the standard representation

occur in the decomposition of V5 restricted to (CR O

We obtain the following result as an immediate consequence of the previous
lemma and Proposition 3.14. Note that Proposition 3.14 can be applied even
if A is not regular.

Theorem 3.18 (cp. [24, 27]). Let (m, V1) and (n2, Va) with Vi :=b*, Vo :=
Sym?(h*) be the standard and induced representations of W (A), respectively.
Then 7o : A — End(V4), 7s(a) = 14(sa) — 11d for s € {1,2} satisfies equations
(5) and (6). Let X1,...,X,, denote the Berman generators of €(A) and assign

ozsxl  X; > Ts () ® 2p(X;),

where p is a %—spm representation as in Theorem 3.3. Then o2:£1 extends to
a representation of €(A).

The above representation is called the -spin representation in [24, 27,
motivated by the fact that the eigenvalues of o2:+1 (X;) are half-integral up to
a factor of i. However, it is somewhat misleading that the largest magnitude of
eigenvalues occurring is % in both cases and not % The above ansatz fails
for V3 := Sym®(h*), because af(a + 3) spans a sign representation of &, 4 for
adjacent simple roots «, 8. However, this sign representation is the only one
that appears in the decomposition of V3, regardless of A.

2s5+1
2

Lemma 3.19. Let A be simply laced and let o, 5 € 11 be adjacent simple roots.
Then the induced representation of W(A) on Sym?®(h*) restricted to o 5 con-
tains ezxactly one copy of the sign representation, spanned by af(a + ) €

Sym®(h*).

Proof. Consider a basis B1 = {a, 8,b1,...,bm—2} for h* such that by, ..., b2
are orthogonal to o and . This provides a basis

Bs = {eiezes | e1,e9,e3 € By, e1 < ex < es}
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for V3 with respect to some ordering of B;. Then elements x € B3 which con-
tain by for some k behave like copies of V or Sym?(V) and therefore span
trivial or standard representations according to Proposition 3.17. The remain-
ing subspace of products containing only « and/or f is 4-dimensional and
computation of its character reveals that it contains one of each irreducible
representations of &, g, i.e., the trivial, the sign, and the standard represen-
tation. One also checks by direct computation that the sign representation is
spanned by af(a + ). O

3.20. The higher spin representation Sz. In this section’s Theorem 3.22,
we provide a coordinate-free version of the so-called %—spin representation de-
scribed in [23]. The main idea is a suitable extension of the previous Weyl
group type ansatz on the module Vs ® S, where V3 := Sym® V with V = h*
and S is the carrier space of the %—spin representation from Theorem 3.3.
For better readability, we will denote the standard invariant form on §h* by
b(-,-) in this section. According to Proposition 3.14, we need to find maps
T : A — End(V3) satisfying

(9a) [7(a), 7(8)] = 0 if b(a, B) = 0,
(9b) {r(a), 7(B)} = r(a£p) if b(a, f) = F1.

We will need some standard results on the structure of symmetric products of
vector spaces. Fix the normalization on Sym® V with respect to V&3 via

1
Sym® V' 3 vy - vg - v 1= 31 Z V(1) @ Vg (2) @ Vo (3)-
ceB3

The induced W (A)-invariant, non-degenerate bilinear form on Sym?® V is given
by

1
b(vy - v2 - v3, UL - Uz - u3) = § Z b(vo(l)aul) s b(Uo(3),U3)-
ceB3
Let e1,..., e, be a basis of V' and set

(10) wij =bleie;), (W)= (wiy) " = > whwy, = k.
l

Define the symmetric insertion 1 : V. — Sym® V via
Y(v) = o Z lov@er e +er@ve +e,®e @ ).
Tokl=1

Symmetric insertions play an important role in invariant theory, and the above
definition of ¢ does not depend on the chosen basis (cp. [8, Secs. 17.3 and 19.5]).
In the language of theoretical physics used in [23], the coordinates of the
element t(a) with respect to some basis would be given as a(,Gy.), where
a,b,c=1,...,dim(V), Gy denote the elements of the bilinear form in the cho-
sen basis (corresponding directly to the w;; above) and the parentheses denote
complete symmetrization.
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We consider the ansatz

(11a) () = Sq — %Id + f(a) for all a € A™(A),
(11b) f(a) =v(a) -b(v(a)|-) € End(Sym® V),
(11c) v(a) =p-aca+q-P(a) €Sym?V,

where s, by slight abuse of notation, denotes the action of the Weyl reflec-
tion s, on Sym® V that is induced by its action on V = h*, and p,q € R are
unknowns to be determined. It may seem natural to assume f(«) to be of
rank 1, given that there is only a single copy of the sign representation. The
above assumption on the shape of f(«) is even more restrictive and can only
be justified afterwards: the above ansatz will suffice to solve (9), and replac-
ing one of the v(«) above by an independent vector w(«) would lead to the
requirement v(a) = w(a) after a tedious and lengthy computation. There are
only two vectors in Sym®(V') which are related to « in a natural way: aoo
and ¢ («a), which motivates (11c).

Lemma 3.21. Let A be simply laced, m == dimV, and o, € A™(A). Then
sa(V(B)) = ¥(saB),

b (), 6(8)) = "2 2b(0,B),  blaaa, Y(8) = blas ).

Proof. The first statement reduces to checking that
(Z wkley, ® el> € Sme(V)
k=1

is invariant under action of s,, which is a result of b being W (A)-invariant.
Therefore, s, intertwines with 1, i.e., s, 09 = 1 0 So. One computes directly

b((a), viv9u3) = é[b(a, v1)b(va, v3) + (v, v2)b(v1, v3) + ba, v3)b(vy, V)]

For vyvous = 553, this specializes to

b (), 538) = 5blas BH(S, B) = (e, B),
since b(8,8) =2 as B € A™(A) and A is simply laced. The computation of

m+2
b(¥(a),(B)) = Tb(a,ﬁ)
is straight-forward but a bit lengthy, and one uses the identity

g wklw”wmwlj = E 5fw”wki= E W = g 0 = m. O
ki i

koli,j ki,

Theorem 3.22 (This is [26, Thm. 3.23 and Lem. 3.24]). Let A be a simply
laced GCM, let p be a %—spin representation of €(A) as in Theorem 3.3 and
denote by X1,..., X, the Berman generators of ¢(A). Ansatz (11) satisfies
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(9a) and (9b) if one fixres p and q to be (e = +1, m = dimb, and the signs can
be chosen independently)

q+ 2—612:F2\/m D zsi.
< m+2v3 V3
One has further that f(«) in (11) satisfies
f(@)?> =4f(a) for all a € A™.

With T as in (11),
o(X;) =7(a;) @2p(X;) foralli=1,...,n
extends to a representation of t(A).

Remark 3.23. The above theorem in fact describes two representations as
there are two signs to chose but only the relative sign matters, because v(«)
appears twice in f(a). In the remainder, we pick both signs as + when referring
to the higher spin representation Sz. The preferred £(A)-module is denoted
by Sz in the remainder of the text.

Proof. Plugging ansatz (11) into the left-hand side of (9a) yields

[7(@), 7(B)] = [5a, 58] + [50, [(B)] + [f (@), 58] + [ (), F(B)]

and is required to vanish for b(«, 8) = 0. For a, 8 € A*® such that b(«, 8) =0,
one has sg(v(a)) =v(«) and b(v(e),v(B8)) = 0 by Lemma 3.21. Thus, it follows
that [sq, f(8)] = 0 by invariance of b under W (A) and [f(«), f(8)] because of
b(v(e),v(B)) = 0. Since s, and sg commute, (9a) is satisfied.

For b(a, §) = F1, plugging ansatz (11) into (9b) yields

{50 = 31,55 — 21} + {50, 7)) + (F(0),55) + (7). F(5)}
~ F(@) = () £ 0y — 510+ flak ).

This equation is satisfied if and only if

(12a) {Sa — %Id, sg — %Id} +T(o, B) = Satp — %Id,
with
(12b) T(e, B) = {sa, F(B)} + {f(a), 8} + {f (), f(B)}

— fla) = f(B) — fla£p).

One has by Proposition 3.16 that {s, — $1d, sg — £Id} = sq1s — 31d holds
on all &3 = (s4, s)-representations whose decomposition does not contain the
sign representation. Thus, the support of T'(«, 3) needs to be the span of
afB(a+ B), as this is the only occurring sign representation of Sz = (sq, sg) by
Lemma 3.19, because (12a) yields T'(«, §)u =0 for all u in an G3-representation
that is not the sign representation. Furthermore, the image of T'(«, ) must
also be the span of af(a + ), because the rest of (12a) acts diagonally on
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Raf(a + B). In conclusion, support and image of T'(«, #) need to be the span

of af(a+ f).
One computes, for b(a, 8) = F1,

sav(B) = —b(a, B) - v(a £ B),
v(B) - b(v(B), Sa(uruzuz)) = —b(a, B) - v(B) - b(v(e £ B), ugugus)
for all uqusus € Sym3 V. Thus,
{sa, F(B)} +{f (), 58} = v()b(v(e £ B),-) + v(a £ B)b(v(a),-)
— b(a, B)v(B)bv(a + B), -)
— b(a, B)v(a £ B)b(v(B), - ).
Setting X («v, 8) := b(v(),v(53)), one has furthermore
{f(a), f(B)} = X(a, B)[o()b(v(B), ) + v(B)b(v(e), - )].
With this, one computes
T(a,p) = v(a)b(v(a + 8) + X(a, B)v(B) — v(w), )
+0(B)b(X (e, B)v(a) — blev, B)u(a + B) — v(B),")
+ v(a £ B)b(v(a) — bley, B) - v(B) — v(a £ B),-).

Now the demand that T'(c, 8) may only be supported on the span of V, g :=
a-B-(axp)e Sym® V leads, after rearrangements of order and signs, to three
equations (ki, ko, ks € R):

v(iaxB) —v(a) + X (o, B)v(B) = k1 - Va g,
—b(a, B)[v(a £ B) — ble, B) "' X (a, f)v(@) + e, B) " v(B)
—lv(a £ B) —v(a) + bla, B) - v(B)
By the definition of v(«) and linearity of v, one has
v(iax B) —v(a) +b(a, B) - v(B) = —3pb(e, B)Va -
——

:;1

]_k2 a,@a
| =ks -V,

As v(B) is linearly independent from V, g, all three equations concerning the
support are satisfied if X (a, 8) = b(«, ). Miraculously, this satisfies the con-
straint concerning the image as well, since X («, 5) = b(a, 8) implies

T(a,B) = —9p*Va gb(Va g, - )-
By use of Lemma 3.21, one computes
m+ 2
(13) bv(a),v(B)) = p*ble B)° + 2pgb(a. ) + ¢* —
so that X (a, 8) = b(v(a),v(B)) = b(a, ) is equivalent to

b(a, B),

)
(14) p® +2pq + m12 =1
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This determines p and ¢ in the ansatz for v(«) such that T'(«, 5) has correct
support and image. Evaluation of the left-hand side of (12a) on V,, g fixes the
scale of v(a) (note that sq,sg, Saxp act on Vi, g as —Id):

[%a—;¢%—%m}+Tmﬁﬂnﬁ=[%ﬁ—%mhgﬁ¢$;F=é
Together with (14), one has, with ¢ = %1,
1
Pe = 5%;
(15b) Qe = 2 2\/m-
(m +2)v3

Thus, by Propositions 3.14 and 3.16, one concludes that
o(X;) =7(a;) ®2p(X;) forali=1,...,n,

(15a)

with 7 as in (11) and p,q as in (15) indeed extends to a representation of ¢(A).
Concerning f()?, one has with (13) that
m+2 8  24+4m+32—-48

2 =4
6 3T T 3mt2)

b(v(a),v(e)) = 8p* + 4pq + ¢°

and therefore
f(@)? = v(@) - b(v(@)|v(a)) -b(v(a)]-) =4 f(a). O

Remark 3.24. As of now, all attempts at extending ansatz (11) to higher
powers Sym" (h*) or other Schur modules Sy (h*) were unsuccessful. Typically,
the number of sign representations exceeds the number of free parameters that
is determined by the elements naturally associated to a root o, which we tested
for all Schur modules associated to partitions of n up to n = 5. For almost
all Schur modules over h*, the number of sign representations depends on the
dimension of h*. In that regard, Sz is somewhat special because the occurrence
of exactly one sign representation is universal in that it does not depend on h*.

4. REDUCIBILITY AND IRREDUCIBILITY

In this section, we derive some results concerning the irreducibility of higher
spin representations and properties of their tensor products. These results have
in full generality only appeared in [26] and are genuinely new except for choice
examples such as Sz of €(E10) where the image is known to be isomorphic to
50(32,288) by [24].

On the technical level, the most important tool will be that the action
factorizes according to the tensor product structure.

Lemma 4.1 (This is the corrected! version of [26, 5.6]). Let (o, V @ S) de-
note the representation Sz or Ss of €:=t(A)(K) for A simply laced and let
X4,...,X, denote the Berman generators of €. Then one has for alli=1,....,n

n [26, 5.6], the right-hand side of (16¢) misses an overall minus sign.
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that
> 7
(164) 46 (X)) = Z(X0? + Lo(X.)
2 41
(16b) n(s:) ® 1d = —EOU(XZ-)‘l - So(xy,
1 4
(16C) Id ® Id = —360'()(1)4 — KOU(Xi)Q,

where 1 denotes the representation of the Weyl group W(A) on V. Hence, for
all w e W(A), there exists y1 € U(E) such that o(y1) = n(w) ® Id, and for all
x € ¢, there exists yo € U(E) such that o(y2) = Id @ p(x).

Remark 4.2. The above formulas also hold for o € A¥® and X, € &, such
that (Xo|Xa) = (X;]X;) for some i =1,...,n, due to the conjugation result
(Proposition 5.21) that we are going to prove later.

Proof. One has that

(1) o(X0) = (n(s0) ~ 3 ) @ (20(X1),
and from this, one computes
o) = (n(s) - 3) @ 1d,
o(X)° = (~ Tnlsi) + ) ©20(X) = — 2o (X0) + 1A © 20(Xy),
5 41

o(X)' = =3 (n(s:) = 35) @ 1

from which (16) follows. As W (A) is generated by the s; and € is generated by
the X, it is always possible to find y1,y2 € U(£) such that o(y1) = n(w) @ Id
and o(y2) = Id ® p(x).

Concerning the remark: by Proposition 5.21, one has that

1
o(Xa) = %(n(sa) = 5 ) © (2p(Xa))
for « € A" and the sign + does not change the computation. 0

We need to collect a few basic results concerning the action of W(A) on h*.

Lemma 4.3. Let A€ Z™ "™ be an indecomposable, reqular, not necessarily sim-
ply laced GCM and let (h,11,11V) a realization of A. Then b* is an irreducible
W (A)-module.

Proof. Since A is regular, h* is spanned by a4, ..., «, which are by definition
linearly independent and therefore, to any 0 # A € U in an invariant sub-
module U C bh*, there exists i € {1,...,n} such that (') # 0. But then
$id =X — Moy )a; € U implies o; € U. Now s;(a;) — a; = ajjej € U shows
by successive application that all simple roots are contained in U because A is
indecomposable. Thus, h* is an irreducible W (A)-module. O
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We remark that the assumption of regularity is necessary. If A is an affine
GCM, then K- 9, where § denotes the null root, is an invariant subspace of
h* with respect to the action of W(A). Also, indecomposability is necessary
because otherwise the span of simple roots corresponding to each sub-block of
A are an invariant subspace of h*.

Proposition 4.4 (This is [26, Prop. 5.8]). Let A € Z™*™ be an indecompos-
able, simply laced, reqular GCM and n > 2. Then there exists an irreducible
generalized spin representation Si of €(A). Furthermore, the representation
Sz built on this S1 is irreducible as well.

Proof. Since the generalized spin representations from Theorem 3.3 are finite-
dimensional, restriction to a smallest invariant submodule is always possible
and yields an irreducible generalized spin representation St .

By Lemma 4.3, h* is an irreducible W (A)-module because A is regular, and
by Lemma 4.1, one can act independently on the factors of Sz =bh* @ S;.
Irreducibility of Sz follows if one can show that any invariant submodule con-
tains an elementary tensor A ® u € Sg. In order to do so, introduce the pro-
jections p; == 2(Id — s;) € End(h*), where i = 1,...,n, to the simple roots.
Since (-,-) is non-degenerate (a;, A\) =0 for all i =1,...,n and \ € h* is
equivalent to A = 0 and in consequence to any A # 0, there exists ¢ such that
pi(A) #0. Thus, to 0 # v € h* ® S1, there exists i such that (p; @ Id)(v) # 0.
But (p; ® Id)(v) = ; @ u for some 0 # u € S1. This shows that any invari-
ant submodule of S3 contains an elementary tensor and therefore that Sz is
irreducible. O

Corollary 4.5. Let A€ Z"*" and S3 be as in Proposition 4.4 and denote the
representation by o : €(A) — End(Ss). Then im(c) is semisimple.

Proof. According to [3, 1.6.4, Prop. 5], one of seven equivalent characteriza-
tions for a Lie algebra g to be reductive is to possess a faithful, finite-dimen-
sional, completely reducible? representation. By definition, im(c) C End(Ss)
possesses a faithful finite-dimensional representation, because Sz is a finite-
dimensional vector space. By Proposition 4.4, S3 is an irreducible £(A)-module
and therefore an irreducible, hence completely reducible, im(c)-module. Thus,
im(o) is reductive. Since A is indecomposable and simply laced, €(A) is per-
fect, i.e., [t(A), €(A)] = ¢(A) (this is essentially a consequence of the fact that
each Berman generator X, can be written as the commutator —[X;, [X;, Xj]]
for i adjacent to j). One concludes that im(c) is semisimple. O

Lemma 4.6. Let A be a simply laced GCM. Then the higher spin represen-
tations (o, S2:x1) of ¢(A)(R) for s € {1,2,3} admit a non-degenerate bilinear

2
form (- ,-) with respect to which the representation matrices are skew-adjoint.

2The exact wording is semisimple, which is used synonymously for completely reducible
in [3] when applied to g-modules (see [3, 1.3.1, Def. 2]). Note also that the reference to [3,
1.6.4, Prop. 5] is sensitive to publisher and edition.
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This so-called contravariant bilinear form is given explicitly by
(18) (a®s,bt)=(alb)y - (s|t)s foralla,beV, s, tes,

with V € {h*, Sym?(h*), Sym®(h*)} and S a generalized spin representation.
Here, (-|-)y denotes the symmetric bilinear form invariant under the action
of W(A) induced by the standard invariant form on h*, and (-]-)s denotes an
inmer product on S.

Proof. The generalized spin representation S is compact according to Propo-
sition 3.2. Hence, S admits an inner product (- |-)s with respect to which the
p(X;) are skew-adjoint. Furthermore, V € {h*, Sym?(h*), Sym®(h*)} carries
the invariant bilinear form induced by (-|-) on h*. The (induced) Weyl reflec-
tion s, as well as the projection f(«) from 11 for a € II are symmetric with
respect to (-|-)y. The bilinear form (18) is non-degenerate because (- |- )y
and the inner product on S are. Skew-adjointness of o(X;) extends to the
image of ¢ as it is generated as a Lie algebra by the o(X;). O

We would like to remark that, for the existence of a contravariant bilinear
form, compactness of the underlying generalized spin representation appears
to be crucial. One can also construct spin representations for other involutory
subalgebras where the involution has a sign twist for some of the Berman gen-
erators, which typically results in a noncompact representation (cp. [31, 20]).
In this case, a contravariant bilinear form needs not exist (cp. [7, Sec. 2.3]).

Proposition 4.7 (This is [26, Prop. 5.10]). Let A be an indecomposable, simply
laced, regular GCM and let Sz be the representation from Theorem 3.18 built
on an irreducible generalized spin representation. Then Sg decomposes into an
orthogonal sum of invariant submodules

Sz = Sg ®S1
with respect to the contravariant form (18). The module Sg, called the trace-
free part of Ss, is irreducible if the W(A)-module Sym?(h*) decomposes into

ezactly two irreducible factors, where one of them is always the trivial repre-
sentation.

Proof. One again uses that the action of £(A) on V' ® S can be split into the
action on V = Sym?(h*) and S = 81, where the action on V' is essentially that
of W(A) on V. The symmetric element

(19) V= Zwklek ® e
k.l

with w from (10) is W(A)-invariant as it is invariant under any A € End(V)
that is induced by a g € O(h*) (cp. [8, Secs. 17.3 and 19.5]). Since S admits
an inner product and (¥|¥) = dim h*, one has that K- ¥ ® S is anisotropic
with respect to the contravariant form (18). Thus, its orthogonal complement
is an invariant submodule which we call the trace-free part.

In order to describe irreducibility of its complement in terms of the action
of W(A), we proceed as before and try to show that there exists an elementary
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tensor in S 3. It may be possible to derive this by the induced action of W(A) on
UL similar to the proof of Proposition 4.4, but this time, it is in fact more eco-
nomic to work with S instead. One has from Theorem 3.3 that im(p) C End(S)
is semisimple. The irreducible im(p)-module S becomes a finite-dimensional
highest weight module of some semisimple complex Lie algebra g = im(p)c
after complexification. This implies that S decomposes into weight spaces
with respect to to a Cartan subalgebra h of g whose triangular decomposition
we denote by fi_ @ b @ i, ; we also denote the Chevalley generators of iy by
€1,...,6m and the weights of S¢ by P(S). Any invariant submodule Ug of Sg,c
therefore admits a basis whose elements are linear combinations of elementary
tensors aff ® s with a, 8 € b* and s} for j =1,..., mult(\) weight vectors of
weight A € P(S) C [j* As S is a highest weight module, each A\ can be written
uniquely as A = A — Zﬁl kzﬁl, where the ﬁz denote the simple roots of [j* and
the k; are nonnegative. As the basis of Uc is finite, there exist weights A of
maximal depth (defined as > k;) k such that sy occurs in the basis of Uc. To
each such s, there exists an element e (\,i) = é;, --- &, € U(ny) such that
e1+(\,i)s§ € Sy and is nonzero. This is because to each nonzero z € Sy, there
exists an ¢ = 1,...,m such that é;x # 0 unless A = A by uniqueness of the
highest weight vector. The same applies to any nonzero linear combination of
the s%. Furthermore, the e (), 4) map any s/, with u # X but of the same or
smaller depth to 0. Thus, with {b1,...,bx} a basis of Sym?(h*) and given

N mult(p)

u:Z Z Z c%‘)bi(@s )EUC,

N mult(\)
Mdee,Mu=Y 3 cVb@e (Vs
=1 j=1
N mult(\)
= Z (bZ ® [ Z CEJ)€+()\)S€A):|)
i=1 j=1
N
Z SA = (Z k;b; ) & SA
i=1

with at least one k; # 0. Therefore, an invariant submodule Uc of Sg,@ always
contains an elementary tensor. As in the proof of Proposition 4.4, one now
deduces from Lemma 4.1 that S’o . 1is irreducible if the action of W(A) on
UL c Sym?(h*) is. This in turn unphes 1rreduc1b1hty of the real module S 5
because if U were an invariant submodule of Ss, then Uc = U + iU would be
an invariant submodule of S 5 C. O

Remark 4.8. Note that U+ c Sym?(h*) can be irreducible or not; an exam-
ple for the latter case is A = A, _;. In this case, W(A,_1) is isomorphic to
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the symmetric group G,, and h* is isomorphic to its standard representation.
According to [8, Ex. 4.19], Sym’vV=UaVa Vin—2,2), where U denotes the
trivial representation, V' denotes the standard representation, and V{,,_s 2) is
the irreducible representation associated to the partition (n — 2,2) of n. The
exceptional diagrams Eg, Ev, and Eg provide an example for U1 being irre-
ducible: according to [10, Tabs. C.4-C.6], W(E,,) for n = 6,7,8 admits an
irreducible character of degree (";‘1) — 1 that occurs® in Sym?(V), where V
denotes the standard representation of W(E,,) as before.

We would like to show that the image of £(A) under the representation
(o, S%) is a semisimple Lie algebra by showing that its image is reductive as
we did in Corollary 4.5 and then exploit perfectness of €(A). Since even the
module Sg is not always irreducible, we need to show more generally that
the module is completely reducible. By the factorization of the actions, this
essentially requires to show that Sym?(V) is a completely reducible W (A)-
module, which is not obvious if W(A) is not finite.

Lemma 4.9. Let A be an indecomposable, simply laced, reqular GCM and
denote by V = Sym?(h*) the W(A)-module induced by the natural action of
W(A) on b*. The module V is completely reducible.

Proof. The module V comes with a natural W (A)-invariant bilinear form (-|-).
In order to show complete reducibility, we need to show that any invariant
submodule U has an invariant complement. The submodule U~ orthogonal to
U with respect to (-|-) is a natural candidate by W (A)-invariance. It is an
invariant complement if and only if U+ N U = {0}. If A is of finite type, there
is nothing to prove since (- |-) is positive definite in this case. For A indefinite
however, this requires some consideration. We will show first that KU with ¥
from (19) is the only W (A)-invariant subspace of dimension 1. We then show
that s;.u # u for u € U+ N U leads to a contradiction, so that U+ N U can only
be trivial because V¥ is not isotropic.

First of all, U+ N U is a W (A)-invariant submodule, too. As a consequence,
(ulu) =0 for all u € U NU. Consider a basis wy,...,w, of h* defined by
(alw;) = 6,5 (since A is simply laced, these are the fundamental weights)
and spell out u = Z” cijwiw; and a; = Zj BJ(-l)on. Now s;u = u for all 7 is
equivalent to

0=s;u—u

= cii(wi — ;) (wi — ;) — ciiwiw; + (wi — a;) Z CijW; — Wi Z CijWy

J#i J#i
= GGy — 2050w — Oy Z CijWj
i
=y {cu‘ ZB@W — 2c4w; — Zc»w}
Wi i Wi igWi |
J J#i

3This can be seen from the value of by in this table. For an irreducible character y,
a value of by = d means that Symd(V) is the smallest symmetric product of V' that affords
X as an irreducible component.
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which is only zero if the second factor is. This leads to the system of equations

c“-Bi(i) = 2¢44, ciiBj(-i) =c¢;; forall j #i.

The first equation is satisfied for all i because s;«; = —a; yields that Bi(z) =2
so that the second equation fixes all ¢;; for j # i. Thus, if all ¢;; were 0, then
u = 0 so that we can from now on assume otherwise. Let 7 be such that ¢;; #0
and pick j such that {i,j} € £(A4), which is possible since A is indecomposable.
One has

0 # (ailay) = B (wjlay) = BYY

but also
0# (aslay) = BY (alwi) = B
so that ij) = B](i) for all 7, j. Since c;; = cj; because u € Sym?(h*), one has
ciBy) = cij = ¢i = c;;BY)
and therefore ¢;; = ¢;; for all j. Thus, the space of all W (A)-invariant vectors
is of dimension 1 and therefore equal to K¥. We had already seen that the
norm of W is nonzero so that U+ NKV = {0}.

Now assume u € U+ N U N UL are nonzero. Then there exists i such that
siu # u. Spelling out w in the slightly altered basis {a;} U {w; | j # i} as
U = Ci 0y + Oy Z#i Cijw; + Z##k cjpwjwy yields

S;U— U = —20; Zcijwj = Oziﬁ S \I/L NUN Ul.
i
One has that (B|a;) =0, and so ;3 € ¥ NU N U+ implies

1 1
0= (@iBlai) = 1 (0ulas) (BI8) + 5 (0l B)(Blax) = (818).
Since A is regular and § is nonzero, there exists j # ¢ such that (a;|8) = ¢ # 0.
Case 1: (a;|oj) = 0. One has —s;j(a;8) + ;8 = ca;a; € Y- NUNUL, but
(caiajleaiay) = $c2(ailos)(aj]oy) # 0 contradicts this.
Case 2: (a;la) = —1.
sj(aif) — aiff = coyo + Boy + cajoyy = w,
5 1 1
(w|w) = 502 —2c- 26~ 4c® + 562 +4c? + 4t =62 #0,

which again contradicts w € ¥+ NU NUL. Therefore, U N U+ = {0} and
invariance of (-|-) show that V is a completely reducible W (A4)-module. O

Corollary 4.10. Let A and Ss be as in Proposition 4.7; then the image of
€(A) under this representation is semisimple.

Proof. If Sym?(h*) is a completely reducible W (A)-module, then Ss is a com-
pletely reducible £(A)-module. This implies the claim by the same reasoning
as in Corollary 4.5. g
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Lemma 4.11. Let p; : ¢(A)(K) — End(V;) for i = 1,2 be finite-dimensional
representations and let x € ker(p1 ® p2). Then either x € ker(py) Nker(pz) or
there exists 0 # A € C such that

p1(x) =X-1dy, and po(z) = —X-Idy,.
Proof. One has ker p; Nker py C ker(p; ® pa) because of

(p1 ® p2)(x)(v @ w) = (p1(z)v) @ W+ v & (p2(2)w)
=0w+v®0=0 forallveVi, wes.

Now assume x € ker(p; ® p2) but x ¢ ker(py); then (p1 ® p2)(x) needs to vanish
everywhere and so in particular on every element of a basis of V; ® V5. Take
bases {e1,...,en}t and {f1,..., fm} of V1 and V4, respectively, and compute

0=pi(x)e; @ fj + e; @ pa(x) f;

— 0= Zpl(x)kiek ® fi + pi(x)ie; @ f;
ki
+ ) pa(@)ei ® fi + pa() e ® [
1£]
for all 1 <i<mn, 1<j<m. This holds if and only if pi(x) and pa(z) are
diagonal and such that pi(z); = —pa(x);; #O0forall1 <i<n,1<j<m. O

Lemma 4.12. Let p: ¢(A)(K) — End(V) be a finite-dimensional representa-
tion; then

ker(p ® p) = ker(p), ker(Sym"(p)) = ker(p), ker(A"p) = kerp,
as long as n < dim(V).

Proof. For p ® p, one applies Lemma 4.11. For Sym"(p), consider a basis
{b1,...,bm} of V; then x.b; - b; - --- - b; = 0 is equivalent to p(z);; = 0 for all
i,7=1,...,m. Similarly, one computes on A"V that x.b;; A---Ab;, =0
is equivalent to >.;_, p(2)i, =0 and p(x);; = 0 for all j # 4 (it may be
instructional to look at /\2 V first). (]

Proposition 4.13 (This is [26, Prop. 6.3]). Let A be a simply laced and in-
decomposable GCM. Then all the higher spin representations (p2si1,Sz2:11) of
t(A) for s =1,2,3 (cp. Theorems 3.3, 3.18, and 3.22) satisfy

2s1+1 2s9+1 — 2s1+1 2s9+1
ker p2s1+1 @ p2sa+1 = ker p2s1+1 M ker p2sa+l.

Proof. There exists a non-degenerate bilinear form on each of the mentioned
modules and the action of €(A) is skew (cp. Lemma 4.6) with respect to this
bilinear form. The representation matrices must therefore be traceless, which
excludes the second case of Lemma 4.11. (]
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Proposition 4.14. Let A be a regular, indefinite, simply laced GCM and
denote by Iy, T3 and I3 the kernels of the representations (p,S1), (0,83),
and (o, Sg), respectively. If the image of o does not contain a compact ideal,
then Iy NIm C Tk form € {3,5} and k € {1,m}.

Proof. We start by showing 7t  Zm . Let x4 € £ = (ga ® 9-0a) NE, 25 € t3
with «, 5 € A’ be such that (recall the definition of I'-matrices, Definition 3.7,
and their relation to generalized spin representations, Proposition 3.9)

p(ra) = 5T (@), plws) = 3T(8),

o(a) = (sa - %Id) ®l(a), o(zs) = (56 - %Id) @ T ().

Such elements exist due to Lemma 5.19 and Proposition 5.21. We can further-
more choose a, 3 € Af such that o — 8 € 2@Q), which implies I'(a) = I'(3) and
therefore xo, — 25 € Z1. However, o(z4) — 0(z5) = (sa — 85) @ ['(a) # 0.

In order to show Zm ¢ 71, we are going to exploit that the image of the
generalized spin representation p is compact but that Sz and Ss have an in-
variant bilinear form of mixed signature. We had excluded the case 7 =71
and therefore it is the same to assume Z» C 731 and produce a contradiction.
We know by Corollaries 4.5 and 4.10 that im o is semisimple. If 7w C 71, then
there exists a nontrivial homomorphism ¢ : im o — im p that factors through
p and o, i.e., ¢ oo = p. Since im p is compact, there exists an invariant inner
product on 81 so that ¢ provides a nontrivial finite-dimensional unitary repre-
sentation of imo. As noncompact simple Lie algebras do not admit nontrivial
finite-dimensional unitary representations, all noncompact simple factors of
im o must act trivially on St. Thus, if Z» C 71, then im o has a nontrivial
semisimple compact factor £y which we excluded by hypothesis. O

Remark 4.15. The hypothesis on A to be indefinite is crucial for the above
proposition. For £(Ey), it is shown in [25] that the kernels of Sz:+1 form an
ascending chain 7z C 73 C 73 C Z1. This chain of inclusions is due to affine
Kac-Moody algebras containing the loop algebra K[t~1,#] ® g and the fact
that £(A) is contained in the loop algebra. This makes it possible to spell out
Sz and Sz as generalized evaluation maps of the loop algebra involving also
derivatives of order up to 2. This leads to all but the first inclusions, which is
more subtle.

By the above proposition, the kernels of tensor products of representations
can provide truly smaller ideals. In [26], it was shown for £(E1¢) by a computer-
based analysis that the tensor products Sz ® &1 and S3 ® A S1 are both
irreducible. We believe that this is generally true for A regular, indefinite,
simply laced, where S can also be replaced by Sg, as long as each factor in
the tensor product is irreducible. The proof given in [26] however (cp. [26,
Lem. 6.5 and Prop. 6.7]) contains an error that cannot be easily fixed: the
applied strategy is similar to that from Propositions 4.4 and 4.7, i.e., one tries
to exploit a polynomial identity of the representation matrices that enables
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to act on each factor of the tensor product individually. The issue is that
the identity derived in [26, Lem. 6.5] does not hold if the sign error in [26,
Lem. 5.6] is fixed as we did in Lemma 4.1. With the correct sign, the matrices
o(X;) ® Id and Id ® p(X;) are not contained in the span of pu(X;)" for n € N
with u(X;) = o(X;) ® Id + Id ® p(X;). Instead, one has that p(X;) satisfies
the identity p(X;)* = —5u(X;)? — .

5. LIFT TO Spin(A) AND COMPATIBILITY WITH ACTION OF W*Pii(A)

In this section, we show that the higher spin representations do not lift
to the maximal compact subgroup K (A) of the minimal split-real Kac-Moody
group G(A) but only to its spin cover Spin(A). We also analyze the interaction
of the spin representations with the action of the spin-extended Weyl group
introduced in [11], which we use to derive a parametrization result for the
representation matrices. Our exposition follows [26, Chap. 4] and we only
briefly review spin covers, referring to [11] for more details.

5.1. Maximal compact subgroups, spin covers, and a lift criterion.
There are different groups that can be associated to a Kac-Moody algebra
(cp. [28]). The minimal simply connected, split-real Kac-Moody group G(A)
(cp. [28, Chap. T]) possesses an involution 6 that is the group analog of the
Chevalley involution w. The fixed-point subgroup K (A) := G(A)? is commonly
referred to as the maximal compact subgroup and its Lie algebra is ¢(A). We
are mostly concerned with the spin cover Spin(A4) of K(A) introduced in [11]
for simply laced A and are therefore able to avoid the machinery involving
the constructive Tits functor. Instead, we follow [11] and construct K(A)
as an SO(2)-amalgam (defined below) without constructing G(A) first. We
merely note that the amalgamation approach to K(A) as well as for G(A)
is equivalent to the constructive Tits functor for two-spherical diagrams, i.e.,
diagrams whose rank-2 subdiagrams are all of finite type.

Definition 5.2 (cp. [11, 3.1 and 3.4]). For I = {1,...,n} and i #j € I, let
G, Gij be groups with monomorphisms @bjfj : Gy — Gyj. One calls

A= {Gi,Gij,¢§j|i#j€I}

and the @[ij an amalgam of groups and connecting homomorphisms, respec-
tively. If G; 2 U for all i € I, one calls A an U-amalgam. It is called contin-
uous if all G, G; are topological groups with continuous connecting homo-
morphisms @[ij.

Definition 5.3 (cp. [11, 3.5-3.6]). Let A= {G;,Gi;,¢; | i # j € I'} be an amal-
gam of groups. A group G together with homomorphisms 7 := {7;; : G;; — G}
such that 7;; o wfj =T, oy for all j # 4 # k € I is called an enveloping group
of A with enveloping homomorphisms 7;;. One calls (G, 7) faithful if all 7;; are
injective, and wuniversal if, to any enveloping group (H,7) of A, there exists
a unique epimorphism 7 : G — H such that mo 7; = 7.
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Given a fixed amalgam A, two universal enveloping groups are uniquely
isomorphic by universality. The canonical universal enveloping group (CUEG)

G(A) := < U Gij ‘ all relations in Gyj, 9, (r) = 7/)£j(33)
i#jel

foralli# j# k and all z € Gj>.
is a universal enveloping group [15, 1.3.2]; the above phrasing is as in [11]. For
general GCMs A and field K, the split minimal Kac-Moody group G(A) over
K associated to g(A)(K) is defined via the constructive Tits functor (cp. [30]).
For A two-spherical however, one has from the main result of [1] that the split
minimal Kac-Moody group G(A) over R is the universal enveloping group of
the amalgam A = {G;, Gj, (bﬁj}, where G; = SL(2,R) and G;; is the split-real
algebraic group of type Ay; ;3. The (bﬁj : G; — G are the canonical inclusion
maps induced from G;; being generated by its fundamental rank-1 subgroups
G and G;. The restriction 0|g,; of 6 to any fundamental rank-2 subgroup
yields the classical Cartan—Chevalley involution on the split-real Lie group Gi;
because A is two-spherical. In [11], it is shown that K(A) is an amalgam of
the G?j which are the classical maximal-compact subgroups. In order to state
their result precisely, we need to introduce a few more objects first and we
restrict ourselves to the simply laced situation.

For A simply laced, one has G = SO(2) and GY; isomorphic to SO(3) or
SO(2) x SO(2). We set

Ky = {80(3) if {i,5} € €,

(20) SO(2) x SO(2) if {i,j} ¢ £.

For a group H, set
i1:H—HxH, hw—(hye), io: H— HXH, hw (e h).
Furthermore, denote by €12 : SO(2) < SO(3) the embedding via the upper-left
SO(2)-subgroup and by e23 : SO(2) — SO(3) that via the lower-right SO(2)-
subgroup.
Definition 5.4 (cp. [11, Def. 9.1]). Let A € Z™*™ be a simply laced GCM, &
its Dynkin diagram’s edges, and I = {1,...,n}. The standard SO(2)-amalgam
of type A is defined as
A(A,80(2)) == {K; 2 S0(2),Kij,¢}; | i # j € I}

with Kj; as in (20) and, for all ¢ < j € I,
i Jew if{ij} €€, o= e if {i,j} €€,
E 7;1 if {7’7]} ¢ga E Z‘2 if {17.7} ¢5

According to [11, 9.5], changing the Dynkin diagram’s labeling I does not
affect the isomorphism type of A (we have not defined this term; cp. [11, 3.2]).

It is possible to concatenate the qﬁj by an isomorphism of SO(2), which [11]
calls simply an SO(2)-amalgam and such an SO(2)-amalgam is only guaranteed
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to be isomorphic to the standard one if the connecting homomorphisms are
continuous. Split-real Kac-Moody groups of 2-spherical type naturally carry
the so-called Kac—Peterson topology that induces the Lie topology on their
spherical subgroups (cp. [16, 14]). Thus, it is natural in our setting to consider
only continuous connecting homomorphisms.

The block embeddings e12, €23 have a canonical lift 12, €23 : Spin(2) —
Spin(3) (cp. [11, Lem. 6.10]) which enables one to define the standard Spin(2)-
amalgam of type A in the same manner as the standard SO(2)-amalgam.

Definition 5.5 (cp. [11, Def. 10.1]). Let A € Z™*™ be a simply laced GCM,
£ its Dynkin diagram’s edges, and I = {1,...,n}. Set

(21) Ko e Spin(3) if {i,j} €€,
77| Spin(2) x Spin(2),/((~1, ~1)) if {i,j} ¢ €.

The standard Spin(2)-amalgam of type A is defined as

A(A, Spin(2)) = {K: = Spin(2), K, 8 | £ j € T}
with K;; asin (21) and, for all i < j € I,
i €12 if{i,j}ég, i E23 if{i,j}eE,
9l if {i, g €€, 9 i if {ig} €€
As before, the Dynkin diagram’s labeling does not matter [11, Cor. 10.7]

and any continuous Spin(2)-amalgam of type A is isomorphic to A(A, Spin(2))
(cp. [11, Thm. 10.9)).

Definition 5.6 (cp. [11, Def. 11.5]). Let A be a simply laced GCM. Define

Spin(A) to be the CUEG of the standard Spin(2)-amalgam A(A, Spin(2)) of
type A.

Theorem 5.7 (cp. [11, Thm. 11.2]). Let A be a simply laced GCM and G(A)
the minimal, simply connected split-real Kac—Moody group of type A. De-
note its Cartan—Chevalley involution by 0; then the mazimal compact subgroup
K(A) := G(A)? is a faithful universal enveloping group of the standard SO(2)-
amalgam A(A,SO(2)).

Theorem 5.8 (cp. [11, Thm. 11.17]). Let A be a simply laced GCM; then

Spin(A) is a 2°-fold central extension of K(A), where s is the number of con-
nected components of the Dynkin diagram of type A.

We are now in the position to formulate a criterion that decides whether or
not a given representation of £(A) lifts to K(A) or to Spin(A).

Proposition 5.9 (This is [26, Prop. 4.8]). Let A be a simply laced, indecom-
posable GCM and let p : ¢(A)(R) — End(V') be a finite-dimensional represen-
tation. As usual, denote the Berman generators of ¢(A)(R) by X;; then one
of the following two cases applies:

—Idy  for alli eI,

(22) exp(2mp(Xi)) = { Idy foralliel.
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ts L End(U ¢ & K
exPol O l (wffj *i O J{w,’j,.
KJ *> GL ) € ? Kw

FIGURE 1. Two important commutative diagrams for a spher-
ical subdiagram J, where exp, denotes the abstract exponen-
tial map of a finite-dimensional Lie algebra to the identity
component of a Lie group with that Lie algebra.

In both cases, p lifts to a representation 2 of Spin(A), but it lifts to K(A) only
in the second case.

Proof. We denote the canonical subalgebras generated by the subdiagram J C I
by t;:= (X | j € J). Assume J is such that A is of finite type and let (¢,U)
be a finite-dimensional irreducible representation of £;. The representation
always lifts to the simply connected Lie group K with Lie algebra ¢; and the
first diagram in Figure 1 commutes. For .J such that A; is of finite type, in
particular for |J| < 2, one has that p restricted to €, is completely reducible. In
the rank-1 case, there is no distinction in the lift of p since the involved groups
are SO(2) = U(1) = Spin(2). For J = {i, j} such that {i,j} € &, € ;3 = 50(3)
and all finite-dimensional representations lift to the universal cover Spin(3),
but not all lift to SO(3). By comparison with the adjoint action of so(3)
on itself, one can determine if a given representation lifts to SO(3). Due to
[Xi, [X“X]]] = —Xj, one has

> ( )n(an & n¢2n+1
exp(¢ - adx, )(X;) = Y | ——=—~— on Z (X, X;]
n=0

= COS((b)Xj + sin(¢) [Xi? Xj]

for all ¢, j such that {4, j} € £. Since the exponential of the ady, is 2r-periodic
in the sense that exp(27 - adx,) = Id, a representation that lifts to SO(3) has
to satisfy the second case of (22). Also, the first case of (22) is incompatible
with a lift to SO(3) and therefore such representations only lift to Spin(3).
We now need to extend this lifting behavior from the £; to all of £. We
have already seen by the above that lifts exist locally for fixed spherical sub-
algebras and that the normalization of a single Berman generator tells us all
we need to know for the others. The extension to Spin(A) and K(A) re-
spectively works similar to the proof of [11, Thm. 11.14]. For every i, j, the
local lift of £(; ;1 to the group level induces an enveloping homomorphism
T{i g} Ki; — GL(V) in case one and 7;; : K;; — GL(V) in case two of (22).
In both cases, we collect them in the set 7. One obtains these lifts as fol-
lows. In the first case, one identifies K{; j; with the exponential image of £, j3
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under Eﬁ){z 51 g — IN{{l ;1> which is possible as the exponential map is sur-
jective for compact Lie groups. This naturally induces connecting monomor-
phisms w (K — K” that are compatible with exponentiation in the sense
that the second diagram in Figure 1 commutes. This enables one to define
mij  Kij — GL(V) by 75 (exp;j()) = exp(p(x)) for all z € €, ;3. Since p is
globally defined on £, one has

Tij © ¥ (exp;(x)) = exp(p(x)) = Tik 0 Pjy,(exp;(w))  for all z € gy

This shows that the exponential of im(p) is an enveloping group of the standard
Spin(2)-amalgam of type A so that there exists a unique homomorphism € :
Spin(A) — GL(V). If p restricted to the rank-2 subalgebras isomorphic to so(3)
lifts to SO(3), then the enveloping homomorphisms are 7¢; j1 : K;j — GL(V)
and the above argument shows that the exponential of im(p) is an enveloping
group of the standard SO(2)-amalgam of type A. O

5.10. Lifting and interaction with spin-extended Weyl group. Let
o(X;) = 1(a) @ T'(«v;)

be a higher spin representation as in (3.18) and (3.22) and denote the induced
one-parameter subgroups by

2i(¢) = exp(¢ - o(Xi)).

We would now like to compute an explicit formula for the above representation
matrix. This has been done in [23, Sec. 5] in a second-quantized form and
without explicit reference to the Weyl group action, which is why we repeat
the computation in our terminology.

Proposition 5.11. Let A be simply laced and denote by (o,V') the represen-
tation S or Sz of t(A)(R) from Theorem 5.18. Then

(23)  Xi(¢) = [COS(¢) cos(g) -Id ® Id — cos(¢) sin(g) 1d @ T'(ay)
+ sin(¢) sin(%) -n(s;) ®1d

+ sin(¢) cos(g) -n(si) ® F(ai):| )

and (o,V) lifts to a representation (X,V) of Spin(A) but not to K(A). The
restriction of (X,V) to the fundamental one-parameter subgroups are given by
the EZ‘.

Proof. One computes with I'(a;)?" = (—1)" and the shorthand

T(ai)" = a(n) + b(n)n(s)
for the representations Sz and S3 that

Yi(¢) = A1(¢) - Id @ Id + Az(¢) - 1d @ I'(«;)
+ A3(¢) - n(si) @ Id + Ag(e) - n(si) @ I'(ew),
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with
& e = (gt
Ai(9) = nZO )] a(2n), RZO 2n T a(2n +1),
e _ & g
Because () = 0 for k > n and s? = e, one has

o =a0 [ ()2 e 3 (5, ) 2]

The coefficients of a holomorphic function’s Laurent series
o0
= Z anz"
n=0

satisfy

Zagmz = S+ A2 and Y a2 = L[7() - f(-2)]

m=0

Specialized to f(z) := (1 + 2)", this yields

S (p)car = g rone =3 (3) 45 ()"
k=0

(" Vo Ly ey oLyt 3y
kZ_o<2k+1)( 2) 2[f() F=2)eamy 2 (2) 2 (2)

and therefore

a(2n) =

' [(%)2" * (;)Qn}’ a2n+1) = % ) [(%)2”“ B (g)2n+1}’
1076 somro- LG )
From this, one has with some trigonometric identities that
T ety
)= gom(5) ~gsn(5) = —eos(@rsin(5).
Aa(9) = %C%(g) h % (—) = sin(¢) Sin(%)’
) L

Aq(p) = %sm( 55 i (—) = sin(¢) cos(%).

Finally, one evaluates this for ¢ = 27 and obtains A; = —1 and A; = A3z =
Ay = 0 so that exp(27 - 0(X;)) = —Id ® Id. Now Proposition 5.9 implies that
o lifts only to Spin(A). O

b(2n) =

N = N =

As(9) =
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Proposition 5.12. Let A be simply laced and denote by (o,V') the represen-
tation Sz of ¥(A)(R) from Proposition 3.22. Denote the image of the funda-

mental one-parameter subgroups by 3;; then

. 1 5 3

Li(p) = Xi(o) + 1 {COE(§¢) - COS(§¢)}JC(O&¢) ®1d

1r. /5 . (3
+ 1 {sm(§¢) + sm(gqb)} flai) @ T'(ow),
with ;(¢) as in (23) and (0,Sz) lifts to Spin(A) but not to K(A).
Proof. Recall from (11) that
o(Xi) =7(a) @), 7(a) =n(sa)— %Id + f(a) forall o € AT

with  : W — GL(V) denoting the induced action of the Weyl group on V =
Sym?(h*) and f(a) = v(a)(v(a)|-) with v(a) € Sym*(h*) defined in Theo-
rem 3.22 and equation (11) satisfying

fl@)?=4-f(a), n(sa)f(@) = fla)(sa) = —f(a).
Setting 7(a) = 1(sa) — $1d, one has

T(@)" = [F(a) + f@)]" =)
k=

=3i(o)
G (Y eron

4 2n lenH [(S)MH - (_;)MH} flas) ® T (),
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Si(¢) = i() + i {cos(gqb) - cos(;¢)] floy) ®@1d

+ i{sin(g@ + sin(g¢)} flai) @ I'(ay).
Above, ¥;(¢) stands for the same expression as in (23) but now with 7 :
W(A) — GL(V) for V = Sym®(h*). Concerning the periodicity of %;, the
proof of Proposition 5.11 only relies on 1 being a representation of W(A) and
the properties of I'-matrices. Therefore, X; here is also 4r-periodic and so is
the remainder of ;. As before, Proposition 5.9 now implies that o lifts only
to Spin(A). O

Remark 5.13. One observes that eigenvalues of largest absolute value of
o(X;) are £3 for (o, S7) and +3 for (o, Ss) and (0, 83), so that the notion
of F-representation used in [24, 27] does not quite fit. Essential to the oc-
currence of 5 as an eigenvalue is that f(a)? = 4f(c). Consider abstractly
f(a)? = af(a) and compute the adjoint action on the representation side, i.e.,
ii(g)a(Xj)i]i(—g). This must be proportional to o([X;, X;]), which it only
is if @ = 0 mod 4.

In the above remark, we claimed without further details that

5 (e ()

must be proportional to o([X;, X;]). The reasoning behind this is how repre-
sentations interact with the extended and spin-extended Weyl group and their
action on €, which we will now analyze in detail.

Definition 5.14 (cp. [11, Def. 18.4]). Let A be a symmetrizable GCM and
define n(7,j) to be 0 if a;; is even and n(4, j) =1 if a;; is odd. Furthermore,
define the Coxeter coeflicients m;; for i # j via

aijaj¢|0|1|2|3|24

Define the extended Weyl group W(A) as
WU A) = (ty,...,t, |t} =eforallic I,
12 = 20" for all i £ j € 1,

titjti--- = tjtitj--- for alll#]é[%
~——
m;; factors m;; factors

and similarly define the spin-extended Weyl group WsP"(A) as
WP (A) = (ry,...,r, |15 =eforalli €I,

._17“.2rj = r?r?’L(i’j) for all 4 753 €1,

TJ i

iy = ryrgry - for all i # j € I).
——

m;; factors  m;; factors
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Note that W (A) is not a subgroup of the minimal Kac—-Moody group G(A).
However, to any integrable representation (m, V') of g, one can introduce

ti = expm(f;)exp(—m(e;))expm(fi)
which have the following effect on the weight spaces Vi (cp. [18, Lem. 3.8]):
(24) ti(Vx) = Vi,

with the simple Weyl reflection s; € W(A). Denote by G™ < GL(V) the group
generated by expm(kf;), expm(ka) ), and expm(ke;) for k € K. Then the sub-
group W7 (A) < G™ generated by the ¢; contains an abelian normal subgroup
D™ = (t? | i € I) that satisfies W™(A),/D™ =2 W (A) if ker C b (this is [18,
Rem. 3.8], originally due to [17]). Furthermore, Wt(A) and W*P"(A) are in
fact subgroups of K(A) and Spin(A), respectively, which can be seen by the
following construction.

Definition 5.15 (cp. [11, Def. 18.3]). Let A be simply laced and A(A, Spin(2))
the associated standard spin-amalgam whose connecting monomorphisms we
denote by ¢Z§j : Gy — Gij, and similarly let A(A, SO(2)) be the associated
standard SO(2)-amalgam with connecting monomorphisms qﬁj :G; — Gij. We
denote the enveloping homomorphisms by

1;17' : éij — Spln(A) and @/Jij : Gij — K(A),

respectively. The 27-periodic covering maps S : R — Spin(2) and D : R — SO(2)
are given explicitly by S(a) = cos a + sin aejes, where eq, ea € CI(R?), the
Clifford algebra over R?, and D(a) = ( _52 sine ) respectively (cp. [11, 8.1]).
We set, for i < j,

Po= iy 0 9 (S(F)). W) = (i i€ D) < Spin(A),
5=y ool (D(3)), WA) = Gi i€ ) < K(A).

Then W(A) = Wet(A) by [17, Cor. 2.4] (and a few steps explained in [11,
Rem. 18.5] in more detail). Furthermore, the map #; — r; for i =1,...,n
defines an isomorphism from W (A) to W (A) (cp. [11, Thm. 18.15]). Recall
from [11, Thm. 11.17] (cited here as Theorem 5.8) that Spin(4) is a central
extension of K (A).

Lemma 5.16. The adjoint action of Spin(A) on € factors through the natural
projection ¢ : Spin(A) — K(A) and the induced action

Ady(z) := Ady gy (x) for all g € Spin(A), x € g(A)
on g(A) satisfies, for all i € 1,
(25) Ad,, (80) = gs;.0 Jor all a € A.
Furthermore, given w € W (A), there exists w0 € WPR(A) such that Ady(ga) =
Guw.o for all a € A.
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Proof. By [11, 18.11], one has that Z = ker ¢ C W"P*(A4) and so the adjoint
action of W*P"(A) on g(A) factors through the projection of W*P"(A) to
Wext(A). But W(A) acts precisely like (25) as has been noted in (24). By
[17, Cor. 2.3Db)], there exists a unique map from W(A) to W*(A) satisfying

ere, st ww i od if l(ww') =l(w)+ 1(W).

Thus, to any reduced word w € W(A), one finds a word @ in W*(A) and one
just uses the analogous word in WsPI®(A),

W= 8, Sy, W=7y, -1y, € WPR(A),

This works because the action factors through ¢ and hence through the pro-
jection from WP (A) to Wt(A). O

Lemma 5.17. Let A be simply laced and indecomposable and suppose that
p:t(A) = End(V) is a finite-dimensional representation whose lift to K(A)
and/or Spin(A) we denote by 2. The lift satisfies

p(Ad, (7)) = Qg)p(x)Qg)~"  for all g € Spin(A) and all x € £(A).
Proof. Our proof is essentially based on the formula

(26) exp(p(a))p(z) exp(—p(a)) = p(exp(ad a)(z))

with a,x € ¢(A) such that p(a) and ad(a) are locally finite. The above formula
is shown in [18, (3.8.1)] for all a,z € €(A) such that p(a), ad(a), and p(x) are
locally nilpotent, but later, in [18, Sec. 3.8], it is also shown to be correct for
p(a) locally finite and such that the span of ad(a)™(z) for n € N is finite-dimen-
sional. Thus, (26) is in particular applicable if a is ad-locally finite and (p, V') is
a finite-dimensional £(A)-module. Now the Berman elements z, = eq — w(eq)
for o € A¢ are ad-locally finite because the e, are locally nilpotent as long as
a € A (because real root spaces are conjugate to simple root spaces by the
extended Weyl group). Since subalgebras €; := (X; | j € J C I) corresponding
to J C{1,...,n} such that A is spherical consist only of real root spaces, this
also means that all x € £ are ad-locally finite. Now £; possesses an exponential
map exp; : &y — K ;. Here, K; denotes both the maximal compact subgroup
Ky < Gy and its spin cover, since this detail will not matter. Although we
will not need it in this strength, note that exp; is surjective because K is
compact. We denote the restrictions of Q to K; and p to &; by Q; and py,
respectively. Then the diagram in Figure 2 commutes, i.e., one has for a € £;
and g = exp(a) that

Q(g) = Qy(exp;(a)) = exp(ps(a)) = exp(p(a)) for all g=exp;a € K.
Further, one has for all a € €7,z € £(A) that

Q. (exp (@) p(a) (exp (@) ™" = exp(p(a))p(x) exp(—p(a))
29 p(exp(ad a) (z)

= P(AdEXpJ o)) = p(Adg(x)).
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t; —22 End(U)

| O e

K]%GL )

FIGURE 2. A commutative diagram for J spherical and U
a finite-dimensional module.

The second-to-last equality uses that the involved Lie group and representation
are finite-dimensional. Finally, one uses that K(A) and Spin(A) are generated
by their fundamental rank-1 subgroups (or rank-2 if one prefers). O

We are now in the position to determine how the one-parameter subgroups
associated to simple roots act via conjugation on generalized ['-matrices. As
in Proposition 5.11, similar computations have been carried out in [23] in
a second-quantized form.

Lemma 5.18. Let A be simply laced and let (S, p) be a generalized spin rep-
resentation of €(A) as in Definition 3.1 with associated generalized T'-matriz
as in Proposition 3.9. With

Fi(¢) = exp(¢ - p(X5)),
one has for all « € A that
N ()1 — if (a]ay) € 22,
i (P)L ()7 () {cosd) T(a) +sing - T'(a;)T(a) if (o) € 2Z + 1,
if (afai)
if (

1 _ JT(e)
7“1'1—‘(01)7"1' - {E(ai; Q)P(Sla)

aloy) € 2Z,
alog) € 2Z+ 1,

where € : Q x Q — {£1} denotes the standard normalized 2-cocycle from Lem-
ma 3.6, and r; == 7;(%) are the images of the generators of WsPin(4),

Proof. Recall that p(X;) = 1T'(cy) so that
7:(2¢) = exp(2¢ - p(X;)) = cos ¢ - Id + sin ¢I'(a;).
Thus,
7i(20)T()F:(2¢) " = exp(20p(X;))T (@) exp(—2¢p(X;))
= cos? ¢ - I'(a) — sin? ¢I' (o )T ()T (ev;)
+ sin o3 6(I(a:)T'(@) — T(@)T ()
= cos? ¢ - I'(a) — sin? ¢T' ()T ()
— sin? ¢I'(a) [[(a), T'(ev)]
+ sin ¢ cos P[I'a;), T'()]
=T'(a) — (sin® ¢I'(y;) + sin ¢ cos @) [[(a), T'(a)].
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By the use of (2a), one has

(@), T(ev)] = {0 if (a|oy) € 2Z,

—2I'(a;)) () if (a]ey) € 2Z + 1,

which yields in combination with 2I"(a; )I'(a; )I'() = —2I'(«) and a few trigono-
metric identities that
I'(«) if (o) € 2Z,

£ (26T (@) (26) 1 = {COSM(Q) | 2T (@) i (e € 224 1

It is possible to use (2¢), (4) and 2Q C kerT" to write I'(a; ) T'(a) = (v, )T (8;.x)

if (afa;) € 2Z + 1. With r; := 7;(% ), one then obtains the claimed relations

‘ 1 T(«) if (a|ay) € 27,
ril(e)r” = {s(ai,a)F(si.a) if (a]ey;) € 2Z + 1. -

We had shown in Proposition 3.12 that p(xq) = c(x)'() for all z, € &,.
We are now in the position to make a more precise statement on c¢(zo) € R.

Proposition 5.19. Let A be simply laced and indecomposable and let (p,.S)
be a generalized spin representation of €(A) as in Definition 3.1. If x € ¢, is
nonzero, then

p(x) = c-T'(a) such that ¢ # 0 if « € A™(A),
p(x) =0 if « is an isotropic root.

Furthermore, to o, 5 € A™ such that o — 8 € 2Q(A), 0 # x4 € €, 0F# 25 € 3,
there exists ¢ € K\ {0} such that p(zo) = ¢ - p(xg). If x4 and xz are both
conjugate to +X; for somei=1,...,n, then c € {—1,4+1}.

Remark 5.20. The close connection between generalized spin representations
and generalized I-matrices has already been observed in [23] as well as the fact
that elements associated to isotropic root spaces are represented trivially. The
approach presented here differs in so far as we treat the I'-matrices as abstract
objects and not elements of a Clifford algebra, but more importantly, that
we derive the parametrization result by the action of the Weyl group instead
of successive commutators, which provides more control over the factor ¢, in
particular if it is nonzero or not.

Proof. Let w € W(A) and let & € W™*(A) and & € W*P"(A) be the corre-
sponding elements from Lemma 5.16. Together with Lemma 5.17, one has, for
To €,
p(Ads(za)) = p(Ads(2a)) = Q@) p(za)R(@)

Now A =W (A) -{ai,...,a,} and A indecomposable and simply laced imply
that ¢, for o € A is conjugate to £,, =RX; foranyi=1,...,n. As p(X;) #0
for all i = 1,...,n, this shows p(x) # 0 for all 0 # x € ¢, for all a € A™.

On £(A), the invariant bilinear form is negative definite (a consequence of
[18, Thm. 11.7]) and invariant under the action of ¢(A) and hence invariant
under the action of K(A). Since W**(A) < K(A), this shows that the norm
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(defined as the negative of the invariant bilinear form) of Adg(z4)) is equal to
that of x,. Therefore, ¢ = £1 if the norm of z, is that of an X;.
Now, by (4), one has for a, 8 € A™ such that 2y := a — 8 € 2Q that

I'(a) =T(8+27) = (-1)Or(8) =1(B),

and as both p(z,) and p(xg) are nonzero, they must be proportional.

Any isotropic root (roots av € A that satisfy (a|a) = 0) is W (A)-conjugate
to the multiple of an affine null root, i.e., a root whose support is an affine
subdiagram of A (cp. [18, Prop. 5.7]). Given an affine null root §, one has that
€, is spanned by all [z4,, Tms—a;] With 7 € suppd. Since (o;]0) = 0 for all
i € supp 6, one has (a;|md — ;) = —2 so that [I'(a), ' (md — a;)] = 0 shows
.5 C ker p. One concludes with Lemma 5.16 that

Proposition 5.21. Let A be simply laced and indecomposable and let
o:tA) —» End(V) ® End(S5)

denote a higher spin representation from Theorem 8.18 or 3.22. Let a € A%®
and 0 # x, € t,; then there exists c(x,) # 0 such that

o(zq) = c(zq) - T(a) @ I'(e).
If ©o has the same norm as X; for j =1,...,n, then c(zq) € {—1,+1}.

Remark 5.22. It was observed in [23] that the formula for the Berman gen-
erators’ representation matrices can easily be used for any real root as well.
It was shown further that if « = 8+« all real such that (5|y) = —1 and the
formula holds for x € 3 and y € £, then it holds for [z,y] € €3, & €5_,. The
formula therefore extends to all real roots that can be written as a successive
sum of real roots with product equal to —1. However, it remains unclear if any
real root can be decomposed this way in a simply laced root system. In a dis-
cussion, the first author of [23] expressed the idea of bypassing this problem by
Weyl group conjugation, as any real root is W (A)-conjugate to a simple root.
This proposition is the realization of this idea with a solid link to the mathe-
matical literature and involved objects. In particular, we work in the required
setting of spin covers and spin-extended Weyl groups developed in [11].

Proof. If o is a representation as in Theorem 3.18, denote the lift to Spin(A)
by ¥, and if it is a representation as in Theorem 3.22, denote the lift by % so
that the formulas of Propositions 5.11 and 5.12 apply verbatim. Also, denote
the lifts to the fundamental rank-1 subgroups by ¥; and 3, respectively. By
Propositions 5.11 and 5.12, one has (note that the formula for general argument
¢ differs)

5 () = % (i) ® (1d % T(ay),

¥, (:I:z) = % ‘n(s;) @ (Id £ ().
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The X;(5) and il(g) generate the image of W™ (A) under ¥ and ¥, respec-
tively. Similar to the previous proof, we obtain the representation matrices by
conjugation:

o(Ada(ra)) = o(Ads(ra)) = S(@)o(ea)S@)

where @ € W*(A) is the projection of & € W*P"(A). For both types of
representations, one computes

Ei(E)"l(XﬁEi(ﬁ)
= 31(s:) ® (1d+ (@) - 7(a;) © D) - m(s) © (1d = D(a))

1

= 5 (n(s:)7(e)n(si)) ® (Id + I'(:))F(ay) (Id — Ta))

and
(Id + I'(ev))T () (Id = T'(wi))
= D(ay) + ()T (e) = Ta;)T(ai) — T(ai)T(a;)T ()
QP(OZJ') if (ai|aj) =0
= 2 T ai)I‘(aj) if (ai|aj) =—1.
——
=e(av,a;)T(ai+ay)

For 83 and Ss, one has 7(a;) = n(s;) — %Id and computes further
n(si)7(e)n(si) = 77(8¢)(77(sj) - %Id)n(si) = n(sis;s:) — %Id
= (8s:.0,) = 51d = 7(s1.05).
For Sz, one has

() = n(s;) — 3d + fay),

and from Lemma 3.21, one derives that n(s;) f(co;)n(si) = f(si.«j) and there-
fore

1
n(si)r(e)n(ss) = n(si) [ns;) = 51d+ £ () n(si)
1
=1(Ss;.0;) — §Id + f(si.aj) = 7(si.j).
This yields for both cases (from now on, we denote the lift simply by ) that
77 T
=i (3) o) (=3)

_ {ij) @ (ay) if (]a;) =0,
e(a, o)T(y + o) @ Doy + ) i (a4]ey) = —1.

Spelled out differently, this yields
Ei (g)U(Xj)Zz (—g) = E(Oéi, aj) . T(Si.O[j) ® F(Si.()&j),
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since e(a;, aj) = 1 if (a;|a;) = 0. In contrast to the formula before, this for-
mula is also correct if a; is replaced by an arbitrary real root 3 € A’: while
the T-matrix only counts modulo 2Q), one has 7(s;.8) # 7(8) if («a;|B) € 2Z.
Therefore, it is important to include all actions of W(A). By repeated action

of ¥i(%) for i = 1,...,n, this yields, for a reduced expression @ = 7;, ---7;,,
(27a) S(@)o(X)E(@) = e T(w.ay) @ T(w.a)),
(27D) c= H (g Sig_y =+ iy -04),

k=1

where w € W is the projection of w.

As before, ¢, for a € AT is conjugate to t,, = RX; via W**(A) and hence
also by W*PI"(A). Thus, all nonzero z,, € £, have a nontrivial image, and if
the norm of x, is equal to that of X;, the constant in (27a) is +1. O

Remark 5.23. Note that (27b) suggests that the sign were fully under con-
trol. This is only the case if one fixes the basis of £, to be Adg(X;) for the
appropriate @ € We*(A). In general, it is a hard problem to decide upon the
sign if the basis of a real root space is already fixed (cp. [28, Ex. 4.25]). Thus,
the difficulty of the sign is actually not due to the spin representation but due
to the subtleties of the adjoint action of Wt(A).
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