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Abstract

We develop the basic theory of root systems R in a real vector space X which
are defined in analogy to the usual finite root systems, except that finiteness is
replaced by local finiteness: The intersection of R with every finite-dimensional
subspace of X is finite. The main topics are Weyl groups, parabolic subsets and
positive systems, weights, and gradings.
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Introduction

This papers deals with root systems R in a real vector space X which are defined in
analogy to the usual finite root systems & la Bourbaki [12, VI], except that finiteness
is replaced by local finiteness: The intersection of R with every finite-dimensional
subspace of X is finite.

Our aim is to develop the basic theory of these locally finite root systems. The
main topics of our work are Weyl groups, parabolic subsets and positive systems,
weights, and gradings. The reader will find that much, but not all, of the well-known
theory of finite root systems does generalize to this setting, although often different
proofs are needed. But there are also completely new phenomena, unfamiliar from
the theory of finite root systems. Most important among these is that a locally
finite root system R does in general not have a root basis, i.e., a vector space basis
B C R of X such that every root in R is an integer linear combination of B with
coefficients of the same sign. Thus, by necessity, our work presents a “basis-free”
approach to root systems. An important new tool is the concept of quotients of root
systems by full subsystems. When working with quotients, the usual requirement
that 0 ¢ R proves to be cumbersome, so our root systems always contain 0. This
is also useful when considering root gradings of Lie algebras, and fits in well with
the axioms for extended affine root systems in [1, Ch. II]. It also occurs naturally
in the axiomatizations of root systems given by Winter [75] and Cuenca [19].

Throughout, we have attempted to develop the categorical aspect of root sys-
tems which, we feel, has hitherto been neglected. Thus we define the category RS
whose objects are locally finite root systems, and whose morphisms are linear maps
of the underlying vector spaces mapping roots to roots. Morphisms of this type
were studied for example by Dokovi¢ and Thang [25]. A more restricted class of
morphisms, called embeddings and defined by the condition that f preserve Cartan
numbers, leads to the subcategory RSE of RS whose morphisms are embeddings.
Many natural constructions, for example the coroot system, the Weyl group and
the group of weights, turn out to be functors defined on this category.

Let us stress once more that a locally finite root system is infinite if and only
if it spans an infinite-dimensional space. Hence, locally finite root systems are not
the same as the root systems appearing in the theory of Kac-Moody algebras. The
axiomatic approach to these types of root systems has been pioneered by Moody and
his collaborators [45, 48, 46]. Further generalizations are given in papers by Bardy
[4], Bliss [6], and Hée [30]. Roughly speaking, the intersection of locally finite root
systems and the root systems of Kac-Moody algebras consists of the direct sums
of finite roots systems and their countably infinite analogues, see Kac [35, 7.11]
or Moody-Pianzola [47, 5.8]. Similarly, the infinite root systems considered here
are not the same as the extended affine root systems which appear in the theory
of extended affine Lie algebras [1, Ch. II] and elliptic Lie algebras [66, 67]. The
extended affine root systems which are also locally finite root systems, are exactly
the finite root systems. Since extended affine root systems map onto finite root
systems, one is led to speculate that there should be a theory of “extended affine
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locally finite root systems”, encompassing both the theory of extended affine root
systems and of locally finite root systems.

The motivation for our study comes from the applications we have in mind.
Notably, this paper provides some of the combinatorial theory needed for our study
of Steinberg groups associated to Jordan pairs [42]. Tt also gives justification for
some results of the second-named author announced in [57] and already used in
some papers [58, 59, 60]. Not surprisingly, locally finite root systems have also
appeared in the study of infinite-dimensional Lie algebras. For example, countable
locally finite root systems are the root systems of the infinite rank affine algebras
(Kac [35, 7.11]). Semisimple L*-algebras, certain types of Lie algebras on Hilbert
spaces, have a root space decomposition (in the Hilbert space sense) indexed by
a locally finite root system (Schue [68, 69]), and the classification of these root
systems can be used to classify L*-algebras [59, §4]. Lie algebras graded by infinite
locally finite root systems are described in [60] (and in [29] for Lie superalgebras).
A special class of this type of Lie algebras are the semisimple locally finite split
Lie algebras recently studied by Stumme [71], Neeb-Stumme [54] and Neeb [51,
52]. Dimitrov-Penkov have studied these Lie algebras and their representations
from the point of view of direct limits of finite-dimensional reductive Lie algebras
[23]. Groups associated to the classes of Lie algebras mentioned above have also
been studied. Often, these are groups of operators on Hilbert or Banach spaces,
analogues of the classical groups in finite dimension, see for example de la Harpe
[20], Neeb [50, 53], Natarajan, Rodriguez-Carrington and Wolf [49], Neretin [61],
Ol’shanskii [62], Pickrell [63] and Segal [70].

*

We now give a summary of the contents of this work. Unless specified otherwise,
the term “root system” will always mean a locally finite root system.

A certain amount of the theory can be done in much greater generality than
just for root systems in real vector spaces. Therefore, the first two sections are
devoted to investigating the category SV of sets R in vector spaces X over some
field k& which satisfy 0 € R and X = span(R),although the reader might be well-
advised to start with §3 and return to sections 1 and 2 only when necessary. In
§1 we introduce the concepts of full subsets, tight subspaces and tight intersections
which allow us to define a good notion of quotients and to prove the standard
First and Second Isomorphism Theorems in SV, (1.7 and 1.9). In the following
section we introduce local finiteness. As this property is not inherited by arbitrary
quotients, we are led to consider a more stringent quantitative finiteness condition,
called strong boundedness which is crucial in proving the existence of A-bases for
R (2.11), for A a subring of k. Here A-bases are k-free subsets B of R such that
every element of R is an A-linear combination of B.

The theory of root systems proper starts in §3. We introduce the usual concepts
known from the theory of finite root systems as well as the categories RS and
RSE mentioned above, and show that the locally finite root systems are precisely
the direct limits in RSE of the finite root systems. We also prove the usual
decomposition of a root system into a direct sum of irreducible components, based
on the concept of connectedness. In §4 we prove that the vector space X spanned by
a root system R carries so-called invariant inner products, defined by the condition
that all reflections are orthogonal. There even exist normalized invariant inner
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products for which all isomorphisms are isometric. A discussion of the coroot
system follows.

In §5 we study the Weyl group of a root system R, i.e., the group generated
by all reflections. These Weyl groups are locally finite in the sense that any finite
subset generates a finite subgroup. However, one of the major results for finite root
systems fails: The Weyl group of an uncountable irreducible root system is not
a Coxeter group (9.9). As a substitute, we provide a presentation which uses the
reflections in all, instead of merely the simple roots. This is of course well-known for
finite root systems (Carter [17]). Besides the usual Weyl group W (R) we introduce
a whole chain of Weyl groups W (R, c), defined as generated by reflections in an
orthogonal system of cardinality less than ¢ where c is an infinite cardinal. We also
define the big Weyl group W (R) as the closure of W(R) in the finite topology. It
turns out (9.6) that W(R) is the group generated by all reflections in orthogonal
systems of arbitrary size. This is one of the results of §9, devoted to a detailed
study of the Weyl groups and automorphism groups of the infinite irreducible root
systems. Another is the determination of the outer automorphism groups (9.5) and
of the normal subgroup structure of W(R) (9.8).

Two types of bases are considered in §6. First, specializing the concept of A-
bases of §2 to A = Z leads to so-called integral bases of root systems. We show
that integral bases not only exist, a result also proven by Stumme with different
methods in [71, Th. IV.6], but more generally integral bases always extend from a
full subsystem, i.e., the intersection of R with a subspace, to the whole root system.
This is an application of strong boundedness of root systems, proven in 6.2. The
second type of bases are root bases in the sense mentioned earlier. We show in
6.7 and 6.9 that an irreducible root system admits a root basis if and only if it is
countable.

The following §7 is the first of two sections devoted to weights. Besides the
group Q(R) of radicial weights (also known as the root lattice) and the full group of
weights P(R), we introduce new weight groups Pan(R), Poa(R) and Peos(R), called
finite, bounded and cofinite weights. For R finite, Ppq(R) = Pan(R) = P(R) and
Peot(R) = Q(R), but not so in general. The groups Q(R) C Pgn(R) C Pra(R) are
free abelian and the quotient Pg, (R)/Q(R) is a torsion group. Also, Peot(R) C P(R)
are the Z-duals of the groups of finite and radicial weights of the coroot system R,
and their quotient is the Pontrjagin dual of Pg,(RY)/Q(RY) (7.5). We give two
presentations for the abelian group Q(R) and apply them to the description of
gradings which in §17 leads to an easy classification of 3-graded root systems [57].
We also introduce basic weights which generalize the fundamental weights familiar
from the theory of finite root systems but make sense even when R has no root
basis.

In §8, we classify locally finite root systems, using simplifications of methods
due to Kaplansky and Kibler [37, 38] and to Neeb and Stumme [54]. There are no
surprises: These root systems are either finite or the infinite, possibly uncountable,
analogues of the classical root systems of type A, B, C,; D and BC. In each case,
we also work out the various weight groups introduced in §7.

The sections 10 — 16 deal with various aspects of positivity. Many properties
of the theory of parabolic subsets and positive systems can be developed in the
broader framework of symmetric sets in real vector spaces, which we do in §10.
The following §11 is concerned with properties of parabolic subsets specific to root
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systems. Notably, we prove presentations of both the root lattice (11.12) and the
Weyl group (11.13, 11.17), based on the unipotent part of a parabolic subset, which
seem to be new even in the finite case.

In §12, the closed and full subsystems of the infinite irreducible root systems are
investigated. We associate combinatorial invariants to a closed subsystem which
determine it uniquely (12.5). The main results are the infinite analogue of the
Borel-de Siebenthal theorem describing the maximal closed subsystems (12.13),
and the classification of the full subsystems modulo the operation of the big Weyl
group (12.17). A similar method is used in §13 to classify parabolic subsets of the
infinite irreducible root systems (13.11). This provides a new unified approach to
earlier work of Dimitrov-Penkov [23]. These results are specialized in §14 to positive
systems. For finite root systems, positive systems are just the “positive roots” with
respect to a root basis and there is a one-to-one correspondence between root bases
and positive systems. The corresponding result for locally finite root systems is no
longer true: Positive systems always exist while root bases may not. Nevertheless,
the notion of simple root with respect to a positive system P is still meaningful
and is closely tied to the extremal rays of the convex cone R, [P] generated by
P. This leads to a geometric characterization of those positive systems which are
determined by a root basis: they are exactly those positive systems P for which
R [P] is spanned by its extremal rays (14.4).

In §15 we introduce, for a parabolic subset P, the cone D(P) of linear forms
which are positive on P¥. When R is finite and P is a positive system, D(P) is the
closure of the Weyl chamber defined by P. Let us note here that the usual definition
of Weyl chamber may yield the empty set in case of an infinite root system. We
then introduce facets and develop many of their basic properties, familiar from the
finite case. Section 16 introduces dominant and fundamental weights relative to
a parabolic subset P, the latter being defined as the basic weights contained in
D(P). A detailed analysis of the fundamental weights of the irreducible infinite
root systems follows. As a consequence, we show that the fundamental weights
are in one-to-one correspondence with the extremal rays of D(P) (16.9), that they
generate a weak-+-dense subcone of D(P), (16.11), and that every dominant weight
is a weak-*-convergent linear combination of fundamental weights with nonnegative
integer coefficients (16.18). While our approach to these results provides very
detailed information, it does use the classification, and a classification-free proof
would of course be desirable.

The last two sections are devoted to gradings of root systems, starting with
the most general situation of a root system graded by an abelian group A, and
progressing to Z-gradings and finally special types of Z-gradings, called 3- and 5-
gradings. From the detailed description of weights obtained earlier, we derive easily
the classification of 3-gradings. The final §18 is concerned with a more detailed
theory of 3-graded root systems, and introduces in particular so-called elementary
configurations. These allow us to give concise formulations of the presentations of
the root lattice and the Weyl group of a 3-graded root system in terms of the 1-part,
specializing 11.12 and 11.17. Elementary configurations provide the combinatorial
framework for dealing with certain families of tripotents in Jordan triple systems
[66] or idempotents in Jordan pairs [60, 55].

By the very definition of locally finite root systems, it is not surprising that
we often prove results by making use of the corresponding results for finite root
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systems. The reader is expected to be reasonably familiar with the basic reference
[12, VI, §1]. For convenience, appendix A provides a summary of those results in
[12] which are relevant for our work. In appendix B we prove a number of facts on
a class of convex cones which appear naturally in our context as the cones spanned
by parabolic subsets of irreducible infinite root systems.

ACKNOWLEDGMENTS. The authors would like to thank David Handelman who
pointed out the crucial reference [5], and Karl-Hermann Neeb who supplied us
with preprints of his work. The first-named author wishes to acknowledge with
great gratitude the hospitality shown him by the Department of Mathematics and
Statistics of the University of Ottawa during the preparation of this paper.



81. The category of sets in vector spaces

1.1. Basic concepts. Let k be a field. We introduce the category SV, of sets
in k-vector spaces as follows and refer to [43] for notions of category theory. The
objects of SV, are the pairs (R, X) where X is a k-vector space, and R C X is
a subset which spans X and contains the zero vector. To have a typographical
distinction between the elements of R and those of X, the former will usually be
denoted by Greek letters «, 3, ..., and the latter by z,y, z, . . ..

The morphisms f: (R,X) — (S,Y) are the k-linear maps f: X — Y such that
f(R) C S. Hence f is an isomorphism in SV}, if and only if f is a vector space
isomorphism mapping R onto S. Clearly, the pair 0 = ({0}, {0}) is a zero object of
SVy.

There are two forgetful functors § and V from SV} to the category Set,
of pointed sets and the category Vecy of k-vector spaces, respectively, given by
8(R,X) = R and V(R,X) = X on objects, and 8(f) = f’R and V(f) = f on
morphisms, respectively. Here the base point of the pointed set R is defined to be
the null vector. We will use the notation

R* := R\ {0}

for the set of non-zero elements of R. Thus R = {0} U R*.

Clearly V is faithful and so is 8§ because, due to the requirement that R span
X, a linear map on X is uniquely determined by its restriction to R. It is easy
to see that V has a right adjoint which assigns to any vector space X the pair
(X,X) € SVj. Also, 8 has a left adjoint £, which assigns to any S € Set, the
following object. Denote by 0 the base point of S and let, as above, S* = S\ {0}.
Then L(S) is the pair ({0} U{es : s € S*}, k(sx)), i.e., the free k-vector space on
S* and its canonical basis {e; : s € S*} together with the null vector 0. For a
morphism f: S — T of pointed sets, the induced morphism £(f) maps €, to €(y).
The adjunction condition

SV, (L(S), (R, X)) = Set. (S, $(R, X)) = Set. (S, R)

is clear from the universal property of the free vector space on a set. As a conse-
quence, & commutes with limits and V commutes with colimits. This can also be
seen in the following lemmas and propositions.

We next investigate some further basic properties of the category SVy.

1.2. LEMMA. Let f: (R, X) — (S,Y) be a morphism of SVy.

(a) f is a monomorphism <= 8(f) is a monomorphism, i.e., f‘R: R — S is
mjective.

(b) f is an epimorphism <= V(f) is an epimorphism, i.e., f: X — Y is
surjective.

(¢) SVy admits finite direct products and arbitrary coproducts, given by

6
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n n n

H(Ri,Xi) = (HR“HXZ')’ H R, X;) UR“EBX

i=1 =1 i=1 i€l iel el

Proof. (a) Let f be a monomorphism, i.e., left cancelable, and let «, 5 € R with
f(a) = f(B). Let g,h: ({0,1},k) = L({0,1}) — (R, X) be defined by g(1) = o and
h(1) = 8. Then fog = foh implies g = h and hence a = 3. Thus 8(f) is injective.
The reverse implication follows from the fact that 8 is faithful.

(b) Let f be an epimorphism, i.e., cancelable on the right, but suppose f: X —
Y is not surjective. Then Y' = f(X) &Y. Let Z =Y/Y’, g: Y — Z the canonical
map, and h = 0: Y — Z. Then (Z,Z) € SV, and go f = ho f =0 but g # h,
contradiction. Again the reverse implication follows from faithfulness of V.

(¢) The proof consists of a straightforward verification. Note that 0 € R; and
finiteness of the product is essential for [} R; to span []} X;. Also, the union of
the R; in the second formula is understood as the union of the canonical images of
the R; under the inclusion maps X; — @, X

1.3. Spans and cores, full subsets and tight subspaces. Let (R, X) € SVy. For
a subset S C R we denote by span(S) the linear span of S, and we define the rank
of S by

rank(S) = dim(span(.5)).

For a vector subspace V C X, the core of V is
core(V)=RNV.

The following rules are easily established:

core(span(S)) D S, (1)
span(core(V)) C 'V, (2)
span(core(span(S))) = span(S), (3)
core(span(core(V))) = core( ). (4)

A subset F' of R is called full if F' = core(span(F)), equivalently, because of (4),
if ' = core(V) for some subspace V. Dually, a subspace U of X is called tight if
U = span(core(U)), equivalently, by (3), if U = span(S) for some subset S of R.
The assignments F' — span(F) and U — core(U) are inverse bijections between the
set, of full subsets of R and the set of tight subspaces of X. Also, for any subset S of
R, core(span(S)) is the smallest full subset containing S. Dually, for any subspace
V, span(core(V)) is the largest tight subspace contained in V. Note the transitivity
of fullness: F’ full in F and F full in R implies F’ full in R. This is immediate
from the definitions.

It is easy to see that the intersection of two full subsets is again full, and the
sum of two tight subspaces is again tight. But the union of two full subsets is in
general not full, nor is the intersection of two tight subspaces tight, see 1.8.

1.4. Ezactness. For a monomorphism f: (R,X) — (S,Y) of SV, the map
V(f): X — Y of vector spaces is in general very far from being injective. Dually,
the induced map 8(f) = f‘R: R — S of an epimorphism need not be surjective.
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For example, let k be a field of characteristic zero and let (R, X) = L(N), so X
is the free vector space with basis €,, n > 0, and R consists of these basis vectors
together with 0. Define f: X — k by f(e,) = n. Then f: (R, X) — (k,k) is a
monomorphism and an epimorphism but of course not an isomorphism.

Stricter classes of mono- and epimorphisms are defined by means of exactness
conditions as follows. A sequence of two morphisms

(B): (S8,Y) L= (R X)—2+(T,2)

in SV is called exact if the sequences in Set, and Vec, obtained from it by
applying the functors § and V are exact. Sequences of more than two morphisms
are exact if every two-term subsequence is exact. The exactness of (F) can be
expressed as follows:

(E) is exact <= KerV(g) = span(f(5)) and f(S) = core(Ker V(g)). (1)

Indeed, the sequence Y — X — Z of vector spaces is exact if and only if Ker V(g) =
ImV(f) = f(Y) = f(span(S)) = span(f(S)), by linearity of f, and the sequence
S — R — T of pointed sets is exact if and only if f(S) = Ker8(g) = {a € R :
g(a) = 0} = core(Ker V(g)). — We now consider some special cases.

(a) A sequence 0— (S,Y) —L» (R, X) is exact if and only if the linear
map f: Y — X is injective. In particular, f is then a monomorphism by 1.2(a).
We call such monomorphisms exact monomorphisms. Isomorphism classes of exact
monomorphisms can be naturally identified with the inclusions i: (S, span(S)) C
(R, X) where S is a subset of R.

(b) A sequence (R,X)—2» (T,Z)—0 is exact if and only if g(R) = T.
Since Z is spanned by T, 1.2(b) shows that g is then an epimorphism, called an
exact epimorphism. Isomorphism classes of exact epimorphisms can be naturally
identified with the canonical maps p = can: (R, X) — (can(R), X/V) where V is
any vector subspace of X.

(¢) A sequence 0 — (S,Y) —L+ (R, X) — 0 is exact if and only if f is an
isomorphism.

(d) A short exact sequence is an exact sequence of the form
0—>(S,Y) L+ (R, X) -2+ (T, Z) — 0. (2)
After the identifications of (a) and (b), (2) becomes
0— (R, X') —+(R,X) 2+ (R/R,X/X') —>0 (3)
where now R’ C R and X’ C X are a subset and a vector subspace, respectively,

such that
X' =span(R') and R’ = core(X’). (4)

Here R/R’' = can(R) denotes the canonical image of R in X/X".
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1.5. Quotients by full subsets and tight subspaces. From 1.4.4 it is clear that in
an exact sequence 1.4.3, R’ is full and X' is tight. Conversely, any full subset R’ of
R gives rise to a short exact sequence 1.4.3 by setting X’ = span(R’), and so does
any tight subspace X’ by setting R’ = core(X’). We then call

(R, X)/(R, X") := (R/R', X/ X') (1)

the quotient of (R, X) by the full subset R’ (or the tight subspace X’). Since R
spans X, we have
rank(R/R') = dim(X/X"),

also called the corank of R’ in R.

A finite quotient is by definition a quotient by a finite-dimensional tight subspace
X', equivalently, by a full subset R’ of finite rank.

For a € R, the coset of amod R’ is the set RN (a+ X’), i.e., the fiber through «
of §(p). The coset of an element o’ € R'is RN(a/+X’) = RNX' = core(X’) = R'.
Clearly R is the disjoint union of its cosets mod R’ so the number of cosets is
the cardinality of R/R’. Note, however, that unlike the cosets of a subgroup in a
group, the cosets mod R’ may have different cardinalities. For example, in the root
system R = By = {0} U {£e1, £ea} U {£e1 £ e} C R? (see 8.1), the full subset
R’ = {0} U {£(e1 + £2)} has five cosets, two of cardinality 1, two of cardinality 2
and one of cardinality 3.

1.6. LEMMA. Let (R, X) = [[(Ri, Xi) = (URi, P Xi) be the coproduct of a
family (R;, X;) in SV as in 1.2.

(a) The tight subspaces of X are precisely the subspaces X' = @ X/ where the
X/ are tight subspaces of X/.

(b) The full subsets of R are precisely the subsets R' = |J R, where the R, are
full subsets of R;.

(¢) Quotients commute with coproducts: If X' C X is tight with core R’ then,
with the above notations,

(R/R',X/X') = H(Ri/Rgvxi/Xz{)'
iel

Proof. (a) X' is tight if and only if X’ is the span of a subset of R. Since R is
the union of the R; C X, the assertion follows.

(b) R’ is full if and only if it is the core of span(R’) which is a tight subspace.
Now our claim follows from (a).

(¢) This is immediate from (a) and (b).

We now prove the First Isomorphism Theorem in the category SVj. The
canonical map p: X — X/X’ of a quotient of (X,R) as in 1.5.1 will often be
denoted by a bar.

1.7. ProproSITION (First Isomorphism Theorem). Let (R, X) = (R/R',X/X")
be a quotient of (R, X).

(a) For any subset S of R, p(span(S)) = span(p(S)), and for any subspace
VoX of X,
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p(core(V)) = core(p(V)). (1)

(b) LetY D X' be a tight subspace. ThenY is tight in X, and the assignment
Y — Y is a bijection between the set of tight subspaces of X containing X', and
the set of all tight subspaces of X/X', with inverse map U — p=1(U), for a tight
subspace U C X.

(c) Let S D R be a full subset. Then S is full in R, and the assignment S |—>75*
is a bijection from the set of full subsets S D R’ of R to the set of full subsets of R.

(d) LetY D X' be tight with core(Y') = S. Then the canonical vector space
isomorphism X/Y — X /Y is also an isomorphism

o

(R/S.X/Y) =+ (R/S.%/7) = (B 2720

in the category SVy,.

Proof. (a) The first statement is clear from linearity of p. Now let V' O X'.
Then p(core(V)) = p(RNV) C p(R)Np(V) = RNp(V) = core(p(V)). Conversely,
if 8 € core(p(V)) then 8 = @ for some oo € R and also 8 = v for some v € V.
Hence @ — v € Ker(p) = X' C V, showing @« € RNV = core(V) and hence
B = a € p(core(V)).

(b) Let Y = span(core(Y)) D X’ be a tight subspace. Since p commutes with
spans and cores by (a), it follows that p(Y') = p(span(core(Y’))) = span(core(p(Y’))),
so that p(Y) is tight. Conversely, let U C X be tight. Then U = p(Y) for
Y = p~1(U), so it suffices to show that Y is tight. By tightness of U and (a), p(Y) =
span(core(p(Y))) = p(span(core(Y))). It follows that Y C span(core(Y))+X'. But
X’ = span(R’) is contained in Y, hence R’ = core(X’) C core(Y) and therefore
X' C span(core(Y)), showing that ¥ = span(core(Y)) is tight.

(¢c) By (1) applied to V = span(S) D X’ and linearity of p, we see p(S) =
p(core(span(S))) = core(span(p(S))), so p(S) is full. Conversely, let ' C R be full
with linear span U, and let V = p~1(U) D X’. Then S := core(V) D R’ is full,
and p(S) = p(core(V)) = core(p(V)) (by (1)) = core(U) = core(span(F)) = F', by
fullness of F'.

(d) By (a) and (b), Y is tight in X with core S. Hence the quotient on the
right hand side of (2) makes sense. From the First Isomorphism Theorem in the
category of vector spaces, the canonical map f: X/Y — XY, 2 +Y — 2 +Y, is
a vector space isomorphism. Hence it suffices to show that f(R/S) = R/S. This
is evident from the fact that the canonical maps R — R/S, R — R/S and R — R
are surjective.

1.8. Tight intersections. Let (R,X) € SV, and let S and R’ be full subsets of
R with linear spans Y = span(S) and X’ = span(R’), respectively. The intersection
of (S,Y) and (R’, X’) in the categorical sense, i.e., the pullback of the inclusions

(S,Y) -1~ (R, X) <— (R, X') exists in SV}, and is easily seen to be
(S, Y)N(R,X") = (SN R span(SNR)). (1)

Note that, by fullness of S and R/,
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SNR =RNYNX =core(YNX)=SNX"=RnNY, (2)
so SN R is again full in R and also in S and R’, and
Y’ :=span(S N R') = span(core(Y N X)) cY N X’ (3)

is the largest tight subspace of Y N X’. But the subspace Y N X’ is in general not
tight, reflecting the fact that the functor V does not commute with all projective
limits (cf. 1.1). We say S and R’ intersect tightly if Y N X' is tight, i.e., if equality
holds in (3).

For example, in the root system R = B3 = {0} U {*e1, teq, £es} U {£e; £
EQ,i&l + 83,i€2 + 53} C RS, the full subsets S = {0} @] {:‘:(81 — 62)} @] {:l:€3}
and R’ = {0} U {£e1} U {£(e2 — €3)} do not intersect tightly, since SN R = {0}
while span(S) N span(R’) is the line R(e; — &2 + €3). On the other hand, S and
R" = {0} U{£(e1 — e2)} U {£ea} do intersect tightly.

Returning to the general situation, we have an exact sequence of vector spaces

0— (Y NX"))Y — Y)YV~ X)X —+ X/(Y + X') —0 (4)

where : Y/Y’ — X/X' is induced from the inclusion j: ¥ C X. Note the following
equivalent characterizations of tight intersection:
(i) S and R’ intersect tightly,
(ii) k is injective,
(iii) any subset of Y which is linearly independent modulo Y’ remains so
modulo X’.

Indeed, the equivalence of (i) and (ii) is clear from (4), and (iii) is simply a refor-
mulation of (ii).

We now state the Second Isomorphism Theorem in the category SVy.

1.9. PROPOSITION (Second Isomorphism Theorem). Let (R, X) € SV, and let
S and R’ be full subsets of R with linear spans Y = span(S) and X' = span(R’).
Then the following conditions are equivalent:

(i) S and R’ intersect tightly, and S meets every coset of Rmod R’,
(ii) the canonical homomorphism k of 1.8.4 is an isomorphism

(S.Y)/((5,Y)n(R, X)) = (RX)/(R,X).

Proof. We use the notations introduced in 1.8 and also set S’ := SN R/, so that
Y’ = span(95’).

(i) = (ii): By tightness of YN X" and (ii) of 1.8, k: Y/Y" — X /X' is injective.
Since S meets every coset of Rmod R', we have R C S + X’ and hence X =
span(R) = span(S) + X’ = Y + X', so 1.8.4 shows that x is a vector space
isomorphism. It remains to show «(5/5’) = R/R’. Let p: (R, X) — (R/R', X/X’)
and ¢: (S,Y) — (S5/5',Y/Y’) be the canonical maps. Then the diagram

vy —i+ X
ql lp
Y)Y — X/ X’

is commutative. Since ¢: S — S/S’ is surjective and S meets every coset of
Rmod R, we have x(5/5") = p(S) =p(R) = R/R'.
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(i) = (i): Since & is a vector space isomorphism Y/Y’ = X/X’, 1.8.4 shows
YNX)/Y' =0o0rY =Y NX',soS and R intersect tightly. Also, k(S/S’) =
R/R’ means that for every o € R there exists 8 € S with p(8) = k(q(8)) = p(«),
that is, 3 = amod X', so 3 is in the coset of amod R'.

We next investigate equalizers and coequalizers in the category SVyj. Note
that, due to the existence of a zero element, the notions of kernel and cokernel of a
morphism f in SV, i.e., equalizer and coequalizer of the pair of morphisms (f,0),
are well defined.

1.10. PROPOSITION. (a) The category SV, admits equalizers: If f,g: (R, X)
— (S,Y) are morphisms then an equalizer of f and g is the inclusion (R, X') C
(R, X) where R ={a € R: f(a) = g(a)} and X' = span(R’).

(b) For a subset R' of R with linear span X' the following conditions are
equivalent:

(i) R’ s full,

(ii) every morphism h: (T, Z) — (R, X) with h(Z) C X' factors via (R', X'),

(i) (R, X') is the kernel of a morphism with domain (R, X),

(iv) (R, X') is the equalizer of a double arrow with domain (R, X).

Proof. (a) Clearly (R, X’) € SV, and the inclusion (R, X’) C (R,X) is a
monomorphism. Let h: (T, Z) — (R, X) be a morphism with f o h = go h. Then
f(h(a)) = g(h(e)) for all @ € T, whence h(T) C R’. Since T spans Z and h is
linear, we have h(Z) C X', so h factors via (R, X').

(b) (i) <= (ii): Let R’ be full. For 8 € T we have h(6) € RN X' = R so
h factors via (R’,X’). To prove the converse, let @« € RN X’ and consider the
morphism h: ({0,1},k) — (R, X) given by h(1) = a. Then h(k) =k-a C X', s0 h
factors via (R’, X’) and we conclude h(1l) = a € R’.

(i) = (iii): Let p: (R, X) — (R/R’, X/X') be the quotient of (R, X) by R’ as
in 1.5.1. Then by (a), the kernel of p is {a € R: p(o) =0} = RN X’ = R’ together
with its linear span X'.

(iii) = (iv): Obvious.
(iv) = (i): This follows from the description of the equalizer in (a).

1.11. PROPOSITION. (a) The category SV, admits coequalizers: If f, g: (S,Y)
— (R, X) are morphisms then a coequalizer of f and g is p: (R, X) — (R", X")
where X" = X/(f —g)(Y), p: X — X" is the canonical projection and R” = p(R).
(b) For a morphism p: (R, X) — (R",X") the following conditions are equiva-
lent:
(i) p(R) = R", and the kernel KerV(p) C X of the linear map p is spanned
by its intersection with R— R={a—f: o, € R},
(i) p(R) = R", and whenever h: (R,X) — (T, Z) is a morphism such that
S8(h): R — T factors via 8(p) in Set,, then h factors via p in SVy,
(iil) p 4s the coequalizer of a pair of morphisms with codomain (R, X).

Proof. (a) Let h: (R,X) — (T,Z) be a morphism with the property that
ho f = hog. We must show that h = h’ o p factors via p. Clearly, there is a unique
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linear map h': X" — Z with this property, and h'(R") C T follows readily from
the definition of R".

(b) (i) = (ii): That 8(h) factors via 8(p) means that p(a) = p(3) implies
h(a) = h(B), for all a, 8 € R. Hence o — B € Ker V(p) implies o« — § € Ker V(h).
Since by assumption KerV(p) is spanned by all these differences, it follows that
KerV(p) C KerV(h), so there exists a unique linear map h': X" — Z such that
h=h opin SVy.

(il) = (i): Let V' C X be the linear span of all a« — 3, where o, € R and
p(a) = p(B). Define Z = X/V, h=can: X — Z, and T = h(R). Then p(a) = p(5)
implies h(aw — 3) = 0 or h(a) = h(f), so 8(h) factors via 8(p). By assumption, this
implies that h = h' o p factors via p in SVy. Hence also V(h) = V(h') o V(p), and
thus Ker V(p) C Ker V(h) = V, as required.

(i) = (iii): Let {o; —B; : i € I} C R— R be a spanning set of Ker V(p) where I
is a suitable index set. Let Y = k() be the free vector space with basis (€i)ier and
let S ={0}U{e;: i€ I}. Define morphisms f,g: (S,Y) — (R, X) by f(e;) = o
and g(e;) = B;. Then (a) shows that p is the coequalizer of f and g.

(iii) = (i): Let p be the coequalizer of f,g: (S,Y) — (R, X). By (a), the
kernel of V(p) is (f —g)(Y), and since Y is spanned by S, the kernel of p is spanned
by {f(7) —g(v): v € S} C R— R. Also by (a), we have R” = p(R).

1.12. COROLLARY. The category SV has all finite limits and all colimits.
This follows from 1.2(c), 1.10(a) and 1.11(a) and standard results in category
theory.

While by Prop. 1.10(b) every equalizer in SV, is a kernel, the dual statement
is not true. Rather, there is the following characterization of cokernels:

1.13. COROLLARY. A morphism p: (R,X) — (R",X") is the cokernel of some
f:(S,)Y) = (R, X) if and only if p(R) = R" and Ker V(p) is tight.

This follows from 1.11 by specializing g = 0.

1.14. COROLLARY. A sequence as in 1.4.2 is exact if and only if f is the kernel
of g and g is the cokernel of f.



§2. Finiteness conditions and bases

2.1. Local finiteness. We keep the notations introduced in §1. An object (R, X)
of SV, is called locally finite if it satisfies the following equivalent conditions:

(i) every finite-dimensional subspace V' of X has finite core(V) = RNV,
(ii) every finite-ranked subset F' of R is finite.

To see the equivalence, apply (ii) to core(V) and (i) to span(F’), respectively. We
also note that it suffices to have (i) for tight subspaces only, since core(V') = core(V”)
where V' = span(core(V)) C V, by 1.3.4. Similarly, it suffices to require (ii) for full
subsets.

Obviously, if (R, X) is locally finite and S C R is any subset containing 0,
then (5,span(95)) is locally finite. From 1.2(c) it follows easily that finite direct
products and arbitrary coproducts of locally finite sets are again locally finite.
Also, finite quotients (cf. 1.5) of a locally finite (R, X) are again locally finite.
Indeed, let (R, X) = (R/R’', X/X') where X' is finite-dimensional. By 1.7(b), a
finite-dimensional tight subspace of X is of the form V where V O X’ is tight.

Since dim(V) = dim(X"’) + dim(V) < oo, we have core(V) finite, and hence so is
core(V) by 1.7.1. However, local finiteness is not inherited by arbitrary quotients,
as Example 2.3 below shows.

Let ¢ be an infinite cardinal, and denote by |M| the cardinality of a set M. If

(R, X) is locally finite then for any full subset S C R of infinite rank,
S| <c <= rank(S)<ec. (1)

Indeed, let B C S be a vector space basis of Y = span(S). Then dim(Y) = |B|<|5]
proves the implication from left to right. Conversely, let 2(%) denote the set of finite
subsets of B. Then S is the union of the finite sets core(span(F)), F' € 2(58) and
hence |S| <Rq-|2(8)| = X - |B| = |B|, by standard facts of cardinal arithmetic, see
for example [18].

2.2. Boundedness and strong boundedness. We now introduce finiteness condi-
tions which not only require the core of any finite-dimensional subspace V of X to
be finite, but actually bound its cardinality by a function of the dimension of V.
First we define the admissible bounding functions. A function b: N — N is called a
bound if it is superadditive, i.e., b(m+mn) > b(m) + b(n), and satisfies b(1) > 1. This
last requirement merely serves to avoid trivial cases. It is easy to see that b(0) = 0,
and that b is increasing. Also b(n) >nb(1) >n, and by(n) = n is the smallest bound.
Other examples are functions of type b(n) = c¢(a™ — 1) for integers ¢ > 1 and a > 2.
Now we say (R, X) is bounded by b, or b-bounded for short, if

| core(V)*| < b(dim(V)), (1)

for every finite-dimensional subspace V of X. Since b is increasing, it suffices to
have (1) for tight subspaces only. An equivalent condition is

|F*| < b(rank(F)), (2)

14
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for every finite subset of R. Indeed, if (2) holds and V is a finite-dimensional
subspace of X, then |F*|<b(dim(V')) for every finite subset F' of core(V) = VNR,
which implies (1). The other implication is obvious. It is clear that a bounded
(R, X) is locally finite.

Finite quotients of a b-bounded (R, X) are in general no longer bounded by b,
and arbitrary quotients need not even be locally finite, see 2.3. We therefore define
(R, X) to be strongly bounded by b if ((R,X) itself and) every finite quotient of
(R,X) (asin 1.5) is bounded by b. Then strong b-boundedness descends to all finite
quotients. This follows from the First Isomorphism Theorem by a similar argument
as the local finiteness of finite quotients in 2.1. We will show in Theorem 2.6 that
in fact all quotients inherit strong b-boundedness.

2.3. Ezample. Let k be a field of characteristic zero, let X = k™ with basis
i, 1 € N, and let R* = {g; : i >1}U{e; +jeo : > 1}. Then (R, X) is bounded by
b(n) = 2n. Indeed, if F C R is finite then

FX:{EiliEI}U{€j+j€oij€J},

for suitable finite subsets I, J of N;. It follows that

(@k'@i)@(@k'(€j+j€0)> ifINJ=40
. F) — icl jed
bpan( ) k'&g@@]f'& 1fIﬂJ7é®

i€lUJ

with dimension

|I] + |J]| ifINJ=90 1

ran(F) = { V) 00 20 w1 >

Hence |F*| < |I|+ |J| < 2rank(F), proving our assertion. On the other hand, there
exists no bound b such that all finite quotients of (R, X) are b-bounded. Indeed,
let X,, = span{e1,...,en} and R, = RN X,,. Then X/X, 2 k-5 P,., k- &
and R/R, = {0} U{&; : i > n} U{&,2&0,...,né}. Letting V,, = k-9 + X,,, we
have core(Y,,)* = {e1,...,en} U{e1 +€0,...,6n + neo}. Thus dim(Y,,/X,) =1
but |core(Y,/Xn)*| = n. Also, for R' = {0} U{e; : i > 1} = U5, Ry, with
linear span X' = @5, k- €; = U,,51 Xn, we have X/X’ = k one-dimensional but
R/R’ = N C k infinite, showing that quotients do not inherit local finiteness.

(H] =+ 171)-

o |

2.4. LEMMA. (a) If (R,X) is (strongly) bounded by b and Y C X is a tight
subspace with core S, then (S,Y) is again (strongly) bounded by b.

(b) If (Ri, X;) (i € I) are (strongly) bounded by b then so is their coproduct
(R, X) (cf. 1.2).

Proof. (a) This is obvious from the definitions.

(b) Since coproducts commute with quotients by 1.6, it suffices to prove the
statement about boundedness. Thus let V C X = @,.; X; be a tight subspace.
By 16,V = EBZ-GI V; where V; = V N X;. Hence if V is finite-dimensional, we have
V; # 0 only for j in a finite subset J of I. Therefore



16 LOCALLY FINITE ROOT SYSTEMS

core(V)* = U (core(V;)*) (disjoint union).
JjeJ

Since all (R;, X;) are bounded by b, it follows from superadditivity of b that

| core(V)*[ < Y (Jcore(V;)*[) < Y b(dim(V;))

jeJ JjeJ
< b( D _dim(V;)) = b(dim(V)).
jeJ

2.5. LEMMA. Let (R,X) € SV, let R" C R be a full subset with linear span
X', and let ¢ be an infinite cardinal. Then any subset E of R of cardinality |F| < ¢
is contained in a full subset S of R which intersects R’ tightly (see 1.8) and has
rank(S) < c.

Proof. After replacing X by span(E) + X’ and R by its intersection with this
subspace, it is no restriction to assume that X is spanned by £ U R’. Choose
a subset B of E representing a vector space basis of X/X’, let X" = span(B)
so that X = X" & X/, and let m: X — X’ be the projection along X”. Since
X' is spanned by R’, there exists, for every o € FE, a finite subset T, of R’
such that m(a) € span(T,). Let T = U,ecpTa C R and let Y’ := span(T).
Then we have m(E) C Y'. Moreover, dimY’ <) .5 |Ta| < c since each T, is
finite and |F| < c¢. Let Y := X" @Y’. Then S = core(Y) has the asserted
properties. Indeed, S is full, being the core of a subspace. By construction,
EcX'"onE)CcX"®Y' =Y whence EC RNY = core(Y) = S. To show that
S and R’ intersect tightly, first note that Y = span(S) is tight, being the sum of
the two tight subspaces X” = span(B) and Y’ = span(T'). Hence we must show
that Y N X’ is spanned by SN R’. FromY = X" @Y’ and X = X" @ X’ as well
as Y C X' it is clear that Y N X’ = Y’'. Now Y’ = span(7T) by definition,
T C R’ by construction and clearly T C core(Y’) C core(Y) = S. Finally,
rank(S) = dim(Y) = |B] + dimY’ < ¢ + ¢ = c, since ¢ is an infinite cardinal.
This completes the proof.

~ 2.6. THEOREM. If (R,X) is strongly bounded by b then so are all quotients
(R, X) = (R/R, X/X).

Proof. We need to show boundedness of all quotients of (R, X) by finite-dimen-
sional tight subspaces U of X. In view of the First Isomorphism Theorem 1.7, such a
quotient is isomorphic to the quotient of (R, X) by the tight subspace p~1(U) D> X'.
Therefore, after replacing X’ by p~1(U), it suffices to show that all quotients (R, X)
of (R, X) are bounded by b.

Thus let now V' C X be a tight finite-dimensional subspace. After replacing X
by the tight subspace p~1(V) D X’ and R by the core of this subspace, we may even
assume that X is finite-dimensional, and only have to show that |R*| < b(dim(X)).
Consider a finite subset of R which we may assume of the form E where E is a finite
subset of R. By Lemma 2.5, applied in case ¢ = N, there exists a finite-ranked
full subset S C R containing F and intersecting R’ tightly. We let Y = span(S),
Y'=YNX, and ' = SN R = core(Y’). Then Y’ C Y are finite-dimensional
tight subspaces of X. Since x: Y/Y’ — X/X' is injective by (ii) of 1.8, we have
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dim(Y/Y") < dim(X/X") = dim(X).

As (R, X) is strongly bounded by b, the finite quotient (R/S’, X/Y") is bounded
by b. From monotonicity of b it now follows that

[(S/8")| = |core(Y/Y")*| < b(dim(Y/Y")) < b(dim(X)).

Moreover, S = £(S) so we also have | E*[<|S*|<b(dim(X)). As E was an arbitrary
finite subset of R, we conclude |R*| < b(dim(X)), as desired.

2.7. A-Bases and the extension property. For the remainder of this section, we
fix a subring A of the base field k. Let (R, X) € SV. A subset B of R is called
an A-basis of R if

(i) B is k-free, and
(ii) every element of R is an A-linear combination of B.
Suppose (R, X) admits an A-basis B. Since R spans X, it is clear that B is in
particular a vector space basis of X. Denoting by A[R] the A-submodule of X
generated by R, we see that
ARl =P A (1)

BEB

is a free A-module with basis B. Also, the canonical homomorphism A[R]®@ 4k — X
is an isomorphism of k-vector spaces since it maps the k-basis {# ® 1: 8 € B} of
A[R] ®4 k bijectively onto the k-basis B of X.

It turns out that a stronger condition than mere existence of A-bases is more
useful. We say (R, X) has the extension property for A or the A-extension property
if for every pair S’ C S of full subsets of R, with spans Y/ C Y, every A-basis
of (57,Y") extends to an A-basis of (S,Y). Also, (R, X) is said to have the finite
A-extension property if this holds for all full subsets S’ C S of finite rank. As long
as the ring A remains fixed, we will usually omit it when speaking of the extension
properties.

The extension property is equivalent to the existence of adapted bases in the
following sense: for all (S’,Y”) C (S,Y) as above, there exist A-bases B’ of (5",Y”)
and B of (S,Y) such that B’ C B. Indeed, the extension property applied to S’ = 0,
B’ = () implies the existence of bases, so in particular S’ has a basis which, again
by the extension property, can be extended to a basis of S. Conversely, suppose
adapted bases exist and let B] be a basis of S’. We can then choose adapted bases
B'"c Boft S CS. Then By := (B\ B’) U Bj is a basis of S extending B]. An
analogous statement holds for the finite extension property.

Finally, (R, X) is said to be A-exact if for every full subset R’ with span X',
the sequence '

0 — A[R'| —+ A[R] 2+ A[R/R'] —0 (2)

is an exact sequence of A-modules. Here i and p are induced from the inclusion
(R',X") € (R,X) and the canonical map (R,X) — (R/R',X/X’). Hence it is
clear that ¢ is injective and p is surjective, so exactness of (2) is equivalent to the
intersection condition

A[R'] = AR N X". (3)
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2.8. LEMMA. Let R' C R be full and suppose that 2.7.3 holds. Let B’ be an
A-basis of R', let C be an A-basis of R/R', and let I’ C R be a set of representatives
of C. Then B= B'UT is an A-basis of R.

Proof. B is k-free: If ZﬂeB ag3 =0, then all a,, v € I', vanish since I' = C is
in particular a k-basis of X/X'. But then all ag, for § € B’, also vanish, by k-linear
independence of B’. It remains to show that R C A[B]. For a € R there exist
ay € A (y €T'), such that & =} ra,y, whence a — > rayy € A[R|N X" =
A[R'], by 2.7.3. Thus by 2.7.1 applied to R’ and B’ it follows that « is an A-linear
combination of B.

We now give criteria for the (finite) extension property. A subgquotient of (R, X)
is defined as a full (T, Z) C (R, X) of some quotient (R, X) = (R/R,X/X’). By
1.7, the subquotients are precisely the (R”/R’, X" /X') where R” D R’ is full with
span X”. By a finite subquotient we mean one for which R” has finite rank.

2.9. PROPOSITION. For (R, X) € SV, the following conditions are equivalent:

(i) (R,X) has the (finite) A-extension property,
(ii) (R, X) is A-exact, and every (finite) subquotient of (R, X) has an A-basis.

Proof. (i) = (ii): We first show (R, X) is A-exact. Since the extension property
is stronger than the finite extension property, it suffices to prove that the latter
implies A-exactness. Thus let R* € X’ be full with linear span X’. We must
verify 2.7.3. The inclusion from left to right is trivial. For the converse, let
' =3"  ajo; € A[RJN X', where a; € A and a; € R. By Lemma 2.5, there exists
a full finite-ranked subset S of R containing F = {aq,...,a,} and intersecting R’
tightly. We let Y = span(S), S’ = SN R and Y/ =Y N X’. Then Y’ = span(5’)
by tightness of Y', and 2’ € A[S]NY’ because E C S. By the finite extension
property, there exist A-bases B’ of S’ and B D B’ of S. Writing 2z’ = ZﬁeB agf
and keeping in mind that B’ is a k-basis of Y, it follows that ag = 0 for § € B\ B’.
Hence o’ € A[B'] = A[S’"] C A[R'], as desired.

Next, consider a (finite) subquotient (T, Z2) = (R”/R',X"/X’) of (R,X). By
the (finite) extension property, there exist A-bases B’ C B” of R’ C R”. Then it is
easy to see that can(B\ B’) is an A-basis of (T, Z).

(ii) = (i): Let S’ C S be full (finite-ranked) subsets with spans Y’/ C Y, and

let B" C S’ be an A-basis. By assumption, (S/S5’,Y/Y”’) has an A-basis. Now
Lemma 2.8 shows that B’ extends to an A-basis of (S,Y).

2.10. PROPOSITION. (a) A-ezxactness descends to all quotients: If (R, X) is
A-exact then so is every quotient of (R, X).

(b) The A-extension property descends to all quotients.

(¢) If all quotients of (R,X) are locally finite, then the finite A-extension
property for (R, X) descends to all quotients.

Proof. (a) Let (R, X) = (R/R',X/X'). By 1.7, a full subset of R is of the form
S where S C R is full and contains R’. We let Y = span(S) and then must show
that A[R]NY C A[S]. Thus let Z € A[R]NY. Then, because of X’ C Y, we have
x € A[R|NY, and this equals A[S], by 2.7.3, applied to (S,Y) instead of (R, X').
Hence 7 € A[S], as asserted.
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(b) We use the criterion given in Prop. 2.9. By (a), A-exactness descends to
(R, X). Furthermore, by the First Isomorphism Theorem, a subquotient of (R, X)
is of the form Ry/Ry = Ry /Ry, for full Ry D Ry D R'. Since Ry/Ry has an A-basis
by 2.9, so does R;/Ry.

(c) We again use the criterion of 2.9, and in view of (a) only must show that all
finite subquotients of R have an A-basis. Thus consider a subquotient R; / R, with
rank(R;) < oo. Since R/Ry is by assumption locally finite and rank(R;/Rg) =
rank(R;/Ry) < rank(R;) < oo, we have R;/Ry finite. Let E C Ry be a set of
representatives of Ry/Ry. By Lemma 2.5, there exists a finite-ranked full S; C R;
intersecting Ry tightly. By the finite extension property of R and 2.9, S1/S1 N Ry
has an A-basis. Since S1/S51 N Ry & R1/Ro by the Second Isomorphism Theorem
1.9, Ry /Ry = Ry /Ry has an A-basis.

2.11. THEOREM. Let A be a subring of the base field k. If (R, X) € SV}, has
the finite A-extension property and all quotients of (R, X) are locally finite then it
has the A-extension property.

Proof. By 2.9 and 2.10(a), it only remains to show that all subquotients R" /R’
of R have an A-basis. Since the assumptions on R clearly pass to full subsets, we
can assume R” = R. By (c) of Prop. 2.10, R/R’ has the finite extension property
and by the First Isomorphism Theorem 1.7, all quotients of R/R’ are isomorphic
to quotients of R and are therefore locally finite. Thus, we may even replace R/R’
by R and then merely have to show that R itself has an A-basis. Consider the set
M of all pairs (S, B) where S is a full subset of R, and B C S is an A-basis of
S. Note that 9 is not empty since ({0},0) € 9M. Define a partial order on 9 by
(81, B1)<(S2, B2) if and only if S1 C S2 and By C By. Then it is easy to see that 9t
is inductively ordered. By Zorn’s Lemma, 9% contains a maximal element (R, By),
and we must show Ry = R. Assume, for a contradiction, that Ry # R. Then there
exists & € R\ Ry, and even o ¢ X := span(Ry), by fullness of Ry. Hence Xj is a
hyperplane in X; := Xy ® Ra, and Ry = core(X) is a full subset of R, with linear
span X;. Since by assumption all quotients of (R, X) are locally finite, this is in
particular so for (R, X)/(Ro, Xo). Hence Ry/Ry is finite, being a subset of the line
X1/Xo C X/Xy. Let E C Ry be a set of representatives of R/Ry. By Lemma 2.5,
applied to (Ro, Xo) C (Ri1,X1), there exists a finite-ranked (and therefore even
finite, by local finiteness of R) full subset S; of R; containing E and intersecting
Ry tightly. Welet Y7 = span(.S7) and Yy = Y1N Xy = span(Sy), where Sy := S1NRy.
Then by the Second Isomorphism Theorem 1.9, (S1/S0,Y1/Ys) = (R1/Ro, X1/ Xo).
Since (R, X) has the finite extension property, Proposition 2.9(ii) shows that the
finite subquotient S;/Sp has an A-basis. Hence also R;/Rg has an A-basis, which
consists of a single element, say {7}, since rank(R;/Rp) = 1. From A-exactness of
R and Lemma 2.8, it follows that By := By U {7} is an A-basis of R;. Hence
(Ro, By) < (R1,B), contradicting maximality of (Rp,Bp) and completing the
proof.

The assumption on the local finiteness of all quotients is, by Theorem 2.6, in
particular satisfied as soon as (R, X) is strongly bounded. We explicitly formulate
this important special case and some of its consequences (see 2.7) in the following
corollary.
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2.12. COROLLARY. If (R,X) € SV has the finite extension property for a
subring A of k and is strongly bounded, then it has the extension property for A.
In particular, every full R* C R has an A-basis, every A-basis of R extends to an
A-basis of R, the sequence 2.7.2 is exact, and A[R'] = A[R] Nspan(R’).



§3. Locally finite root systems

3.1. Reflections. Let X be a vector space over a field k of characteristic # 2.
An element s € GL(X) is called a reflection if s> = Id and its fixed point set is a
hyperplane. Picking a nonzero element « in the (—1)-eigenspace of s we have

s(x) = Sa,l(x) =z —(z,))a, (1)

where [ is the unique linear form on X with Ker! = Ker(Id — s) and {(«,l) = 2.
Here (, ) denotes the canonical pairing between X and its dual X*. Conversely,
given a linear form [ on X and a vector a € X satisfying (a, 1) = 2, the right hand
side of (1) defines a reflection.

For the following lemma see also [12, VI, §1, Lemma 1]. We use the notations
and terminology of §1 and §2.

3.2. LEMMA (Uniqueness of reflections). Let the base field k have characteristic
zero, let (R, X) € SV, be locally finite, and let « € R*. Then there exists at most
one reflection s of X such that s(a) = —a and s(R) = R.

Proof. Let s = sq; and 8’ = s, be reflections with the stated properties.
Then t = ss’ is given by t(z) = x + (x,d)a where d = I’ — [, and clearly t(a) = a.
Assuming d # 0, we can find 8 € R such that (3, d) # 0, because R spans X. Then
the vectors t"(8) = 0 + n(8,d)a (n € N) form an infinite set in R N (ka + k@),
contradicting local finiteness of R.

3.3. DEFINITION. We define locally finite root systems in analogy to Bourbaki’s
definition [12, VI, §1, Def. 1]. The base field k is now taken to be the real numbers.
A pair (R, X) € SVy is called a locally finite root system if it satisfies the following
conditions:

(i) R is locally finite,
(ii) for every @ € R* = R\ {0} there exists « in the dual X* of X such that
(o, ¥) = 2 and the reflection sq 1= $4,ov maps R into itself,

(ii) («,BY) € Z for all o, 3 € R*.

By Lemma 3.2, the reflection s, in the root « is uniquely determined. Hence o is
uniquely determined as well so that condition (iii) makes sense, and ¥: R* — X*
is a well-defined map. We extend this map to all of R by defining

0V:=0 and so:=1Id. (1)

Then s,(R) = R for all & € R. As usual, we call «” the coroot determined by «.
For all a € R the reflection s, is explicitly given by

Sa(x) =2 — (z,a")n. (2)

Henceforth, the unqualified term “root system” will always mean a locally finite
root system.

21
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Let us repeat here that, according to the definitions of 1.1, always 0 € R and
R spans X. Traditionally, root systems do not contain 0. On the other hand, the
requirement 0 € R is a natural one, for instance when considering morphisms and
quotients, or Lie algebras graded by root systems. It is also part of the axioms for
extended affine root systems [1, Ch. 2]. Moreover, root systems “with 0 added”
occur naturally in the axiomatization of root systems given by Winter [75] and
Cuenca Mira [19].

To distinguish the non-zero elements of R, we will call “roots” the elements
of R*. Root systems in the classical sense are precisely the sets R* C X, where
(R, X) is a locally finite root system in the above sense with R finite (equivalently,
rank(R) = dim(X) finite).

3.4. Subsystems and full subsystems. A subset S C R is called a subsystem if
0 € S and s,(5) C S for all & € S. Then clearly S is itself a root system in the
subspace Y = span(S) spanned by S. The reflection of Y and the coroot in Y*
determined by a root a € S are the restrictions sa|Y and oV ’Y, respectively.

In particular, every full subset S of R (as defined in 1.3) is a subsystem, naturally
called a full subsystem. Indeed, if o and 8 are in S then, by 3.3.2, 5,06 € RN (Ra+
RB3) € RNspan(S) = core(span(S)) = S, since S is full. As a consequence:

Locally finite root systems are bounded by the function b(n) = 4n?. (1)

Indeed, let V be a tight subspace of dimension n of X. Then F' = core(V) is a finite
root system of rank n. From the classification of finite root systems [12] it follows
by a case-by-case verification that |F'*|<4n? in case F is irreducible. This estimate
holds in the reducible case as well, because of the well-known decomposition of F'
into irreducible components and Lemma 2.4(b).

For , 8 € R the set RN (Ra + RP) is a root system of rank at most two. The
possible relations between two roots o and § of R are therefore the same as in the
finite case which are reviewed in A.2. Thus, the Cartan numbers (o, 3¥) can only
take the values 0, &1, +2, +£3, 4. We also note that for any @ € R*, there are the
following possibilities for the roots contained in the line spanned by a:

{+a}
R*NRa =4 {+a/2,+a} ;. (2)
{ta, £2a}

As usual, a root system is called reduced if the first alternative in (2) holds for all
a € R*. The relation between irreducible reduced and non-reduced root systems
is the same as in the finite case, see 8.5 and A.7, A.8. Finally, a root « is said to
be divisible or indivisible according to whether «/2 is a root or not. The union of
{0} and the set of indivisible roots is denoted Rj,q. It is obvious that (Ring, X) is
a subsystem of (R, X).

3.5. Orthogonality. For any subset T C R we define

T+ = ﬂ Ker . (1)
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Then
span(T) N T+ = {0}. (2)

Indeed, let = € span(T) N T*. Since z is a finite linear combination of elements
of T, there exists a finite subsystem S C T such that = € span(S). In particular,
(z,a¥) =0 for all & € S, and this implies = 0 since it is known that the coroots
of the finite root system S span the full dual of the vector space span(S) in which
S lives [12, VI, §1.1, Prop. 2]. In case T = R, we see from span(R) = X that

L= {0}, (3)

Hence, denoting by X C X* the R-linear span of {a" : a € R}, the canonical
pairing X x XY — R is nondegenerate.
For o, 8 € R we define orthogonality by

alp <= acpt (4)

Here 3+ is short for {3} in the sense of (1). The relation o L 3 is symmetric, as
follows from well-known facts on finite root systems by considering RN (Ra + Rf),
see A.2. For subsets S,T C R we use the notation S | T to mean « 1 ( for all
ac€Sand geT.

3.6. Morphisms, embeddings and the categories RS and RSE. We denote by
RS the full subcategory of SV whose objects are root systems. Thus a morphism
f:(R,X) — (S,Y) in RS is merely a linear map f: X — Y with f(R) C S.
Note that f(R) need not be a subsystem, even when f: X — Y is a vector space
isomorphism. For example, let R = A; & A; = {0, +a;,+as} and let S = Ay =
{0, £81, £02, (81 + B2)} where (51,85) = —1 = (02,57). Let f be the vector
space isomorphism given by f(«;) = B;,i = 1,2. Then f is a morphism of RS but
f(R) is not a subsystem of S. Nevertheless, morphisms between root systems in
this sense are of interest; in particular, we note that morphisms between finite root
systems with the additional property that f(R) = S (i.e., exact epimorphisms in
the sense of 1.4(b)) were classified by Dokovié¢ and Thanig [25].

A morphism f: (R, X) — (S,Y) of RS is called an embedding of root systems
if f: X — Y is injective and f(R) is a subsystem of S. We denote by RSE the
(non-full) subcategory of RS whose objects are root systems and whose morphisms
are embeddings of root systems.

Clearly, an isomorphism f: (R, X) — (S,Y) in the category RS is just a vector
space isomorphism f: X — Y such that f(R) = S. In particular, an isomorphism
in RS is an embedding, so the isomorphisms in RS and in RSE are the same.

3.7. LEMMA. For a morphism f: (R,X) — (S,Y) of RS, the following condi-
tions are equivalent:

(i) f is an embedding,
(f(B), f(@)") = (B,”) for all a, B € R,

if) )
(iil) (f(x), f(a)Y) = (z,a") forallz € X, a € R,
(iv)  f(sa(B)) = s5()(f(B)) for all a, B € R,
(v)  f(sa(®)) = sp@)(f(x)) for allz € X, a € R.



24 LOCALLY FINITE ROOT SYSTEMS

Proof. The equivalence of (ii) — (v) is straightforward from 3.3.2 and the fact
that R spans X. Suppose that these conditions hold. Then (iv) shows that f(R)
is a subsystem of S. Moreover, by (iii), any z in the kernel of f lies in R+ which
is {0} by 3.5.3, so f is an embedding. Conversely, let this be the case and let
o € R*. Since f(R) is a subsystem, s7(a)(F(8) = /(8 — (f(8). f(a)")a) € f(R)
for every 5 € R. Hence, defining s: X — X by s(z) =« — (f(z), f(a)")a, we have
f(5(8)) = sp)(f(B)) € f(R) and therefore s(3) € R, by injectivity of f. One
checks that s(a) = —a and s(x) = z for every z € X satisfying (f(z), f(a)Y) =0
which is a subspace of codimension 1. Now Lemma 3.2 says that s = s,, which
implies (iv).

Remark. We will see in Cor. 7.7 that any map f: R — S satisfying (ii) can
be extended to an embedding (R, X) — (S,Y).

3.8. DEFINITION. A morphism f: (S,Y) — (R, X) between root systems is
called a full embedding if it satisfies the following equivalent conditions:

(i) f is an embedding and f(S) is a full subsystem of R,
(i) S = f~(R) is the full pre-image of R under the linear map f: Y — X.

We prove the equivalence of these conditions. Suppose that (i) holds. Then
S C f~Y(R) is clear. For the reverse inclusion, let y € f~1(R), so f(y) = a € R.
Then o € RN f(Y) = f(S) since f(5) is full in R, say, a = f(5) for some 3 € S.
As f is injective, we conclude y = § € S.

Conversely, let S = f~!(R). Then in particular, f~1(0) = Ker(f) C S, whence
Ker(f) = 0 by local finiteness of S. Moreover, f(S) = f(f~}(R)) = RN f(Y) is a
full subsystem of R, showing (i).

From the characterization (ii) above it is immediate that the composition of full
embeddings is again a full embedding. Thus we have a (again not full) subcate-
gory RSF of RSE, whose objects are root systems and whose morphisms are full
embeddings.

3.9. Automorphisms and the Weyl group. We denote by Aut(R) C GL(X) the
automorphism group of a root system R C X. By 3.6, f € GL(X) is an automor-
phism if and only if f(R) = R. Automorphisms are in particular embeddings and
thus satisfies the equivalent conditions of Lemma 3.7. From the definition of a root
system it is clear that each reflection s, € Aut(R), so 3.7 yields, after replacing x
by $o(z), the formulas

(@, (5a(8))") = (sa(2), 57), (1)
Ss0(8) = SaspSa- (2)

By working out the right hand side of (1) with 3.3.2, we obtain the equivalent
formula

(sa(B))" = 8" = (o, ). (3)

Note in particular that
alf = S458=535aq- (4)

Indeed, (5, ) = 0 implies s,(3) = 3 by 3.3.2 and therefore sz = 545354 by (2).
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We say a transformation f € GL(X) is finitary or of finite type if its fixed point
set

X ={reX: flz)=2}

has finite codimension. The finitary transformations form a normal subgroup
GLgn (X) of GL(X), and thus

Autan(R) := Aut(R) N GLg, (X)

is a normal subgroup of Aut(R). Since X®» = Kera" is a hyperplane, every
reflection s, is of finite type. We denote by W = W(R) C Autg,(R) the group
generated by all s,, a € R* and call it the Weyl group of R. From 3.7(v) we see
that W(R) is a normal subgroup of Aut(R).

3.10. LEMMA. The category RS admits arbitrary coproducts, given by

(R’X) = H(Ri’Xi) = (U Ri7®Xi)a

iel iel el
for a family (R;, X;)ic1 of root systems.

Proof. By 1.2(c) and 2.1, (R, X) is locally finite. We extend each «y (where
a; € R;) to a linear form on X by (X;,ay) = 0 for i # j. Then it is easily seen
that R is a root system in X and that (R, X) is the coproduct of the (R;, X;) in
the category RS.

By abuse of notation, we also write R = @,.; R; and call R the direct sum of
the R;. After identifying R; with a subset of R, each R; is a full subsystem of R,
and

RiLRj fOI"L;éj (1)

Note, however, that (R, X) is not the coproduct of the (R;, X;) in the category
RSE! Indeed, the required universal property fails: If f;: (R;, X;) — (5,Y) are
embeddings then the induced morphism f: (R, X) — (S,Y) is in general not an
embedding of root systems. In fact, it is easily seen that even the coproduct of the
simplest root system A; = {0, £a} with itself does not exist in RSE.

A subsystem S of a root system R is said to be a direct summand if there exists
a second subsystem S’ of R such that R=S @ 5.

3.11. LEMMA. A subsystem S of a root system (R, X) is a direct summand if
and only if S is full and (R\ S) L S. In this case, R is the direct sum of S and
RN St

Proof. That the conditions on S are necessary is clear from the definition of a
direct summand in 3.10. Conversely, suppose they are satisfied and let Y = span(S),
so S = RNY by fullness of S. Also, let Z = span(R\ S). Then (R\S) L S implies
YNZ = {0} by 3.5.2. Furthermore, X = span(R) = span(S)+span(R\S) =Y +2Z,
and clearly T := RNZ = {0} U (R\ S), showing that R is the direct sum of S and
T.
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3.12. Irreducibility and connectedness. A nonzero root system is called irre-
ducible if it is not isomorphic to a direct sum of two nonzero root systems. We will
show that any root system R decomposes uniquely into a direct sum of irreducible
root systems. For this purpose, we introduce the notion of connectedness.

Let A be a subset of a root system R with 0 € A. Two roots a and § of
A* = A\ {0} are said to be connected in A if there exist finitely many roots
a=qp,aq,...,a, = B, a; € A%, such that o;_1 £ «y, for i = 1,...,n. We then
call ag, ..., a, a chain connecting o« and [ in A. Connectedness is an equivalence
relation on the set A*. A connected component of A is defined as the union of {0}
with an equivalence class of A*. Naturally, A is called connected if there is only
one connected component. In particular this applies to A = R.

One can always achieve n < 2 in a chain connecting a and 5 in R*. Indeed, let
a = ag,Q1,...,q, = [ be a connecting chain of minimal length and suppose n > 2.
Possibly after replacing a; by —a; we may assume (aq,ay) > 0. Then oy —a3 € R
by A.3. Since a; L a; for |i — j| > 1 by minimality, we obtain a f (; — a2) £ a3
and so a = qg,1 — Qg,Q3,...,a, = [ is a connecting chain of smaller length,
contradiction. Note that the same argument applies to any closed subsystem, as
defined in 10.2.

3.13. PrROPOSITION (Decomposition into irreducible components). A root sys-
tem is irreducible if and only if it is connected. Every root system is the direct sum
of its connected components.

Proof. We first note that a connected root system is irreducible. Indeed, if
R = @,; R is a direct sum of nonzero root systems R;, then R; L R; fori # j (by
3.10.1) shows that no & € R can be connected to any 8 € ij. That, conversely,
an irreducible root system is connected, is a consequence of the decomposition
into connected components which we show next. Let € be the set of connected
components of a root system R. From the definition of connectedness it is clear
that S L T for different S,T € €. Moreover, each connected component S € €
is a subsystem of R. Indeed, let o, 8 € S and suppose v := s,(8) ¢ S. Since
0 € S, we must have v # 0 and then also § # 0. Then « is in a connected
component different from S and hence is orthogonal to both a and §. This implies
v = s4(y) = s2(8) = B and hence 8 L 3, which is impossible. Thus S is a
connected, hence irreducible, subsystem of R. Furthermore, X is the direct sum of
the subspaces span(S), S € €. Indeed, X = span(R) and R = |J€ imply that X
is the sum of the subspaces span(S), S € €. To show that the sum is direct, let
Si,...,S, € € be pairwise different, and suppose that >} z; = 0 for z; € span(S;).
By orthogonality of the .S; we then have, for all & € S, that

0= <in,av> = <Ij,0¢v>.

This shows x; € span(S;) NS = {0} by 3.5.2. Thus R is the direct sum of its
connected components as a root system.

In the sequel, the terminologies “irreducible component” and “connected com-
ponent” will be used interchangeably.
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3.14. ProOPOSITION (Direct limits of root systems). The category RSE admits
all direct limits (i.e., filtered colimits) Um(Rx, Xx). If the (Rx, X») are irreducible

s0 is their limit.

Proof. Let A be a directed index set, and let ((Rx, X)), fux) be a directed
system in RSE indexed by A, i.e., a family (Ry, X»)xea of root systems together
with root system embeddings fux: (Rx, Xa) — (R, X,) for all A < p, satisfying
far =1Idand fon = fouo fur for A p<v. In particular, (Xx)xea is then a directed
system of real vector spaces and hence has a direct limit X = liLnX A, namely the

quotient of the disjoint union of the X, by the equivalence relation z ~ y <=

r € Xy, y € X, and foa(z) = fuu(y) for some v = X and v = p. We denote as
usual by f: Xy — X the canonical maps. Since the maps f,\ are injective, so are
the fy [10, III, §7.6, Remarque 1]. We therefore identify the X and the Ry with
their images in X. It is then straightforward to show that the union R of the R
satisfies all the axioms of a locally finite root system in X, with the exception of
local finiteness. The latter can be seen as follows. Suppose F is a finite subset of R.
Since A is directed, there exists an index Ag such that F' C Ry,. By 3.4.1, Ry, is
bounded by the function b(n) = 4n?. Hence |F*| < b(rank(F)), showing that R is
also bounded by b; in particular, it is locally finite. Finally, the Ry are subsystems
of R and the universal property of (R, X) is easily checked.

Now suppose that the (Ry, X)) are irreducible, and let a,, 3 € R*. Then there
exists an index Ag such that «, 3 € R),. By irreducibility and 3.13, there exists a
chaima=ap L oy L -+ L a,, = 5 in Ry, connecting a and 3, and since R, is a
subset of R, this is also a chain connecting o and  in R, showing R is connected
and hence irreducible.

3.15. COROLLARY. (a) The locally finite root systems are precisely the direct
limits of the finite root systems.

(b) The irreducible locally finite root systems are precisely the direct limits of
the irreducible finite root systems.

Proof. (a) By 3.14, a direct limit of finite root systems is a (locally finite)
root system. Conversely, it follows from local finiteness that in any locally finite
root system (R, X), the finite subsystems (and even the full finite subsystems)
form a directed system with respect to inclusion, whose direct limit is canonically
isomorphic to R.

(b) Again by 3.14, a direct limit of finite irreducible root systems is irreducible.
Conversely, let (R, X) be irreducible. It suffices to show that the finite irreducible
subsystems form a directed system with respect to inclusion. For this, it suffices
to have any finite subset of R* contained in a finite irreducible subsystem. Thus
let FF = {ay,...,an,} C R* be finite. By irreducibility of R, there exist chains
connecting «y to as, as to asz, and so on. Then the union of these chains is a
finite connected subset C' of R contained in the irreducible finite full subsystem
RN span(C) of R.

As a corollary of this proof we note

3.16. COROLLARY. Any finite subset of an irreducible root system R is con-
tained in a finite full irreducible subsystem of R.
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4.1. Invariant bilinear forms. Let (R, X) be a root system. A bilinear form
B: X x X — R is called invariant if it is invariant under the Weyl group, i.e., if
B(wz,wy) = B(x,y) for all w € W(R) and =,y € X. As W(R) is generated by the
reflections s,, a € R*, which have period two, invariance of B is equivalent to

B(saz,y) = B(7, 50Y), (1)

for all « € R* and x,y € X. Expanding both sides with 3.3.2, one finds that (1)
is equivalent to (z,a")B(a,y) = (y,a)B(z,«). By specializing x = « and y = «
and using the fact that R spans X, it follows easily that B is invariant if and only
if it is symmetric and satisfies

2B(z,a) = B(a,a){z,a") (2)

for all x € X and @ € R*. From (2) it is clear that o L 3 (in the sense of 3.5)
implies B(a, 8) = 0. If B(a, a) # 0 then (2) shows

v _ 2B(B,a)
<B’a>_ B(OZ,OZ)’ (3)
and hence s, is by 3.3.2 the orthogonal reflection in the hyperplane orthogonal to
«. This is in particular so if B is a positive definite invariant bilinear form, also
called an invariant inner product.

We denote by J(R) the set of invariant bilinear forms on X, which is obviously
a real vector space. In fact, J is a contravariant functor on the category RSE of
root systems and embeddings, since for an embedding f: (S,Y) — (R, X) and an
invariant bilinear form on X, the bilinear form J(f)(B) := B’, defined by

B'(x,y) == B(f(x), f(y)) (w,y€Y) (4)

is an invariant bilinear form on Y. This follows immediately from 3.7(iii) and (2).
We note that B’ is an invariant inner product along with B, since embeddings are
injective.

If (R, X) = ][(R;, X;) is a direct sum of root systems as in 3.10 then R; L R; for
i # j and therefore B(X;, X;) = 0 for i # j, because the R; span X;. Conversely, if
B; are invariant bilinear forms on X; then the orthogonal sum of the B; yields an
invariant bilinear form B on X. Hence the functor J converts direct sums to direct

products:
1D R = [[9(R:). (5)

In particular, this applies to the decomposition of a root system into irreducible
components (3.13).

28
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4.2. THEOREM. (a) Ewery locally finite root system (R, X) admits an invariant
inner product. If (R,X) is irreducible, the space J(R) of invariant bilinear forms
on X s one-dimensional.

(b) Conversely, let (R,X) € SVg and suppose there exists an inner product

() on X such that so(R) C R for all o € R* where so(x) = x — 2((0?'%)@ is

the orthogonal reflection in « with respect to ( | ), and such that the integrality

condition 2((55[)) € Z holds for all o, 3 € R*. Then (R, X) is a locally finite root

system and (| ) is an invariant inner product.

Proof. (a) By 3.13 and the remarks at the end of 4.1, we may assume R
irreducible. By 3.15(b), R is the direct limit (in the category RSE) of finite
irreducible root systems (Ry, X)), A € A. We may assume that the directed set
A has a smallest element \g. Indeed, if this is not the case, choose some )y € A
and replace A by the cofinal subset {\ € A : X = A\o}. Since morphisms in RSE
are in particular injective linear maps, we may identify the Ry with subsystems of
R and R with their union, and similarly for X, and X. Tt is known (A.1) that
finite irreducible root systems admit invariant inner products which are unique up
to a positive factor. Fix an invariant inner product By, on X, and let By be the
unique extension of By, to an invariant inner product on X,. Then we have

B)\|X)\QX# = B,u’X)\mX,u

for all A\, u. Indeed, since A is directed, there exists v = A, u, and since B,, is the
unique extension of By, to X,, we have By = BV|X>\ and B, = BV|X“, whence
our assertion. Now it is an easy matter to show that there exists a unique inner
product B on X whose restriction to each X, equals B) and hence satisfies 4.1.2
for all x € X, o € Ry. Since any x € X and « € R is contained in some X, we
see that B satisfies 4.1.2 for all x € X and € R*, and hence is an invariant inner
product.

Next, let B’ be any invariant bilinear form on X. By A.1, there exist ¢y € R
such that B’|X>\ = c\B,. By restricting further to X,,, we see that cy = ¢, for
all A. Hence B’ = ¢y, B, showing that J(R) is one-dimensional.

(b) By the definition of a root system in 3.3, it only remains to show local
finiteness of R. Suppose a and ca are in R* for some ¢ > 0. Then it follows easily
from the integrality condition that ¢ € {1/2, 1,2}, and hence the intersection of R*
with any half-line R, - & has at most two elements. Now let «, 5 € R* and assume
that § is not a positive multiple of a. Then the angle ¢ between v and [ is at least
7/6. Indeed, cosp = (a|B)/||e|| ||3]], and the integrality condition implies

2(alB)  2(8la)

(ala)  (819)

From this, one sees easily that cosp € {—1,4v/3/2,4£1/2/2,+1/2,0} and hence
cos Y < \/§/2 or ¢ > 7/6, see also A.2. We now prove local finiteness and consider
a finite-dimensional tight subspace V of X, with F' := core(V) = V N R. Since
|[F* NRy - af <2, it suffices to show that the image C of F* in the unit sphere
S of V (under the map a — «a/||a|) is finite. Now Z(a, ) is just the distance

4cos? p = € Z.
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of the normalized points «/|la| and 5/||5|| in the standard metric of S. Since
S is compact and the distance between two different points of C is at least 7/6,
the assertion follows. Finally, s, is the orthogonal reflection in the hyperplane
orthogonal to a.. Hence we have (z,a") = 2(z|a)/(a|a) so 4.1.2 shows that ( | ) is
indeed an invariant inner product.

4.3. COROLLARY. (a) Orthogonality as defined in 3.5 is equivalent to orthog-
onality with respect to any invariant inner product.

(b) Two roots a, B are linearly dependent if and only if sq = sg.
(¢) The definition of a root system in [57] is equivalent to the definition given
mn 3.3.

Proof. (a) and (b) are clear from the formulas in 4.1.3, while (c¢) follows from
part (b) of the theorem and the definitions in [57].

4.4. PROPOSITION. (a) Let (R,X) be a root system and let a, 3 € R* belong

to the same connected component, with a connecting chain o = a9 L oy L ... L
o, = (3. Then
T (@io1,ay)
Cap = vE (1)
“ i—1 <O‘ia az‘v—1>

is independent of the choice of the connecting chain. If ( | ) is an invariant inner
product on X then
(alo)

cab = (318)" (2)

If f: (S)Y) — (R, X) is an embedding and «, 3 € S* belong to the same connected
component then so do f(«), f(B) € R*, and we have

Caff = Cf(a) f(B)- (3)

(b) Let (R, X) be irreducible. Then there are the following possibilities for the
set of values of the function (o, B) — cop on R x R*:

—~
—
~
—~

—_
——

2},
3}
4}

1,2,4}.

In case (iii), R = Gg, in case (iv), R =2 BCy, and in case (v), R is not reduced
and of rank >2. If (|) is an invariant inner product on X then the function
a — (ala) on R* has at most three values.

(
(i
(iv
(

A A A
W s | 0 | 0 [ =

ala
7]-3
711

1
120

Proof. (a) Let (| ) be any invariant inner product. Then by 4.1.3,

ﬁ Qi-1,Q) _ v 2(aio1]a) (041‘71|Oéz 1)
i1 <O‘17 Qg i1 az|a1 (ai|az 1)
s sz 1\0% 1) _ (alao) (o)
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showing that c.p is independent of the choice of connecting chain as well as (2).
The remaining statements are immediate from 3.7(ii) and (1).

(b) By Corollary 3.16, any finite set of roots in R is contained in a finite
irreducible subsystem S of R, so all remaining statements follow from well-known
results on finite root systems (see A.6).

In more detail, since (a|a) takes at most three different values on any finite
irreducible S*, the same holds for R*. Suppose there are three different root
lengths. Then R contains a finite irreducible subsystem S with the same property.
Hence S = BC,, for some n > 2 (see 8.1.5 for a description of BC,,), and we are in
case (v). Similarly, assuming that (a|a) takes two different values, there exists a
finite irreducible subsystem S with this property and therefore we have one of the
cases (ii), (iii), or (iv).

In case (iii), there exist roots a, 3 € S such that («|a) = 3(5|3). Hence o and 3
generate a subsystem of type Go. If R has rank >3, we also could choose S of rank
>3, contradicting the well-known fact that Go does not embed in any irreducible
finite root system of rank > 2 (see below). Thus R = Gg. Finally, in case (iv), it
follows from similar arguments that R = {0, +a, 2«7} is of type BC;.

The non-embeddability of G is of course immediate from the classification of
finite root systems but can also be proven directly, using only the easier classification
of root systems of rank two.

4.5. LEMMA. Let R be a root system and S C R be a subsystem which is
isomorphic to the root system Gso. Then S is a direct summand of R.

Proof. Let V = span(S). Then V is a two-dimensional subspace of X, and
from the classification of root systems of rank two [12, Planche X], it follows that
RNV =8, so S is full. To show that S is a direct summand, we use Lemma 3.11,
and thus have to show that any v € R\ S is perpendicular to S. Assume, for a
contradiction, that there exists v € R\ S but v £ S, and let ( | ) be an invariant
inner product. Let u := v/||v|| and denote by v the orthogonal projection of u onto
V', which then satisfies 0 < |[v|| < 1. The twelve nonzero roots of S = Gy divide the
Euclidean plane V into twelve 30° sectors, the Weyl chambers of S. By a suitable
choice of coordinates, we may identify V with C and assume that v = z + iy lies in
the 30° sector bounded by 1 and ¢ = exp(7i/6) = (1/2)(v/3 +i). Then

1
<tan30° = —. (1)

V3

The nonzero roots of S, normalized to length 1, are now the twelfth roots of unity
¢¥ k=1,...,12. From A.2 and the fact that v ¢ S we know that the possible
cosines of the angles between v and a root a € S are 0,41/2,+v/2/2, +/3/2.
Hence we have

$>0, y20, 0<[uf?=a’+y* <1, 2

1 2 V3
x=cos/(y,1) € M := 3 §7 g}, y = cos /(v,¢?) € {0,

LV2 V3,
2727 27

It is easily checked that (1) and (2) imply y = 0. Now cos Z(7,¢) = (v|[¢) = 2v/3/2 €
{V/3/4,4/6/4,3/4} is not one of the admissible values for the cosine between v and
an element of S, contradiction.
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4.6. Short and long roots, and the normalized invariant inner product. Let
(R,X) be a root system. A root o € R* is called short (long) if cap <1 (cap = 1)
for all roots 6 # 0 in the connected component of R containing «. In view of 4.4.2,
this is equivalent to (a]a) < (B|8) or (a|a) = (8|8) where ( | ) is any invariant inner
product, explaining the terminology. Clearly the set of short roots and also the set
of long roots of each connected component of R is not empty. Of course, these sets
may be identical, and there also may be roots which are neither short nor long,
namely in case R has a non-reduced component of rank >2. Note that divisible
roots are automatically long.

By Theorem 4.2(a) and the remarks at the end of 4.1, there exists a unique
invariant inner product ( | ) on X with the property that (a|a) = 2 for all short
roots. We call this the normalized invariant inner product. Then by 4.4, (a]a) is
even for all @ € R, and hence («|8) = (1/2)(a]a){B,a") € Z, for all a, 3 € R*.
This makes

P(x) := (1/2)([) (1)

an integer-valued quadratic form on the root lattice Q(R), the abelian group gen-
erated by R (see 6.1), whose associated bilinear form is

P(x +y) — () — D(y) = (z]y). (2)

Following standard practice, we call a root system (R, X) simply laced if co3 = 1
for all o, 8 € R* which lie in the same connected component of R; equivalently, if
all roots are short (long).

A root system which is not simply laced is said to be multiply laced. More
precisely, an irreducible root system R will be called m-laced if m := max{c.gs :
a, € R*}. Thus an irreducible R is simply laced if and only if it is 1-laced, and
by Prop. 4.4(b), the possible values of m are 1,2,3,4, with m = 3 if and only if
R = Gg, and m = 4 if and only if R is not reduced.

4.7. COROLLARY. An isomorphism f: (R,X) — (S,Y) between root systems
maps short (long) roots to short (long) roots, and is isometric with respect to the
normalized invariant inner products.

Proof. By 3.7(ii), f preserves (non-)orthogonality, hence connected components,
and by 4.4.1 it satisfies cf(q),r(3) = Cap for all o, 8 in the same connected compo-
nent. Therefore f maps short roots to short roots and long roots to long roots.
Now the isometric property of f is clear from the formula 4.1.4.

4.8. LEMMA. Let (R, X) be a root system, and let
RY :={a":a € R}, XY :=span(R") C X™. (1)

Also, let (| ) be an invariant inner product, and define b: X — X* by (x,y") =
(z|y) for all z,y € X. Then

o = (2)

for alla € R*, and b: X — XV is a vector space isomorphism.
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Proof. Since ( | ) is nondegenerate, the map b is injective, and from 4.1.2 we
see that
2(x|)

(ala)

<£E, av> =

for all x € X. This is equivalent to formula (2). As X and XV are spanned by R
and RY, respectively, it follows that b: X — XV is a vector space isomorphism.

4.9. THEOREM (The coroot system). (a) There is a covariant functor C from
the category RSE of root systems and embeddings (see 3.6) to itself given on objects
by C(R,X) = (RY,XY) as in 4.8.1, and on embeddings f: (S,Y) — (R,X) by
C(f) = fY, where fV is the unique linear map f¥: YV — XV satisfying

(BY) = f(8) (1)

forall B € S. We call C(R,X) = (RY,X") the coroot system of (R, X). If f is a
full embedding then so is f.

(b) The map (g x): (R, X) — (RVY,X"Y), given by

(& urx)(2) = (,6), (2)

forallx € X, & € XV, is an isomorphism of root systems. It induces a natural
isomorphism v: Idrsg — € o € on the category RSE.

(¢) The functor C commutes with direct sums and direct limits and preserves
connected components. In particular, R is irreducible if and only if RV is so.

In view of (b), we will usually identify R¥" and R. Sometimes the coroot system
is referred to as the “dual root system”. However, unlike the dual of a vector space,
the functor € is a covariant, and not a contravariant functor on the category RSE.

Proof. (a) Let ( | ) be an invariant inner product on X, and consider the vector
space isomorphism b: X — XV as in Lemma 4.8. We denote by (| )’ the inner
product on X for which b is an isometry, and show that R" is a root system by
verifying the conditions of Theorem 4.2(b) for this inner product. Thus let s,v be
the orthogonal reflection in ¥ with respect to ( | )’. By definition, (”|3")" = (a|3).
Hence a simple computation with 4.8.2 shows that

ey 20 20l
N Y B () B @

so the integrality condition of 4.2(b) is satisfied. For later use, note that (3),
together with the fact that XV is spanned by RY, implies

a’ = j(a)| X", (4)
where j: X — X** is the canonical map. Next,

s (89) = 87— 2010 (v _ v (0 50 = (sa(8)) (5)

(|a)

by 3.9.3, s0 sqv(RY) = RY, as required.
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Now let f: (S,Y) — (R, X) be an embedding of root systems. Clearly, there is
at most one linear map f satisfying (1) since S¥ spans Y. To prove existence,
let (z|y)y := (f(2)|f(y)) be the invariant inner product induced on Y as in 4.1.4,
and b: Y — Y the vector space isomorphism induced by ( | )y. Define f¥ by
commutativity of the diagram

Y / X
b Jb
Y fv X

Then by 4.8.2, for any 5 € S*,
200 N _ 208 Lo
) — I

re = BB

which proves the existence of the linear map fV satisfying (1). For f¥ to be
an embedding, we need to check, by condition (ii) of 3.7, that (8Y,a"Y) =
(fY(BY), fY(a¥)V), which follows easily from (3), (1) and the fact that f is an
embedding. Now it is clear that € is a covariant functor from RSE to itself.

Suppose that f is a full embedding (3.8), so f(S) is a full subsystem of R,
and let a¥ € RY Nspan(fY(SY)) = RY Nspan(f(S)¥) = RV N f(Y)". By 4.8.2,
o’ € f(Y)? and hence o € f(Y). Since f(S) is full in R, we have a = f(53) € f(S),
and therefore by (1), a¥ = f¥(8Y) € fY(SY), so fY(SV) is full in R", showing that
fV is again a full embedding.

(b) We first show that ¢(g x): (R, X) — (RYY,X"") is an isomorphism of root
systems. Formula (2) says that

L(R,X)(af) = j(x)|Xv-
Hence (4) implies
L(R7X)(a) = avvv (6)

for o € R. Thus (g x) maps R onto R"". For (g x) to be an isomorphism of root
systems, it therefore suffices, by 3.6, that 1z x) be a vector space isomorphism.
Surjectivity is clear since X and X"V are spanned by R and R, respectively. If
t(r,x)(x) =0 then (z, R') = {0} by (2), and hence z € R+ =0 by 3.5.3.

It remains to show naturality of «. This means that the diagram

(8,Y) 2 ($7Y, YY)

fJ \fw

(R, X) ————~(R",X")

is commutative, for any embedding f. Thus let y € Y. Then vz x)(f(y)) and
Y (us,vy(y)) are elements of XV C XV*; so to prove them equal we evaluate on
an element £ € XV. Since Y and XV are spanned by S and R, respectively, we
may assume y = € S and { = a¥ € RY. Then (o, vr x)(f(8))) = (f(8),a") by
(2), while

(@, [ (ys,y)(B))) = (", f7(877))  (by (6)) = (a”, (f7(87))")
= (" f(8)")  (by (1)) = (f(B), ") (by (3)).

Thus ¢ is a natural transformation.
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(c¢) This follows easily from the definitions.

4.10. COROLLARY. Let (R, X) be a root system and S C R a subsystem, span-
ning the subspace Y. Then the coroot system S“ and its linear span may be canon-
ically identified with {8¥ : B € S} C RY and its linear span in XV.

Proof. This follows by applying Th. 4.9(a) to the inclusion i: (S,Y) — (R, X).

4.11. COROLLARY. Let (R, X) be a root system and (R¥,X") its coroot system.
(a) The relative root lengths of R and R are related by

Cavpy = C;g, = Cpa- (1)

In particular, o € R is short if and only if ¥ € RY is long, and vice versa.
(b) The assignment g — ¢ is an isomorphism Aut(R) = Aut(R") mapping
Autg, (R) to Autg, (RY). It satisfies

(Sa)v = SaVv (2)
and hence maps W(R) to W(RY), and
g'(@)=a"og™! (3)
for every g € Aut(R).

Proof. (a) Formula (1) follows easily from 4.9.3 and the definition of ¢,g in
4.4.1.

(b) The first statement is clear from (a) of Theorem 4.9. Also, 4.9.5 and 4.9.1
imply (2). Thus Y: Aut(R) — Aut(RY) is an isomorphism mapping W(R) onto
W(RY). Let (| ) be the normalized invariant inner product and b: X — XV the
induced vector space isomorphism. By 4.7, every automorphism g of R is then an
isometry. It follows easily that bo g = ¢g¥ ob which implies (3) in view of 4.8.2.
Since b is a vector space isomorphism, gV is of finite type if and only if g is so.

4.12. COROLLARY. Let (R, X) be simply laced, and let b: X — XV be the vector
space isomorphism induced by the normalized invariant inner product (| ). Then
b: (R, X) — (RY,XY) is an isomorphism of root systems.

Proof. This is immediate from (a|a) = 2 for all @ € R*, and from formula
4.8.2.

4.13. COROLLARY. Let (R, X) be irreducible and m-laced, with m = m(R) €
{1,2,3,4} as in 4.6. Also let (| ) and (| )Y be the normalized invariant inner
products on X and XV, respectively, and let b: X — X and b¥: XV — X be the
induced vector space isomorphisms of 4.8, where we identify X and (XV)¥ by 4.9.2.
Then m(R) = m(R"), and

b¥ ob =mldy, bobY =mlIdyv. (1)

In particular, if m = 4, then b: (R, X) — (RY,X") is an isomorphism of root
systems.
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Proof. m(R) =m(R") follows readily from 4.11.1. Let ( | )’ be the scalar prod-
uct on XV for which b is an isometry, so (°|y*) = (z|y) for all 2,y € X. Formula
4.9.5 implies sov (3") = (saf)” whence (sav (5")|sav (1)) = ((548)"|(sa7)") =
(5aB15a7) = (BlY) = (B°]7")’ for all a, B,y € R*. Thus ( | )’ is an invariant inner
product on XV, and hence by Th. 4.2(a), ( | )’ and ( | )V differ by a scalar factor,
say, ( | )¥ = A( | ). To determine A, let « and 3 be, respectively, a long and a
short root of R. Then m = cop = (ala)/(8]8) = (a|a)/2, so &® = ma" by 4.8.2.
By Cor. 4.11(a), aV is a short root of RY whence (a¥|a¥)¥ = 2. It follows that
2m = (ala) = (’]a”) = m?(a¥]a”) = A"'m2(a¥]a”)Y = 227 'm?, and therefore
A =m. Now we have (2°|y”)" = m(x|y), which is equivalent to the first formula of
(1). The second formula follows by interchanging the roles of R and RY and using
the canonical isomorphism RYY = R of Th. 4.9(a).

Now suppose m = 4. By Prop. 4.4(b), R is not reduced, and a root « is
short if and only if 2 € R is long. Let f := %b. It suffices to show that
f(R) C RY. From 4.8.2 it follows easily that f(a) = (2a)¥ € RY when « is
short, and f(3) = (8/2)Y € R when 8 = 2« is long. If v € R* is neither long nor
short then by Prop. 4.4(b), Case (v), we have cyo = (7]7)/(a|a) = 2 or (y]y) =4,
and hence f(y) =vY € R".

Remark. For m # 1,4, R and R need not be isomorphic, and even when
they are (for example in case R = F4 or G2), an isomorphism between R and R
is not a multiple of b.

4.14. Root systems over arbitrary fields of characteristic zero. For applications
of root systems in the theory of Lie algebras, it is useful to have a more general
definition of root systems.

Let k& be a field of characteristic zero. We define locally finite root systems over
k by replacing real vector spaces by k-vector spaces in the definition 3.3. The
following remarks on descent and base fields extensions show how to reduce the
study of root systems over k to that of root systems over R.

First let R C X be a root system over k and denote by Xg the rational span
of R. Then R C Xg is locally finite and a”(Xqg) C Q, from which it easily follows
that (R, Xq) is a root system over Q.

Suppose again that R C X is a root system over k and let K be an extension
field of k. We identify X with a subset of X = X ®; K. Then for any subset
F C R, finite or not, we have

RN spang(F) = RNspany (F) = RNspang (F), (1)

where span; (F') denotes the span of F' over L = Q,k or K. It suffices to prove
RNspang (F) C RNspang(F). Any 3 € RNspang (F) can be written in the form
8= Z?:l z;a; where x; € K and a; € F. We can assume that the o; are linearly
independent over K. The x; are then a solution of the system of linear equations
(B,af) = Yo xiay, ) with integral coefficients. Hence the z; lie in Q as soon as
we know that the matrix ((ov;, o)) is invertible. By assumption, S := RNspan (F')
is a finite root system in spany (F'). Therefore, by [12, VI, §1.1 Prop. 3], span, (F)
carries a nondegenerate symmetric bilinear form B invariant under the reflections
$q and with B(«, @) # 0 for all @ € S. The arguments in 4.1 work for root systems

over k, in particular we have the formula 4.1.3 from which it easily follows that the
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matrix ({a;, af)) is invertible. Thus (1) holds, and hence R C X[ is locally finite.
By taking the canonical K-extensions of the linear forms a¥ € X* one sees that
(R, Xk ) is a root system over K.

Many results proven here for root systems over R, for example Theorem 8.4, are

in fact true for root systems over k. These generalizations will be left to the reader.



85. Weyl groups

5.1. The finite topology. Let X be an arbitrary set. We equip X with the
discrete topology and the symmetric group Sym(X) of all bijections of X with the
finite topology [24, 2.4]. Thus a basis of neighborhoods of Idx consists of the sets
{g € Sym(X g‘F = Idp}, where F runs over the finite subsets of X. This is just
the topology of pointwise convergence. Hence, a net (gx)aca in Sym(X), where A
is a directed index set, converges to ¢ if and only if lim gy (z) = g(x) for all x € X.
Since X is discrete, this means in turn that there exists A, such that for all A = A,
we have gy (z) = g(z), i.e., the gx(x) become eventually constant. It is well known
and easy to see that with this topology, Sym(X) is a Hausdorff topological group,
which is discrete if and only if X is finite.

Now let X be a vector space. Then GL(X), being the automorphism group of a
relational structure, is a closed subgroup of Sym(X) [24, 2.4.10], and GL(X) (with
the induced topology) is discrete if and only if X is finite-dimensional [33, II, §3].
Suppose X = P, ; X; is a direct sum of vector spaces. We identify the product
[I;c; GL(X;) with the subgroup of GL(X) leaving each X; invariant. It is easily
seen that the topology induced from GL(X) on [],.; GL(X;) coincides with the
product topology of the topological spaces GL(X;) with the finite topology. More-
over, the description of limits given above, shows that [],.; GL(X;) is a closed
subgroup of GL(X).

Let (G;)ier be a family of groups where each G; is a subgroup of GL(X;).
We denote by €D,c; Gi the restricted direct product, that is, the subgroup of the
full direct product [],.; G; consisting of all elements having only finitely many

el
components different from the identity. Then

Y | ten 1)

i€l iel

where the closure on the left is taken in GL(X), equivalently, in [[,.; GL(X;), while
G, is calculated in GL(X;). To prove (1), recall that the projection maps 7; onto

the factors GL(X;) are continuous, and hence m;(B,.; Gi) C m;(B,c; Gi) = G,
which proves the inclusion “C” in (1) To prove the reverse inclusion, we first note
that G; C @,c; Gi- Hence also P, ; G, being the subgroup generated by the G,
is contained in @Zel G;. Now suppose g = (¢);er € [Licr G, let A be the set of
finite subsets of I, directed by inclusion, and define a net (gr)reca in P, ; G; by

49 = {g@) ifz'eF}_
E 1 ifi¢F
Then we have g = lim gr. Indeed, let = (7;)ier € X = D,c; Xi and, say, z; # 0
if and only if ¢ € E. Then F is a finite subset of I, and gp(z) = g(x) for all F' D E

proving our assertion. Since gr € i C 69261 G, it follows that g € @,., G;
Thus “D” holds in (1).

iel

ZEI ZGI
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5.2. Aut(R) as a topological group and the big Weyl group. Let (R, X) be a
root system. It is easy to see that Aut(R) is closed in GL(X). We always consider
Aut(R) as a topological group with the topology induced from GL(X). The closure
W (R) of the Weyl group W (R) will be called the big Weyl group of R. We also
introduce the following two outer automorphism groups:

Outgn(R) == Autan(R)/W(R),  Out(R) := Aut(R)/W(R). (1)

If R is finite we clearly have Autg,(R) = Aut(R), W(R) = W(R) and hence
Outgy (R) = Out(R).
These Weyl groups behave as follows with respect to direct sums:

W(R) = P W(R:), (2)
i€l

W(R) = [[W(R:). (3)
el

Indeed, (2) is immediate from the definitions, while (3) follows from (2) and 5.1.1.

As a special case of Cor. 4.7 we note that an invariant bilinear form as in 4.1 is
also invariant under the big Weyl group W (R). Regarding the behavior of the big
Weyl group with respect to the coroot system, the map g — ¢¥, g € GL(X) as in
Cor. 4.11(b), induces a topological isomorphism v: Aut(R) — Aut(R") and hence
maps W (R) isomorphically onto W(R).

5.3. LEMMA (generalized reflections). Let (R, X) be a root system and let 2 C
R* be an orthogonal subset, i.e., a L 3 for all a # B in 2. Let A be the set of
finite subsets of (2, and define sp = [[,cp Sa for all ' € A. Then the net (sr)rea
in W(R) converges to an element s € W(R), called the generalized reflection in
2. Ezxplicitly, it is given by

so(r) =2 — Z<xvav>a7 (1)

a€es?

the sum on the right having only finitely many nonzero terms for every x € X.
The generalized reflection sq, satisfies 5%, = 1d, with (+1)-eigenspace 2+ and (—1)-
eigenspace span((2).

Proof. Note first that the order of factors in sy is immaterial by 3.9.4. We
claim that 2, := {a € 2 : (x,a") # 0} is finite, for all x € X. Since R spans X,
this will follow from

BeER = Card{a€ R:8 ) a}<4, (2)

To prove (2), let ai,...,q, be pairwise orthogonal roots with 8 f «; for i =
1,...,n. Possibly after replacing a; by its negative we may assume (8,a)) <
0. Let Y be the linear span of ay := (,a1,...,a, and consider the full finite
subsystem S = RNY. Let ( | ) be a W(S)-invariant inner product on Y. Putting
u;j = aj/|lej|, we then have (up|u;) = cos Z(a, ;) < —1/2 for i = 1,...,n, by
A.2. Hence, for all non-negative z; € R,
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n n n

n n
0< H ZIjUjHQ _ x% + 2I02Ii(ﬂo|ui) + Zl’? < Zl‘? — IOZjS_
Jj=0 i=1 ; ;

i=1 7=0 =1

Specializing o = n/2 and z; = 1 for i >1 yields 0< (n?/4)+n—(n/2)-n = n—n?/4
or n < 4, as asserted.
Returning to an element z € X, we now have, for all finite F' C {2 with F' D (2,

that
sp(x) :( H sa)( H Sg)(x) :( H sa)(x) = sq, (),

a€f2, BEF\ 2, aEf2,

since (z,3Y) = 0 and hence sg(x) = x for 8 ¢ (2,. In view of 5.2, this proves the
existence of sp. Formula (1) is clear from 3.3.2 and orthogonality of 2. Since all
s2. = Id, this is true for s, as well. The assertions concerning the eigenspaces of
sg follow easily from (1).

Remark. The proof of (2) shows that from any point in the graph of a Cartan
matrix whose associated bilinear form is positive semidefinite, can issue at most
4 branches. On the other hand, the configuration of roots realizing the extended
Dynkin diagram of the root system D, shows that n = 4 does actually occur (cf.
[47, 3.5]).

5.4. More Weyl groups and automorphism groups. Let (R, X) be an infinite
locally finite root system with dim(X) = d, and let ¢ be an infinite cardinal. We
define W (R, ¢) to be the subgroup of W(R) generated by all s where 2 C R* is
an orthogonal system of cardinality < c. It is easily seen that the groups W(R,c)
form an ascending chain of normal subgroups of Aut(R), all contained in W(R),
with smallest member W(R) = W(R,Np). Since the cardinality of an orthogonal
system is at most d, this chain becomes stationary at d*, the cardinal successor
of d. In fact, W(R,d") = W(R) will be shown in 9.6 as a consequence of the
classification.

Similar definitions can be made for automorphism groups. Let GL(X,c) be
the set of f € GL(X) whose fixed point set X/ has codimension < ¢, and put
Aut(R, c) := Aut(R) N GL(X,c). Since GL(X,c) is a normal subgroup of GL(X)
[65], the groups Aut(R, c) are normal subgroups of Aut(R). Clearly, Aut(R,Rg) =
Autgy(R) and Aut(R,d") = Aut(R). For a generalized reflection sg the codimen-
sion of its fixed point set equals the dimension of the (—1)-eigenspace, and by 5.3
this is equal to [£2], so that W (R, c) C Aut(R, c). The outer automorphism groups
defined in 5.2.1 are then part of the series Out(R, ¢) := Aut(R, c)/W (R, c) of outer
automorphism groups, with Out(R,®) = Outg,(R) and Out(R,d") = Out(R).
Examples will be calculated in 9.5.

The groups W (R, c) behave in the expected way when passing to the coroot
system. Indeed, the map o — " sends orthogonal systems to orthogonal systems
of the same cardinality, and thus W(R,c)¥ = W(RY,c). Similar statements hold
for the automorphism groups Aut(R,c).

5.5. PROPOSITION. Let (R, X) be a root system with Weyl group W = W(R),
and let € be the set of connected components of R as in 3.12. For any subset & C €
let X6 = ) e span(C). Then the map & — X is a lattice isomorphism between
the power set of € and the lattice of W-submodules of X. In particular, W acts
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completely reducibly on X, every W -submodule has a unique complement, and W
acts irreducibly if and only if R is irreducible. The same statements hold for the
big Weyl group W(R) in place of W(R), and hence also for all W(R,c).

Proof. Let C € € and o € R*, 8 € C. Then s,08 € C if a € C since C' is a
subsystem, while o 1. 8 and hence again s,08 = 8 € C in case « € R\ C'. This shows
that span(C') is a W-submodule of X | and therefore so is Xg. Since by 3.13 X is the
direct sum of the subspaces span(C'), C € €, it follows easily that the map & — Xg
is injective and satisfies Xgnts = Xg N Xg and Xesus = Xe + Xg. It remains to
show that every W-submodule Y of X is of the form Xg. We define S := RNY
and T = R\ Y and claim that Y C T*. Indeed, let y € Y and 3 € T. Since Y is
a W-submodule, y — sgy = (y, 5¥)5 € Y which implies (y, 3¥) = 0 since 8 ¢ Y. In
particular, R = SUT is an orthogonal decomposition so that S = |J & is the union
of a set & C € of connected components of R. Clearly Xg = span(S) C Y.
As X = span(S) @ span(T) we conclude Y = span(S) @ (Y N span(T)), and
Y Nspan(T) C T+ NS+ = R =0, as desired.

The assertion concerning the big Weyl group follows from the simple observation
that any W-submodule Y of X is stable under W(R). Indeed, let w = limwy €
W (R) where (wx)xea is a net in W, and let y € Y. Then wy(y) € Y for all
A € A. Since w(y) = wy(y) for all sufficiently large A\, we have w(y) € Y. Finally,
the analogous statements for the W (R, c) are clear from the fact that they are all
sandwiched between W (R) and W (R).

5.6. COROLLARY. Let R be irreducible and let o, 3 € R*. Then there exists
w € W(R) such that (wa, 3¥) > 0. If a and B have the same length with respect to
an tnvariant inner product then even wa = 3 for some w € W(R) holds.

This can be shown in the same way as [12, VI, §1.3, Prop. 11]

5.7. THEOREM (functoriality of Weyl groups). (a) Let f: (R, X') — (R, X)
be an embedding of root systems and let X" := X/ f(X") be the cokernel of f, with
p: X — X" the canonical map. For every w € W(R',c) there exists a unique
w € W(R, c) making the diagram

0—X —Jox 2 ,.x" 0
wl lﬁ; lld (]_)
0—X — X —> X' —0
f P

commutative. The map w +— W is a group monomorphism W(f,¢): W(R',c) —
W (R, c) which satisfies

50 = 55(2) (2)
for all orthogonal systems §2 of R'. In this way, the Weyl groups W (R, c) become

covariant functors We = W(—,c) from the category RSE of root systems and
embeddings to the category of groups. These functors commute with direct limits.

(b) Let W(R',c) act trivially on X" and via the homomorphism W (f,c) on
X. Then the sequence

0—X Lo x 2. X" — 0 (3)
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of W(R/', c)-modules is exact, and the fized point set of W(R',c) on X is
{z € X :w(x)=x for allw e W(R,c)} = f(R))*. (4)
The sequence (3) splits (as a sequence of W(R', c)-modules) if and only if
X=f(X)e f(R)" (5)

In this case, f(R')*: is the unique W (R',c)-submodule of X complementary to
fFX7).

(¢) If R is finite or f(R') is a direct summand of R then (3) splits.

Proof. (a) Let (| ) be an invariant inner product on X. For any w € GL(X’)
let us call w € GL(X) an extension of w if w leaves ( | ) invariant, and makes
(1) commutative. Observe that if wy,ws have extensions Wi, Wy then wiws is an
extension of wyws, and W' is an extension of w™!. Also, the fact that f is injective
ensures that @ = Id implies w = Id. Hence, (a) will follow once we show that
extensions are unique, and that the generators of W (R’ c) have extensions which
belong to W(R, c).

For uniqueness, suppose that w € GL(X') has two extensions ¢ and w. Then
u = 074D is an extension of Idx/, and thus acts like the identity on YV := f(X’).
Now let € X be arbitrary. As u induces the identity on X" = X/Y, we have
u(z) = rmodY, so x —u(z) € Y. Now for any y € Y, (y|z) = (u(y)|u(z)) =
(ylu(z)) or (y|z—u(x)) = 0. Since ( | ) is nondegenerate on Y, this proves u(z) = z,
as asserted.

Next, let 2 be an orthogonal system in R’ with [2] < c¢. We claim that
50 = Sf(0) is the extension of sp. Indeed, by 3.7(ii), f({2) is an orthogonal
system in R, and obviously [f(£2)] < ¢, so sy € W(R,c). As remarked in
5.2, any element of W (R, c) leaves ( | ) invariant. Thus it remains to show that
5f(¢) makes (1) commutative. By 5.3.1 and 3.7(iii), we have

spo (@) = fa') = D _(f@), f(@)) fla) = f(o' = Y (@, a%)a) = f(sala’)

aEef? aE

for all 2/ € X’ which shows that the left hand square of (1) commutes. Again by
5.3.1,
sp)(@) =2 =Y (x,f(a)')f(e) =z mod f(X'), (6)

aef?

whence also the right hand square of (1) commutes. The statement concerning
direct limits follows easily from the definitions.

(b) From (1) it is clear that (3) is (with the indicated actions) an exact sequence
of W(R/,c)-modules. Formula (4) is a consequence of (6). Now the remaining
statements follow easily.

(¢) The case of a direct summand is clear. If R’ is finite, let e1,...,e, be an
orthonormal basis of f(X’). Then the map x — Y (z|e;)e; is the orthogonal
projection of X onto f(X’), so we have (5).
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Remarks. (a) For an infinite R, the sequence (3) need not be split, even when
f is a full embedding. For example, let I be an infinite set, let (R', X’) = (A;, X)
and consider the embedding (R’, X’) — (R, X) = B (notations of 8.1). Here X"
is one-dimensional. The Weyl group of R’ is the finitary symmetric group acting
by permutation of the standard basis €; on X (see 9.5.2), and hence has fixed point
set {0} on X.

(b) Functoriality of the big Weyl group W(R) with respect to embeddings

will be shown in 9.7 as a consequence of the equality W(R) = W(R,d") where
d = rank(R). It would be desirable to have a direct proof of this fact.

5.8. COROLLARY. Let (R, X) be a root system and S C R a subsystem, with
linear span'Y = span(S). Also let Wg . C W (R, c) be the subgroup generated by all
generalized reflections sg, where 2 C S* and |2| < c¢. Then the restriction map
Wge— W(S,c), w— w|Y, s an isomorphism.

This follows easily from 5.7 applied to the embedding (S,Y) — (R, X). We will
frequently identify the groups Wg . and W (S, c). In case ¢ = Ry, we will use the
simpler notation Wy instead of Wy, .

Remarks. (a) If W(R) is a Coxeter group one knows that Wg, being a so-
called reflection subgroup, is again a Coxeter group [22, 27]. In this case the
corollary is obvious. However, in general W (R) is not a Coxeter group, see 9.9.

(b) The subgroups Wg, for S a full subsystem of R, are called parabolic sub-
groups of W(R). An explanation for this terminology will be given in 15.8, Remark
(b). It is easy to see that in the case of finite Weyl groups our concept of parabolic
subgroups coincides with the usual one, as for example defined in [32, 1.10], [17,
2.5], [36, 5.1].

Recall from [39] that a group is called locally finite if every finite subset generates
a finite subgroup.

5.9. COROLLARY. The Weyl group of a locally finite root system is locally finite.

Proof. Since W(R) is generated by the reflections s,, « € R*, it suffices to
show that, for every finite subset F' of R*, the subgroup G generated by {s, :
a € F} is finite. By local finiteness of R, F' is contained in the finite subsystem
S = RNspan(F') and hence G C Wg = W (S) which is finite. (An alternative proof
would be to use 3.15 and 5.7(a).)

5.10. COROLLARY. Let (R, X) be a root system, and let w € W(R).

(a) Then w is the product of reflections in roots contained in (X)L, the
orthogonal complement of the fized point set X* of w with respect to any invariant
inner product.

(b) Let lp(w) be the length of w with respect to the generating set T = {s, :
a € R} of W(R), c¢f. [12,1V, §1.1, Déf. 1]. Then

Ir(w) = codim X", (1)

and this is also the length of w with respect to {sq : « € R'} for any subsystem R’
of R such that w € Wgy.
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(¢) Letw = Sq, -+ Sqa, fora; € R. Thenlp(w) = n if and only if the oy, ..., o
are linearly independent.

Proof. (a) Choose an invariant inner product on X. We may assume w € Wy
for a finite subsystem (S,Y") of (R, X). Hence by 5.7(c), applied to the inclusion
(S,Y) < (R, X), we have the orthogonal w-invariant decomposition X =Y @ Y+
as in 5.7.5, and Y = Y, ® Y where Y™ denotes the fixed point set of w in Y
and Y,, its orthogonal complement in Y. Since w has no non-zero fixed point in
Y,, and acts like the identity on Y+, it follows that X = Y* @ Y+ and therefore
(X"t =Y,. By [12, V, §3.3, Prop. 2], w is a product of reflections in roots
contained in Y.

(b) For any decomposition w = $q, - Sq, let V = span{aq,...,an}. Then
VEc X%, and V@ V+ = X because V is finite-dimensional. Hence V 4+ X% = X,
so codim X% < dim V < n, and then also codim X% < Ip(w).

To prove the inequality I7(w) < codim X*, we use the setting and notation of
the proof of (a): w € Wy for a finite subsystem (S,Y) of (R, X). By a result of
Carter [16, Lemma 2], w is a product of dimY,, = codim X reflections sg, 5 € Y,,.
Therefore I (w)<codim X*, so by what we have already shown, I7(w) = codim X™.
Moreover, Ir(w) is also the length of w € Wg with respect to {s, : @ € S}, from
which the second part of (b) easily follows.

(c) Because of (b) it is sufficient to prove this for a finite root system where it
was shown by Carter [16, Lemma 3].

We will see in 9.6 that this corollary is no longer true for the Weyl groups
W(R,c), ¢ > Rg.

5.11. COROLLARY. Let Ry and Ry be full subsystems of R. Then R1 N Ry is
again full, and the corresponding parabolic subgroups satisfy

W(Ry N Ry) = W(Ry) N W (Ry). (1)

Proof. That Ry N Ry is again full is obvious from the definitions, cf. 1.8.2. The
inclusion “C” in (1) being obvious, let, conversely, w € W(R;)NW (Rz). There exist
finite full subsystems F; of R; such that w € W (Fy) N W (Fy). Put Y; = span(F;).
With respect to an invariant inner product we then have X% O Yit + Y& =
(Y1 N Ys)L where the last equality follows from [8, §1.6, Cor. 2 of Prop. 4]. Since
Y} NY; is finite-dimensional, we obtain (X*)*+ C (Y1 NY3)*+ = Y1 NY;. Hence, by
5.10, w is a product of roots in Y1 NY5. But RNY; NY; = FyNFEFy, C Ry N Ry and
SO W &€ W(Fl N Fg) C W(Rl N Rg)

5.12. THEOREM. The Weyl group W(R) of a root system (R, X) is presented
by generators {go : « € R*} and relations

Jo =9gg for o and B linearly dependent, (1)
9a989a = 9gs.p for all a, 5 € R*. (2)
Proof. Let I' be the group presented by generators g,, a € R*, and the

relations (1) and (2). By Corollary 4.3(b) and by 3.9.2, the generators s, of W(R)
satisfy these relations. Hence there is a surjective homomorphism ¢: I' — W(R)
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mapping g, to s, and it remains to show that ¢ is injective as well. Thus let
9 = Goy ' " Ja,, € Kerp and consider the subspace Y C X spanned by a1,...,a,.
Then R’ = RNY is a finite root system in Y containing aq,...,a,. Let I be
the group defined analogously to I', with generators g/, and relations (1) and (2),
for o, 8 € R'*. Then we have homomorphisms ¢: I" — I" and ¢’: I — W(R'),
sending g/, to g, and sa|Y, respectively, for all & € R'*. By Prop. 5.8, we identify
W (R') with the subgroup of W(R) generated by {s, : « € R’*}. Then the following

diagram is commutative:
r v r

’

[} ¥

W(R') ———

incl

W(R)

Hence if ¢ is injective, then the restriction of ¢ to the image of v is injective.
As g = (g, - - ga, ) belongs to that image, g = 1 will follow. Thus to prove
injectivity of ¢, we may replace R by R’, in other words, we may assume R finite.
Let, then, R be a finite root system, and let B be a root basis of R. By [12,
VI, §1.5, Th. 2(vii)], W(R) is presented by generators {s, : « € B} and relations

(Sasﬁ)maﬁ =4 (3)

where mg is the order of s,ss in W(R) (cf. A.2). Thus to construct a homomor-
phism from W(R) to I mapping s, — ga, we must verify (3) in I', with s, replaced
by ga. For a = 3, (3) just says s2 = 1. In I', we have g, = g_o = gs.a = g5 and
therefore also g2 = 1. Next, let a, 3 € B be different. Then o and 3 are linearly
independent and hence span a plane P = Ra®R3. With the restriction of an invari-
ant inner product, P is Euclidean, and we equip P with the orientation determined
by the ordered basis «, 3. Let g; be the rotation of P with matrix C.OSt B smt>
sint  cost
relative to a positively oriented orthonormal basis, and let ¢ € |0, 27| be the unique
angle such that gy(a) = ¢f is a positive multiple of 3. Since s, is the orthogonal
reflection of P in the line P N at and similarly for sz, an elementary computation
shows that 7 := (s5485)|P = 0_29. Also, 483 acts as the identity on P+, and since
X = P& P, the order of r is Mag-
From (2) we obtain

grn(a) = (gagﬁ>nga(gﬂgo¢)n = (gagﬁ)zngaa (4)

for all n € N. If ma3 = 2n is even then ™ = —Id. Hence (1) and (4) yield
9o = J—a = (9a93)*"go and therefore (gngg)*" = 1, as required. If mys = 2n + 1
is odd, we have QQ_%H = —Id and hence —cf3 = 92_729“(05) = 0" 590-9(cB) =17 ().
Thus again by (1) and (4) we see that g_c5 = g3 = (9095)*"ga oF (gags)?" 1 = 1.

5.13. REMARK. For a finite reduced root system, this presentation of the Weyl
group is proven in [17, Theorem 2.4.3] with a different (perhaps more complicated)
proof.

The result is in fact true for any Coxeter system (W, .S): Consider the geometric

realization of Win £ = @, ¢ Res asin [12, V, §4], and let R = {w(es) : s € S, w €
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W} be the “root system” of (W, S), see [21]. Then W is presented by generators
{9go : @ € R} and the relations 5.12.1 and 5.12.2 above.

Indeed, for any o« = w(es) € R one has a well-defined reflection s, = wsw™
satisfying s, (x) = @ — 2B(z,a)a for all z € E, where B is the bilinear form
associated to (W, S). Since R is reduced, the s, satisfy 5.12.1. Because W leaves
B invariant, we also have ws,w™! = Sw(a) and hence in particular 5.12.2. Thus,
with the above notations, there is a homomorphism from I" to W mapping g, to
Sa, and the proof above shows that it is an isomorphism.

1

Concerning Coxeter groups we follow the terminology of [12, IV, §1].

5.14. PROPOSITION. Let (W, S) be an irreducible Cozeter system with an infi-
nite but locally finite W. Then W and S are countable and the Coxeter graph of
(W, S) is isomorphic to exactly one of the following graphs:

(At)  O—O0—0— -
(Axo) e —O0—O0—O0— - -
(Boo) oto—o—-

Proof. Our hypotheses imply that S is infinite. We will use the following
observation. Let S’ be a finite connected subset of S with at least 9 elements, and
let W’ be the subgroup of W generated by S’. Then (W', S’) is a finite irreducible
Coxeter system, and so the classification of these groups in [12, VI, §4, Th. 1]
implies that the Coxeter graph of (W', S”), or S’ for short, is one of the following:

(D)) z>o—o——o—o

Let us first assume that S contains a finite subset Sy whose graph is (B;) or (D).
Then any finite connected subgraph S’ of S containing Sy is of the same type as
So, i.e., of type (B,,) or (D,,) for a suitable n. Since S is connected, every s € S lies
in such a subgraph. Moreover, for a given n there is exactly one subgraph of type
(By,) respectively (D,,) in S. This implies that S is countable and of type (Boo) or
(Dw0).

We can now assume that all finite connected subgraphs of S are of type (A,).
If there exists an s € Sy which is only connected to one other element of S, the
argument used above proves that S is countable and of type (A4.). Otherwise, it
follows that S is countable of type (Ay). In all cases S is countable and hence so
is W.

Remark. It follows from this result and 5.9 that the Weyl group of an un-
countable irreducible root system cannot be the group of an irreducible Coxeter
system. In fact, we will show later in 9.9 that it is not a Coxeter group at all.



86. Integral bases, root bases and Dynkin diagrams

6.1. DEFINITION. Let (R, X) € SVg. We specialize the situation of 2.7 to the
case k =R and A = Z. A Z-basis of (R, X) as defined in 2.7 will also be called an
integral basis of (R, X). In agreement with established notation for root systems,
we denote by

Q(R) := ZIR]

the additive subgroup of X generated by R.

As an example, let R be an extended affine root system in V = VO@V (notation
of [1, I1)). Then SU R C R C Z[R] = Z[S] ® Z[R] where both (S, V?) and (R, V)
have integral bases, and hence so does R.

A subset B of R is called a root basis of R if

(i) B is R-free, and
(ii) every element of R is a Z-linear combination of B with coefficients of the
same sign.

This is motivated by the situation for finite root systems [12, VI, No. 1.5], where
root bases in this sense are simply called bases. In particular, finite root systems
and, as will be shown later, countable root systems, always admit root bases. Other
examples are the root systems of Kac-Moody algebras.

Just as for integral bases, we say (R, X) has the (finite) extension property for
root bases if for every pair S’ C S of (finite-ranked) full subsets of R, every root
basis of S’ extends to a root basis of S. Again, it is easy to see that this is equivalent
to the existence of adapted bases: For all S’ C S as above, there exist root bases
B’ of S" and B of S such that B’ C B.

As in 2.7 one shows that the (finite) extension property is equivalent to the
existence of adapted root bases: for all S’ C S as above, there exist root bases B’
of S" and B of S such that B’ C B.

We list some easily proven properties of root bases for a general (R, X) € SVg,
not necessarily a root system.

(a) Any root basis of R is in particular an integral basis.

(b) Every subset B’ of a root basis B of R is a root basis of the full subset
R’ = RN X' where X’ = span(B’), and p(B \ B’) is a root basis of R/R’ where
p: X — X /X’ is the canonical projection.

(c) Suppose (R, X) = [,c;(Ri, X;) is the coproduct of (R;, X;) as in 1.2(c). If
B is a root basis of R then each B; = BN R; is a root basis of R; and, conversely,
if B; are root bases of R; then B = Uiel B, is a root basis of R.

(d) Suppose By C By C --- C B, C --- is an increasing chain of subsets of R
where each B, is a root basis of R,, = RNspan(B,). Then B = |, .y Bn is a root
basis of R N span(B).

We continue with properties of root bases of root systems.

(e) A root basis B of a root system R which is connected in the sense of 3.12
is called irreducible . Then B is irreducible if and only if R is irreducible.
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(f) If B =JB; is an orthogonal decomposition, i.e., B; L Bj for i # j, of a
root basis B of R, then R is the direct sum of the root systems R; spanned by B;.

6.2. LEMMA. Let (R, X) be a root system.

(a) (R,X) has the finite extension property for root bases and for integral bases.
(b) (R,X) is strongly bounded by the function

s(n) = 2(7" — 1). 1)

Proof. (a) Let F' C F be full subsystems of finite rank of R. Then F is a
finite root system and F” is a full subsystem of F. By A.12, every root basis of F’
extends to a root basis of F'. By 6.1, adapted root bases exist for finite full subsets
F’' C F of R. Since root bases are in particular integral bases, the same holds for
integral bases and so, again by 6.1, R has the finite extension property for integral
bases.

(b) Let (R,X) = (R/F',X/V') be a finite quotient, so F’ is full of finite
rank (hence finite by local finiteness), and V/ = span(F"’) is finite-dimensional. By
2.2.1, we must show that | core(U)* | < s(dim(U)), for every finite-dimensional tight
subspace U C X. By 1.7, U = V where V = p~}(U) D V' is again tight, and
dim(V) = dim(V") + dim(U) < oo. Hence F' := core(V) is a finite root system in
V, with F' = core(V’) as a full subsystem. By (a) there exist root bases B’ of F’
and B of F such that B’ C B. Let B\B' = {01,...,06,} C B={01,...,4}. Then
B1,...,Bn is a vector space basis of U so n = dim(U). Every a € F has the form
o= 22:1 n;B; where the n; are integers of the same sign. From the classification
of finite root systems it is known that |n;| < 6. Hence every element of F is a
linear combination of i, ..., [, with integer coefficients n; of the same sign and
satisfying |n;| < 6. It follows that F has at most 2(7" — 1) nonzero elements. Since
core(U) = F by 1.7.1, the assertion follows.

6.3. The category RS. The category RS of root systems and morphisms (cf.
3.6) is not closed under taking quotients with respect to full subsets. We therefore
introduce the full subcategory RS of SV whose objects are quotients (R, X) =
(R1/Ro, X1/X0) of root systems by full subsystems. Note that

RS c RS

as a full subcategory since (R, X) = (R, X)/0. From the First Isomorphism The-
orem 1.7 it follows that the category RS is closed under taking full subsets and
forming quotients by full subsets.

6.4. THEOREM. FEvery (R,X) € RS is strongly bounded by the function s of
6.2.1 and has the extension property for integral bases. Hence, if R’ is a full subset
of R then R, R’ and R/R’ have integral bases, every integral basis of R extends to
an integral basis of R, and the sequence

0—— Q(R') — Q(R) — Q(R/R') —= 0 (1)

1s a split exact sequence of free abelian groups.
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Proof. Let (R, X) = (R1/Ry, X1/Xo) be written as the quotient of a root system
(R1,X1) by a full subsystem (Rp,Xo). By Lemma 6.2, (R;,X;) has the finite
extension property for integral bases and is strongly bounded by the function s.
Hence (Rj, X7) has the extension property by Cor. 2.12. Now Prop. 2.10(b) and
Theorem 2.6 show that (R, X) has the extension property for integral bases and
is strongly bounded by s as well. The remaining statements follow from Cor. 2.12
applied to (R, X).

6.5. COROLLARY ([71, Th. VI.6]). Ewvery root system admits an integral basis.

6.6. LEMMA. FEvery (R,X) € RS has the finite extension property for root
bases.

Proof. By 6.1, it suffices to show that all finite-ranked full subsets F’ C F of
R admit adapted root bases. Since the category RS is closed under taking full
subsets, we may replace R by F' and thus assume F' = R. By Theorem 6.4, R is
strongly bounded, hence locally finite, so R and F’ are finite.

Write (R, X) = (Ry1, X1)/(Ro, Xo) as a quotient of root systems, and let E C
Ry be a set of representatives of R. By Lemma 2.5 there exists a finite full
subsystem S D F of Ry which intersects Ry tightly. Let Y = span(.S), So = SN Ry
and Yo = Y N Xy = span(Sp) (by tightness). Then the Second Isomorphism
Theorem 1.9 yields an isomorphism &: (S,Y)/(So,Yy) = (R, X) which we treat
as an identification. By the First Isomorphism Theorem 1.7, F/ = S’/Sy where
S’ is a full subsystem of S with Sg € S’ C S. Since S has the finite extension
property for root bases by 6.2(a), there exist adapted root bases By C B’ C B for
So € 8" C S. By 6.1(b), p(B'\ By) C p(B\ By) are the required adapted root
bases of F/ C F = R.

While integral bases exist under fairly general assumptions, this is not the case
for root bases. Indeed, we will show below that every countable root system has
a root basis. Therefore, in view of 6.9(a) below, an irreducible root system has a
root basis if and only if it is countable.

6.7. PROPOSITION. Let (R,X) € RS with R countable, and let R’ be a finite
full subset. Then every root basis B’ of R’ extends to a root basis of R, and R/R’
has root bases. In particular, every countable R has a root basis.

Proof. We choose an enumeration R = {a, : n € N} of R such that R’ = {a,, :
0 <n <k} for some k € N. For n >k we define R,, = RNspan{a,, : m <n}. Then

R =Ry C Ry C-- C|JRy =R,

where each R, is a finite full subset of R, and hence also of R,,+1. By 6.6, R’ has a
root basis B’, and every root basis B,, of R,, extends to a root basis B,1 of Ry1.
By induction we therefore obtain a chain B’ C Biyiq C -+ C B, C - - of root bases
B, of R,,. Then B = |J,, By, is a root basis of R by 6.1(c), and hence R/R’ has a
root basis by 6.1(b). The last part follows from the first by taking R’ = 0.
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6.8. Dynkin diagrams. Let B be a root basis of a root system R. The Dynkin

diagram Dyn(B) of B is defined as the graph with a vertex g for every 0 € B such
&

that 203 ¢ R, a “double vertex” @ if 3 is a multipliable root in the sense that 283 € R,

and k = («, 8Y)(B,a”) edges between « and 3, with a > sign going from the longer

to the shorter root. The Dynkin diagram in this sense of a reduced root systems is
of course just the usual one. The Dynkin diagram of the nonreduced root system

BC,, with root basis 81 =¢e1,02 =¢e2 —€1,...,0n =€n — En_1 18
B PBa Bn

From Dyn(B) we can read off the Cartan matriz ({«, 3Y))a,sen, and also whether
a root § € B is multipliable or not.

6.9. THEOREM. Let (R,X) be a root system admitting a root basis B and
Dynkin diagram A = Dyn(B), let W(R) be the Weyl group of R, and put S =
{$a : @ € B} C W(R).

(a) (W(R),S) is a Cozeter system. If R is irreducible then (W(R),S) is
irreducible and hence W (R) and R are at most countable.

(b) For every root o € R* there exists w € W(R) such that w(a) € B or that
w(a/2) € B.

(c) Let (R',X') be a second root system admitting a root basis B' with Dynkin
diagram A’ = Dyn(B’). Assume further that f: A’ — A is a morphism of Dynkin
diagrams, i.e., f preserves double vertices and satisfies

{(f(@), £(8)") = (e, 37) (1)

for all a, 3 € B'. Then f extends to an embedding f: (R',X') — (R, X) of root
systems (cf. 3.6) with the property that f(R') is a full subsystem of R. In particular,
if f(B") = B then f is an isomorphism of root systems.

We call two root bases B’ and B isomorphic if their Dynkin diagrams are
isomorphic. Then (c) implies that this is equivalent to the existence of a root
system isomorphism mapping B’ onto B. Let us point out that it is not always
true that two root bases of R are conjugate under Aut(R), see 6.11.

Proof. (a) For an arbitrary o € R there exists a finite subset ¥ of B such that
a € Ry = Rnspan(¥). Let Sy = {sg : § € ¥}. Then (W(Rw), Sw) is a Coxeter
system, in particular s, is a product of reflections in Sy. This shows that W(R) is
generated by S = {s, : a € B}. For (W(R), S) to be a Coxeter system it is sufficient
to verify the exchange condition [12, TV, §1.6, Th. 1]. Let, then, w € W(R) and
s € Ssatisfy I(sw) < I(w) where [ is the length function on W (R) with respect to the
generating set S. Suppose further that w = s152- - 54, 53 € S, and sw = t1ta - - - ),
t; € S, are reduced decompositions. Let S = {s,s1,...,84,t1,...,tp} and let
¥ C B such that S’ = Sg. Then the elements w,s € W(Ry) have I'(sw) < I'(w)
where now !’ is the length function for the Coxeter system (W (Ry), Sy). Since the
exchange condition holds for this Coxeter system, it follows for (W (R),.S).

Suppose R is irreducible and infinite. By 6.1(e) so is B, and therefore (W (R), S)
is an irreducible Coxeter system. By 5.9, W(R) is locally finite. Hence W(R) and S
are countable by 5.14. Since B is in bijection with S via a + s, and R C @ 5 Z0,
it follows that R is countable.
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(b) This is true for finite reduced root systems by A.10, and with trivial mod-
ifications also in the non-reduced case. The general case then follows by applying
3.16 and 5.8.

(¢) If f(a) = f(B) for o, B € B’ we obtain («, %) =2 = (B,a") and therefore
a = f3, by the list of possible Cartan numbers of two roots. Since B’ is in particular

a basis of X’ as a vector space, f extends to an injective linear map on f: X' — X.
Then (f(z'), f(8)) = («/, 8¥) holds for all 2’ € X’ and therefore

f085:$f(@)0f for all 8 € B’. (2)

By (a), the sg (8 € B’) generate W(R'), so for every w € W(R') there exists
W € W(R) satisfying fw = wf, and therefore also w='f = f'w=!. By (b), an
arbitrary o« € R’ can be written in the form a = w(c¢f) for some § € B’ and
¢ € {1,2}. Let us first assume ¢ = 1. Then f(«) = fw(8) = wf(B) € W(R)B C R.
If ¢ = 2 then § is a double vertex. Hence so is f() and thus 2f(5) € R. It follows
again that f(a) = fw(20) = wf(206) € R, so we have f(R’) C R. Finally, using
(2), fSa = [Sw(ep) = Jwscpw™ = Wfscaw™ = Wspep fw™ = Wspepw ' f =
saf(cp)f = Sf(a)f which by 3.7(v) proves that f is an embedding. The fact that
f(R') is a full subsystem of R follows easily from 6.1(b).

6.10. COROLLARY. Let B be a root basis of a root system R, let H be the
stabilizer of B in Aut(R) and let Aut(A) be the automorphism group of the Dynkin
diagram A = Dyn(B) of B. Then the restriction map res: H — Aut(A) is an
isomorphism of topological groups, where H has the topology induced from Aut(R)
and Aut(A) has the finite topology, i.e., the topology induced from A where A is
discrete, cf. 5.1.

Proof. From Theorem 6.9(c) it is clear that res is an isomorphism of groups, and
continuity in both directions is easily checked. The details are left to the reader.

6.11. Classification of Dynkin diagrams. Let B be a root basis of a root system
R with Dynkin diagram Dyn(B). Because of the results listed in 6.1, it suffices to
classify Dynkin diagrams of irreducible root bases. The finite case being well-known,
we restrict our attention to the case of a countable irreducible B. Their classification
is described in [35, Exercise 4.14]. In our setting, it is an easy consequence of 6.9(a)
and 5.14, taking into account the two possibilities for the root lengths in the case
Boo. The result is listed in the table at the end of this section. We use the notations
introduced in 8.1 and let

B02{5i+1—EiZiEN}

where N denotes the non-negative integers. Note that the root systems Ay and
Ay are isomorphic (choose a bijection between N and Z) but admit non-isomorphic
root bases (A ) and (At ). This shows that two root bases of an infinite root
system R are in general not conjugate under Aut(R). Also, it is evident from the
table that

(Z/)2Z) x Z  in case (As)

Aut(Dyn(B)) =< Z/2Z in case (Do)
{1} otherwise
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Type B Dyn(B) R
(Ais) | Bo o—o0—0— - Ay
(As) {€i41 — €11 €T} —0—O0—0— - Ay
(Beo) {eo} U By O=0—0— --- By
(Cxo) {2e0} U By O==0—0— -~ Cy
(BCx) {e0} U By e BCy
(Doo) {eo + €1} UBy Z>o—o—o— Dy




87. Weights and coweights

7.1. DEFINITION. With any root system (R, X), we associate the following
abelian groups:

(a) The group Q(R) = Z[R] as in 6.1, also called the group of radicial weights
or the root lattice.
(b) The group
PU(R) :={qe€ X" : (R,q) CZ}, (1)

called the group of coweights of R.

(¢) The group
QY(R) :== Q(RY) = Z[R"] (2)

of radicial coweights, i.e., the group of radicial weights of the coroot system R".
(d) The group
P(R) := PY(R") (3)

of coweights of RV, called the group of weights of R. According to (1), the elements
of P(R) are the linear forms p € (XV)* with the property that

(RY,p) C Z. (4)

Clearly, the assignment R — Q(R) is a covariant functor from the category RS
of root systems and morphisms to the category Ab of abelian groups. Similarly, P
is a contravariant functor from RS to Ab: Any morphism f: (S,Y) — (R, X) of
root systems induces a homomorphism PV (f): P¥(R) — P¥(S) by P¥(f)(q) = qo f.
It should also be noted that the functors Q and P¥ make sense not only for root
systems but for an arbitrary (R, X) € SVg.

In the remaining two cases, Q¥ = Qo€ and P = P¥oC are obtained by composing
the functors Q and P¥ with the coroot system functor € of Th. 4.9. As C is a
covariant functor from RSE (root systems with embeddings as morphisms) to itself,
it follows that QV: RSE — Ab is covariant and P: RSE — Ab is contravariant. In
more detail, the map P(f): P(R) — P(S) induced from an embedding f: (S,Y) —
(R, X) of root systems is given by

Pf)p) =pofr:YY = XV =R (5)

From P = P¥ o € and the natural isomorphism € o € = Id of 4.9(b) it follows that
there is a natural isomorphism

PV = PoC. (6)

This explains the terminology “coweights” (which is somewhat unfortunate as P
is a contravariant functor).

53



54 LOCALLY FINITE ROOT SYSTEMS

7.2. PROPOSITION (lifting weights). Let f: (S,Y) — (R, X) be a full embed-
ding (cf. 3.8) of root systems. Then the homomorphisms PY(f): PV(R) — PY(S)
and P(f): P(R) — P(S) are surjective. In particular, if R' C R is a full subsystem
then every (co)weight of R’ can be lifted to a (co)weight of R.

Proof. By Th. 4.9(a), fV is a full embedding along with f. Hence it suffices
to prove the statement concerning PV(f), the other then follows by P = P¥ o C.
We may also identify (S,Y") with its image (R, X’) = (f(5), f(Y)) in (R, X). By
6.4, Q(R') is free abelian and a direct summand in the free abelian group Q(R),
and there exists an integral basis B’ of R’ which extends to an integral basis B of
R. Then B’ and B are bases of the free abelian groups Q(R’) and Q(R), and also
vector space bases of X’ and X (2.7). Hence any coweight ¢ € PY(R’) (which is
uniquely determined by its values on B’) extends to a coweight ¢ of R, for instance
by defining ¢(B \ B’) = 0.

7.3. More weight groups. We keep the notations of 7.1. From the inclusions
QY(R) = Q(RY) C XY C X* and the fact that (R,RY) C Z by the integrality
condition (iii) in the definition of a root system (3.3) we obtain the inclusion

QY(R) C PY(R) (1)

which, however, is not functorial in R, and so does not make Q¥ a subfunctor of
PY. By Q¥ = Qo C and treating 7.1.6 as an identification, we see that also

Q(R) C P(R), (2)

where we now identify an element € X with the linear form j(z) € (XV)* given
by (§,7(z)) = (x,&), for all £ € XV. We define the following subgroups of P(R):

Pan(R)={r e X:(z,R") CZ} =X NP(R) (finite weights), (3)
Peot(R) ={p € (XV)" : (Pan(RY),p) C Z} (cofinite weights),  (4)
Pra(R) = {p € (XV)" : (RY,p) is bounded} (bounded weights).  (5)

From (R, R¥) C Z it follows that Q(R) C Pgn(R). Hence also Q(RY) C Pan(RY)
which implies Peor(R) C P(R). We introduce the quotient groups

O(R) = Pan(R)/QR),  O°(R) = P(R)/Peor(R),

and summarize the relations between these groups in the following commutative
diagram with exact rows:

0> O(R) ——»Paa(R)—> O(R) ——0

l i l (6)

00— Peot(R) — P(R) -0 (R) —0

Here i’ and 7 are injective, being the restrictions of j: X — (XV)* to the respective
subgroups, and 7" is the unique homomorphism making the diagram commutative.
In general, 7" is neither injective nor surjective, see the remark at the end of 8.7.
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For R finite, (XV)* is canonically identified with X and therefore Ps,(R) =
P(R). It is also known that Q(R) is a free abelian group of rank equal to the
rank of R, with P(R) canonically isomorphic to Hom(Q(R"),Z). Hence Pcot(R) =
Hom(P(RY),Z) = Q(R). Also, ©(R) is finite and 4" is an isomorphism [12, VI, §1,
No. 9]. We will generalize these results to the infinite case below.

The various weight groups behave as follows with respect to direct sums: If
(R, X) =1I(R;, X;) then

OR) =@PAR),  Pan(R) =P Pu(R). OR)=PO(R), (7)
Peot(R) = [[Pect (Ri), PR =][P(R), o (R)=][6"(R). (8

This follows easily from the definitions.

In contrast to the weight groups P(R), the groups Pu,(R) of finite weights do
not depend functorially on R with respect to embeddings f: (S,Y) — (R, X). Let
p=a € X NP(R) = Pan(R) be a finite weight of R. Then P(f)(x) € Paa(9) if
and only if there exists an y € Y such that (z, f(a)¥) = (y,a") = {f(y), f(«)") (by
3.7(iii)), for all a € S, equivalently, if we can write x = f(y) + 2z € f(Y) @ f(5)*.
In general, this is not the case. For an example, let R = By and S = Ay as in 8.1,
with f the inclusion X C X. Then S+ = 0 because z = > ase; L S means that
(xle; —ej) = x; —x; = 0 for all i # j, so all components of x are equal. Since only
finitely many components of = are nonzero, this implies z = 0. Now for instance
g0 € R C Q(R) = Psn(R) (by 8.7) but res(eg) ¢ Pan(S) because g9 ¢ Y © S+ =Y.

Let us finally note that finite weights are bounded:

Tﬁn(P) C (Pbd(R) (9)

Indeed, for all 3 € Rand . =) .y cax € X, we have

(2,8 < Y leal -1, 8Y)] <4 leal,

a€ER a€ER

independent of 3, by A.2.

7.4. Weights and automorphisms. The automorphism group of R acts on XV
via the isomorphism g — g¢¥ as in 4.11(b) and therefore also on the various weight

groups by
(@ 9(p) = ((g71)"(@"),p) = (¢~ (@))",p), (1)
for all @ € R, p € P(R). In particular, for g = sg this yields by 4.9.5 the formula
sg(p) =p— (8. p)B, (2)

which implies
p—w(p) € AR), (3)
for all w € W(R). Hence,

W (R) acts trivially on the groups P(R)/Q(R), O(R) and O*(R). (4)
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For the action of an element w of the big Weyl group W(R) on P(R) we still have

p—w(p) € Peor(R). (5)

Indeed, let @ = limw) be the limit of a net (wy)rea in W(R). Then wy(p) —p €
Q(R) for all A € A by (3). Let y € Psa(RY) C XV so that (Q(R),y) C Z. Tt
follows that (y — (wy ") (y),p) = (y,p — wr(p)) € Z for all X € A. Since the map
g — ¢¥ from Aut(R) to Aut(RY) is a topological isomorphism by 5.2, we have
(@~ 1)¥(y) = lim(wy )" (y), so there exists Ao such that (w0 ~1)"(y) = (wy')"(y) for
all A > Ag. This implies

As y € Pan(RY) was arbitrary, we conclude (Pan(RY), p—w(p)) C Z, i.e., p—w(p) €
Peot(R). From (5) we see that

W(R) acts trivially on 6*(R). (6)

7.5. THEOREM. Let (R, X) be a root system.

(a) The groups Pra(R), Pan(R) and Q(R) are free abelian groups and O(R) is
a torsion group.

(b) The canonical homomorphisms p: Pan(R)®@zR — X andv: Q(R)@zR — X
are isomorphisms.

(¢) There are isomorphisms

Q,: ':Pcof(R) — Hom(Tﬁll(R ) Z)’ (1)
ot P(R) — Hom(Q(R"), Z), (2)
¢": ©*(R) — Hom(6(R"),Q/Z), (3)

given by o' (p') = p/|Pan(R), o(p) = p|QR"), and

nd o"(p")([l]) = (p,1) + Z € Q/Z,
fOTp/GTCOf(R) pGT( )727/ +Tcof( )69*( );

(")
and [l] =1+Q(RY) € O(RY).

Proof. (a) Since RY spans XV, the map p — ((8Y,p))serx is an injective
homomorphism of Ppq(R) into the group of all integer-valued bounded functions
on the set R*. By a theorem of Specker and Né&beling [5, Cor. 1.2], such a group
is free abelian. Since a subgroup of a free abelian group is again free abelian, it
follows that PpLq(R) and its subgroups Pg,(R) and Q(R) are free abelian as well.
(Note that by 6.5, we even know that Q(R) admits bases contained in R.)

Let © € Pan(R), and choose a finite subsystem S C R such that x € span(S5).
Then, identifying S¥ with a subset of R as in 4.10, we have (x,S¥) C Z whence
x is a weight of S. Since P(5)/Q(S) is finite, it follows that na € Q(S) C Q(R) for
some n € N. Thus ©(R) is a torsion group.
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(b) By 6.5, R admits integral bases so the natural map v: Q(R) ®z R — X
is an isomorphism by 2.7. As Pgs,(R) D Q(R) also spans X, it is clear that p is
surjective. Tensoring the exact sequence

0—Q(R) —> Pain(R) —O(R) —0
with R and taking into account that O(R) ®z R = 0 because O(R) is a torsion
group, we obtain a commutative diagram

QR)®zR

Tﬁn (R) &Kz R
v I
X — X

where the top map is surjective because tensoring is right exact. Since v is an
isomorphism so must be pu.

(¢) Let Q(RY) =G, Psu(RY) = F, and O(RY) = T for shorter notation. Then
the short exact sequence

0—G—F—T—0

yields the long exact sequence
0 —Hom(T,Z) — Hom(F,Z) — Hom(G,Z) —

4
— Ext"(T,Z) — Ext"(F,Z) — - - - )

By (a), applied to the coroot system RY, we have F free and T a torsion group.
Hence Hom(T', Z) = Ext'(F,Z) = 0 and Ext! (T, Z) = Hom(T, Q/Z), the Pontrjagin
dual [74, Ex. 3.3.3]. Thus (4) gives the bottom row of the following diagram with
exact rows:

0—— Pei(R) — PR) —— O*(R) ——0

/| Je | (5)
0 —— Hom(F,Z) —— Hom(G, Z) — Hom(T,Q/Z) ——0

Commutativity of (5) is easily checked. Since G = Q(R") spans XV, it is clear that
o and therefore also ¢’ are injective. To see that o is also surjective, let p: G — Z
be linear. Then ¢ induces an R-linear map ¢: Q(RY) ®zR — R, which by (b) yields
ap: XY — Rsuch that por = @. It follows that ¢ = o(p). Surjectivity of ¢’ follows
in the same way. Finally, it is easy to see by chasing the diagram (5) that ¢” is an
isomorphism as well.

7.6. PROPOSITION. The group Q(R) of radicial weights is isomorphic to the
abelian group presented by generators [a], a € R, and relations [a + (] = [o] + [0]
for all a, B € R such that also o+ 3 € R.

Proof. Let A be the abelian group with the presentation given above. There
is a canonical epimorphism ¢: A — Q(R) mapping [@] to «, so it suffices to show
that ¢ is injective. First note that [0] = 0 in A since [0] = [0 + 0] = [0] + [0].
This implies 0 = [a — a] = [a] + [-a] or [-a] = —[a] for all & € R. Suppose
z=>" [o] € Kert, and let S C R be a finite subsystem containing o, ..., ay.
By A.15, there exists a homomorphism ¢: Q(S) — A such that ¢(a) = [«a], for
all @ € S. Since ¢ o ¢ is the inclusion Q(S) — Q(R), it follows that 0 = ¢(z) =

Y(e(Xr o)) = Y1 a;, and therefore z = p(3 1 o) = 0.



58 LOCALLY FINITE ROOT SYSTEMS

7.7. COROLLARY. Let (R,X) and (S,Y) be root systems and let f: R — S be
a map satisfying (f(a), f(B)Y) = (a, BY) for all a, 8 € R. Then f extends uniquely
to an embedding f: (R, X) — (5,Y).

Proof. Uniqueness of f is clear since R spans X. For existence, it suffices,
because of 3.7 and the isomorphism Q(R) ®z R = X of 7.5(b), to show that f
extends to a homomorphism f: Q(R) — Q(S) of abelian groups. For this we
use the presentation 7.6. Thus let o, and v := a+ 3 € R. Then for all
5 € R we have (f(a) + f(8), F(0)") = {a+ 5,6%) = (%,8%) = (f(2), F(8)"), 50
z := f(a) + f(B) — f(v) is orthogonal to span f(R) with respect to an invariant
inner product. As z € span f(R), it follows that z = 0, so f preserves the defining
relations of Q(R).

7.8. COROLLARY. Q(R) is also presented by generators &, o € R, and relations

2a = 24 for all a« € R such that also 2c € R, and — (3, o )& = ;1\6]‘07" alla € R,
8 € R.

Proof. Let B be the group with the indicated generators and relations. Clearly,
there is an epimorphism from B to Q(R) sending & to «. In the opposite direction,
define ¢: R — B by ¢(a) = &. Tt suffices to show that ¢ extends to a homomor-
phism from Q(R) to B. By 7.6, this is the case if and only if

a,B,a+BER = a+B=a+p (1)

Thus let o, § and v := a+ [ be in R, and first consider the case where « and 3 are
linearly dependent. Note that 2-0 = 0 implies 2-0 = 0 and thus 0 = 0 € B. If a or
(3 is zero then (1) is clear from 0 = 0, whereas v = 0 # «, 3 means 3 = —a € R*
and then ﬁ = 5,0 = & — 2& = —a&. If none of a,3 and 7 is zero then either
o = 3 (and then (1) is clear) or 8 = —2a (and then & + 3 = & + —2a = & — 2a =
4—20=—-d="a=4)or B=—a/2 (and then 6+ 3 =2y — /2 = 2§ — 4 = 4).
We now assume that « and (§ are linearly independent. Then so are «,~ and also
B,v. I {(a,8Y) = —1 then & + B = sga = m. Hence we can assume that
(o, 8Y) # —1 and, by symmetry, that (6,a") # —1. But then (o, ") >0 by A.2,
whence (v,a¥) = 2+ (B8,a") > 2 and therefore (a,v") = 1, again by A.2. Hence
sya = a — v = —f3 and therefore —B = :\ﬁ = 5,a = & — 4, as desired.

A subsystem S of R is called closed if o, € S and a4+ § € R imply a+ 3 €
S. Refer to §10, in particular to Lemma 10.4, for further properties of closed
subsystems.

7.9. LEMMA. Let (R, X) be a root system, A an abelian group, and h: Q(R) —
A a homomorphism. Define

R, := Ry(h) :={a € R: h(a) =a} (a € A). (1)
Then

R= U R, (disjoint union), (2)
a€A
the sets R, satisfy
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(Ro + Ry) N R C Ry, (3)
R_, = —R,, (4)

and Ry is a closed subsystem of R. Conversely, for any decomposition (2) with the
property (3) there exists a unique homomorphism h: Q(R) — A such that R, =
Ry (h). If A is a subgroup of a vector space Y then h extends to a linear map
f: X =Y and Ro(h) is a full subsystem.

Proof. Tt is evident that the sets defined by (1) satisfy (2) and (3), and that
Ry = RNKer(h) is closed. Asto (4),0+0 =0 and (3) implies 0 € Ry, and o € Ry,
—a € Ry yields 0 = a+ (—«a) € Ry = Rq+p, whence b = —a.

Conversely, suppose that (2) and (3) hold. By 7.6, there exists a unique ho-
momorphism h: Q(R) — A such that R, = RN h~(a). If A C Y where Y
is a vector space, then h extends to a linear map f: X — Y by 7.5(b). Hence
Ro(h) = Ro(f) = RN Ker(f) is full.

7.10. Rank of linear forms, basic weights and coweights. Let (R, X) be a root
system. The rank of a linear form f € X* (relative to R) is defined by

rank(f) = rank(R/Ro(f)) = dim(X/span(Ro(f))), (1)

where

Ro(f) = RN Ker(f) = {a € R: (a, f) = 0} (2)

is as in 7.9.1. Thus rank(f) is a measure of the lack of tightness of Ker(f). In
particular, rank(f) = 0 if and only if f = 0, and rank(f) = 1 if and only if Ker(f)
is a tight hyperplane. Analogously, we define the rank of a linear form in XV* with
respect to RY.

A coweight ¢ is called indivisible if it is so as an element of the abelian group
PY(R) =2 Hom(Q(R),Z). Since (Q(R),q) = mZ is a subgroup of Z, ¢ is indivisible
if and only if ¢: Q(R) — Z is surjective, and every nonzero coweight is a positive
integer multiple of an indivisible coweight. A coweight ¢ is called basic if it is
indivisible and has rank one. Conversely, we will show below in 7.12 that every
rank one linear form is a multiple of a basic coweight. Basic weights are of course
defined analogously. We denote the set of basic weights and coweights by

B(R) and BY(R),

respectively. In the following sections, we will often formulate results for coweights,
because of notational convenience, and leave the dual formulation for weights to
the reader. The basic coweights of the infinite irreducible root systems will be
determined in 8.12.
Let B be an integral basis of R which exists by 6.4. We define the dual coweights
qs of B by
<O¢, Qﬂ> = 504[33 (3)

for all o, B8 € B. Clearly the gg are basic and, conversely, every basic coweight is of
this form (whence the name). Indeed, let By C B = By U {7} be adapted integral
bases for Ro(q) C R which exist by 6.4. Then {7} is an integral basis for R/Ry(q),
and (Q(R),q) = (Z~,q) = Z{~,q) = Z (by indivisibility) implies (v, ¢) = +1. Thus



60 LOCALLY FINITE ROOT SYSTEMS

possibly after replacing B by —B, we have ¢ = ¢,. If R is finite, the same argument
works for root bases in place of integral bases, due to 6.2(a). Applying this to the
coroot system, we see:

The basic weights of finite root systems are precisely the fundamental (4)
weights in the sense of [12, VI, §1.10] with respect to some root basis.
Fundamental weights and coweights for infinite root systems will be considered in
§16.

Let f be a linear form of rank one and suppose (R, X) = [[(R;, X;) is a direct
sum of root systems. Since Ry(f) is a full subsystem spanning a hyperplane, 1.6(c)
shows that f vanishes on all R; with one exception. Conversely, each rank one
linear form of R; extends by zero to a rank one linear form of R. In particular, the
basic coweights of R are given by

BY(R) = | B (R, (5)
iel
and similarly for the basic weights.

7.11. LEMMA. Let (R, X) = (R/R', X/X') € RS be a quotient of a root system
(R, X) by a full subsystem (R',X'), and suppose that R has rank one. If {7} is a
root basis of R, then R ={iy:i € Z, —m < i< m} for somem € {1,...,6}.

Proof. By 6.4, R is finite. Choose a set E C R of representatives of R. By
Lemma 2.5 and local finiteness of R, there exists a full finite subsystem F' of R
intersecting R’ tightly, and by 1.9, R/R’ = F//F N R'. Thus we may replace R by
F and so assume R finite. After decomposing R into irreducible components, it
follows from 1.6(c) and rank(R) = 1 that R’ contains all irreducible components of
R except one. Hence we may assume R irreducible. Now choose adapted root bases
B' ¢ B=B'U{y} for R" C R (cf. Lemma 6.2(a)). Then {7} is a root basis of R
by 6.1(b). From the classification of finite root systems [12, VI|, in particular, the
list of coefficients of the highest root expressed as a linear combination of simple

roots, as well as A.14, it follows that R has the form indicated.

Remark. Note that for m = 1 and m = 2 these quotients are (isomorphic to)
the root systems A; and BCj, but they are no longer root systems for 3 <m < 6.
From the classification it follows that all six possibilities for m do occur, but 3<m<6
only when R is exceptional.

7.12. PROPOSITION. (a) Let f be a rank one linear form of a root system
(R, X). Then the set of values (R, f) of f on R is of the form {—am,...,—a,0,a,
...,am} for a unique positive real number a and integer m, 1 <m <6, and a=f
s a basic coweight.

(b) Let g be a basic coweight of R. Then Ri(q) # 0, and |{a, q)| <6, for all
a € R. In particular, basic (co)weights are bounded.

Proof. (a) Let (R, X) be the quotient of (R, X) by Ro(f). Then f induces a
linear form f: X — R, and the assertion follows from the structure of R described
in Lemma 7.11.

(b) Applying (a) to f = ¢, we have a € N, and ¢ = aq¢’ where ¢ = a~'q is a
basic coweight. Then a = 1 by indivisibility of ¢, and the remaining assertion is
also clear from (a).
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7.13. PROPOSITION. Let (R, X) be a root system and R’ C R a full subsystem,
with X’ = span(R').

(a) Any basic coweight ¢’ of R’ extends to a basic coweight q of R.

(b) Conversely, let q be a basic coweight of R and suppose that R’ and Ry(q)
intersect tightly. Then the restriction ¢’ = q‘X' is an integral multiple of a basic
coweight of R'.

Proof. (a) By 7.10, there exists an integral basis B’ of R’ such that ¢’ = q'ﬁ, for
some (3’ € B’. By Theorem 6.4 we can extend B’ to an integral basis B of R, and
then it is clear that ¢ is the restriction of the basic weight gg with respect to B.

(b) We have Ker(¢') = X'NKer(q) = span(R')Nspan(Ry(q)) = span(R'NRy(q))
(by tightness) = span(R(g’)). Thus either ¢’ = 0 or rank(¢’) = 1, and the claim
follows from 7.12.

7.14. Minuscule (co)weights and saturated sets. A non-zero coweight ¢ of a root
system R is called minuscule if it does not vanish on any connected component of
R and (o, q) € {0,£1} for all « € R. Clearly, the automorphism group of R acts on
the set of minuscule weights. Minuscule weights are of course defined analogously.

A subset T C PY(R) is called saturated if for all ¢ € T and all « € R, the
coweight ¢ — ta” belongs to T, for all non-zero integers ¢ between 0 and («, q).
Since sq(q) = ¢ — (@, @), it is clear that a saturated subset of PY(R) is invariant
under the Weyl group.

7.15. PROPOSITION. Let R be an irreducible root system.

(a) A coweight q is minuscule if and only if the orbit W (R) - q is saturated (and
hence the smallest saturated subset containing q).

(b) A minuscule coweight is basic.

Proof. (a) Let ¢ be minuscule. As remarked above, the orbit of ¢ under the
Weyl group consists of minuscule coweights. Hence for all ¢ € W(R)-q and « € R,
we have («,¢’') € {0,£1} and therefore ¢ — ta = s,(¢') € W(R) - ¢ = W(R) - ¢ for
every nonzero t between 0 and («, ¢').

Conversely, let W(R) - g be saturated, and suppose that there exists & € R such
that |{a, q)| > 2. Possibly after replacing « by its negative, we may assume that
(a,q) =n>2. Then ¢ — a¥ € W(R) - ¢, say ¢ — a¥ = w(q). Since the Weyl group
is locally finite by 5.9, there exists a finite subgroup F' C W(R) containing w and
Sq- Choose an F-invariant inner product on X*, and let || - || denote the Euclidean
norm defined by this inner product. Then |g — na”|| = [[sa(q)|| = |l¢|| = lw(q)|| =
llg — @], which contradicts elementary Euclidean geometry in the 2-dimensional
subspace spanned by ¢ and «".

(b) Clearly, a minuscule coweight ¢ is indivisible, so it remains to prove that
it has rank one, i.e., that any two roots are congruent modulo Xy := span Rq(q).
By 7.9, we have a decomposition R = Ry U Ry U R_; with R; = R;(q) and
R_1 = —R;. Thus it suffices to show that « — 3 € Xy for all o, 3 € Ry. Since
(R1+ R1)NR =10, we have « + 8 ¢ R and thus (a,8%) >0 by A.3. If (o, 3¥) > 0
then o — @ is in R and then even in Ry. Otherwise, since R is connected by 11.9,
there exists a connecting chain o = «g, aq,...,a, = # in Ry with o;_1 £ «;. By
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the argument just used, we have ;1 —«a; € Rg and thus o — 3 = (g —aq)+-- -+
(Ckn,1 — O[n) e Xo.

We can now prove a result on the set of closed subsystems of a root system R
containing Ry (g) where ¢ is a basic coweight.

7.16. PROPOSITION. Let g be a basic coweight of a root system (R, X), let Ry =
Ry(q), and let m = m(q) be the unique positive integer such that ¢(R) = [—-m, m]NZ
as in 7.12. For every integer 1 € [0,m] let

Ry == Ryy(q) = RNq ' (1Z) = {a € R : q() € 1Z}. (1)

Then I — Ry is a bijection between the set of integers in [0,m] and the set of closed
subsystems S of R with Ry C S. This bijection satisfies Rjo) = Ro, Rj;) = R, and

R[k] C R[l] < l|k. (2)

Hence Ry is a mazximal closed proper subsystems of R if and only if either m = 1
and 1 =0, orl is prime and m > 2.

Remark. If R is irreducible then the coweights with m(q) = 1 are precisely
the minuscule coweights.

Proof. Clearly Ry is a closed subsystem and we have Rjo) = Ry, R[;j = R. Since
every | € [0,m] NZ occurs as a value of ¢ on R by 7.12, it follows that Ry = Ry if
and only if [ = 0. Therefore, it suffices to consider the case [ € [1,m]NZ on the one
hand, and closed subsystems S of R properly containing Ry on the other. Let .S
be such a subsystem. Then span(S) = X, and hence ¢ is a linear form of rank one
for the root system (S, X). By 7.12, ¢(S) = [-am/,...,—a,0,aq,...,am’] for some
a € Ryy and m’ € Ny. On the other hand, ¢(S) C q(R) = [-m,m] N Z. Hence
a=1¢€[l,m]NZ (and of course Im’ < m), so

q(S) =1+ ([-m/,m|NZ). (3)

We claim that the assignment S +— A(S) := [ is inverse to the map I — Ry;.

Indeed, given [ € [1,m]NZ it is clear from ¢(R) = [-m,m|NZ that A(Ry;) = 1.
Conversely, given a closed subsystem S 2 Ry with associated I = A(S), we must
show S = Ry From (3) it follows that

q(Z[S]) = Z[q(5)] = IZ. (4)

We claim that
ZIS) = ZIR| N ¢~ (1Z). (5)

Indeed, the inclusion from left to right in (5) follows from (4). Conversely, let
x € Z[R] and q(z) € IZ, say, q(x) = nl. We may identify R/Ry with [—m,m] N Z
and ¢ with the canonical map R — R/Rg. Then Th. 6.4 implies in particular
that Z[R] N Ker(q) = Z[Rp]. By (3) there exists @ € S with ¢(«) = I. Hence
g(x —na) =0, so y := z — na € Z[R] N Ker(q) = Z[Ry] C Z[S]. It follows that
x =y +na € Z[S] as well. Now S is a closed subsystem, so S = RN Z[S] by
10.4 (the reader can easily check that the straightforward proof of 10.4 is indeed
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independent of the result proven here). This then implies S = RNqg~1(IZ) (by (5))
= Ry (by (1)).

In (2), the implication from right to left is clear from the definitions. Conversely,
Ry C Ry implies Z[ Ry C Z[Ryy,] and hence, by applying ¢ and using (4), IZ C kZ,
SO k|l. The last statement is then immediate.

The following result was conjectured by M. Racine.

7.17. COROLLARY. Let q be a basic coweight of the root system (R, X), and
let o« € Ry = Ry(q), see 7.9.1. Then R, = (a + N[Ry]) N R, where N[Ry] is the
subsemigroup of (X,+) generated by Ry.

We remark that of course only the case [ # 0 is of interest here.

Proof. Tt is easily seen, cf. 10.4, that S, := RNZ[{a}URy] is a closed subsystem
of R containing Ry and «. Since | € ¢(S,) C IZ, it follows from Prop. 7.16 that
Sa = Rp). Hence S, = Rpj = Sp for any 8 € Ry, proving Ry C S,. Clearly
RiNZ[{a} URy| C a+ N[Ry] because Ry = —Ry. Therefore R; C (a + N[Ry]).
The other inclusion is obvious.
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8.1. Classical root systems. Let I be a non-empty set, let X = R = @, ; Re;
be the free R-vector space on the set I, and let

X =Ker(t) c X

be the kernel of the trace form t, defined as the linear form on X taking the value
1 on each ¢;. We define

Ay ={ei—¢j:i,jel}, (1
Dy =ArU{x(e;+¢5):i# 5}, (2
By =DyU{+te; :i eI}, (3
Cr=D;U{£2¢:iel}={xe;+¢;:4,j €I}, (4
BCr=BrUCr={%e;:iel}U{te; t¢;:4,j €I} (5

M — Y ~— ~—

Then A; is a locally finite root system in X and the others are locally finite root
systems in X, with the exception of Dy for |I| = 1 where D; = {0} does not span X.
In all cases, an invariant inner product is given by (e;|e;) = 0;;. Indeed, with the
definition {(a, 8¥) = 2(«|B)/(5]5), the proof becomes a straightforward verification
which is left to the reader. For finite I, this is of course well known.

The rank of A; is Card(I) — 1 while the rank in the other cases is Card(I). The
notation A (instead of A) serves to indicate this fact. For a finite I, say |I| = n,
we will use the standard notation B,, = By, C,, = C;, D,, = D; and BC,, = BCy,
while the usual notation A, is linked to our notation by

An = A{0,1 ..... n}y — An+1~

Also, our convention that 0 € R accounts for the difference in the description of
the irreducible root systems above and that given, e.g., in [12, Planches]. A root
system R will be called classical if it is isomorphic to one of the root systems (1) —
(5) for a suitable, possibly infinite, set I.

To describe the coroot systems of the classical root systems, we introduce the
linear forms e; on X defined by

(€i,€5) = dij. (6)

We also denote the restriction of a linear form f € X* to X by f. Then it is easily
verified that the coroots are given by

(6i — ;)Y = ¢é; —é; incase Aj, and
(eitey)' =e e (1#]), € =2e, (2) =e;, in the other cases.

Hence the span of the coroots is

64
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span(Ay) = (X)¥ = span{é; —¢; : 1,5 € I}, (7)
span(R”) = XV :@Rei for R # A;. (8)
iel

To make the situation more symmetrical in the ; and e;, we will identify (X)
with a subspace of X as follows. Consider the cotrace t¥, i.e., the linear form ¢¥
on XV defined by t¥(e;) =1 for all i € I, and let

(XV) :=Ker(t"). (9)
Then it is easily seen that (X)  is spanned by the e; — e;, and the restriction map
f—=frf=f |X induces a vector space isomorphism
(X)) — (X), (10)
which obviously maps e; —e; to é; —é;. We will treat (10) as an identification, and
simply write )
XY =Ker(tV) c XV.
With these conventions, the coroot systems of the classical root systems are:
A} z{ei—ej Zi7j€I},
Dy = ArU{(ei +e5) i #j},
By =D;U{+2e;:iel} ={te;te;:i,jecl},
C{ =Dy U{zte; i€},
BC; =ByUC) ={fe;:i€I}U{xe; te;:4,j €I} (15
Clearly, By = C; and Cj = By, while the others are isomorphic to their coroot
systems.

8.2. Root systems of type T and locally of type T. For infinite I it is easily
checked that the five systems listed in 8.1.1 — 8.1.5 are pairwise not isomorphic.
This is still true in the finite case except for the well-known isomorphisms

Ay =A; 2B =Cy, By=Cy Do™A;®A;, Ay=A;2D;. (1)

Hence, for two classical root systems R and R’ on index sets I and I’ of cardinality
>4 to be isomorphic, it is necessary and sufficient that Card I = Card I’ and that
they have the same type T € T, where

7 :={A,B,C,BC,D}

is the set of possible types.

A root system R is said to be of type T if R = T for some set I and some type
T € €. If rank(R) > 4 then by the above remarks, R can be of type T for at most
one type T, and the cardinality of the set I is uniquely determined. On the other
hand, the classification of finite root systems shows that a finite irreducible root
system of rank > 8 is of type T for some T € ¥.

An infinite root system R is called locally of type T if R = liLnRA is the direct

limit of finite root systems R of type T.

As noted in 8.1, we have BY = C; and vice versa, while TY = T; for the
other types. Accordingly, we define an involutory map T — TV on ¥ by BY := C,
CY := B, and TV = T for the other types. From 4.9(c) it follows easily that R
locally of type T implies R is locally of type TV.
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8.3. LEMMA. An infinite irreducible root system has a well-defined local type,
i.e., it is locally of type T for a unique T € %.

Proof. Since R has infinite rank, we can and do fix a finite irreducible full
subsystem Ry with the following properties:
(i) rank(Ro) > 8,
(ii) if R is multiply laced, then all root lengths occurring in R (of which there
are at most three by 4.4) already occur in Ry,
(iii) if R is simply laced and contains a full subsystem of type Dy then also Ry
contains such a subsystem.

Then by Cor. 3.15(b), R = lim Ry is the direct limit of its irreducible finite full

subsystems Ry D Ry which, by 8.2, have unique types Ty and Ty, respectively.
Since Ry is a full subsystem of R, a root basis By of Ry extends to a root basis B)
of Ry (A.12). Hence the Dynkin diagram of By (as defined in 6.8) is an induced
subgraph of the Dynkin diagram of B). Now a glance at the structure of Dynkin
diagrams shows that, with the choices made above, we must have T, = Ty, so R
is locally of type Tp. Assume that R is also locally of type T; for some T; € ¥.
Then R contains a full finite subsystem R; of type T;. Since R is the direct limit
of its irreducible finite full subsystems, we can assume Ry C Ry, so that the same
argument as before shows Ty = T}.

8.4. THEOREM. FEuvery irreducible locally finite root system R of infinite rank
is isomorphic to one of the systems listed in 8.1.1 — 8.1.5, for a suitable infinite set
1.

Proof. In view of the preceding lemma, this is equivalent to showing:
If R is locally of type T then it is of type T.

We will do this for each type separately.

It is clear that a root system locally of type A or D is simply laced, so all roots
have the same length with respect to an invariant inner product ( | ) which we
assume to be the normalized one (see 4.6). Then the possible inner products of two
roots are {a, ) = (a|8) = 0,£1, 42, and the last case occurs only for o = 0.

Case 1: R is locally of type A. Let us call a subset C' C R* a collinear system
if (| B) = 14 4p for all a, 8 € C. By considering the Gram matrix of C, it is easily
seen that C is linearly independent. Clearly collinear systems exist, and they are
inductively ordered by inclusion. By Zorn’s Lemma, we thus may pick a maximal
collinear system C' = {~; : j € J}. For j # k we have v; — y¢ = s+,(7;) € R, so
S:=CU(-C)U(C —C) C R. It is easily checked that this is in fact a partition
of S and that, letting 0 denote an element not in J and setting I = {0} U J, we
have an isomorphism Ar~s by mapping €; — g9 — y; for j € J. Thus it remains
to show that S = R.

Suppose to the contrary that S # R. Then there exists « € R\ S and a £ S,
else R would not be irreducible. There cannot exist j and k such that (a|y;) =1 =
—(a|yk), because otherwise (a|y; — %) = 2 and therefore o = y; — v, € S. Thus,
possibly after replacing a by its negative, we have («|C) C {0,1}. For i =0, 1, let
Ji ={j e J:(a]y) =i}. Then J = JyUJ; and J; # (). We now distinguish the
following two cases.
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(a) |Ji| =1, say J1 = {1}. Then v1 —a = s4(71) € R and (y1 — aly;) =1 for
all j € J, showing C'U {7, — a} collinear and contradicting maximality of C'.

(b) || =2, say {1,2} C J;. Note that we must have Jy # 0, else C U {a}
would be collinear which is impossible by maximality of C'. Let 3 € Jy. The
vectors «, 1,2, v3 are linearly independent, as can easily be seen from their Gram
determinant. Hence V' = span{«,v1,72,7s} is 4-dimensional, and thus RNV is a
full irreducible subsystem of rank 4 of R which contains the following roots:

+ q,

£ Y~ Vke (J,k € {1,2,3}, j #k),

£ (v —a) =+sa(7), (i=1,2),
T(i—m-a)=%su(n—a), ((=12).

These are 2412+4+4 = 22 roots altogether, and hence RNV cannot be isomorphic
to a root system of type A4 which has only 4-5 = 20 roots. On the other hand, since
R is locally of type A, there exists a full finite subsystem F = A,, of R containing
RNV, and it is easy to see (and follows also from 12.3(b)) that a full irreducible
subsystem of rank 4 of F' is isomorphic to A4, hence cannot contain more than 20
roots. This contradiction shows that also (b) is impossible, and completes the proof
of Case 1.

Case 2: R is locally of type D. Let us call a subset 2 ={g; : i € I} of X an
orthosystem if it is orthonormal with respect to ( | ), and e;+¢; € R, for all4,j € I,
i # j. Since R is locally of type D, it contains orthosystems of arbitrarily large
finite cardinality. Also, the set of orthosystems is inductively ordered by inclusion,
so by Zorn’s Lemma we may pick a maximal orthosystem {2 = {e; : ¢ € I}, and
with |I| > 8. Then it is clear that S := {0} U{+e; £¢;:i#j, i,j €I} CRisa
root system of type D, and it only remains to show that S = R.

Suppose to the contrary that S # R. Since R is irreducible, there exists a root
a € R\S with o £ S, so we have (a|3) € {0,£1} for all 3 € S. We now examine the
inner products (ale;). First, there must be at least one index, say 1 € I, such that
(aler) # 0 (otherwise a would be orthogonal to §), and even (ale1) > 0, possibly
after replacing a by —a. Next, choosing an index j # i, we have ¢, = (1/2)(8+7)
where 3 =¢; +¢; and vy =¢; —¢; are in S. Hence

(0fei) = 3 ((alf) + (ah) € {0, %7, %1}, 1)

Suppose that (aleg) = £1/2 for some k € I. Then for all ¢ # k, ¢ +&; € R and
hence (alex +¢€;) = £(1/2) + (ale;) € {0,£1}, which by (1) implies |(ale;)] = 1/2.
On the other hand, Bessel’s inequality yields Zjel(a|€j)2 < (aja) = 2. Since
I has more than 8 elements, this leads to a contradiction. Thus we now have
(arle;) € {0,£1} for all ¢ € I, and in particular (a|e;) = 1. Furthermore, (aje;) =0
for all ¢ # 1, because if (ale;) = ¢ € {£1} for some i # 1, then («|eq +cg;) = 2 and
therefore o« = 1 + ce; € S which is not the case.

Now let 0 be an index not in I and put g := o — 1. We claim that 2/ = 2 U
{e0} is an orthosystem. This will contradict maximality of {2 and complete the
proof of Case 2.

Clearly eg L ; foralli € I, and (eg|eg) = (a]a)—2(aler)+(e1]e1) = 2—2+1 =1,
so {2 is orthonormal. Also, €9 +¢1 = o € R. It remains to show that g — 1 and
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€opte; arein R, for all ¢ # 1. Pick an element 2 # 1 in I. Then w = 8¢, —¢,Se, 4e, €
W(R), and w(gg) = €p because ¢y is perpendicular to €1 and €5, while w(e1) = —e3.
Tt follows that eg —e1 = w(«) € R. For i # 1 we have eqgte&; = s, ¢, (0 +€1) € R.
This shows that 2’ is indeed an orthosystem, as desired.

Case 3: R is locally of type B, BC or C. If R is locally of type C then R is
locally of type B. Thus it suffices to deal with the first two possibilities, and it is
clear that we are in the cases (ii) or (v) of Prop. 4.4. We normalize an invariant
inner product by requiring the short roots to have length one. Let X' be the set of
short roots and 2 = {e; : i € I} C X a subset such that X = 2 U (—42). Then 2 is
orthonormal: By definition of 2, two different €;,¢; € {2 are not multiples of each
other, and they are short roots in some full finite subsystem F = B,, or = BC,,,
n > 2, where it is clear that two linearly independent short roots are orthogonal.
In particular, then, {2 is linearly independent. Also, €; £¢; € F' C R and therefore
S:={0uXU{te, te;:i# ], i,j € I} CR. Clearly, S = B;. If R is locally
of type B then every long root of R is the sum of two orthogonal short roots, since
this is so in the full finite irreducible subsystems of type B whose direct limit R
is. This shows R = S = B;. If R is locally of type BC, a similar argument shows
R=5U2Y = BC(Cy.

The following description of non-reduced irreducible root systems is immediate
from the classification above. It could also be proven without classification, by a
reduction to the finite case (3.16 and A.7).

8.5. COROLLARY. Let R C X be a non-reduced irreducible root system. Let
() be the normalized invariant inner product as in 4.6, and let R; = {o € R :
(o) = 2i}. Also denote by Ring the union of {0} and the set of indivisible roots.
Then

(a) Rina = {0} U Ry U Ry is an irreducible reduced root system in X,
(b) any two elements of Ry are either proportional or orthogonal,

(C) RZ{O}UR1UR2UR4 and Ry = 2R;.

8.6. Notes. Other proofs of the Classification Theorem 8.4 for reduced root
systems were given by Kaplansky and Kibler [37, 38], Neher [57, sect. 2], and by
Neeb and Stumme [54].

The work of Kaplansky and Kibler is related to our root systems as follows.
Let R C X be an irreducible reduced root system of infinite rank. Then only the
cases (i) and (ii) of Prop. 4.4 are possible. Using the normalized invariant inner
product, it is immediately checked that R is, in the terminology of [37] and [38],
an H-system and a J-system, respectively. By the results of [37, 38], R is therefore
isomorphic to A; or D; in the simply-laced case, and to B; or C; in the doubly-
laced case. Due to the fact that our root systems live in vector spaces over the reals
which carry a positive definite invariant inner product, our proof is simpler than
that of Kaplansky and Kibler who allow fields of positive characteristic.

The notion of local type is essentially due to Neeb and Stumme, and our
Lemma 8.3 is equivalent to their [54, Prop. I1I1.2]. However, we handle the classifi-
cation of the types A and D in a different and much simpler way than [54]. Also,
our proof avoids the machinery of grid bases used in [57].
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8.7. Description of weight groups. We next describe the weight groups of the
classical irreducible root systems listed in (1) — (5) of 8.1, with emphasis on the
infinite case. Using the notations introduced there, we identify the dual X* of
X = @, Re; with [[;; Re;, and the dual XV* of XV = @, ; Re; with [];.; Re;.
Then the canonical map j: X — XV* is just the inclusion. Now we consider the
following abelian groups:

=@z c X, ' =@ ze c xv,

el el
r* =] ze c x*, rv=1]ze c x,

el el
Iy ={zeI':t(z) =0}, Iy ={ferl”:t'(f)=0},
Iy ={qe X" :q(Iy) C Z}, Iy* ={pe (X)) :p(Iy) C Z},
In={x eI :tx)e2Z}, Iy={felv:t'(f) € 2Z},
Iy ={qe X" :q(Is) C Z}, Iy*={pe(X")" :p(Iy) C Z}.

Note that I™ and I'V* can also be characterized as

I ={feX": f(I') CZ}, I"={feX*: f(I') C Z}.

Clearly, I and I'V are free, with basis (¢;);er and (e;);ers, respectively. Likewise,
Iy, I and Iy, I'y are free. Indeed, fix an element 0 € I. Then it is easily seen
that

In = @ Z(gi — o), F2:@Z(5i+50)7 (1)

i€I\{0} i€l

and analogous formulas hold for Iy and I'y'. These Z-bases are vector space bases
of X, X, and XV, XV, respectively. Hence there are natural isomorphisms

I'* =~ Hom(I',Z) = 7", ¥ =~ Hom(l},,Z) (n=0,2), (2)
Iv* = Hom(I'",7Z) = 7!, ry* =2 Hom(IY,Z) (n=0,2), (3)

given by restricting a linear form on X, X, X¥ or XV to the respective subgroups
I', I, I'V or IY. We also have

t
=7 ey+ Iy, Iy =27-5+I",

\%

t
I =7 e+ 17, Fg*:Z-E—i—FV*,
and therefore, denoting by Z,, the cyclic group of order n,
Dy =15/ =TIy =1y TV =7, (4)

the nontrivial element of the quotient being represented by o, t/2, eg and t¥/2,
respectively. Now the various weight and coweight groups for an infinite I are given
in the following table. Here
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Pin(R) = Pan(RY), 0"(R) = O(R") = Pan(R")/Q"(R),
cof (1) = Peot (RY), O"*(R) = ©*(R").
R A; B; (of} BC; D;
AR) Io r Iy r Iy
Pan(R) I r r r r
O(R) 0 0 Z, 0 Zs
Pos(R) ry: e I i i
P(R) e ry® I e Iy
O0*(R) 0 Zs 0 0 Zs
QY(R) Iy Iy rv rv Iy
Py (R) Iy rv rv rv rv
©"(R) 0 Za 0 0 Zy
P’ (R) Iy re re r+ re
PV(R) Iy re Iy r Iy
0" (R) 0 0 Zy 0 Zo

In each case, a coweight is bounded if and only if it is bounded on the bases
{e; ;1 €I} and {g; £ eg: 1 # 0} of I', Iy and I, respectively, and similarly for
weights.

We recall that, by definition, the groups ©(R), ©*(R), ©Y(R) and ©V*(R) are the
quotients of the groups in the preceding two rows. Moreover, keeping in mind the
various definitions of the weight groups, cf. 7.1 and 7.3, and the isomorphisms
7.5.1, 7.5.2 and 7.5.3, one sees that only Q(R) and Pg,(R) have to be determined.
The proofs are largely straightforward and left to the reader. We indicate the
case R = Dy; the other cases are similar (and simpler). Clearly D; C I and
therefore Q(Dy) C I». For the reverse inclusion, it suffices by the second formula
of (1) to show that 2¢9 € Q(Dy). Choose an element 1 € I\ {0}. Then we have
2e0 = (eg+e1) + (g0 — 1) € QDy).

It is easily seen that I' C Pgn(Dy). Conversely let o = > xie; € Paa(Dy),
and, say, x; = 0 for i ¢ F where F' C [ is finite. Choosing k € I\ F' (which is
always possible because I is infinite), we have, for all j € F, that (z,(e; —ex)¥) =
(z,ej —ex) =D ,cpxileie; —ex)) = x; € Z, whence z € I

Thus Pgn(Dy) = I' and ©(Dy) 2 Zs by (4). The remaining weight and coweight
groups of Dy follow easily from (2), (3) and the description of DY in 8.1.12.
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Remark. We note that the homomorphism ": ©(R) — ©*(R) of 7.3.6 is zero
for all the infinite irreducible root systems. Indeed, by the table, only the case
R = Dj; needs to be checked, and here it is given on the nontrivial element of

O(Dy) by i"(eo + I2) = eq + V" = I,

For comparison purposes, we also list the weight groups of the finite classical root
n

1
systems, see [12, VI, Planches| for details. Here v is the vector Z(& — €0)-
n+1 p
By finiteness, I'V* = I" and hence I'y* =Z- (tV/2) + I', where t¥ = Y7, &;.

Q(R) I r Iy r I
P(R) | Zo+ly | Iy* | T | T "

Zo X Zo if n is even
O(R) Lin 41 2 Zy 0 Z4 if n is odd

As a consequence of these computations, we have the following improvements of
7.5(a):

8.8. COROLLARY. Let R be a locally finite root system. Then O(R) is a direct
sum and ©*(R) a direct product of finite abelian groups.

Indeed, this is well-known in the finite case and holds by 8.7 for infinite irre-
ducible R. The general case then follows from 7.3.7 and 7.3.8.

8.9. Notation. We now work out the basic weights and coweights for the
classical root systems R = T of 8.1, where the index set may be finite or infinite.
We keep the notations of 8.7 and also put

E:={e:icl}
For a subset J C I we let X; C X and Xj C XV be the subspaces spanned by
{e; :j € J} and {e; : j € J}, respectively. We also define linear forms ¢; € X*
and py € XV* by

1 ified }

(eivqs) = (essps) = xa (i) = {0 otherwise

In particular, the trace and cotrace are
t=qr, t" =pr.
If T e {A,B,BC,C,D} is one of the types of root systems, we define

T, =T;NX,.
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Then T is a root system in X except when T = A where it is a root system in
X; = X,;NnX. For example, A; = {ei—ejii,j € J},and Cy = {*e;£¢j, 4,5 € J}.
Clearly, T; and T, are orthogonal for disjoint subsets J and .J’ of I.

Let f € X* and define, for any ¢ € R,

Io.=I1.(f):={ie€l: (e f)=c}

Let J C I be an arbitrary subset. The sign change defined by J is the linear
transformation o; of X mapping ¢, to —¢; for j € J and fixing ¢; for ¢ € I\ J. It
is immediate that the group 2 of sign changes acts by automorphisms of R unless
R is of type A. (In fact, we will see in §9 that 2/ C W(R) if I is infinite and R
is not of type A) Hence it is no restriction to assume in these cases that f has
non-negative values on F, possibly after replacing f with a suitable f7 := f oo,
oc2l

The restriction map f +— f = f|X induces an isomorphism between X*/R - ¢
and the linear forms on X. We now determine Ro(f) (cf. 7.10.2) for the root
systems R = Ty, T # A, and Ro(f) in case R = A;. This will quickly lead to a
description of the basic and minuscule weights and coweights. Recall the definition
of the rank of a linear form with respect to a root system from 7.10.

8.10. LEMMA. We use the notations introduced in 8.9 and consider an element
feXx
(a) If R=A;, we have

Ro(f)= D Ary), (1)

cef(E)
rank(f) + 1 = Card(f(E)). (2)

(b) If R=T; € {B;,BC;,C;,D;s} and f has non-negative values on E then

Ro(f)=Trpne B Anp, (3)
cef(E)\{0}

[ Card(f(E)\{0})+1 if R=Dyand |I)(f)] =1
rank(f) = { Card(f(E)\ {0}) otherwise ’ )
Proof. (a) Equation (1) follows easily from the definitions. Concerning (2),
note that the I. = I.(f) (for ¢ € f(F)) are disjoint non-empty subsets of I, and
X j/span(A ) is one-dimensional, for any non-empty subset J of I.

(b) The inclusion from right to left in (3) is clear from the definitions. Con-
versely, let o € Ro(f). If v is a multiple of some ¢; then (g, f) = 0so i € Iy and
a €Ty If a==+(e; +¢;) for i # j then (w, f) = 0 implies (g;, f) = (&5, f) =0
since f is non-negative on F, so a € Ty,. Finally, if @« = ¢; — ¢, for i # j then
(gi, f) = (g5, f) = ¢ whence i,5 € I. for some ¢ >0, and thus a € A;_. Since
Ay, C Ty, the assertion follows. Now the formula for rank(f) follows as in case
(a). The exceptional first case in (4) is due to the fact that D; has rank zero if

|J] = 1 but rank |J| otherwise.
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8.11. COROLLARY. Let (R, X) be an irreducible root system and f € X*. Then
rank(f) < Card(R), and even rank(f) < Rg in case f is a coweight.

8.12. Basic weights and coweights of classical root systems. We now determine
the basic and minuscule coweights of the classical root systems R = Tj listed in
8.1. The basic and minuscule weights are then the basic and minuscule coweights
of the coroot system RY. The results are listed in the following tables.

R basic weights basic coweights
A; pr, 0#FJTGI G5, 0F#J G 1
B; py, 0# TG p7/2 65, 0#J &1
Cr p5, 0#JCI 5, 0AJ#I; ¢7/2
BC; | p3, 0#JCI q5, 0 #JCI
Dy Py, J A0, N[22 pf/2 | g5, J#0, [I\NJ[>2 qf/2
R minuscule weights minuscule coweights
A; all all
B; P7/2 a3, [J1 =1
Cr p7, [J| =1 q7 /2
BC; none none
Dy p5, =1 p7/2 a7, [JI=1; q7/2

‘We use the notations of 8.9 and discuss the cases of Lemma 8.10.

(a) Let R = A;. By 8.10.2, f has rank one if and only if f has exactly two
values on E. Replacing f by f+ cqr just amounts to shifting f(E) by ¢ and doesn’t
change f. Thus we may assume that f(E) ={0,a} for some a > 0, and then have
f=uagyfor J={iel: (e, f)=a}, where ) # J # I. The set of values of f on
R is {—a,0,a}. Hence the basic coweights of A, are precisely the linear forms ¢
where () £ J # I, and they are all minuscule.

(b) Let R and f be as in 8.10(b), in particular, f is non-negative on E. If
R # Dy, then f has rank one if and only if f has exactly one non-zero value, say a,
on F, so f = aqy for a non-empty subset J of I. Now let R = D;. Then, as I has
at least two elements, we have rank(f) > 2 in the exceptional case of 8.10.4. Hence
f has rank one relative to Dy if and only if f = aq; for some non-empty subset J
of I with [T\ J| > 2.
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The list of basic weights is obtained from the determination of the coroot systems
Y in 8.1 and the fact that passing from R to R" switches weights and coweights.
The p; are defined in 8.9, and the notation p; and ¢; indicates the restriction of
the linear form py and gy to the subspace XV and X, respectively. Also o € 27
denotes an arbitrary sign change, and f? = f oo. We assume R irreducible and

hence |I] > 3 for type Dj.

(¢) The minuscule (co)weights are easily determined from the structure of R.
As before, |I| > 3 for type Dy.



89. More on Weyl groups and automorphism groups

9.1. The group O(I'). In this section, we will study in more detail the Weyl
groups and automorphism groups of the irreducible infinite root systems classified
in 8.4. We keep the notations introduced in 8.1 and 8.7 but will assume I infinite
(see, however, 9.5 for a discussion of automorphism groups including the finite
case). Thus, X = R denotes the free vector space on an infinite set I, with basis
{e;:iel},and T =70 = @,c; Ze; the subgroup generated by this basis. We
let O(X) be the orthogonal group of X with respect to the inner product given by
(eilej) = 0i5. Also, let

O(I) = {f € O(X) : f(I') = I'} = Stabogx) (D),

the stabilizer of I" in O(X).
Every permutation © € Sym([), the symmetric group of I, induces an orthogo-
nal transformation of X, also denoted 7 and given by

71'(82') = E&x(i) - (1)

As in 8.9, we denote by 2 the group of all sign changes &; — o(i)e;, o € {£1}L.
This notation is consistent with the interpretation of 27 as the power set of I, if we
identify a subset J of I with the element o; of O(I") mapping &; to (1 —2xs(4))e;,

ie.,
) =& ifiedJ
"J(E”)_{ai ifi¢J}' )
Note that then o0 = 0.5 where J-K = (JUK)\ (JNK) denotes the symmetric
difference of the subsets J and K of I. Clearly oy = Id while oy = —Id.
If f € O(I") then f(e;) must be a finite integral linear combination of the ¢; of

length one, hence of the form o(i)e,(;), where o: I — {£1} and 7 € Sym(I). It is
easy to see that in this way

O(I') = Sym(I) x 2! (3)

(semidirect product), with Sym(I) acting on the right on 2! via 0™ (i) = o(n (7)),
and group multiplication (7, 0)-(7/,0") = (w7, 0“/0’). Following a well-established
terminology in the finite case, we call this group the hyperoctahedral group on the set
I. We frequently treat (3) as an identification, and denote by per(f) = 7 € Sym(I)
the permutation part of an element f = (7,0) € O(I"). Thus per: O(I') — Sym(I)
is surjective with kernel isomorphic to 27, and the sequence

1—=21 —O(I) 2% Sym(I) —1
is exact and split.
Let ¢ be an infinite cardinal, and recall from 5.4 the normal subgroup GL(X, c)

C GL(X). We define

75
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O(I',¢) := O(I') N GL(X, c),

in particular,
Ogn(IN) := O(I') N GL(X, Xy),

called the finitary hyperoctahedral group.
Next, let X C X and Iy = I'N X as in 8.7. Similarly as before, we define

O(Ip) = {g € O(X) : g(Iy) = I}, O(Ip,¢) =0(I) NGL(X,c).

Let f = (m,0) € O(I'). It is easily seen that f stabilizes Iy if and only if o is
constant, equal to 1 or to —1, whence

Stabo,ry(ITh) = Sym(I) x {Id, —1d}. (4)

The support of a permutation 7w of I is supp(w) = {i € I : (i) # i}. We
denote by Sym(7,c) the set of permutations 7w with |supp(w)| < c. We abbreviate
G = 65 := Sym(I,Ny), and call its elements finitary permutations. The support
of an element o = o7 € 2! is defined as supp(c) = J. We let 2(1©) he the subgroup
of 2! consisting of all o with |supp(c)| < ¢, and denote by 2(1) := 2(I:R0) the group
of finitary sign changes o, F' C I finite.

9.2. Signed cycle types. Let f = (m,0) € O(I'), and let 3 be the set of cycles of
T, i.e., the set of orbits of the subgroup of Sym(I) generated by 7. For every K € 3
let Xg = @) cx Rex. Then X = @K€3 Xk, and each subspace X is invariant
under 7 and ¢ and hence under f. Let fx := f |X K, choose an element kg € K and
let e; := f(ex,). Then the e;, i € Z, span Xk and fx acts via the shift e; — e;41.
There are two cases: If K is infinite, the e; form a basis of Xg. If K is finite with

n elements then ey, ..., e, is a basis of Xk, and the matrix of fx relative to this
basis is
0 0 ... n(fx)

1 0 ... 0

L : . where n(fx):= [] o(k) = (=1)"""det f. (1)
: keK

1 0

We say K is a positive or negative cycle of f according to whether n(fx) is +1

or —1. Let ag be the number of infinite cycles and a4, the number of positive

or negative cycles of finite length n. The sequence (a,)nez of cardinal numbers

is called the signed cycle type of f. Tt is easy to see that two elements of O(I")

are conjugate if and only if they have the same signed cycle type, see also [16,

p. 25] in the finite case. Moreover, any sequence (a,) of cardinal numbers with

dim X = |I| = Roag + >_,,5; n(a_, + a,) occurs as the signed cycle type of some

fe o).
9.3. PROPOSITION. (a) With the above notations,

O(I',¢) = Sym(I, c) x 2(1:9), (1)

(b) Ewery g € O(Iv,c) is of the form
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g(ei —€j) = T(er(i) — €x(j)) (2)

for a unique m € Sym(I,c) and a unique sign T € {£1}, with 7 = 1 for ¢ < |I].

The transformation f = (m,7Id) € O(I, c) is the unique extension of g as in (2) to
a map in O(I',c). Hence,

Sym(Z, c) if ¢ < |1

O(Iy, €) 2 Staboy e (Th) = : 3

(Io, ) = Stabo(re) (1) {Sym([) x {£1d} ifc > |1 ®)

Proof. (a) Let f = o € O(I'), and decompose X into the subspaces X

parameterized by the cycles of 7 as in 9.2. If K is an infinite cycle then fx is the

shift e; — e;11 and therefore has no nonzero fixed points. If K is a finite cycle of

f then 9.2.1 shows that fx has fixed point set R(e; + --- + e,) or {0}, depending

on whether K is positive or negative. Hence

}supp(ﬂ)| = Npag + Z n(a_, +ay),

n>2
codim X7 = Npag + Z na_, + Z(n — Da,,
n=1 n=2

in terms of the signed cycle type of f, from which we obtain the estimates

codim X/ < ’Sllpp(ﬂ')’ 4+a_; < ’Sllpp(ﬂ')’ + ‘supp(0)|, (4)
|supp(7)| < 2 - codim X/ (5)

Since c is an infinite cardinal, a < ¢ and b < ¢ for cardinals a and b imply a+b < c.
Hence (4) shows that Sym(7,c)x2(:¢) ¢ O(I',c). Conversely, let f = 7o € O(T,c).
Then (5) implies 7 € Sym(I,c) C O(T, ¢), whence also o = 7~ f € O(I,c). Since
X/X° = X779, the (—1)-eigenspace of o, which has basis {¢; : i € supp(o)}, it
follows that |supp(c)| < ¢, so o € 2(/:°).

(b) We pick an element 0 € I, let I’ := I\ {0} and consider the Z-basis
a; =g9—¢; (i €1') of Iy. For g € O(Ip) we have g(a;) = >, nja; where only
finitely many of the integers n; are different from zero. Since (oj|ay) = 1+, and
¢ is an orthogonal transformation, it follows that

2 = (arlas) = (g(an)lg()) = 3 (L4 Gomme = (3 my)* + 3 2.
j.kel’ jer Jer

This easily implies that either all n; are zero except for one which has absolute value
one, or exactly two of the n; are non-zero, of absolute value one and of opposite
sign. In the first case, g(a;) = £a; while in the second, g(«;) = @) — am = €m — &5
Hence in any case we see that

9(i) =€) — Ey(i)

with maps ,1: I’ — I. We claim that either ¢ or 1 must be constant. Indeed,
first note that
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Card ({0(i), ¥ (0)} N {p(4), ¥(j)}) =1 fori#jin I

This is a consequence of 1 = (avila;) = (€43) —€y(i)|Ep(j) —Ew(;)) and orthonormality
of the £;. We show next that there exists an element ig € I such that

(M {e(@), (D)} = {io}.

icl’

Indeed, we pick four different elements in I’ which we denote by {1,2,3,4} C I,
and set E; = {¢(i),9¥(i)}. Let Ey = {ip, 41} and Ey = {ig,i2}. Assume ig ¢ Fs, so
that necessarily E5 = {i1,i2}. Then the condition Card(Ey;NE;) =1 fori=1,2,3
implies a contradiction.

Suppose that neither ¢ nor ¥ are constant equal to ig. Then there would exist
i # j in I’ such that ¢(i) =i’ # ip and ¥(j) = j' # ig. This would imply

1= (ailag) = (g(ai)lg(ay)) = (e — gipleiy — €j1) = —0irjr — 1,

contradiction. Thus either ¢ or ¢ must be constant equal to ig.

In the first case, we have g(a;) = g(eo — &;) = €4, — €y(s) Where 1 I' — I'\ {ip}
is bijective. We define 7 € Sym(I) by 7(0) = ip and w|I’ = ). Then g satisfies
(2) with 7 = 1. Indeed, this is clear for 0 € {i,5} while for 0 & {7, 5} we have
glei —&5) = g((e0 —€5) — (€0 — €i)) = (e0 — €y(y)) — (€0 — Ep(i)) = Ex(s) — En(y)-
Taking into account 9.1.3, the transformation f = (m,Id) € O(I") is an obvious
extension of g. In the second case, we have g(a;) = ,(;) — €i,, and replacing g by
—g reduces this case to the first one.

To prove uniqueness of the extension, suppose that f = (7, 0) € Sym(I) x {xId}

acts like the identity on Xy. Since X is spanned by ¢y and [, it suffices to show
that f(e9) = £9. We have (g¢|a;) = 1 and hence also

(f(eo)lf(ai)) = (oeroyleo — €i) = 1, (6)

for all ¢ € I'. Assume 7(0) # 0. Choosing for ¢ an element different from 0 and
m(0), (6) leads to the contradiction 0 = 1. Thus 7(0) = 0, and then ¢ = 1, again
by (6).

For (3), let g € O(Ip) and let f € Stabo(ry(Ip) be its unique extension to
X. Since X has codimension one in X and the fixed point sets of f and g satisfy
X9 = X N X/, we deduce from the exact sequence

00— X/X9—X/XI — X/(X + X/)—0

that codim X9 < codim X/ < 1 + codim X9. Hence g € GL(X,c) if and only
f € GL(X,c), and thus (3) follows from (1) and 9.1.4.

9.4. Characters of Ogn(I'). By 9.3(a), we have Og,(I') = O(I',Rg) = & x 2()
where & is the group of all finitary permutations of I and 2() the group of finitary
sign changes as defined in 9.1. The sign sgn(w) € {£1} of a finitary permutation 7 is
a well-defined character on &, with kernel the alternating group 2 = 24y of I. Since
per: Ogn(I7) — & is a homomorphism, we thus have a character &: Ogp (') — {£1},
given by &(mop) = sgn(m).
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There is a second character 7 on Og,(I") defined by n(ror) = (—1)IFl. Indeed,
if also pop € Ogn(I"), then we have (0og)(nor) = (o) - 0x-1(g).F, and one easily
checks that |7~ 1(E) - F| = |7~ Y(E)| + |F| = |E| + |F| mod 2, for finite subsets E
and F of I.

Finally, every f € GLgn(X) = GL(X, Rg) has a well-defined determinant det(f)
= det(f), where f is the linear transformation induced by f on the finite-dimen-
sional vector space X/X/. Using the fact that det(f) = det(f) where f is the map
induced by f on X/Y for any subspace Y C X/ of finite codimension, it is easy to
see that det is multiplicative on GLg,(X). For an element f = nop € Ogn (), one
checks without difficulty that the determinant is related to £ and 7 by

det(f) = sgn(m) - (=D)L =£(f) - n(f).

(This could also be used to prove the existence of 1). The kernels of these three
characters are then normal subgroups of index 2 which we denote by

e (I) : = Ker(¢) = A x 200, (1)
Of (') : = Ker(n) = & x 2\, (2)
SOsn(I) : = Ker(det) = (2 x 27) U (& \ 20) x (20 \ 2{)). (3)

Here 29 := 20 N Of (I') denotes the subgroup of 2(/) consisting of all o5 with
E C I finite and even. We finally note that (£,7n): Ogy(I") — {£1} x {£1} =
(Z/27)? is a surjective homomorphism with kernel K := 2 x 23_1) = SOt ().

9.5. THEOREM. Let I be an infinite set of cardinality d and let R be one of
the root systems listed in 8.1. We use the notations of 5.4, 9.1 and 9.4, and let c
denote an infinite cardinal with ¢ < d7T, the cardinal successor of d.

(a) The automorphism groups Aut(R,c), the Weyl groups W(R,c) and the
outer automorphism groups Out(R,c) of R are as follows:

_ [OWb,c) ifR=A
Aut(B,c) = { O(F(,)c) otherwisel } ’ )

Sym(I,c) if R=A;
W(R,c)=4 Of (I') ifR=Drandc=%y ¢, (2)
O(I',c) otherwise

7/27 if R=A; and c = d+
Out(R,c) =< Z/2Z if R=Djandc=2q . (3)
{1} otherwise

(b) Ewvery element of the big Weyl group W (R) is the product of at most four
generalized reflections if R = Dy, and of at most two generalized reflections in the
other cases; in particular, W(R) = W (R, c) for every infinite cardinal ¢ > dim X.

Theorem 9.5 shows that the interesting cardinalities are ¢ = Ry and ¢ = d™*.
We therefore list the results for these cases in the following table. The notations
are as in 9.1 and 9.4.
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R W(R) |Autg,(R) |Outan(R) | W(R) Aut(R) Out(R)
A; S S; {1} [Sym(I)|Sym(I) x {Id}| Z/2Z
ggcf Om(D)| Om() | 1y | o) o(r) m
I
D;  |Of ()| O(I) | Z/2Z | O(I) o(I) {1}

Taking into account the well known structure of the Weyl group and automorphism
group of the finite classical root systems ([12, Planches]), we obtain the following
summary, where now I may be finite.

R W (R) W(R) Aut(R)

; Sym(I) x {£Id} for |I| >3

A I >2 Sy Sym([) Sym(1) for 1] = 2

B, Cr &y x 2(0) Sym(I) x 21 I ==

BCr, |I|=2 | = 0gn(D) —O(I) Sym(I) x 27 = O(I) = W(R)

Dy, |I|=5 | ©r¥ 2 | Sym(D) x 2! Sym(I) x 2! = O(I")
b — 07 (I') | (for I infinite) Y =

It is remarkable that, with the exception of W (Dj) for an infinite I, the structure

of the groups W (T;), W(T;) and Aut(T;) does not depend on the cardinality of
I

Proof. By 4.7, an element f € Aut(R) is an orthogonal transformation, and by
7.3 it leaves the weight groups, in particular, the group Ps,(R) of finite weights,
invariant. By 8.7, fPﬁn(A[) = Iy while Pg,(R) = I' in the other cases. Thus
Aut(Az,¢) € O(Iy,c) and Aut(R,c) € O(I,c) in the other cases. The reverse
inclusions follow easily from Prop. 9.3. This proves (1).

Next, we consider the finitary Weyl groups. Simple computations show that the
reflections in the roots of R are given as follows:

gj fork=1
867‘,78_7’ (€k) = {Ei for k :] } y (4)
€ otherwise
—e; fork=1
SEi+8j (Ek?) - { —&; fOI“ k' :J } s (5)
€k otherwise
—ep for k=1
FeclEn) = s2e,(en) = {Ek ' for k #£14 } ) (6)

Since & = Sym(/, Xg) is generated by the transpositions and 2(1) by the single sign
changes, these formulas together with Prop. 9.3 and 9.4.2 show that the finitary
Weyl groups W(R) = W(R,Ng) are given by (2).
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We now consider the root system A and claim that W (A ) C Sym(I), identified
with a subgroup of Aut(AI) = O([p) via 9.3.3. Indeed, suppose to the contrary that
there exists a net (wy)xea in W(A;) 2 & which converges to —w = (, —Id) where
w is induced from a permutation 7, and pick three different elements 0,1,2 € 1.
Then there exist A\; € A (j = 1,2) such that wi(eo — &5) = —ex(0) + €n(y), for
all A= A;. On the other hand, wy is induced from a permutation 7y, so that
wx (€0 — €5) = €x,(0) — Eny(j)- Hence m(j) = mx(0) for A = A;, j = 1,2. Since A is
directed, there exists A3 = A1, A2, so we obtain 7y, (0) = 7(1) = 7(2), contradicting
the fact that « is a permutation.

We show next

W (A, c) =Sym(I,c). (7)

From 9.3.3 we have W(A;,¢) ¢ Aut(A;,c) N W(A;) ¢ O(Ip,c) N Sym(I) =
Sym(I,c). For the proof of the other inclusion we use the fact that every per-
mutation 7 € Sym([/,c) is a product mme where m; € Sym(,c) satisfy 77]2 =1d
([24, Lemma 8.1A]). Since m; contains only l-cycles and 2-cycles, we can di-
vide the support of m; into two disjoint subsets K; and L; each of which meets
every 2-cycle in exactly one point, and then m;: K; — L; is bijective. Then
Q2; = {ey — Em;k) K € K} is an orthogonal system in A;, and it follows eas-
ily from 5.3.1 and (4) that 7; = s, € W (Aj,c), whence also 7 € W (A, ¢). This
completes the proof of (7). Since W(A;) C Sym(I) = W(A;,dT) € W(A;), we
conclude W(A;) = Sym(I). In particular, by what we have shown above, every
element of W(AI) is the product of two generalized reflections.

We next consider the root system D; and claim that
W(Dy,c) =0(I,c) for c> N (8)

The inclusion from left to right is clear from (1). For the converse we use 9.3.1.
As A; c Dy, we have W(A;,¢) = Sym(I,c) € W(Dy,c), so it remains to show
that 20590 ¢ W(Dy,c). Let 0 = oy € 21 50 that J = supp(c), and suppose
first that either J is infinite, or finite with an even number of elements. Then we
can divide J into two disjoint equipotent subsets K and L, and choose a bijection
¢: K — L. Consider the orthogonal system 2 = {g}, + Eok) + k € K} of Dy.
From 5.3.1, (4) and (5) one deduces easily that o is the generalized reflection
defined by the orthogonal system (2, and since |2| = |K| < |J| < ¢, we have
o € W(Dy,c). Next, let J be finite with an odd number of elements. Since I is
infinite, there exist countable subsets M; C My of I with My \ M; = J. Then
ou; has countable support M; so oy, € W(Dy, c) by what we proved before, and
therefore also o, 00, = Opy 0, = OMN\M; = O0J € W(Dy,c). This completes the
proof of (8). Since W(D;) € Aut(D;) = W(D;,d*) € W(D;), we conclude again
W(D;) = W(Dy,d"). Also, the proof above combined with 9.3.1 and the fact that
every element of W(A;) is a product of at most two generalized reflections, shows
that every element of W (Dy) is a product of at most four generalized reflections.

Finally, let R be one of the root systems B;, C; and BCy, and let ¢ > N.
Since Dy C R and thus W(Dy,c) € W(R,c), (8) together with the fact that
W(R,c) C Aut(R,c) = O(I,c) (by (1)) show that W(R,c) = O(I, c), establishing
(2). From this and (1) it follows easily that the outer automorphism groups are
given by (3). It remains to show that every element f = 7o € Aut(R) = O(I") is the
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product of at most two generalized reflections with respect to orthogonal systems
contained in R. Decompose X = @K€3 Xk asin 9.2 and let fx be the restriction
of f to Xg. Then fx is an automorphism of the full subsystem Rx = RN Xk,
and these subsystems are orthogonal since this holds for the X . By construction,
f € [lxes Aut(Rk). Hence it suffices to show that each fr is the product of at
most two generalized reflections in Ry . Note also that R is of the same type By,
Cgk or BCk as R, but on the index set K. We now discuss the three possibilities
for K as in 9.2, and use the notation established there.

Case 1: K is infinite. Then fi is the shift e; — e;11, 7 € Z. Let
2 ={ei—eji:i=j}, j=12.
Since the e; are up to sign basis vectors g, it is clear that 2; C Dg C Rg.
A straightforward verification shows that §2; is an orthogonal system and that

s, (e;) = ej_i. Hence sq,(s0, (i) = sa,(e1-i) = ea_(1—s) = eiy1 = fx(ei), as
desired.

Case 2: K is a finite positive cycle of length n. Then fx is the cyclic shift
e+ ey — -+ +— ey — e1, which may be realized as sp,50, for

j—1
2 ={ei—eij<i<[A—]n =12 ()
In this definition, indices outside {1,...,n} are to be taken mod n.

Case 3: K is a finite negative cycle of length n. Then fx acts via e; — eg —
ceen — —ep, cf. 9.2.1. With 25 as in (9), let 25 = {a} U {2, where a@ = ¢
or a = 2e; depending on whether R D By or R D C;. Then one verifies that
fr = 80,80, where again (2, is as in (9). This completes the proof of the theorem.

9.6. COROLLARY. Let R C X be a locally finite root system. Then every
element of the big Weyl group W(R) is the product of at most four generalized
reflections, and of at most two involutions.

(As usual in group theory, an involution here means an element of order two.)

Proof. By a theorem of Carter [16, Th. C and Lemma 5], every element in the
Weyl group of a finite root system is the product of two generalized reflections.
Now the corollary follows from 9.5 and 5.2.3, after decomposing R into irreducible
components. Concerning the statement that every element of W (R) is a product
of two involutions, note that this is clear for R # Dy, while for R = D; we have

W (D) = O(I') = W(By). Since by 9.5(b), every element of O(I") is a product of
two generalized reflections of R = By, it is a fortiori a product of two involutions.

Remark. Corollary 9.6 indicates that, contrary to the case of finite root sys-
tems, not every involution in W(R) is a generalized reflection. Indeed, let R = D;
with I infinite. For a fixed element 0 € I the map og, given by og(gg) = —&g
and o¢(g;) = ¢; for i # 0, is an involution in O(I') = W(R). In fact, since
supp(og) = {0} we have o9 € W(Dy,c) for every ¢ > Ny. But ¢ is not a gener-
alized reflection since none of the nonzero roots of Dy lies in the (—1)-eigenspace
of o¢. Indeed, the eigenspace decomposition of X = span(Dj) with respect to
og is X = Xy ® X_ where 09 = Id on X = span(Dy\(03) and oo = —Id on
X_=Regy = X+L so that RN X_ = {0}. This also shows that o is not a product
of generalized reflections in orthogonal systems contained in X i, cf. 5.10.
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9.7. COROLLARY. The assignment R — W(R) is a covariant functor from the
category RSE of root systems and embeddings to the category of groups.

Proof. This follows from 9.6, 5.2.3 and 5.7.

9.8. Normal subgroups. We discuss next the normal subgroup structure of the
(finitary) Weyl groups of the infinite irreducible root systems and use the notations
of 9.4.

W(Bg)

PN

(@) Og, (I SOgn(I)

~N 7

SOL(1)
2(I)

(D
2+

|
{1}

Tt is well known [24, Th. 8.1A] that the alternating group 2 on I is the only proper
normal subgroup of the finitary symmetric group & = W(A;). We claim that the
lattice of normal subgroups of W (B;) = W(Cj) = Ogn(I') = & x 2(1) is given by
diagram (1), while the only normal subgroups of W(D;) = Of (I') = & x 225) are
{1}, 2@, SO (I'), and W (Dj) itself. As a first step in the proof, we show:

2&” is the only proper -invariant or G-invariant subgroup of 2. (2)

Indeed, suppose M is a proper -invariant subgroup of 2(0) and, say, op € M
where F' C I is finite and non-empty. Without loss of generality we may assume
N cC I and F = {1,...,n}. Since 2 is highly transitive (i.e., n-transitive for any
n) on I, there exists m € A such that 7#(F) = {2,...,n+ 1}. Hence M contains
the element (7opm™')op = 0 (p)OF = Or(p).F = O{1,n+1}- Using again that 2 is
highly transitive, it follows easily that M contains all g where E is an even finite
subset of I, so 25:) C M. As 2(1)/2&[) & 7,/27, we see that M must be as claimed,
and it is clearly also G-invariant.

Next, let G be one of the groups W(B;) or W(Dy), and put K := A x 21]) =
SO{ (I'). We claim that

N<Gand N¢2) — KCN. (3)
Indeed, the permutation part per(N) is then a non-trivial normal subgroup of

per(G) = & and hence contains 2. Let 7 € 2 be any 3-cycle. Since 7 € per(N),
there exists a finite subset F' C I such that mop € N, and as 7 € G we also
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have o € G. From normality of N and 0% = 1 we conclude that N contains the
element (1op) - op(rop)on' = 2 and therefore also (72)? = 7. Thus N contains
all 3-cycles so N contains . Let in particular 7 = (123) and F = {2,3} C I. Then
F is an even subset so o € G. Now 7 € N and N < G imply (opmop')m =
OFOn(F) = Op.x(F) = 0{12} € NN 2, Hence N N 20 is non-trivial and clearly
A-invariant. From (2) we conclude 2(+I) c Nn2U  and therefore K C N.

As observed in 9.4, the characters £ and 7 on W(Bj) induce an isomorphism
W (B;)/K = (Z/2Z)?. Therefore, we have a bijection between the (automatically
normal) subgroups N of W(B;) with K & N & W (B;) and the proper subgroups
of (Z/2Z)?. This yields the three normal subgroups listed in (1) — (3) of 9.4 and,
together with (2), establishes (1). In case of W(Dy), we have W (Dy)/K = Z/27
so the only proper normal subgroups are 25:) and K.

Let us finally remark that K is the derived group of both W (B;) and W (Dy),
and that the character group of W(By) is isomorphic to (Z/2Z)?, generated by &
and 7, while that of W(Dy) is isomorphic to Z/2Z, generated by £. This follows
easily from the above discussion. The details are left to the reader.

9.9. COROLLARY. The Weyl group of an uncountable irreducible locally finite
root system R is not a Cozeter group.

Proof. Assume that there exists a Coxeter system (W, S) such that W = W (R).
Since R is uncountable and the map « +— s, has finite fibers by 3.4.2 and 4.3(b),
W is uncountable. Hence by 5.14, (W, S) is not irreducible. By [12, IV, §1.9], S is
the disjoint union of pairwise commuting subsets .S;, and W is the restricted direct
product of the subgroups W; generated by the S;. For reasons of cardinality, there
must be infinitely (in fact, uncountably) many W;. This contradicts the fact that
W has only finitely many normal subgroups by 9.8.



§10. Parabolic subsets and positive systems
for symmetric sets in vector spaces

10.1. Notations. In this section, we prove a number of elementary properties
of parabolic subsets and positive systems in root systems. It turns out that these
properties hold in the broader framework of symmetric sets in real vector spaces.
Accordingly, in this section we will mainly work in the full subcategory SSV of SV
whose objects (R, X) are symmetric in the sense that R = —R. More generally,
a subset S C R is called symmetric if S = —S. Properties specific to parabolic
subsets of root systems will be developed in §11, and the classification of parabolic
subsets of infinite irreducible root systems will be carried out in §13.

Recall that N = Z, denotes the non-negative integers and Ni = Z . the
positive integers, respectively. For (R, X) € SSV and a subset A of R we define
N, [A] as the set of all finite non-empty sums of elements of A, i.e.,

NyA =] @A+ +4).
e ————
Thus we always have A C Ny [A] and A = 0 if and only if N [A4] = 0.

For a submonoid M of (R,+) containing 1 (and also 0 because a monoid by
definition has a neutral element), we use the notation M[A] for the additive sub-
monoid of X generated by the set M - A, i.e., the set of all (possibly empty) sums
of elements of M - A. Thus we always have {0} U A C M[A]. The cases M =N, Z
and Ry will be important later. We note

N[4] = {0} UN,[4], Z[A] = N[AU (-4)], (1)
S symmetric and nonempty = Z[S] = N[5], (2)

since then 0 = a4+ (—a) € N4 [S].

10.2. Additively closed subsets and the partial sum property. Let (R, X) € SSV
and let A C B C R. We say A is additively closed in B if for any finite non-empty
family (a;)ier of elements of A with 8 := Y ._,a; € B we have 8 € A, in other
words:

icl

AC BCR isadditively closed in B <= A= BNN,[A] (1)

In case B = R, we will usually simply speak of an additively closed subset, or even
just of a closed subset. We note that

ACR closed = (-A)NN;i[4]=(-4)NA (2)
which follows immediately from (1). We also note that for a subset A of R*,

Aisclosed in R* <=  AU{0} is closed in R. (3)

85
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This follows easily from the definitions. On the other hand, a subset A of R* which
is closed in R* is not necessarily closed in R; for example, the set A = {a, —a}
provided « € R* and na ¢ R for all n € Z, n # £1,0. See Lemma 10.10(a) for a
characterization of those subsets of R* which are closed in R.

Obviously R is closed in R, and the intersection of closed subsets is closed.
Hence, for any subset A of R there exists a smallest closed subset A¢ containing A,
namely the intersection of all closed subsets containing A, which is easily seen to
be

A° = RNNy[A], (4)

called the additive closure of A. Also, if (R, X) = [[(R;, X;) is a direct sum in
SSV then A C R is closed if and only if all AN R; are closed in R;.

We now show that for a root system R, a subset A of R* is closed in R* in the
above sense if and only if it is closed in the usual sense, as defined for example in
[12, VI, §1.7, Déf. 4] by using sums of two roots.

In somewhat greater generality, let us say that (R, X) € SSV has the partial
sum property if for alln>1 and all a4, ..., o, € Rsuch that 8 :=a1+---4+a, € R,
there exists a permutation m € &,, such that all partial sums a1y + -+ + Qg
belong to R, for all i = 1,...,n. We note that

root systems have the partial sum property. (5)

This is usually only formulated for positive roots, see e.g. A.14. The proof of (5)
is by induction on n, the cases n = 1,2 being obvious. If § = 0 then oy + --- +
Qp_1 = —Qy, so the assertion holds by induction hypothesis. If 5 # 0, we have
2=(8,8") =Y {,B), so (a;, ") > 0 for some i, and we may assume i = n
after renumbering. Then a3 + -+ @1 = 8 — @, € R by A.3(a), and again we
are done by induction. — The aforementioned consistency of the definitions of a

closed subset is now a consequence of (4) and the following lemma.

10.3. LEMMA. Let (R, X) € SSV have the partial sum property. Then a subset
A of R is closed if and only if it is closed with respect to sums of two roots in A,
i.e., (A+A)NR C A. Similarly, a subset A of R* is closed in R* if and only if
(A+ A)NR* C A.

Proof. We prove the second statement; the proof of the first is similar but
simpler. If A is closed in R* it is in particular closed with respect to sums of
two roots in A. Conversely, suppose 3 := a1 + -+ + a,, € R* where o; € A and
n > 3. By the partial sum property, we may renumber the «; in such a way that
vy:=ay+ -+ a,_1 belongs to R. If v =0 then 8 = a,, € A. Otherwise, v € A
by induction, and hence 8 = v + a,, € A because A is closed with respect to sums
of two roots.

10.4. LEMMA. Let (R, X) € SSV. For a nonempty subset S of R, the following
conditions are equivalent:

(i) S is closed and symmetric,
(i) S=RNZ[S].
If R is a root system, then these conditions are also equivalent to

(i) S is a closed subsystem.
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Proof. The equivalence of (i) and (ii) follows from 10.1.2 and 10.2.1. Now let
R be a root system. Since subsystems are symmetric, we have (iii) = (i). Next,
suppose (ii). Then for a, 5 € S* = SNR* we have s,(8) € RNZ[S] = RNNL[S] =
S, by 10.1.2 and 10.2.1.

10.5. DEFINITION. Let (R, X) € SSV and let A C R be an additively closed
subset. We call A
(i) positive if AN (—A) C {0},
(ii) parabolic if AU (—A) = R,
(iil) a positive system of R if A is both positive and parabolic; i.e., if AU(—A) =
R and AN (—A) = {0},
(iv) wunipotent if R\ A is parabolic.

We note here that it would not make sense to define these concepts for sets in
vector spaces over fields of characteristic p > 0. Indeed, a subset A C R would be
closed and positive in the sense above if and only if A C {0}, because o € A implies
—a=(p—1)a € RNN,[A] = A and thus —a € AN (—A) = {0}. Similarly, the
only parabolic subset of R would be R itself.

A concept of a positive set of roots in the setting of Kac-Moody algebras appears
in Tits [73, 3.2] where it is called a nilpotent set of roots. For finite root systems,
Tits’ definition is equivalent to the one given here, as one easily sees from [12,
VI, §1.7, Prop. 22] and [12, VI, §1.6, Cor. 3 of Prop. 17]. Closed subsets of finite
root systems whose complement is again closed (“invertible” subsets) are classified
in [26]. They include the parabolic subsets. The notion of parabolic subsets and
positive systems is standard for finite root systems, see e.g. [12, VI, §1.7 Déf. 4].
Positive systems in affine root systems were described by Jakobsen-Kac [34] and
by Futorny [28]. The concept of a positive system is defined differently in Neeb
[50, I.1]. Lemma 10.10(b) below shows that our definition coincides with Neeb’s.

We will see in 10.8(c) that positive systems always exist. If (R, X) is a root
system admitting a root basis B then the set RN N[B] of all roots which are linear
combinations of B with non-negative coefficients is a positive system. In finite root
systems this establishes a bijection between positive systems and root bases [12,
VI, §1.7, Cor. 1 of Prop. 20]. This is no longer true for arbitrary root systems.
Indeed, an uncountable irreducible root system does not have a root basis (see 6.9),
and even when R does admit root bases, there may well be positive systems not
determined by a root basis, see 14.15.

We note that the intersection of a positive (parabolic) subset A with any sym-
metric subset S of R is a positive (parabolic) subset of S, and the same is true for
a positive system. Also, if (R, X) = [[(R;, X;) is a direct sum in SSV then A C R
is positive (parabolic) if and only if all AN R; are positive (parabolic) in R;.

A necessary condition for a subset U of R to be unipotent is of course that U
be positive and 0 ¢ U, but this is not sufficient, as the example {2 £+ &1} in the
root system Bs shows.

10.6. The symmetric and unipotent part of a parabolic subset. Let (R,X) €
SSV. For a parabolic subset P of R, we introduce the symmetric and unipotent
part of P, respectively, by

P;:=PN(-P) and P,:=P\P;.
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Then P; is clearly symmetric and additively closed as the intersection of two addi-
tively closed sets, and we have the disjoint decomposition

R=P,UP, U (-P,). (1)

Also, P, is additively closed (and hence positive), more precisely,

n

a:ZaieRwhereaiePandalePu — a«a€P,. (2)
i=1

Indeed, a@ € P since P is closed. Suppose o € P;. Then —a € P and —a; =
—a+ > ,a; € RONL[P] = P, so a; € P, N (—P) = 0, contradiction. Finally,
P, is indeed unipotent since R\ P, = P; U (—P,) = —P is parabolic.

10.7. The preorder induced by a subset of R. It will be useful later to describe
some of the concepts introduced above in terms of preorders on R. Therefore, we
first recall the relevant terminology.

Given a set A with a relation <, we will also write o %= 3 for < a, and a < 3
for a < B but a # (3. The relation < is called a preorder if it is transitive and
reflexive. A preorder < is a partial order if it is symmetric, i.e., a < 0 and 8 < «
implies @ = 3. A partial order is a total order if for every a, 3 € A we have a < (8
or < a. A subset A of a vector space X will be called pointed if 0 € A.

Let now (R, X) € SSV. Any A C R induces a preorder <4 on X by

T4y <<= y-—z€N[4] (1)

which satisfies 0 <4 A and makes (X,+) a preordered abelian group in the sense
that
T4y — x+z=xkaytz foral zeX. (2)

Since A and AU {0} determine the same preorder, we will consider < 4 for pointed
subsets only. Then we have {& € R : 0 54 a} = RN N[A], whence the additive
closure A€ of a pointed A is

A°={a € R: 04 a}; (3)

in particular, a closed and pointed A can be recovered from < 4.

Conversely, to every preorder < on X satisfying (2) we can associate the pointed
set A={a € R:0<a}. Its associated preorder is weaker than the given <: For
z,y € X we have

Indeed, we can write y in the form y = ¢ 4+ a7 + - -+ + a,, with «; € R satisfying
a; =0. Applying (2) n times we obtain  xz+a; <Kx+a; +as< - - <y. Moreover,
A is closed since RNN[A] ={a € R: 04 a} C Aby (4).

If P is parabolic the corresponding preorder < p satisfies 0 <p o or 0 5p —« for
any a € R. Conversely, for any preorder < on X with this property the positive
elements form a parabolic subset. The preorder < 4 is not necessarily compatible
with the vector space structure of X. We next consider preorders which do have
this property.
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Recall [11, II, §2.5] that a preorder > on X is said to be compatible with the

vector space structure of X if
(i) x>y implies x + z >y + z for every z € X, and

(ii) >0 implies sx > 0 for every s € R,.

Note that compatible partial orders always exist, even total orders; for example,
the lexicographic order with respect to any vector space basis of X.

These concepts are intimately related with convex cones. We will say that a
convex cone C' C X (with vertex 0) is proper if C' does not contain an entire line,
equivalently, C' N (—C) C {0}. Given a compatible preorder < on X, the subset
Xy ={z € X : 2 >0} is a pointed convex cone. Conversely, any pointed convex
cone C' C X induces a compatible preorder < on X by x >y < z —y € C, and
this is a partial order if and only if C' is proper.

Using the concepts above, a typical way of constructing parabolic subsets is as
follows.

10.8. LEMMA. Let (R, X) € SSV.

(a) Consider a linear map f: X — Y where (Y, >) is a partially ordered real
vector space, and assume that f(R) C Y. U (=Yy) (which is always the case if >
is a total order). Then v <y : <= f(x) < f(y) defines a compatible preorder on
X whose associated cone is f~1(Y,), and

P=R(f)=={a€R: fa) >0} = RN f1(Y,) 1)
s a parabolic subset, with symmetric and unipotent part given, respectively, by
P, =Ry(f):=RnNKer(f), P,=Rii(f):={a€R: f(a)>0}. (2)

In particular, the symmetric part of a parabolic subset of this type is a full subset
(but in general Ker(f) is not a tight subspace, i.e., it is not spanned by Ps).

(b) Conversely, every full S C R is the symmetric part of a parabolic subset.

(¢) (R,X) contains positive systems.

Proof. (a) That P is parabolic is a special case of the construction in 10.7. The
remaining statements are straightforward.

(b) Consider the quotient ¥ = X/span(S), let > be any total order on Y
compatible with the vector space structure, and let f = can: X — Y. Then
P = R (f) is parabolic by (a), and o € Py if and only if « € RNKer(can) = S, by
fullness of S.

(c¢) It suffices to apply (b) to the special case S = {0}. (This result will also
follow from Prop. 10.13.)

10.9. Parabolic subsets of scalar type. We say a parabolic subset P of some
(R, X) € SSV is scalar or of scalar type if P = Ry (f) for some f € X*. In a finite
root system every parabolic subset is of scalar type, as Lemma 11.1 shows. For
infinite root systems this is no longer true. Indeed, for R an irreducible root system
and f: X — R a linear form, rank(f) := codim span(Ry(f)) <Card(R), by 8.11. On
the other hand, Ps; = {0} for a positive system P, so codim span(Ps) = dim X can
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be arbitrarily large. However, by 15.6.2, every parabolic subset is an intersection of
parabolic subsets of scalar type. Also, we will see below in 10.17 that all parabolic
subsets are of type R (f) where f takes values in a suitable partially ordered vector
space, provided (R, X) satisfies a rationality condition introduced in 10.15, and we
will in 13.7 characterize scalar parabolic subsets of root systems. — The following
observations will be useful.

If p € Aut(R) then P is of scalar type if and only if ¢(P) is so. Indeed, for any
f € X* we have
P(Ry(f) = Ry(fop™). (1)
Suppose (R, X) = [[(R;, X;) = (U Ri, P X;) is a direct sum. As remarked in 10.5,
we then have P = |J P; where the P, = P N R; are parabolic in R;. Moreover,

P is of scalar type <= every P; is of scalar type. (2)

Indeed, if P = Ry(f) then P, = (R;)+(f|X;). Conversely, if P, = (R;)+(f;) for
fi € X7, then P = R, (f) where f =][f; € X* =[] X}.

10.10. LEMMA. Let (R,X) € SSV.
(a) For an arbitrary subset A of R, the following conditions are equivalent:
(i) A is positive,
(ii) A* := A\ {0} is closed in R,
(iii) A is closed and aq + - - - + ap, # 0 whenever aq,...,a, € A%,
(iv) A is closed and Ny [A] NNy [-A] C {0};
in particular, A is positive if and only if AU{0} is positive, and the positive subsets
of R contained in R* are precisely the subsets of R™ which are closed in R.
If these conditions hold for a subset A of R then the preorder <4 of 10.7 is a
partial order.

(b) Let P be a subset of R with P U (—P) = R. Then the following conditions
are equivalent:
(i) P is a positive system,
(i) Ny[P]NnNi[-P] = {0},
(iii) Ny[P]N(=P)={0}.

The equivalence of (ii) and (iii) in part (b) is also proven in [50, 1.2] for root
systems with a different proof.

Proof. (a) (i) = (ii): Let a1,...,a, € A and f:=a3+ -+, € R. Then
8 € A because A is positive and thus in particular closed, so we only must show that
6 =0 is impossible. Assuming 3 =0 we haven>2and 0 # as+---+a, = —a1 €
(—A)NNL[A] = (—A)N A (by 10.2.2) C {0} (because A is positive), contradiction.

(ii) = (iii): Clearly A* U {0} is closed along with A* which implies that A
is closed. Assuming o + -+ + a,, = 0 for a; € A*, we conclude 0 € A* because
0 € R and A* is closed in R, contradiction.

The remaining implications are obvious, and the statement about =4 follows
from (iv).

(b) (i) = (ii) is clear from (a), since a positive system is positive, and (ii) =
(iii) follows from 0 € P C N4 [P]. If (iii) holds, then clearly P N (—P) = {0} and
P is closed since P° = RNN,[P] (by 10.2.4) = PNN,[P] (by R=PU(—P) and
(iii)) = P. Hence P is a positive system.



10. PARABOLIC SUBSETS AND POSITIVE SYSTEMS ... 91

10.11. PROPOSITION. Let (R,X) € SSV have the partial sum property, and
let P& R be a parabolic subset. Also, let < be the partial order on P, induced by
<p, asin 10.7.1, and let o € P,. Then the following conditions are equivalent:

(i) « is minimal (resp. mazimal) with respect to <,
(ii) « is not the sum (resp. difference) of two elements of P,,

(iii) «a— B (resp. a+ B3) is not in P, for all 5 € P,.

We denote the subsets of minimal and maximal elements of P,, respectively, by
Poin and Ppax. Note that either or both of these sets may be empty.

Proof. The implications (i) = (ii) = (iii) are clear. For (iii) = (i) in case
a—p ¢ P, forall 8 € P,, assume § < « for some 8 € P,. Then a—f = a1+ -+ay,
where a; € P,, so putting o, +1 := 3, we have & = a1 + - - - + ap4+1. By the partial
sum property (10.2), there exists a permutation m € &,,41 such that, in particular,
V= Qn1) + 0+ Qrn) € R and hence, by 10.6.2, v € P,. Thus a = v + Qr(n41)
is the sum of two elements of P,, contradiction.

To prove (iii) = (i) in case a + 3 ¢ P, for all § € P,, assume o < § € P,.
Then 8 —a = o1 + -+ + o, where a; € P,. Putting a,41 = «a, we have
6 =a;+ - -+ ap+1, and the partial sum property yields a permutation 7 € &, 11
such that all ar(1)+ - -+ (;) are in R and hence in P, by 10.6.2. Let n+1 = m(j).
If 7 = 1 then arq) + az@) = a + are) € P,, contradiction. If j > 1, then
Y= Q1) o+ Qpjo1) € Py, and ¥ + ag ) = v + a € Py, contradiction.

10.12. COROLLARY. With the assumptions and notations of Prop. 10.11, we
have P, = Pypin < P, = Ppax-

Proof. This follows from the equivalences

PN\ Ppn#0 <+ there exists «, 3,7 € P, such that a =+~
< P, \ Ppax #0.

Indeed, by 10.11, we have o € P, \ Ppin in the first equivalence, while v € P, \ Ppax
in the second.

10.13. PROPOSITION. Let (R,X) € SSV.
(a) Any positive subset is contained in a positive system.

(b) A subset P of R is a positive system if and only if P is a mazimal positive
subset (with respect to inclusion).

The equivalence (b) is also proven in [50, 1.9] using Lie algebra techniques.

Proof. (a) We fix a positive subset Ag of R and consider the non-empty set
A = {A: Ay C Aand A is positive}. This is an inductively ordered set with
respect to inclusion. Hence, by Zorn’s Lemma, 2 contains a maximal element P.
Note that 0 € P since AU {0} is again positive, for any positive set A. To show
that P is a positive system it remains to verify P U (—P) = R.

Assume to the contrary that there exists o € R\ (P U (—P))7 so in particular
a # 0. By maximality of P, the two closed subsets Py = (P U {a})® and P_ =
(P U {—a})° are then not positive, whence there exist 0 # . € P. N (—P:) for
e = 4+ and € = —. The description of the closure in 10.2.4 implies that +3. are
finite sums of roots in {ea} U P. Thus we can write
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6+:pa+zaia _ﬁ+:qa+za;7 (1)
i=1 i=1
5= —ratY 5, b= st Y4 @)
j=1 j=1

where the a;, o, 35, 3} are in P* and m,n,m’,n’,p,q,r,s € N. From (1) we obtain

O:(p+q)a+Zai+Za§. (3)
i=1 i=1

If p+ ¢ =0 then p=¢ =0, so (3) and Lemma 10.10(a) show that n =n’ =0 and
hence 1 = 0, contradiction. Thus we have k := p+ ¢ € N,.. Similarly, (2) implies

0=—(r+s)a+d B+ 5 (4)
j=1 j=1

where [ := r+s € N;y. But then (3) and (4) show that klaw € Ny [P]NN,[—P] = {0}
(by Lemma 10.10(a)) and hence o = 0, contradiction.

(b) Tt is clear that a positive system is a maximal positive set, while the other
direction follows from (a).

10.14. PROPOSITION. Let (R, X) € SSV and let P C R be a parabolic subset,
decomposed into symmetric part Ps and unipotent part P, as in 10.6.1.

(a) The positive systems of R contained in P are precisely the sets Pt U P,
where P} is a positive system of Ps. In particular, P does contain positive systems,

and the positive systems of R are precisely the minimal parabolic subsets of R.

(b) Let A C P be a positive subset of R. Then there exists a positive system
R* of R with AC RT C P.

That every parabolic subset of a root system contains a positive system is also
shown in [50, 1.9], using Lie algebra techniques.

Proof. (a) Let P} be a positive system of Ps and define R = P U P,. It
is then easily seen that Rt N (—R") = {0} and R* U (—R") = R. Hence R" is a
positive system as soon as we know that it is closed. But this follows from 10.6.2
and closedness of P in R, which in turn is a consequence of closedness of P in
P, and the fact that P, = P N (—P) is closed in R by 10.6. Conversely, let R
be a positive system of R contained in P. Then P, C R™, otherwise there would
exist « € P, N (—R") C P,N(—P) =0, by 10.6.1. Hence R = P;" U P, where
P} = R N P; is a positive system in Ps.

(b) Asnoted in 10.5, AN Ps is a positive subset of P;. By 10.13(a), there exists

a positive system PF of Ps containing AN Ps. Then A= (ANP;)U(ANP,) C
PruUP,=R" C P, as desired.
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10.15. Rationality. Let (R,X) € SSV, and let Xq = spang(R) be the Q-
subspace of X spanned by R. We say (R, X) is rational if Xg is a Q-structure
on X, i.e., if the canonical map Xg ®p R — X is an isomorphism [13, II, §8.1].
Thus, (R, X) € SSV is rational if and only if Xg has a basis that is R-free, i.e.,
Xg admits a Q-basis in the sense of 2.7.

ExampLES. (1) If (R,X) € SSV admits an A-basis, where A is a subring of
Q, then (R, X) is rational. Examples of (R, X) containing integral bases (A = Z)
are quotients of root systems by full subsystems, and hence a fortiori root systems
(Th. 6.4), extended affine root systems or the root system of a Kac-Moody Lie
algebra (6.1).

(2) If X is finite-dimensional and Z[R] is a lattice in X, then (R, X) is rational
(even if R may not contain an integral basis). For example, the (real) roots R =
X U {0} of a set of root data over R in the sense of [47, 5.1] satisfy this criterion
with X = spang(R). Indeed, that R is symmetric follows from [47, 5.1, Prop. 4],
while the lattice property is part of axiom (RD4).

Recall that a real subspace V' C X is rational (or defined over Q) if and only if
V = span(V N Xg), in which case Vg := VN Xy is a Q-structure on V' [13, I, §8.2,
Prop. 2]. If " = — R’ is a symmetric subset of a rational (R, X) then (R’,span(R’))
is rational in SSV and span(R’) is a rational subspace. We also remark that the
quotient of a rational (R, X) € SSV by a full subsystem (R, X’) is again rational,
which follows from (Xq/Xg) ® R = X/X".

10.16. LEMMA. Let (R,X) € SSV be rational, and suppose v € Xqg and
ag,...,0n, € R satisfy a relation v = Z?:l c;c; where ¢; € R. Then there exist

r; € Q such that
v = Znai. (1)
i=1

If all ¢; are positive then the r; may be chosen positive as well.

Proof. Consider the linear map f: R™ — X sending the standard basis e;
to «;. Then f is defined over Q, so its kernel Z = Ker(f) and image V =
span{ai,...,a,} are defined over Q as well, the Q-structure of V' being Vg =
f(Q") = spang{ay,...,a,} [13, 11, §8.3]. Hence v € VN Xq = Vp is a rational
linear combination of the a;.

By choosing a Q-basis of Z and extending it to a Q-basis of Q™, one sees that
Zg = ZNQ" is dense in Z (in the topology induced from R™). Since v € f(Q"), the
affine subspace L = f~1(v) C R™ of real solutions of (1) is defined over Q, namely
L =r+ Z where r = (r1,...,7m,) € Q" is a rational solution of (1). It follows that
the space Lg = r + Zg of rational solutions of (1) is dense in the real affine space
L=r+27.

Now suppose the ¢; are positive, and let C = R, 4 [eq, ..., e,] be the open convex
cone spanned by the standard basis of R”. Then C'N L is an open and non-empty
subset of L, because it contains (c1,...,¢,). Hence C'N Lg # 0, showing that (1)
has positive rational solutions.

10.17. PROPOSITION. Let (R,X) € SSV be rational and let P C R be para-
bolic, decomposed into symmetric and unipotent part as in 10.6.1. We put Y :=
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X/ span(P;) and denote by can: X — Y the canonical map. With P we associate
the pointed convex cones

K,:=Ri[P,)C K :=R,[P]C X, (1)

C:=can(K) =R [can(P)] C Y. (2)

(a) P and P, can be reconstructed from K and K,,, respectively, by

KNR=P, (3)
K,NR* =P,. (4)

(b) Ps and K are related by
KnNn(-K)NR=Kn(—P)=P,, (5)
K N (—K) = span(Ps). (6)

In particular, Ps is a full subset of R.

(c) C is a proper convexr cone and K = can='(C) whence P = RN K =
RnNcan~!(C) = Ry (can) is obtained by the construction given in 10.8.1. Likewise,
K, is proper, and we have

can(Ky \ {0}) = C'\ {0} (7)
(d) P is a positive system if and only if K is proper.

Proof. (a) The inclusion from right to left in (3) and (4) is obvious. Conversely,
let @ € KNR (resp. a € K, NR*), so « = Y i ¢y where 0 < ¢; € R
and o; € P (resp. «; € P,). By Lemma 10.16, there exist positive rational
numbers r; = p;/q; (where p;,q; € Ny) such that a = > | r;a;. Let m be the
product of the denominators g; and put m; = mp;. Then m, m; € N, and we have
ma =Y. mia;. Assume o ¢ P (resp. a ¢ P,). Then by 10.6.1, —a € P, and
it follows that & = (m — 1)(—a) + Y., m;a; € RNNL[P] = P, since P is closed
(resp. a € P,, by 10.6.2), contradiction.

(b) By (3) and R = —R we have —P = (—K) N R and hence formula (5). For
(6), observe first that K N (—K) is a vector subspace of X (in fact, the largest
vector subspace contained in K [11, II, §2.4, Cor. 2 of Prop. 10]) and it contains
Ps by (5). Hence it contains span(Ps). Conversely, let 0 # € K N (—K). Then
there exist ¢; > 0 and a; € P such that —x = Z?:l c;a;. As K is a convex cone,
this implies —a; = ¢; (2 + > j2i i) € K, and therefore —a; € KN R = P, by
(3). Thus a; € PN (—P) = Ps, showing = € span(F).

(¢) We have Y = X/(K N (—K)) by (6). Hence [11, II, §2.5] shows that C' is
a proper convex cone in Y satisfying K = f~1(C) for f = can. Now P = R, (f)
follows from (3) and the definition of Ry (f) in 10.8.1.

From P = P, U P, and f(Ps) = {0} it is clear that C = f(K,). Let v € P,.
Then v ¢ Ps whence f(v) # 0 by (5). Hence f(vy) > 0 with respect to the partial
order > on Y determined by C. It follows that any positive linear combination
x =Y c;; of elements of P, also satisfies f(z) = > ¢; f(v;) > 0, so we have (7).
Now K, N (—K,) = {0} follows from C' N (—C) = {0}.

(d) Since P is a positive system if and only if P; = {0} this is immediate from

(6).
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10.18. COROLLARY. Let (R,X) be a root system. Then the map P +— PY :=
{a¥ : @ € P} is a bijection between the set of parabolic subsets of R and those of
RY, which satisfies (Ps)Y = (PY)s and (P,)Y = (PY), and under which positive
systems correspond to positive systems.

Proof. We clearly have P¥ U (—P¥) = R (because of (—a)¥ = —a) and
(PN (=P))Y = PYN(—PY), so it remains to show that PV is additively closed.
Let ( | ) be an invariant inner product on X, let b: X — XV be the vector space
isomorphism induced by ( | ) (cf. Lemma 4.8), and let K be the convex cone
spanned by P. Then b(K) is a convex cone in X, and we have P¥ = RY NbH(K).
Indeed, the inclusion from left to right is clear from the formula 4.8.2. Conversely,
if ¥ = 2a’/(ala) € R¥Nb(K) then 2a/(ala) € K whence « € RN K = P by
10.17.3, so a¥ € PY. Since R Nb(K) is obviously additively closed, the assertion
follows.

Remark. For a closed but not parabolic subset A of R, it is in general not
true that AY is again a closed subset of RY.

10.19. PROPOSITION. Let (R, X) € SSV be rational, and let R C R be a full
subsystem, with linear span X' = span(R'), and quotient (R, X) = (R/R', X/X").
We denote by g: X — X the canonical map, and put g*(T) := RN g~ (T, for a
subset T of R.

(a) Let P C R be parabolic with R' C P,. Then g(P) C R is parabolic and

g*(g(P)) = P, (1)
g"(g(Ps)) = Ps, 9(P)s = g(Ps), (2)
9" (9(Py)) = Py, g(P)u = g(Py). (3)

(b) Conversely, if @ C R is parabolic then g*(Q) C R is parabolic and satisfies
R C g*(Q).

(¢) The maps P — g(P) and Q — ¢*(Q) are inverse bijections between the
set of all parabolic subsets P of R satisfying R’ C Py, and the set of all parabolic
subsets of R. Moreover, R' = P, if and only if g(P) is a positive system in R, and
P is of scalar type if and only if g(P) is of scalar type.

Proof. (a) Clearly g(P) U —(g(P)) = R. To show that g(P) is additively
closed, let (a;);e; C P be a finite family such that }°,.; g(a;) = g(8) € R. Let
Y = X/span(Ps) and let f: X — Y be the canonical map. Since R’ C Ps, we have
X’ C span(P;) and hence a linear map h: X — Y satisfying f = hog. Let C =
R4 [f(P)] as in Prop. 10.17. Then f(8) = h(g(5)) = >_, h(g(cw)) = >, f(ay) € C
because C' is additively closed. Thus 8 € RN f~1(C) = RNK = P by Prop. 10.17,
and hence g(8) € g(P). This shows g(P) is parabolic.

The inclusion from right to left in (1) is obvious. Conversely, let a € g*(g(P)),
so @« € R and g(a) € g(P). Then f(«) = h(g(a)) € h(g(P)) = f(P) C C, whence
a€RNfYC)=RNK =P.

In (2), Ps C g*(g(P)) is clear. Conversely, let o € g*(g(Ps)). Then g(a) € g(Ps)
so g(a) = g(B) for some 8 € P;s. Hence o — 3 € X’ C span(Ps) and therefore
a € RNspan(Ps) = P; since P; is full by Prop. 10.17(b). For the second formula, let
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a € P,. Then +a € P, so £g(a) € g(P) or g(a) € g(P)s, proving the inclusion from
right to left. Conversely, let & € R and g(«) € g(P)s. Then +g(«) = g(xa) € g(P),
so £a € g*(g(P)) = P (by (1)) or o € Ps, which proves the inclusion from left to
right. Now (3) follows from (2) and the fact that a parabolic subset is the disjoint
union of its symmetric and unipotent part.

(b) This is immediately verified from the definitions.

(c) Since g: R — R is surjective, we have g(g*(Q)) = Q, so the first assertion
follows from (1). The second statement follows from (2) and the fact that a
parabolic subset is a positive system if and only if its symmetric part is {0}.

For the last statement, let P = R, () be of scalar type (for some linear form !
on X) with R’ C Ps. Since P; = Ry(l) by 10.8.2, we have X’ C Ker(l), so I induces
a linear form [ on X, and then it is easy to see that g(P) = R, (l). Conversely, if
Q = R, (m) for some linear form m on X, one checks that ¢*(Q) = Ry (m o g).



§11. Parabolic subsets of root systems
and presentations of the root lattice and the Weyl group

In this section, (R, X) is a root system unless specified otherwise.

11.1. LEMMA. Let (R, X) be a finite root system. For a subset P of R the
following conditions are equivalent:
(i) P is parabolic,
(ii) there exists a root basis B of R and a partition B = B, U B of B such
that, denoting by qs (B € B) the dual coweights determined by B as in
7.10.3,
P= () Ri(gp), (1)
BEBw

(iii) there exists a coweight q of R such that P = R4 (q),

(iv) there exists f € X* such that P = Ry (f).

In this case, B is a root basis of Ps, the symmetric part of P, and we have
B;=BNP; and B, = BN P,.

Proof. (i) = (ii): This follows from A.16.

(ii) = (iii): Let ¢ = ZﬂeBu gg. Then g is a coweight of R, and clearly o € P
implies (@, q) = > 5¢ g, (@ gs) = 0. Conversely, if (o, ¢) >0 but {(«, g,) < 0 for some
v € B, then, since all (o, gg) (8 € B) are of the same sign, it would follow that all
(o, ¢3) <0, and hence (a, ¢) < 0, contradiction. Therefore, («, g) > 0 implies « € P
by (1), and (iii) follows. The remaining implications (iii) = (iv) = (i) and the
statements concerning By and B, are obvious.

11.2. PROPOSITION. Let P be a parabolic subset of a root system (R, X), let
Q(R) = Z[R)] be the group of radicial weights of R, and K = R [P] the convex cone
spanned by P. Then

K NZ[R] = N[P]. (1)
Hence, the restriction of the preorder <p of 10.7 to Z[R] coincides with the restric-
tion of the preorder < determined by the cone K.

Proof. The inclusion from right to left is obvious. Conversely, let z = """ | n;c;
= 25:1 ¢;7;, where n; € Z, o; € R, ¢;j > 0 and 7; € P. Let X’ be the span of
the ; and v;, and put R = RN X" and P = PN R’. Then R’ is a finite root
system in X', and P’ is a parabolic subset of R’. Choose a basis B’ of R’ and
a partition B’ = BJ, U B of B’ describing P’ as in 11.1.1, and let ng = (x,¢3).
Then z = ZBGB’ ng3, and since x € Z[R'], the ng are integers. If 8 € B}, we have
(7j:98) = 0 because v; € P', and therefore ng = >, ¢;j(7y;,qs) > 0. Also, 11.1.1
shows —B/ C P’. Hence, for a suitable choice of signs at the 8 € B/,

= ngB=> Ing|(£B)+ Y npp

BEB’ BEB!, BeB;,

shows that « € N[P].

97
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11.3. LEMMA. Let Ry be a closed subsystem of a root system (R, X). Then the
full subsystem
S := RnNspan(R\ Ro)
is a direct summand of R:
R=5&(RoN(R\ Ro)"). (1)
Every element of SN R{ is the difference of two roots in Ring \ Ro.

Proof. We prove the first statement by applying Lemma 3.11. Since S is full it
remains to show that any v € R* which is not perpendicular to S is already in .S.
Thus let v £ S. As R\ Ry C S, we may assume v € Ry. Since every element of
S is a linear combination of R\ Ry, there exists § € R\ Ry such that v £ 3, and
since also —3 € R\ Ry, it is no restriction to assume (v, %) < 0. Moreover, if 3 is
divisible then 8’ = /2 ¢ Ry, so we may assume that 3 € Rjng. If v+ = 0 then
v = —p € RyN (R\ Ry) which is impossible. Hence o := v+ € R, by A.3.
Here o € R\ Ry else 8 = a — v would be in Ry because Ry is an additively closed
subsystem. It follows that v = a — 8 € RNspan(R\ Ry) = S. The decomposition
(1) is now immediate from 3.11. The last statement was obtained in the proof just
given.

11.4. PROPOSITION. Let (R, X) be an irreducible root system, and let f: X —
Y be a surjective linear map onto some real vector space Y. Then f(R) is irreducible
in the following sense: If Y = Y1 @ Yy is the direct sum of two subspaces and
f(R) C Y1 UYs, then Yy or Ys is trivial. In particular,
(i) if (f(R),Y) is a root system then f(R) is irreducible in the usual sense,
(ii) Y is a Fuclidean space, f(R)* cannot be written as the union of two
nonempty orthogonal subsets.

This is a straightforward generalization of a result by Allison, Berman and
Pianzola [2, Lemma 3.34] who considered a finite root system R and a Euclidean
space Y. The special case (i) for a finite R had been proven before by Dokovié¢ and
Thang [25, Prop. 1, Prop. 2].

Proof. Suppose Y =Y @Y, and f(R) C Y7 UYs. We may assume that Y # 0.
Then f(R)* # 0 since f(R) spans Y. Fori=1,2weput B, ={a € R: 0# f(«a) €
Y;} € R, and claim

Ry 1 Rs. (1)
Indeed, suppose to the contrary that there exist roots a; € R; such that a; £ as.
Since R; = —R; we may assume (aj,ay) < 0 whence oy + as € R. Because

0 # f(ay) € Y; this contradicts f(a1) + flaz) = f(a1 + a2) € Y1 UYs. Thus
R; 1 Rs.

Since Y # 0 the closed subsystem Ry = R N Ker f is proper, hence R =
Rnspan(R\ Rp) by 11.3 and irreducibility of R. Moreover, again by 11.3, every
a € R} has the form o = 3 — v for suitable roots 3,7 € R\ Ry = R; U Ry. Since
0= f(a) = f(B) — f(y) we in fact have 8,7 € Ry or 3,7 € Ry. Thus R =51 U S,
for S; = R; U (Ro N (R; — R;)), where S;° L S5 by (1). Irreducibility of R implies
S; = 0 for a suitable i, hence also Y; = span f(R;) = 0.

The special case (i) is obvious. For (ii) it suffices to note that any decomposition
f(R)* = Ty UTs,, where Ty L Ty, and T; # (), gives rise to a decomposition
Y = Y7 @Y5 with nontrivial orthogonal subspaces Y; = span(T;) and f(R) C Y;UY5.
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11.5. DEFINITION. From Lemma 11.3, it is clear that for an additively closed

subsystem Ry of a root system (R, X), the following conditions are equivalent:
(i) R\ Rp spans X,

(ii) R contains no connected component of R,

(iii) every v € Ry is of the form v = a — 3 for suitable o, 5 € R\ Ry.

A subsystem satisfying these conditions is said to be effective. If R is irreducible, it
is clear that any proper closed subsystem is effective. In general, Lemma 11.3 shows
that R splits into an effective part S and a (“totally ineffective”) direct summand
T C Ry.

By abuse of language, we will call a parabolic subset P of R effective if its
symmetric part Ps = P N (—P) (which is additively closed, being the intersection
of two such subsets) is effective. Note that by Proposition 10.17(b), P, is even a
full subsystem of R.

11.6. LEMMA. For a parabolic subset P of a root system (R, X), the following
conditions are equivalent:
(i) P is effective,
(ii) P, spans X,
(i) every p € P is of the form p = a — B where o, f € P, and cqop <1 (cf.
44),
(iv) every p € P has the form p = sg(y) for suitable B,y € P,.

Proof. (i) <= (ii): This follows immediately from R\ P, = P, U (—P,) and
11.5.

(ii) = (iii): Since Ps is effective in the sense of 11.5, it is clear that every p €
P is the difference of two elements in R\ P, = P,U(—P,). But (P,+PFP,)NR C P,
by 10.6.2, so u is the difference of two elements in P,, say, 4 = a— (. In particular,
then, o, 8 and p all belong to the same connected component of R, so cog is well
defined. We also have p = —s, (1) = s,(3)—s,(a) where s, (o) = a—(a, p")pu € P,
by 10.6.2, and similarly s, (3) € P,. Since ¢, (s, (a) = ¢ga (by 44.3) = c_j, it
follows that every p € P has a representation y = o — 8 where cog < 1.

(iii) = (iv): Let p = a — § where o, 3 € P,. Note that § and « must be
linearly independent, for otherwise o = 23 or 8 = 2«, which would result in = (3
or f = —a. Hence by A.2, we have n := (o, 3Y) € {0,1,—1}. Tt follows that
vi=sg(p) =a—nB+B=a+(1—n)s e P, by 10.6.2, and then p = sg(7).

(iv) = (ii): From p = v — (v, 8)0 it follows that P C span(P,) and hence
R C span(P,), showing P, spans X.

Remark. A sharper result concerning the representation (iii) of a root u € Ps
will be given below in Prop. 11.14.

11.7. PROPOSITION. Let (R,X) and (S,Y) be root systems and let P be an
effective parabolic subset of R. Assume that f: P, — S is a map satisfying

(f(@), £(B)") = (@, B") (1)

for all a, 8 € P,. Then f extends uniquely to an embedding f: (R, X) — (S,Y) of
root systems in the sense of 3.6.
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Proof. Uniqueness of f is clear from the fact that P, spans X by 11.6(ii).
To prove existence, we will use Cor. 7.7 and therefore must extend f to a map
f: R — S which satisfies (1) for all o, 8 € R. This is done as follows. Put f(0) :=0
and f(a) := —f(—a«) for « € —P,. For every u € P} choose a representation
p = 5+(0) as in Lemma 11.6(iv), and define f(u) := s¢(,)(f(9)).

Relation (1) is obvious if « or 3 is zero, and follows for a, 3 € P, U (—P,) from
our assumption on f and the fact that (—3)¥ = —3" . Thus it remains to deal with
the following cases.

Case 1: a € £P, and § € P. By definition of f on —P, it is no restriction
to assume a € P,. Let § = s,(d) € P as in 11.6(iv). Then

S

(@, 87) = (,5,(8)") = (s87(a), 6") = (@ = {@,7")7,67)
= - )

Case 2: « € PX and # € +P,. This is handled by a similar but simpler

S
computation as Case 1.

Case 3: Both o and (8 are in P). Let o = s,(9) for v, € P,. Then we have,
using what we proved in Case 1 above,

(o, %) = (0 = (6,7")7,8)

(£(6) = (f(0), F(N")VF (), £(B)7)
= (s5((f(9)), F(B)") =

(f(a), £(B)),

as claimed.

11.8. LEMMA. Let P be a parabolic subset of a root system R, and let < be
the preorder induced by P on R as in 10.7. For a € R* let C(«a) be the connected
component of R containing o. Then 3 € P,, v € R and B <y imply v € P, and

C(B) = C(v)-

Proof. We have
y=pF+a1+--tay (1)

where a; € P, hence v € P, by 10.6.2. If 5 [ « the assertion is clear, so we may
assume ( L v, in particular, v # 8. Then (1) implies

n n

0=(7,8)=(8,8")+ Y (@, 8") =2+ (i, ). (2)

i=1 i=1

We prove C(v) = C(8) by induction on n. For n = 1, (2) shows (a1, ") < 0.
Hence a; € C(8), and since connected components are additively closed, it follows
that also v = 8+ a1 € C(8). As v € P, is not zero, we see that C(y) = C(3).

In general, (2) implies (a;,3¥) < 0 for some i, say, (a1,5Y) < 0. By A.3,
B =B+ a1 € R, and even ' € P, by 10.6.2. Now v = '+ > 1" , a; = 3, thus
C(y) = C(p’) (by induction) = C(S) (by the case n = 1).
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11.9. PROPOSITION. Let P C R be parabolic with symmetric part Ps and unipo-

tent part P,. Then the following conditions are equivalent:
(i) R is irreducible,

(ii) P is connected (in the sense of 3.12).
If P is effective (in particular, if P is a positive system), then these conditions are
also equivalent to:

(iii) P, is connected,

(iv) R is directed with respect to the relation < induced by P as in 10.7.
In these conditions hold, then in both sets, P and P,, two elements can always be
connected by a chain of length at most 2.

Proof. (i) <= (ii): Suppose that R is irreducible, and let o, 3 € P be orthog-
onal. By 3.13 and 3.12 there exists a connecting chain «,~, in R of length 2.
Since a,, —v, B is also a connecting chain and since 7 or —+ lies in P, one of the two
chains lies in P, proving that P is connected. Conversely, if P is connected, it is
contained in an irreducible component C of R, but then also R = P U (—P) C C,
showing R = C' is irreducible.

Now assume P effective.

(ii) = (iii): Let o,0 € P,. If o L 8 we are done so assume « L . Then
we can choose a connecting chain a £ v £ (8 in P where we may assume v ¢ P,
whence v € P;. Since P; is symmetric we may replace v by — if necessary and
thus assume (y,a") < 0. Then § = a+~v € R, and so § € P, by 10.6.2. Note that
(6,8Yy = (a+7,8Y) = (7,8Y) # 0. Therefore o L 6 £ [ is a connecting chain
in P, unless a L §. But in this case, 0 = (o 4+ v,a") so (vy,a") = —2, and hence
€ =54(7) =v+2a =0+« € P, since P, is additively closed, so a« L e L (s a
connecting chain in P,.

(iii) = (i): If P, is connected, then it is contained in a connected component,
say C, of R, and since P, spans X by 11.6, it follows that C' = R is connected.

(i) = (iv): Let R be irreducible and let a, 8 € R. By 3.15(b), there exists
a finite full irreducible subsystem F' of R containing o and 3. Then PN F is a
parabolic subset in F' and hence can be described by a root basis B of ' and a
partition B = B, U By of B as in 11.1. By [12, VI, §1.8, Prop. 25] F has a maximal
(highest) root & with the property that & —y € N[B] for all y € F. As B C P, it
follows that & = « and & »= (.

(iv) = (i): Let R be directed, and let a, 5 € P,. Then there exists v € R
with v %= a and + = 5. By Lemma 11.8, we therefore have C(«a) = C(y) = C(f).
Hence P, is contained in a connected component, say C, of R, and since P, spans
X by 11.6, it follows that C' = R is connected.

Remark. Condition (iv) is in a sense the infinite analogue to the existence of
a highest root in finite irreducible root systems. Indeed, if R is finite we recover
the existence of the highest root by applying the proposition to the case where P
is a positive system. Then R is a finite partially ordered directed set and therefore
has a maximum.

11.10. LEMMA. Let a1,as,a3 € R with Z?Zl a; € R and o +aj # 0 for
1 # j. Then at least two of the three partial sums oy + g, s + ag, ap + ag belong
to R*.
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Proof. Let B = Z?zl a; € R. If B = 0 then all three partial sums belong
to R, so we may assume 3 # 0. Then 2 = (38,8") = Zf:1<ai,ﬁv> shows that,
say, (a1,8Y) > 0 and hence f — a1 = as + a3 € R, by A3. Now let (|)
be an invariant inner product. Then 0 < [jaz + a3]|? = (8 — a1|ae + a3) =
(Blaz) + (Blas) — (aa]az) — (a1|as), so one of these four terms must be positive.
If (Blaz) > 0 or —(ay]az) > 0 then 8 — as = a3 + a3 € R by A.3, and similarly
(Blas) > 0 or —(ai|as) > 0 implies 3 — a3z = a; + as € R.

11.11. LEMMA. Let P be a parabolic subset of a root system R, and let k, A €
PX such that also p:=k+A € PX. Ifk=a—-0F and \=~v—90 for a,,v,0 € P,,

S

then either o — B+ or d —a+ (§ is in P,.

Proof. No two of the three roots (ay,a9,as) = (k,7,—0) have sum zero.
Indeed, a1 + ag = 0 would imply v = —k € P, N P, = (). Similarly, a1 + a3 =0 is
impossible, and as + a3 = 0 would imply Kk = por A=0. Also, k+v—90 =pu € R,
so by Lemma 11.10, k+y=a—fF+york—0 =a—F— 9 is in R*, and then even
in P,, by 10.6.2.

11.12. PROPOSITION. Let P be an effective parabolic subset of a root system
R. Then the group Q(R) of radicial weights is isomorphic to the abelian group
presented by generators x, (o € P,) and relations

To + 23 = Tatrp Whenever o, fand a + 3 € P,, (1)
To—2g=2xy—x5 foralla,B,v,0 € P, witha—F=y-6¢cPS. (2

Proof. Let G be the group defined in the statement above. Since the relations
(1) and (2) hold in Q(R) and since P, generates Q(R) by 11.6, we have a well-defined
epimorphism G — Q(R) mapping z, — «. To construct a map in the opposite
direction, we first define x¢ for all £ € R by

o = 0, (3)
To =—T_q for o € (—P,), (4)
Ty =To— g for p=a—p € P} and o, € P,. (5)
Note that x, for p € P is well-defined by Lemma 11.6(iii) and (2). Also, from (3)

— (5) it is clear that
z_g =—x¢ forall { € R. (6)

In order to show that « — 1z, extends to a homomorphism Q(R) — G, we use the
presentation of Q(R) given in 7.6 and thus have to show that

Teqn = Xe + Ty (7)

whenever &, 1 and £ 4+ 1 belong to R. Obviously (7) holds for £ = 0 or n = 0. By
symmetry of (7) in £ and n and because of (6), it suffices to consider the two cases
£ e P,,ne R* arbitrary, and £,n € PS.

Case 8 =& € P,: Ifalson e P, we are done by (1). Next, let n € P, written
asn =~ —4 for v,0 € P,. By assumption £ +n =0+ — 6 =: a« € R, and then
a€(P,+P,)NRCP,. Since « — =~ —3§ € P}, relation (2) and the definition

(5) imply Z¢qy — x¢ = To — T3 = Ty — Ts = Xy, as desired.
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Now let n € (—P,), so —n € P,. If £ +1n =0 we are done by (3) and (6), so we
may assume £ +7n € R* = P, U PX U (—P,) and accordingly have to consider the
following three subcases:

Subcase £ +n € P,: Then £ = (£ +n) + (—n) where all three terms are in P,
SO Le = Tt + Ty (by (1)) = 2eqn — 2y (by (6)).

Subcase {+n € P : Then £4+n = §—(—n),soby (5) and (6), zeqn = xe—x_p =
Te + Xy

Subcase £ +n € (—P,): Then —n =&+ (—(£+n)) where all three terms are in
P,, so the required relation follows again from (1) and (6).

Case &,m € P} : Here we write £ = o — f and n =y — ¢ and use 11.11 and the
cases already established. The straightforward verification is left to the reader.

11.13. THEOREM. Let (R, X) be a root system, and let P C R be an effective
parabolic subset with unipotent part P, and symmetric part Ps. Then the Weyl
group W(R) is presented by generators {hy : « € P,} and the following relations:

(R1) ha = hoo if @ and 2« are in Py,

(R2)  hahgha = hig (5 if a, B, and £5,(8) € Py,

(R3)  hohgha = hyhshy =: hy, if o, 8,7,0 € P, and p = s54(B) = £5,(0) € Ps,
(R4)  hg-hahyha = hahyha-hs if a, B, € Py satisfy B L sa(7) = —s,(a) € P,

sqa(B) € Py, and sy(B) € Ps.

We will later in 11.17 evaluate these relations more precisely, using the standard
representation derived in 11.14, and also (in 18.12) for the special case of a 3-graded
root system (R, Ry) where P = Ry U R;y. Note also that by Lemma 11.6(iv), every
p € PX has the form p = s,(0) for suitable o, 5 € P,,.

Proof. (a) Let H be the group with the presentation above. We first show
that there is a unique homomorphism H — W/(R) mapping h, to S,, for all
a € P,U(—P,). Indeed, this amounts to showing that the relations (R1) — (R4)
hold in W(R), when we replace the h, by s,. For (R1) this is clear from 4.3(b),
while the remaining relations follow from 3.9.2 and 3.9.4.

(b) To construct a homomorphism W(R) — H in the opposite direction, we
use the presentation of W (R) given in Theorem 5.12. Thus we define h,, for p € P
as in (R3) and put

h_o:=h, foracpP,. (1)
Note that the relations (R2) and (R3) then hold for all «, 8, 7, 6 in P, U (—F,).
Now we must show that the he (£ € R*) satisfy the relations of 5.12, i.e.,

he = hy, if £ and 7 are linearly dependent, (2)
hsg(n) = hehyhe  forall §,n € R*. (3)

We first establish
hi =1 forall { € R (4)

Indeed, putting o = 3 in (R2) and observing (1) yields h3 = h_, = h, (by (R1))
for all & € P, U(—PF,), and then hi =1 follows immediately from the definition of
by,
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Proof of (2): 1If £ and 5 are in P, U (—P,) then (2) holds by (R1) and (1).
If o € PX then h, = h_, holds by (R3), so it remains to show h, = ho, for
w,2u € PX. Write pp = so(08) for o,8 € P,. Then 208 = s,(2u) € P, and
21 = 54(20), so hay = hahogha = hahgha = hy, by (R1) and (R3).

Proof of (3): We distinguish the following cases:
(i) £=caand n= g are in £P,: Then (3) holds by (R2) and (R3).
(ii) &€ € P,, n € Ps: This case will be proved below.

(i) & € PX, n € R*: Assuming that (ii) has been established, we show
(iii). Indeed, let & = s4(8) € P where a, 8 € P, as in Lemma 11.6(iv). Then
S¢ = 845354 by 3.9.2. For easier notation, put a = h,, b = hg. Then h¢ = aba by
(R3), and using (i) and (ii) repeatedly, we have

h h

h ma = abhg_mba = aba - hy - aba = hehyhe.

se(n) = Msaspsa(n) = Mlspsa(

We now come to the proof of (3) in case (ii), and henceforth assume { = € P,
and 7 = p € PJ. Then we must show h,_(u) = hyhyhy. If (u,7") # 0 then § :=
sy(p) = p—(u,y")y € £P, by 10.6.2, and hence p = s,(0) implies h, = h,hsh,
by (R3), and therefore hyh,hy = h2hsh? = hs (by (4)) = hs_ (), as claimed.

We therefore assume v L p from now on. Then s,(u) = p, and thus we must
show [h, h,] = 1 where the brackets denote the group commutator.

Write p = so(8) (where o, 5 € P,) as in Lemma 11.6(iv), put

o= SA/(OZ), ﬁ = 87(/8)7

and note that, by 3.9.2,

p=sy(p) = Sv(sa(ﬁ)) = 548a84(8) = sa(B). (5)
Furthermore, we have the following alternative:
Either & and 3 are both in P, U (—P,) or they are both in P,. (6)

Indeed, let n = (B,a") = (6,&”). Then n # 0, because otherwise yu = s4(03) =
6—na=pp¢€ P, Nowp= B — na € P, and the fact that P is a full subsystem
by 10.17(b) show that & € P, if and only if § € P,, proving (6).
We put a = hq, b = hg, as well as m = h, and ¢ = h,, for easier notation. By
(R3) we then have
m = aba. (7)

Case 1: Both & and 3 are in P, U (=P,). Then, putting a = hg and b= hs,
we have by (5), (R3) and (7) that m = aba = aba, @ = cac and b = che. Since
¢ =m? = 1by (4), it follows that [, m] = cme-m = c-aba-c-m = cac-che-cac-m =
aba -m =m? = 1.

Case 2: Both a and B are in Ps. Then o and v must be linearly independent,
otherwise a multiple of o would be in Py, and therefore so would be «, since Py is
full. We let § := s,(7y) and note first that u L + implies 8 = s4(u) is orthogonal
t0 8o (y) = d. Now we distinguish the following two subcases:
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Subcase 2.1: § € £P,. Putting d := hs, and using (i) and ss(8) = 8, which
follows from ¢ L 3, we have dbd = b or [d,b] = 1. Also, d = aca by (R2). This
implies [¢, m] = [¢, aba] = [aca,b] (by (4)) = [d,b] = 1.

Subcase 2.2: § € Ps. Let p = (a,v") and ¢ = (7,a"). Since both & = a — py
and 6 = v — qa are in P,, 10.6.2 implies that p > 1 and ¢ > 1. Furthermore,
—(@+96)=(¢—Da+(p—1)y € K, Nnspan(P;) = {0} by 10.17.7. From linear
independence of o and v we conclude that p = ¢ = 1 and that § = —&. Hence we
are in the situation of relation (R4), so [aca, b] = 1, and therefore [¢, m| = [¢, aba] =
[aca,b] = 1. This completes the proof.

11.14. PROPOSITION. Let P be an effective parabolic subset of a root system
R.

(a) Fwvery root p € P can be represented in the form p = a—( where a, 3 € P,

S
satisfy one of the following conditions:

Type 1,:  —(u,B8Y) = (a, ) = 1 and hence p = sg(a), (B,a¥) =n € {1,2,3},
Type 11:  —(u, BY) = 2, a and B are weakly orthogonal in the sense that o L 3
but o =3 € R*.

For such a representation, the coroot of p is given by

a¥ —nBY i type 1,
v_ 1
H %(oﬂ —pBY) in type 11 O

and we have

_Ja i type 1
Sﬁ(u)_{a—i—ﬁ intypell}epu' (2)

(b) The following conditions are equivalent for a root u € P :

(i) p has a type I representation,
(ii) p can be written in the form u = v — 0 where v,6 € P, are not
orthogonal,

(iii) (u,BY) = —1 for some B € P,.
(¢) Let u and 2p be in PX. Then u admits only a type 1 representation, while

21 admits only a type 11 representation. If p = o — B is a type 1 representation,
then 2a — 3 = —s4(B) € P, and 2u = (2a — B) — (3 is a type 11 representation.

Representations of type I or II are called standard representations. They are by
no means unique. Not only may it happen that p has several representations of
type I or of type II, it may even happen that p has representations of both types.
Example: In R = Bj consider the coweight ¢ defined by ¢(e1) = 2 = ¢(e2) and
q(e3) = 1, and let P = R4 (q) be the corresponding parabolic subset as in 10.8.1.
Then p =¢e; —eg = (61 —€3) — (€2 — £3) is represented in both ways. Nevertheless,
standard representations will be an important tool in the following.

Proof. (a) Write 4 = oo — 3 as in Lemma 11.6(iii) and let ( | ) be an invariant
inner product. Then c,g < 1 means ||« < |8, so by Lemma A.4 there are the
following of possibilities:
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Case | (llaf® < lell® : 181%) | (k. BY) | (@, 8Y) | (B,a") p

I, (1:1:1) 1 1 1 av — B
I, (1:1:2) 1 1 2 o — 28"
Iy (1:1:3) 1 1 3 o — 38"
11 (1:2:1) 2 0 0 | (a—pY)/2
111 (1:3:1) 3 -1 -1 | (a¥—pv)/3

Clearly, the cases I; — I3 are type I representations, and case II is a type II repre-
sentation. In case III, we have (u, ) = —3 and (8,u") = —1, by A.2. Hence
B = sg(p) = n+ 38 € R and even 3 € P,, by 10.6.2. Also, (#',p") =
(p+36,p) =2-3=-1,s0 & :=5,() = +p € R and again o/ € P,.
It follows that p = o' — 3’ where now ||u| = ||| = |||, and therefore the repre-
sentation p = o — 3’ falls under case I; and is of type I. Now (a) is evident from
the table.

For (b), the implications (i) = (ii) and (i) = (iii) are clear. For (ii) = (i),
let u=~v—3¢ and v £ §. If ||7]| < ||d]] then the assertion follows from the proof of
(). 16 [y > 18], write st = —s,,(1) = 5, (8) — 5,(7). Then still 5,(8) £ 5,,(7), and
now ||s,(8)|| < |Isp(7)|l, so we are back to the case already dealt with.

If (iii) holds then o := sg(p) = p+ B € RN(Ps+ P,) C P, and p=a — 3, as
well as sp(a) = s3(p) = p and (a, 8%) = (sp(p), 8¥) = —=(u,8") =L, sop=a -3
is a type I representation.

(¢) We have (2u,8Y) € 27Z, so 2u cannot have a type I representation. Assume
that u = a — 8 is a type II representation. Then (u, 3¥) = —2 whence (2u, 5Y) =
—4, which implies —2u = § € P} N P,, contradiction. Hence p and 2p admit
only representations of type I and II, respectively. Let u = a — 3 be a type I
representation. Then (2u, 5Y) = —2. Since 2u # —f0, it follows that (5, (2u)Y) =
1 = (1/2)(8, 4}, and therefore —2 = (4, 5"} = (3, (s5(a))*) = (s3(8),0%} =
—(B,a¥). Then —s,(8) =2a—B3=pu+a € P, and 2u = (2a— F) — [ is a type II
representation of 2u.

11.15. COROLLARY. Let P be a proper parabolic subset of an irreducible root
system R, and let (| ) be an invariant inner product. Then

{(ulp) - pe PX} c{(ala): € Pu} ={(ea) : a € R} (1)

In particular, all roots in P, have the same length if and only if R is simply laced.

Proof. Let u = a—( be a standard representation of a root in P*. If {(a, 8¥) = 1
then the roots u = sg(a) and o € P, have the same length. If o L 3 this is so
for p and « + 8 € P,. This proves the inclusion in (1), and then the equality is
immediate from the decomposition R = P, U P, U (=P,).

11.16. Elementary relations. Let (R, X) be a root system. It will be useful to
introduce special names and symbols for some of the possible relations between two
roots, besides orthogonality (3.5.4). For a, 8 € R* we define



11. PARABOLIC SUBSETS OF ROOT SYSTEMS ... 107

aTpf (a collinearto ) = (a,0)=1=(8,a")
= sa(B) = —s5(q)
= lap)=g

atk B (a governs [3) — (a,0")=1and (0,a") =2
= La,p)= T and |la < 8]

Here angles and lengths are understood with respect to some invariant inner prod-
uct. The symbol § - « is equivalent to o - 3. We will refer to the relations 1, T
and F as the elementary relations.

We will also use these symbols in sequence. For example, if a and (3 are weakly
orthogonal roots we have a + (a+ 5) 45 L «a.

11.17. THEOREM. Let P be an effective parabolic subset of a root system
(R, X), with unipotent part P, and symmetric part Ps. Then the Weyl group W (R)
is presented by generators {t, : « € P,}, and the following relations, where always
a,B,7,0 € Py:

(S1) to =toq if @ and 2a € P,

(82)  tatpta = tus, (g) if £5a(8) € Py,

(S3) tatpta =tgtatg if a T B and a — B € Ps,

(S4) tatat+sta = tatatpts if @ and B are weakly orthogonal and oo — 8 € Ps,
(S5) totss(uyls = totss(uts =ty if p=a—p =~ -0 € Ps are two standard

representations,

(S6) tg - tatyta = talyta -tg if a T v, a« —y € Ps, 54(8) € Ps and one of the
following holds: a« T 8T v, orab By, ora—48F~.

Concerning (S5), we recall from 11.14.2 that

]« in type I
S'g(u)_{a—&-ﬁ intypeH}ePu

for all standard representations u = a — 3, so t,,(,) makes sense.

Proof. Let T be the group with the presentation above. Mapping the generators
t onto the generators h,, of the presentation 11.13 of W(R) induces an epimorphism
T — W(R), since the relations (S1) — (S6) hold in W(R). Indeed, (S1) and (R1)
are clearly equivalent, while (S2) — (S6) are special cases of the relation 11.13.3.

It remains to show that the map h, — t, (for a € P,) extends to a homomor-
phism W(R) — T. For this, it suffices to verify that the relations (R1) — (R4) of
11.13 are satisfied by the ¢,. It is straightforward to see that (S1) and (S2) imply
(R1) and (R2), respectively. Also note that (S2) implies, by setting a = 3, the
relation

t2 =1 forall a € P,. (1)

We define ¢, for p € P by (S5). The relation (R3) then becomes a combination
of two relations, namely
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tatgta =1, foro,B € P, and 5,8 =p € PS, (2)

S

and the relation

t,=t_, forpuePr. (3)
We first prove (2) and thus assume p = s,/ € Ps. Then by 10.6.2 we necessarily
have (8, a") € {1,2,3}. If (B, a¥) = 1 then s, = f—« is a standard representation
of type I and hence (2) holds by definition of ¢,. In case (8,a") = 2 we have
sa(B) =B —2a € P; whence —a = (f—2a)+a € P,and s, =(f—a)—aisa
standard representation of type II. Therefore, by definition, ¢, = t,tgt,. Finally, if
(B,a¥) = 3 we have s,(8) = f —3a € P,. Since then 26 —3a = 3+ (6 —3a) € P,
(because of (3—3a, 8Y) = 2—3-1 = —1 and A.3) it follows that S—3a = (28—3a)—0
is a standard representation of type I, whence (2) becomes

tgtog_3atp = tatgta. (4)

We have —sg(a) = 8 — a = (6 — 3a) + 2a € P, by 10.6.2, whence tgt ts = tg—_a
by (S2). By (1), this is equivalent to tgtg_ots = to. Moreover, —sg_o(8) =
—8s5(a)(B) = —5p5a55(8) = 55(8 —3a) = —F+3(8 — a) = 26 — 3a € P, which,
again by (S2), gives tg_q tgts—a = t2g_3q. Now (4) follows from

tgtog—3atlp = tptp—alpts—ats = talg—als = tatgta.

We now verify (3) and write p = a — @ in standard representation. If the
type is II then —u = [ — « is again a standard representation of type II, and
we have sg(p) = a + f and so(—p) = —(a + 3) by 11.14.2. Hence, by (S4),
h_H = hah_(a+ﬁ)ha = hgha+@hg = hﬂ, as desired.

If the type is I there are three subcases I,, where n = (3, ") € {1, 2,3}. Before
dealing with them in turn, note that (u,3Y) = —1 and (5, ") = —n by 11.14.1.
Hence, putting

B =s,(8)=B+nu and o =sy(a)=s,(p+8)=0+n-1)u,

we have o, ' € P, by 10.6.2, and —p1 = s,,(11) = o’ — ' is a standard representation
of type I,, of —u. Explicitly,

(8, @) ifn=1
(o, 3) =1 (a,2a —B) ifn =2
(2a—5,3a—208) ifn=3
For easier notation, let a = hy, b = hg, ' = hy and ' = hg. Then we must show

bab = b'a’l’. (5)

Subcase n = 1: Then o' = 8 and ' = «, so (5) becomes bab = aba which is
just (S3).

Subcase n = 2: Then ' = 2a — = —54(0) € Py, and 8 L §'. Now (S2) and
(1) imply &' = aba and bb’ = b’'b. Also, &’ = a so a’ = a. Hence, using again (1),

ba't =aba-a-b =a- bt =ab'b=a-aba-b=bab.
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Subcase n = 3: Let v := —s,(8) = 3a—8 = u+2a € P,, and put ¢ := h, = aba
(by (S2)). Then (o, 5%) =1 implies sg(e) = o — § and

—sy(a) = =5, (3) (@) = salsp(a)) = sa(a— ) = —a+ (Ba— ) = .

Hence by (S2), @’ = cac. We also have sg/ () = 3a— 3 = y by an easy computation,
and hence, by (S2), ¢ = b'bb’, as well as b'a = ab/, because of (S2) and (#', ") =
(Ba —28,a%) =3-2—2-3=0. Now we compute, using again (1):

b'a't' =0 -cac-b' =b" bbb -a-b'bb -V =bb'ab'b=ba-b'b b= bab.

Finally, in the situation of (R4) we have o T v from so(y) = —s,(a) and
11.16. Moreover, 8 L s4(y) = 7 — « is equivalent to (a,3Y) = (v,5") and
(B,a") = (B,7"). Since s,(B) € P, these Cartan integers must be positive. We
exclude the cases (o, 8¥) = 3 and (5, ") = 3 as follows. Let («, 3,7) = (a1, a2, a3)
and consider the determinant of the Cartan matrix:

2 (o, BY) 1
det((ai,a]V)):det (B, a) 2 (B,a") =2(S—<a,ﬁv><ﬁ,av>).
1 (a, BY) 2

Since (o, 3¥) = 3 implies (8,a¥) = 1 and vice versa by A.2, we see that if either
(a, B¥) = 3 or (B, ") = 3, the a; must be linearly dependent and hence § = xa+y~y
must be a linear combination of a and . But then s,(8) = —xa + ys.(y) and
s4(8) = xsy () —yy. Since s4(5), s4(6) and so(7) = —s4(a) all belong to the full
subsystem P, and = and y do not both vanish, it follows that either o or 7 is in
P, contradiction. Therefore, ({a, 8Y),(8,a)) = ({(v,8), (B,7")) = (1,1), (1,2)
or (2,1) which yields the three cases in (S6).



§12. Closed and full subsystems of finite and infinite
classical root systems

12.1. Notations and conventions. In this section, we study the closed subsys-
tems of the irreducible infinite root systems classified in 8.4, with special emphasis
on the full subsystems for which we describe their orbit spaces under the big Weyl
group and their quotients.

In the finite case, the description of the full subsystems is well known in terms of
subsets of the Dynkin diagram, see [12, VI, §1.7, Prop. 24]: Every full subsystem S
of a finite R is of the form RNspan(X) where X' is a subset of some root basis B of
R. The conjugacy classes of full subsystems (also called “subsystems of parabolic
type”) under the Weyl group and the automorphism group were determined by
Bala-Carter [3]. An efficient method to determine the W-action on subsets of B
was described by Richardson [64], see for example the exposition in [36, chap. 28].
The maximal closed subsystems of a finite irreducible root system are described by
a theorem of Borel-Siebenthal [7], see [12, VI, §4, Exerc. 4] or [36, chap. 12].

Although our main interest is in the infinite case, it turns out that our methods
work equally well for the finite classical root systems, which are therefore included
in our setting.

Let thus I be an arbitrary set, X = P,.; Re; the free vector space on I, and

t: X — R the trace form given by t(g;) = 1 for all i € I, with kernel X := Ker(t),
cf. 8.1. For a subset J of I, we let

X, = @st and X,:=XnNXy.
jedJ
Throughout this section, R will denote one of the root systems R = T; introduced
in 8.1, where T € ¥ = {A, B,C,BC,D}. Then Ay is a root system in X, and T; is
a root system in X for T # A, with the exception of the case |I| =1 and T = D,
where Dy = {0} does not span X. We emphasize that for the realizations in 8.1 we
have the inclusions of subsystems

A]CD]CB]CBC[ and A]CD]CC[CBC].

For a subset J C I we let T; = T; N X  as in 8.9, and note that T; is a full
subsystem of T;. We recall that for small I it may happen that (the isomorphism
class of) the root system T; does not determine the type T and the cardinality of
the set I, see the list of exceptional isomorphisms in 8.2.1.

The reader should be aware that several of our constructions, for example in
Lemma 12.3, depend not only on the isomorphism class of R = Ty, but on the
concrete realization of R in the form Ty, i.e., on the pair (T,I); in particular, on
the vector space basis (¢;);er of X which we consider as fixed in the following. This
will usually (but not always) be indicated by the notation (T, ) instead of T;.

If ~ is an equivalence relation on a set I we denote by I/~ the set of equivalence
classes of ~. Recall that, by definition, equivalence classes are non-empty. Also,
we denote by M /G the set of orbits of a group G acting on a set M (on the left or
on the right).
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12.2. Qutline. With any subsystem S of a root system R = T; we associate
combinatorial invariants consisting of a subset Ip(S) of I and two equivalence
relations ~g and ~g on I (Lemma 12.3). For closed subsystems these invariants,
together with S N X (s), determine S completely (Prop. 12.5). The condition
~g = &g singles out the subclass of so-called pure closed subsystems described in
Cor. 12.6. The full subsystems are those closed subsystems for which SN Xy (s) =
Try(s) (Prop. 12.11).

Let G = Sym(I) x N C Aut(R) where N is a group of sign changes, defined
in 12.7.1. The set &y of pure closed subsystems is a fundamental domain for the
action of N on the set € of all closed subsystems of R, and the analogous statement
holds for the set §¢ of all pure full subsystems in the set § of all full subsystems of
R (Prop. 12.10). As an application of these results we classify the maximal closed
subsystems in 12.13.

The invariants Ip(S) and ~g describing an S € §o satisfy certain restrictions.
Taking them as definitions, we obtain a set Fy of combinatorial data. The map
S — (Ip(S),~s) is a Sym(I)-equivariant bijection Fo = Fy, and combining this
with the bijection §/N = Fo, we obtain the description §/G = Fy/ Sym(I) of the
orbit space of § under G (Th. 12.17).

From the explicit description of full subsystems in terms of their invariants, it
is then easy to determine the quotients R/S (Prop. 12.19). As an application, we
show that the necessary condition of 8.11 for a full subsystem S to be of scalar type
is also sufficient (Cor. 12.20).

The following lemma introduces the combinatorial data which will form the
basis of our description of closed and full subsystems.

12.3. LEMMA. With the notations of 12.1, let T € ¥ = {A,B,C,BC,D}, let
R =Ty, and let S C R be a not necessarily closed subsystem. Define relations ~g
and =g on I by

1~g ] = €i—€j€S, (].)
img] &= g —¢gjcSoreg+e €SN, (2)
as well as the subset
In(S) :={jel:¢; €span(S)}. (3)
Then:
(a) ~g is an equivalence relation on I, and
SN A[ = U AJ . (4)
Jel/~g

(b) If T =A then
s= |J A, (5)
JeI/~g
Conversely, for every equivalence relation ~ on I, the right hand side of (5) (with

~g replaced by ~) defines a subsystem of A;. Every subsystem of Ay is full and
hence in particular closed.
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(¢) =g is an equivalence relation on I which induces the decomposition

S = U SNXy. (6)

Jel/~xs

(d) Every equivalence class J of =g is either also an equivalence class of ~g or
a union of two equivalence classes of ~g. In the second case let, say, J = Jy U Jo
for Jy, Js equivalence classes of ~g. Then we have T # A, hence Dy C R, and

SﬂDJ:AJIUAsz{ﬂ:(Ei—‘rEj)ZiEJl,jEJQ}. (7)

(e) Io(S) is a (possibly empty) union of equivalence classes of ~g. Moreover,
In(S) =0 if T=A, while CardI(S) #1 if T=D.

Remarks. (i) The notations ~g, ~g and Iy(S) are incomplete insofar as these
invariants do not only depend on S and R but also on the realization of R as Ty,
i.e., they really depend on the triple (S, T,I). For example, Ip(S) = @ for every

S C Ay, while this need not be the case for S C Ds, even though Ay = D3 by 8.2.1.

(ii) Although (b) completely describes the subsystems of A;, we will in the
following not exclude this case since this would not lead to a simplification. The
decomposition (5) is the decomposition of S into irreducible components. For an
arbitrary R, the decomposition (6) is an orthogonal decomposition of S but the
intersections S N X ; are in general not connected.

Proof. (a) Reflexivity and symmetry of ~g follow from 0 € S = —S. To check
transitivity, let ¢ ~g j and j ~g k. We can assume that i, j, k are pairwise distinct.
Then ¢; —¢; and €; — ¢y, are two roots in S with (¢; —gjle; —ex) = —1 where (| ) is
the canonical invariant inner product of 8.1. By A.3 applied to the root system .S,
we then have ¢; — e, = (¢; —¢;) + (¢ —€x) € S. For the proof of (4) we note that,
by definition of ~g, we have A; C S for any J € I/~g. Conversely, if « € SNA;
then o = €; — ¢; for some 4,j € I, hence i ~g j and o € A for some J € I/~s.

(b) Formula (5) is a special case of (4). That, conversely, any subset of the form
(5) is a subsystem, is immediate. Any subsystem S of A; = R is a full subsystem
since § = RNY for Y =P ;) X; where X; = X; N X. Indeed, by (5), we
have S C RNY. Conversely, any a € RNY has the form o = ¢ —e, =) ; a for
z; € X;. Let J and K be the ~g-equivalence classes of j and k, respectively. If
J # K we obtain €; = x; and —e, = zx by comparing components in the direct
sum decomposition of Y, leading to the contradiction 1 = ¢(¢;) = ¢(xy) = 0. Thus
J=KandacA;cCS§.

(¢) The proof that also ~g is an equivalence relation is similar to the one given
in (a). In (6) the inclusion from right to left is obvious. For the other inclusion we
consider the following two cases: If « € SN Ze; for some ¢ € I then « € SN X
where J is the equivalence class of i with respect to ~g. If @ € S has the form
+e; €5 for i # j then i =g j, so i,j belong to the same class J € I/~g, and
aeSNXy.



12. CLOSED AND FULL SUBSYSTEMS OF FINITE AND INFINITE ... 113

(d) Since by definition i ~g j implies i ~g j, it is clear that every equivalence
class J of =g is a union of equivalence classes of ~g. Suppose J is not a full
equivalence class of ~g. Then there exist two elements in J, say 1 and 2, which
are inequivalent modulo ~g, i.e., 1 + &2 € S but €1 — ez ¢ S. We claim that then
J = J1 U J, where J; and Js are the equivalence classes of 1 and 2 with respect to
~g. Indeed, assume ¢ € J\ (J; U J3). Then i ~¢ 1 and ¢ ~g 2 imply ¢; + 1 € S
and ¢; + €2 € S, and therefore e; — 9 = (&, + 1) — (65 + €2) € S by A.3(a). This
yields the contradiction 1 ~g 2. Thus J = J; U Jy. Observe that ¢; +e9 € R
implies R # A; and therefore D; € R. In (7), the inclusion from right to left holds
by definition of ~g and J; g Jo. To show the other inclusion, let m,n € J and
Em +€n € 5. It remains to prove that the assumption m,n € J; or m,n € Js leads
to a contradiction. By symmetry, we may assume m,n € J;. Then ¢, +¢e5 € S.
By A.3, we have (g,, +&,) — (en + €2) = €, — €2 € S leading to the contradiction
m ~g 2.

(e) Let ¢ € Iy(S) and suppose i ~g j, i.e., « =¢; £¢; € S for some j € I and
a suitable sign. Then +e; = a — ¢; € span(S), proving j € I(S). Thus I4(S) is a
union of equivalence classes of ~g. Next, let R = A 7. Then S C A 1 C Ker(t) hence
also span(S) C Ker(t). Since t(¢;) = 1 this proves Io(S) = (). Finally, let R = D;
and suppose Io(S) # 0, say, j € Io(S). Thene; = > _, ¢y, where 0 # ¢, € R
and o, € S. Since S = —S we may assume ¢, > 0 for all v. Let f be the linear
form defined by f(e;) = d0;;. Then 1= f(e;) = >, ¢, f(a,) implies that f(c,,) >0
for some i, and hence, because D; does not contain any roots of the form cg;, that
a, =€ +¢; for some i # j. It follows that &; = o, — €; € span(S) and therefore
i € In(S), so Card Iy(S) > 2.

12.4. DEFINITION. We keep the notations of Lemma 12.3 and introduce the
following terminology. An equivalence class J of ~g will be called mized if it decom-
poses into two equivalence classes of ~g, and pure otherwise. By Lemma 12.3(d),

Jel/~gispure <= A;CS. (1)

A subsystem S of R = T will be called pure if it satisfies the following equivalent
conditions:
(i) ei+¢e; €S fori##jimpliese; —e; €5,
(ii) the equivalence relations ~g and ~g agree,
(iii) every equivalence class of ~g is pure.

Clearly, every subsystem of A; is pure, and every one-element class of ~g is
automatically pure. The smallest example of a mixed full subsystem is S =
{0, :E(El +€2)} C Ds.

The reader should realize that, just as in Remark (i) of 12.3, the property of a
subsystem S being pure depends not only on S and R but on the triple (S, T, I).
For example, every subsystem of Ag is pure, but the isomorphic root system Dj
has subsystems which are not pure.

We now turn to closed subsystems S C R and describe the subsystems SN Xy
in the decomposition 12.3.6.
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12.5. PROPOSITION. Let T € T, let S be a closed subsystem of one of the root
systems R =T, and let
S= |J snx, (1)
Jel/~g
be the decomposition established in 12.3.6. Then all classes J € Iy(S)/~=g are pure.

For every J € I/~g the intersections S N X are closed subsystems of T which
have the following descriptions:

(a) If J C Io(S) and Ze; NS # {0} for some j € J then

B, ifT=B
SﬂXJ—{CJ if T=C } (2)
CJ OTBCJ ZfT:BC
If T =B or BC there exists at most one J € 1y(S)/~g with SNX; =T}.
(b) If J C Iy(S) and Ze; NS = {0} for all j € J then

SNX;=Dy. (3)

In this case, |J| =22 and T =B or D.
(c) If J is a pure equivalence class with J N Io(S) =0 then

SQXJ:AJ. (4)

(d) If J is a mized equivalence class, say, J = J1 U Jy as in 12.3(d), with
JNI(S) =0, then

SQX.]:AJ1UAJ2U{:|:(EZ‘+E]')Z’iGJl,jGJQ}. (5)

Proof. Purity of all equivalence classes J C Iy(.S) will follow from the descrip-
tions of SN X ; in (a) and (b). Also, an intersection SNY of the closed subsystem
S C R with a subspace Y of X is again closed in RNY, so all $ N X are closed
in TJ.

(a) We have Ze; NS = Zej where Z = {0,%1} or {0,£2} or {0,+1,+2}.
Clearly (2) holds in case |J| = 1, so suppose there exists ¢ € J, i # j. Then
a = ¢ +t¢e; € § for a suitable sign. Since so(g;) = Fey, see 9.5.4 and 9.5.5,
we have Ze;, = s,(Zej) C S which implies Ze; NS = Zg; for all i € J. From
se;(es £¢5) = ;i F &5 it follows that D; C SN X, and therefore

B, if Z=/{0,£1}
SNX;={ C; if Z=1{0,+2}
BC, if Z={0,+1,+2}

In particular, by 12.4.1, J is pure. Clearly, if the type is B or C then only the
first or second possibility occurs. For T = BC the assumption ; € S implies
2ej € S by closedness of S, and therefore Z = {0,+2} or Z = {0, £1, £2} in case
T = BC. Finally, suppose T € {B,BC} and let Jy, Js € Iy/~g with SN X, =T,
for ¢ = 1,2. Then there exists j; € J; such that €;, € S and therefore also
gj, +€, € TrN(S+S)C S, whence J; = Jp.
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(b) Observe that (1) implies span(S) = @ ;¢ 1/~ sPan(S N X;). Since X, C
span(S) for any J C Iy(S) we therefore have

span(SNXy) = X. (6)

By assumption SNX; C Dy, so SNX; = SND. Suppose that J = J; U Jo C IH(S)
decomposes into two equivalence classes with respect to ~g. Then 12.3.7 implies

SﬂXJ:SﬂDJ:AJIUAJZU{:t(Ei+€j):i€J1,jeJQ}.

The linear form f on X; defined by f(g;) =1 for i € J; and f(g;) = —1 for i € J,
vanishes on SN X7, so span(S N X ;) has codimension >1 in X ;, contradicting (6).
Therefore J is pure, and then A; € SN X by 12.4.1. Because of (6) this must be
a proper inclusion, so there exists a root ¢, +¢; € SN X;. Since so(e; +¢5) € S
for any a € A it follows from 9.5.4 that £, + e, € S for all m,n € J, m #* n.
Therefore SN X; = D;. Because D; = {0}, (6) implies |J| > 2. Also, since for
two distinct elements 4, j € J we have 2¢; = (g, +¢;) + (¢, —¢;) € S+ 5 and since
SN Xy is closed, it follows that T # C, BC.

We will prove (c) and (d) simultaneously. We cannot have ce; € SN X for
some non-zero ¢ € Z because then j € Ip(S). Thus SN X; C Dy, which implies
SNX;=5SnD,. Hence (d) follows from (d) of Lemma 12.3. In case (c) we may
assume that |J| > 2, say ¢,j € J, i # j. Suppose that also €; +¢; € S. Since i ~g j
implies ¢; —¢; € S it follows that 2e; = (¢, +¢;) + (6, —¢;) € span(S), so ¢ € Iy(S)
which is excluded by assumption. Therefore SNX; C A and then (c) follows from
(a) of Lemma 12.3.

12.6. COROLLARY. Let S be a closed subsystem of R = T;. We introduce the
notations

I(S)={Jel/~s:INI(S) =0}, L(S)={Jel(S):|J|>2} (1)

Then the following conditions are equivalent:
(i) S is pure, B
(i) SNX;=A; forall Je I5(S),
(iii) S is given by

S=(SNXps)U |J Al (2)
Jel(S)

~ Proof. As observed in 12.4, a one-element J € I(S) is automatically pure. Also,
A; = {0} in this case, so the corresponding term in 12.3.6 may be omitted. Now
the equivalence of (i) — (iii) is immediate from Prop. 12.5.

12.7. Notations. Let T € T and R = T;. We denote the set of all closed
subsystems of R by € = €(R) and the set of pure closed subsystems by €q = €y(T, I)
(recall from 12.4 that the property of being a pure subsystem depends not only on
R but on the pair (T, I)). Similarly, the set of all full subsystems of R will be
denoted by § = §(R) and the set of pure full subsystems by §o = §o(T,I). Since
a full subsystem is in particular closed, we have § C € and Fy = F N €. Our next
aim is to show (Prop. 12.10) that €, C € and §y C § are fundamental domains for
the action of a group N of automorphisms of R which we define next.
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Recall from 9.1 the action of the group Sym(/) x 27 on X: A permutation 7
and a sign change o0 = o, corresponding to a subset L of I, act by

—g; ifiel
W(Ei)—éﬂ(i)7 JL(Ei)—{Ei ifi%L}.
We put
N := N(T,I) ;:{{Id} lfT:A}, G:=G(T,I):=Sym(I)x N. (1)
20 T #A

The example Ay 2 D3 where N(A,4) = {Id} but N(D,3) = 2% = Z3, shows that
for small I the group N does indeed depend on (T, I) and not only on R = Tj.

In all cases, G acts faithfully on X resp. e by automorphisms of R. Also,
by Theorem 9.5, G induces the big Weyl group of R except in the finite case for
R = D,, where W(D,,) has index 2 in G. Indeed, we have in all cases

W(R) = Sym(I) x Ny where N, = {21 if T=Dand [I[[=n< oo} (2)

N  otherwise

Both € and § are invariant under the action of the full automorphism group Aut(R),
hence in particular under the action of G. From Prop. 12.5 and from 12.8.2, 12.8.3
below it will become clear that €, and hence also § is stable under Sym(7I). This
is not so under sign changes, see 12.10.

12.8. LEMMA. Let S be a subsystem of R = Tj. Then for a permutation
m € Sym(I) and a sign change o € N, we have

Io(w(S5)) = 7(Lo(5)), (1)
~r(s) = (T x m)(~s), (2)
Rr(s) = (m x m)(=s), (3)
Io(a(5)) = Io(S5), (4)
Ro(5) = RS (5)
If S is closed then with the notation of 12.6.1,
I(0(8)) =1(S), I2(0(5)) = I(S) (6)

(In (2) and (3), ~s and =g are of course considered as subsets of I x I.)

Proof. Formula (1) is clear from the definitions and the action of 7 recalled in
12.7. Then (2) follows from 7 (i) ~r(s) T(j) <= €xi) — €x(j) = T(€i —&;) € T(S)
= g, —¢; €S <= i~gj, and the proof of (3) is analogous. For (4), note that
i € In(o(Y)) < ¢g; € spano(S) <= o(g;) = Le; € spanS < i € [H(S).
Formula (5) follows similarly. The remaining formulas are immediate from (4) and

(5).
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12.9. LEMMA. Let S be a closed subsystem of R = T and let 0 = o5, € N be
a sign change defined by the subset L of I as in 12.7. By 12.8.4 and 12.8.5, the
invariants Ip(S) and ~g are the same for S and o(S), so we denote them simply
by Iy and ~. Then o(S)N X, for J € I/~ is described as follows:

(a) If J C Iy then
O'(S)QXJ:SﬂX‘]. (1)

(b) If J € I(S) is a pure equivalence class then

O—(S)QXJ:AJQLUAJ\LU{i(€i+6j):ingL,jGJ\L}. (2)

(¢) If J is a mized equivalence class and J = J; U Ja as in 12.3(d) then
o(S)NX;=Ay UAy U{k(ei+e;) i€ ], je s}, (3)

where J; = (L \L)U (JaNL) and Jy = (J2\L)U(J1NL).
(d) For a pure closed subsystem S and o = o, € N as above, the following
conditions are equivalent (notation as in 12.6.1):
(i) o(5) =15,
(il) o(S) is again pure,

(iii) for all J € I(S), either LNJ =0 or J C L.

Proof. A sign change o satisfies 0(X ;) = X for any subset J of I, so we have
o(S)NX;=0(SNX,). Now (a) — (c) follow easily from Prop. 12.5. The details
are left to the reader.

It remains to prove (d), where the implication (i) = (ii) is trivial.

(ii) = (iii): By Cor. 12.6, ¢(S) is pure if and only if o(S) N Xy = A for all
J € I5(S). Now (iii) follows from (2).

(iii) = (i): The conditions on L imply that ¢|X is £Id and therefore ¢(S) N
X;=8nX, for each J € I5(S). Now it follows from (1) and Cor. 12.6(iii) that
o(S)==5.

We recall that a fundamental domain for a group G acting on a set M is a
subset My of M which intersects each orbit of G in exactly one point; equivalently,
My is a set of representatives for M /G, or the map My — M =% M/G is bijective.

12.10. PROPOSITION. Let R = T;. We use the notations introduced in 12.7.

(a) €y and Fo are fundamental domains for the action of N on € and §,
respectively.

(b) Sym(I) = G/N acts naturally on €/N and F/N, and the maps

can

P: ¢y — € — /N, P[0 o — F — F/N (1)

are bijective and Sym(I)-equivariant.

Proof. It suffices to prove this for €; the corresponding statements for § then
follow from invariance of § under N and g9 = § N €.
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(a) By Lemma 12.9(d), an N-orbit intersects €y in at most one point. It
remains to show that for every S € € there exists o € N such that o(S5) € €. Let
M be the set of all mixed equivalence classes of ~g, and decompose each J € 91 in
J=J1 U Jy as in Lemma 12.3(d). Put L = .9y J2 and 0 = 0. Then LNJ =0
for all pure class J € I(S),s0 o(S)NX;=S5SNX; = Aj by 12.9.2. For a mixed
class J = J; U Jy we have, with the notation of Lemma 12.9(c), that J| = J and
Jb = 0 and therefore o(S) N X; = A; by 12.9.3. Since I5(S) = I1(c(S)) by 12.8.6,
Cor. 12.6(ii) shows that o(S) is pure.

(b) Bijectivity of @ is clear by (a). As noted in 12.7, € is stable under Sym(I).
Since N is a normal subgroup of G, the quotient G/N acts naturally on €/N, and
hence so does Sym(I) =2 G/N. It follows that @ is Sym(I)-equivariant.

We now turn to full subsystems and first characterize them within €.
12.11. PROPOSITION. A closed subsystem S of R = Ty is full if and only if
SN Xy = Try(s)- (1)
In this case, for i # j we have
gitejande;—eg; €8 <~ 1,7 € Ip(S). (2)

Moreover, 1y(S) is either empty or a pure equivalence class of ~g. A pure full
subsystem S is given by
S = TIO(S) @] U AJ' (3)
JeIy(S)

Remark. Recall from 10.8(b) that every full subset S of R is the symmetric
part of a parabolic subset P of R. In the setting of root reductive direct limit Lie
algebras, P gives rise to a parabolic subalgebra whose semisimple part has root
system S. In this context, a (less precise) version of (3) for T # BC was given by
Dimitrov-Penkov in [23, Prop. 5.

Proof. Suppose S is full, so S = RNspan(S). Also Xj, gy C span(S) holds by
definition of Io(S). Since RN Xy = T for any subset J of I, we have SN Xy (g) =
R Nspan(S) N XIU(S) =RnN XIO(S) = TIO(S)v ie, (1).

Conversely, assume that S satisfies (1). By 12.9.1, this condition is invariant
under the action of N, and this is also true for the property of being full. By
Prop. 12.10(a) we may therefore assume that S is pure. Let

Y = X5 @ @ XJ (4)
Jel(S)

where X; = X; N X is the subspace of trace zero elements in X ;. We claim
that S = RNY. By 12.6.2 and (1) we have (3), and therefore S C RNY. For
the reverse inclusion, let 0 # a € RNY and let a« = yo + ZJEI_2(S) ys be the
decomposition of a with respect to (4). If o € Ze; then t(a) # 0, so i € I(5)
and hence o € RN Xy, 5y = Trys) C 5. It remains to consider av = +e £ ey
for k # m. If k,;m € Io(S) then o € RN Xy gy C S as before. We thus may
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assume that at least one of k,m does not lie in Iy(S). Let K and M be the
~g-equivalence classes of k and m, respectively. If K # M we have ‘e, = xx
and +e,, = x); where at least one of xx,x has trace zero by definition of Y,
contradiction. Thus K = M € I5(S), and a = xx has trace zero by definition of
Y. But then o = £(ep —&,,) € A C S by (3). This proves that S = RNY is full.

Let now S be a full subsystem. For (2), let €; + ¢; and ; — ¢, be in S. Then
2e; = (gi4€j)+(ei—¢;) € span(S), and similarly 2¢; € span(S), whence i, j € Ip(S).
Conversely, i,j € Io(S) implies first of all R # A; by 12.3(e), so &; + €j € R, and
hence €; £ ¢; € RNspan(S) = S. Thus (2) holds, and this immediately implies
that Io(S), if not empty, is a pure equivalence class of ~g.

We next use the results obtained so far to describe the maximal closed subsys-
tems S of root systems. In the finite case, this is due to Borel-de Siebenthal [7,
36]. Their description uses root bases in an essential way, but is more precise as it
allows to determine easily the isomorphism class of S.

12.12. LEMMA. Let S be a mazximal proper closed subsystem of a root system
(R, X) and assume span(S) = X. Then there exists a full subsystem Ry of R of
corank one with Ry C S.

Proof. Decompose R = [] R into irreducible components, and let Sy = SNR).
Then it is clear that there is a unique p such that Sy = R) for all A # pu, while
S,, is a maximal closed subsystem of R, with span(S,) = R,. It is therefore no
restriction to assume R irreducible.

If R is finite, the existence of Ry follows easily from the Borel-de Siebenthal
theorem [36, Th. 12.1]. We thus assume R = T; where I is infinite and T € %.
Clearly, S is not full so by 12.3(b), T # A. From 12.5 and span(S) = X it
follows that I = Iy(S) because span(S N X ;) has codimension 1 for every class
J e (I\Iy(S))/~s, by (c) and (d) of 12.5. We write = instead of ~g for short and
distinguish the following cases:

Case 1: T =B or T = BC: By (a) and (b) of 12.5, there exists at most one
J eI/~ with SNX;=T,, and then SN Xk =T for K # J where

T — {D if T=B }
C ifT=BCJ’
Note that T% = {a € Tk : qx(a) € 2Z}, where qi is defined as in B.3.1. By
12.5.1, there are the following subcases:

(a) S=T;®@ge sy~ Tk Then I\ J must be a single equivalence class,
otherwise S = T; & T, ; = {a € T : qp\s(a) € 2Z} would be a closed subsystem
with S & " & R, contradicting maximality of S. Now S =T ;T for K =1\ J,
and we may put Rg =T ® Ax = Ro(qk).

(b) S =@xer/~ Tk Then T} O S is a closed proper subsystem so S = T7
by maximality, and therefore Ry = A; = Ry(qr) meets our requirements.

Case 2: T=Cor T =D: If T =C we are never in the situation of 12.5(b),
while for T = D we always are. Hence we have S = @Jel/z T; by 12.5. From

maximality of S it follows easily that I/~ must have 2 elements, so S =T, ® Tk
for a disjoint nontrivial decomposition I = J U K, with |J|, [K|>2 in case T = D.
Then Ry = T; ® Ax = Ro(gk) has the desired properties.
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12.13. THEOREM. Let (R, X) be a root system. For a basic coweight f of R
we denote by m = m(f) the unique positive integer such that f(R) = [-m,m]|NZ
as in Prop. 7.12. Then a subsystem S of R is maximal among the proper closed
subsystems of R if and only if

(i) either S = Ro(f) = {a € R : f(a) = 0} for a basic coweight [ with
m(f) =1, i.e., f is minuscule,
(ii)) or S = Ry(f) = {a € R : f(a) € pZ} for a basic coweight f with
m(f) > 1, and p a prime number with p < m(f).
Subsystems of type (1) are full while those of type (ii) are not.

Remarks. (a) We have 1 <m <6 by 7.12, so p € {2,3,5}.

(b) The cases (i) and (ii) of the theorem correspond to the cases (i) and (ii) of
(36, Th. 12.1].

(¢) The subsystems of case (i) will be classified in 17.8.

Proof. From Prop. 7.16 it follows immediately that subsystems of type (i)
and (ii) are maximal proper closed subsystems. Conversely, let S be a maximal
proper closed subsystem. We first show that span(S) has codimension at most
1. Indeed, assume span(S) has codimension >2, and choose « € R\ S. Then
S’ = Rnspan(S U {a}) is a proper closed (even full) subsystem strictly bigger
than S which is impossible. If span(S) = H is a hyperplane, then R N H is a
proper closed subsystem containing S so by maximality, S = RN H. Let f € X*
with Ker(f) = H. Then S = Ry(f). Also, f is a linear form of rank 1, so after
replacing f by a suitable scalar multiple, we may assume f is a basic coweight (cf.
Prop. 7.12). Assume m(f) > 1. Then S is not maximal by Prop. 7.16, so we must
have m(f) = 1 and S is of type (i). If span(S) = X then by Lemma 12.12, S
contains a full subsystem Ry of R of corank 1, so Ry = Ry(f) for a basic coweight f
of R. Now it follows from Prop. 7.16 that S = Ry, (f) for a prime number p <m(f)
so S is of type (ii).

12.14. DEFINITION. QOur next aim is to give a purely combinatorial description
of the set §o = Fo(T, I) of pure full subsystems of R = T and its Sym([)-action.
Prop. 12.11 shows that an S € §o is uniquely determined by its invariants Io(S)
and ~g = ~zg which satisfy the restrictions listed in Lemma 12.3(e). The following
definition puts this on a formal basis.

Consider a subset Iy C I and an equivalence relation ~ on I. We say the pair
(Io,~) is an f-datum for (T, I) (f as a reminder of “full”) if the following conditions
hold:

(i) 1o =0 or Iy is an equivalence class of ~ ,
(ii) if T = A then Iy = 0,

(iii) if T =D then Card Iy # 1.

Let Fo = Fo(T, I) denote the set of f-data for (T, I). As mentioned before, we then
have a well-defined map

T: §o — FOa S (IO(S)’ NS)’ (1)

and by 12.8.1 and 12.8.2 this map is Sym([)-equivariant, where Sym(7) acts on Fy
in the obvious way. We will show in 12.17(a) that 7" is in fact a bijection. The next
two results serve as a preparation for this.
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Let ~ be an equivalence relation on a set I and let Iy be a saturated subset,
i.e., a union (possibly empty) of equivalence classes of ~. In analogy to 12.6.1 we

define ) ) i
I:=(1\IL)/~, IL:={Jel:|J]>2}. (2)
We let B
X :=(PRe,
Jel

be the free vector space on the set I, and define h: X — X by

0 if i € Iy
b= {0y itieiin ] ®)
where [i] denotes the equivalence class of i.

12.15. LEMMA. The map h is surjective and has kernel

Ker(h) = X](”N = X[O D @ XJ = Span ({é‘j j S IO}U {61' — &5 7 N]}), (1)
Jel,

where X; = X N X ;. In particular, h satisfies:

0 if G~
e itid¢Ioo ]
h(&‘z Ej) = 75[]] if i c IO ¥] 5 (2)
e —ep) iy, a5 ¢ o
0 ifi,jely
2eq ifi~j,i,j¢ 1l

e tey fitd, ij¢lo

Proof. Surjectivity of h is obvious. It is easy to see that X is spanned by all
€; —¢€j, t,j € J, which shows the inclusion from right to left in (1). Conversely, let
=3 rcig; € Ker(h). We rewrite 2 in the form

T = qui +Z chfi-

i€lo JeI ied
Then 0 = h(z) =3 ;o7 (>, ¢i)es shows that Y. ;¢; = 0 for all J € I. Hence

¢i = 0if J = {i}, and if J has more than one element, i.c., J € I, then each
> icy Cigi is in X ;. The formulas (2) and (3) follow easily from the definition of .

12.16. PROPOSITION. We use the notations of 12.14 and let R = Ty, where
T € X. For (Iy,~) € Fo(T,I) define

S = R[O,N =RnN XIO,N' (1)
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Then:
(a) S is a pure full subsystem of R, given explicitly by
S=T,U ] A, (2)
Jely
and the linear span of S is
span(S) = Xy, ~. (3)
(b) The invariants In(S) and ~g of S are
Io(S) = Io and ~g = . (4)

(¢) ({o,~) is also an f-datum for (TV,I), cf. 8.2, and (Tr 1, ~)" = T} -

Proof. (a) S is full, being the intersection of R with a subspace. We show
(2): By Lemma 12.15, S = RN Ker(h). Now the inclusion from left to right in
(2) follows easily from 12.14.3, 12.15.2 and 12.15.3, since any « € R is either a
multiple of €; or of the form +&; £ ¢;. Conversely, X;y C Xy, ~ by 12.15.1 so
T, =RNX, CRNXp, ~ =8. Also, R contains all €; — €, so all AJ, J € I, are
contained in RN Xy, ~ =5, again by 12.15.1.

Next, we show that S is pure: If « = ¢; +¢; € S for ¢ # j, then (2) shows that
a € Ty, and thus 4,j € Iy. Hence also ¢; —¢e; € Ty, C S, so S is pure by 12.4(i).

The inclusion from left to right in (3) is obvious. Conversely, all ¢; — ¢; (for
i,j € J € Iy) belong to S by (2) and hence to span(S), so it remains to show, by
12.15.1, that also all €;, i € I, are in span(S). We may assume R # Ag, else Iy = 0)
by 12.14(ii). If also R # Dy then ¢; or 2¢; is in Ty, C S. If R = Dy then I has
at least two elements by (iii) of 12.14. Hence there exists j € Iy, j # 4, and then
g; £¢e; € Dy, C S, which implies 2e; = (¢; +¢;) + (¢; — €;) € span(S).

(b) We have i € [ < ¢; € Ker(h) (by 12.14.3) < ¢; € span(S) (by (3))
< i€ Iy(S) (by definition of Iy(S) in 12.3.3), proving the first equality of (4).
Next, for ¢ # j, we have i ~g j <= ¢, —¢; € S <= (by (2)) i,j€ hori,je
for some J € I <= i ~ j. Thus the second formula of (4) holds as well.

(¢) The first claim follows from the description of TY in 8.1 and the definition
of f-data, the second is immediate using (2).

The following result contains the classification of the pure full subsystems of the
classical root systems.

12.17. THEOREM. Let R =T where T € €. We use the notations introduced
i 12.7 and 12.14.

(a) The map T: §o — Fo of 12.14.1 is bijective with inverse map ¥: Fy — Fo
given by ¥(Iy,~) = Ry, ~.

(b) The bijection ¥:Fy — Fo of (a) induces a Sym(I)-equivariant bijection
Fo =, §/N and hence a bijection

Fo/Sym(I) — §/G. (1)

Proof. (a) By Prop. 12.16(b), Yo% is the identity on Fy. Conversely, let S € Fo,
with invariants (I5(S), ~g) € Fo. Then 12.11.3 and 12.16.2 say that S = Ry (s),~g»
so ¥ o T is the identity on §o.
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(b) As noted in 12.14, T §o — Fy is Sym([)-equivariant, and hence so is
its inverse ¥. Combining ¥ with the Sym([)-equivariant bijection @: §o — §F/N
of 12.10.1, we obtain an Sym(I)-equivariant bijection Fg =, $/N and hence a
bijection

Fo/Sym(I) = (§/N)/ Sym(I) = (§/N) /(G/N) = §/G.

12.18. Quotients of classical root systems. Let I be a set and J a subset of I.

In addition to the root systems Ay, By, C;, BCy, D of 8.1 we introduce the following
subsets of X = P, Re;:

BC[(J) = B]U{:l:2€jlj€J}, (1)

DC[(J) = D[U{:l:QE]‘ jEJ} (2)

These sets are not root systems (unless J satisfies special conditions, see below),
but they occur as quotients of classical root systems by full subsystems, and hence
will be referred to as quotient systems. From the definition, it is obvious that
they increase monotonically with J and that they interpolate between By and BCy
(resp., Dy and Cy) in the following sense:

BIZBC[(@) CBC[(J) CBC[(I)ZBC]7 (3)
D]ZDC](@)CDC](J)CDC[(I):CI. (4)

It is clear that BCy(J) is isomorphic to BC;(J’) as soon as J and J' are conjugate
under Sym(I), which is the case if and only if Card J = Card J' and Card(I\ J) =
Card(I \ J') (the first condition alone is not sufficient in the infinite case). The
same holds for DCy(J). In case I = {1,...,n} is finite and J = {1,...,k}, we will
use the notations BC,, (k) and DC, (k) instead of BC;(J) and DC;(J).

12.19. PROPOSITION. (a) Let T € T, and let S be a full subsystem of R =Ty.
Then R/S is either a root system T, for some T' € ¥ and a suitable set I', or it is
isomorphic to one of the sets BCr/(J") or DCp (J') for suitable I',J'. Conversely,
each such set occurs as a quotient of R by a full subsystem S.

(b) In more detail, let S = Ry, ~ as in 12.16 be a pure full subsystem corre-
sponding to the f-datum (lo,~) € Fo. Then the quotient R = R/S is given as
follows, the notations I and Iy being as in 12.14.2:

KI: Afa (1)

B; =BC(I2), (2)

—— [Cr if =10

T {nes ynsof (@
BCT = BC,, (4)
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Hence the rank of R/S is given by

rank(R/S):{CardI:_l if T=A } (6)
Card otherwise

The quotient map R —>.R may be identified with the map h: X — X in case
T # A, and in case T = A with the map h: X — Ker(t) where t: X — R is defined
byt(es)=1for Jel.

Proof. By Prop. 12.10(b), any full subsystem is of the form o¢(S) for a pure
S. Hence it suffices to prove (b). By Lemma 12.15 and Prop. 12.16(a), we have
Ker(h) = span(5).

Let first T # A. Then R = T; spans X, so we may identify the canonical map
can: X — X/span(S) with h: X — X, and correspondingly the quotient R/S with
h(R) C X. Now (2) — (5) follow easily from 12.14.3, 12.15.2 and 12.15.3.

Next, let T = A. Then Iy = @ and span(R) = X = Ker(t) is the kernel of the
trace form t. We claim that h(X) = Ker(#) for # defined as above. Indeed, X and
Ker(t) are spanned by all g; —¢; (i,j € I) and e; — ek (J, K € I), respectively,
and by 12.15.2 and because of Iy = () we have h(e; —¢;) = €[;) — €[5 Thus we may
identify the canonical map can: X — X /span(S) with the map h: X — Ker(f) and
then have (1). Finally, (6) is clear from (1) — (5).

12.20. COROLLARY. Let R = Ty and S C R a full subsystem. Then S is
of scalar type, i.e., S = Ro(f) for some linear form f € X*, if and only if
rank(R/S) < Card(R).

Proof. If S is of scalar type then rank(R/S) = rank(f) < Card(R) by 8.11.
Conversely, let rank(R/S) < Card(R). Then also Card(I) < Card(R) by 12.19.6.
For any automorphism u, we have S scalar if and only if u(S) is so, because of
the easily verified formula Ro(f o u™!) = u(Ro(f)). Hence we may assume S pure
by Prop. 12.10(c). It suffices to find a linear form f on X = X/span(S) with the
property that f(a) # 0 for all @ # 0 in R/S, and then put f = f o can. Since
Card(I) < Card(R) = Card(R ), there exists an injective map ¢: I — R, . Now
define f by f(e;) = @(J), for all J € I. Then it follows easily from (1) — (5) of
Prop. 12.19 that f has the required property.

12.21. The quotient systems BCy(J) and DCy(J). We finish this section by
proving some structural results on the quotient systems BC;(J) and DCy(J).

In the sequel, @ denotes one of these two sets. We recall that the full subsets of
@ are determined by the First Isomorphism Theorem 1.7(c): if Q@ = R/S for a full
subsystem .S of a suitable root system R of type B or D, there is a bijection between
the full subsets of @ and the full subsets (= full subsystems) of R which contain
S. Similarly, by Prop. 10.19(c), there is a bijection between the parabolic subsets
of @ and the parabolic subsets of R containing S. Moreover, under this bijection
the positive systems of Q) correspond to the parabolic subsets with symmetric part
S. We will describe the parabolic subsystems of the root systems R = T in the
following section 13.

For the description of the automorphisms of @, the following concept will be
useful. We let @, be the union of {0} and the subset of all & € @* for which there
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exists a reflection s in the sense of 3.1 such that s(o) = —a and s(Q) = Q. Recall
from 3.2 that such a reflection is unique if it exists, since @ is locally finite. Local
finiteness of ) can either easily be seen directly or as an application of Th. 6.4.

We first consider DC2(1) which plays a special role:

12.22. LEMMA. DCsy(1) = {0, +2¢1, £e1 £ o} is isomorphic to the root system
Ay via the isomorphism €1 — g — €} — ey € Ay and e1 + g9 — ey — e € A,
Consequently, DC3(1), = DCy(1) and

Aut(DCy(1)) =2 63 x {£Id}. (1)
The proof is a simple verification which is left to the reader.

12.23. PROPOSITION. Let Q = BCy(J) or DCr(J), and assume Q # DCsy(1).
Then with the notations of 12.1 and K :=1\ J we have

(1)

QT-Z(QQXJ)U(QQXK):{BCJUBK if Q =BC;(J) }

C;UDgk if @ =DCy(J)

Proof. We may assume that both J and K are nonempty, otherwise () is one
of the root systems listed in 12.18.3 and 12.18.4 and hence Q = Q.. For the
inclusion from right to left, note that the set (QNX;)U(QNXg) obviously has the
given description, in particular it is a direct sum of two root systems. The usual
orthogonal reflection of o € (Q N X ;) U (Q N Xk) leaves @ invariant, which, for
example, follows easily from the description

Q=R\{£2:ke K} for R:{BCI if @ = BC(J) }

C; it Q=DC;(J)

For the inclusion from left to right in (1), it suffices to show that o = £¢; ¢, with
j € J and k € K does not belong to @),.. Suppose to the contrary that o € @, and
denote by s the corresponding reflection. It is no restriction to assume oo = € + ¢y,
because the full group 27 of sign changes clearly acts by automorphisms of Q. We
will also write 1 = j and 2 = k to simplify notation.

By 3.1.1, the reflection s has the form s(z) = x — (x,1)(e1 + €2) where | € X*
satisfies I(e1 + e2) = 2. It follows from this that s leaves the plane Re; @ Res
invariant. For i € I we put a; := {(g;,1).

We first suppose @ = DCy(J) and then have @ N (Re; @ Reg) = DCo(1). Hence
the restriction of s to DCa(1) corresponds, under the isomorphism of Lemma 12.22,
to the usual reflection of A in the root €} — 4. A simple computation then shows
that

s(e1 +e2) = —(e1 + €2), s(e1 — e2) = 2¢q,
and hence
1 3 1 1 3
s(er) = 5(51 —&3), s(e2) = —551 — 552, a] = 3 ag = 7

Now assume there exists 1 # j € J. Then 2¢; € @, hence also s(2¢;) = 2¢; —
2a;(e1 + €2) € @ which is only possible if a; = 0, because no element of Q
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has nonzero coefficients at three ¢;’s. This implies s(e; + €2) = ¢; + s(e2) =
gj—(3/2)e1 —(1/2)e2 € Q, contradiction. Thus we must have J = {1}, a singleton.
Next, assume that there exists 2 # k € K. Then

1 1 1
s(er +ex) = 5(51 —&9) +ep —ap(er +e2) = (5 —ay)ey — (5 +ag)es +ep € Q
implies aj, € {£(1/2)}. Similarly,

3 1
s(ex +ex) = ek — (5 +ay)er — (5 +ap)ez € Q
shows ai, € {—(1/2),—(3/2)}. Hence we obtain a; = —(1/2) for all k € K \ {2}.
But then
3

1 1
s(eg —ep) = —561 58~ (ex + 5(61 +e2)) =21 —e2— ek €Q,

contradiction. Thus also K = {2} is a singleton, and we are in the excluded case
Q = DCy(1).

We still need to consider the case @ = BC;(I). Here Q' := QN (Re; @ Rey) =
{+ey,+2¢e1,+e1 + e2}. Since both &1 and 2¢; lie in Q’, we must have s(g1) = +e1,
which yields a; = 0, az = 2, and then the contradiction s(e; — e2) = &1 — (62 —
2(e1 + £2)) = 3e1 + &3 € Q. This completes the proof.

12.24. PROPOSITION. Let @ = BC;(J) or DCr(J) where O # J # I, and
suppose @ # DCay(1). Also let K = I\ J and embed Sym(J) x Sym(K) into
Sym(I) in the natural way. Then

Aut(Q) = (Sym(J) x Sym(K)) x 2. (1)

Proof. From the structure of @ it follows immediately that we have the inclusion
from right to left in (1). To prove the inclusion from left to right, observe that

Aut(Q) C Aut(Q,). (2)

By Prop. 12.23, @, is a direct sum of the two non-isomorphic root systems Q N X ;
and QN Xk, so ¢ must leave QN X ; and @ N X invariant. Also, QN X is either
BCj or Cy, and hence spans X ;. Thus ¢ stabilizes X ;, and cp’XJ € Aw(QNXy) =
Sym(J) x 27. We now distinguish the following cases:

Case 1: Q@ =BCy(J). Then Q N X = Bg spans X, so @’XK € Aut(Bg) =
Sym(K) x 2K.

Case 2: @ =Dy(J), and |K| ¢ {1,4}. Then QN Xg = D spans Xk, so again
¢ stabilizes Xx and ¢| Xk € Aut(Dg) which is, because of the restriction on | K],
the group Sym(K) x 2%,

Case 3: Q =Dy(J), and |K| = 1. Let, say, K = {1}. Then QNXg = D; = {0}
does not span Xx = Rey. We have |J| > 2 since the case @ = D2(1) was excluded.
The restriction ¢|X; = g € Aut(C;) = Sym(J) x 27 can be extended to an
automorphism § of Q by g(e1) = €1, and then ¥ := ¢ o g~! has ¥|X; = Id.
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Consider (1), which must have the form ¢(e1) = aie1 + >,y aje; where J' is
a finite subset of J and the coeflicients a; and a; are nonzero. For every i € J
we have ¢¥(g; + 1) = & + are1 + Zje.]/ a;e; € (. Since no element of @ has
nonzero coefficients at more than two &’s, this already implies |J’| < 2, and we also
must have ay € {£1}. If |J'| = 1, say, J' = {2}, then because J contains an
element different from 2, say 3, we have €1 + €3 € @ and obtain the contradiction
¥(e1 +e3) = a181 + ages + €3 € Q. If J' has two elements, say J' = {2,3}, then
Y(e1tes) = ar1e1+(astl)eataszes € Q implies as+1 = 0, which is again impossible.
Thus we must have J' = (), and 4 is either the identity or ¢ = o1y € 2K Hence
» = 1 o g belongs to the right hand side of (1).

Case 4: Q = Dy(J), and |K| = 4. Again ¢ stabilizes Xx = span(Dy4) and
thus @’XK € Aut(Dy). Now Aut(D4) contains A := &4 x 2% as a subgroup of
index three. To prove ¢ lies in the right hand side of (1), it suffices to show that
vl XK € A

Let K = {1,...,4} and consider the root basis {e2 +¢£1,60 —€1,63 —€9,64 —€3}
of D4. Then the diagram automorphism fixing €3 — € and mapping

Eo+E1 > 69 —€1, E9—E|r>EQ—E3, E4—E3+>Ex+E] (3)

extends to an automorphism 7 of order three of Dy, and Aut(Dy) = T - A where
T = () is cyclic of order three. (This is not a semidirect product because neither
T nor A is normal in Aut(Dy)).

Now assume, aiming for a contradiction, that ap’XK ¢ A. Then <p|XK =1T1"g
where n € {1,2} and g € A. Extend g to an automorphism g of @ by g]XJ = @’XJ.
Then ¢ := p o §~! € Aut(Q) satisfies 1| X; = Id and ¢|Xg = 7". From (3), one
computes easily that

1 1
T(e1) = 5(751 +eo+e3—eq), 72(51) = 5(751 — &9 — €3+ £4).

Since € + &1 € Q for any j € J, we arrive at the contradiction ¥(e; + 1) =
gj + (1/2)(te1 £ e2 £ e3 £ e4) € Q. This completes the proof.

Remark. From (1) and 12.23.1 and the structure of the automorphism groups
of the classical root systems (cf. §9), it follows that (2) is in general not an equality.
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13.1. Notations and conventions. We classify in this section the parabolic sub-
sets of the irreducible infinite root systems R =T;, T € ¥ = {A,B7 C,BC, D}, up
to equivalence under the big Weyl group. For finite root systems, the description
of the parabolic subsets is well known, see Lemma 11.1. As in §12 it turns out that
our methods do not require I to be infinite, and we therefore let I be an arbitrary
set, finite or infinite. We use the notations and conventions introduced in 12.1 and
12.7.

We follow the same procedure as in our description of full subsystems in §12:
With every parabolic subset P of R we associate in 13.2 combinatorial invariants
I,(P) C I (where v € {+,—,0,1}) and =p, the latter being a total preorder (see
B.2) on I. The condition I_(P) = () defines a subset P of the set P of all parabolic
subsets of R, whose elements we call pure. The invariants Io(P) and =p of a pure P
suffice to describe it uniquely (Prop. 13.4), and Py is a fundamental domain for the
action of N on B (Prop. 13.6). As an application, we give necessary and sufficient
conditions for a parabolic subset to be of scalar type (13.7). The invariants satisfy
certain restrictions which, in turn, define a set Py of combinatorial data, and the
map P — (Io(P),=p) is a Sym(])-equivariant bijection Py = Py which yields a
bijection P/G = Py/ Sym(I) (Th. 13.11).

13.2. LEMMA. With the notations and conventions of 12.1 and 13.1, let T € ¥
and R=T;. Let P C R be a parabolic subset with symmetric part Ps = PN (—P),
and let K = R_[P] be the convex cone spanned by P. Consider the relation =p on
I defined by

i=pj <= € —¢;€P, (1)

as well as the partition of I into the following four subsets:

Io(P) Z:{’L.GIZ:‘:EZ'EK}, I+(P) ::{iEI:sieK, —Ei¢K},
L(P)={icl:+e;¢ K}, I (P):=licl:e¢K, ¢ k)

Then:

(a) =p is a total preorder on I, whose associated equivalence relation ~p is
given by
inj < €¢*€j€Ps < iNPSj,

so with the notation of 12.3.3 we have

(b) The subsets 1+(P) satisfy 14 (P) 7 I_(P). They are either empty or a
union of equivalence classes of ~p.

(c) We have In(P) =0 or Ii(P) = 0, hence I = I.(P) U L,(P) U I_(P) for
v € {0,1}. Moreover,

128
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I(P) % L(P) z I(P). (2)

If Iy (P) is not empty then it is a full equivalence class of ~p.

(d) The subset I (P) satisfies the following conditions, depending on the type
T:
(i) if T=A then I = I,(P),
(i) i T=B,C or BC then I,(P) =0,
(iii) if T =D then |I,(P)|<1.
(e) Let T# A and leti,j € I, (P)UIy(P)UI(P), i+ j. Thene;+ej € P,
and
—(ei+e)eP = i,jely(P) <= +e;teeP. (3)

Proof. For simpler notation, we will drop the subscript P at > and ~ and
abbreviate I,,(P) = I, for v € {0,1,+}.

(a) The property i 3= j or j =i holds because PU(—P) = R and R contains all
€; —€;. To prove transitivity, suppose i = j and j = k. Since P is additively closed,
we then have ¢; — e, = (6, — ;) + (¢; —ex) € P, or i = k. The assertion about
~p is immediate from P, = P N (—P). Finally, we have j € Iy(P) if and only if
g; € KN (—K) = span(Ps) (by 10.17.6), which proves Iy(P) = Io(Ps).

We will prove (b) and (c) simultaneously. First we show

(IyUly) z (I-Uly). (4)
Let i € Iy Uly, j € I_UI; and assume i< j, i.e.,,€; —¢; € P C K. Since ¢; € K by
definition of I, and Iy, we have ¢; + (¢, — &;) = ¢; € K, contradicting j € I_ U I.
Because = is a total preorder, this implies i 7 j. Similarly we prove that

(I+U,[1) ;: (I,UI()). (5)

Indeed, let i € I, UI, j € I_UIy and assume ¢<j. Thuse; —¢; € P C K, but also
—¢;j € K by definition of I_, Iy. Hence (g; —&;) + (—¢;) = —¢; € K, contradicting
i € Iy U . Therefore i 7 j.

Let now i € Iy and j € I;. Then i 7 j by (4), while j 7 i by (5), contradiction.
Thus Ip =0 or I; = 0, and (2) follows from (4) and (5) above. To finish the proof
of (b), let ¢ € I+ and suppose ¢ ~ j for a j € I. Then j = so (2) implies j € 1.
Hence I is either empty or a union of equivalence classes of ~. The proof for I_ is
analogous. Finally, because the equivalence relations ~ and ~p, coincide, it follows
from 12.11 that Iy = Iy(Ps) is either empty or an equivalence class of ~.

(d) Let t be the trace form, given by t(e;) = 1 for all i. Since A; € X = Ker(t),
it is clear that also K C X in case R = Aj, proving case (i). If T € {B,C,BC}
then either e; or 2¢; belongs to R = P U (—P) whence I;(P) = 0. Finally, let
R = Dy, and assume I; contains more than one element, say, that 4,5 € I;. Since
R = PU(—P), we have ¢; +¢; € P or —(¢; + ¢;) € P. For the same reason,
€ —€; € Porej —e; € P. Possibly after exchanging ¢ and j, we may assume
se;+ej € Pfor s =+ or s = —. But then £ ((sg; +¢;) + (s&; — ) = se; € K
since K is convex, contradicting ¢ € I;. This proves |I;| < 1.
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(e) Leti,jelI Uly. Theneg;,e; € K andsoe; +¢; € KNR=P by 10.17.3.
Suppose j € I;. Then necessarily Iy =0 and i € I, whencee; € K. If ¢;+¢; ¢ P
then —(¢; +¢;) € P and €; + (—¢;, —¢j) = —¢; € K, contradiction. Therefore
€; + €5 € Pin all cases.

Now suppose —(g; +¢;) € P. We may assume i 3= j, so ¢; —¢; € P and then
(—ei —€j) + (i —€j) = —2¢; € K. This implies j € I_ U Iy whence j € I.
Then I1 = 0 by (¢), soi € Iy UI, ie., g € K. Since +¢; € K, we also have
—&; = (—&; —¢j) +¢; € K, proving ¢ € Iy. We have now established “=" of
the first equivalence in (3). The remaining implications follow from 12.11.2 and
Iy = IO(PS)'

Remarks. (i) Just as the invariants ~g and Iy(S) of a subsystem S in 12.3,
the subsets I,,(P) depend not only on the root system R and the parabolic subset
P, but on the triple (T,I,P). Indeed, Ay = As = D3, so any parabolic subset
P C Ay has |I,(P)| = 4 while |I,(P)| <1 for P C Ds.

(ii) By definition of = we have
PNA;={e—¢j:i=j} (6)

for any parabolic subset P C R = T;. In particular, P = {e; —¢; : i =p j} for
R = A;. We will see later in 13.10 that, conversely, any total preorder 3= gives rise to
a parabolic subset of A; by (6). Note also that (e) describes PN {#(g;+¢;) 1 i # j}
in case I_(P) = (), while PN Ze, is determined by the subsets I,,(P). We postpone
the description of a general parabolic P until 13.12 and concentrate now on the
special class of pure parabolic subsets defined below. The structure of a general
parabolic subset will then be obtained by conjugation.

13.3. DEFINITION. We let T € ¥ and keep the notations of Lemma 13.2. A
parabolic subset P of R = T will be called pure if I_(P) = (. Then I decomposes

I'=1Io(P)U I(P) U I,(P) (1)

where, as we recall from 13.2(c), Io(P) and I;(P) cannot both be non-empty. We
denote by P = P(R) the set of all parabolic subsets of R and by o = PBo(T, I)
the set of pure parabolic subsets. Note that P(A;) = Po(A,I) by 13.2(d).

Before showing that a pure parabolic subset is uniquely determined by its in-
variants Io(P) and 3=p, we introduce the following notation. Let Iy C I be any
subset and let »= be any relation on I. Then we let Ry, = = Ty, denote the
following subsets of R = T:

Argr = A1y ={ei—g; 1= 4}, (2)
Dryye =D U{e; —¢gj izt U{e; +¢5:0# 5}, (3)
JYU{ei+e;i#jU{e i e}, (4)
(5)
(6)

Brrys =Br,U{ei —¢gj i

C[y[o_kZCIOU{EZ'—E]'ZZ%]'}U{&-F&?]'2i7éj}U{2€i:i€I},
BCr > =BCryU{ei—¢; iz} U{ei+e;i# 7 U{e;, 210 €I}

)
6

The simplified notation T . will be employed in case Iy = ) or T = A, since in
this case the set on the right hand side of (2) obviously does not depend on Iy.
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13.4. PROPOSITION. Let P € PBo(T,I) be a pure parabolic subset of R = T
and let (Io(P),=p) be as in 13.2. Then with the definitions of 13.3 and 12.16,

P = RIU(P)’kp' <1)
The symmetric part of P is a pure full subsystem given by
Py =T, pyU U Ay =Rypymp, (2)
Jelx(P)
where - - -
I(P) = (I\Io(P))/~p, L(P)={Jel(P):|J]|>2}. (3)

In particular, P is a positive system if and only if Io(P) = 0 and =p is a total
order. Moreover, we have:

(a) Io(P) is either empty or Io(P) = min(I/~p, =) where > is the total order
induced on I/~p from the total preorder =p.

(b) Let T =D. Then I,(P) # 0 implies that (I,%=p) has a minimal element 0,
and then I (P) = {0} and Iy(P) = 0.

Remark. It will follow from 13.10.6 that the converse in (b) also holds, hence
L(P)#0 < (I,>p) has a minimal element.

Proof. 1f T = A then P = A ., as we have already noted above. So we assume
T # A from now on. Then

PODr=Drryp)»»r (4)

follows from 13.2(e). In particular, P = Dy j (p),», if T = D. Next, let T = B.
Then I (P) is empty by 13.2(d), so I = Io(P) U I (P). In particular, all ¢; € K,
while —e; € K <= j € Iy(P), so because of P = K N R we have

g, €P foralliel, (5)
-, €P < jely(P). (6)

From (4), (5) and (6) we then obtain that P = By r,(p),»p-
remaining cases T = C and T = BC is similar. Thus (1) holds.
Formula (2) for P, follows easily from (1). Cor. 12.6 then shows that P; is pure.
Since P is a positive system if and only if P; = {0}, the criterion for positivity is
immediate from (2).
Finally, (a) and (b) follow from 13.2.2 and the fact that Iy(P) is a full equivalence
class of ~p.

The proof of the

13.5. LEMMA. Let P C Ty be a parabolic subset. We use the notations intro-
duced in 12.7, 13.2 and 13.3.

(a) For a permutation m € Sym(I) and a sign change o = o, € N we have

I, (m(P)) =7(I,(P)) forve{+,—,0,1}, (1)

Fr(p) = (T X T)(=p), (2)
I(o(P)) = 1,(P) forv=0,1, (3)
I(a(P)) = (I(P)\ L) U (I_c(P)N L) foree {+,~}. (4)
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(b) For P € Py and a sign change o0 = o1, € N, the following conditions are
equivalent:

(i) o(P)=P,

(ii) o(P) € Po,
(ii) L C Io(P)UIL(P).

Proof. (a) This follows easily from the definitions.

(b) The implication (i) = (ii) is trivial. We prove (ii) = (iii). By (4) and
because I_(P) is empty, I_(o(P)) = (I_(P)\L)U(I+(P)NL) = I;(P)NL. Hence
o(P) € Py if and only if I, (P)NL =0 or L C Iy(P) U I;(P), because of 13.3.1.

(iii) = (i): If T = A then N = {Id} by definition in 12.7, so we are done. We
thus assume T # A and L # §. By Lemma 13.2(c), Io(P) and I;(P) cannot both
be non-empty, and by 13.2(d), I; (P) has at most one element. Hence there are two
possibilities:

Case 1: L C Io(P). Then Iy(P) = min(I/~p, =) by Prop. 13.4(a), so o(g;) =
—¢e; implies ¢ »=p j for all ¢ € I. Now it follows easily from the explicit description
of P in 13.4 resp. 13.3.3 — 13.3.6 that o(P) = P.

Case 2: L = Ii(P). Then T = D, Iyj(P) = @ by Lemma 13.2(d), and
Prop. 13.4(b) shows that I1(P) = {0} where 0 is the minimal element of (I,=p).
Again, it follows from the description of P in 13.3.3 that o(P) = P.

13.6. PROPOSITION. Let T € T and R = T;. We use the notations introduced
i 12.7 and 13.3.

(a) The subset Po of all pure parabolic subsets is a fundamental domain for the
action of N on the set B of all parabolic subsets of R.

(b) The symmetric group Sym(I) = G/N acts naturally on B/N, and the map

P: Py — P =5 P/N (1)

is bijective and Sym(I)-equivariant.

Proof. (a) By Lemma 13.5(b), an N-orbit intersects %o in at most one point.
It remains to show that for every P € ‘B there exists 0 = o1 € N such that
o(P) € Po. Let L =1_(P). Then by 13.5.4, I_(c(P)) =0 so o(P) € Po.

(b) From 13.5.1 it is clear that B is stable under Sym(/). The remainder of
the proof is identical with that of Prop. 12.10(b).

13.7. Characterization of scalar parabolic subsets. As an application, we now
give necessary and sufficient conditions for a parabolic subset P of a root system
R to be of scalar type, i.e., P = R, (f) for some linear form f € X*, c¢f. 10.9.
By 10.9.2, we may assume R irreducible. If R is finite it follows from Lemma 11.1
that P is of scalar type, so we restrict ourselves to the infinite irreducible case. By
13.6(a), any parabolic subset is of the form o(P) for some o € N and P € P pure.
By 10.9.1 we may assume o = Id. Let I(P) be defined as in 13.4.3, with the total
order > induced from »=p. Then:
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PROPOSITION. A pure parabolic subset P C Ty is of scalar type if and only if the

totally ordered set (I(P),>) embeds into R with its usual ordering. In particular,
this is so if the rank of R/Ps is at most countable.

An example of K.H. Hofmann [50, Remark II.2(c)] shows that not every totally
ordered set (A, >) with Card A = Card R imbeds into R with the standard order.

Proof. We first recall that the restriction map X* — (X )* is surjective with
kernel R¢, so every element of (X)* is the restriction f = f |X of some f € X*.

Assume P = R, (f) (vesp., P = Ry(f) in case R = Aj) is of scalar type, and
define p: I — R by ¢(i) = f(e;). Theni=pj < (i) > ¢(j) is immediate from
the definition of =p in 13.2.1, and hence, by B.2.1, i ~p j <= ¢(i) = ¢(j). Now
it is clear that ¢ induces a strictly increasing map @: I(P) — R.

Conversely, let 1: I(P) — R be strictly increasing. It is no restriction to assume
that 1 takes values in R, , by composing it with the exponential function if
necessary. Define f € X* by f(e;) = (ep) for i ¢ Io(P), and f(g;) = 0 for
i € In(P). Then it follows from the description of P in 13.4 that P = R, (f) (resp.,
P=R,(f)incase R=A;).

The last assertion follows from 12.19.6, 13.4.2 and the following well-known
lemma, see e.g. [31, Ch. 5, Th. 2.6]. We include a proof for the convenience of the
reader.

LEMMA. A countable totally ordered set is order-isomorphic to a subset of Q
with its usual ordering.

Proof. We may identify the set in question with N, equipped with a total
order > which, of course, need not be the standard order of N. Define a strictly
increasing map ¥: N — Q inductively as follows. Put #(0) := 0, and suppose
¥: {0,...,n} — Qis already defined. Since {0,...,n+1} is a finite totally ordered
set, there are three possibilities for n + 1:

(a) fn+1>iforali=0,...,nput Y(n+1):=max{(0),...,¥(n)}+ 1.
(b) If n+1 <4, foralli=0,...,n define (n+ 1) := min{y)(0),...,¥(n)} — 1.

(c) Otherwise, there exist (uniquely determined) i,5 € {0,...,n} such that
i<n+1<jandnok € {0,...,n} lies strictly between ¢ and n + 1 or between
n+ 1 and j (i.e., 7 and j are the predecessor and successor of n + 1, respectively).
Then define ¢(n + 1) := (4 (i) + ¥(j)).

13.8. COROLLARY. Let R be a root system with the property that every irre-
ducible component has at most countable rank. Then every positive system P of R
18 of scalar type.

Proof. Immediate from 13.7, since P is a positive system if and only if Py = {0}.

13.9. DEFINITION. Prop. 13.4 shows how a pure parabolic subset P of R = T}
is determined by its invariants Io(P) and =p. Conversely, it is natural to ask for
which (Ip, ) the formulas (2) — (6) of 13.3 define pure parabolic subsets of R.
Necessary for this is that (Iy, =) satisfy the conditions listed in Lemma 13.2(b) and
Prop. 13.4(a). It turns out that these conditions are also sufficient. We introduce
the following terminology.



134 LOCALLY FINITE ROOT SYSTEMS

A p-datum for (T,I) (p standing for parabolic) is a pair (I, =), where Iy is a
subset I of I and »= is a total preorder »= on I, with associated equivalence relation
~ as in B.2, such that the following conditions hold:

(i) Io =0 or Iy = min(I/~) is the minimum of the totally ordered set I/~
(ii) if T = A then Iy = 0,
(iii) if T =D then Card Iy # 1.

Let Py = Po(T, I) denote the set of p-data for (T, I). For later use we observe:
If (In, =) € Po(D, I) and (I,%) has a minimal element O then Iy = (). (1)

Indeed, the minimum of (I/~,>) is then {0}, so we must have Iy = () by (i) and
(iii).

Lemma 13.2(d) and Prop. 13.4(a) say that there is a p-datum (Io(P),=p)
associated to any pure parabolic subset P, i.e., there is a well-defined map

T: Py — Py, P T(P):=(Io(P),=p), (2)

and by 13.5.1 and 13.5.2, this map is Sym([/)-equivariant.
Comparing the definition of Py with that of Fy in 12.14, we see that there is a
natural map Py — Fy given by (Ip, =) — (Ip,~). Then the diagram

Po——— P
So ——Fo

is commutative, where s stands for the map P — P;, sending P to its symmetric
part. Indeed, Ps € §o for P € By, by Prop. 13.4. Now commutativity of (3) follows
fromi~p j <= ¢, —¢; € Py <= i~p, jand [j(P;) = Iy(P) (Lemma 13.2(a)).

13.10. PROPOSITION. Let T € ¥ and R = T;. We use the notations introduced
in 13.9. For a p-datum (Ip, =) € Po(T,I) let P := Ry, C R be defined as in (2)
- (6) of 13.3. Then:

(a) P is a parabolic subset of R, given by
P:Rijo)ﬁ, (1)

where
X =Ry[{ei:ieIU{—¢;:j e} U{ei—¢; i j}] (2)
is the cone of type B defined by (I, 1y, =) as in B.3.
(b) The convex cone Ry [P] generated by P is as follows:
(by) If T=A then
Ry[Pl = X =Ry [{ei— 250 )] )

is the cone of type A defined by (I,%) as in B.7.
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(be) If T =D and (I,3) has a minimal element 0 then Iy = 0 by
13.9.1 and

RP] =X, o=Ry[{e; —¢j:i=j}U{ei+eo:i+#0}] (4)

is the cone of type D defined by (I,:=,0) as in B.9.

(bs) In all other cases, Ri[P] = Xy, » is the cone of type B defined by
(I7 IO7 %) .

(¢) The invariants =p and I,(P) of P are

L(P)=0, I(P)=Ip »r=r (5)
I in case (by)

L(P)= { {0} in case (b2) } . (6)
0 in all other cases

In particular, P is a pure parabolic subset.
(d) (Lo, ) is also a p-datum for (TV,I), and (Ty 1, )" =Ty ..

Proof. (a) The inclusion P C RN X}, » is evident from (2) and the description
of P in (2) — (6) of 13.3. The converse follows by a straightforward application of
the criteria for an element = € X to belong to X, » given in B.5(a). The details
are left to the reader. It remains to show that P is parabolic. Since Xy, . is
additively closed, being a convex cone, we have P additively closed. The condition
P U (—P) = R follows from the immediately checked fact R C Xy, » U (=X, ).

(b) Case (by) is evident from 13.3.2 and B.7.1. In case (bz), the inclusion
R4 [P] D X, ¢ is clear from 13.3.3 and B.9.1. For the reverse inclusion, it suffices
to show €; +¢; € X, o whenever ¢,5,0 are pairwise distinct. But because ¢ = 0
we have g; —eg € X o and hence ¢; +¢; = (&, —€0) + (5 +€0) € Xy 0. In case
(bs), Ry[P] = Xy, 5, is clear from (4) — (6) of 13.3, provided T = B, C or BC. It
thus remains to consider the case where T = D and (I, =) does not have a minimal
element. Let K := R;[P] for short. The inclusion K C Xy, » is clear from (1).
For the reverse inclusion, we must show ¢; € K and —¢; € K, for all ¢ € I and all
j € Ip. Since 7 is not minimal, there exists k € I withi=k and i # k, soe; e, € P
and hence &; = 1 ((g; + &;) + (¢, — 1)) € K. Also, because Iy, if not empty, has
at least two elements, there exists [ € Iy, | # j, whence +¢; ¢ € Dy, C P, and
therefore —g; = 1 ((e; — g;) + (-1 —¢;)) € K.

(¢) For =p = = we must show that a := ¢, —¢; € P <= k= 1. Here “<="
follows from 13.3.2 — 13.3.6. The converse is clear in case R = AI. In the other
cases, we must have o € T[OU{Ei—E]‘ 24} If o€ Ty, then k,l € Iy so k ~ 1 by
(i) of 13.9, in particular, k= 1. If o € {e; —¢; : i = j}, it is clear that we have k = 1.

Next we compute the sets I,(P). In case (b;) we have R [P] ¢ X = Ker(t),
so +e; ¢ Ry [P] for all ¢, showing I (P) = I and thus the other I,,(P) are empty.
In case (b3), where K := Ry[P] = X, 5, it follows from (2) that all &, € K
so I_(P) = I(P) = 0. Again by (2), —¢; € K for all j € Iy, so Iy C Iy(P).
Assume there exists k € Io(P) \ Iy. Then —e;, € K and [k, —] is a final segment
of I not meeting Iy, so —1 = qp,[(—€x) = 0 by condition (iv) of Lemma B.5(a),
contradiction.
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It remains to deal with case (bg) where Ry[P] = Kj is the cone of type D
defined by (I,3,0). Let ¢ # 0. Then i =0, so 2e; = (&; + £0) + (6; — €0) € Ko. We
claim that 0 € I(P), i.e., &9 ¢ Ko. Indeed, gi(g0) = £(1/2), so neither £¢ nor
—eg belong to Ky, by condition (iii) of Lemma B.11(a). We also have —¢; ¢ K|
for all i #£ 0, else —&; + (g; + €0) = €0 € Kpy. Now it follows that the I,,(P) are as
indicated.

(d) is immediate from (1) and (T7)¥ = TY.

We can now prove the analogue of Th. 12.17. Recall the definition of the groups
N and G in 12.7.1. In particular, G induces the big Weyl group W (R) except in
the finite case for R = D,, where W (D,,) has index 2 in G.

13.11. THEOREM. Let T € ¥ and R = T;. We use the notations introduced
i 12.7 and 13.9.

(a) The map T: Bo — Py of 13.9.2 is a bijection, with inverse map ¥: Py — Py
given by ¥(Iy, =) = Ry, »-

(b) The bijection ¥: Py — PBo of (a) composed with the bijection ®: Py — B/N
of 13.6.1 is a Sym(I)-equivariant bijection Py — PB/N which induces a bijection

Po/ Sym(I) — PB/G. (1)

Proof. The proof is analogous to that of Th. 12.17.

(a) By Prop. 13.10~(c),~@ has values in By, and 13.10.5 says that 7T o¥ = Id. Tt
remains to show that ¥ o 7" = Id which is precisely 13.4.1.

(b) Since T is Sym(I)-equivariant, so is its inverse ¥. We therefore obtain a
Sym(I)-equivariant bijection & o ¥: P, =, PB/N and hence the bijection (1).

13.12. Classification of parabolic subsets. Let R = Tj. The bijection Py —
B/N of Th. 13.11(b) provides in particular a description of all parabolic subsets
(not necessarily pure) of R = T;. For the convenience of the reader we make this
explicit here.

Given a p-datum ([, %) € Po(T,I) and a subset I_ C I with I_ = ) in case
T = A, the set Ri1y.1_ = =01 (Rr1,,) is a parabolic subset of R and, conversely,
every parabolic subset of R arises in this way for a unique p-datum (I, =) and a
suitable subset I_ with I_ = @ in case T = A. Indeed, let P C R be a parabolic
subset. By 13.6 there is a unique pure parabolic subset P’ of R such that P = o(P”’)
for some o € N, and by 13.11(a), we have P’ = Ry 1, for a unique p-datum (Io, ).

The parabolic subsets Ry, .~ have the same description as the subsets
Ry 1,5, defined in 13.3.2 — 13.3.6, if one replaces the ¢; by

, —g; ifiel_
=0 &)=\, tigr [

Hence Ry 1,1, is given explicitly by
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Arpr > =Ar, ={ei—¢:i%j}, (1)
D]7]07]77>;:D]OU{E;—€;Ii%j}U{é‘;—F&‘;Ii#j}, ( )
Brig s =Br, U{e; —¢j izt Ufei+e)i#jUlei i€ I}, (3)

LiiejtUfe+e) i #£jYu{2e) rie I, (4)
BC[[071_7> = BC]O U{Eg *E; :i%j}U{€;+€; 11 #j}U{(—J;,ZE; NS I}. (5)

)

We note that a different description of parabolic subsets in T; for T # BC is
given in [23, Prop. 4].



8§14. Positive systems in root systems

14.1. Extremal rays. In this section, we study positive systems of root systems
in more detail. We also specialize the results of the previous section and thus obtain
the classification of the positive systems of the infinite irreducible root systems. We
first establish notation and recall some facts on extremal rays from Appendix B.

Let P be a positive system of a root system (R, X). Then P is in particular
a parabolic subset with P; = {0} and P, = P*, so the cones K = R [P] and
K, = R;[P,] introduced in 10.17 coincide. Also, K is proper by 10.17(d) and thus
determines a partial ordering on the vector space X, compatible with the vector
space structure, by

2y <<= z-yeEK, (1)

see also 10.7. Finally, the partial orderings on Z[R] = Q(R) induced by K and P
coincide by Prop. 11.2: For x,y € Q(R) we have

Ty <= x=py. (2)

In the sequel, we will simply write = instead of >=p.
Recall from B.1 that an extremal ray of K is a half-line Ryx C K such that
x =y + z (where y, z € K) implies y,z € Ryz. By B.1.1,

an extremal ray of K must be one of the generating rays Rya, a € P*. (3)

Note also that by 3.4.2, each extremal ray R~ contains exactly one indivisible
root, namely + itself or /2, depending on whether ~ is indivisible or not.

14.2. Simple roots. Let P be a positive system of a root system (R, X). An
element v € P* is called a simple root of P if it satisfies the following equivalent
conditions:

(i) ~ is indivisible and R~ is an extremal ray of K = R, [P],
(ii) 7 € Pin (as in 10.11),
(iii) -~ is a minimal element of (P*,>) with respect to the partial ordering of
14.1.1.

The equivalence of these conditions will be shown below. The set of simple roots
of P will be denoted by simp(P). We note that for a positive system P determined
by a root basis B, the set of simple roots of P is precisely B, as follows easily from
the properties of root bases. Hence this terminology is consistent with established
usage. We also note that, by 14.1.3 and (i):

The extremal rays of K are precisely the rays R~y where v € simp(P). (1)

It remains to prove the equivalence of (i) — (iii).

(i) = (ii): By Prop. 10.11, it suffices to show that + is not the sum of two
elements of P*. If v = a1 + ag for a; € P*, then by extremality, o; € Ry~, say

138
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a; = ¢;7y. By 3.4.2 and indivisibility of v, we have ¢; € {1,2}. Hence v = (c1 + ¢c2)7y
where ¢; + ¢o > 2, which is impossible.

(ii) <= (iii): This is obvious from 14.1.2.

(ii) = (i): ~ is indivisible, for otherwise /2 € P* and then /2 <+ would
show v not minimal. It remains to prove R vy extremal. Let thus v = y + 2
where y,z € K, and write y = > I ¢y, 2 = >, djc; where ¢;,d; > 0 and
at,...,a, € P. Let R be a finite full subsystem containing the «; (and hence also
v) and let P’ = PN R'. Then P’ is a positive system of R’, and in view of the
one-to-one correspondence between root bases and positive systems for finite root
systems (cf. 10.5), there is a unique root basis B’ of R’ determining P’. Since 7
and a; € P, we have

Y=Y mnpB =Y migh

peB’ BEB’

with ng,m;s € N. Since v # 0, we have ng, > 1 for some 8; € B’, and then

v =B = (ng, — 1)B1 + > 5.5 npP shows B < and therefore 5, = v € B', by
minimality of . Thus ng, =1 and ng = 0 for 8 # B;. By substituting we obtain

Bi=y+z= (i(@ + di)mi,ﬁl) -0+ Z (i(cz + di)miﬁ)ﬁ

i=1 B4B1 - i=1

whence, by comparing coefficients at elements of B’, 0 = > .(¢; + d;)m;g = 0 for

B # B1. This implies >, ¢;mig =Y, dim;g = 0 for 3 # 1, s0 y = (ZZ cimwl)ﬁl
is a positive multiple of 31 = ~, and similarly so is z.

14.3. PROPOSITION. Let P be a positive system of a root system (R,X), and
let K := R [P] be the associated positive cone. Furthermore, let B = simp(P) be
the set of simple roots of P, and put X := span(B). Then B is a root basis of the
full subsystem R := RN X, whose associated positive system is P := P N\ R. The
cone K := R [P] is given by

K=KnX. (1)

Proof. We first prove (1). The inclusion from left to right is clear from the
definitions. Conversely, let x € K N X, say,

T = ana: Zbﬁﬁ’ (2)

aclE BEF

where ' C P and F' C B are finite, ¢, > 0, and bg € R. Consider the finite full
subsystem R’ := RNspan(F U F). Then P’ := PN R’ is a positive system of R/,
and clearly £ C P’. By the one-to-one correspondence between positive systems
and root bases of finite root systems, B’ := simp(P’) is a root basis of R’ with
associated positive system P’ = N[B'|NR’. From the characterization (ii) of simple
roots in 14.2 in terms of indecomposability (cf. 10.11) it is evident that a simple
root of P contained in P’ is a fortiori a simple root of P’. Hence F' C B’, and every
« € B C P’ can be written o = 35 g/ napf, where nqs € N. Substituting this
into (2) and comparing coefficients at 5 € B’ yields
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D Canap=b3 >0 for BeF, (3)
ack
annaﬁzo for 8 € B\ F. (4)
ack

From (2) and (3) we see that = € R, [F] ¢ R,[P] = K, proving (1). Also, (4)
implies, because ¢, > 0, that n,g =0 for o € E and € B'\ F, so

azZnagﬁEN[F]. (5)

BEF

As remarked in 10.5, P = RN P is a positive system of R. For B to be a
root basis of R with P as associated positive system, it suffices to show that B
is linearly independent and that P ¢ N[B]. Indeed, from R = P U (—P) it then
follows that every root of P is an integer linear combination of B with coefficients
of the same sign, so B is a root basis of R. We then also have N[P] = N[B], so
RNNI[B] = (PU(-P))NN[P] = PNN[P] (by Lemma 10.10(b)) = P, showing P
is the positive system of R defined by B.

We prove linear independence of B. Assume that ) geF bgf = 0 where F C B
is finite. Then in particular, z = 0 € K N X, so the proof above (specialized to
the case £ = )) shows F' C B’, and since B’ is linearly independent, we must have
bg = 0. Similarly, let a € P. Then in particular, x = a € K N X, so (specializing
E = {a} above) (5) shows o € N[B].

As a consequence, we have the following “geometric” characterization of those
positive systems which are determined by a root basis.

14.4. COROLLARY. Let P be a positive system of a root system (R, X). Then
the following conditions are equivalent.

(i) P is the positive system determined by a root basis B of R,
ii) the convex cone K = R |P] is spanned by its extremal rays,
+
(iil) X s spanned by the simple roots of P.

Proof. (i) = (ii): From P C N[B] we conclude K = R, [P] = R, [B], and by
14.2.1, the elements of B span extremal rays of K.

(ii) = (iii): Again by 14.2.1, each extremal ray of K contains a simple root.
Thus K is spanned by simp(P), and from P C K and X = span(P) it follows that
X is spanned by simp(P).

(ii) = (i) is a consequence of 14.3.

14.5. Subsets of P associated to automorphisms. Let P be a positive system of
a root system (R, X). To an automorphism f of R we associate the subset

Py ={a€P*:f(a)€(-P)}=P*Nf(-P) (1)
of P. The following properties are elementary:

f(Pp) = =P, f(P\Pf)=P\ P (2)
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By definition, Py = } <= f(P) = P, but there may of course be nontrivial
automorphisms f with f(P) = P. However, for f = w in the Weyl group W(R),
we have, by 15.8,

P,=0 +— w=Id (3)

For automorphisms f, g of R we claim
97 (Prg-1) = (Pr \ Py) U (=(Py \ Py)). (4)
Indeed, by (2) we have
Piy1v={a€P\Py1:9g(a) € P} U{a € Ppr:—g '(a) € P\ Py}
= (9(P\ P) N g(Pp) U (9(=Py) N g(~(P\ Py))
= g(Py \ Py) U g(—(Py \ Py)),

which is equivalent to (4).

14.6. LEMMA. Let f € Aut(R) and suppose o € Py is a minimal element of
the partially ordered set Py with the partial order induced from (P, ). Then o is
a simple root.

Proof. We use the characterization 14.2(ii) of simple roots and thus have to
show that a is minimal not only in (Pf, ) but even in all of P*. By way of
contradiction, suppose that a = 3+« for 5,7 € P*. Then < « and also vy < a.
From f(a) = f(B) + f(v) € (—P) it follows that, say, f(3) € (—P). Then 3 € Py
so 8 = a by minimality of «, and therefore v = 0, contradiction.

We can now prove yet another characterization of simple roots.

14.7. COROLLARY. Let P be a positive system of a root system (R, X). A root
a € P is simple if and only if the only roots of P mapped into —P by s, are those
in Ry, ie., Py =P, C{a,2a}.

Proof. Suppose « is simple and let v € P,, i.e., f:= —s,(y) = v+ (7,a¥)a €
P. Hence f+ v = {v,a")a € K =R [P]. Since K is a proper cone, {v,a") > 0,
and since Ry« is an extremal ray of K by 14.2(i), we have v € Ry, and then
v € {a,2a} because « is indivisible. The converse follows from 14.6 applied to

f=sa.

Following the usual terminology we call the s, where a € simp(P) the simple
reflections. We also recall that Rj,q denotes the subsystem of indivisible roots of
R, see 3.4.

14.8. PROPOSITION. Let R be a root system and P a positive system of R. For
w € W(R) the following conditions are equivalent:
(i) Py is finite,
(ii) w is a product of simple reflections,
(ili) w € W(R), where R = RN span(simp(P)) as in 14.3.
If these conditions hold, w is a product of |Py, N Rina| simple reflections, say
W= Sq, -+ Sa,, for a € simp(P), and
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Py N Ring = {5a, " Saiy () 1 1 <i <nj. (1)

In particular, P, C R.
Proof. We first observe that 14.5.4 implies for any f € Aut(R) and « € simp(P)

[ sa(Pf\Py) ifaeP
Pfs‘*_{sa(P;)UPa ifag P, } @

Suppose (i) holds. Then the partially ordered set (P, <) has a minimal element,
say «, which by 14.6 is a simple root. By (2) the set P, has smaller cardinality.
Continuing in this fashion, we find finitely many simple reflections s1, ..., s, such
that Pys,,...s; = 0. By 14.5.3, we then have w = s1--- s, € W(R), i.e., (iii). Since
(ii) <= (iii) is obvious, we now suppose (ii). Observe that |Pss | < |Pf| + 2
for f € Aut(R) by (2), so that |P,| < oo follows by induction. This proves the
equivalence of (i) — (iii).

Suppose now that w = s;---s, is a product of simple reflections s; = s,,,
a; € simp(P). Then (1) follows by a standard reduction to the finite-dimensional
theory, which is dealt with in [12, VI, §1.6, Cor. 2|. For the convenience of the
reader we include the argument here: o € P, if and only if there exists ¢ such
that s;41---sp(a) € P while 8;8;41---8, € =P, i.e., Si11--S$p(a) € Ps,...s, C
{@;,20;}. Hence o € P, N Ripg if and only s;41 -+ - s (@) = a; for some 4, which is
equivalent to (1). If « € P, is divisible then «/2 € Ring N Py, hence P, C R.

14.9. Positive systems in classical Toot systems. In the remainder of this sec-
tion we describe in more detail the positive systems of the root systems R =
A7, By, Cr,BCy and Dy for an arbitrary set I.

By Prop. 13.4, a pure parabolic subset P = Ry, » of a root system R =Ty is a
positive system if and only if Iy = () and = is a total order on I, which we therefore
write >. Accordingly, we specialize the notations introduced in 13.3 to this case
and introduce subsets R> of R as follows:

Ars ={ei—¢j:i>j}, (1)
Di>={ei—¢gj:iz2j}tU{ei+e; i # 7}, (2)
Br>={ei—¢;j:i2jtU{ei+e i #jtU{eiel}, (3)
(4)
(5)

Vv

Vv

C[,2={€i—€jIi}j}U{Ei—‘r&jZi?éj}U{Z&‘iZZ'EI},
BC]}}Z{Ei—EjZiZj}U{Ei—‘y—EjZi;éj}U{Ei,2€iZ7;EI}.

It will also be useful to have analogous notations for the sets BC;(J) and DCy(J)
introduced in 12.18, so we introduce the following subsets:

BCL)(J) = B[’Q U {2€j 1 j € J}, (6)
DCr>(J)=Dr>U{2¢:5€ J}. (7)

)

14.10. PROPOSITION. Let P = Ry, be a pure parabolic subset as defined in
13.3.2 - 13.3.6 of 13.3. With the notations introduced in 13.4.3 and 14.9, the
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positive system P = P/ Py in the quotient R = R/Ps (cf. 10.19(c)) has the following
description, where > is the total order induced by = on I:

Ary =Azs, (1)
DCy;<(Iy) ifIp=0

D = 'z 2

o7 { BCrs (L) if o #0 } ’ @)

Br1,.> = BCr . (12), (3)

CI,IO,k { BCI”> Zf IO # 0 } ’ (4)

BCrp,,» = BC; . (5)

Proof. By 12.19(b), the quotient map R — R may be identified with the map
h: X — X in case R # A;, and the map h: X — Ker(#) in case R = A;. Now
formulas (1) — (5) are an easy consequence of the formulas 12.14.3, 12.15.2 and
12.15.3 describing the map h and the description of P given by 13.3.2 — 13.3.6.

14.11. Total orders and order types. Let us recall that a totally ordered set I
is well-ordered if every non-empty subset has a minimum.

Let Ord(I) be the set of total orders on a set I. Under the action of the
symmetric group Sym(I), the set Ord(I) decomposes into equivalence classes, called
order types of I. If I is finite, Sym(I) acts transitively on Ord(I) so there is only
one order type. For infinite I this is no longer the case: There are infinitely many
different order types. Also, unlike the finite case, the action of Sym(I) on Ord(I) is
no longer free; e.g., the natural order on Z admits the shift n — n-+1 as a nontrivial
order automorphism. However, if we let Word(I) C Ord(I) be the set of well-
orderings of I, then Sym(I) acts freely on Word([), and the set Word(I)/ Sym(T)
of types of well-orderings of I is itself well-ordered by the relation [>] < [>'] if and
only if there exists an order isomorphism between (I,>) and an initial segment
of (I,2'). In fact, Word(I)/Sym(I) may be identified with the set of ordinals of
cardinality Card([), and then its smallest element becomes Card([), the cardinal
defined by I. Here we consider ordinals as special well-ordered sets, and cardinals as
the initial ordinals, see [18, Ch. 4,5]. Thus also for infinite I, there is a distinguished
element in Ord(7)/Sym([), namely the class of minimal well-orderings of I.

14.12. THEOREM. Let R = T be one of the root systems AI,BI,CI,BCI or
D;. We denote by B+ = PT(R) the set of positive systems of R, and use the
notation of 14.9 and 12.7.1.

The map ¥+: Ord(I) — P+ (R) which sends > to Rs is Sym(I)-equivariant,
and induces a Sym(I)-equivariant bijection

Ord(I) = PB*(R)/N (1)

which in turn gives rise to a bijection between the set Ord(I)/ Sym(I) of order types
of I, and the set PT(R)/G of conjugacy classes of positive systems of R under the
group G of automorphisms of R, defined in 12.7.1:
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Ord(I)/ Sym(I) — B (R)/G. (2)

We recall that G = W (R) unless R = D,, is a finite, in which case [G : W (D,,)] = 2.

Proof. The set Ord(I) of total orders on I can be identified with a subset of
the set Py of p-data (cf. 13.9) by assigning to > the p-datum (@, >). The map
@ of Th. 13.11 maps > = (§,>) to R>. By Th. 13.11 and Prop. 13.4 we have
@ (Ord(I)) = P (T, 1) := Po(T, I) NPF(R), the set of pure positive systems of R.
As a group of automorphisms, N maps positive systems to positive systems. Hence
the bijection @ of 13.6.1 maps Po(T, ) NP+ (R) onto the set of orbits of positive
systems under N. This proves (1). The second assertion is then immediate from
Th. 13.11.

14.13. COROLLARY. Let R be one of the root systems A;,...,BCy. Then the
positive systems of R are of the form As if R = Ay, and of the form o(Rx) for a
sign change o € 21 in the other cases, where > is a total order on I.

For reduced root systems, this description is due to Neeb [50, Prop. 1.1, V.1,
VI.1, VIL1]. It can also be deduced from [23, Prop. 3.

We now describe the simple roots of the pure positive systems R .

14.14. PROPOSITION. Let I be a totally ordered set, and let pre(I) be the set
of © € I which have a successor i + 1 as in B.2. Also let 0 denote the minimum (if
present) of I. Then the set of simple roots of the pure positive system R of 14.9
18 given by

simp(R>) = {gi41 —¢; 1t €pre(l)} U X

where X is as follows:
{50} ZfR:B[ OTBC[, and 0 € 1
{20} if R=Crand0el

{e1+e0} i R=Dy and 0 € pre(I)
0 in all other cases

p—

Proof. The cones R [P] spanned by P = R are described in Prop. 13.10(b),
and their extremal rays are given in B.6(b), B.8(b) and B.12(b). Now the result
follows from condition (i) of 14.2.

14.15. EXAMPLE. From the description of the simple roots given above, it is
easy to see that even in root systems admitting a root basis, not every positive
system is determined by a root basis. For example, the root system R = Ay admits
the root basis {€;11 —&; : i € N} by 6.11. On the other hand, Ay = A@ since Q is
countable, and the natural order of QQ defines a positive system P of R. Since no
element of Q has a predecessor, the set of simple roots of P is empty by 14.14(d),
so 14.4 shows that P is not determined by any root basis.

14.16. PROPOSITION. Let R =T, where |I| =5 for T =D and |I| >2 in the
other cases, and let > be a total order on I. We denote by Auty|(I,>) the group
of monotone (i.e., increasing or decreasing) bijections of the ordered set I, and by
Aut(I,>) its normal subgroup of order automorphisms (= increasing bijections).
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The stabilizer of the positive system P = Ry in Aut(R), denoted Aut(R,P), is
then given by

Auty (I,> ifTZA
Aut(R, P) = ¢ Aut(l,>) x {Id,00} ifT=Dand0el ;. (1)
Aut(l,>) otherwise

For an infinite I we have

_ _ {Id,o0} ifT=Dand0el
W(R)NAut(R, P) = Aut(I, >) x { (1d} otherwise } . (2

Proof. Under our assumptions on |I|, it follows from 9.5 that

(3)

Aut(R) = {Sym(I) x {£Id} if T=A }

Sym(I) x 21 otherwise

Let f € Aut(R, P) with permutation part = € Sym(I), cf. 9.1. In case T = A we
then have f = 4, and it is immediate that either f =7 € Aut(l,>) or f = — for
a decreasing 7, establishing the first case in (1). In the following we will assume T #
A, hence f = or for some o € 27, ie., f(g;) = o(i)er(y. The cone K = R [P] is
invariant under f. Also, since P is pure, we have I = I (P) U I1(P). From this and
the definition of I,,(P) in 13.2 it follows that 7 leaves I, (P), v € {4, 1}, invariant,
and that o(i) = 1 for s € I.(P). In case T = Dy and 0 € I, we have I (P) = {0}
by 13.10.6. This shows f = 7 or f = o¢n for some 7 € Aut(Z, >). In all other cases
I;(P) =0, hence 0 =1d and f = 7 € Aut(Z,>). This proves the inclusions from
left to right in (1). The proof of the other inclusions is straightforward and left to
the reader.

Finally, (2) is an immediate consequence of (1) and the description of W (R) in
9.5.

Remarks. (a) We note that in the finite case oy is an automorphism of P
which induces the nontrivial automorphism of the Dynkin diagram D,,, n # 4.

(b) Any w € W(R) stabilizing P is trivial. This is well-known for a finite R
and follows from 15.8 for an infinite . The analogous result for W(R) fails: It
follows from (1) that, in particular, all order automorphisms give rise to non-trivial
elements in W (R) stabilizing P. For infinite I, such order automorphisms may well
exist, for example, the shift n — n + 1 in case I = Z with its natural ordering.



815. Positive linear forms and facets

15.1. The dual cone of a parabolic subset. Let P C R be a parabolic subset of
a root system (R, X). A linear form f € X* is called positive (with respect to P)
if (o, f) > 0 for all @ € P. We denote by

DY(P) ={f e X":(P,f) >0}, (1)

also called the dual cone of P, the set of these linear forms. Clearly, DV (P) is the
polar set (dual cone) of the convex cone K(P) = R[P] spanned by P, cf. B.I.
Hence DY (P) is a weak-#-closed convex cone which is proper since P spans X.

It is obvious that P, C P implies DY(P;) D DY (P,). Furthermore, denoting
by Z the linear span of the symmetric part Ps = PN (—P) of P, every f € DY(P)
vanishes on Z. Thus we may regard DY (P) as a cone in (X/Z)*, namely the polar of
the canonical image can(K (P)) in X/Z. This also shows that rank(f) <rank(R/P;)
for any f € DY(P). Furthermore, we have:

The union of all DY(P), P a positive system, is all of X*. (2)

Indeed, if f € X* then Ry (f) = {a € R : {(«, f) > 0} is parabolic by 10.8, and
hence contains a positive system P by 10.14, showing f € DY (P).

When R is a direct sum of root systems R; and correspondingly P = | P;, the
cones K(P) and DY (P) behave as follows:

K(P)=PK(@P), D' (P)=]][D"P). (3)

By Lemma 10.18, PV is a parabolic subset of the coroot system (RY, XV). It
makes therefore sense to define

D(P):= D"(P") ={g € (X")": (P",9) > 0}. (4)

The natural isomorphism (R, X) = (RYY,X"") of 4.9.2 then gives rise to an iso-
morphism

D(PY) = DY(P). (5)
of cones (in the obvious meaning).
15.2. LEMMA. If R is finite and P C R a positive system, then D(P) is the
closure of the Weyl chamber determined by P.

Proof. Indeed, identifying (XV)* with X, we have D(P) = {z € X : (z, B¥) >0}
where B = simp(P) is the root basis associated to P, so that 15.2 follows from [12,
V, § 1.4, Rem. 1 and VI, § 1.5, Th. 2].

146
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Examples show (cf. 16.3) that the attempt to define analogs of the usual open
Weyl chambers by replacing > with > in 15.1.1, may yield the empty set. We also
remark that, unlike in the finite case, it is essential to consider DV (P) as a subset of
the full dual X* (and D(P) as a subset of (X¥)*). The intersection of D (P) with
the subspace XY = span(R") of X* may be too small or even trivial; see, again,
16.3.

Next we show that for a positive system P, the cone DY (P) may be characterized
via the Weyl group just as in the finite case (see A.13). It is in fact easy to prove
the following version for parabolic subsets. Recall that the Weyl group acts on X*

by w(f) = fow L.

15.3. PROPOSITION. Let P be a parabolic subset of a root system (R, X), and
consider the cones K¥ =R, [PY] C XY and DY(P) C X* as in 15.1.1. Let f € X*.
Then

feDY(P) <= (P, f)=0 and f—w(f)e K" foralwe W(R).

Proof. =>: As noted in 15.1, every f € DY(P) vanishes on P,. Let P C P be
a positive system (cf. 10.14). Again by 15.1, we have D¥(P) C D¥(P), and P C P
implies K¥ = R, [P¥] € K. Hence it suffices to prove that f € DY(P) implies
f—w(f) e KV, ie., we may replace P by P and thus assume that P is a positive
system.

Let w = sq, - - Sq,,, and choose a finite full subsystem S with linear span Y
containing aj, ..., a,. By Cor. 5.8, we may identify W (S) with the subgroup Wg
of W(R) generated by {s, : « € S}. By Th. 5.7, we have X =Y @& S+ and Wy
acts trivially on S*. Passing to the dual space, and keeping in mind that Y* = YV
since Y is finite-dimensional, we obtain the Wg-invariant decomposition

X =Y'aYe (1)

where Y° = {f € X* : f|[Y =0} = (S*)* is the polar of Y, and Y is identified
with a subspace of XV C X* as in 4.10. Also, Wy acts trivially on Y°. Now PN S
is a positive system in S, with dual cone D¥(PNS)={ge YV : (PNS,g)>0}. Let
f € DY(P), decomposed in f = g+ f° according to (1). Then (Y, f°) = 0 implies
(PNS,g) =(PNS,f) C(P,f) CR;i. Hence g belongs to DV(P N S) which by
15.2 is the closure of the Weyl chamber determined by (PN .S)Y. From w(f°) = f°
and A.13 we then conclude f —w(f) =g —w(g) € RL[(PNS)V] C KV.

<: It suffices to prove (a, f) >0 for all & € P,. Assume to the contrary that
(a, f) < 0. Then f — s4(f) = (o, fa¥ € K implies —a¥ € K¥ N RY = PY (by
10.17.3), so a¥ € Py and therefore also a € Ps, contradiction.

Our next aim is to show that P is, in turn, uniquely determined by DY(P) as
the set of those roots on which all f € DY (P) take positive values (15.6.2). For this
purpose, we need some auxiliary material on norms in X and X*.

15.4. DEFINITION. Let (R, X) be a root system. Since R spans X, every x € X
is a linear combination x = ) . cqa with real coefficients ¢, and only finitely
many nonzero terms. Hence it makes sense to define
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|l :== inf{ Z lca| + &= Z caa}.

aER aER

Tt is easy to see that || || is a seminorm on X, and it is in fact a norm: If ||z||; =0
there exists, for all € > 0, a representation x = ) _» cqa such that > . |ca| <e.
Then, for all 3 € RY, [(z,B8")] < > ,crlcall{a; 3Y)] < 4e, because the Cartan
numbers («, 5Y) are bounded by 4. As e was arbitrary, we obtain (z, R¥) = 0 so
r € R =0by 3.5.3.

Clearly the 1-norm is invariant under all automorphisms of R. We note also
its behavior under direct sums: If (R, X) = [[,.;(Ri, X;) and z = >
decomposed accordingly, then

Izl = > [l

iel

iel ierLi 18

This follows easily from the definitions.
Next, we define, for any f € X*,

[flloc := sup{[{e, f)| : @ € R},

called the mazimum norm of f, and denote by X, the set of linear forms f for
which || f]|eo < 00, also called bounded linear forms. Note that

XV c X}y (1)

because RY spans XV and |[|5Y] oo < 4 by the aforementioned property of Cartan
numbers.

The bounded coweights introduced in 7.3 are just the coweights which are
bounded in the above sense, so that

Poa(RY) = PY(R) N Xgg.
We finally note that the basic coweights are bounded, in fact,
lgllc <6 for g € BY(R), (2)

as follows immediately from Prop. 7.12.

15.5. LEMMA. Let f € X*. Then f € Xy if and only if f: X — R is
continuous in the 1-norm, and then

[flleo = sup{[(z, /)] : & € X, [lxfly <1} (1)

Hence (X4, 1 lloo) is the topological dual of the normed vector space (X, || [1); in
particular, it is a real Banach space.

Proof. From the definition of the 1-norm it is clear that ||a|; <1 for all & € R.
Hence continuity of f implies f € X, and we have the inequality “<” in (1).
Conversely, let f € X, and let ||z||; < 1. Then, for any ¢ > 0, there exists a

representation x = ) cqa such that ) |co| <1+ ¢, and therefore

[, <D lealllas A1 (D leal) 1 lloe < (14 2) 1 flloo-

As e was arbitrary, we conclude that f is continuous with respect to the 1-norm,
and we have the inequality “>” in (1).



15. POSITIVE LINEAR FORMS AND FACETS 149

15.6. PROPOSITION. Let P be a parabolic subset of a root system (R, X), with
symmetric part P, = PN (—P) and dual cone DY(P), and let Dy (P) = D¥(P)N
X4 Also let K" be the closure of K = Ry[P] in the topology defined by the
1-norm. Then, with the notations of 10.8,

K" ={xe X : (x,D{4(P)) >0}, (1)

P= () Bu(fH= [ B:(H=F"nE (2
repv(p) FeDy,(P)

Pi= () RH= (] Rof) (3)
renv(p) FeDy,(P)

Remark. Using the classification of parabolic subsets (§13), we will show in
16.12 that in fact K = K .

Proof. Since Dy 4(P) is the polar set of K in X}, (1) follows from [11, II, §6.3,
Cor. 3(ii) of Th. 1].

In (2), the inclusions from left to right are obvious or follow from (1). It remains
to show K~ N R C P. Suppose that there exists a € K" N R but « ¢ P.
Then —a € P since P is parabolic. As a € Fnor, there exists z € K such that
lz — alli <1/7. Write 2 = > | ¢;o; where ¢; > 0 and «; € P, and choose a full
finite subsystem F of R containing {a, aq,...,ay,}. Then PN F is parabolic in F.
By Lemma 11.1(ii) there exist basic coweights q1, ..., qr of F such that

POF={B€F:(B,q)>0,....(B,qr) 2 0}. (4)

Since —a € PNF but a ¢ PNF, one of the {(a, ¢;) must be negative (and integral),
say, (a,q1) < —1. Hence

<:E - a7q1> = <‘T7q1> - <a7q1> 2 <x7QI> +1 2 17

where we used (x,¢q;) > 0 which follows from (4), a; € PN F and ¢; > 0. On the
other hand, ¢; extends to a basic coweight ¢ of R by 7.13(a) and ||¢||ec <6 by 15.4.2.
Hence (z — o, q1) = (x — a,q) < ||z — a1 - ||¢]|eo (by 15.5) <6/7, contradiction.

15.7. Facets. Let (R, X) be a root system, and let ) be the set of hyperplanes
H,={feX":{af)=0} (1)

where o € RX. As for a finite R we have:

If Py # Ps are parabolic subsets then there exists a hyperplane H, € $) (2)
such that DY (Py) and DY(Py) are on opposite sides of H,,.
For the proof we may assume that P; \ P> # () and choose an « € P; \ P,. Then
—a € Py, s0 {a, f) >0 for all f € DY(P;) while (o, g) <0 for all g € DY(Ps).

Following [12, V, §1.2], we define the facets as the equivalence classes of linear
forms on X with respect to the relation

for all H € §, either f € H and g € H, or
frg = { / g (3)

f and g lie strictly on the same side of H.
We denote by ®(R) or simply ® the set of facets of R.



150 LOCALLY FINITE ROOT SYSTEMS

Recall from 10.9 that every f € X* defines the scalar parabolic subset Ry (f) =
{a € R: f(a) > 0}. From the definitions it is immediate that

f~g < Ri(f)=R(9) (4)

Hence it makes sense to define Ry (F) := R4 (f), for a facet F and an element
f € F. Then:

The map F — R, (F) is a bijection between ® (5)
and the set of scalar parabolic subsets of R.

If F € ® and P = Ry (F), then it is clear from the definitions and 10.8.2 that
feF < (a,f)y=0forallae€ Ps;and (o, f)>0forallacP,. (6)

Thus F is an intersection of a number of hyperplanes and open half spaces of $),
which shows that F is a convex cone in X*, not containing 0 unless F' = {0}.

We define a partial order on ® by
F'xF <= Ry (F)DR.(F). (7)

Clearly, {0} € ® is the minimum of the partially ordered set ®. In general, ® does
not have maximal elements, unlike the finite case, where the open Weyl chambers
are the maximal elements of ®. The minimal elements of ® \ {{0}} (“atomic
facets”) will be determined in 16.14.

Recall the action of the automorphism group Aut(R) on X* given by w(f) =
fow™!. As already pointed out in 10.9.1, we have

w(R+(f) = Ry(w(f)) for w e Aut(R), (8)

which shows that the action of Aut(R) is compatible with the equivalence relation
defining the facets. Hence Aut(R) acts on ®, and

Ry (wF) = wR,(F), )
i.e., the bijection F' — R, (F') is Aut(R)-equivariant.

15.8. PROPOSITION. Let P be a parabolic subset of a root system (R, X ). Then
the following conditions on an element w of the Weyl group W (R) are equivalent:
(i) we W(Py) (identified with a subgroup of W(R) as in 5.8),
(i) w|DY(P)=1d,
(iii) w stabilizes DY (P),
(iv) w stabilizes P.

In particular, if P is a positive system and thus Ps = {0}, the stabilizers of P and
DY(P) in W(R) are trivial.

Proof. (i) = (ii): It suffices to prove this for w = s, where a@ € Ps. Let
f € DV(P). Then s4(f) = f — (o, f)a¥ = f, since f vanishes on P, as observed
in 15.1.
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(ii) = (iii): Obvious.

(iii) = (iv): This follows from 15.6.2 and 15.7.8.

(iv) = (i): Since w is a finite product of reflections in roots, there exists a
finite full subsystem R’ such that w € W(R'). Now P’ = PN R’ is a parabolic
subset of R', and clearly w(P’) = P’. Let F’ C (span(R’))* be the facet defined by
P’ (recall from 15.7 that P’ is of scalar type and thus P’ = R/(F”) for a unique facet
F' of R). Then wF’ = F’ follows from 15.7.9. Hence, by [12, V, §3.3 Prop. 1], w
is a product of reflections s, for which F/ C H,. But by 15.7.6 this means o € P..
Hence w € W(P.) C W(Ps).

Remarks. (a) As we have seen in 14.16 this result is no longer true for the
big Weyl group.

(b) Since every full subsystem S is the symmetric part of a parabolic subset
by 10.8(b), the corollary shows that the subgroups W (S) of the Weyl group are

precisely the stabilizers of parabolic subsets of R. This justifies the terminology
“parabolic subgroups” introduced in 5.8.

15.9. PROPOSITION. Let (R, X) be a root system and let P be a parabolic subset
of R.

(a) The dual cone DY(P) is a union of facets, i.e., DV(P) is saturated with
respect to the equivalence relation 15.7.3.

(b) The closure of a facet F' in the weak-x-topology is
F=|J{F': F'x F} = D"(Ry(F)). (1)
In particular, F' < F if and only if F' C F.
(c) DY(P) is the closure of a facet F <= P = R, (F) is of scalar type.
Proof. (a) From the definitions, we have
feD'(P) < (P f)20 <« PCR.(f). (2)
Hence 15.7.4 shows that f € DV(P) and g ~ f imply g € DY(P).

(b) The second equality of (1) follows from (2) applied to P := R (F). In
particular, since P = R, (f) for all f € F' by 15.7.4, we have ' C DY(P), and
because DY (P) is weak-+-closed, also F' C DV(P). For the reverse inclusion, let
f€Fand f/ € DV(P). Then for all 0 < t € R, we have f +¢f’ € F. Indeed, since
f and f’ take nonnegative values on P, we have P C R (f'+tf). Assume that this
is a proper inclusion. Then there exists « € R (f' +¢f) \ P, so {(a, f) < 0. This
implies —a € P C Ry (f’), so {a, f'}<0, and therefore (o, f'+tf) < 0, contradicting

a € Ry(f' +tf). Thus we have P = Ry (F) = Ry (f' +tf) or f'+1f € F, as
asserted. Now limy|o(f' + ¢f) = f' in the weak-*-topology, so f’ € F.

(c) The implication from right to left is clear from (b). For the reverse, assume
DY(P) = F and use 15.6.2 and again (b):

P= () Ri(N)=[NRe(f)= [) Re(F)=Ry(F),
feDv(P) feF F'XF
because of 15.7.7.

We can now prove the exact analogue of [12, V, §3.3, Prop. 1] in our setting.
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15.10. PROPOSITION. Let (R, X) be a root system, let F' € ® be a facet with
closure F in the weak-+-topology, and let w € W(R). Also let P = R, (F) be the
parabolic subset determined by F. Then the following conditions are equivalent.

(i) wFNF#0,
(i) wF=F
(ili) wF =F,
(iv) w fizes at least one f € F,
(v) w fizes every f € F,
) w fizes every f € F,
(vil) w e W(P).

Proof. The implications (vi) = (v) = (iv) are trivial, and (iv) = (ii) <
(i) is clear from the fact that W(R) acts on ®. Since the natural action of GL(X)
on X* is continuous with respect to the weak-+-topology, we have (ii) = (iii). The
remaining implications, namely (ili) = (vi) <= (vii), follow from 15.9.1, 15.7.6
and Prop. 15.8.

15.11. LEMMA. Let Py, P, be parabolic subsets of a root system (R,X) such
that Py N Py is parabolic, and P, = wP; for some w € W(R). Then Py = Py and
w e W((Pl)s)

Proof. By 10.14(a) there exists a positive system P C P, N P;. Let S be a
finite full subsystem of R such that w € Wg = W(S) as in 5.8, and let T be the
set of finite full subsystems T of R with S C T. Then R = |J%, and wT =T for
all T € €. Also, PN T is a positive system in T and P; NT are parabolic subsets
satisfying PNT C (ANT)N (PoNT) and w(PLNT) =P, NT. By [12, VI, §1.7,
Cor. of Prop. 21], we have Py NT = P,NT, so P, = P, since R is the union of the
T’s. The last statement follows from 15.8.

15.12. PROPOSITION. Let P be a parabolic subset of a root system (R,X),
let f1,fo € DY(P), and suppose that w(f1) = fo for some w € W(R). Then
f1 = fa. Hence DY(P) is a fundamental domain for the action of W(R) on the set

U = Upewm w(D*(P)).

Proof. Let F; be the facet containing f;, and P, = R4 (F;). From f; € DY(P)
we conclude P C Py N P, by 15.9.2, and hence P; N P, is again parabolic. Since
w permutes facets we have wF} = F5, and hence wP; = P, by 15.7.9. From
Lemma 15.11 we obtain P, = P», and hence F; = Fy = wF;. Now w(f1) = f1
follows from Prop. 15.10.



816. Dominant and fundamental weights

16.1. DEFINITION. Let (R, X) be a root system, P C R a parabolic subset,
and DY(P) C X* (resp. D(P) C XV*) the dual cone of P (resp. P¥) as in 15.1.1.
A coweight ¢ € P¥(R) C X* is called dominant with respect to P if it belongs to
DY(P). Thus ¢ € X* is dominant if and only if (P,q) C N. Analogously, the
dominant weights with respect to P are the elements of P(R) N D(P). A (co)weight
is called fundamental with respect to P if it is both dominant and basic (cf. 7.10).
Explicitly, this means that a linear form f € X* is a fundamental coweight of P if
and only if

(i) (P f)CN,
(ii) 1€ (R,f)and Ro(f) ={a € R: f(a) = 0} spans the hyperplane Ker f.

An analogous characterization holds for fundamental weights, after replacing R and
P by RY and PY. We denote by

D(P):=D(P)NP(R) and DY(P):=D"(P)NnP'(R)
the sets of dominant weights and coweights, and by
F(P)=D(P)NB(R) and FY(P)=D"(P)NnBY(R)

the sets of fundamental weights and coweights of P. Here B(R) and BY(R) denote
the sets of basic weights and coweights as in 7.10.

As in 15.1.1, we have canonical identifications D(P¥) = DY(P) and F(PV) =
FV(P), i.e., passing from R and P to RY and PV switches weights and coweights.
For notational convenience, we will usually deal with coweights, although the dom-
inant and fundamental weights are probably more important in applications to the
representation theory of Lie algebras and groups.

If R is the direct sum of root systems R; and correspondingly P = (J P;, then

DV(P)=]DV(P), F(P)=]F(P), (1)

with analogous formulas for D(P) and F(P). This follows easily from 7.10.5 and
15.1.3. In case R is finite and P is a positive system, the fundamental weights
defined here are the usual ones, as will follow from Prop. 16.2 below. Note that, by
15.4.2,

Sfundamental weights and coweights are bounded, (2)

but they need not be finite. We remark that Neeb [50] introduced fundamental
weights in an ad hoc manner, with a different definition for each type of infinite
irreducible root system.
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16.2. PROPOSITION. Let (R,X) be a finite root system, let P be a parabolic
subset of R and let P be described in terms of a root basis B and a decomposition
B = Bs; U B, as in 11.1. Also let q3 (8 € B) be the dual basic coweights of B as
i 7.10.3. Then

DY(P) =R[{gs: B € Bu}], (1)
D¥(P) =N[{gs : B € Bu}], (2)
F(P) ={qs : B € Bu}. (3)

In particular, if P is a positive system and therefore B, = B, then the dominant
(fundamental) coweights of P defined in 16.1 are precisely the dominant (funda-
mental) weights of P¥ as in [12, VI, §1.10].

Remark. With P as above, the set B, depends on the choice of a root basis
B C P, unless, of course, P happens to be a positive system where B is uniquely
determined by P. For example, in R = By = {0, &1, +e9, £&1 £ &2} the parabolic
subset P = Ry (t) = {0,+(e; — €2),€1,€2,€1 + €2} determined by the trace form
t contains two root bases, B = {e1,e2 — 1} and B’ = {eg,e1 — &2} for which
B, = {e1} # B = {e2}. Nevertheless, the set of linear forms {gg : § € B,}
depends only on P, as (3) shows. Also, if Z = span(P;) then the set can(B,) C X/Z
depends only on P because it is just the basis dual to the basis {gs : § € By} of
(X/Z)*.

Proof. By 11.1.1 we have o € P if and only if gg(a) > 0 for all § € B,,. Hence
the g3 (6 € B,) are dominant and then also fundamental because they are basic,
so we have the inclusions from right to left in (1) — (3). Conversely, let f € DV(P).
As {qs : B € B} is a vector space basis of X*, we can write f = ;5 caqp with
real coefficients cg. Then 0< f(8) = ¢g for all 3 € B, = BNP,. Also, B, = BNF;,
so =03 € P for all 3 € B, which implies c¢g = 0 for 8 € B,. Thus f =} 5. p csqs
is a positive linear combination of {gg : § € B,}. This proves (1), and (2) follows
immediately because cg = f() € Z when f is a coweight.

It remains to prove the inclusion from left to right in (3). Let f € FY(P). By
(2), f =2 4ep, np - qp With ng € N. Since every a € R is a linear combination of
B with coefficients of the same sign, we have f(a) = 0 if and only if « is a linear
combination of By(f) := {8 € B : f(8) = 0}. Hence Ry(f) has Bo(f) as root basis,
and thus f has rank 1 if and only if B\ Bo(f) = {#} consists of one element. It
follows that f = nggg, and ng = 1 because f is indivisible.

16.3. Dominant and fundamental coweights of A;. We now determine explic-
itly the positive linear forms and the dominant and fundamental coweights of the
parabolic subsets P of the classical root systems R = T;, T € ¥ = {A, ...,BC}.
The case of a finite I is of course well-known. It is included here since our methods
do not depend on the cardinality of I. Our results, together with the corresponding
ones for weights, are summarized in 16.6. By Prop. 13.6, we may assume P to be
a pure parabolic subset. Then by Th. 13.11, P = Ry, . is one of the parabolic
subsets defined in 13.3, where (1o, =) is a p-datum for (T, I) (cf. 13.9). Therefore,
the cone R4 [P] spanned by P is given by Prop. 13.10(b); in particular, it is one of
the cones studied in Appendix B.
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Throughout, we use the notation of 12.1, so X = P,.;Re; and X is the
hyperplane of those elements x = > x;¢; for Wthh the trace t(z) = qr(z) = > x; =
0. For f € X* we let f denote the restriction of f to X.

Let P=A;, = {g; —¢j : i 3= j} where 3= is a total preorder, as in 13.3.2. We
use the notation & of B.2 for the set of final segments of (I, =) and ¢ for the set
of proper final segments. Then by Prop. 13.10(b), Case (b)), Ry[P] = K is the
cone of type A determined by 3=, so by B.7.2, f € DY(P) = K° if and only if the
map i — f(e;), I — R, is increasing. Hence f is a dominant coweight if and only
if f(ei —¢j) = f(es) — f(e;) € N, for all ¢ = j. By 8.12(a), the basic coweights of
A, are the linear forms ¢; where 00 # J & I. Now the map i — f(g;) = x(4) is
increasing if and only if J = X is a final segment of (I, =) so we have:

F'(Ary) = {ix: ¥ € €. (1)

(Recall that final segments, see B.2, are not empty by definition). It is also im-
mediately seen that ¢z # ¢x for dlfferent X, % in €, so (1) actually establishes
a bijection between € and F¥(A;,.). Comparing this with B.8(a), we see that the
extremal rays of DY (P) are spanned by FV(P).

Let us now consider the case where P is a positive system and hence > a
total order, written >. We determine the intersection of DY (P) with the space
XV C X* which we may identify with the set of those f for which only finitely
many f(g;) are non-zero and which satisfy » . ; f(e;) = 0. Assuming f#0, let
{icm < -+» < i1 <41 < -+ < iy} be the set of those i € I with f(g;) # 0,
where moreover f(g; )< ---< f(e;,) <0< f(es;) <--- < f(ey,). Since the map
i — f(g;) is increasing, we must have i_,, = min([), i,, = max(I), and the order
on I must be of type

T=(ig < <ig <Ip<iy <---<ip),

where Iy = {i € I : f(¢;) = 0}. Thus in general, we will have D¥(P) N X" = {0},
illustrating the fact that it is important to consider DV(P) in the full dual X* of
X and not just in XY = span(RY).

16.4. Dominant and fundamental coweights of By, C; and BCy. Let R be one
of these root systems, and let P = Ry, . be a pure parabolic subset as in (4) — (6)
of 13.3 where (I, =) is a p-datum, so I is either empty or the minimum of the
totally ordered set I/~. By Case (bs) of Prop. 13.10(b), R[P] = K is the cone of
type B determined by (Ip, =). By B.3.3, f € DY(P) = K° if and only if the map
i +— f(g;) is non-negative, increasing, and vanishes on Iy. In case R = By or BCy,
the condition for f to be a dominant coweight is that in addition all f(g;) € N, while
for R = Cy, the f(e;) must either be all integers or all half-integers. In particular,
Iy # 0 implies that all f(e;) € N. We now determine the fundamental coweights.

(a) Let R =By or BCy. By 8.12, the basic coweights of R are the linear forms
q5 where () # J C I and o € 2!, By definition, ¢5(s;) = o(i)xs(i). Since ¢5 = ¢j
as long as o(i) = 7(4) for all 4 € J, it is no restriction to assume o(i) = 1 for
i€ I\ J. It is then easy to see that the conditions for ¢ to belong to DY (P) are
IgyNnJ=0,0=1d, and J = X a final segment. Thus we have

g’uv(BL]m?) = SFV(BC])[O);_) = {qg Y e€ [hnk= (Z)}, (1)
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and the map X +— ¢y is a bijection between the set of final segments not meeting
Iy and the fundamental coweights.

(b) Let R = C;. Then by 8.12, the basic coweights are ¢7/2 and all ¢, where
ce2land ) # J G I. If Iy # 0, no coweight of type ¢7/2 can be in DY(P). A
similar argument as before then shows

(2)

Yee if Iy =
S_W(CMW){{%}U{QZ € ¢} if Io 9}’

{gs: 2 e€& Ih,nX =0} ifly#0

where ¢y = (1/2)g;. From (1) and (2) and B.6(a), we see that, as in 16.3, the
extremal rays of DV(P) are spanned by FV(P). Again, these formulas establish
bijections between F¥(P) and suitably defined sets of final segments.

16.5. Dominant and fundamental coweights of Dy. Let R = Dy, and let P =
Dy 1,,» be a pure parabolic subset as in 13.3.3. Thus Iy has cardinality # 1, and if
(I,%) has a minimal element 0 then Iy = @), by 13.9.1. Accordingly, there are two
subcases:

(a) (I,%) has no minimal element. Then by Prop. 13.10(b), Case (bs), Ry [P] =
K is the cone of type B determined by (Io, 3=). Thus by B.3.3, DV(P) consists again
of all linear forms f for which the map ¢ — f(g;) is non-negative, increasing, and
vanishes on Iy. The condition for f to be a dominant coweight is that, in addition,
the f(e;) are either all integers or all half-integers.

From 8.12 it follows that the basic coweights are the ¢ for some non-empty
subset J with |I'\ J| > 2, and /2, where o € 2. As before, this implies that
the fundamental coweights are the gs where X is a final segment not meeting I
and with |\ X| > 2, as well as q;/2, provided that Iy = (. However, the condition
|7\ X| > 2 is now automatic for a final segment X' # I, because I has no minimal
element: If I\ X = {ig} a singleton then necessarily 7o must be the minimal element
of I which is not present. This shows:

If (1,%) has no minimal element then
TV(DL[O;) = SFV(C]’[07>) as in 16.4.2. (].)

(b) (I,%) has a minimal element 0. Then Iy = @, and by Prop. 13.10(b), Case
(b2), R4[P] = K is the cone of type D determined by (I, 3=,0). By B.9, a linear
form f € X* belongs to D¥(P) = K if and only if the map i — f(g;) is increasing,
and f(g;) = —f(eo), for all ¢ # 0. The dominant coweights are then characterized
by the additional condition that the f(e;) are all integers or all half-integers. We
claim that the fundamental coweights of P are precisely the ¢y with X' € ¢ ie.,
X is a final segment with |\ X| > 2, and the “spin coweights” ¢4, as in B.9. That
these linear forms are indeed fundamental is easily verified. Conversely, let f be
fundamental. By 8.12, either f = ¢ where J # 0 and |1\ J| > 2, or f = ¢7/2,
for some o € 2. In the first case, the conditions describing DY (P) show we must
have o(j) = j for j € J, and thus ¢§ = ¢; where in addition J = X must be a final
segment. In the second case, they imply that either ¢ = Id or ¢ = 09, so f = ¢+
or f = ¢q_. Thus we have shown:
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If (I,%) has a minimal element then
F'Dry) ={gz} U{gs: ¥ c € (2)

A comparison with B.12(a) shows that again the extremal rays of DY(P) are
spanned by FV(P).

16.6. Summary. We summarize our results on the fundamental coweights
FV(P) established in 16.3 — 16.5 in the following table. For convenience, we also
list the fundamental weights F(P), obtained from FV(P) by passing to R” and P".
Throughout, P = T; j, - is a pure parabolic subset in R = T; and X' is a final
segment of (I,3=). Also, the notation 0 € I or 0 ¢ I refers to the case where (I, =)
has or does not have a minimal element 0. For the definition of the weights py, px
and coweights ¢y and ¢y see 8.9. The coweights g1 are defined in B.9.2, and the
p+ are defined analogously, with €; replaced by e;, cf. 8.1.6.

P (parabolic) F(P) F(P)
AI,> Dz, E#I qs, E#I
B YNIly=
I,IO,>F pz’ 2 m IO — @ if IO # @ q27 0 @
, U # L if I =0
Crio.» py, XNIy=0 qs, ¥ #1; g1 if Io

QE,EQIOZ(Z) lffo#@

D;1 0¢I pZ‘aE#I;]H, ifI():@ anE#I;q+ if[():@
o, ps, XNIp=0 if Iy #0 gz, XNly=0 if Iy #0

DI,%voel px, |I\E|>2’ P+ qx, |I\Z|>2, q+

BCr1,,» ps, XNIh=0 qs, XNIp=0

In case P is a positive system the table above specializes as follows.

P (positive system) F(P) FV(P)

Ars Pz, X AT gz, X A1

Br,> ps, X #1; py qs

Cr> px qs, X #1; g+
Dr> 0¢1 pz, X # 1 py qz, X # I qy
Dr>, 0el po, I\X[22; ps az, T\Z]>2; qx
BCr,» pPx s

As a first application, we show:
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16.7. PROPOSITION. Let P be a positive system of a root system (R, X). Then
every coroot is an integer linear combination of FY(P).

Proof. After decomposing R into irreducible components we may assume R
irreducible. If R is finite then P determines a root basis B, and F¥(P) = {qs : 8 €
B} (by 16.2.3) is a Z-basis of the coweight lattice P¥(R). Now R C Q¥(R) C P¥(R)
by 7.3, so we are done.

If R = Ty is infinite, we may assume P = R is a pure positive system. Note
that, for all ¢ € I,

€ = qgiy = qli,—[ — Ji,—| (1)

where e; is defined in 8.1.6, [i, —[ is the principal final segment determined by 4,
and Ji,—[ = {j € I : j > i} is a final segment or empty. Moreover, by 8.1, the
coroots of Ty are given by (g; — Ej)v = ¢&; — ¢&; in case AI, and (g; + Ej)v =e;Lej,
ey = 2e;, (2¢;)Y = e; in the other cases. Now the assertion follows easily from (1)
and the structure of FV(P) in the table above, using the fact that ¢; = 2¢4 and
q{0y =4+ — q—, incase P=D; > and 0 € I.

For the case of classical root systems the following lemma is obvious from the
discussion above. It is interesting that one can give a short classification-free proof
for root systems in general.

16.8. LEMMA. Let P C R be parabolic and let f € FY(P) be a fundamental
coweight. Then Ry f is an extremal ray of DY (P).

Proof. Suppose f = f1 + fo with f; € DY(P). Then for all « € PN Ry(f),
0= f(a) = fi(a)+f2(a) and f;(a)>0implies f;(«) = 0. Hence PNRy(f) C Ro(fi),
and since R = P U (—P), we see that Ro(f) C Ro(fi). A fundamental coweight is
basic, in particular, it is of rank 1. Hence Ry(f) spans a hyperplane, and therefore
f; is a multiple of f, as desired.

16.9. THEOREM. Let P be a parabolic subset of a root system (R, X), let C =
R [P] be the convex cone generated by P, with polar C° = DY(P) as in 15.1.1, and
let FY(P) be the set of fundamental coweights of P.

(a) For an element x € X, the following conditions are equivalent:
(i) zeC,
(i) x € C°°, ie., f(x) =0 for all f € DV(P),
(iil) f(z) =0 for all f € FY(P).

(b) The extremal rays of DY (P) are precisely the rays spanned by the funda-
mental coweights of P, i.e., the map F¥(P) — extr(DY(P)), q — Ryq, is bijective.

Proof. Since the set of extremal rays of a direct product of cones is the union
of the sets of extremal rays of its factors, it follows from 16.1.1 and 15.1.3 that it
suffices to prove the theorem in case R is irreducible.

Let first R be finite. The implications (i) = (ii) = (iii) of (a) are obvious.
For (iii) = (i), we describe P in terms of a root basis B and a subset B,, as in 11.1.
Write x = 375 5 cp3 with cg € R. By 16.2.3, gg € FY(P) for 8 € By, so (iii) says
cg =qp(z) >0 for 8 € B,. As B\ B, = B; C P, by 11.1 and therefore £ € P for
all g8 € By, it follows that x is a positive linear combination of P, so x € K. This
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proves (a). By 16.2.1, DV (P) is the simplicial cone spanned by the linear forms gz
(B € By) which are, by 16.2.3, precisely the fundamental coweights. Hence, by 16.8
and B.1.1, the extremal rays of DY (P) are spanned precisely by FV(P).

Now let R be infinite and irreducible, so R = T; for an infinite set I and
T e ={A,...,BC}. By the results of §13, we may assume P pure.

We first show (b). By Lemma 16.8, a fundamental coweight spans an extremal
ray of DV(P). The converse follows from the case-by-case discussion in 16.3 — 16.5.
This completes the proof of (b). Now (a) follows from the corresponding statements
of B.5, B.7, and B.11.

16.10. COROLLARY. A parabolic subset P of a root system R is determined by
its fundamental coweights:

P= () Rl (1)

feFv(p)

This follows immediately from Th. 16.9(a) and the fact that P = K N R by
10.17.3.

16.11. COROLLARY. With the notations of Th. 16.9, the convex subcone of
DY(P) spanned by FV(P) is weak-+-dense in DY (P).

This is an immediate consequence of 16.9(b) and Cor. B.14.

16.12. COROLLARY. With the notations of 16.9, the cone R [P] spanned by a
parabolic subset P of a root system R is closed in the norm topology of X.

Proof. Asremarked in 16.1.2, fundamental coweights are bounded and hence, by
15.5, norm-continuous. Now the corollary follows from condition (iii) of Th. 16.9(a).

16.13. PROPOSITION. (a) For a parabolic subset P of a root system (R,X),
the following conditions are equivalent:

i) P is maximal among the proper parabolic subsets of R,
) P =Ry(f) where f € BY(R) is a basic coweight,
ii) P = Ry(f) where [ is a linear form of rank 1,
) Ps has corank 1,
) Py is mazimal among the proper full subsets of R.

(b) Every parabolic subset of a root system R is the intersection of the proper
mazimal parabolic subsets containing it.

Proof. (a) (i) = (ii): Since P # R, we have FV(P) # 0 by 16.10.1. Let
f € FY(P). Then R, (f) is a proper parabolic subset containing P, so P = R, (f)
by maximality of P.

The implication (ii) = (iii) is obvious from the definition of basic coweights,
and (iii) = (iv) follows from the fact that the symmetric part of Ry (f) is Ro(f),
see 10.8.2. Condition (iv) says that Ps spans a hyperplane. Since P is a full subset
of R, this easily implies (v).

It remains to prove (v) = (i). Let P’ be a proper parabolic subset with
P C P'. Then P; C P, so by maximality of P, either Py = P, or P, = R. The
second possibility is excluded because P’ is proper. Now assume that there exists
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a € P'\P. Then —a € P C P’ so a € P, = P; C P, contradiction. Thus P = P’,
proving P maximal.

(b) This follows immediately from (a) and 16.10.1.

16.14. COROLLARY. Let (R,X) be a root system. For a facet F' of R (see
15.7), the following conditions are equivalent:

(i) F is minimal among the facets different from {0} with respect to the
partial order < of 15.7.7,
(i) F =Ryyf where f is a basic coweight of R,
(iil) F is an open half-line.

Proof. (i) = (ii): Let P = R (F) be the scalar parabolic subset determined
by F. Then P # R because F' # {0}. By Prop. 16.13, there exists a parabolic
subset P’ = R, (f") D P, where f’ € BY(R) is a basic coweight. Let F’ be the
facet determined by f’. Then P’ D P implies F’ < F by 15.7.7, and F’ # {0}
because f’ # 0. Hence F’ = F by minimality of F. It remains to show F =R, f’.
Thus let f € F. Then Ry (f) = R4+ (f’) and hence Ry(f) = Ro(f’). Since Ro(f’)
spans a hyperplane, it follows that f = ¢f’ for some ¢ # 0, and ¢ > 0 follows from
Ry (f) = Ry (f).

The implication (ii) = (iii) is trivial. We prove (iii) = (i). If F' is an open
half-line, the weak-*-closure of F' is {0} U F'. Hence Prop. 15.9(b) shows that the
only facet F' < F and different from F' is {0}, so F is minimal.

By Cor. 16.11, a dominant coweight f € D¥(P) (P parabolic) is the limit, in the
weak-*-topology, of a net (g)) where each g, is a finite linear combination with non-
negative coefficients of fundamental coweights. Our next aim is to derive a more
precise series representation of f, similarly to B.15. We begin with the following
result on the restriction of fundamental coweights to suitable finite subsystems.

16.15. PROPOSITION. Let P be a parabolic subset of a root system (R, X), and
let F C R and & C FY(P) be finite subsets. Then there exists a finite full subsystem
(R, X") of (R, X) such that, letting P' := PN R/,

(i) FCR,
(ii) for every q € &, the restriction res(q) := q|X’ belongs to F¥(P'), and

(ili) res: &€ — FY(P') is injective.

Proof. Using 16.1.1 it is easily seen that we may assume R irreducible. Since
the case of a finite R is trivial, it remains to consider R = Ty for T € ¥ =
{A,B,C,D,BC} and [ infinite. Then F' C T for a suitable finite J C I. If & = (),
the assertions (ii) and (iii) are trivially satisfied while (i) follows from local finiteness
of R. We thus always assume € non-empty.

Our claim is invariant under automorphisms, so we can assume that P is pure
and hence of the form P = T j, » for a p-datum (lo, =) € Po(T,I) as in 13.9. We
will find a suitable finite I’ C I such that, with the notation of 12.1, (R, X') :=
(T, Xp) satisfies (i) — (iii).

Let I' C I be a non-empty subset, put I := Ip NI’ and let =" denote the
restriction of = to I’. We also assume that |I’| > 2 and |Ij] # 1 in case T = D.
Then it follows immediately from the definition in 13.9 that (I}, =') € Po(T,I’) is
a p-datum for (T,I’). Also, from the formulas in 13.3 defining Ty j, », we see that
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/ /
P =PNR :TIJm? NIy :TLI{)’?/

is the pure parabolic subset defined by the p-datum (Ij,*>’). Hence the results
of 16.6 describing the structure of the fundamental coweights apply to P as well
as to P’. This will make it easy to verify that condition (ii) holds. Once this is
established, condition (iii) just means that |€] = | res(&)].

By 16.3 - 16.5, a fundamental coweight ¢ of P is one of the following: If T = A
then ¢ = ¢y for a proper final segment X' of I, while in the other cases, ¢ is of
the form ¢x where X' is a final segment, possibly satisfying certain restrictions, or
q = g+ is one of the spin coweights where gy = (1/2)q;, and ¢_ is only defined in
case I has a minimal element 0.

With (I, I}, =") as above, let X’ be a final segment of I’, and define linear forms
¢, ¢, on X' and ¢, on X’ = X N X’ in analogy to ¢x, ¢+ and ¢x. Then the
fundamental coweights of P behave as follows upon restriction to X’ resp. X’

res(qz) = q/Z‘ﬂI’a res(cjg) = qu‘ﬂI/v (1)
res(q+) = ¢y, res(q_)=¢_ incase0€I'. (2)

Note here that X’ N I’ is either empty or a final segment of I’ with respect to ='.
We now discuss the possibilities for T and show that in each case, conditions (i) —
(iii) can be met by a judicious choice of I'.

(a) T = A: By 16.3.1 we have & = {{s,,...,qs, } where the ¥, are proper
final segments and n = |€]| > 1. Since the set of final segments of I is totally ordered
by inclusion, we can assume the X, strictly descending: I 2 Xy 2 --- 2 X, Let
Yo =1, and choose i, € I such that

i €X,\ X4y forO<v<n, i,€X,. (3)

Now define I’ := J U {ig,...,in}. Then (3) ensures that the X/ := X, NI
(v = 1,...,n) are proper final segments of I’ in strictly descending order: I’ 2
X1 £ - £ X7 in particular, they are pairwise different. Hence (1) and 16.3.1
applied to R’ = A show that res(&) = {qIEi’ -+, } C FV(P') has cardinality n.

(b) T=Bor T =BC: By 16.4.1, € = {¢x,,...,qx, } where n = |€| and the
X, are final segments with X, N Iy = (). As before, we may assume them in strictly
descending order. Choose i, € I satisfying

i, € X, \ X1 forl<v<n, i,€X,, (4)

and define I’ :== J U {i1,...,4,}. Then the X/, = X, NI’ are final segments of I’
not meeting I, and they are again in strictly descending order. By (1) and 16.4.1
applied to R/, we have res(£) = {q/zgv - Q } CFY(P') and |res(E)| = n = [€], as
desired.

(¢) T =C: First let Iy # 0. Then by 16.4.2, € has the form discussed in (b)
above, and the same method proves our assertion.

Now let Iy = (. Then the spin coweight ¢ = (1/2)g; is in FV(P). We make the
trivial but useful remark that we may always enlarge & (as long as it stays finite).
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Hence it is no restriction to assume ¢ € &, and then € = {¢+} U {¢x,,...,q5,}
where the X, € & are proper final segments in strictly descending order, and
€| =n+ 1, so n =0 is possible. Let Xy := I and choose iy, ...,i, as in (3). Let
I' .= JU{ig,...,in}, and define again X/, := ¥,NI’. Then (1) and (2) together with
16.4.2 show res(€) = {¢} } U {qlzi’ - Qx } CFY(P') and |res(E)| =n+1=[E].

(d) T = D, where (I, ) has no minimal element. First, assume again that
Iy # 0. By 16.5.1 we have € as in the first part of (c), and pick elements i1, ..., i,
as in (4). Also pick two elements g, i, € Ip. This is possible by condition (iii) of
13.9. Put I' := J U {io,i(,%1,--.,in}. Then |Ij] =2, so (I}),*’) is a p-datum for
(D, I'). As before, it is easily checked that res(&) C FV(P’) and |res(&)| = |€].

Next, let Iy = (. Then we may assume € as in the second part of (¢) above and
pick g, ...,%, in the same way. Because I has no minimal element, there exists a
further element ij, < ig, iy # 40. Put I’ :== J U {i(,%0,1,...,4n}. Then |I'| > 2, so
(I, =0,%") is a p-datum for (D, I’), and again one shows that res(&) C FY(P’) has
the same cardinality as €.

() T =D and 0 € I: Recall from 13.9.1 that Iy = () in this case, so that
any I’ C I with at least two elements gives rise to a p-datum in Po(D,I’). By
16.5.2 we have q1 € FV(P), so by the remark made earlier, there is no harm in
assuming ¢+ € €. Then € = {¢4,¢-} U{gx,,...,¢x,} where || =n+22>2, and
the X, form a strictly descending sequence of final segments with |I'\ X, | > 2. Let
Yo := I\ {0}, choose i, as in (3) and define I" := JU{0,4g,%1,...,%n}. Then 0 € I’
and |I'| > 2, the X/, = ¥, N I’ are final segments in strictly descending order for
(I',%"), and they satisfy |I'\ X/| > 2 for v = 1,...,n. Now (1) and (2) (and of
course 16.5.2 applied to P’) show that res(€) = {¢/.,¢_} U {q’21, Gy } CFY(P)
and |res(€)] = n + 2 = |€|. This completes the proof.

16.16. COROLLARY. Let P be a parabolic subset of a root system (R, X).
(a) The set FY(P) of fundamental coweights is linearly independent.
(b) Let € C FY(P) be a finite subset, and fix an element ¢’ € €. Then there

exists B € P with
_J1 forq=¢
<5’q>_{0 forallqge &, q#4q |~

If « € P is a root with (o, q') > 0 then B can be chosen in such a way that in
addition B <p « with respect to the partial preorder defined by P (cf. 10.7 and
11.2), i.e., « — B € N[P].

Proof. Tt is easily seen that (b) implies (a). To prove (b), we apply Prop. 16.15
with F' = {a}. This reduces us to the case of a finite R. Then, with the notations of
16.2, ¢’ = gp for a unique 8 € B,,. Writingaw = > pn,7, we have (a, ¢') = ng>1,
which implies that all n, € N since B is a root basis. Hence o — 3 = (ng — 1) +
zwgﬁ n~7y € N[P], so 8 has the required properties.

16.17. THEOREM. Let (R,X) be a root system and let P C R be a parabolic
subset, with set of fundamental coweights F¥(P). Suppose f € X* has a represen-
tation as a weak-+-convergent series
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f= 5 Cq g (1)
qEFV(P)

with real coefficients cq. Then the ¢, belong to the closure of f(P) in R. They are
uniquely determined by f, and satisfy

feDY(P) <= allcgeRy, (2)
feP(R) <<=  allc,€eZ, (3)
fed'(P) <= allcgeN. (4)

Remark. Convergence of (1) means of course convergence of the net fg :=
> gee Cq - q In the weak-+-topology of X*, where € runs over the directed set of
finite subsets of FV(P). Since convergence in the weak-*-topology is pointwise
convergence, (1) says that for every x € X the family (cq - (z,q))qegv(p) of real
numbers is summable with sum f(x).

Proof. Let ¢’ be a fundamental coweight. We must show that, for every positive
e, there exists § € P such that |f(8) — ¢y| < €. Choose any root a € P with
(a, ¢’y > 0. Evaluating (1) on « yields,

f(a) = Z Cq - <Oé,q>.

qeETV(P)

We note that («,q) € N by (i) of 16.1. It is well known that a summable family
of real numbers is absolutely summable [9, TV, §7.2, Th. 3]. Hence there exists a
finite subset & C FY(P) such that, with € := FV(P)\ €,

> lel - {avg) < (5)

qeC

Since we may always enlarge € (and correspondingly diminish €) without disturbing
the estimate (5), it is no restriction to assume ¢’ € €. Then €&, ¢/, and « satisfy
the hypotheses of Corollary 16.16(b), so we can find 5 € P such that 8 <p a and
(B, q) = dqq for all g € €. By evaluating (1) on 8 we obtain

f(ﬁ):Zcq'<ﬁ7Q>+Zcq'<ﬁ7q>:Cq’+ch'<ﬁ7Q>~ (6)

qeé gee qeel

From 3 <p a we conclude 0 < (8, ¢) < (a, q) for all ¢ € FY(P), so (5) and (6) yield

1F(B) = el =D cq- (B < leal - (B.0) <D leql - {ara) <,

qec q€eC gee

as desired.

In particular, f = 0 implies that all ¢, = 0, from which uniqueness of the
coefficients follows easily. Also, the equivalences (2) — (4) now follow easily from
the definitions in 16.1: f € DY(P) <= f(P) C Ry, so f € DY(P) implies all
¢q € f(P) C Ry. Conversely, if all ¢, > 0 then f(o) =Y cq(a,q) >0 for all a € P,
since (a, q) € N, showing f € D(P). The proof of (3) and (4) is the same, with R
replaced by Z and N, respectively.
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16.18. THEOREM. Let P be a parabolic subset of a root system R. Then every
dominant coweight f of P is a weak-x-convergent series

f= Z Ng-q (1)

qETFV (P)

with uniquely determined coefficients ngy € N. If R is irreducible there are at most
countably many ng # 0, and f is bounded if and only if only finitely many ng # 0.

Proof. Uniqueness of the coefficients n, and the fact that ny € N follows from
Th. 16.17. By 16.1.1 it suffices to prove existence of a representation as in (1) for an
irreducible R. In the finite case, the result follows from Prop. 16.2. For an infinite
R we can assume that P is a pure parabolic subset of R = T; and is therefore
of the form P = Ty j, » for a suitable p-datum (I, ). Then by Prop. 13.10, the
cone C' = R [P] spanned by P is one of the cones of type A, B, D treated in
App. B. By Th. 16.9(b), each extremal ray of C' contains exactly one fundamental
coweight. The discreteness condition B.15.1 of Th. B.15 is clearly satisfied for a
dominant coweight because f(e; —ei) € Z for all i,k € I. Hence the existence of
the representation (1) and the remaining statements all follow from Th. B.15.

16.19. COROLLARY. Let P be a positive system of a root system R and put
UY =Uwewr) w-D¥(P) as in 15.12. Then every g € PY(R)NUY = U,ew(ryw-
DY (P) is a weak-x-convergent sum

9= Z Mg - q (1)

qEFV(P)

with uniquely determined coefficients mq, € Z. If R is irreducible then at most
countably many my # 0, only finitely many are negative, and g is bounded if and
only if only finitely many mq are # 0.

Proof. Let g = w(f) where f € DY(P). Then f—w(f) € QRV)NK"Y (by 7.4.3
and 15.3) = N[P"] (by 11.2.1 applied to P¥) C Z[FY(P)] (by 16.7). Thus g = f+ f’
where [ is a finite integral linear combination of fundamental coweights. Now the
corollary follows easily from 16.17 and 16.18.



817. Gradings of root systems

17.1. DEFINITION. Let (R, X) be a root system and A an abelian group, writ-
ten additively. An A-grading of R is a family (R,)a.ca of subsets of R such that

R=|J R, and RN (Ry+ Ry)C Rays (1)
acA

holds for all a,b € A.
Let Q(R) be the root lattice of R. By Lemma 7.9 any homomorphism g: Q(R) —
A defines an A-grading of R by

Ry =Ra(g) :={a€ R:g(a)=a} =g~ (a) N R, (2)

and, conversely, every A-grading of R arises in this way. Therefore, we will often
identify an A-grading with the associated homomorphism g, and refer to a graded
root system as to (R, g). As a consequence of (2),

0€Ry and R_,=—-R, (3)

holds for all a € A, cf. 7.9.4.

Let B be an integral basis of R. Since B is in particular a basis of the free
abelian group Q(R), a grading homomorphism g is uniquely determined by g’B,
and in this way Hom(Q(R), A) = AE, the group of functions from B to A. This
remark is useful in the case of Z-gradings of finite root systems, see 17.5.

A morphism between A-graded root systems (R;)aca and (R'y)aeca is a mor-
phism f: (R, X) — (R, X’) in the category RS respecting the grading, i.e., a linear
map f: X — X' with f(R,) C R, for all a € A. This is equivalent to the con-
dition g = ¢’ o (f ’Q(R)) for the associated grading homomorphisms ¢ and ¢’. In
particular, an isomorphism is a vector space isomorphism f: X — X’ satisfying
f(R,) = R, for all a € A. Embeddings of graded root systems are defined analo-
gously. Note that —Id is an isomorphism between a grading and its opposite, given
by RSP = R_,, whose associated homomorphism is —g. If f: (S,Y) — (R, X) is
a morphism of root systems and R is A-graded, then S, := S N f~1(R,) defines
an A-grading of S, called the induced grading. Its associated homomorphism is
of course just g o ( f|Q(S)). This applies in particular to the case where f is the
inclusion of a subsystem S of R.

The support of a grading ¢ is

supp(g) ={a € A: R, = RN g (a) # 0}.

Because 0 € Ry and R = —R, we always have 0 € supp(g) and supp(g) = —supp(g).
A grading is called trivial if supp(g) = {0}, i.e., R= Rg or g = 0.

165
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17.2. Effective gradings. Let (R,)qaca be an A-graded root system, with asso-
ciated grading homomorphism g. It follows immediately from the definitions that

Ry is an additively closed subsystem of R. (1)

In general, Ry is not full. For example, consider R = BC; = {0, £a, £2a} with the
natural Z/2Z-grading given by Rg = {0, £2a} and Ry = {£a}.

By 11.5, it makes sense to define a grading to be effective if Ry is an effective
subsystem. The equivalent conditions (i) — (iii) of 11.5 may then be augmented as
follows:

(iv) everyy € R( is of the form v = a—f3 where a, 3 € R, for some 0 # a € A,
(v) the induced grading on all connected components of R is nontrivial.

Indeed, (iv) is clearly equivalent to the condition (iii) in 11.5. To see that also
(v) characterizes effectiveness of Ry, note that the induced grading on a connected
component C' of R is trivial < g‘C =0 < C C Ry. Thus (v) is equivalent
to condition (ii) of 11.5.

17.3. LEMMA. Let (Ry)aca be an A-grading of a root system (R,X), with
associated homomorphism g.

(a) For any subset X C R\ Ry, the induced grading of the subsystems R’ =
RnNspan(X) and R = RNZ[X] is effective.
(b) If g is effective then so is the induced grading on the subsystem Rinq of

indivisible roots. Conversely, any effective A-grading of Ring extends to an effective
A-grading of R.

Proof. (a) Both R’ and R” are root systems in the subspace X’ = span(X). As
R, = R'N Ry, we have ¥ C R'\ R{), so the latter spans X’ and thus R’ is effectively
graded. The proof for R” is identical.

(b) By 8.5, Rjna is irreducible for an irreducible R, and the converse holds
trivially. Hence we may assume that R and Rj,q are irreducible. Then it suffices
to observe that a grading is nontrivial on R if and only if it is nontrivial on Rj,gq,
because Q(R) = Q(Rina)-

17.4. Z-gradings and coweights. We now specialize to the case A = Z. By
Th. 7.5(c), applied to the coroot system, we have Hom(Q(R),Z) = PV(R), the
group of coweights of R (see 7.1.1). Thus Z-gradings (R;);cz may naturally be
identified with coweights ¢ via

Ri=Ri(q) ={a e R:{a,q) =i}, (1)

see also Cor. 7.9. Note that
ged(supp(q)) =1 <= ¢ is indivisible. (2)
By 7.12 the gradings given by basic coweights g all satisfy Ry (q) # 0 and supp(q) C
{-6,...,6}, and even supp(q) C {—2,...,2} for non-exceptional irreducible root

systems, by 8.12.
For a Z-grading (R;);cz we put
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Ry =Ri(q) = U R; and Riy = U R; = Ry \ Ro. (3)

i>0 i>0

Then by Lemma 10.8(a), R, is a parabolic subset of R with unipotent part R,
and symmetric part Ry, and Ry is a full subsystem of R. We also note that 15.8
shows, for w € W(R):

w(Ry) =Ry <= weW(Ry) < w(R;) =R, forall i € Z. (4)

(For the implication = in the second equivalence, it suffices to observe that
sa(q) = ¢ — (¢, @)a” = q for all a € Ro(q).)

The following lemma gives an explicit description of the Z-gradings of finite
root systems. Note that the set of isomorphism classes of Z-gradings of R may
be identified with the orbit space P (R)/ Aut(R), the automorphism group acting
naturally on P¥(R) on the right by composition.

17.5. LEMMA. Let R be a finite root system and let B be a root basis of R.
For an element n = (ng)gep of NB let g(n) € PV(R) be the unique coweight such
that (8, g(m)) = ng for all B € B. Let A = Dyn(B) the Dynkin diagram of B and
Aut(AQ) its group of automorphisms, and observe that Aut(A) acts naturally on the
right on NP by composition. Then the map n — g(n) induces a bijection

NP/ Aut(A) = PY(R)/ Aut(R). (1)

Remark. An element n of N® may be visualized as a weighted Dynkin diagram,
by attaching to each vertex @ of Dyn(B) the value ng. Then (1) reduces the
classification of Z-gradings of finite root systems to the determination of the orbits
of the group of diagram automorphisms on the set of weighted Dynkin diagrams.

Proof. B is in particular a basis of the free abelian group Q(R). Hence the
restriction map res: P¥(R) = Hom(Q(R),Z) — Z7, res(q) = q’B, is bijective. Let
P be the positive system determined by B and let DY := DY(P) be the set of
dominant coweights, cf. 16.1. As P = R N N[B], we have an induced bijection
res’: DV — NP inverse to the map n — g(n) in the statement of the lemma. Let
H be the stabilizer of B (equivalently, of P) in Aut(R). Then H = Aut(A) by
Cor. 6.10. Also, H and Aut(A) act naturally on the right by composition of maps
on DV and N, respectively. The bijection DY — NP being clearly equivariant, we
obtain a bijection

DY/H = NP/Aut(A). (2)

(We note that (2) is also valid for an infinite R.) Next, let W = W(R) be the Weyl
group, acting on P¥(R) on the right. We claim that the map

DY — PY(R)/W (3)

induced from the inclusion D¥ C PY(R), is bijective. Indeed, injectivity follows
from Prop. 15.12 (and does not require R to be finite). To show that the map is
surjective, let ¢ € P¥(R) C X* be a coweight. By 15.1.2, X* is the union of the
cones DY(P’) where P’ runs over the positive systems of R. Since positive systems
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in finite root systems are conjugate under W(R), there exists w € W(R) such that
gow € DV.

By simple transitivity of W on the set of root bases (A.9), we have Aut(R) =
W - H (semidirect product), in particular, H = Aut(R)/W, and it is evident that
the bijection (3) is equivariant with respect to the action of H and of Aut(R)/W,
respectively. Hence there is an induced bijection

DY/H = (PY(R)/W)/(Aut(R)/W) = P'(R)/ Aut(R). 4)
Now the lemma follows by combining (2) and (4).

In the remainder of this section we consider two special types of effective Z-
gradings.

17.6. 3-gradings. An effective Z-grading (R;);cz with support {0, +1} is called
a 3-grading, see [57]. In other words, a 3-grading of a root system R is a partition
R = R; U Ry U R_; satisfying

(i) (R;+R;)NR C R,y  with the understanding that R, = () for k ¢ {£1,0},

(11) (Rl —Rl)ﬂR:Ro.

Equivalently, a Z-grading is a 3-grading if and only if the induced grading on every
irreducible component of R has support {0, +1}.

A 3-grading of a root system R is uniquely determined by the subset R; since,
by 17.1.3, R_;1 = —R; and then Ry = R\ (R; U R_1). We will therefore denote
3-gradings of R by (R, Ry). We will say that R is 3-graded if a 3-grading of R
has been specified. Morphisms and embeddings between 3-graded root systems
are morphisms respectively embeddings in the category of Z-graded root systems
(17.1).

By specializing the bijection between Z-gradings and coweights described in
17.1 we obtain a bijection between 3-gradings and minuscule coweights, as defined
in 7.14.

It is not our goal here to present all the known results concerning 3-graded root
systems. Rather, we limit ourselves to the classification, announced in [57], and
the following characterization of the parabolic subsets determined by 3-gradings,
which is a corollary of the presentation of Q(R) given in Prop. 11.12. More results
will be presented in the following section §18.

17.7. PROPOSITION. For an effective parabolic subset P of a root system R,
recall the subsets Ppin and Ppax introduced in 10.11. Then the following conditions
are equivalent:

(1) Pu = L'min,
(11) Pu = L'max;
(iii) there exists a minuscule coweight q such that P = Ry (q) = Ro(q) U R1(q),
i.e., Py, is the 1-part of a 3-grading of R.

Proof. The equivalence of (i) and (ii) was shown in 10.12.

(i) = (ili): Define ¢'(zo) = 1 for & € P,. Since P, = Ppax, o,0 €
P, implies a« + 3 ¢ P,, so the relation 11.12.1 is empty, and relation 11.12.2 is
trivially compatible with ¢’. Hence Prop. 11.12 shows that there exists a unique
homomorphism ¢: Q(R) — Z of abelian groups (i.e., a coweight) extending ¢’, and
it clearly takes the values —1,0,1 on —P,, Ps, P,,.
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(iii) = (i): Assuming « € P, \ Ppin, we have o = 8+ decomposable for some
B,7v € P,, and thus 1 = ¢(o) = ¢(8) + ¢q(v) = 1+ 1 = 2, contradiction.

17.8. Classification of 3-gradings of the classical root systems. The minuscule
coweights of the infinite irreducible root systems, or more generally the classical
root systems of types A,...,D, have been determined in 8.12. We can therefore
use these results to classify the 3-gradings of these root systems. We will use the
notation of 8.1. The name for the 3-grading (R, R;) has been chosen in such a way
that it coincides with the name of the Jordan pair covered by a grid with associated
3-graded root system (R, R;) [55, 60]. Graphs of the small rank examples are given
in 18.2. Let us also recall from Th. 12.13 that the subsystems Ry of a 3-graded
root system (R, R;) are precisely the maximal proper closed subsystems of R that
are full.

Type Ar, |I| >1: Any 0 # J & I defines a 3-grading, denoted A/ and called a
rectangular grading, by

A ={ej—ex:ie L k¢ ]},
(A{)oz{si—aj: bothi,jeJorbothi,jﬁJ}%AJxAl\J.

Every 3-grading of A; is of type A}’ for a suitable J. By 9.5 an automorphism
@ of A; has the form ¢ = 7 or ¢ = —x for some permutation 7 € Sym([I). For
such a map we have, respectively, p(A7) = A’IT(J) or p(A7) = Aﬁ\ﬂ(‘]) = (A?(J))OP.
Hence A7 = A7 if and only if there exists 7 € Sym(I) such that 7(J) = J’ or
m(J)=TI\J'. For example, up to isomorphism, we can always assume |J| <|I'\ J|.

A 3-grading A{ with |J| =1 is called a collinear grading of A and denoted by
A?’“. For a collinear grading, any two roots in (A}(’“)l are pairwise collinear in the
sense of 11.16. Any two collinear gradings of A; are isomorphic. Clearly A; and
Ay admit only the collinear gradings A and AS. We note that |(ASY);| = 1
for i = +1,0.

Type By, [I| > 2: To any sign s = £ and fixed iy € I we associate a 3-grading,
denoted B}" and called an odd quadratic form grading of By, by
(B?io)l = {351'0} U {851'0 +e; 1 7é xS I},
(Bi™)o = Br\{ig}-
Every 3-grading of By is of this type. It easily follows from 9.5 that any two 3-

gradings of B are conjugate by a Weyl group element. For easier notation we will
abbreviate B = B ™. We have (B3)°P = B} *%.

Type Cr, |I| = 3: Any sign distribution o € 27 gives rise to a 3-grading of C7,
denoted C¢ and called a hermitian grading. It is defined by
(CT1={o(i)ei +0(jej 1 i,5 € I},
(CT)o ={o(i)ei —o(j)e; :i,j € I} = Ay
Every 3-grading of Cj is of this type, and any two 3-gradings of C; are conjugate

by an element in the big Weyl group W(Cy). We have (C7)°? = C;?. The case
where all signs o(i) = 1 will be abbreviated by Cher.
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Type Dy, |I| > 4: There are two types of 3-gradings in this case, both of them
arising as induced gradings on the subsystem Dj of C; and By, respectively.

First, for any sign distribution o € 2/ we have a 3-grading, denoted DJ and
called an alternating grading. It is defined by

(D ={o()ei +o(j)ej 24,5 € I,i # j},
(D)o = {o(i)e; — o(j)ej = 4,5 € I} = A,

and is of course nothing but the 3-grading induced by the hermitian grading C¢ on
the subsystem D;. We have (D7) = D;“. The special case where all (i) = 1
will be denoted D3It

Second, to any sign s = 4 and fixed ip € I we associate a 3-grading, denoted
D7 and called an even quadratic form grading, for which

(D30)) = {sei, * &5 :ig #i € I},
(D7")o = D\ fio}-

This is the 3-grading induced by B?io on the subsystem D;. As in type B we
abbreviate DY = D}, We have (D§%)°P = D} %%,

Every 3-grading of Dy is of type DJ or D*® for suitable choices of o, s and
ip € I. For |I| > 4 there are exactly two isomorphism classes under the big Weyl
group W (D;), namely D#* and DY for a fixed ig. That these two types are not
isomorphic for |I]| > 4 is immediate by considering the 0-part of the two gradings.
For |I| = 4, Dif and D3 are conjugate by a diagram automorphism.

Type BCy: These root systems do not have minuscule coweights and therefore
no 3-gradings.

Taking into account the well-known low rank isomorphisms 8.2.1 we have
Al = B = gher - B x cber) APN D3 and AZx=DY, (1)

where we used the abbreviation A2 = A/ for [J| = p, I = {0,1,...,n}, and
T, =T; for T=A,B,C,D and |I| = n.

A different method of classifying 3-graded root systems can easily be derived
from [57]. A description of the 0-part of these 3-gradings was also given by Neeb
and Stumme in [54, Prop. VIL.2] and of the 1-part by Neeb in [51, IV.5] (without
proof). The cases B;* and D; ™ seem to be missing in Neeb’s description.

17.9. Classification of 3-gradings of finite root systems. Since 17.8 does not
cover the exceptional root systems, we shortly review the classification of 3-gradings
of a finite irreducible root system R, based on the well-known description of minus-
cule weights [14, VIII, §7.3].

A minuscule coweight is always basic. By 7.10.4, applied to the coroot system, it
is fundamental with respect to some root basis B of R, and therefore of the form gg
for some 3 € B. Not all gg are minuscule coweights. Indeed, since the highest root
with respect to B lies in Ry, its [-coeflicient must be 1. It is easily seen that this
condition is not only necessary but also sufficient for defining a minuscule coweight.
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The coefficients of the highest root with respect to a root basis can be found
in the tables of [12]. This readily gives a list of all minuscule coweights of finite
root systems. The isomorphism classes of 3-gradings are then obtained by applying
17.5. In the following table the simple root 3 determining the 3-grading is marked
with a e.

Type Dynkin diagram Name

AP (1<p<[*]) o—:" —e— ... —O rectangular

Baf Oo==0— -+ —O—0 odd quadratic form
Cher *=0— -+ —O0—O0 hermitian

Dt *—0o— - —O<z even quadratic form
Dalt o—O0— - H)<; alternating

Eb bi-Cayley

Ez;lb O—O—E—O—O—‘ Albert

In type A,,, every simple root gives rise to a 3-grading. The restrictions on p come
from the diagram automorphism AP = A"T1=P_ Similarly, both roots at the right
end of the Dynkin diagram of D,, give rise to a 3-grading, but are conjugate by
a diagram automorphism. The same holds for the two outer roots in Eg. For Dy
both types, Df and D2!*, are conjugate by a diagram automorphism.

The names for the two exceptional 3-gradings are again taken from the names
of the corresponding Jordan pairs. It is easily seen from [12, Planches V, VI] that
the 1-parts of the Bi-Cayley and Albert grading have 16 and 27 roots, respectively.

The root systems BC,,, Eg, F4 and Gs do not have 3-gradings.

17.10. 5-gradings. In analogy to 3-gradings, we define a 5-grading of a root
system R as a Z-grading with the property that on every irreducible component
of R the induced grading has support {0,+1,42}. In particular, a 5-grading is
effective, but not every effective Z-grading with support {0, £1, +2} is a 5-grading
in our sense.

A classification of 5-gradings could be obtained along the lines of 17.8 and
17.9. However, we limit ourselves to the following example showing that all root
systems have a 5-grading, unless they have an irreducible component of type A;.
In particular, every irreducible root system possesses either a 3- or a 5-grading.

We may assume that R is irreducible and fix a long root « € R. Then it follows
from A.2 that the Z-grading induced by the coweight oV is R = R_, U R_; U Ry U
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Ry U Ry where
Ri={B€R:{3,a") =1} (1)

By 5.6 two Z-gradings of type (1), induced by two different long roots, are isomor-
phic. Since +a € Ris and 0 € Ry, (1) is a 5-grading if and only if Ryy # (. It
is immediate from the classification of root systems that this is always the case
unless R = A;. The coweights corresponding to these special 5-gradings are called
quasi-minuscule in [41] and distinguished in [40].

The parabolic subsets corresponding to 5-gradings have a characterization that
is analogous to the one given in 17.7 for the 3-graded case.

17.11. PROPOSITION. For an effective parabolic subset P of a root system R,
the following conditions are equivalent:
(1) Pu:PminUPmaX7
(i) P = Ry is the parabolic subset of a 5-grading of R,
(ii) P = Ri(q) = Ry U Ry U Ry for some coweight q where the R; := R;(q)
satisfy (Rl + Rl) NR=Ry; and R;= (RQ — Rl) NR,
If these conditions are satisfied then Ppin = R1 and Ppax = Ro.

Proof. (i) = (ii): Let C be a connected component of R. From 10.11 it is
easily seen that Ppin N C = (P N C)min and Prax N C = (P N C)max. We thus
may assume R connected. Since P, # (), it follows from 17.7 and our assumption
(i) that Ppin # 0 # Ppax- Define ¢’(a) = 2 for @ € Ppax and ¢'(3) = 1 for
B € Pupin. We show that ¢’ extends to a coweight ¢: Q(R) — Z by showing
compatibility with the defining relations for Q(R) given in Prop. 11.12. For 11.12.1,
let o, 8, + 8 € P,. By our assumption (i), necessarily « 4+ 8 € P, \ Puin = Prmax,
and a,8 € P, \ Punax = Puin, 50 ¢ (@a4p) =2 =141 = ¢'(z4) + ¢'(2zg). For
11.12.2, it suffices to show that y = o — § € Py, for suitable a, 5 € P,, implies «
and 3 are both in Py ax or both in Pu;,. Assume to the contrary that o € Py,
B € Ppin. Since & € Ppax = Py \ Pmin is decomposable, there exist v, d € P, with
a=~+3d. Then 0 = u—~— 38+ 3, and the triple (v, d, —u) satisfies the hypotheses
of Lemma 11.10. Hence either v — p or 6 — p belongs to R*. In the first case,
y—p€ (P,+P;)NRC P,, and we have 3 — 6§ = v — u € P,, contradicting the
fact that 8 € Ppiy. In the second case, § —vy=0 —p € (P, + P;)NR C P,, and
this again contradicts 8 € Puyin- Thus ¢ is now a well-defined coweight, and we
have R1(q) = Puin # 0 and Ra(q) = Ppax # 0. Since R is irreducible, g defines a
5-grading of R.

(ii) = (iii): It is again no restriction to assume R irreducible. Then P is
connected by 11.9. We fix an invariant inner product and note that

(R2|Ry) >0, (1)

because of A.3 and R3 = 0.

Let ap € Ry. The condition s € Ry + Ry is equivalent to s — 31 € R (and
hence in R; since we have a Z-grading) for some [$; € R;. Assume this not to
be the case. Then (az|R;) = 0 follows from A.3 and (1). Now pick an element
(1 € Ry. By connectedness of P there exists v € P such that ag [ v [ (1, and
by our assumption on asg, we have v = 79 € Ry. Furthermore, (y2|31) > 0, whence
Y2 — B1 € Ry, and then (v2 — B1|as) = (72]az) # 0, contradiction.
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We show similarly that every a; € Ry can be written in the form oy = G5 — 51
for some (s € Ry and (37 € R;. By A.3 this is certainly true if there exists 8y € Ro
with (a1]82) > 0 or if there exists 81 € Ry with (a1|81) < 0. So assume that
neither condition is satisfied. Then we have (a;|R1) > 0 and (a1|R2) = 0 by (1).
Pick an element B2 € Ry and choose a connecting chain ay f v [ (2, where v € P.
Then necessarily v = 71 € Ry, and hence (82|y1) > 0 and (a1]y1) > 0. It follows
that B — 1 € Ry, and (B2 — v1|a1) = 0 — (711]a1) < 0, contradiction.

(iii) = (i): An easy argument using the coweight ¢ shows that Ry C P, and
Ry C Ppax. Because of P, = R; U Rs, the reverse inclusions are equivalent to

Ro N Pyin = @ and Ri1N Ppax = .

Assuming a € Ppin N Ro, we have a = §+ « for 8, € R;. This contradicts the
fact that « is indecomposable. Similarly, assume o € Ry N Pyax. Then we can write
a=p—vyfor B € Ry, v€ Ry, and so o+ v =3 € P,, contradicting o € P ax-



§18. Elementary relations and graphs in 3-graded root systems

18.1. Elementary relations and graphs. Recall from 11.16 that for two roots
a, B in a root system R we have defined the following relations:

aTpB (acollinearto f) <+— (a,pY)=1=(8,a"),
ak B (agoverns ) <= (a,p")=1, (B,a")=2.

As we will see in 18.5.2, the elementary relations 1, T and I~ describe all possibilities
between two roots in the 1-part of a 3-graded root system. Up to signs, they
describe the relations between linearly independent roots in an irreducible root
system R # Gg. Indeed, two linearly independent «, 8 € R with {(a, 8¥) > 0 either
satisfy an elementary relation or /(«, 8) = w/6. In the latter case, by 4.5, @ and
span an irreducible component of type Gs.

Elementary relations appearing in a sequence have the obvious meaning. We
have
atfFy = R is not reduced. (1)

Indeed, the assumption implies (aja) = 2(5|5) = 4(y]y) for any invariant inner
product, and so R is not reduced by 4.4.

It is sometimes helpful to visualize elementary relations among elements of a
family of roots in the form of a partially directed graph whose vertices are the
members of the family and whose edges are determined by the rules

alfB: « B (no edge),
aTp: a—p
akpB: a<——fF (or — ).

As a mnemonic, note that the transition from F to <«— is obtained by bending
over the | in F to form an arrow. Since collinear roots a and 3 have the same
length and « is shorter than ( in case a F (3, these definitions are consistent with
the usual ones for Dynkin diagrams.

18.2. Graphs of 3-gradings of small rank. The classification of the 3-gradings
(R, Ry) of the classical finite root systems R is described in 17.9. For small ranks
the graphs of R; are as follows.

Type A,: The graph of A{°"" consists only of one vertex, and that of A" is
o ——o. In general, the graph of A is the complete (undirected) graph on n

vertices, so
o
coll
A / \
O———— O

174
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is a triangle and A$°" is the graph of a tetrahedron. The root system A3 admits a
second 3-grading A% with 1-part {ej —er : 0<j <1< k<3}. The corresponding
graph is a quadrangle (see 18.3):
€1 —Eg—E&1 — €3
A J 2.
AI - A.3 .
Eog —Eg——€&p — €3

corresponding to J = {0,1} C I ={0,1,2,3}.

Type Br: We suppose 0 = i € I. The odd quadratic form grading B‘}f is then
defined by (BY), = {e0} U{eo +&;:i € I\ {0}}. The graphs of BYf and BY are

€gFego— e+ €1

NS
/N

€0 — 81— €0 — &2

f f
BY : eo—e1—>co~——¢0+e1, By :

Type Cr: Recall that the hermitian grading Che" is given by (Ch); = {e; +¢; :
i,j € I'}. For |I| = 1,2 we have the following graphs:

251

/ N\

her | her .
CQ : 2€O4>€0+51%251, C3 . €1+ €2 51+€3

/NN

269 —> €9+ E3+——— 2¢3

Type Dr: The graph of the isomorphic 3-gradings D3!* and Dgf is the graph of
an octahedron. In general, the graph of D2!* is the graph of 2-element subsets of
an n-element set, with (undirected) edges between non-disjoint subsets.

It is useful to give some of these low-rank 3-gradings a special name.

18.3. DEFINITION. We refer to the following families of roots «; € R as the
elementary configurations. We call

(i) (ap; a1, a9) a triangle or a double arrow if ap F g L ag = ao,
(ii) (ao,0n, a9, as) a quadrangle if a; T ;41 L ;3 for indices mod 4,
(iil)  (ap; 1,0, a3) a diamond if g 1y T ag L ag 1as T as and a1 T ag.

In addition to these elementary configurations we call
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(iv) (ap; a1, a9, as,aq) a pyramid if ag - a; for 1 <i <4 and (aq, ag, as, ay)

is a quadrangle.

The names “collinear” and “governing” come from the theory of grids in Jordan
triple systems [44, 56] where orthogonal, collinear and governing tripotents have a
well-defined meaning. There is a close connection between grids and 3-graded root
systems, as defined in 17.6: it is shown in [58] that for every grid § in a Jordan
triple system there exists a 3-graded root system (R, R;) and a bijection Ry — G,
« — ¢o, which preserves the elementary relations in R; and in G, i.e., two roots
o, 3 € Ry are orthogonal roots if and only if g,, gg are orthogonal tripotents, and
analogously for collinear and governing. This connection to Jordan theory also
explains the names for the elementary configurations “triangle”, “quadrangle” and
“diamond” which are established terminologies in Jordan theory. From the point
of view of their graphical representation, it is more natural to call a “triangle” a
double arrow, and we will therefore use both names interchangeably.

The graphs corresponding to these configurations are

ai o) a ——— an
l Qo Qs / \ \ /
Q2 aq 0%} Qo
T (e5] (65 \ / / \
e70]
a2 Qg —— Q3
double arrow quadrangle diamond pyramid

Hence a double arrow, quadrangle and pyramid have the same graph as the 1-part
of the 3-gradings Bgf, A2 and Bgf, respectively. They generate a (not necessarily
closed) subsystem S which has an induced 3-grading such that (S, S5;) = Bgf, A2
and Bgf. Indeed, let £ C R be one of the three elementary configurations, and let
(T, T1) be one of the 3-graded root systems Bgf, A2 and Bgf such that E and T}
have the same graph. Thus, there exists a bijection f: T} — E with the property
that f composed with the injection £ — R satisfies the condition 11.7.1. Hence f
extends to an embedding f: T — R. Let S = f(T) and S; = f(T1) = E. Then S
is a subsystem isomorphic to T via f, whence (.5,57) is isomorphic to (T,T}).

The subfamily (2e9;e9 + €1,€1 + €2,80 + €2) of C};er is a diamond. As in this
example, any diamond (ag; a1, @2, a3) can be completed to a subfamily with the
same graph as the 1-part of Che':

al/aO\ a3
AVA

2000 — g —> o <— 203 — Qy
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The elementary relations satisfied by the enlarged family can easily be checked using
18.4.3 below. The same argument as above shows that any diamond generates a
3-graded subsystem S such that (S, 5;) = Cher.

In any elementary configuration the last root can be “generated” from the
previous ones. The following lemma makes this more precise.

18.4. LEMMA. Let a; be roots in a root system R.

(a) If ap F a1 then there exists a unique ay in R such that (ap; a1, an) is
a triangle, namely as = —sq,(01) = 209 — ay. In particular, for any triangle
(avo; 1, 2) we have

200 =1 + a2 and oy =ai + ;. (1)

(b) If ap T a1 T as L «g then there exists a unique az € R such that
(o, 1,00, 03) is a quadrangle, namely ag = Sqg—a,(@2) = g — a1 + 2. In
particular, for each quadrangle (ap, a1, a9, a3) we have

agt+oay =01+ and of +ay =aj +a3. (2)

(¢) If ap 4 a1 T as L «ag then there exists a unique az € R such that
(ao; 1, (g, aig) is a diamond, namely oz = Saq—a, (02) = 0 — a1 + . Similarly,
if ap 1 a1 T ag b g then there exists a unique as € R such that (ap; a1, ag, as)
is a diamond, namely ay = Sqy—a,(3) = a1 — ag + ag. In particular, for any
diamond (ap; a1, ag, az) we have

agt+as =01 +a3 and 205 +ay =of +a3. (3)

Proof. (a) It is straightforward to check that —s,, (1) = 2ap — o and that
(ao; 1,200 — 7)) is a triangle. For an arbitrary triangle (ag; a1, as) one verifies
that (ag|as) = (2|20 — 1) = (200 — @1|2ap — 1) for any invariant inner product
(] ). Therefore ag = 2cg — vy by the criterion

r=y <<= (zlr) = (zly) = (yly),

an immediate consequence of the Cauchy-Schwarz inequality. The second equation
in (1) then follows from the general formula 4.8.2. The claims in (b) and (c) are
proven in the same way.

The lemma has the following interpretation in terms of graphs. An arrow
a — [ generates a unique double arrow (5; «, y):

a—=f — a—> 3 +—7, v =20—c. (4)

A “hook” generates a unique quadrangle by completing the missing corner:

1)
\, S=a—-B+7. (5
Y

e

«
.7

»
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Finally, diamonds are created in two ways:

«

VA VVAN

ﬂ —

N

7y

by completing the missing vertex J resp. v from the equation oo +~v = 3+ 4.

We now turn to 3-graded root systems (R, Ry).

18.5. LEMMA. Let (R, Ry) be a 3-graded root system.
(a) For a, € Ry we have

(0, 6%) € {0,1,2),  hence 1)
alB oraTpB or akbB or a4 or a=4, (2)
a-pBeR <<= (a,p")>0. (3)

Therefore the 0-part Ry has the description
Ry={a—-pF:a,8 € Ry, {(o,0) > 0}. (4)
Every root pn € R} has a standard representation of the form
p=a—LF3=sg(a) witha,f € Ry and (o, ") = L. (5)

The coroot is given by p¥ = a — (B, a")B".
(b) R is reduced.

(¢) In obvious notation,
[(Ro, RY)| <1 and [(R,R")[<2. (6)

(d) Let E C R be an elementary configuration. If all elements of E, possibly
with one exception, lie in Ry, then in fact E C R;.

Proof. (a) If (o, 8Y) < 0 then a+ 8 € R by A.3, but a+ 5 € Ry = 0 by 17.6(i).
The assumption (o, ") > 3 leads to the contradiction sg(a) € Ri_(q,pv) = 0.
Therefore (o, 3%) € {0,1,2} which implies (2).

For the proof of (3) suppose that @ L 3. Then sg(a — ) = a + [ shows
a— 3 ¢ R. This proves the implication from left to right. Conversely, if (o, ) > 0
then a = f or a« — f € R* by A.3 and hence o — 3 € Ry. The description of Rg
in (4) is immediate from (3). Regarding the standard representation, see 11.14 and
note that R; does not contain weakly orthogonal roots.
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(b) We may assume that R is irreducible. By 8.5 the set of indivisible roots
Ring is a reduced subsystem of R. It is immediate that Ry U R_; C Rijnq. Now
let @« — 3 € Ry where o, € R1 C Ring. Then sg(a) = a — (a, 8Y)8 € Rina and
(a,8¥) > 0 by (b). By A5, theset {j € Z: a+ j8 € Rina} is an interval in Z.
Therefore in particular o — 8 € Ring, proving that also Ry C Ring-

(c) For the proof of [(Ro, RY)| <1 it suffices to exclude the case (i, 3") > 2
for B € Ry, p = oy —as € Ry and «; € Ry with (a1, ay) > 0. Since then
2 < (a1, BY) — (ag,BY), it follows from (2) that (aq,5Y) = 2 and (a2, 5Y) = 0,
whence a1 45,20 —ay € Ry and (20 — a1, as) = — {1, ay) < 0 which contradicts
(2).

For the second part of (c) we may assume that R is irreducible. By (b) it then
suffices to exclude (v, §¥) = 3 for ,d € R. It is well-known that such a configuration
v,d spans a subsystem of type Go. Therefore R = Go by irreducibility and 4.5.
But G2 does not have a minuscule coweight by 17.9. (An elementary proof that
(v,8Y) = 3 is impossible for roots 7,4 in a 3-graded root system (R, R1), goes as
follows. Since ss(y) = v —3J € R we must have § € Ry. Also, (v, (y — 30)) =
(v, 85(7)") = (s6(7),7") =2—(7,6")(6,7") = —1l implies y+(y—30) =2y—30 € R
and then v € Ry. Write § = oy —ap with a; € R;. Since there are only two different
root lengths in R, we must have oy T ao by what we have already shown. But
then 3 = (v, o) — (7, ay) which contradicts |{7y, )| <1.)

(d) follows by applying the minuscule coweight describing the 3-grading to the
formulas 18.4.1, 18.4.2 and 18.4.3.

Next we describe the possible relations between three roots in R;.

18.6. LEMMA. Let (R, Ry) be a 3-graded root system, and let o, 3,y € Ry be
distinct roots. Then:

(a) a B~y is impossible.

(b) If a4 then

(i) adfLly = aln,
(i) a4 Ty = adyoraln,
(i) ad4prFy = al~vyoraTH.

(¢) If a3 then
i) aFB8Ty = atvy,
(i) aFgdy = aTr.

Proof. Since R is reduced by Lemma 18.5(b), (a) follows from 18.1.1. If a -
B L v we have 26—« € Ry and hence 0< (20— a,vY) = —(a, ") <0. In case (b.ii)
we have (a]a) > (6]8) = (v|y) for any invariant inner product, hence the claim
follows from 18.5.2 and length considerations. The same argument can be used
in (b.ili) where we have (a|a) = (v]y). Similarly, in (c.i) we have (a|a) < (y]7)
whence a F v since a L 7 contradicts (b.i) after switching « and 3. (c.ii) can be
proven in the same way.

It is now straightforward to write down all possible elementary relations between
three given roots «, 3,7y € R;. Taking order into account, there are 29 cases which,
in the equivalent setting of cogs in Jordan triple systems, are enumerated in [56, I,
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3.5]. For most purposes one can assume that {a, 3,7} is connected, equivalently,
that the corresponding subgraph is connected. The following classification is then
easily obtained from the lemma above.

18.7. Connected subgraphs with three vertices. The possible connected sub-
graphs on 3 elements of R; are the following six graphs:

[¢]

(generates a quadrangle, 18.4.5) (1)
[¢] o
[¢]
/ \ (collinear family) (2)
O———F—7-—7— 0
0o—>0<+—0 (double arrow, 18.3) (3)

O— O
\ / (generates a pyramid, 18.3) (4)
()

o

o< (generates a diamond, 18.4.6) (5)

o

o
/ \ (generates a diamond, 18.4.6) (6)
O——m— O

We have seen in 11.9 that a 3-graded root system (R, R;) is irreducible if and
only if Ry, = R; is connected, and in this case two roots in R; are connected by a
chain of length at most 2. As a consequence of the classification above we can now
determine precisely the possible chains connecting two orthogonal roots in R;.

18.8. COROLLARY. Let (R, Ry) be an irreducible 3-graded root system and let
o,y € Ry be orthogonal roots. Then there exists § € Ry such that, possibly after
switching o and ~y, one of the following three cases holds:

() (1871) a TBT~: &— 53
(i) (18.7.3) a4BF~y: S 0.
(i) (18.7.5) a-4B8T~: &_ .5
Moreover, B =a—0+v€R; and (a,B,'y) is also a connecting chain.

02 O=

In [72, sect. 6] Tits has classified all possible configurations of four roots with
sum zero such that no two of these have sum zero. For the further development it
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will be crucial to know precisely all possibilities in case these four roots belong to
R;.

18.9. PROPOSITION. Let (R, Ry) be a 3-graded root system and assume that
a, B,y € Ry satisfy o # 3 # ~. Then the following assertions (a), (b) and (c) are
equivalent:

(a) a—0B+~v€R;.
(b) a L B L~ and one of the following holds:

(i) aly,or
(i) aT~yand (a,BY)=1=(y,5"), or
(i) a=~vFp.

(¢c) there exists § € Ry such that exactly one of the following holds:
(i) (a3 B,90) is a triangle and o = 7,
(ii) (B;,7) is a triangle and =0,
(i) (a,B,7,0) is a quadrangle,
(iv)  (a;8,7,0) or a cyclic permutation of these four roots is a diamond.
In all cases the root & is unique, namely 6§ = o — B+ 7.

Proof. (a) = (b): Weput 6 = a— 3+ € Ry and note o # § # . From
18.5.1 we have the following inequalities:

(6,0”) =2—(B,a") + (y,a”) <2, hence 0<(y,a’)<(B,a”), (1)
67ﬁv> = <aaﬁv>_2+<77ﬁv>>0a hence <a7ﬁv>+<77ﬁv>>27 (2)
(0,77) =(a,v") = (B,7") +2<2, hence 0<(a,7")<(8,7"). (3)

We will first show o £ 3. Assume to the contrary that o L 5. Then (1) implies
a L yand (0,av) =2 so ot ¢ since a # §. Similarly, (2) gives § L S F ~. Hence
0 L v by 18.6(b.i). But then (6 —a) L (y — f) = (§ — «) yields the contradiction
0 = a. Therefore (o, 5%) > 0 and by symmetry also (3,~v¥) > 0.

For the remaining statements of (b) we can assume a / . Suppose a b 7.
Then 8 - « follows from (1), and since 8 £ v we obtain 8 T v from 18.6(b.iii). But
then (3) yields the contradiction § 4 v 4 a. Thus the possibility o F 7 does not
occur, and by symmetry neither does o 4 . This leaves us with the possibilities
a=-~and a T v. In the first case, a - 8 is immediate from (1). Suppose therefore
that a T 7. The additional assumption {«, 5") = 2 leads to (J,«”) = 2 and hence
to the contradiction 6 4 & 4 8. Therefore (o, 3¥) = 1 and, by symmetry, then also
(7,B8) =1 follows.

(b) = (c): We will use 18.4 to determine the elementary configuration gen-
erated by o, and . First assume a 1 «. Because of 18.6 we then obtain the
following cases: a T 8 T v L « leading to (iii), @ 4 8 F v leading to (ii), o T B F ~
and a 1 8 T v leading to (iv). If & T v we obtain the remaining two cases in (iv),
and if o =y we have (i).

(¢) = (a): This follows from 18.4.
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18.10. COROLLARY. Let (R, Ry) and (S,S1) be 3-graded root systems in X and
Y respectively, and let f: X — Y be a linear map satisfying f(R1) C S1. Then the
following assertions are equivalent:

(i) f is a morphism of 3-graded root systems, i.e., f(R;) C S;, 1 = 0,=£1,
(ii) (o, B8Y) > 0 implies (f(a), f(B)¥) > 0 for all a, B € Ry,
(i) (o, 8Y) < (f(a), f(B)Y) for all a, 5 € Ry.

We recall from 11.7 that embeddings of 3-graded root systems can be charac-
terized as maps f: Ry — S satisfying equality in (iii) above.

Proof. (i) <= (ii): Under our assumptions, f is a morphism of 3-graded root
systems if and only if f(Rp) C Sp. In view of 18.5.3 this condition is equivalent to
(ii).

(ii) = (iii): Because of 18.5.1 and the assumption (ii) it is enough to show
(o, 8Y) = 2 implies (f(«), f(B)) = 2. We may assume a # (3, hence o 4 § and
therefore 26 — € Ry by Lemma 18.4(a) and Lemma 18.5(d). Applying f gives
2f(B) — f(a) = f(B) — f(a) + f(B) € S1. By Prop. 18.9 we then either have
fla) = f(B) or f(a) - f(B), hence in both cases (f(«), f(8)") = 2.

The implication (iii) = (ii) is obvious.

EXAMPLES. (i) For any (R, R;) there exists a unique morphism (R, R;) —
Afiou.

(i) If a € Ry is fixed, there exists a unique morphism f,: (R, B;) — C5° with
the property

ROfiMeite) ={B€Ri:(B,0") =i+j} (i.j€{0,1}) (1)
Indeed, let ¢ be the minuscule coweight defining the 3-grading as in 17.6. Then
fa(z) =2q(x)eo + (x,a")(e1 — €0)

satisfies f(R;) C (Ch¢"); in view of 18.5.1 and 18.5.6.

(iti) Consider the 3-grading A/ given by the partition I = J U J’ of the index
set I, where J’' is a second copy of J. Then there is a morphism f: A{ — C}}er
given by f(e;) =¢;j, f(ej)) = —¢; for all j € J. If J has two elements, this collapses
two opposite corners of a quadrangle to the middle of a double arrow, the other
two corners becoming the starting points of the arrows. The reader may find it
instructive to draw the corresponding picture for the morphism A2 — Ch" where
the graph of A$ is already rather involved with nine vertices.

(iv) Let I =J;c s Ij be a partition of I indexed by J. Then there is a morphism

f: Cher — Cher with f~1(e;) = {e; i € I;}.

(v) Let A?O“ be the collinear grading corresponding to the partition I =
{0} U J. Then there is a morphism f: Al — Dalt ¢ Cher given by f(g0) = eo,
f(Ej) = —€; for j € J.

We finally specialize the presentations of Q(R) and W (R) given in 11.12 and
11.17 to the situation where P = Ry U R; is the parabolic subset given by a
3-grading.
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18.11. COROLLARY. For a 3-graded root system (R, Ry) the group Q(R) is
isomorphic to the abelian group presented by generators x,, o € Ry, and relations

(i) 2zq =g+ x4 for all triangles (o; 5,7v) C R,
(i) xa+zy =28+ x5 for all quadrangles (e, 3,7,0) C R and all diamonds
(a;ﬁv’%(g) C Rl'

Proof. The relation 11.12.1 is vacuous since (R; + R1) N R = (). So we only
need to evaluate the relation 11.12.2 which is x4 + z, = xg + x5 for all families
(o, 8,7,9) C Ry satisfying « — 8 = — v € Ry, i.e., a — 3+ v = J. But those
quadruples have been characterized in 18.9, with the result that 11.12.2 is equivalent
to (i) and (ii) above.

18.12. COROLLARY. Let (R, Ry) be a 3-graded root system. Then the Weyl
group W (R) is presented by generators t,, a € Ry, and the following relations
where always o, 3,7,0 € Ry:

ta =1, (1)

tg ifa Ll
tatgta = tgtatg ifOé T /8 s (2)
tga,g ’Lf (6% " /8

totats = tytsty if (o, 8,7,0) is a quadrangle
or (B;7,0,a) is a diamond, (3)

i3 - tatyta =tatyta -tg ifa Ty and (B,a%) =1=(8,7"). (4)

Proof. We apply 11.17 to the effective parabolic subset P = Ry U R; with
unipotent part P, = R, and evaluate the relations (S1) — (S6) in our situation.

Since R is reduced and R; does not contain weakly orthogonal roots, the rela-
tions (S1) and (S4) are vacuous here.

To specialize the relation (S2), let «, 8 € Ry. Then s,8 € Ry U R_; if and
only if (3,a¥) € {2,0} if and only if @« = 3, o+ S or @ L (3, and in these three
cases the relation t,tgt, = t+s, 3 becomes ti =1, tatpta = tan—p and tutgte = tg
respectively. The first of these is (1), the remaining two together with (S3) yield
(2).

We next evaluate (S5). Suppose p = o — = § —y € Ry has two distinct
standard representations. Since they are both of type I, the relation (S5) becomes
tgtals = tytsty. On the other hand, @ # 8 #~yand a — 3 +7 = § € Ry so
that 18.9 applies. However, since (a, 8¥) =1 = (§,7"), among the cases in 18.9(c)
only the following actually occur: (i) (a, 3,7,0) is a quadrangle, (ii) (3;7,d, ) is
a diamond, or (iii) (v;9d,, ) is a diamond. Both cases (ii) and (iii) lead to the
second possibility in (3).

Finally, the condition s,(8) € Ry of (S6) forces (8,7") = 1 and we are therefore
left with the two possibilitiess a T 8 T v and a 48 F v, ie, (B,a") =1 = (5,7").
Thus (S6) becomes (4) above.
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EXAMPLE. Let R = A,, = A,,_; with the collinear grading A, for which
Ry ={e1 —¢; : 2<i < n}. Since Ry is a collinear family, the presentation above
specializes to the following: W(R) = &,, is generated by

hi = hel—f;‘ia 2<Z<n7

subject to the relations

hi =1 (2<i<n),
(hihjhi)® =1 (2<i<j<n),
(hihjhihs)* =1 (i # 5 # k).

This presentation of &,, can already be found in Burnside’s classical treatise [15,
Note CJ.



Appendix A: Some standard results on finite root systems

For the convenience of the reader we list here some results on finite root systems
from [12, VI, § 1]. We list only those results which are used frequently. In particular,
it is not our intention to provide a summary of all properties of finite root systems,
as given in [12, Résumé].

We use the notations and terminology introduced in the text. While these are
quite similar to [12], there is an important difference inasmuch as our root systems
contain 0 while the root systems in [12] do not. Some of the results below are
stated and proven in [12, VI, §1] only for nonzero roots, but can easily be extended
to our setting, which actually simplifies some statements. This straightforward
exercise is left to the reader. Throughout, (R, X) is a finite root system and
R*={aeR:a#0}.

A.1. [12, VI, §1.1, Prop. 3 and Prop. 7] For z,y € X let
B(z,y) = Y (x,a"){(y,a").
acERX

Then B is an invariant inner product on X. If R is irreducible then any invariant
inner product on X is a positive multiple of B. In the sequel, ( | ) will always denote
an arbitrary invariant inner product. We abbreviate ||z||? = (z,z) for z € X.

A.2. Relations between two roots [12, VI, §1.3]. For a, 3 € R* with ||a><]| 3]
there are exactly the following possibilities:

Case | (o, 8Y) | (B,aY) | L(e, B) | (Jla)|®: |B]|?) | order of so85
1 0 0 m/2 | indeterminate 2
2 1 1 /3 (1:1) 3
3 1| -1 | 273 (1:1) 3
4 1 2 /4 (1:2) 4
5 -1 -2 3 /4 (1:2) 4
6 1 3 /6 (1:3) 6
7 1| -3 | 5n/6 (1:3) 6
8 2 2 0 (1:1) 1
9 2 | -2 7 (1:1) 1
10 1 4 0 (1:4) 1
11 1| -4 ™ (1:4) 1
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Obviously, in the cases 8 — 11 we have f = sa for s = +1,4+2. Moreover [12,
VI, §1.3, Prop. 8], if @ and 3 are linearly independent and |||? < ||3]|* then
(a, B¥) € {0, £1}.

A.3.[12, VI, §1.3, Th. 1 and Cor.] Let o, 3 € R.

(a) If (o, B¥) > 0 or, equivalently, if («|3) > 0 then o — 8 € R.

(b) If (o, V) < 0 or, equivalently, if («|3) < 0 then o + 8 € R.

(c)f a4+ ¢ R and a— ¢ R then (a|5) = 0.

A.4. LEMMA. Let oy, 00,03 € R* with a; + as + a3 = 0, and let

il |?

levs 12

nzmax{ :z’,j:1,2,3}.

Then:
(a) n€{1,2,3,4}, with n =4 if and only if the «; are multiples of each other.
(b) Either all three roots have the same length (the case n = 1), or two of them

have the same length and the third one is longer. If, say, ||a1| = ||as|| < ||as]|| then
Sag (1) = —az, (1)
af + a5 +nay =0. (2)

(c) The Cartan numbers (i, o) fori # j are determined by the following rules
(where all three roots are considered short in case n =1):

(short,short”) =n —2, (short,long”) = —1, (long,short’) =—n. (3)

Proof. After renumbering, we may assume ||as|| > ||| and [|as|| > ||az||. First
note that (asla;) < 0 for i = 1,2. Indeed, assuming (asz|a;) >0, let j = 3—4i. Then
we would obtain [o;||? = (q; + asla; + as) = [Jag || + [Jas||? + 2(ailas) > |las]?,
contradicting ||ey|| < |las||. Hence the pair (o, a3) = (a,3) is one of the cases
3,5,7,9,11 of table A.2, and case 9 is impossible because there & = —3. Now (a),

(a;, ) = —1 and (a3, o) = —n follow from A.2. Hence sq, () = a; + a3 = —a;
and therefore [|o;|| = |la;||, proving (b). Finally, (a1, 03) = (a2, 0f) = —(aq +
as,ay) = —2+n.

A.5.[12, VI, §1.3, Prop. 9 and Cor.] Let o € R*. Then for any 3 € R there
exist p,q € N such that

RN(B+Za)={B+ja:—q<j<p} and q—p={(3a").

The set RN (5 + Za), called the a-string through (3, is invariant under the reflection
Sq. For v = (8 — qa we have

—(v,a") =p+qg<4

In [12] this is only proven for linearly independent roots «, 3 in which case p+¢<3.
However, the case where 3 and « are linearly dependent follows easily from A.2.
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A.6. [12, VI, §1.4, Prop. 12] Let R be irreducible and reduced. Then

o] x 1,1
: 1,2, - —
{||ﬁ||2 a,feR }C{, ,2,3,3}

and
Card{||a||* : o € R*} < 2.

A.7.[12,V, §1.4, Prop. 13] Let R be an irreducible non-reduced root system.
Suppose that ( | ) is normalized such that min{|a||> : « € R*} = 1, and put
R, ={a€R:|a|?*=i}.

(i) The set Rinq of indivisible roots is an irreducible reduced root system in X
satisfying Rinqa = {0} U Ry U Rs.

(ii) R = {0} UR; URy URy and Ry = 2R;. Two roots in R; are either
proportional or orthogonal. If (R, X) has rank >2 then Ry # 0.

A.8. [12, VI, §1.4 Prop. 14] Let R be an irreducible reduced root system with
two root lengths. Assume that the set Ry, of shorts roots has the property that
two roots in Ry, are either proportional or orthogonal. Then R’ = RU 2Ry, is an
irreducible non-reduced root system whose set of indivisible roots is R.

A.9. [12, VI, §1.5, Th. 2, §1.6, Th. 3 and §1.7, Cor. 3 of Prop. 20] Root bases
exist. The Weyl group W (R) operates simply transitively on the set of root bases
of R. If B is a root basis of R, then (W(R),{sg : § € B}) is a Coxeter systern, i.e.,
W (R) is presented by generators {s, : « € B} and relations (so$3)"? = 1, where
mqgp is the order of sos5 in W(R).

A.10. [12, VI, §1.5, Prop. 15] Let B be a root basis of R. For every root
a € R* there exists w € W(R) such that w(a) € B or that w(a/2) € B.

A.11. [12, VI, §1.5 Cor. of Prop. 15] Let (R, X) and (R’, X’) be reduced root
systems with root bases B and B’ respectively. Suppose that f: B — B’ is a
bijective map preserving the Cartan integers (o, 8Y) for o, 3 € B. Then f extends
to an isomorphism f: (R, X) — (R’, X’) of root systems.

A.12. [12, VI, §1.7, Prop. 24] Every root basis of a full subsystem of R is
contained in a root basis of R.

A.13. [12, VI, §1.6, Prop. 18] Let B be a root basis of R and let C = {x €
X : (z|8) >0 for all 8 € B} be the closed Weyl chamber corresponding to B. Then
x € X lies in C if and only if z — w(x) € Ry[B] if and only if (z — w(z)|y) > 0 for
all w € W(R) and y € C.

We note that the equivalence of the two conditions arises from [12, VI, §1.5,
Th. 2(vi)].



188 LOCALLY FINITE ROOT SYSTEMS

A.14. [12, VI, §1.6, Prop. 19] Let « = 81+ - -+ 4+ 3, be a sum of positive roots
with respect to some root basis. Then there exists a permutation m € &,, such that
Br) + +++ + Br) is a root for every i, 1 <i<n.

A.15. [12, VI, §1.6, Cor. 2 of Prop. 19] Let I' be an abelian group and let
¢: R — I' be a map satisfying ¢(a + 3) = ¢(a) + ¢(8) whenever a, 8 and o +
belong to R. Then ¢ extends to a unique group homomorphism Q(R) — I

Remark. The present formulation is simpler than Bourbaki’s, because 0 € R
in our setup. To see the equivalence to Bourbaki’s, observe that for o = 0 we have
»(0) = p(0+0) = v(0) + ©(0) whence p(0) = 0, and therefore also 0 = p(5— ) =
©(B8) + p(=8), so p(=p) = —¢(B).

A.16. [12, VI, §1.7, Prop. 20] A subset P of R is parabolic if and only if there
exists a root basis B of R and a subset X of B such that

a€eP — O[:anﬂ, where ng >0 for f € B\ X.

BEB

A.17. [12, VI, §1.1, Prop. 1] The Q-span Xg of R is a rational form of X, i.e.,
XQ ®Q R~ X.



Appendix B: Cones defined by totally preordered sets

B.1. Generalities on convexr cones. We refer to [11, II, §2.4] for terminology on
cones in a real vector space Y. All cones considered here are convex and contain
the origin. A cone C'is called proper if C N (—C) = {0}.

We let Y* denote the full algebraic dual of Y, and consider the vector spaces
Y and Y* in separating duality in the sense of [11, II, §6]. The vector space Y* is
endowed with the weak-+-topology o(Y™*,Y), i.e., the weakest topology making all
evaluations f — f(y) (for y € Y)) continuous. The polar of C,

C°:={feY": f(y)=0forall yeC},

is a weak-*-closed cone in Y*. Note that spanC' = Y implies that C° is a proper
cone. All f € C° vanish on Z = C'N (—C), the largest subspace of Y contained in
C, so C° can be considered in a natural way as a cone in (Y/Z)*. The double polar

C°:={yeY: f(y)=0forall feC}

is a cone in Y and obviously C' C C°°.

The cone C determines a partial preorder of Y, compatible with the vector
space structure, by x >y <= x —y € C. Recall that an extremal ray of C' [11,
11, §7.2] is a half-line Rya C C such that 0 < y < « implies y € R, z; equivalently,
x =1y + 2z (where y,z € C) implies y,z € Ryz. It is easy to see that only proper
cones can have extremal rays. We denote by extr(C) the set of extremal rays of a
proper cone C.

Suppose that C' is given as the convex hull of a set of half-lines, say C = R, [5],
for some subset S of Y, as will be the case for the cones considered below. If
0#x=> ¢s; € C (with s; € S and positive coefficients ¢;) spans an extremal
ray then 0 < ¢;s; < x for each i, whence all s; are positive multiples of each other,
and z € Ry s;. In particular:

An extremal ray of Ry [S] must be one of the generating rays Rys, s € S. (1)

B.2. Total preorders. Let I be a set. By a total preorder on I we mean a
transitive relation = on [ satisfying ¢ = j or j =4, for all ¢,j € I. Note that any
total preorder is reflexive. It is easily seen that

i~j &= ix=jandj=i. (1)

is an equivalence relation on I, and = induces a total order > on the set of
equivalence classes I/~ by

(120 <= i=j (2)
Clearly, = itself is a total order if and only if ~ is equality. Conversely, every total
preorder on [ is obtained in this way from an equivalence relation and a total order
on the set of equivalence classes. We use the symbol i 7 j or j X4 for i = j and
i g, 1ie., [i] > [j]. We will also use this symbol for subsets A, B of I where A 77> B

means a 77 b for all a € A and b € B. If B = {b} we will simply write A > b.
Analogous conventions apply to 3.
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A totally preordered set (I,3) may or may not contain a minimal element,
i.e., an element 0 such that there is no ¢ € I with 0 =i and 0 # 4. If it does
then 0 is unique, and we write 0 := min(7, =), called the minimum of I. In this
case {0} is an equivalence class of ~, and 4 %= 0 for all ¢ € I. On the other hand,
the set M := {m € I : i m for all i € I} may be empty or may contain more
than one element. In fact, M # @ if and only if the totally ordered set (I/~,>)
has a minimum, in which case M = min(I/~, >) is a full equivalence class of ~.
Moreover, I contains a minimal element if and only if [M| = 1, in which case
M = {0}.

A non-empty subset X' C [ is said to be a final (initial) segment if j € X and
i 7 (j=1) imply ¢ € X, ie., if its characteristic function xx: I — {0,1} C R
is increasing (decreasing). Note that a final or initial segment is saturated with
respect to the equivalence relation ~. We denote by & the set of final segments of
(I,%), and let

E={Yee:NA4I}, ¢={Yee:|I\X >2}

It is easily seen that € is totally ordered by inclusion.
For an element ¢ € I, the principal final segment defined by i is denoted by

[f,—[={jel:j=i}.

Suppose now that (I, >) is a totally ordered set. As above we use the symbol ¢ > j
for i > j and ¢ # j, and we write 0 := min(J) for the (necessarily unique) minimum
of I, provided it exists.

An element ¢ € I is said to be a predecessor if the open interval {j € I : j > i}
has a minimum, then called the successor of i. We denote by pre(I) the set of
elements of I which are predecessors, and by i + 1 = min{j € I : j > 4} the
successor of i € pre(I). In particular, the successor of 0, if present, will be denoted
by 1. Note that in a well-ordered set, every element different from max(I), the
maximum of I (if present), is a predecessor.

B.3. Cones of type B. Let I be a set and let X = P, .; Re; = R be the free
vector space on I. For any subset X' C I we let qx € X* denote the linear form

defined by
. 0 ifi¢ E}
) = = . 1
as(e:) = x=(0) {1 ifiex M)
see also 8.9. We keep the notations of B.2 and let Iy C I be either empty or an
initial segment. The cone

K::X]0,>; Z:R_F[{Ei:ZIEI}U{—Ej ZjEIo}U{EIi—Ej:Z'%j}] (2)

in X will be called the cone of type B defined by (I, Iy, =). In general, this is not
a proper cone, see B.5(b) below for the description of K N (—K). For example, a
parabolic subset Ty j, - in a root system of type T;, T = B, C or BC, spans such
a cone, see 13.3 and Prop. 13.10(b).

A linear form f € X* belongs to K° if and only if f is non-negative on the
generators of K. Hence (2) shows that
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the map i — f(g;), I — R, is increasing, (3)

ceK® = . .
! non-negative, and vanishes on Ij.

In particular, all ¢y, where X C [ is a final segment not meeting Iy, belong to K°.
We define the subspace Z C X by

Z:=span ({g; : j € I} U{e; —¢gj 1 i~ j}). 4)

Clearly, Z ¢ K N (—K), and therefore all f € K° vanish on Z. Also, X = span K
is obvious from (2), so K° is a proper cone in X*.

B.4. LEMMA. (a) For every x € X there exist representations

r=z+ben + Y &, —ai, ) (1)

v=2

where z € Z, &, €R for 1<v<n, and Ip Fi1 3+ 3 in-
(b) Let X C I be a final segment not meeting Iy, and let x be written as in (1).
Then

51 ZfZl c X
qE(w)—{EV ifz‘u_lw,z’yez(u—z...,m}. (2)
0 ifi,¢Xx
In particular,
& =qu,—(x) (v=1,...,n). (3)

Proof. (a) Write x = ), cie; for some finite subset F* of I, with coefficients
¢; € R. Let Fy = F N Iy, and decompose F \ Fy = Fy U --- U F,, (where possibly
n = 0) into equivalence classes with respect to ~. As 3= is a total preorder, we
may assume Fy 3 --- 3 Fy,. Then F, 7 Fy for v > 1 because I is either empty or
an initial segment. Since the F), are not empty for v > 1, we can choose elements
i, € F,. Putd, = ZZ-GFV ¢; and y == >._ dye;,. Then z = ZjeFo cjej +
S, > icr, ci€i and hence

zi=r—y = chsj—l—zn:z:ci(si—siu)eZ

j€Fo v=1lickF,

because Fy C Iy and i ~ 4, for ¢ € F,,. Moreover, by partial summation, y = &&;, +
Sy &u(ei, —ei,_,) where &, = >_ dy. This shows that = has a representation
of the form (1).

(b) As noted in B.3, g € K° and hence ¢gx vanishes on Z. Now (2) follows
easily from (1) and the fact that X' is a final segment, and (3) is a special case of

2).

B.5. LEMMA. Let K C X be the cone of type B defined by (I, Iy, 3=).
(a) For an element x € X the following conditions are equivalent:
(i) z€K,
(ii) =€ K°°,
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(iii) gx(x) =0 for all final segments X of I not meeting Iy,
gs(x) =0 for all principal final segments X of I not meeting Iy,
(v) & =0 for every representation of x in the form B.4.1.

(b) KN(=K) = Z. In particular, K is a proper cone if and only if Iy is empty
and = is a total order.

Proof. (a) The implications (i) = (ii) == (ili) = (iv) are obvious or follow
from the fact that ¢ € K°. The implication (iv) = (v) follows from B.4.3 and
(v) = (i) from the definition of K, Z C K and the fact that every z € X has a
representation of the form B.4.1.

(b) As noted before, Z C K N (—K). Conversely, if x € K N (—K) then (v)
shows that all £, vanish, so x = z € Z by B.4.1.

B.6. PROPOSITION. Let K be the cone of type B defined by (I,1y, %), and let
K°={fe X*: f(K) >0} be its polar.

(a) The extremal rays of K° are precisely the rays spanned by the linear forms
qs, where X C I is a final segment not meeting Iy.

(b) Let K be a proper cone, so Iy = () and = is a total order on I which we
denote by >. Also let pre(I) be the set of elements j € I which are predecessors,
and thus have successor j+1=min{i € I : i > j}, ¢f. B.2. Then the extremal rays
of K are spanned by the €41 —¢e; where j € pre(I), and by ey, where 0 (if present)
is the minimum of the totally ordered set (I,>).

Remark. In general I need not contain a minimum or elements which have a
successor, so it may well happen that K has no extremal rays.

Proof. (a) Let X be as indicated and suppose 0 < f < gx for some f € X*.
Then 0 < f(g;) <gx(ej) =0forall j € I\ X, and 0< f(e; —¢5) <gx(ei —¢j) =0
for all ¢ %= j whenever both 4,57 € X. Hence f(g;) = cfor all i € ¥ so f = cgx.
Also, ¢ > 0 because 0 < f(g;) < gx(e;) =1 for i € X. Conversely, let f € K° span
an extremal ray, and put a; = f(g;). Since f vanishes on K N (—K) = Z, we have
f(e;) =0 for j € Iy and f(e;) = f(e;) for i ~ j. Now assume f is not a positive
multiple of some ¢y where X is a final segment not meeting Iy. Then there exist
i1 Z i in I\ I such that 0 < a;, < a;,. Define g € X* by

g(si){ai ifi<ip } (1)

Ajq if 4 i il

Then it is immediate that 0 < g < f, and g(g;,) = a4, # 0, so g # 0. By extremality,
g = cf with ¢ # 0, which leads to a contradiction when evaluated on ¢;, — &, .

(b) As observed in B.1.1, an extremal ray of K must be spanned by one of the
generators €; and €; — €5, ¢ > j. Suppose ¢ is not the minimum of I and choose
j < i. Then ¢; = ¢; + (¢; — €;) shows that R e, is not an extremal ray. On the
other hand, let 0 be the minimum of I, and suppose 0 <z < &g for the partial order
induced on X by K. Then 0 < gx(x) < gx(eg) = 0 for all final segments X' not
containing 0, i.e., X # I. This easily implies = ceq for some 0 < ¢ < 1.

Next, let ¢ > j, and assume i is not the successor of j. Then there exists
k such that ¢ > k > j, and hence ¢; — ¢; = (&; — €x) + (ex — €;) shows that
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€; — €; does not generate an extremal ray. On the other hand, let i = j + 1 be
the successor of j, and suppose 0 <z <¢j;41 —¢;. By condition (iii) of B.5(a), this
means 0 < ¢x(z) < gx(ej41 —¢;) for all final segments X' of I not meeting Iy. Now
gs(ej41—¢j) # 0if and only if X' = [j+1, —[, and hence also ¢x () # 0 if and only
if ¥ = [j+1,—[. We may assume z # 0. Write z = &4, 4+ 0y & (84, —€4,_, ) With
i1 < -+ <inasin B.4.1. Then , = qp;, —[(7) by B.4.3, so we either have x = {4,
and j+ 1 =1y, or x =&, (g5, —€;,_,) for some v > 2, and j + 1 = i,,. In the first
case, also qj;,.[(z) = & # 0, contradiction. Thus we are in the second case, and it
remains to show that 4,1 = j. Assume to the contrary that i, < j <i, =j5+1.
Then q; (x) = &, # 0, which is impossible. Hencei,_1 = j and x = £, (41 —¢;),
as asserted.

B.7. Cones of type A. Let again (I, =) be a totally preordered set and X the
free vector space over I. We keep the notations of B.2 and B.3 and let t = gy, the
trace form of X, cf 8.9. Put X = Ker(¢) and define

I.(::X# ::RJF[{Ei—Ej:i#jH, (1)
called the cone of type A defined by (I,%=). It is easy to see that X is spanned by
all differences €; — ;. Since either ¢ »= j or j ¥=14 holds, we see that K spans X. The
cones K are the cones spanned by parabolic subsets A; . in the root system Ay,
see 13.10(Db).

The restriction of a linear form f € X* to X is denoted by f . Then the map
f=f, X* — (X)7, is surjective with kernel R¢. In particular, for a subset X of I
we have 0 = ¢r = 4x + ¢\ 5, 50 —Gs = ¢p ». Note that the polar of K is described
by

feK® <= themapir— f(g;), I — R, is increasing. (2)
In particular, all ¢x, where X is a final segment, belong to K°. We put
Z =span{e; —¢; i ~j}
and note that Z ¢ K N (—K).

Specializing Lemma B.4 to the case Iy = () and noting that & = t(z), we see
that every z € X has a representation

{E=Z+ny(€i,, —51'”_1) (3)

v=2
where z € Z and i, %+ % in, whence K = K N X. Moreover,
_J& it ¢ X0, (v=2,...,n }
42(@) { 0 otherwi‘e ( : ’
for all final segments Y. Also, one shows as in the proof of Lemma B.5 that the
following conditions are equivalent for z € X:
(i) z€eK,

(i) =€ K°°,

(iii) ¢x(z) >0 for all final segments X of I,

(iv)  ¢s(z) =0 for all principal final segments X' of I,

(v) & >0 for every representation of z in the form (3).
Furthermore, K N (—K) = Z; in particular, K is a proper cone if and only if »= is
a total order.

The analogue of Prop. B.6 for cones of type A is now:
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B.8. PROPOSITION. Let K C X be the cone of type A defined by (I, ).

(a) The extremal rays of K° are precisely the rays spanned by the linear forms
Gx where X € € is a final segment # 1.

(b) Let K be proper, so = is a total order on I, denoted >. Then the extremal
rays of K are spanned by the vectors ;41 —e; where j € pre(I) has successor j+1.

The proof is similar to that of Prop. B.6. The details are left to the reader.

B.9. Cones of type D. We now introduce a variation of the cones of type B
considered in B.3. Let (I, =) be a set with at least 2 elements and a total preorder
=, and denote again by X the free vector space over I. We assume that I has
a minimal element 0, necessarily unique, see B.2. The cone of type D defined by
(I,%,0) is

Ko=X,o:=Ri[{ei+e0:i#0}U{e; —¢;:i%j}]. (1)

From |I| > 2 it follows easily that span Ky = X. By Prop. 13.10(b) the cones of
type D are precisely the cones spanned by parabolic subsets Dy . where (I, =) has
a minimal element 0.

For any subset Y’ C I let qx be defined as in B.3.1. We also introduce linear
forms g+ by

1 1 .
q+(g0) = £, q+(gi) = 5 ford # 0. (2)
Thus we have
1
G+ = 541, G+ +4- =danjoy, @+~ 4- = 4{o}- (3)

A linear form f € X* belongs to K if and only if f is non-negative on the generators
of Ky; i.e.,

feK; <= i~ f(e;)isincreasing, and f(g;) > —f(go) for all i #0. (4)

In particular, ¢x € K for all final segments X of I, and also ¢+ € K. Note that
the linear map o( of X defined by

Uo(&‘) = {;60 gz ; 8}
is an automorphism of Ky satisfying
4— = q4 o 0. (5)
We finally define the subspace
Z =span{e; —¢j i~ j} (6)

in analogy to B.3.4 and remark that again Z C Ky N (—Kj). The counterpart of
Lemma B.4 is now:
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B.10. LEMMA. We keep the assumptions and notations introduced in B.9.

(a) Every x € X has a representation
n
v =z2+& (e, +e0) + (5, —20) + ) &(Ei, — i) (1)
v=2

where z € Z, {+,6, €R and 0 F iy 3 -+ 3.

(b) Let X C I be a final segment, and let x be written as in (1). Then

q+(2) = &4, (2)
2, ifoex
)&+l if0E X
gx(z) = g: z‘fiy,lgézlaiy v=2,....n) (" 3)
0 ifin¢ X
In particular,
€V ZQ[iu,ﬁ[(x) fOTV =2,...,n. (4)

Proof. (a) We apply Lemma B.4(a) with Iy = {0}. Denoting by Zp the space
defined in B.3.4, we have Zp = Reo @ Z where Z is as in B.9.6. Hence every = € X
has a representation

T =2+ &eo + &16i, + Z §ulei, —€i,y)

v=2

where z € Z, &, € Rand 0 i1 3 --- 3 in. Now (1) follows from {peg + &164, =

§+(giy +€0) +&-(ei, — e0) for appropriate {1 € R.
(b) This follows easily from the fact that X is a final segment and the definition
of g5 and q4.

B.11. LEMMA. Let Ko be the cone of type D defined by (I,%,0). We keep the
notations and assumptions of B.9 and use the notation & of B.2 for the set of final
segments X with |I'\ X| > 2.

(a) For an element x € X the following conditions are equivalent:
(1) x € Ky,
(i) xe€ Kg°,
(iii) g+(z) =20 and gs(x) =0 for all ¥ € ¢,
(iv) q+(x) 20 and g (x) =0 for all principal final segments X' € ¢,
(v) &+£>=0and&, >0 for every representation of x in the form B.10.1.

(b) KoN(—Kp) = Z as in B.9.6. In particular, Ky is a proper cone if and only
if = 1is a total order.

This is an easy consequence of Lemma B.10, and is proven in the same way as
Lemma B.5. The details are left to the reader.
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B.12. PROPOSITION. Let K be the cone of type D defined by (I,3=,0) and let
K¢ be its polar.

(a) The extremal rays of Kg are precisely the rays spanned by q+ and by the
qx where X € €.

(b) Let K be a proper cone, so = is a total order, written >. Then the extremal
rays of Ko are spanned by the £j41 — €; where j € pre(I) has successor j+ 1, and
by €1 + €0, if 0 has successor 1.

Proof. (a) We first show that ¢+ and the indicated gx are extremal. Assume
f e X*and 0< f < ¢4. Then in particular 0 < f(e; —¢;) < g4 (5 — ;) = 0 for all
i 7,80 f(g;) =cforallie I, and thus f = 2e¢qy. Also, 0< f(g; +¢9) = 2¢ for all
i # 0,80 ¢20. Thus ¢4 spans an extremal ray of K. Since oq is an automorphism
of Ky with g4 o o9 = g by B.9.5, it follows that also ¢_ spans an extremal ray of
K. Next, let X' € éf, and let again f € X* with 0 < f <g¢x. Then for all i 3= j, we
have 0 < f(e; —€5) <gx(e; —ej) =0if both ¢, j € X or both 4,j ¢ X. This shows
that there exist b, ¢ € R such that f(e;) = { lc) iz i g} Since I\ X has at least
two elements and X' is a final segment, there exists an element j € I with j # 0 and
j¢ X. Thenej+eg € Ko and hence 0< f(g;+¢e9) = 2b<gx(gj+¢e0) =0,50b=0
and f = ¢qx. Moreover, for i € X we have ¢;+¢¢ € Ky and hence 0< f(g;4+¢¢) = ¢
Thus ¢x spans an extremal ray of K.

Conversely, let Ry f be an extremal ray of Kj. Then f can take at most two
values on the basis {&; : i € I} of X. Indeed, let a; := f(g;), and assume that
there exist i 3 i1 3 42 such that a;, < a;, < a;,. Define g by B.6.1. Then it is
easily verified that 0 < g < f, and g # 0 because g(&;, — €;,) = a;, — a;, > 0. By
extremality, g = c¢f for some ¢ # 0, which leads to a contradiction when evaluated
on ¢;, — €;,. Now we distinguish the following cases:

Case 1: a; =cfor alli € I: Then f = 2cqy.

Case 2: {a;:i € I} ={co,c1} where ¢y < c;.

Subcase 2.1: ¢y < 0: Then by B.9, ¢y = f(e0) and f(g;) = —f(eg) = —¢p for
all i # 0, and therefore f(g;) = ¢;. Hence f = (c1 + ¢o)gs + (c1 — ¢co)q—. As
c1+co>0and ¢ —cg > —cy > 0, it follows from extremality that ¢; + ¢y = 0, so
f=(c1—co)g-.

Subcase 2.2: co = 0: Then f = cogp\x + c1gx = 2c0qy + (c1 — co)qs, where
Y:={iel: f(g;) =c1}. The map i — f(g;) is increasing by B.9 so X is a final
segment. Since f spans an extremal ray and cg >0, ¢; —cg > 0 we must have ¢y = 0,
so f = c1qx. Furthermore, I\ X has at least 2 elements, otherwise we would have
X =TI\ {0}, but gn 0y = ¢+ +q— (by B.9) is not extremal.

(b) By B.1.1, an extremal ray of Ky must be spanned by one of the generators
g;+¢e0,t >0, and €; — €5, i > j. Observe that all ¢x (where ¥ C I is a final
segment) take non-negative values on Kj. Hence the proof of Prop. B.6(b) can be
copied and shows that ; — ¢; is extremal if and only if i = j 4 1 is the successor
of j. Also, ¢; + €¢ is not extremal unless 7 = 1 is the successor of 0, because
0 < j < iimplies €; + g9 = (65 — €5) + (5 + €0). On the other hand, if 0 has
successor 1 then €1 + ¢ does span an extremal ray: Suppose 0 <z < &1 + g9 and
write @ = &1 (g4, + €0) + - (i, —€0) + >vn&u(€i, —€i,_,) as in B.10.1, where
0<iy; <- - <iy. Then by B.10(b) and condition (iii) of B.11(a), we have
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0<qi(z) =84 <qy(e1+e0) =1,
0<qg-(z) =& <q_(e1+¢&9) =0,
0<qp,,—(x) =& <qpi, (61 +e0) =0 forv>=2,

because 1 < i1 < i, for v > 2. Hence x = £, (g1 + €p), as desired.

B.13. LEMMA. Let S be a subset of the polar C° of a cone C CY, and suppose
C={yeY: f(y=20foralf e S} Then Ri[S], the convex subcone of C°
generated by S, is weak-x-dense in C°.

Proof. Let M = R, [S]. Then clearly C ={y €Y : f(y) >0forall f e M} =
M?°, and hence M°° = C°. On the other hand, the Bipolar Theorem [11, Chap. II,
§6.3, Th. 1], applied to the pair of vector spaces (Y*,Y), shows that M°° is the
weak-*-closure of M. Thus M is weak-*-dense in C°.

B.14. COrROLLARY. Let C be one of the cones K, K. K, of types B, A, D,
respectively. Then the convex hull of the union of all extremal rays of C° is weak-
x-dense in C°.

Proof. This follows from B.13, the description of extr(C°) given in B.6(a),
B.8(a), B.12(a), and the description of C°° = C' given in B.5(a), B.7, and B.11(a).

By this corollary, an element f € C° is the limit, in the weak-*-topology, of a
net (g)) where each g is a convex linear combination of elements in extremal rays
of C°. Under a suitable discreteness condition, the following more precise result is
possible:

B.15. THEOREM. Let C' C Y be one of the cones Kc X orK,Ky C X of
types A, B, D, respectively. Let f € C° C Y™ be a linear form with the property
that for some k € I,

A :={f(e;—ep):i €I} isa discrete subset of R. (1)

Then f has a representation as a weak-x-convergent series

[= Z fg (2)

o€extr(C°)

where f, € 0, and f, # 0 for at most countably many o. Moreover, Ay, is bounded
if and only if f, # 0 for only finitely many o.

Remarks. (a) Convergence of (2) means convergence of the net gp :=
> 0eF fo in the weak-*-topology of X*, where I runs over the directed set of finite
subsets of extr(C°). By definition, the net (gr) converges in the weak-*-topology
if and only if the net (gr(y)) of real numbers converges for every y € Y. For this
to be the case, it is sufficient (and necessary) that (gr(y)) converges for all y in a
spanning set of Y.

(b) Condition (1) makes sense because the ¢; — ¢; belong to Y in any case.
Moreover, if it holds for one k € T then it holds for alll € I, for A, = Ap+ f(e;—ex).
On the other hand, (1) does not imply that the set {f(e; —ex) : i,k € I} is
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discrete. For example, let I = N with its natural order, let Iy = () and define f by
1
flean) =n+1, fleaps1) =n+1+ ey Then f € K° satisfies (1), but 0 is an
n
accumulation point of {f(e; —e) : i,k € I'}.

Proof. We begin with some general definitions. Let f € X™* be any linear form
with the property that the map i — f(g;) is increasing, and let V = {f(g;) : i € I'}
be the set of values of f on the basis ¢;,i € I. For v € V, define

Yo={iel: f(g)=v}.

Then it is immediate that X, € € is a final segment. Also, if v is not the minimum
of V' (with its order induced from R) then X, € € is a proper final segment, because
there exists some j € I with f(e;) < v and thus j ¢ X,. On the other hand, if
V' has minimum m then X,, = I. Also, one sees immediately that v < w for
v,w € V implies ¥, £ ¥, so the map v — X, from V to € is strictly decreasing,
in particular, it is injective. We put

Ve |4 if V' has no minimum
Tl V\{m} if V has minimum m [’

If an element v € V'’ has a predecessor in V, we denote it by ‘v. This is in
particular the case if V is a discrete subset of R. — We now discuss each type of
cone separately.

(a) C =K C X. Then f = g is the restriction of some linear form g € X*,
unique modulo R¢. With a slight change of notation, we write f instead of f and f
instead of g. Then (1) shows that V' = f(ej) + Ay is discrete in R. By B.8(a), the
extremal rays of K are in bijection with ¢ via the map X — R ¢x. Also,v—"v >0
is clear from the definitions. The desired representation of f is then

F=> (w="v)gs,. (3)

veV’

Note first that X is spanned by all ; — €5, @ »= j, because = is a total preorder, so
one of i 3= j and j = ¢ always holds. To prove (3), it therefore suffices to show that
for every pair (i,j), i = j, the family of real numbers ((v —"v)qs, (g; — Sj))vev, is
summable with sum f(g; — ;). Now by definition of X,

1 iff(ai)>v>f(€j)}_

€ —€&j) =
qs, (& i) {0 otherwise

Since V is discrete in R, the set {v € V' : f(e;)=>v > f(eg;)} is finite, say {v1,...,vn}
where vy < -+ < vy, and v, = f(g;). Put vg := f(e;). Then vy = vp_; for 1<k<n,
and the right hand side of (3), evaluated on ¢; — ¢, is

Y w="0)gz, (e — &) = Y (vk —vr-1)gs,, (5 — &5)

veV’ k=1

= (’Uk*?)k_l):Unfv():f(gifgj)a
1

n

k
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as asserted.

(b) Let C'= K or K be of type B or D and again f € C°. By B.3.3 and B.9.4,
the map i — f(g;) is increasing and bounded below. As in (a) we see that V is
discrete in R, so now V has a minimum m, say, m = f(g;,) for some ig € I. We
claim that f has the series representation

f=mg+ ) (v-"v)gs,. (4)

veV’

Indeed, restriction to X is weak-*-continuous and maps C° to K° with kernel
Rg;. Hence by what we proved in (a), f has the representation (3). Forv eV’
we have ¢x, (g;,) = 0, so the right hand side of (4), evaluated on g;,, yields
mqr(ei,) = m = f(ei,). As X = X @ Re;,, we see that (4) holds.

(¢) Let C = K be of type B. Then by B.6(a), extr(K°) is in bijection, via
Y +— R,qyx, with the set of those final segments X which satisfy Iy N X = (. On
the other hand, V' C R, and f(g&;) = 0 for all i € I, by B.3.3. Therefore X,y = ()
for v € V', and moreover, m = 0 in case Iy # 0. Hence (4) is already the asserted
representation of f in the form (2).

(d) Finally, let C = K{ be of type D. Here (1) and 0 < ¢ for all ¢ € I implies
m = f(g0). Note that m may be negative, but 2f(e;) = f(e; +¢e0) + f(ei —€0) =0
for i # 0, because €; +¢¢ € K. Hence m’ := min(V') >0, m < m’ and m’ +m >0.
By B.12(a), extr(Kg) is in bijection with {gy,q_} U {¢s : ¥ € €}. To obtain a
representation of f in the form (2), we distinguish two cases:

Case 1: D, € €, ie, [I\ D] >2. Then also [I\ £,|>2 for all v € V’,
because v > m’ and thus X, C X,,,. Hence ¢; and the ¢x, occurring in (4) span
extremal rays of K§. Moreover, m > 0: Choose an element i # 0 in I \ X,,,,. Then
f(e0) = f(gi) = 0 as remarked above. Thus (4) is indeed a representation of the
required form.

Case 2: |I\ S| =1, 50 Dy = I\ {0}. Let V" := V'\ {m’}. Then |T\ 5,|>2
for all v € V", so the corresponding ¢, span extremal rays of K§. The predecessor
of v = m’ is m. Hence we can rewrite (4), using B.9.3, in the form

f=magr+ (m' —m)ap oy + Y_ (v—"0)gs,

veV?”
= (2m)gs + (m' —m)(gr +¢-)+ > (v—"v)qs,
veV?’”
= (m' +m)qy +(m —m)g_+ Y (v—"v)gz,. (5)
vevr

This shows that f has a representation of the required form.

Since V' as a discrete subset of R is at most countable, formulas (3) — (5)
show that at most countably many terms in (2) are different from zero, and that
boundedness of Ay (and hence of V') implies finiteness of V' and hence of the sum
(2). The converse is also clear from (3) — (5). This completes the proof.
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Remark. If f admits a representation of the type (2), then the f, are in fact
uniquely determined. This could be proved directly, but follows more easily from
the uniqueness statement in Theorem 16.17, and the fact that the cones considered
here all occur as Ry [P] for a suitable parabolic subset P of one of the classical root
systems T7.
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We mostly follow the conventions and notations of Bourbaki; in particular:

XCcY
XqY

Z

N=27Z4

Ny =744

R

R,

Ryt
Card(X), |X|

Index of notations

X is a subset of Y

X is a proper subset of Y
rational integers

natural numbers including 0
positive natural numbers
rational numbers

real numbers

nonnegative real numbers
positive real numbers
cardinality of set X

Specific notations ocurring in the text are listed in the following table.

Symbol Explanation Section Page
(,) canonical pairing 3.1 21
()t set of vectors orthogonal to () 3.5 22
() coroot system functor 4.9 33
()e additive closure of ( ) 10.2 86
()° polar of a set () B.1 189
D Ri direct sum of root systems 3.10 25
2! group of sign changes 8.9 72
2(1) finitary sign changes 9.4 76
2$) finitary even sign changes 9.4 79
J K symmetric difference 9.1 75
<A preorder induced by A 10.7 88
[i, —] principal final segment B.2 190
~g, Rg equivalence relations defined by S 12.3 111
lzll1, 1 lleo 1-norm, co-norm 15.4 148
aY coroot, 3.3 21
aTpg « is collinear to 3 11.16 107
abFBorfda « governs (3 11.16 107
O(R), ©*(R) quotients of weight groups 7.3 54
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B3, BY
Baf

BC;, BC,
BCr1,%
BC1,>
BC(
B(R)
R

)
, BY(R)
[5]

(
n
¢, ¢
Cr, C,
Cr.1o,-
CL?
. e
C}leer
core(V)
Cap
e

d+

D(P), D¥(P)
Dy, Dy,
DCy(J)

Dr.1o,»

INDEX OF NOTATIONS

sign change associated to J

set of facets

alternating group

A-submodule generated by R

root systems of type A, A

parabolic subset of type A

positive system of type A

rectangular (collinear) grading of A;
rectangular grading of A,
automorphism group of root system R
finitary automorphisms

automorphisms of type c

root systems of type B

parabolic subset of type B
positive system of type B

odd quadratic form grading of B;
odd quadratic form grading of B,
root systems of type BC
parabolic subset of type BC
positive system of type BC
quotient root system

basic weights and coweights

convex cone spanned by S

set of closed (pure closed) subsystems
root systems of type C

parabolic subset of type C

positive system of type C

hermitian grading of Cj

hermitian grading of C,,

core of a subspace V'

ratio of root lengths

coroot system functor

cardinal successor

dual cones of parabolic subset
root systems of type D
quotient root system

parabolic subset of type D

8.9
15.7

9.4
2.7
8.1
13.3
14.9
17.8
17.8
3.9
3.9
5.4

8.1
13.3
14.9
17.8
17.9
8.1
13.3
14.9
12.18
7.10
B.1

12.7
8.1
13.3
14.9
17.8
17.9
1.3
4.4
4.9

5.4
15.1
8.1
12.18
13.3

72
149

78
17
64
130
142
169
170
24
25
40

64
130
142
169
171

64
130
142
123

59
189

115

64
130
142
169
171

30
33

40
146
64
123
130



‘B’ C‘BO

m+

PmaX7 Pmin
Ps, P,

INDEX OF NOTATIONS

positive system of type D
alternating grading on Dy
alternating grading on D,,

even quadratic form grading on Dy
even quadratic form grading on D,,
Dynkin diagram of B

dominant weights and coweights

sets of final segments
bi-Cayley (Albert) grading
extremal rays of C'

set of f-data
set of full (pure full) subsystems
restriction of f to X

fundamental weights and coweights

finitary linear group

linear group of type c

subset associated to a subsystem S
quotients of I relative to S

invariant bilinear forms

monoid generated by M - A
minimum of

semigroup generated by A
a group of sign changes

hyperoctahedral group (of type c)
finitary hyperoctahedral group
set of total orders on I

outer automorphisms

finitary outer automorphisms

outer automorphisms of type c

set of p-data

set of parabolic (pure parabolic) subsets

set of positive systems
maximal (minimal) elements in P,

symmetric (unipotent) part of P

14.9
17.8
17.9
17.8
17.9
6.8

16.1

B.2
17.9
B.1

12.14
12.7
8.9
16.1

3.9
5.4

12.3
12.6
4.1

10.2
B.2

10.2
12.7

9.1
9.1
14.11
5.2
5.2
5.4

13.9
13.3
14.12
10.11
10.6

207

142
170
171
170
171

50
153

190
171
189

120
115

72
153

25
40

111
115
28

85
190

85
116

75
76
143
39
39
40

134
130
143
91
87



RSE

INDEX OF NOTATIONS

linear form corresponding to J C I
permutation part of f

weights and coweights

finite and cofinite weights
bounded weights

predecessors in a totally ordered set I

linear form corresponding to J C [
abelian group generated by R

category of root systems and morphisms

category of quotients of root systems

category of root systems and embeddings

nonzero elements of R

indivisible roots

pure full subsystem

parabolic subset determined by f
parabolic subset determined by facet F'
3-grading

dim(span(S))

category of pointed sets

symmetric sets in real vector spaces
sets in k-vector spaces

finitary symmetric group

reflection in «

generalized reflection

sign of a finitary permutation
simple roots of positive system
linear span of S

support of permutation or sign change
support of a grading

symmetric group on X

symmetric group of type c

forgetful functor from SV, to Set,

trace form

cotrace

set of types

root system of type T on I
full subsystem of T

8.9
9.1
7.1
7.3
7.3
B.2

8.9
6.1

3.6
6.3
3.6
1.1
3.4

12.16

10.8
15.7
17.6
1.3

1.1
10.2
1.1
9.1
3.3
5.3
9.4
14.2
1.3
9.1
17.1
5.1
9.1
1.1

8.1
8.1
8.2
8.2
8.9

71
75
53
54
54
190

71
47

23
48
23

22
121
89
150
168

85

76
21
39
78
138

76
165
38
76

64
65
65
65
72



INDEX OF NOTATIONS

parabolic subset of type T

category of k-vector spaces
forgetful functor from SV to Vecy

Weyl group
big Weyl group
Weyl group of type c

dual space

bounded linear forms

span of coroots

kernel of trace form

kernel of cotrace form

fixed point set of f € GL(X)

abelian group generated by R

209
13.3 130
1.1
1.1 6
3.9 25
5.2 39
5.4 40
3.1 21
15.4 148
3.5 23
8.1 64
8.1 65
3.9 25
6.1 47






Index

A-basis, 17

additively closed, 85
alternating group, 78
automorphism

—, outer, 79

— of root system, 24
automorphism group, 24, 79, 80
—, of coroot system, 35

—, outer, 39

basic (co)weight, 59
— of simple root systems, 73
basis,

cardinal, 40, 143
— successor, 40

Cartan

— matrix, 50

— number, 22, 185
category

— of quotients of root systems by full sub-
systems, 48

— of root systems and embeddings, 23

— of root systems and morphisms, 23

— of sets in vector spaces, 6

— of symmetric sets in real vector spaces, 85

chain

—, connecting, 26

closed

—, additively, 85

— subsystem, 86

closure

—, additive, 86

— of facet, 151

coequalizer, 12

colimit

—, filtered, in RSE, 27

— in SV, 13

collinear, 107, 174, 176

collinear system, 66

completely reducible (Weyl group), 41

cone

—, dual, of parabolic subset, 146

—, of type D, 194

—, proper, 89, 189

— of type A, 193

— of type B, 190

— spanned by parabolic subset, 94, 97

— spanned by unipotent subset, 94

connected, 26
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— component, 26
— parabolic subset, 101
— subset, 26
coproduct

—in RS, 25
—in SV, 6
corank, 9

core, 7

coroot, 21

coroot system, 33
coset, 9

cotrace, 65
coweight,

datum

—, f-datum, 120

—, p-datum, 134

defined over Q, 93
diamond, 175

direct limit

— of root systems, 27
direct product

—, restricted, 38

—in SV, 6

direct sum of root systems, 25
direct summand, 31

— of root system, 25
directed, 101

divisible, 22

dominant, 153

double arrow, 175, 176
double polar, 189

double vertex, 50

dual cone

—, of parabolic subset, 158
dual root system, See coroot system
Dynkin diagram, 50, 52
—, classification, 51

effective, 99, 166
elementary

— configuration, 175
— relation, 107, 174
embedding, 23

—, full, 24, 33, 54
epimorphism, 6
equalizer, 12

exact, 8

— A-exact, 17

—, descent to quotients of A-exactness, 18
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—, short — sequence, 8

— epimorphism, 8

— monomorphism, 8
exchange condition, 50
extension property, 17

—, descent to quotients, 18
—, finite, 17, 48

—, finite, for root bases, 49
— for root bases, 47
extremal ray, 189

facet, 149

—, minimal, 160

final segment, 190

—, principal, 190

finitary

—, linear transformation, 25
— hyperoctahedral group, 76
— permutation, 76

— sign change, 76

finite topology, 38

First Isomorphism Theorem, 9
full, 7

—, transitivity, 7

— embedding, 24, 33

— subsystem, 22

— subsystem, classification, 122
fundamental

— (co)weight, 153, 157

— domain, 152

fundamental domain, 117

govern, 107, 174, 176

grading, 165

—, 3-grading, 171

—, 3-grading, 168

—, Albert, 171

—, alternating, 170, 171

—, bi-Cayley, 171

—, collinear, 169

—, effective, 166

—, even quadratic form, 170, 171
—, hermitian, 169, 171

—, induced, 165

—, odd quadratic form, 169, 171
—, opposite, 165

—, rectangular, 169, 171

—, trivial, 165

graph, 174, 176

—, connected, on 3 vertices, 180
— of collinear grading, 174

— of even quadratic form grading, 175

— of hermitian grading, 175

— of odd quadratic form grading, 175

grid, 176

hyperoctahedral group, 75
—, finitary, 76, 78

INDEX

indivisible, 22

— (co)weight, 59

induced grading, 165

initial segment, 190

inner product

—, normalized invariant, 32
— invariant, 28
intersection

—, tight, 11

invariant bilinear form, 28
invertible subset, 87
involution, 82

irreducible

—, action of the Weyl group, 41

—, direct limit of — root systems, 27

—, root basis, 47

— component, 26

— root system, 26
isomorphism, 32

— between R and RV, 35
— of root systems, 23

Jordan triple system, 176

length function, 50

limit
—, direct, in RSE, 27
—in SV, 13

linear form

—, bounded, 148

—, positive, 146

locally finite

— group, 43

— root system, 21

— set in vector space, 14

maximal positive subset, 91
minimal parabolic subset, 92
minuscule, 61, 73, 168

mixed equivalence class, 113
monomorphism, 6

morphism

— of graded root systems, 165
— of root systems, 23
multipliable root, 50

multiply laced, 32

norm
—, l-norm, 148
—, maximum norm, 148

opposite grading, 165
order

—, partial, 88

—, total, 88

order type, 143
ordinal, 143



orthogonal, 23

—, weakly, 105

— reflection, 28

— with respect to an invariant inner prod-
uct, 30

orthosystem, 67

outer automorphism group, 39, 79

parabolic subgroup, 43, 151
parabolic subset, 87

—, classification, 136

—, connected, 101

—, effective, 99

—, maximal, 159

—, minimal, 92

—, pure, 130

—, symmetric part, 87, 89
—, unipotent part, 87, 89
— of scalar type, 89
partial order, 88

partial sum property, 86
permutation part, 75
pointed, 88

polar, 189

positive

—, maximal — subset, 91
positive linear form, 146
positive subset, 87
positive system,

quadrangle, 175
quasi-minuscule, 172
quotient, 9, 48

quotient system, 123, 124

radicial, 53

rank, 7

—, of a linear form, 59
rational, 93

— subspace, 93

ray

—, extremal, 189
reduced, 22

reflection, 21

—, generalized, 39, 79, 82
—, orthogonal, 28

—, simple, 141
— in a root, 21
root, 22

—, divisible, 22

—, indivisible, 22

—, long, 32

—, multipliable, 50

—, short, 32

—, simple, 138, 141

root basis, 47

—, adapted, 47

—, existence in the countable case, 49
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—, relation to positive system, 87, 144

root lattice, 53

—, presentation, 57, 102, 183

root system, 21

—, (locally) of type T, 65
—, 3-graded, 168

—, b-graded, 171

—, classical, 64

—, connected, 26

—, graded, 165

—, irreducible, 26

—, locally finite, 21

—, quotient by full subsystem, 48

—, reduced, 22

—, simply laced, multiply laced, 32

— in the classical sense, 22

— over a field of characteristic zero, 36

saturated set of (co)weights, 61

scalar parabolic subset, 89

Second Isomorphism Theorem, 11

segment

—, final, 190

—, initial, 190

—, principal final, 190
sign change, 72

—, finitary, 76

sign of a finitary permutation, 78

simple reflection, 141
simple root, 138, 141, 144
simply laced, 32, 35, 106
span, 7

standard representation, 105
subquotient, 18
subsystem, 22

—, closed, 86

—, direct summand, 25
—, effective, 99

—, full, 22

—, maximal closed, 62
successor, 190

support, 76, 165
symmetric, 85

— part of parabolic subset, 87

symmetric difference, 75
symmetric group, 38
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— of 3-gradings of finite root systems, 171

— of basic weights and coweights, 73

— of Cartan numbers, 185

— of fundamental (co)weights, 157
— of infinite Coxeter graphs, 46
— of infinite Dynkin diagrams, 52

— of minuscule weights and coweights, 73
— of weight and coweight groups of infinite

root systems, 70
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— of weight groups of finite classical root
systems, 71

— of Weyl and automorphism groups of
infinite root systems, 80

tight, 7

— intersection, 11

total order, 88

total preorder, 189

—, minimum, 190

trace form, 64

transitivity of fullness, 7
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triangle, 175
type, 65

unipotent, 87
— part of parabolic subset, 87

weakly orthogonal, 105
weight,

Z-grading, 166
—, classification, 167




