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AN APPLICATION OF THE MORSE THEORY
TO THE TOPOLOGY OF LIE-GROUPS (*);

BY

M. Raoul Borr.

(Princeton).

1. INTRODUCTION.

This paper is primarily devoted to a detailed account of the results
announced and sketched in [5]. It will be followed by a joint paper with
H. SaMELSON on the loop-space of symmetric spaces in general.

We recall the principal results of [5]. Let G be a compact Lie group;
T' c G shall denote a torus in G and C(7") the centralizer of 77in G. The
space of loops on G is denoted by Q(G). (For detailed definitions, see
§9.)

TueoreM A. — If G is a connected, simply connected, compact Lie
group, then the spaces Q(G) aud G/C(T') have the following properties :

a. They are free of torsion;
b. Their odd Betti numbers vanish;
¢. Their Betti numbers can be read off from the diagram of G.

The manner in which the diagram of G determines these Betti numbers is
the following one. Let D denote this diagram on the tangent space, t, toa
maximal torus 77C G. We let ¥ be a fundamental chamber of D and denote
by A the fundamental cells of D. If X e€t, A(X) shall be defined as the
number of planes of D crossed by the straight line joining 1" to the origin
of t. The function 2 is constant in each fundamental cell and this constant
value is denoted by A(A). In general if s is any line segment in t, A(s) shall
equal the number of planes of D crossed by s. We denote by T the lattice
of G in D.

(1) This research was supported in part by the U. S. Air Force under contract
number AF 18(600)-1109 monitored by the Office of Scientific Research.
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Tueorem B. — 1° The Poincaré series of the loop-space, Q(G), is
given by

P(Q(G); ) =Y,

where A runs over the cells of the fundamental chamber F.

2¢ If X is a lattice point of T in t, and if C(X) is the centralizer of the
direction X, then the Poincaré series of G/C(X) is given by

P(G/C(X); ¢) :{ 2:27“M}t~?7~(»"’

where now the summation is extended over the cells of § which contain X
in their closure.

As every C(7") is conjugate to some C(.X), X e€l, part 20 of this theorem
describes the homology-of all the spaces G/C(T"). It also relates their
Poincaré series to that of Q(G).

These formulae can of course be expressed entirely in terms of the root-
forms of Gon t :

Let {0;}5 (=1, ..., m), denote the root-forms on t which take positive
values in &. Also let W denote the Weyl group of G int. Finally, if Y et,
define a function .X*, on W by :

A*(w) = number of the root-forms {0;}5 whose values at X and w. X
differ in sign. Thus,

A*(w) =mnumber of planes of the infinitesimal diagram D', crossed by
the line from .¥" to w-.X. Finally let p(.I") denote the order of the subgroup
of W which leaves X fixed. In terms of these notions, theorem B is equi-
valent to :

Tueoren B'. — 1° The Poincaré series of Q(G) is given by

m

L 2 Y i04x))
P(R(G); t):m-fl S dp,
F

where the integral is taken over ¥, | A | denotes the volume of a fundamental
cell of D, and [ a] denotes the greatest integer less than a;

2° The Poincaré series of G/C(X), X arbitrary in t, is given by

P{(G/IC(X));t}= p(_1/17) 2 X,

wew

In particular (for X in &) the 2¢"™ Betti number of G|T is equal to the
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number of elements in W which change the sign of precisely q of the root-

SJorms {8;}5.

An immediate corollary of these theorems is that 7,(G) is a free-group.
If G is simple, then 7, (G) = Z.

At the time of publication of [5], these results contributed to the subject
involved in two ways.

«. They gave a general proof that the spaces G/C(T") and Q(G) are
torsion-free.

b. They gave new formulas for the Betti numbers of the spaces G/C(T')
and Q(G).

With regard to &, it should be recalled that BoreL [4a] had already
described the rational cohomology ring of G/C(T’) (as of all homogeneous
spaces G/H, with H of maximal rang in G) in terms of the Weyl groups of
G and C(T'). His construction therefore yields the Betti numbers of the
G/C(T') as a byproduct. In the case of G/T, for instance, BOREL proves
that over the rationals H*(G/T) is isomorphic to a quotient ring,
P(xy, ..., x))/I*, of the polynomial ring in / variables modulo the ideal, 7+,
generated by the invariants of positive degree of a group of reflections (the
Weyl group of G) in (xy, ..., x;).

The rational cohomology ring of &(G) can also be described in an explicit
manner. Following [11 b] there exists a map, f, of an appropriate product
of odd spheres

S2m—1 ¢ §2ma—1 s¢ ¢ S2mi—1

into G, which induces an isomorphism onto in the rational cohomology
groups. Hence, by Serre’s C-theory, f induces an isomorphism of the
homotopy groups modulo finite groups. It follows that the map’f of the
loop-spaces, which is determined by f, has the same property. Therefore _7‘
will again be an isomorphism onto over the rationals. On the other hand,
the Poincaré series of the space of loops on this product of spheres is

{ I — th,—l) }—1 X ..o X { I — t-l(m;—i) }—l.

It will be seen in Appendix II how a comparison of these two expressions
yields a new relation between the ms.

Concerning the results summarized under a, it should be remarked that
Borel had already at the time of publication of [5] shown that G/Tis free of
torsion in all cases except E;, E;, E;. Since then both he and CHEVALLEY
have announced proofs of this general fact, using a cell-subdivision of these
spaces found independently by CuevaLLey and Harisn-Cuaxpra [kb]. By
means of this cell-subdivision CHEVALLEY also obtained the formula for the Betti
numbers of G/T given in theorem B’. Finally this same formula for the
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Betti numbers of G/7" was derived independently by BoreL and HirzesrucH,
using the general Riemann Roch theorem [6]. On the other hand, there is
at this time no alternate proof that (&) is free of torsion.

In this paper a generalization of the result concerning Q(G) is proved.
Theorems A, B, and B’ follow from it easily. For .I'et, let /(.X) be the
orbit of exp.X under the adjoint action of & on itself. Thus

NX)y=\)olexpX}or.

cEG

Let V(.X) be the orbit of .¥ under the Weyl group of G, and set P equal to
the orbit of a general point, P et, under the lattice T. Finaliy S’(t, ./.\"(/I'), P)
shall denote the set of straight lines joining a point of .7V(/I’) to a point
of P.

We study the space, Q(G, N(X), P), of paths in G starting on N(KX)
and endingat P — expf’, and prove :

THeoreM C. — The space Q(G, N(X), P) is free of torsion for any
X et. Its odd Betti numbers vanish. The Poincaré series of this space
is given by

P(Q(G, N(X), P); =D 120,

where s runs over the straight-line segments of S(t, N(x),P).

As mentionned in [5 |, our procedure amounts to a straightforward appli-
cation of the Morse theory to the Riemannian geometry of G. This theory,
in its most geometrical and classical form, applies well to the study of a Lie
group for two reasons. Firstly, G admits so many global isometries that
focal points which usually are a local phenomena along a given geodesic,
can be described in terms of global motions. This mobility of G is expressed
here in the two theorems that the adjoint action of G, both on G and on the
Lie algebra of G, is « variationally complete ».

Secondly, the indices which occur in the Morse theory, here all turn out
to be even. Because of this very fortuitous circumstance the Morse inequa-
lities must be actual equalities for purely « dimensional » reasons.

In a subsequent paper SaMELSON and I will study the general situation
when a group, K, acts on a Riemann manifold in a variationally complete
way. (This turns out to be the case for iastance in the symmetric spaces.)
In the general case the Morse inequalities do not become equalities for
dimensional reasons. Nevertheless we can show that the equalities hold, at
least mod 2, and so compute the mod2 homology of certain loop-spaces and
certain homogeneous spaces.

This paper, then, is mainly a « Zusammenstellung » of well known propo-
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sitions in two disciplines : the Morse theory, and the geometry of Lie groups
due largely to CarTaN. We start with a review of the pertinent facts and
definitions in the theory of Morse.

2. J-FIELDS.

Throughout this paper, M shall denote a C*, paracompact manifold in a
fixed complete Riemannian structure. Instead of the term, C”, we often
,use ‘“ smooth . Let M,, pe M, stand for the tangent space [2] to M at p,
and if X', YeM,, (X, ¥) is their inner product.

A map

g:R->M

of the real numbers, R, into M is caled a geodésic, if

(2.1) g satisfies the differential equations of a geodesic [10], for all teR,
(2.2) ¢is proportional to arc-length from g(o).

The restriction of g to a nontrivial interval of the type[o, a], 0 <a,in R,
will be called a segment of g. Segments will always be denoted by the
symbol s.

A smooth function : t— ¥, which assigns to every t€R, a tangent vector
Y, in Mgy, is by definition a ¢¢ vector field along g ”.

The tangent field along g is by definition the assignement ¢— ¥, where

Xzf=}1i+ﬂ;[ tg(e+h)t—flg(t)} 1R

for smooth functions, f, on M.

If heR, let h,:Mgy,—> M. 1) be the isomorphism, of the two spaces in
question, which is defined by parallel translating the vectors of the first space,
along £, into the second one. Now if t— ¥, is a field along g, the formula

Y;=him{¥Y,—h Y, ,}/h
h>o

defines a new field : ¢ — ¥, along g — the covariant derivative of ¥ along g.
In the theory of Morse the vector space of ¢ infinitesimal isometries of g
plays a crucial role. We refer to it as the space of Jacobi (or just J)-fields
along g, and denote it by J;. This vector space can be defined in terms of
the notion of a « variation » of g. Such a variation shall be a family of
maps :
Ve R—>M

indexed by a in some vicinity of o on R satisfying the following conditions :

(2.3) V() depends smoothly on o« and ¢;
(2.4) Vqis a geodesic for each o;
(2.5) Vo=g.
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Dermnimion 2.4. — A vector field : t - ¥, is a J-field along g, if and only
if there exists a variation V, of g, so that

(2.6) Y,:d% Va(t)] (teR).

a=0
ReMARKS. — (1) The formula (2.6) is meant as a shorthand for

)
=0

Yif= 2 f(Va(t))

(2) The factor space J, can be alternately characterized as the space of
solutions of the ‘¢ Jacobi equation " along g. In our notation this question
takes the form

(2.7) Y+ R(X, ¥)) Xi=o

where ¢ — ¥} is the second covariant derivative of ¥ along g, ¢t - X, is the
tangent field along g, and R(.X,, ¥,) is the linear map M,,— M, defined
by the curvature form evaluated at X, V.

We will be interested only in two facts which follow trivially from this
definition.

(2.8) If s is a segment of g, and J is defined as the restriction of fields in
J; to s, then the map
s g > Js

defined as this restriction, is an isomorphism onto.

(2.9) Y e€Jgis determined uniquely by the initial values : ¥, and V.
Hence

(2.10) dimJ;= 2 dim M.

3. FocAL POINTS.

Let /V be a proper, smooth, submanifold of M. A geodesic, g, will be
said to be a geodesic of (M, N) — or of M mod NV — If :

(3.1) g starts on /V;
(3.2) The initial direction of g is perpendicular to /V.

Similarly we speak of geodesic segments, s, on (M, V). For these objects
the infinitesimal variations which preserve (3.1) and (3.2) are of special
interest. They constitute a subspace, J}, of J; which we call the focal
subspace of J; relative to V. Precisely :

DerizimioN 3.1. — The field t — Y, is contained in JY if and only if
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there exists a variation V4 of g such that

(3.3) Y= ;& V“(t)la:o (teR),
(3-4) Va(o) €N,
(3.5) SV &Mt la=Va(o)

where VL denotes the orthogonal complement of N, in M,,.

For a segment s of g, JV is again defined as the image of J¥ in J, under
the restriction map : s,:J;—> J,.

DeriniTiON 3.2, — Let s be a geodesic segment M modN. The subspuce
of JY consisting of the J-fields which vanish at the end-point of s shall be
referred to as the focal kernel of s mod N, and will be denoted by AN (s).
Also,

a. If dimAN'(s) > o0, then s is called a focal segment of N in M;

b. The end-point of a focal segment is called a focal point of N in M;
c. The set of all focal points of N in M is called the focalset of N in M.

Remarks. — (1) Focal points are clearly the generalization of conjugate
points along a geodesic (the case : Y =p). At the same time they genera-
lize the focal points of elementary optics. For instance, if M is Euclidean
3-space Ej, and NV is the circle : z} + x; =1, then the focal set of ¥V in M is
precisely the z;-axis.

(2) Clearly J¥ can be characterized in terms of certain initial conditions
on the elements of J,. These classical initial conditions [9] take the follow-
ing form :

ProrosiTiox 3.1. — An element Y € Jg is in JY if and only if
(3.6) Y.eN,
3.7) Yo+ T;. Y,eNg,
where :  p is the initial point, g(o), of g, and T, is a self-adjoint linear

transformation of N,, determined completely by g. The form (T, X, ¥')
on N, is the second fundamental form at p relative to g.

An immediate corollary is
(3.8) dimJQ’: dim V.

T, can be defined in several ways. We recall the foilowing geometrical
definition which follows readily from the formulae in [9; p. 26]. Suppose
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g starts at p€ N, with tangent-vector '€ VL. It is the fact that X is per-
pendicular to /V at p which gives rise to the transformation 7, on &V,. To
see what T, ¥, Y €V, is, let y(¢) be a curve on /N, starting at p in direc
tion ¥. By parallel translation X defines a field, X, along »(t). Let
t— X} be the field along y(¢) which assigns to ¢ the orthogonal projection
of 117, on V,,. Now, because X'j vanishes, the limit

lim 1}/t
t>0

exists, and defines the vector T+ ¥ in /V,,.

A point of M — /N which is notin the focal set of (M, /V) is called a
regular point of (M, NV). According to a theorem of Morse [9], the regular
points of (M, V) are plentiful. Namely,

ProrosiTioN 3.2. — Let s be a geodesic segment of (M, N). Then the
index of s, relative to I, defined by

(3 9) AV (s) —_—2 dim AN (s')
s'Cs
is always a finite integer.
(Here the summation is to be extended over all subsegments of s.)

ProrositioN 3.3 — The regular points of (M, N) are everywhere dense
in M.

k. THE MORSE SERIES OF M mod /V.

Suppose that M> N as before, and that P is a fixed regular point of
(M, N). To this situation MORSE assigns a formal power series, N (M, NV,
P; t), [or more shortly o1 (¢)] which we now describe. Its interest lies in
the fact that although this series is determined entirely by geometric consi-
derations, namely by the numbers dim AV (s), described in the last section,
it nevertheless has topological implications.

Let S(M, N, P) be the set of geodesic segments of (M, /V) which end
at P, and along which the parameter is precisely arc-length. Because P is
regular, no segment of S(M, IV, P) is focal relative to /V.

DeriniTiON . 1. — The Morse series of (M, N, P) is defined by
(b.1) M(M, N, P;t) =3 " [seS(M, N, P)),

where AN (s) is the index of s relative to N, as defined by (3.9).

Remarks. — Clearly one can consider this series only if its coefficients are
finite numbers. If this fails to happen, as it may, we say : the Morse series
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of (.M, N, P) does not exist. For instance, if M is the flat torus, /¥ a point
Q, S(M, Q, P) will contain an infinite number of elements, all of index o.
It seems likely that the Morse series exists whenever m (M, /V) is finite;
however, I know of no proof of this fact, and it will not be needed. In any
case the series k.1 has only a countable number of terms. This is a direct
consequence of the regularity of P and the paracompactness of M. For, as
can also be found in Morse [9] :

ProprosiTION k.1. — The set S(M, N, P), (P regular ) contuins only «
Jfinite number of segments of length less than a given number.

5. Tue MORSE INEQUALITIES.

The topological implications of J1L(¢) are contained in the ¢ Morse ine-
qualities ” which relate 011 (¢) to the Poincaré series of a function space,
Q(M, N, P), constructed over M. Following SEirerT and THRELLFALL [10]
rather than Morsk for the time being, this space Q(M, N, P) is defined in
the following manner :

DeriNiTiON 8.1, — Q= Q(M, N, P) shall denote the space of all picce-
wise regular maps of the unit interval [o, 1] into M which are parame-
trised propovtionaly to arc-length, take o into a point of N and map 1
onto P.

A topology is introduced into & by making L into « metric space

o(uy, uy) = max d(u;(t), us(t)) +| L(w) — L(w,)|
tg|0,1)
Jor two maps u;€ Q, where L(u;) is the length of u; and d(p, q), p,qe M,
is the metric on M.

Let H(R; k) denote the singular homology [10], of £ with respect to
coefficients &. If k& is a field,

(3.1) P(Q; k; t):Edim[[,,(Q; ke

n>o0
is the Poincaré series of & relative to 4.

ReMArg. — In homotopy theory one usually treats the space, &', of conti-
nuous paths from & to P in M endowed with the compact open topology
Though not of the same homotopy-type, the spaces Q and ' have isomorphic
singular homology groups, as is shown in [10; p. 77]. The groups /(L)
are therefore topological invariants of (M, ¥, P).

The Morse inequalities. — If the Morse series of (M, N, P) exists, then
the Poincaré series of Q@ —=Q(M, N, P) exists relative to any field k.
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Further
(5.2) M(M, N, P; t)— P(; k; t)=(1+¢t) B(k; ¢),

where B(k; t) is a formal series with non-negative coefficients.

For a discussion of these inequalities, see paragraphe 12. Here we will
only derive an immediate corollary to this theorem on which all our appli-
cations are based.

CoRrOLLARY 5.1. — If the Morse series of (M, N, P) exists and contains
no odd powers of t, then

M(M, N, P; t)=P(R; k; t) forany k.
In particular H(Q) is then free of torsion.

Proor. — 1.
Mm(e) :Emil"; P(Q; k;¢t) :Zp,l’; B(?) :Eb,ti,
i>o0 i>o0 i>0

the inequalities of Morse imply that

mi—p1:b1+b1_1 (l.-'__-'l, 2, ...),
my— po=— bo
with b;> o.
Hence my =0 (i=o, 1, 2, ...) implies
boy1+byi—o whence by y—o0, by;—o,

i. e. B(¢)=o0. The restis clear.

6. VARIATIONAL COMPLETENESS.

Suppose that K is a compact group of isometries of the Riemannian mani-
fold M, and that /Vis an orbit of a point in M under the action of K. In
this case the infinitesimal motions of M determined by K, are universal
J-fields mod V, i. e. they restrict to elements of J% along any geodesic segment,
s, of (M, N). When the action of- K on M is sufficiently rich, it may
happen that AN(s) consists entirely of fields which can be extended to the
global infinitesimal motions of K. In this very special situation, which
however is the one we meet in both subsequent applications, the Morse series
of (M, N. P) can be computed very simply. Here we derive this new for-
mula for the Morse series, under Lhis extension condition, which we call
variational completeness. Let @ : K > M — M be the left representation of
K on M under consideration. We also use

(6.1) n(c):M—>M
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for the transformation determined by c€ K. We write o(p) for the orbit
of p in M under K.

(6.2) o(p)=m(K)p.

The following definition enables one to treat all orbits at the same time.

DeriNimioN 6.1. — A geodesic segment, s, will be called transversal
(propertly m-transversal) if its initial direction is perpendicular to the
orbit of its initial point. If p is the initial point of such a segment, JY
[AN(s)], N=o0(p), will be denoted by J=[ A™(s)] respectively.

The Lie algebra [2] of K shall be denoted by k, and is identified with the
tangent space to K at its neutral element. The mapping 7 determines a
representation, 7, of k by vector fields on M. These are the infinitesimal
motions of K on M. By definition :

R 9
(6.4) *(X)y= 5; (m(exptX)p} (X ek, peM).
(=0
Here, as throughout, exp : k— K, is the usual exponential map [2], which
takes X'€k into the corresponding point on the one-parameter subgroup
generated by I
If s is a transversal geodesic segment on M, the variation

(6.4 bis) Va(t) =mn(expaX)s(z)

clearly has the properties enumerated in paragraph 2. Formulae (6.3) and
(6.4) therefore justify the earlier remark that the restriction of (1) to s,
isin JT. We let 7, : k— JT stand for 7 followed by restriction to s.

DerniTION 6.2. — The action of K on M via © is called variationally
complete, if for any m-transversal geodesic segment, s,
(6.5) AR(s)C (k).

Let c(p), peM, be the subspace of k, whose f-image vanishes at p.
Then c(s)Ck, shall be the kernel of 7t,. Clearly then,

(6.6) dimo(p) =dimk — dimc(p).

Further, if s is transversal, with endpoint, ¢, then (6.5) implies that the
sequence

(6.7) o—>c(s)—>c(q)i'>A“(s)——>o

is exact. From (6.6) and (6.7), it follows that

(6.8) dim A% (s) = {dimk — dimc(s) | — dimo(g).
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Now suppose that s is a segment of a geodesic which passes through a
point, P, on an orbit of maximal dimension. Then

(6.9) c(s)=c(P)

because the identity component of the stability group of P leaves Mp fixed.
In that case therefore, (6.8) takes the form

(6.10) dimA™(s) = dimo (L) — dimo(q).

ProrosiTioN 6.1. — Let the action of K on M be variationally complete,
and let N be the orbit of any point of Munder K. If a regular point, P,

of M — NN is chosen on an orbit of maximal dimension, the index, 1Y (s),
of any segment s€ S(M, N, P) is given by

W(s)= D dls(0)},

octza
where s =g|[o0, a], a> o0 and 6(p) =dimo(P) — dimo(p), peM.

This proposition follows immediately from (3.9) and (6.10). In this
situation, then, the Morse series of (M, NV, I?) can be read off if one knows
the segments of S(M, NV, P), and the places where they intersect orbits of
lower dimension. Remark also that because the maximal orbits make up an
open set in M, P can always be chosen on such an orbit.

7. THE VARIATIONAL COMPLETENESS OF THE ADJOINT ACTION.

G shall stand for a fixed compact connected Lie group, in a fixed left-and-
right-invariant Riemannian structure. Under the adjoint action of G on &
we mean the map 7 : G <X G - G defined by 7 (o)t =o01o'.

ProrositioNn 7.1. — The adjoint action of G on G is variationally
complete.

We will use the following notation :

g the Lie algebra of G, which is identified with Ge, the tangent space to G
at the identity ¢;

1;[rs), left [right] translation by s € G;

I5[#4), the linear maps induced by /;[rg] on the respective tangent spaces.

Adg, ;75— applied to g.
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Also recall that

(7.1) n(c) exp X =exp(Ado..X) (Xeq,ceh),
(1.2) AdY-¥=[1, Y]:]i\m%jﬂgy)—_l} Y,
(1.3) (Ado-.¥, Ado-¥)= (X, ¥) (I, Veg),

(7,4) (X, X}, Z)+(Y,[X, Z])=o (X, Y, Zey),

(7.5) The geodesics of G coincide with the translates of one-parameter
subgroups of G.

By definition 6.2, proposition 7.1 is equivalent to the following one :

ProposiTioNn 7.2. — If s is a m-transversal geodesic segment, then
AR(s) Ca(9)-

Lenyva 7.1. — For X €4, 7t (X)) is the assignment.
(7.6) P guty % &

Proor. — This follows immediately if we rewrite exp (¢.X)oexp(— ¢.X)
in the form rg { exp(¢.X) exp(— Ado(2.X)) }.

LeMMA 7.2. — The segment s - t >zexp(td), €9, 0Lt ZLa, a>o;
is transversal if and only if
(7.7) Ade X = 1.

Proor. — By lemma 7.1 the tangent space to the orbit through o is

spanned by
iV —IL, Y  (Yey).

The initial direction of s at ¢ is clearly i, X. Now
(i X, (iho—15)8) =0

is equivalent to (X, {/— Ade—'}g)=o0. By (7.3) this expression trans-
forms to
({Ade—1}X, g)=no.

In other words : Ade. ¥ =_T.

LewMa 7.3. — Let s be a m-transversal geodesic segment, with initial

point ¢, and initial direction I, X, Xeg. Then c(s)Cgis characterized
by the equations

(1.8) [.f, ¥]=0, Ade¥=V.

Proor. — Recall that by definition, c(s) is the kernel of #,:g— JT.
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If #,(¥)=o, then F'gexpex) ¥ = l',mp(,x) Y foroLtZa(a>o0). Equivalently,
Ad{exp(¢X)} ¥ =Ado'-¥, oZt~=a. Because the righthand side is
independent of ¢, [.X, Y| must vanish. But in that case expz.X” commutes
with ¥, and therefore Ade—'- ¥ = ¥. The converse is no harder.

From (3.8) it is known that dimJT—dimg. Hence 7 (g) does not make
up all of JT. There is missing a subspace, complementary to 7,(g), of the
dimension of ¢(s). To construct it, consider the map

(7.9) we:C(s) > JT
defined by
(7.10) m_\»(Z),:tl',,ex,,,XZ [Z €c(s),oLt Zal.

Notice that ws(Z) is not the restriction of a vector field on G. It is,
however, a properly defined field along s. To show thatw,(Z)cJ%, consider
the following variation of s.

For Zec(s), a€R, let V,:R— G be defined by

(7T.11) Vo(t)=cexpt{ X +aZl.

Because V,(0) =g, this variation will satisfy the conditions (3.4), (3.3), if
and only if ¥V, starts perpendicularly to o(¢). This initial direction is
clearly I; { ¥ + «Z}. Bylemma 7.2, this is the case because Z€¢(s), and
hence Ade Z = Z.

On the other and, :—a Va(2) is easily seen to agree with w,(Z) if one
a=0

uses the fact that ¥ and Z commute.

LemMA T.4. — Let s be a transversal segment on G. Then :
(a) Every element V € JT is of the form
Y=%,(Y)+ w,(Z), [Yeg, Zec(s)];
(b) If for Y €3, Zec(s),
T (¥) + w;(Z)=o.

Then Z—=o0 and Y €c(s).

This lemma can be summarized in the statement that the sequence
(7.12) o—>c(s)>gPc(s)>J5—>o0

is exact. Here the first homomorphism includes c¢(s) in g, while the
second one is ;P w,.

ProOF. — Part (&) implies part («) by a dimension argument. To prove
(b) consider what it means that the expression #,(¥) + w,(Z) represent o
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v
(=23
(=3

in JT. If s is of length @ > o, this condition translates into

(7.13) Y —Ad{cexp(tX)}| Y +tZ=0o (oLt LZLa).

Therefore, for t = a A

(1.14) (¥, Z)— (Ad{oexp(aX)| ¥, Z)+a(Z, Z)=o.

By (7.3), and because Z€c(s), the first two terms cancel. llence Z =o.
But then (7.13) expresses the fact that #,(¥) =o,i.e Y €c(s).

The proof of proposition (7.2) is now immediate. By virtue of (7.12),
it is sufficient to show that the inverse image of AT under 7@ w, is in g.
The pair ¥, Z, Y €g, Zec(s) will be in this inverse image if and only if

s (¥) + ws(Z) vanishes at the end-point

of s, say at cexpad. But then (7.13) still holds with ¢=«, and one
concludes, again via (7.14), that Z—=o.

8. THE GEODESICS OF (G, N, P).

Recall the following well-known facts about a compact connected group G
(1] [7])-

(8.1) G contains a maximal torus;

(8.2) Two maximal tori are conjugate;

(8.3) Every element of G lies on at least one maximal torus;

(8.4) The component of the identity, C'(s), of the centralizer of an
element g € G, is the union of the maximal tori containing o.

It follows immediately from (8.4), that if P is a point on an orbit of
maximal dimension, then the centralizer of P is precisely a single maximal
torus 7. Let P be a fixed such general point of G. Let /V be any orbit of
7 on G which does not contain P.

Prorosition 8.1. — Let P a general point of G and T the maximal
torus it determines. If N —=o (o) is any orbit of G under w, which does
not intersect P, then

S(G,N,P)=8(T, NnT, P).

Proor. — It c€ G, let C (o) be the centralizer of ¢ in G. Lemma 7.2
obviously yields the following result :

Levma 8.1. — For any o€ G, the tangent spuces to C () and o(a), utao,
are complementary and orthogonal.

In particular, therefore, at P, the space 7p makes up the orthogonal
complement of the tangent space to the orbit through 2.
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It is well known that if a geodesic, g, is perpendicular to an infinitesimal
isometry, .1, at one point, then it always remains at right angles to I
Hence every segment s€ S (G, /V, P) (which must be perpendicular to the
orbit /V at its start) is perpendicular to o(P) at its end point. The
segment s is therefore tangent to 7" at P. Because 7T is a subgroup, s will
have to lie in 7. Conversely a geodesic segment on 7 joining te NnT
to P, is perpendicular to o(t) at its initial point and therefore is
in S(M, N, P).

The set of segments S (7', NN T, P) is conveniently described on t, the
universal covering space of 7', which is here identified whith 7%, so
that exp | t becomes the covering projection.

NN T will be a finite set of points because the orbits are compact and

meet 7" at right angles. Let Netbe the image of any cross section of NN T
in t, and let S'(t, /V, P) denote the set of all straight lines in t which join a
point of ¥ to a point Pe€t which covers P. Because paths in 7" lift
uniquely to t, once their starting point is lifted, S(t, V', P) gives a faithful
representation of S(7, NnT, P)= S (G, N, P). We record this fact in
the following proposition.

Prorosition 8.2. — The exponential map exp |t, maps the straight lines
of g(i, ]V, P) in a one-to-one fashion onto the segments of S(G, .V, P).

To read off the Morse series of (G, &V, P) it is now sufficient to find the
intersections of the segments of S (7, NN T, P) with the intersection of the
exceptional orbits with 7. These points, the so-called singular points of 7',

form a set D (G) in T whose inverse image under exp |t is called the
diagram of G on t. It will be denoted by D(G); and its main properties
are reviewed in the next section.

9. THE DIAGRAM OF G.

As before let 7'c G be a maximal torus of the compact connected group G;
and let tCg be its tangent space at e. The dimension, /, of 7 is the rank
of G. A point, o, of 7" will be singular if the dimension of its centralizer,
C (¢), is greater than /. On the other hand the tangent space of C(c) at ¢ is
clearly spanned by the subspace of g which is left pointwise fixed by Adgs.
The study of singular points is therefore reduced to the study of the adjoint
representation restricted to 7. This action of 7" on g decomposes g into
orthogonal invariant subspaces,

(9.1) g=theDpe.p...Pe.,

with t pointwise fixed under Ad | 7, while each e; is a two-plane on which 7’
is represented nontrivially by rotations.
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Let U;C T be the subgroup of 77 which leaves the plane e; pointwise fixed
under Ad| 7. Clearly the union of the U; constitutes the set of singular
points of 7. Further if o€ 7 is on precisely f of the sets U;({ =1, ..., m)
then dim C(¢) =7+ 2 f, and hence

(9.2) do(oc)=2f

(0 is here the function defined earlier in Section 6).

Let{w;} ({=1, ..., m) be the tangent space to U; at . The planes {u;}
in t form the infinitesimal digram of G in t. It shall be denoted by D'(G).
The diagram proper, D (G), consists of the complete inverse image in t of
the singular points in 7. It will therefore consist of families of equi-spaced
planes, each family parallel to a certain w;€ D'(G).

The kernels U; are by no means arbitrary. Among others they have the
following properties [1], [7], [12].

(9.3) dm UnU;=1—2 if ().
Hence U, U; for i # J.

9.4 U; has at most two components,
i=m
(9.3) { \Ui:Z is the center of G.

j=1

The diagram, D'( &), can also be described in terms of the « root forms
of G » : the quotient group 7/U;is one-dimensional and therefore isomorphic
to the circle group, R/Z, of the real numbers modulo the integers. Further
such an isomorphism 7/U;~ R/Z is well determined up to sign. The
canonical map 7'— T/U; therefore lifts to a linear function

t—>R

which is well defined up to sign. We denote it by &= 0;. The totality of
the £ 6; are the root forms of G ont. They are met more directly in the
infinitesimal theory of Lie groups. In any case D'(G) consists of the points
which are in the kernel of at least one of the 0;. Similarly

m

D(G):U{Xetiﬂ,-(/l’)zo mod 1}.

i=1

A connected piece of t — D'(G) is called a fundamental chamber of G
on t. We denote such a set by the symbol #. Similarly, A, shall be
reserved for the components of t — D(G). The A are the fundamental cells
of Gin t.

All these notions are intimately connected with a certain group of auto-



268 R. BOTT.

morphisms which G induced on 7. This is the group W-{normalizer of 7’
in G}/T. Clearly W acts on 7T and therefore on t as a group of auto-
morphisms. Further it must leave the singular set invariant. W is the
Weyl group of G.

It is known that :

(9.6) The faithful representation of W on t is generated by the reflec-
tions of ¢ in the planes u; of D'(G);

(9.7) Every fundamental chamber, &, of D'(G) is simultaneously a funda-
mental domain of W in t.

The elements of W permute the totality of root forms { £0;}. A funda-
mental chamber #, singles out precisely m-root forms which take on positive
values in . Such a system of root forms is referred to as a positive set of
root forms with respect to &, and is denoted by {0;}3. On the set {0;}5
the Weyl group is therefore represented by signed permutations.

W and D'(G) are essentially infinitesimal invariants of G. Thus if G
and G, are locally isomorphic, such an isomorphism induces corresponding
isomorphisms of W, onto W,. The global properties of G are described by
the extended Weyl group on G. This is the transformation group W of t,
generated by W and the covering transformations of t— 7. This latter
group, T, is of course abstractly isomorphic to m(7)=Z+Z+...+2Z
({ factors). \

The orbit of a point P €t under I is a lattice of points in t. The lattice
corresponding in this manner to the origin of t shall also be denoted by I'.
The lattice T is left invariant by the action of W.

If G is connected, simply connected and compact, W is described by D(G).
In that case it is known that :

(9.8) W is generated by the reflections in the planes of D(G). From this
it follows that;

(9.9) Each fundamental cell of D(G) is a fundamendal domain of 4
ont;

(9.10) The closure of every fundamental cell is compact and contains
precisely one point of the lattice T.

In this case then the effect of we W on tis completely described by the
effect of w on one cell of D(G). The following. lemma is a consequence of
this fact :

Lemma 9.1. — Let G be connected, simply connected and compact.
Let 5 be a fundamental chamber of W on t, and let Az be the unique cell
of D(G), which is contained in F, and whose closure contains the origin
of t. Then there is « one-to-one correspondence between the cells of the
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Sform
o {vas} (yel)
and the cells of the form
b. AEF.

This correspondence is established by elements of W.

Proor. — Set
A={yAs|0€7F}, B={A|Ae7F|.

An element y Ag is in some fundamental chamber F'. By (9.8) there exists
a unique element w'€ W with w'F —=F. We assign to YAz, the
element w'yAzCF. This defines a function, f, from 4 to B.

(1) The function fis one-to-one. For if
W Y185 = W, 12 Ag, vi€T, w; € W,
then y7* { w| |=' w), ¥, is the identity by (9.9). Hence
(Wit we=mma’

This element must lie in W NT, which clearly is the identity. Hence

Y= "o, W = w).

©

(2) f1is onto.

Let the closure of A€ #, contain the lattice point y. Then the closure
of y~1A contains the origin of t, and therefore differs from Az by an element
of W. Thatis,

A=ryw'Ag, ver, weW.

But then A'—= w'—!'y w Az is an element of 4 which maps onto under f.

10. FIrsT APPLICATION : Q (G, NN, P).

Let G be a compact connected and simply-connected Lie group, 7’c G a
maximal torus of G, /V any orbit of the adjoint action of G on G. Let P be

a general point of 7" not on /V. Finally S’(t, N, P) shall be the set of
straight lines in = 7’¢, already defined in Section 8.

TueoreM I. — The space of paths, Q (G, NV, P), is free of torsion. Its
odd Betti numbers vanish, and the Poincaré series of Q (G, N, P)
coincides with the Morse series of (G, N, P).
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Tueorem II. — The Morse series of (G, IV, P) is given by the formula
(10.1) M(G, N, P; t):z e [seS(t, N, P)],

where A (s) = number of planes of D (G) crossed by the line s.

The proof of theorem II emerges from propositions 6.2, 7.1, 8.2 and the
expression (9.2) for the function 6. The series (10.1) has finite coefficients
because the cells of D(G) have compact closures. Because this series has
no odd powers of ¢, corollary 5.1 applies. This proves theorem I.

Theorem C of the introduction is also immediate. For if /V is the orbit
of exp X', X €t, then a possible cross section over VN T is the orbit of I
under the Weyl group W. This orbit can therefore play -the role of N in
theorems I and I1.

In the special case P —=¢, the space Q(G, &, P) is by definition the
«loop space » (G) of theorems 4 and B. In this case S(t, O, P) consists

—
of the segments s = OQ where Q runs over the points yP; yeT. If one
now app]i§s lemma 9.1 to this situation, one obtains the formula of theorem B,
Part 1, directly from theorem C. To obtain the formula of theorem B’,
Part 1, observe that in &,
A(8) =¥ [0:(X)] forany X in 4, 6,€(0}5.

i=t

Therefore when the integral f is replaced by 2 f one obtains the
F ses 8

series Zth) of theorem B.

reF
11. Secoxp appLicATION G/C (X').

Let M be an open, spherical disc about the origin in g, which is so small
that exp | # maps M homeomorphically into G. The image of /7 under exp
shall be denoted by M. The adjoint action, 7, clearly maps M into itself.

Prorosition 11.1. — The adjoint action of G on M is variationally
complete.

It'is clear that this property is inherited by M from G, because varia-
tional completeness is a local property along geodesics. In the same way,
if P€ M is on a maximal orbit, 7" the maximal torus which is the centralizer
of P, and /V any orbit of w in M which does not meet P, then propositions 8.1
and 8.2 transfer obviously to this situation. In order, they translate into :

Prorosition 11.2. — The set S(M, N, P) coincides with the set
S(MAT, NnT, P).
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The inverse image of /V in #7 is now unique. It shall be denoted by /.
The unique inverse image of P in M shall be b, and S(]Tln t, Nn t, f’) shall
stand for the set of straight lines joining points of ¥ to P in /7.

ProposiTion 11.3. — The map exp | M, maps thelinesof 3(M nt, Nnt, P),
onto the segments S (M, N, P) in a one-to-one fashion.

Finally the formula (6.10) implies that :
ProposiioN 11.4. — The index of se 3(Mnt, Nnt, B) (properly, of
its image in G) is given by
(11.1) AN(s) = 2 times the number of planes of D'(G) crossed by s.
Here one could replace D(G) by the infinitesimal diagram because
MAD(G)=MnD(G).
Just as in theorem C, these propositions prove that H(Q(M, N, P)) is

free of torsion, has vanishing odd Betti numbers, and gives a recipe for
computing their Poincaré series. However, we also have :

Prorosition. 11.5. — The function space Q (M, N, P) is of the same
homotopy type as N. Therefore

(11.2) H(Q(M, N, P)) ~ H(N).

This follows from the fact that (#7, ¥, P) is mapped homeomorphically
onto (M, N, P) by exp [ M. Therefore it is sufficient to studyﬂ(/ﬂ, N, P).
Because M is a euclidean sphere this space clearly contains the space,
Q(/ﬁ, N, f’), consisting of the straight lines from N to P, as a deformation
retract. But Q(ﬂ, ]V, i’) is clearly homeomorphic to N.

ToeoreM III. — Let X €t, and denote by C(X) the centralizer of X
in G. Then

a. G|C(X) is free of torsion;
b. The Poincaré series of G/C(X) is given by
(11.3) P(G/C(X); t) :2#)«»,

where the summation extends over the straight lines from a general
point P in t, to the points w.X; we W; and A(s) = number of planes
of D'(G) crossed by s.

Proor. — Notice first that all quantities in this formula remain unchanged
when X" is changed to pX; peR(p70). Therefore we can assume
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that X¥€M. But then G/C(X) is homeomorphic to /, the orbit of X
under the adjoint representation. Hence, by proposition 11.5, the for-
mula (11.3) has to be proved for Q(M, N, P). Via proposition 11.1
to 11.4, the argument of the first application achieves this, for we have only

replaced VNt by the orbit of ¥ under W.

Remarg. — Theorem III could also have been proved by first showing
that :

Prorosition 11.6. — The adjoint representation : ¢ — Ad ¢ of a compact
Lie group on its Lie algebra is variationally complete.

Because the proof of this fact is the complete « infinitesimal » analogue of
what was done in Section 7, we preferred to use the foregoing argument to
obtain theorem III.

Theorem III immediately yields Part 2 of theorems A and B’. In the
latter formulation the index of s has just been evaluated as the number
of root forms of & which have different signs at the end points of s. The
formulation of Part 2, in theorem B, proceeds from theorem III by a straight-
forward counting argument, which we leave to the reader.

12. Appenpix I : THE MORSE INEQUALITIES.

If two formal series ON(¢) and £2(¢) satisfy the condition
oM (e) — Q1) =(1+1¢) B(2),
where B(t) has non-negative coefficients, we write IO () > Q(¢) and
say Ol (¢) dominates £(¢). It is clear that domination is a transitive relation

between formal power series
If

m(t):zm,t‘, Q) =Y, pit!
0 0
then the condition M(t) > Q(t) is equivalently expressed by the set of

inequalities
my> po,

my— my> p1— Po,
my— my~+ My pr— P1—+ Po,

(12.1)

and these are the Morse inequalities in their best known form.

The simplest instance in which they occur is the case of a finite complex X.
For if we set : m;— number of cells of dimension 7; p;— i~th Betti number
of K, then these integers satisfy the Morse inequalities.
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To see this, let C, Z, B, H be the space of chains, cycles, boundaries, and
homology classes of a finite complex K, over a field k. Let

C(¢t) :Z{rank Cnlen,

and define Z(t), ... similarly. Then by definition of the quantities
involved, we have the exact sequences

(12.2) o—+Z-—>C—B-—o,
(12.3) 0—>B—>Z—>H—o.

Remembering that the boundary homomorphism d : C-—>B reduces
dimension by one these sequences imply that

C(t)=Z(t) + ¢ B(t),
Z(t)=B(t)+ H(t).

Adding we obtain C(¢) — H(t) = (1+t)B(t), i.e. just the Morse ine-
qualities.
An obvious abstraction of this construction gives the following proposition.

Proposition 12.1. — Let A :ZA,. be a graded vector space of finite

type, with dlﬁ’erential operatord: A,—>Ap_y, andlet A (t) :2 dim (4,)¢".
n>o0

IfH (A) is defined in the usual way as the kernel of d modulo the image

of d, then the series H(A) (t) :2 dim H,(A)t*, and A(t) satisfy

the Morse inequalities

(12.4) A(t)> H(A) (1).

‘With the aid of this proposition, the proof of the Morse inequalities can
be brought back to one of Morse’s basic deformation theorems by the use
of Leray’s spectral sequence [8]. To do this one proceeds in the following
manner (see for instance [3]). Suppose then that the Morse series
of (M, N, P) exists (P a regular point of M — N). Let S=S§(M, N, P),
Q=Q(M, N, P). Also, |S|, shall denote the set of lengths of the segments
of S. By proposition k.1, | S| will be a discrete set of real numbers a,
which we assume to be indexed by i =1, 2, 3, ... in a monotone increasing
fashion, a;.1> a;. And /;(i=o, 1, 2, ...), shall be a separating set of | S|,

o<h<a<h<a<....
For any real number /, define

Q (h)={ue|L(x) <1},
Q-()={uel|L(u)<l}.
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Finally,
o) _{ Q4), (t=o, 1, 2),

‘| @ the vacuous set, i < o.

The singular chains, C(&) of Q are filtered by the subgroups
C() (ieZ).

For we clearly have C(2:4)>C(2;), while C(SZ):U C(Q) as L is
i€Z
continuous on Q. In the resulting spectral sequence

E,:Z H(Quy, ).

iI€Z

Recall now the basic proposition concerning spectral sequence [8], [11a]:

ProrositionN 12.2. — If in the grading of C(Q) (which is bounded from
below ) E, is of finite type, then :

a. H(L;) is of finite type for each i€ Z;
b. The images D; of H(Q;) in H (Q) constitute a filtering of H(Q), i.e.

nDi::o’ Di DDy, Ul)i:H(‘g)?

i€z

c. If H(Q)=, Dii/D; then GH is naturally isomorphic to E., in a
i€z
dimension-preserving fashion, where E_ is the limit of a sequence of
graded groups E, (r =1, 2, ...) with differential operators d, (which
decrease the dimension index by one) such that E,.., is the homology
group, HE,., of E. with respect to d,.

Here E_ is the limit of the E, in the following sense : given an
integer n, there exists an integer r, such that E, —=E, . ,— ... in
dimensions = n. Then E_ is by definition isomorphic to this « stable »
group in dimensions <. n.

Suppose now that £ is of finite type so that the above proposition applies.
For a fixed field £ as coefficients, let

E.(t), E.(t), GH(Q)(¢), H(RQ)(¢)

be the Poincaré series of the corresponding graded groups. Then by pro-
perty &, G H(Q) (t) = H(L) (¢) while by property ¢

E\(6)>En(6)> E, (6)=G H(R) (?),
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whence E,(t) > H(R)(t). We therefore have the following corollary :

CoroLLArY 12.1. — Under the conditions of this proposition the Poincaré
series of E, dominates the Poincaré series of H () for any coefficient
JSield k.

This corollary disposes then of the algebraic part of the nondegenerate
theory of Morse. The second, much harder and geometric part, is given by
the subsequent proposition.

For each a,€| S|, let »; denote the segments of S of length precisely a;.
The symbol w; will also stand for the union of the points in & which these
segments represent. Here is a form of Morse’s basic theorem [9, p. 229],

[10, p. 57].
THEOREM. — a. The inclusion
(= (@)U w;, & (ar)) = (L), L(1—1))
induces an isomorphism onto in the singular homology;

b. H,,(Q—(ag)us, Q"(a,)):H,,_)\(s)(P).

Here s is any segment of S of length a;, ) (s) is its index, and P is a
point.

This proposition in effect evalutes the term E, of the earlier spectra
sequence. In particular, if the Morse series of (M, /V, P) exists, then F| is

of finite type and
IM(M, N, P)(t)=E,(t)

for any field of coefficients. By our earlier remarks this proposition there-
fore yields the Morse inequalities.

We should draw attention to the fact that our definition of the index of a
geodesic segment s has consistently differed from the one given in SEIFERT-
TreLraLL. That the two definitions are actually the same is the content
of Morse’s highly nontrivial focal point theorem [9, p. 58]. The definition
given here is the more geometric one. All our applications depend on it
heavily.

13. Arpenpix II : THE BETTI-NUMBERS OF E;, E; AND Fj.

Theorem B of the introduction gives the Poincaré series of Q(G) in the
form

(13.1) P(Q(G); z):Zﬁ‘Mm,
ref
where X(A)zz[ek(x)](i:—_-l, ..., m, 0% the positive roots of &, and

any interior point of ),
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On the other hand, P(Q(G); t) is also given by the formula

(132) { 1 — g2mi—1) }-—l .. { I — tz{m;—i)}_g.

Further these m; determine the Poincaré series of the group itself, namely

(13.3) P(G;e) _]—]{l_i_g('m—:)}

i=1

During a recent conversation, J. P. Serre heuristically obtained a relation
between the numbers m;, by comparing these two expressions near ¢—r.
Here we will derive it. Very fortuitously this formula determines the
numbers, m;, for the exceptional Lie groups E;, E; and Ej.

The relation in question is the following one : Let 9,, ..., 9; be the

1

subset of the { 04}, which describe the bounding planes of F. Letd :2(11 P

1
l 2m

be the dominant root of ¥, and set a —-Za,q, equal to the sum z 0% of all

the root forms in { 0%}.. The 2/ mtegers d; and «; are uniquely determmed

up to order by the group. We refer to the d; as the coefficients of the
dominant root, and to the a; as the coefficients of the sum of the positive
roots. The m; are called the exponents of G.

ProrosiTioN 13.1. — Let G be simple, connected, simply connected and
compact. Then the following relation holds

! l l
(13.4) i!Hd,II(llli—l):]]ai.

Here 1 is the rank of G, the d; are the coefficients of the dominant root
of G, the a, are the coefficients of the sum of the positive roots of G and
the m; are the exponents of G.

Proor. — Let 94, ..., ¢; be the bounding planes of F as before.
Let ey, ..., e be the dual basis to the ¢;[1.e. 9;(¢;) =0;;]. The points of F
are then precisely the points of the form

X:inei (z:>o0).
Let 7 be the unit cube of the closure of F

I:{/I’:Zw,el|oéxiéx ;
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Let 7, : ¥ — &, be the translation
Ti(X)=(X +e&).
Finally, if (ny, ..., n;) is an n-tuple of non-negative integers, define /(n,, ..., ;)

“by
I(ngy, ..., )=THoTHo...0THol.

It is easily checked that these translated cubes form a closed covering, U, of
the closure of £. Further, distinct cubes have disjoint interiors. Hence

AN mm_Z { me}
revu \ Aers

Because all root forms take integral values on any e;, the function A trans-
forms according to the law

Mz +e)=ANz)+a [ai=a(e)]
Hence A {Ti(A)} =A(A) +a;. Therefore, if I'=1I(ny, ..., n.), then

2 £2MB) — g2niagponga, | pria Z £2M4),

rer Al
It follows that

2 tz)\(A)_.H( 1— a1 Q(e2),

AeF
where

Q(t’).‘: 2 {2MA),
Ael

Finally (1— #4%) admits a factor (1— ), as @>o. Bringing this in
evidence we obtain

L [lag—1)
(13.5) Zt"“m:(l— t’)—’H ( 2 t*k> ().
Acf 1 0

Similarly (1 — £?) can be factored from each term of (13.2), yielding

l (m;—1) -1
(13.6) P(R(G); t)=(1— t’-)—lﬂ < 2 z=k> .

i=1 (]

If we equate the last two equations, cancel (1 — ¢*)~! and then set t =1, we
obtain

(13.7) Hal—-l_[(’"t—')()(')

i=1
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It remains to compute Q(1). Clearly this number counts the number of
cells, A, in . By means of the basis e, the cube 7 corresponds to the unit
cube 0 £ ;1. In this same basis the first cell in F, is given by the

l
equations : z;> 0; and Zd,wiél where d; are the coefficients of the

1
dominant root. Hence the volume of A in the euclidean volume of the z;

I —1
is {I!Hdi} . The volume of 7 is clearly 1. The number, Q(1), of cells
T

in 1 is therefore given by
1
ey =1]]a-
1
This proves the formula.

As an application of this new relation, we will compute the Betti
numbers of £y, E£; and E;. These numbers are of course known already.
They were first announced by Chih-Ta Yen in his Comptes rendus
Note : Sur les polynomes de Poincaré des groupes de Lie exceptionels
(C. R. Acad. Sc., vol. 228, 1949, p. 628-630). They were explicitly derived
by Borel and Chevalley in their paper : The Betti numbers of the excep-
tional groups (Memoirs Math. Soc., N° 14). Our relation gives a conside-
rébly shorter way to the result for £, and especially for £;. However this
happens purely by chance — the (m;— 1) all turn out to be primes !

The coefficients, d;, of the dominant roots are well known. They are
listed, for instance, in the paper by J. de Siebenthal : Sur les sous-groupes
fermés... (Com. Math. Help., vol. 25, 1951, p. 210-256). We will
compute the a;s for the three groups E;, E,, E;. This is done most effi-
ciently from the Cartan integers, as / learned from A. Shapiro.

In terms of the bounding forms, ¢;, of F, the Cartan integers can be
defined in the following manner : Let R; be the reflection of t in the
plane ¢9;—o. Then R; induces a transformation R; on the linear forms of t.

Further R} ¢;—¢;— a;;9;(i, j=1, ..., ). The numbers a;; are preci-
sely the Cartan integers. These integers are determined in turn by the
Schlaefly figure of the group in question. For E;, E; and E; these fiigures
are reproduced below

i 2 3 i H i 2 3 N 3 8
6
Eg E7
i ] 3 i 5 ] i
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and in these cases they determine the Cartan integers according to the
following simple convention

Ol == 2,
— 1 if vertex i is joined to vertex j by an edge,
o= ;
Y o otherwise.

2m
Consider now the sum of the positive root forms, a— 2 04, Under

1
every R (i=1, ..., l), ¢; is changed into — ¢; while the other terms of a are
permuted. Hence

(13.8) Rla—a—29; (i=1, .... 0.
If a:Z a;¢;, then R} a can also be computed directly
1
R:a = i(Q;j— ;i ;).
Zial(% %ji9:)
i

Equating this expression with the right hand side of (13.8) we obtain
(139) Zaja/k: 2.
These linear conditions determine a@; uniquely. In terms of the diagram,

(13.8) is equivalent to the following recursion relation

2a;= 2 + sum of the a; s at adjacent vertices on the diagram.

Assuming that a;—= 2, (13.8) allows one to compute all the ;s in terms
of A, and finally yields a linear equation in A, Proceeding in this fashion we
obtain :

For E, : The a; are given (in increasing subscript order), by :
h2(A—1),3(A—2), g()\—lo),2()\—8), —2—(1——2). FinallyA=16. Hence
these numbers are : 2*; 2.3.5; 3.2.7; 2.3.5; 2*; 11.2; and

6

Hai: 212.3%.52. 7. 11.

1

The df s are given by 1, 2, 3, 2, 1, 2. Our relation therefore yields

6
(13.10) H(mi—l):1.25.5.7.11.
1
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For E;: The ajs:}, a(A —1), 3(A —2), 4(A — 3), 3(A —5), 2(A —10),
7

(22 —5), with A=27. Hence Ha,::29.3°.5’.7’.u.13.17. Here
1

the d; have the values 1, 2, 3, 4, 3, 2, 2. Therefore by (13.4)
7

{13.11) H(m,—x):—.x.3’.5.7.n.13.17.
1

For E;: Thea/s:h 2(A—1),3(A—2), 4(A —3), 5(A —4), 22-().— 21),

2(A —12), g(l—-g), with A=58. The d/s : 2, 3, 4, 5, 6, 4, 2, 3.
Therefore by (13.4)

8
(13.12) H(m,—l)_—..x.7.11.13.17.19.23.29.
1

The exponents, m;, of a simple group G have the following elementary
property

(13.13) m> 2, m;=—2 for precisely one i,

i
(13.14) Z(2m,—1):dimG.

The relation (13.4), together with these two conditions uniquely deter-
mines the exponents m; of Es, E;, and Es. |[Weset my— (m;—1).]

Eg: Let the m;(i=1,...,6) be ordered in increasing order.
Then my—=1, dim E,—78. Therefore

Mg+ Mg 4. . .+ Mg= 35.

From this sum we conclude that amongst the five numbers m,, ..., m;
there must be an odd number of odd numbers. From (13.10), we know
L]

that Hm,: 25.5.7.11. Therefore the only odd numbers that can occur
2

are 5, 7, and 11. If only one of them occurred, say 11, then at least 2.5
and 2.7 must occur. But 11+10+14=235. This is impossible as then
all the others would have to be zero. The situation is even worse if only 7
or 5 occurred. Hence all three, 5, 7 and 11 occur among the m; (i = 2, ..., 6).
Say m,=25, m;=17y, m;=11. Then M,-+ m;=12, and again by (13.9),
my= 2%, my=12B, « + 3 =>5. This implies that m,— 4, m;—8. Hence
the m; are given by
I, [h 5, 7 8, 11,
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and the Poincaré polynomial of Ej is

(14+8)(1+4+) (1 e11) (14 213) (14 217) (1 + £23).

-

E;: The dimension of E, is 133. Therefore if 72, =1, then Zm,z 62.

By (13.12), the product of the m; is the product of 32, 5, 7, ;1, 13, 17.
Further the sum of these numbers is precisely 62. They are therefore the
only solutions, and the Poincaré polynomial of E; is given by

(X1 £) (X £11) (1 £15) (14 £7) (1 £20) (1 £27) (1 + £5),

E; : In this case l—lﬁi,::'y.u.13.17.19.23.29. As there are seven

2
prime numbers there is no ambiguity, and the Poincaré polynomial of Fj is

(14 8) (14 118) (1 £23) (1 + £27) (14 855) (14 £) (1 4+ ) (1 + 85°).

BIBLIOGRAPHY.

{1] E. CAR1aN, La géométrie des groupes simples (QEuvres, t. 2, Part L, p. 793;
also papers referred to there in).

[2) C. CuEvALLEY, Theory of Lie groups I (Princeton, New Jersey, Princeton
University press, 1946).

[3] R. DEHEUVELS, T'opologie d’une fonctionnelle [Ann. math., (2), t. 61, 1955,
p. 13-72].

[4] A. Borer, a. Sur la cohomologie des espaces fibrés... (Ann. Math., t. 51, 1953,
n° i, p. 115).

A. BoReL, b. Kdhlerian, coset spaces of semisimple Lie groups (Proc. Nat. Acad.
Sc., t. 40, 1954, p. 1147-1151).

[5] R. Borr, On Torsion in Lie groups (Proc. Nat. Acad. Sc., t. 40, 1954,
- p. 586-588).

[6] F. HirzeBRrucH, On the characteristic classes of differentiable manifolds
( Colloque H. Poincaré, octobre 1954).

[7] H. Hopr, Maximale Toroide und singulare elemente in geschlossenen Lieschen
gruppen ( Com. Math. Hely., t. 15, 1942, p. 59)

[8] J. Lrray, L’anneau spectral et Panneau filtré... (J. Math. pures et appl., t. 39,
1950).

[9] M. MorsE, The calculus of variations in the large (Mat. Coll. Publ., t. 18, 1934).

(10] SErFERT-THRELFALL, Variationsrechnung im Grossen, Teubner, 1938.

[11] J.-P. SERRE, a. Homologie singuliére des espaces fibrés. Applications (Ann.
Math., t. 54, 1951, p. 425).

J.-P. SERRE, b. Groupes d’homotopie et classes de groupes abéliens (Ann. Mat., t. 58,
1953, p. 258).

[12] E. StiereL, Ueber eine Beziehung... (Com. Math. Hely., t. 14, 1942, p. 350)



