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In this paper we show how nonassociative algebras over
the real numbers arise from multiplications on certain homo-
geneous spaces; that is, an analytic function p: M X M — M.
Then these algebras are used to obtain an invariant con-
nection // on the homogeneous space and we give some appli-
cations of nonassociative algebras to these topics. Conversely
every finite dimensional nonassociative algebra over the real
numbers arises from an invariant connection and a local mul-
tiplication on a homogeneous space. Thus, analogous to the
theory of Lie groups and Lie algebras, much of the basic
theory of nonassociative algebras can be formulated in terms
of multiplications and connections and conversely.

1. Introduction. Let G be a connected Lie group with Lie algebra
g and let H be a closed subgroup with Lie algebra 2. Then the pair
(G, H) or (g, h) is called a reductive pair if there exists a subspace
m of g so that ¢ = m + k (subspace direct sum) and (Ad H)(m) C m.
The corresponding homogeneous space G/H is called a reductive homo-
geneous space which is an analytic manifold. An analytic function

u:G/H x GIH— G/H

such that (¢, é) =& = eH is called a multiplication on G/H; for
example, Lie groups, Moufang loops and certain H-spaces are reductive
homogeneous spaces with a multiplication.

The nonassociative algebras arise from studying the local behavior
of a multiplication ¢ on G/H which we now consider. Thus let x:
G — G/H be the natural projection and let g =m + & be a fixed
{reductive) decomposition. From [1, p. 113] we know that for the
map « = exp | m there exists a neighborhood U of 0 in m which is
mapped homeomorphically into G under + and such that @ maps (U)
homeomorphically onto a neighborhood N* of € in G/H. Thus by the
analyticity of g and 7movy there exists a neighborhood D of 0 in m
contained in U so that for all X, Ye D

prexp X, mexpY) =rwexp F(X, Y)

is in N* where F: D x D— U is a function which is analytic at 8 =
(0, 0) € m X m. Thus ¢t is determined locally by F which has the Taylor’s
series expansion [5] F(X, Y) = F(0) + F'(0)(X, Y) + 1/2F*(0)(X, Y)* +
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-«.for X, Ye D. We will show that F(f) = 0 and the function
a(X, Y) = F*(0)[(X, 0), (0, Y)]

is bilinear. Therefore the multiplication ¢ on G/H determines a
nonassociative algebra with linear space m and composition a:m X
m — m and we denote this algebra by (m, a).

Next we require that for all v € H the mappings

t(u): G/H — G/H: yH — uwyH

are automorphisms of the multiplication # on G/H, and call the pair
(G/H, 1) with 7(H) C Aut (G/H, pt) a multiplicative system. We show
that 7(H) C Aut (G/H, p) implies Ad H is in the automorphism group
of the algebra (m, @) and this allows us to use the result [6] which
gives a bijective correspondence between G-invariant connections / on
G/H and nonassociative algebras (m, ) with Ad H < Aut (m, a). Thus
a multiplicative system (G/H, p) induces a G-invariant connection via
the algebra (m, a). Conversely, we show that every such algebra
comes from a local multiplicative system. In particular, any finite
dimensional nonassociative algebra A over R can be regarded as an
algebra (g, «) for a Lie algebra g of suitable dimension and conse-
quently A arises from a local multiplicative system defined on G and
also from a G-invariant connection defined on G.

The above multiplicative systems (G/H, ) are too general and
not particularly related to the action of G on G/H. We will now
describe an “invariance” restriction for the multiplicative system (G/H,
). The multiplication g defines a function #(y, X): G/H— T(G/H)
from G/H to the tangent bundle of G/H as follows; (see [9] for the
case of Lie groups). Let T(G/H, @) denote the tangent space at @ ¢
G/H; thus T(G/H, €) = m. Let T denote the differential of a function,
then for each Xem we set

(¢, X)(@) = [T(@, e)](0, X) for (0, X) e T(G/H, @) X m .

That is, #(¢, X)(@) is the differential of p evaluated at (@, €) on (0,
X). The function #(y¢, X) is a vector field if and only if (G/H, p)
has & as a right identity element; also the vector field is analytic and
depends linearly on X. For I" a subset of 7(G) containing 7(e), whose
precise definition will be given in §4, we say that g is /I '-invariant
if for all Xem, #(¢, X) is a vector field invariant under all the maps
(a): G/H— G/H: T — a% for all t(a)el’. That is, for all t(a)erl,
and all Xem, 7(¢, X) satisfies

Tr(a)(e)2 (¢, X)(e) = #(¢, X)(z(a)e) .
In particular if (G, pt) is a Lie group, then I" can be taken to be
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L(G) = {L(a): a € G} and /(y¢, X) is the usual left invariant vector
field generated by X, so our results are consistent with Lie theory.
In the case of a I invariant multiplication ¢, we obtain the connection
induced by g is given by the algebra (m, a) with a(X, Y) = F?*@)[(X,
0), (0, )] = 1/2[X QY] where @ is the endomorphism of m given by
Q:m—m: Y — F'()(0, Y). Although we have used a global multipli-
cation in the above discussion, most of the results concern the algebra
(m, «), thus it suffices to consider local multiplications on G/H. However
the globalization of these local results present many topological pro-
blems. For example, every sphere is a reductive homogeneous space
G/H and consequently has in a suitable neighborhood of ¢ = ¢H a
local multiplication with ¢ as an identity element. Thus any sphere
is a local H-space but only S*, S and S’ are global H-spaces.

2. Multiplications. Using the notations of §1 we have for X,
Y in a suitable neighborhood D of 0 in m that

tirexp X, wexpY) =rmwexp F(X, Y)

where F: D x D-—U is analytic at 4§ = (0,0)em x m and UcC D is
a neighborhood 0 in m for which moexp = 7wovyr is a diffeomorphism.
Thus analogous to local Lie groups we have a local multiplication system
(U, F).

We now consider the Taylor’s series for F near the origin 6 =
0,0)em x m. Thus for Z=(X,Y)em xm and Z* =(Z, -+, Z)
k-times we have for ¢ in a suitable interval (— ¢, §) C R that

F(tX, tY) = F(6) + tF'0)Z" + t/2F*0)Z* + +--

where F*(0) = D*F(f) is the kth derivative of F at ¢ and is regarded
as a symmetric k-linear function on (m X m)* into m [5]. In particular
since p(e,é) = ¢, F(@) = F(0,0) = 0. Next writing Z = (X, 0) + (0,
Y) we see that
DF(6)Z = DF(0)[(X, 0) + (0, Y)]
= [DF(O)1(X, 0) + [DF(©)](0, Y)
= PX + QY

where [DF(9)](X, 0) is regarded as a linear function of X and denoted
by PX with P an endomorphism of m and similarly [DF(6)](0, Y) =
QY.

Using the symmetric bilinearity of D*F'(6) we obtain for Z = (X, Y)
12[F*0)(Z, Z) = 1/2F*(O)[(X, 0) + (0, Y), Z]
= 1/2F*0)[(X, 0), (X, 0)] + 1/2F*0)[(0, Y), (0, Y)]

@.1)
+ FAO)[(X, 0), (0, Y)] .
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Now we note that for X, Yem
a(X, Y) = F*O)[(X, 0), (0, Y)]

defines a bilinear function & on m X m into m as follows. Forac R
and X, Y, Zem

a@X + Z,Y) = F*®[X + Z, 0), (0, V)]
= F*0)[(aX, 0) + (Z, 0), (0, Y)]
= F¥0)[(aX, 0), (0, Y)] + F*6)I(Z, 0), (0, Y)]
=aa(X,Y)+ a(Z,Y)

and similarly « is right-linear. Thus m with the bilinear function
o becomes a nonassociative algebra denoted by (m, ).

Note that the converse is true locally. Thus given a nonassocia-
tive algebra (m, a) we can find a neighborhood D of 0 in m so that
prexp X, mexpY) =mwexp (X + Y + a(X, Y)) defines a local multipli-
cative system on some neighborhood N* of &; this is analogous to
formal Lie groups. Furthermore note that this multiplicative system
has & as a two-sided identity and for F(X, Y) =X+ Y+ a(X, Y) we
have 12F*(0)(X, Y)* = a(X, Y).

If the multiplicative system (G/H, ¢) has ¢ = ¢H as a right identity
(¢#(@, ) = @), then in the above notation

P =1 and FFO)(X,0)*=0.
For if t is in a suitable interval (— §, 6) of R we have for X e m that
wexptX = pu(wrexpitX, rexp0) = wexp F(tX, 0)

and since moexp suitably restricted to m is a diffeomorphism as pre-
viously discussed we have

X = F(tX,0) = t PX + %{FZ(&)(K 0+«

for ¢ in a suitable interval about 0 in R. Differentiating this formula
at ¢t = 0 gives the results. A similar result holds if (G/H, ) has &
as a left identity. Thus if (G/H, ¢) is an H-space; that is, ¢ is a two-
sided identity, then F(X, V) =X+ Y+ (X, Y) + ---.

3. Automorphisms. From the bijective correspondence between
G-invariant affine connections on G/H and nonassociative algebras
(m, @) [6, 8] we see that Ad H must be in the automorphism group,
Aut (m, ), of the algebra (m, ). We shall show in this section that
this condition is implied by z(H)c Aut (G/H, p); thus we want to
consider multiplicative systems (G/H, p) with 7(H) C Aut (G/H, p).
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DEFINITION. An analytic diffeomorphism #»: G/H — G/H is an
automorphism of (G/H, r) if n(e) = € and pu(x, y) = "z, ny) for all
%,y € G/H. We denote the set of such automorphisms by Aut (G/H,
). An endomorphisms Se GL(m) is an automorphism of the algebra
(m, a) if Sa(X, Y)=a(SX, SY) for all X, Yem. We denote the set
of such automorphisms by Aut (m, a).

For »e Aut (G/H, ¢) and for X em sufficiently near 0 in m we

can write
3.1) n(wexp X) = wexp (P(X))

where ®: m —m is analytic at 0em and ®(0) = 0. Thus for X, ¥
sufficiently near 0 in m we can also write

nu(rexp X, mexp Y) = n(rexp F(X, Y)) = mexp (PF(X, Y))
and

w(n(m exp X), 9(rexp Y)) = p(w exp (PpX), T exp (PY))
=rexp F(oX, Y).

But since 7 e Aut (G/H, tt) we can conclude for X, Y sufficiently near
0 in m
PF(X, Y) = F(pX, PY)

that is, @ is an automorphism of a suitable local multiplicative system
(U, F).

We shall now expand ® and F in their Taylor’s series to find
conditions on % e Aut (G/H, r) so that the differential (T%)(€) is in
Aut (m, «). First we note from (3.1) and the chain rule we have for

Xem
Tn(e)(X) = [T(woexpop)(0)](X)
[T(e)e T exp (0)o TP(O)|(X)
= Tp(0)(X)
= P(0)(X)
because Texp (0) is the identity on g and Tr(e) is the identity on m.
From the Taylor’s series

(x)

P, ¥) = PX+ @Y+ E0x vy + -

and
P(X) = P(0)X + 222@;(2 L.

we have for X, Y sufficiently near 0 in m
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PE(X, Y)) = P(OF(X, Y) + 129 (0)(F(X, Y), F(X, Y)) + «--
= P (0)(PX + QY + 1/2F*0)(X, Y)* + +-+)
+ 120°(0)(PX + QY + «++, PX + QY + +++) + «+»
= P(0)PX + 2'(0)QY
+ 1290 F*(0)(X, Y)* + 129%(0)(PX + QY, PX + QY)
+ &

where ¢, is of order three. Also

FeX,pY) = Pp(X) + QP(Y) + 12F*(0) (X, PY)" + -+
= P(@(0)X + 1/2¢9*(0)X* + --+) + Q@'(0)Y + 1/2¢%0) Y*
4 oees)
+ 1/ 2F(0)(P(0)X + eoe, PHO)Y 4+ eve)® 4 one
= Pp'(0)X + Q@Y(0)Y + 1/2P9*(0)X* + 1/2Q9*0) Y*
+ 12F*@0)(?(0) X, P (0 Y)* + & .
Since pF(X, Y) = F(¢X, #Y) we compare terms of the same degree
to obtain

[#'(0), P] = [#(0), Q] =
and

1/2¢'(0)F2(0)(X, Y)* + 1/29%(0)(PX + QY, PX + QY)
= 1/2P9*0)X* + 1/2Q9°Y*
+ 1/2F*0)(®'(0) X, #(0) Y)* .

From (2.1) and this last equation we obtain by considering the ex-
pressions in both X and Y (i.e. replacing X by sX and Y by tY):

POFOI(X, 0), (0, Y)] — F*O)[(#(0)X, 0), (0, '(0) )]
= — P(0)(PX, QY) .

Recalling a(X, Y) = F*(6)[(X, 0)(0, Y)] and equation (**) and by definition
Tr(e) is nonsingular we obtain the following.

LEmMMA 3.1. Let (G/H, ) be a multiplicative system given locally
by t(rexp X, wexpY) = wexp F(X, Y) where F(X, Y) = PX+ QY +
1/2F*0)(X, Y)*+ « - - and let 7 € Aut(G/H, pt)given locally by 7(wexp X) =
wexp (P(X)). Then

(1) [P, Tn(e)] = [Q, Tn(@)] =0

(2) Tn(e) e Aut (m, a) if and only if P*(0)(PX, QY) =0 for all
X, Yem.

Now for e H and for x € G with o = xHe G/H we have
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T(wyn(x) = ueH = waeu™ (uH) = no(u)(x)

where o(u): G — G: ¢ — uxu™" is the inner automorphism of the group
G defined by u. Next recall [1] that [To(u)](e) = Adu and for an
automorphism ¢ of G that o (exp X) = exp (To(e)X). So we assume
for v € H that » = t(u) € Aut (G/H, ¢t). Then the local representation
gives

7 exp (P(X)) = n(zw exp X)
= (T(w)om)(exp X)
= mwoo(u)(exp X)
= exp 7 ([T o(u)(e)|(X))
= wexp (Ad u(X)) .

Since (G, H) is a reductive pair we have Ad H(m) C m and consequently
for all X in a suitable neighborhood of 0 in m we have

P(X) = Adu(X) .

Thus since ¢ = Adw« is linear we have from this equation, and (**)
applied to 7 = 7(u) that

3.2) Te(w)(@) = Te(0) = Adu .

Since ® = Adw is linear, its second derivative is zero; that is,
®*0) = 0. This and Lemma 3.1 yield the following.

ProPOSITION 3.2. Let (G/H, ) be a multiplicative system so that
t(H) C Aut (G/H, ¢). Let 1t be given locally by (rexp X, rexpY) =
wexp F(X, Y)where F(X,Y) = PX+ QY + 12F*6)(X, Y)! + -+ and
let (m, @) be the algebra determined by F*8). Then

(1) [P,Adu] =[Q, Adu] =0 all uc H.

(2) Ad Hc Aut (m, a).

(38) The algebra (m, ) defines a G-invariant affine connection
on G/H.

4. Invariant multiplications. Let (G/H, f2) be a multiplicative
system defined on the reductive space G/H and let ¢ = m + h be the
corresponding fixed decomposition. For Xem and for T(G/H) the
tangent bundle of G/H define functions

(¢, X): G/H — T(G/H): a — [(Tp)(a, &)](0, X)
and

(¢, X): G/H — T(G/H): & — [(Tp) (e, a)](X, 0)
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where Ty is the differential of the function p¢: G/H x G/H— G/H
which is evaluated, for example, at (@, €) and acting on tangent
vectors (0, X)e T(G/H, @) x T(G/H, &).

Next note (¢ X)(resp..(#¢, X)) is a vector field if and only if
M@, €) = a(resp. n(e, @) = @). For if (¢, X) is a vector field and
u(@, &) = b, then ~(u, X)@)e T(G/H, b) which is the tangent space of
G/H at b. But #(#, X) being a vector field means

@ = idy (@) = posip, X)(@ = b

where p: T(G/H) — G/H is the corresponding projection map. Con-
versely u(a@, ¢) = @ easily implies pos(pt, X) = idy; that is, #(¢, X) is
a vector field. Similarly for .(y, X).

Also it is not difficult to see that in this case #(g, X) and .(¢, X)
are analytic vector fields which depend linearly on the parameter X.
Since the results for .(y, X) are similar to those for s{g, X), we
restrict ourselves to ~(u, X).

We now define the concept of an invariant multiplication which
reduces to the familiar notion in Lie groups. Recall [4] if X: M —
T(M) is an analytic vector field on a manifold M where T(M) is the
tangent bundle over M and if f: M — M is an analytic diffeomorphism,
then X is f-invariant if

Tf(p)(X(p) = X(f(p)

for all p e M where Tf(p): T{M, p) — T{M, f(p)) is the differential of
f at p.

DErFINITION. Let (G, H) be a reductive pair with ¢ = & + m the
corresponding decomposition for g and let G/H be the homogeneous space
of left cosets. Let (G/H, #) be a multiplicative system with o(H)C
Aut (G/H, p) and let I" = {z{exp A): A € 0,,} where O,, is a neighborhood
of 0 in m on which exp is one-to-one and {(exp O,,) N H = {e}; [1, p. 113].
Let ¢ = ¢H be a right identity for (G/H, p); that is, p¢(@, ¢) = @, then
2 is called IMinvariant if for all X em the vector fields #(x¢, X) are
invariant relative to the functions in I as follows:

Te(exp A)(e)- {1, X)(e) = #{p, X)(t{exp A)e)
for all 4 in O,,.

REMARK. (1) Before considering the general case we first congider
the system (G, ). In this case I" can be replaced by all of L(G) =
{L{a): @ € G} where L{a): G — G: x — ax, the multiplication in the group
G. In particular we see that if ¢ is a right identity of (G, ), then
the vector field #(X) is I"-invariant if and only if TL(a)(p).-/ (¢, X)(p) =
(¢, X)(L(a)p); that is, the ["-invariance at ¢ is actually global. Also
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it should be noted that when p is the Lie group multiplication in G,
then the L(G)-invariant vector field #(X) equals the usual left G-
invariant X; note remark (3) below.

ExaMpLE 1. Let f:G— G be an analytic function on the Lie
group G so that f(e) = ¢, then the multiplication

wz, y) = m(z, f(y) = 2f(y)

is L(G)-invariant where m is the Lie group multiplication in G. First
Mz, e) =xf(e) =« for all xe G so that ~(y, X) is a vector field on
G. From remark (1) we have m is a L(G)-invariant multiplication
so that

[(Tm)(a, 910, U) = #(m, U)a) = TL{a)(e)[(Tm)(e, ¢)-(0, U)] .
Thus noting p(x, y) = [me(idy x f)](x, y) we have using the chain rule

21, X)(@) = [(Te)(a, ©)](0, X)
= [T(me(idy x f))(a, &)](0, X)
= [T m(a, e)(T idy(a) x Tf()H](0, X)
= [T m(a, e))(T idy(a)-0, T'f(e)- X)
= [T'm(a, &)}(0, Tf(e)- X)
= T L(a)(e)[ T m(e, ¢)- (T idy(e)-0, Tf () X)]
T L{a)(e)[ T(me(idy x [f))(e, €)-(0, X)]
= T L(@)(@)[(Tp)(e, e)- (0, X)]
= T L(a)(e)7(¢, X)(e)

fl

so that g is left L(G)-invariant. Other examples can easily be con-
structed where the multiplication need not have the “separation of
variable property”. Thus locally an L(exp g)-invariant multiplication
¢ can be given by pexp X, expY) = exp F(X, Y) where

F(X, Y) = C&X, f(X, Y))

with f:¢ x g — g analytic at (0, 0), and f(X,0) =0, and C(X, Y) =
X+ Y+ 12[XY] + ... is the Campbell-Hausdorff formula. We leave
it as an open problem to see if this is the most general way of obtain-
ing the local expression for an L(G)-invariant multiplication on G.

REMARKS. We shall soon give the local formula for a I"-invariant
multiplication on G/H. But first we give a few remarks and formulas.
(2) If (G/H, 1) is a Lie group; i.e. H normal, then since 7(a)T =
axH we have u(a@, %) = L(@)Z. Thus locally g is L(G/H)-invariant
(as a group) if and only if p is ["-invariant (as a homogeneous space).
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Also when H is a normal subgroup with £(@, b) = abH, then 7(H)C
Aut (G/H, 1) because for ¢ H we have

() (@, b) = uabH
= (wau"'ubu"YH
= uouw 'H-ubu"H
= p(e(w)d, tw)?) .
(8) Let (G/H, p) be a multiplicative system with # given locally by
FX,Y) =X+ QY+ a(X, YY)+ 1/2F*6)0, Y)* + ---

as in §2, where 6 = (0, 0) and a(X, Y) = F?(0)[(X, 0), (0, Y)]. Then
the vector field ~(¢, X) satisfies

Z(¢, X)(e) = QX .

For from p(moexp X, mweexp Y) = moexp F(X, Y) we obtain po(mreexp X
moexp) = moexpeF. Using T(woexp)(0) = idy on m and the chain rule
we obtain

«(¢, X)(@) = [(Tr)(e, &)I(0, X)
= T[(zoexpoF)(0, 0)](0, X)
= T(moexp)(0)(0 + QX)
= QX

recalling [(TF)(0, OI(U, V) = U + QV.

(4) We must restrict ourselves to the set I" = {r(exp 4): A€
0,.} and not the group generated by z(exp O,) because this group is
frequently G since m frequently generates g. For example, if g is
simple, then m + [m m] is an ideal of ¢ and therefore equals g.

However if for the system (G/H, p) we have g is 7(G)-invariant,
then it is 7(H)-invariant. This with 7(H)c Aut (G/H, p) yield the
following computations which indicate that z(G)-invariance is too strong
of a condition. With g given by FI(X,Y) =X+ QY + .-+ as in
remark (3) we see from Proposition 3.2 that 7(H)C (G/H, r) implies
[Adu, Q] = 0 for all we H. From p being 7(H) invariant we have

Te()(@)- (2, X)(@) = «(1t, X)(cw)e) = (¢, X)(@) -

But from formula (3.2) we have Tr(u)(¢) = Ad % and from remark (3)
we have #(¢, X)(e) = QX; thus

(Ad w)(QX) = QX .

This gives, since [Adwu, @] = 0 that Q(Adw — I)X =0 for all ue H
and X em. Thus for v =exp U with Ueh and using Ad (exp U) = ¢**/



MULTIPLICATIONS ON HOMOGENEOUS SPACES 257

we obtain
0 = (Qoad U)(X) = (ad U-Q)(X) .

If @ is nonsingular we obtain (ad 2)(m) = 0 so that h is an ideal in
g; this is usually not the case.

We now obtain sufficient information concerning the multiplication
¢ from the Taylor’s series for F(X, Y); note the converse statement
in Proposition 4.7.

THEOREM 4.6. Let (G, H) be a reductive pair with (G/H, 1) a
multiplicative system with ©(H)C Aut (G/H, p). Let p be I'invariant
and for X, Yem in a suitable neighborhood of 0 in m let p be given
locally by p{mexp X, wrexpY) = wexp F(X, Y) where F is given by the
Taylor’s series

F(X,Y) =X+ QY + a(X, Y) + 1/2F*6)(0, Y)?
+ 23 1n! F*(0)(X, Y)* .
Then

(1) a(X,Y)=12X-QY(= 1/2[X QY],)
(2) If 7’ = Tn(e) and if

Fn = Fn(U7 V) = F”(&)[(U, 0)7 ) (U9 0); (07 V)]

where (U, 0) occurs (n — 1)-times and n > 2, then for F,=F(X, Y) =
QY we have

0 = '[pe(n, OF, + p(n, 1)ad X(F,_) + ---
+ p(n, k)@d X)*(F,_,) + -+ + p(n, n — 1)(ad X)*'F]

where p(n, k) = (— 1)¥/(k + D) (n — k — 1)l. Thus we have an iterative
formula for part of the Taylor’s series for F which is the best possible
obtainable from the I'invariance condition.

(8) For each uec Hand n=2,3, ...

(Adw)- F"0)(X, Y)" = F"(0)(Ad u- X, Ad u- V)" .
In particular (Adw)-F,(X, Y) = F,(Adu-X, Ad«, V).

Proof. We have t(a)omr = woL(a) and from remark (3)
[te(m X m)o(exp X exp)|(X,'Y) = [roexp-F](X, Y) .

Using this equation and the chain rule we obtain for @ = 7 exp X and
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¢ = wexp 0 that
[(Te)(@, 8)](0, Y) = [T(woexpeF)(X, 0)](0, Y)

which is used in the fifth equality below.
From [1, p. 95] we have for A in a suitable neighborhood of 0 in
¢ that

I — e—-adA

T[L(exp(— A))oexp](4) = 1A

where (I — ¢ 7)/P = oo (— P)*/(k + 1)!. Also from (e ")o7(a) = idy
on G/H we obtain

Tr(a (@) Tr(a) (@) = I

which gives the inverse for Tz(a)(e).
We now use the above formulas and the chain rule to obtain for
X, Y in a suitable neighborhood of 0 in m and a = exp X,

QY = #(1, Y)(e)
= [Te(@)(@)]7'#(¢, Y)(@)
= Tr(@™)(@)-[(T)(a, &)}(0, Y)
[T(z(a™)o)(a, 2)](0, Y)
[T(z(a™")omoexpo F')(X, 0)](0, Y)
= Tr(e)- T(L(exp (— X))oexp)(X)-[(TF)(X, 0)](0, Y)

- Tn(e»igf—;”-KTF)(X, 010, )

where
F'= [(TF)(X, 0)](0Y)
= lim _tl_[F(X, tY) — F(X, 0)]

— lim %[X+ QY + ta(X, Y) + t/2F*0)(0, Y)' + ++ — X]
QY+ a(X, V) + 35— _F.(X, 7).
=3 (m — 1)!

To see this last equality just note that by induction we have

FHO)(X, tY)" = F*0)(X, 0)* + ntF. (X, Y) + o(t?)
= ntF (X, Y) + ot")

using F"(0)(X, 0)* = 0 since (G/H, tt) has ¢ as a right identity.
From the series for (I — ¢**%)/ad X we obtain



MULTIPLICATIONS ON HOMOGENEOQOUS SPACES 259
= /(= ad X)*
Y=17 <_(___a—> "
< =2\ wr o/

’ ’ dX i4 (—adX)k /3 ]
ol —3Lgr o, L (Z80A) e
T[ ar T T g T

- n’[QY + @(X, Y) + 3 F,fn — 1))

Il

— 124 X)(QY + a(X, ¥) + S F/(n ~ 1))
oo 4 (zad X)F $ _
+oe 4 G2 (@7 + aX, V) + S P/ — 1Y) + ]
=7[QY + a(X, Y) — 1/2@d X)(QY) + ---]

— TQY + Ta(X, Y) — %’(adX)(QY) S e,

Thus since QY and «(X, Y) are in m and =z’ |m is the identity, we
obtain

a(X, Y) = g—'<ad X)QY)

= Z(X-QY + [XQY])

1
—X-QY .
3 Q

(Recall [UV], is the component of [UV] which is in %). Similarly by
noting F (X, Y) is homogeneous in X of degree # — 1 we combine
those terms of degree #n — 1 in X to obtain

_ [ F., 1 F,_, (— 1)*(ad X)*F,_,
0= Tc[(’n — 1! 2(adX)(n— 2!) T i (k + Dln — k — 1)!

o 50 g X)ﬂ“lFl]
n!

where F, = QY.

Equation (8) in the theorem follows from Proposition 3.2 and the
remarks preceding it. Thus for 7ne Aut (G/H, ) we wrote locally
n(wexp X) = wexp (¢(X)) and showed ¢F(X, Y) = F(3X, ¢Y). In par-
ticular for » = 7{u) we showed ¢ = Adw for u € H so that from the
Taylor’s series for F' and the linearity of ¢ = Ad % we obtain (3).

ExaAMPLE 2. These formulas can also be used to construct examples
locally. Thus let G be nilpotent so that ad X is nilpotent for all
Xeg; that is, there exists n so that for all Xeg, (ad X)» = 0.
Let the function F, be given by the iteration formulas: F,=
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X, F\(X, Y)=QY, 0=n'[p(2, 0)F,+ p1(2, 1)ad XF], etc. Set K(X, Y) =
S Fiu(X, Y)/k! which is a finite sum by nilpotency of G. Note that
K is analytic and for the k-th derivative K*(A)(X, V)* = F(X, YV) =
K.(X, Y). Thus K has the above Taylor’s series and we can define
locally p(mrexp X, mexpY) = wexp K(X, Y). This is (locally) I-in-
variant because K, in terms of its Taylor’s series, satisfies the iteration
equations of the theorem and the process of the proof is reversable.

Next by induction using the iteration equation we also obtain
6F (X, Y)=F¢X, ¢Y) for ¢ = Adwu with ¢ H. This uses Proposition
3.2 as follows: ¢F (X, Y) = Adu QY = Q(AduY) = F(X, ¢Y) = F($X,
Y since “X” does not occur in the formula for F,. Also reductivity of
the pair (G, H)is used to commute 7’ and Ad u: for Yem, (x’cAdu)(Y) =
Adu(Y) = (Aduom’)(Y). Thussince K(X, Y) = 3, F,(X, Y)/k! we have
¢K(X, Y) = K(¢X, ¢Y) so that using the results of §3 and the definition
of ¢ by t(u)(mexp X) = wexp(¢X) we have locally 7(H) < Aut(G/H, p)
as follows:

T(uw)p(mrexp X, mexp YY) = t(u)(w exp K(X, Y))
= mexp (3 K(X, Y))
= mexp K(¢X, ¢Y)

and

(7 (u)(m exp X), T(u)(w exp Y)) = p(mexp (9 Y), T exp ($Y))
=rmexp K(3X, 6Y) .

We extend the above notions in the following result to obtain
a converse to Theorem 4.6.

PROPOSITION 4.7. Let (G, H) be a reductive pair with fived de-
composition g=m-+h. Let F,: mxm— m for k=1, 2, --. be a sequence
of multilinear functions which satisfy the iterative equation (2) and
equation (8) of Theorem 4.6; that is, for all we H, (Adu)-F (X, Y¥) =
F(Adu-X, Adu-Y). Then for all X, Y in a suitable neighborhood
of 0 in m the series X + Do, 1/k! F(X, Y) converges absolutely and
uniformly to a function K(X, Y) which is analytic at 6 = (0, 0) e m X
m and the multiplication p(wexp X, mexpY) = wexp K(X, Y) defines
a local multiplicative system (G/H, t) so that tt is locally I'invariant.

Proof. Using the obvious extension of the results in example
(2) above, it suffices to prove the series converges to an analytic
function K so that the derivatives K*(6)(X, Y)* = F(X, Y). To show
that the series converges absolutely and uniformally for X, Y in a
suitable neighborhood of 0 in m, we let B, = F, . /k!l fork =1,2, ..
and let S=7" and T = ad X. Then from the iteration formula we



MULTIPLICATIONS ON HOMOGENEQUS SPACES 261

obtain F, = SQY and

B =5 TFI

B2 = §g-"’.B1 ST2 F].

_ ST ST2 ST?
B, =B, - 30 ~~-B, + 1 2= F,
ST ST L (=
B,==-B,, — —B,_ .. S T"F, .
21 T o T T D
Now let || || denote either the operator or the Euclidean norm, then
we have ||S]| = 1. Let r =1 and let ¢ be a fixed number with ¢ >
5 e where ¢ = 2,71 ... . Then for F, = SQY with Xe. v = {Xem:

llad X|| <r}and Ye & ={Yem: [|QY || <1} wehave || T|| = ||ad X|| <
r =1and ||B,|| = 1/2||STF,}| < 1/2||S}|-|| T}}-|| F\|| < 1/2 < e. Assume
for all k¥ < » that X2 || B;|| < ¢, then for k¥ = n we have from the
equations for the B’s

SIB.| = | 2EF,

STB1 _.S’3_Z”ZF1
+|5r8 - 5B + SgsFl{Jr
+|25.. - 535’,"213”_2 TR ((n_:)l)’ST
S e T R b I E Y
+ LIS ) + Sy ma)
o+ BT g
é( r Tt @-:—nD—J
+ 37 3—»” + I

using the induction hypothesis and || T'|| <». Butif d(k,r) = r'/(i+1)],
then
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,),.2 /)ak+1 .
'2—!— + oo + m <e =e
since » = 1. Thus di{k, r) < (2.8 — 2)/1 = .8. Therefore 37 ||B;|| <
.8+.8¢=.8(1+¢)<c because ¢>b5e. Thus the series >, B,(X,Y) converges
absolutely for all (X, Y) with Xe.o7 and Y e &7 to a function k(X, Y).
Since || B, ||/k + 1 < || B,l| we see that 3, B,/(k + 1) converges absolutely
to a function (X, Y).

This series converges uniformly on .o % <7 to k(X, Y) as follows.
On .7 x <Z the partial sums >\7_, B, are bounded by ¢ > be. Thus
since 1/k + 1— 0 we have from a standard result that the series
S B,/k + 1 converges uniformly on .o x 2. But B,k + 1 = F,../
(k + D! so that X + >, F (X, Y)/k! converges uniformly on .o~ x <&
to K(X, Y). Using this we see from [2, §3] that K is analytic at
6 = (0,0) and K*O)(X, Y)* = F\(X, Y) as desired.

rd{k,»y +1+r=1+7r+

5. Connections and holonomy. From [6] there is a bijective
correspondence between G-invariant connections on the reductive space
G/H and non-associative algebras (m, o) with Ad H < Aut (m, «). Thus
if this algebra (m, @) is induced by a multiplicative system (G/H,
we obtain a connection “induced by ¢’ and we discuss such connec-
tions and the corresponding holonomy algebra (Lie algebra of the
holonomy group). Thus for X, Y, Zem let

a(X):m—m:Y—a{X, Y)and RX, Y):m—m: Z— R(Y, Y)Z

where R(X, Y)Z = alX, a(Y, Z)) — (Y, (X, Z)) — (XY, Z) — [WX,
Y)Z] is the curvature evaluated at ¢ = ¢eH in G/H [6]; recall that

Y = [XY], (resp. (X, ¥) = [XY],) is the projection of [XY] in g
into m(resp. h). From [7] the holonomy algebra, denoted by hol (&}, is
the smallest Lie algebra hol {a) of endomorphisms of m so that R(X,
Y) e hol () and [a{X), hol ()] < hol () for all X, Yem.

We shall say that the holonomy group acts irreducibly on G/H
in case hol () act irreducibly on m. This can be stated in terms of
the algebra (m, o) as follows. A left ideal of the algebra (m, «) is
a subspace 1 of m such that a(m,n)Cn. Thus from the formula
for R(X, Y)Z we see that a left ideal # which is invariant under
ad h(m, m) = {ad (X, Y): X, Yem} is hol (¢)-invariant. Therefore the
holonomy irreducibility of G/H implies (m, ) has no left ideals which
are ad h{m, m)-invariant.

We now consider the connection of the first kind which is a well
behaved, easy to construct connection. From [6] we see that on the
reductive space G/H there exists a unique G-invariant connection
which has zero torsion tensor and such that a l-parameter subgroup
2(t) = exptX of G generated by X e m projects by 7: G — G/H: 2(t) —
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Z(t) into a geodesic Z(¢) in G/H. In this case a(X, Y) = 1/2XY and
the connection is called the connection of the first kind relative to a
fixed decomposition ¢ = m + h.

Thus since this multiplication a(X, Y) = 1/2X7Y is anti-commuta-
tive, a left ideal is a two sided ideal; therefore holonomy irreducibility
implies (m, @) has no ideals invariant under ad k(m, m). But using
the Jacobi identity, ad h(m, m) is contained in the derivation algebra
of (m, &) so that the algebra (m, &) must contain no proper ideals or
mm = 0; that is, the holonomy irreducibility implies (m, «) is the zero
algebra or simple. This uses a result in [8] which states if a finite
dimensional nonassociative algebra over R which is not the zero algebra
has a proper ideal, then it has a proper ideal invariant under its
derivation algebra.

If the connection on G/H induced by (m, «) is pseudo-Riemannian,
then from [6] there exists a nondegenerate symmetric bilinear form
C: m X m — R satisfying

CdU-X,Y)+ CX,adU.Y)=0
and
Ca(Z)-X,Y)+ CX,a{Z)-Y)=0

for all X, Y, Z in m and U in h; that is, the endomorphisms ad U
and a(Z) are C-skew symmetric. Also for this connection we have
[6], 0 =Tor(X,Y) =a(X, Y) — a(X, Y) — XY and the multiplication
function « is determined by

6.1) 20Z aX,Y)=CZ XY)+CZX,Y)+ CX,ZY).

We shall denote the algebra m with multiplication w(X, Y) = 1/2XY
by (m, 1/2XY) and we shall denote the algebra (m, &) with a non-
degenerate from C inducing a pseudo-Riemannian connection (i.e.
satisfying the above equations) by (m, a, C). In particular, if C is
positive definite so that it induces a Riemannian connection, then
from the deRham decomposition [4] the original connection is built up
from its irreducible components.

We next use the algebra (m, @) obtained from a multiplication
to obtain a connection. Thus let (G/H, #) be a multiplicative system
as before and let

prexp X, texpY) =zwexp F(X, Y)
where we have
FX,Y)=PX+ QY+ a(X,Y) + -

with a(X, Y) = F*(H)[(X, 0), (0, Y)] a bilinear multiplication on m so
that Ad Hc Aut (m, @). For a I'-invariant multiplication we obtained
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in §4 (using the notation XY = X.Y)
a(X, Y) =1/2X-QY
thus if L(X):m —m:Y— XY we have for all Xem and Ueh that
a(X) = 1/2L(X)°Q and [ad U, Q] = 0

using the results of §3.

LemMMA 5.1. Let (G/H, ) be a multiplicative system as above and
let ¢ be I'-invariant. Then the kernel of @ ts an ad h-invariant left

ideal of (m, a).

Proof. Let n = ker @, then since [ad %, Q] = 0 we see that n is
ad k-invariant. Also a(m, n) =1/2m-Qn = 0 so that a(m, n) C n; that
is, n is a left ideal.

LemMMA 5.2. Let (G/H, p) be a multiplicative system as before
which induces a nonzero algebra (m, a) and a corresponding connection
on G/H. Let p be I'-invariant and let hol (@) be irreducible, then Q
18 nonsingular.

Proof. Suppose g is I'-invariant and hol (@) is irreducible. Then
from the remarks at the beginning of this section, the algebra (m, @)
has no left ideals which are ad h(m, m)-invariant. But from Lemma
5.1, the kernel of @ is such an ideal. Thus the kernel of @ is zero
since we are assuming a(X, Y) = 1/2X.QY is not identically zero.

We use these lemmas in the next two results where we compare
an irreducible connection induced by a multiplication with the irreducible
connection of the first kind.

THEOREM 5.3. Let (G, H) be a reductive pair so that for the
decomposition g =m + h we have [m,m],# 0. Let (G/H, tt) be a
multiplicative system as before so that p is I'~invariant and let the
connection induced by p via the algebra (m, &) be a holonomy irreducible
pseudo-Riemannian connection. If the algebra (m, 1/2XY) is simple,
then a(X, Y) = 1/2XY; thus the connection by p is of the first kind.

Proof. First assume p is [-invariant, then from «a(X, Y) =
1/2X.QY and

0=Tor(X,¥) =aX,Y) — a(¥, X) — XY
=1/2X-QY — 1/2:QX — XY

we obtain
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L(X)-Q = L{2I — @X) .
Thus from a(X)Y = a(X, Y),
(5.3) 20(X) = L(X)oQ = L(2I — @ X) .

Next by Lemma 5.2 and the hypothesis of irreducibility we see that
@ is nonsingular. From this we obtain 27 — @ is nonsingular as
follows. If (81 — @A = 0, then using (5.3)L(A)-Q = 0. But since
Q@ is nonsingular, L(A) = 0. Thus if 4 # 0, this means that the one
dimensional subspace RA is an ideal in the simple algebra (m, XY);
consequently A=0. Since 2] — @ is nonsingular, (27 — @Q)m=m and from
formula (5.3) we obtain a(m) = L(m). Next recall that the elements
of a(m) are C-skew so that the elements of L(m) are also C-skew; thus

C(ZX, Y) + C(X, ZY) =0 .

But from formula (5.1) which uniquely determines « in terms of C
and (m, XY) we obtain

20(Z, (X, Y)) = C(Z, XY)

that is, a(X, Y) = 1/2XY. Since (m, XY) is simple, this also implies
Q=1

COROLLARY 5.4. Let the reductive pair (G, H) and the multipli-
cative system (G/H, tt) be as in Theorem 5.3. If the corresponding
Lie algebra g is simple and h is semi-simple and g = m + h where
m = h* the orthogonal complement relative to the Killing form, then
the conmection induced by p is of the first kind.

Proof. This uses the result from [8] that if g = m + h as above
and [m m], # 0, then the algebra (m, 1/2XY) is simple.
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