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Cohomology of Jordan triples via Lie algebras

Cho-Ho Chu and Bernard Russo

ABSTRACT. We develop a cohomology theory for Jordan triples, including the infinite dimensional
ones, by means of the cohomology of TKK Lie algebras. This enables us to apply Lie cohomological
results to the setting of Jordan triples. Some preliminary results for von Neumann algebras are
obtained.
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1. Introduction

A veritable army of researchers took the theory of derivations of operator algebras to
dizzying heights—producing a theory of cohomology of operator algebras as well as
much information about automorphisms of operator algebras—Richard Kadison [19]

In addition to associative algebras, cohomology groups are defined for Lie algebras and, to some
extent, for Jordan algebras. Since the structures of Jordan derivations and Lie derivations on von
Neumann algebras are well understood, and in view of the above quotation, isn’t it time to study
the higher dimensional non associative cohomology of a von Neumann algebra? The present paper is
motivated by this rhetorical question.

In this paper we develop a cohomology theory for Jordan triples, including the infinite dimensional
ones, by means of the cohomology of TKK Lie algebras. This enables us to apply Lie cohomological
results to the setting of Jordan triples. Several references, which will be mentioned below, use Lie
theory as a tool to study Jordan cohomology.

The outline of the paper is the following. In the rest of this introduction, we give an overview of
various cohomology theories, both classical and otherwise. (For a more detailed survey see [29].) In
section 2 the definitions of Jordan triple module and Lie algebra module, as well as the Tits-Kantor-
Koecher (TKK) construction are reviewed, basically following [5]. It is shown in Theorem that
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a Jordan triple module gives rise to a Lie module for the corresponding TKK algebra. The proof of
Theorem 23] is deferred to subsection [6.1]

After reviewing the cohomology of Lie algebras (with or without an involution) in section Bl two
infinite families of cohomology groups are defined for a Jordan triple system V' in section [ one using
the Lie cohomology of the TKK algebra of V' and the other using the Lie cohomology of the TKK
algebra with its canonical involution #. A complete analysis is given for the first cohomology groups
in Proposition 4.6, which shows that structural transformations on V' correspond to derivations of the
TKK Lie algebra, and triple derivations on V' correspond to the #-invariant derivations.

Section [B] contains examples of Jordan cocycles and TKK algebras, and applications, including a
characterization of certain 3-cocycles in Theorem [5.5] the proof of which appears in subsection
The applications to von Neumann algebras appear in Theorem [£.7] and Corollary 5.7

1.1. Brief survey of cohomology theories. The starting point for the cohomology theory of
associative algebras is the paper of Hochschild from 1945 [12]. The standard reference of the theory
is [3]. Two other useful references are due to Weibel ([35],[36]).

Shortly after the introduction of cohomology for associative algebras, there appeared in [4] a cor-
responding theory for Lie algebras. We follow [16] for the definitions and initial results. Applications
can be found in [7] and [20].

The cohomology theory for Jordan algebras is less well developed than for associative and Lie
algebras. A starting point would seem to be the papers of Gerstenhaber in 1964 [8] and Glassman
in 1970 [10], which concern arbitrary nonassociative algebras. A study focussed primarily on Jordan
algebras is [9].

We next recall two fundamental results, namely, the Jordan analogs of the first and second
Whitehead lemmas as described in [15].

THEOREM 1.1 (Jordan analog of first Whitehead lemma [14]). Let J be a finite dimensional
semisimple Jordan algebra over a field of characteristic 0 and let M be a J-module. Let f be a linear
mapping of J into M such that

f(ab) = f(a)b+af(b).
Then there exist v; € M, b; € J such that

fla) =" ((via)b — vi(ab;)).

THEOREM 1.2 (Jordan analog of second Whitehead lemma [27]). Let J be a finite dimensional
sepambleﬂ Jordan algebra and let M be a J-module. Let f be a bilinear mapping of J x J into M
such that

f(avb) = f(b7 a)
and
f(a®,ab) + f(a,b)a® + f(a,a)ab = f(a®b,a) + f(a® b)a + (f(a,a)b)a
Then there exist a linear mapping g from J into M such that

f(a,b) = g(ab) — g(b)a — g(a)b

Two proofs of Theorem are given in [I7]. One of them, which uses the classification of finite
dimensional Jordan algebras, is outlined in [29] 4.3.1]. The other proof uses Lie algebras and is
contained in [17), pp. 324-336].

A study of low dimensional cohomology for quadratic Jordan algebras is given in [24]. Since
quadratic Jordan algebras (which coincide with “linear” Jordan algebras over characteristic 0 fields)
can be considered a bridge from Jordan algebras to Jordan triple systems, this would seem to be a
good place to look for exploring cohomology theory for Jordan triples. Indeed, this is hinted at in

1Separable, in this context, means that the algebra remains semisimple with respect to all extensions of the ground
field. For algebraically closed fields, this is the same as being semisimple
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[25], since although [24] is about Jordan algebras, the concepts are phrased in terms of the associated
triple product {abc} = (ab)c + (cb)a — (ac)b.

However, both papers stop short of defining higher dimensional cohomology groups. The paper
[24], which is mostly concerned with representation theory, proves, for the only cohomology groups
defined, the linearity of the functor H™:

Hn(J, @zMz) = @lHn(J, Mi), n=1,2.

The paper [25], which is mostly concerned with compatibility of tripotents in Jordan triple systems,
proves versions of the linearity of the functor H"™, n = 1,2, corresponding to the Jordan triple
structure.

The earliest work on cohomology of triple systems seems to be [11] (Lie triple systems), which is
discussed in section Bl Four decades later, the second paper on the cohomology of Lie triple systems
appeared [13].

The following is from the review [32] of [1] (associative triple systems).

“A cohomology for associative triple systems is defined, with the main purpose to get
quickly the cohomological triviality of finite-dimensional separable objects over fields
of characteristic # 2, i.e., in particular the Whitehead lemmas and the Wedderburn
principal theorem.”

The authors of the present paper know of only two other references dealing with the Wedderburn
principal theorem in the context of triple systems, namely, [2] (alternative triple systems) and [23]
(Jordan triple systems). In the latter paper, the well-known Koecher-Tits-construction of a Lie algebra
from a Jordan algebra is generalized to Jordan pairs. The radical of this Lie algebra is calculated
in terms of the given Jordan pair and a Wedderburn decomposition theorem for Jordan pairs (and
triples) in the characteristic zero case is proved.

Finally, we mention that a more general approach to cohomology of algebras and triple systems
appears in the paper of Seibt [31].

2. Jordan triples and TKK Lie algebras

By a Jordan triple, we mean a real or complex vector space V', equipped with a Jordan triple
product {-,-,-} : V3 — V which is linear and symmetric in the outer variables, conjugate linear in
the middle variable, and satisfies the Jordan triple identity

{z,y.{a,b,c}} = {{z,y,a},b,c} —{a,{y, z,b},c} + {a,b,{z,y,c}}
for a,b,c,xz,y € V. Given two elements a,b in a Jordan triple V', we define the box operator ao b :
V =V byaob(-) ={a,b, }.

All Lie algebras in this paper are real or complex. We construct a cohomology theory of Jordan
triples using the Tits-Kantor-Koecher (TKK) Lie algebras associated with them. Although we could
develop the theory for all Jordan triples, we focus on the nondegenerate ones, which will be assumed
throughout, to avoid unnecessary complication. For degenerate Jordan triples, the construction is
exactly the same albeit more computation is involved. A Jordan triple is called nondegenerate if for
each a € V| the condition {a, a,a} = 0 implies a = 0. Given that V is nondegenerate, one has

Zajljbj:zckl]dk = ijDaj:deDCk (aj,bj,ck,deV)
J k k J

which facilitates a simple definition of the TKK Lie algebra £(V) of V, with an invoultion 6 (cf. [5]
p.45]), where

LV)y=vVelWaeV,
Vo={>_;a;00b;:a;,b; € V}, the Lie product is defined by

(21) [(.I, h’a y)v (U’a k,’U)] = (hu - kxv [hv k] +x0v—uO Y, khy - hhv)v
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and for each h = 3", a;0b; in the Lie subalgebra V; of £(V), the map k% : V — V is well defined by
hu = Z bl O a;.

The involution 6 : £(V) — £(V) is given by

9($,h,y) = (yv_huvx) ((x,h,y) € S(V))

Identifying V' with the subspace {(z,0,0) : € V'} of £(V'), we have the following relationship between
the triple and Lie products:

{a,b,c} = [[a,8(b)], ] (a,b,ce V).

If no confusion is likely, we often simplify the notation {a, b, c} to {abc}.
Given a Lie algebra £ and a module X over £, we denote the action of £ on X by

lr)exX—»laxeX
so that
[0, 0).x =0 .(Lx)—L.(0T).

DEFINITION 2.1. Let V be a Jordan triple. A vector space M over the same scalar field is called
a Jordan triple V-module (cf. [29]) if it is equipped with three mappings

{5 h MxVxV->M {,,}2:VxMxV-=>M{,,}3:VXVxM-—=>M

such that

(1) {CL, b7 C}l = {Ca b7 Cl,}g;
(ii) {-,-,-}1 is linear in the first two variables and conjugate linear in the last variable, {-, -, -}o
is conjugate linear in all variables;

(ili) denoting by {-,-,-} any of the products {-,-,-}; (j = 1,2, 3), the identity
{a7 ba {Cv d7 6}} = {{a7 ba C}7 d7 6} - {Cv {ba a, d}7 6} + {Ca da {a7 ba 6}}

is satisfied whenever one of the above elements is in M and the rest in V.

For convenience, we shall omit the subscript j from {-,-,-}; in the sequel. A V-module M is
called nondegenerate if for each m € M, each one of the conditions

{mv v, V} = {O}; {V, m, V} = {O}

implies m = 0. A nondegenerate Jordan triple V is a nondegenerate module over itself. For a JB*-
triple V, its dual V* is a nondegenerate V-module. All Jordan triple modules throughout the paper
are assumed to be nondegenerate.

Given a,b € V, the box operator an b: V — V can also be considered as a mapping from M to
M. Similarly, for u € V and m € M, the “box operators’

uam, mou:V — M

are defined in a natural way as v — {u, m,v} and v — {m,u, v} respectively.
Given a,b € V, the identity (iii) in Definition 2] implies
[aob,ucm] = {a,b,u}am —uo {m,a,b}
and
[acb,mau] = {a,b,m}au—mo {u,a,b}.

for u € V and m € M. We also have [uo m,a0 b = {u,m,a}ab— ao {b,u,m} and similar identity
for [mo u,an bl.
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Using similar arguments to the proof in [5, Lemma 1.3.7], one can show that

(2.2) g u; 0 m; + g n;0v; = g uj, 0 my, + g ny 0 vy
i J k ¢

= g m; 0 u; + g v;an; = g mZDu;C—I— g vél:lnz
i J k ¢

for u;, v;, up, vy € V and m;, nym},n, € M.
Let My be the linear span of
{uam,nov:u,veV,mne M}

in the vector space L(V, M) of linear maps from V to M. Then M is the space of inner structural
transformations Instrl (V, M) (see [25] Section 7]) . Extending the above product by linearity, we can
define an action of Vy on My by

(h#’) S ‘/0 X MO — [h#’] € MO'
LEMMA 2.2. My is a Vy-module of the Lie algebra Vj.

ProoF. We are required to show that

We can assume that h =ao b, k = cod and ¢ = wom or mO w. We assume ¢ = wO m, the other
case being similar. For the left side of ([23]), we have

[[aob,unv],wom] = [{abu}ov—uo {vab},wom)
{{abu}vw}om — wo {m{abutv}
— Aufvablw}om + wo {mu{vab}}
= ({{abu}vw} — {u{vab}lw})om
wo ({m{abu}v} — {muf{vadb}}).
For the right side of ([2.3)), we have
[0 b, [uo v, wa m]] — [uO v, [aD b,wo m|] =
[a0 b, {uvvw}am —wo {muv}] — [ud v, {abw}am — wo {mab}]
= {ab{wvw}}ow — {uvw}o {mab} — {abw}a {muv} + wo {{muv}ab}
— Auwv{abw}}om+ {abw}o {muv} + {uvvw}o {mab} — wo {{mab}uv}
= ({ab{uwvw}} — {uv{abw}})om —wo ({{mab}uv} — {{muv}ab}).
@3) now follows from the main identity for Jordan triples. O

Let V be a Jordan triple and £(V) its TKK Lie algebra. Given a triple V-module M, we now
construct a corresponding Lie module £(M) of the Lie algebra £(V) as follows.
Let
LM)=M®e&Myd M

and define the action

((a, h,b), (m,o,n)) € LV) x L(M) — (a,h,b).(m,p,n) € L(M)
by
(2.4) (a, h,b).(m,p,n) = (hm — pa, [h,¢]+ann—mab, ¢ —hi(n)),

where, for h =3, a;0b; and o = >, u;0m; + Ej n;0 v, we have the following natural definitions

hm = Z{% bi,m}, a= Z{Uz’, ms,a} + Z{nj,vj, a}t, <p” = Zmiu u; + Zvju nj
[ [ 7 [ 7
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in which ¢ is well-defined by (Z2).

THEOREM 2.3. Let V be a Jordan triple and let £(V') be its TKK Lie algebra. Let M be a triple
V-module. Then L(M) is a Lie £(V')-module.

The proof of Theorem consists of straightforward but tedious calculations. Details can be
found in subsection [G.11

3. Cohomology of Lie algebras with involution

Let T be a Lie triple system. Harris [11] p.155] has developed a cohomology theory for T in
which the cohomology groups are derived from the ones of its enveloping Lie algebra £, = T + [T, T
where £, is equipped with an involution # and the cochains in the cohomology complex are invariant
under 6.

Our Jordan triple cohomology makes use of TKK Lie algebras which are involutive. To pave the
way, we review briefly the cohomology for Lie algebras, with or without an involution. Let £ be a
(real or complex) Lie algebra with involution 6.

DEFINITION 3.1. Given an involutive Lie algebra (£, ), an (£, 8)-module is a (left) £-module 90,
equipped with an involution 8 : 9t — 901 satisfying

O(L.n) = 60(£).0(w) (Lel,pem).
We also call 9t an involutive £-module if 6 is understood.
For ¢ € £ and p € M, we define
[6,p] ==L and  [u,f] := —L.p.
k—times
—_——
Let £F = € x --- x £ be the k-fold cartesian product of £. A k-linear map 1 : £¢ — 91 is called
O-invariant if
WOz, 0x) = O(zy, - ,ap) for (w1, ,ak) ELX - x L.
Let (£,0) be an involutive Lie algebra and 9 an (£, #)-module. We define A°(£,90) = M and
AY(L,9M) to be the 1-eigenspace of : AY(L, M) = {p € M : O = p}.
For k=1,2,..., we let
AR(L, M) = {p: &% — M | ¢ is k-linear and alternating} and
AR(L,9M) = { € A*(L,0M) : | ¢ is f-invariant}.
For k =0,1,2,..., we define the coboundary operator dj, : A*(£,0M) — AF1(L, M) by dym(z) =
z.m and for k > 1,

k+1
() (@1, appr) = 3 (D) app(ar,.. . B, 2kp1)
(=1
(3.1) + D (UM ag] B B k)
1<i<j<k+1

where the symbol Z indicates the omission of z. The restriction of dy to the subspace A%(L, M),
still denoted by dj, has range A’g (£, ) since a simple verification shows that dg is f-invariant and
alternating whenever 1 is. Also, we have didip—1 = 0 for k = 1,2,... (cf. [20) p.167]) and the two
cochain complexes

d2

d() dl
Algam) —  Alg,m)  —  A%(g,Mm) —

0 d[) 1 dl 2 d2
Ap(£,9M) — AL, — AZL,Mm —
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We often omit the subscript k& from dj, if there is no ambiguity.
As usual, we define the k-th cohomology group of £ with coefficients in 9 to be the quotient

H*(£,9M) = kerdy /dj_1 (A*~1(£,M)) = ker d /im dj,_;
for k = 1,2,... and define H°(£,9M) = kerdy. We define the k-th involutive cohomology group of
(£,0) with coefficients in an (£, 0)-module M to be the quotient

Hj(L,9M) = kerdy, /dy—1 (AF~(L,9M)) = ker dy /im dj,_y
for k=1,2,... and define HJ(L, M) = kerdy C H°(L,M).

For k=1,2,..., the map
O+ di—1 (AF7HEL, M) € HE(L,M) > ¢ + di—1 (AF71(L,9m)) € H*(£,Mm)

identifies HY(£,90) as a subgroup of H*(£,M).

4. Cohomology of Jordan triples

4.1. The cohomology groups. Let V be a Jordan triple and let £(V) =V @V, &V be its
TKK Lie algebra with the involution 6(a, h,b) = (b, —h% a). Given a V-module M, we have shown
in Theorem that £(M) = M @ My & M is an £(V)-module. We define an induced involution
0:L(M)— £(M) by

g(mv @ n) = (TL, _<Ph7 m)
for (m,p,n) € M & My & M.

LEMMA 4.1. £(M) is an (£(V),0)-module, that is, we have 0(L.u) = 0().0(p) for £ € £(V) and
we L(M).

Let (V) = {(v,h,v) € £(V) : h* = —h} be the l-eigenspace of the involution 6 (see [5, p.48]),
which is a real Lie subalgebra of £(V), and let £(M) = {(m,p,m) € £(M) : ¢ = —¢"} be the 1-
eigenspace of 6. Then £(M) is a Lie module over the Lie algebra (V). We will construct cohomology
groups of a Jordan triple V' with coefficients in a V-module M using the cohomology groups of £(V)

with coefficients £(M). For a real Jordan triple V', one can also make use of the cohomology groups
of the real Lie algebra (V') with coefficients ¢(M).

Let V be a Jordan triple. As usual, V is identified as the subspace
{(v,0,0):v €V}
of the TKK Lie algebra £(V). For a triple V-module M, there is a natural embedding of M into
L(M)=M & My® M given by
t:méeM— (m,0,0) € (M)
and we will identify M with ¢(M). We denote by ¢, : £(M) — (M) the natural projection
tp(m,,n) = (m,0,0).
We define A°(V, M) = M and for k = 1,2,..., we denote by A*(V, M) the vector space of all

k—times

alternating k-linear maps w : VF =V x .- x V — M.
Given m € M, we define

£Lo(m) = (m,0,0) € £(M)
and view £o(m) as an extension of m € A%(V, M) to an element in A°(L£(V), £&(M)) = £(M).
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To motivate the definition of an extension £;(w) € A*(£(V), £(M)) of an element w € A*(V, M),
for k > 1, we first consider the case k = 1 and note that w € A'(V, M) is a Jordan triple derivation
if and only if

wo(aob)— (apb)ow =w(a)ob+ aow(b).
Let us call a linear transformation w : V' — M extendable if the following condition holds:

Zazmb —O:>Z w(a;)0b; + a;0w(b;)) = 0.

Thus a Jordan triple derivation is extendable, and if w is any extendable transformation in A (V, M),
then the map

Liw)(x1®a10b; By1) = (w(x1), w(a)o by + a1 0 w(by), wyi))
is well defined and extends linearly to an element £;(w) € AY(L(V), £(M)), in which case we call
£1(w) the Lie extension of w on the Lie algebra £(V).
Now for k > 1, given a k-linear mapping w : V¥ — M, we say that w is extendable if it satisfies
the following condition under the assumption El u;0v; = 0:

Z(w(ui,ag,...,ak)u (vi+ba+ - +bg)+ (u; +az+ -+ ar) 0 w(vi, ba, ..., b)) =0,
for all ag,...,ak,ba,..., b € V.
For an extendable w, we can unambiguously define a k-linear map £ (w) : £(V)* — £(M) as the
linear extension (in each variable) of

(4.1) L (w)(z1 @alubl@yl,@@agul)g@yg,~-~,:17k69ak|:|bk69yk)
k
= (w(z1,...,z Zwal,...,ak)ljbj—|—Zaj|:|w(b1,...,bk), WY1y YE) )-
=1

We call £(w) the Lie extension of w and often omit the subscript % if no confusion is likely. The
following lemma is easy to verify.

LEMMA 4.2. Given an extendable w € A¥(V, M), we have £x(w) € A¥(£(V), £(M)). Moreover,
Li(w) € AR(L(V), £(M)) if and only if k is odd.

This lemma enables us to define the following extension map on the subspace A*(V, M)’ of
extendable maps in A¥(V, M):

L iwe ANV, M) = £.(w) € AR (L(V), £(M)).
Conversely, given ¢ € AF(£(V), £(M)) for k = 1,2,..., one can define an alternating map
JEp) : VE - M
by
Jk(w)(xla---uxk) =¥ ((21,0,0), ..., (2£,0,0))
for (z1,...,2%) € VF. We define JO : £(M) — (M) ~ M = A°(V, M) by
J%(m,p,n) = (m,0,0) ((m,,n) € L(M)).

We call J*() the Jordan restriction of 1 in A¥(V, M) and sometimes write J for J* if the index k
is understood.

EXAMPLE 4.3. Given a map ¢ € A% (£(V), £(M)), we need not have 1 ((z1,0,0),..., (xx,0,0)) €
t(M). Consider the inner derivation ad(m, ¢, m) € A}(£(V), £(M)) defined by

ad(m,p,m)(z®anbdy) = (z®anbDy).(m,p,m).
For x € V, we have
ad(m, ¢, m)(z,0,0) = (z,0,0) - (m,p,m) = (—p(x),z0m,0) ¢ L(M).
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With the identification of M and ¢(M), the map
JE e AR(e(V), &(M)) — A¥(V, M)

can be viewed as the left inverse of £; : A¥(V, M)’ — A*(£(V), £(M)) since for an extendable w, we
have

TR (W) (1, mp) = 1p8(w)(21,0,0), ..., (2%,0,0))
= w(@1,...,Tk).
We can now define the cohomology groups for a Jordan triple V with coefficients M by means of

the cochain complexes for the Lie algebra £(V) and the involutive Lie algebra (£(V'), 6):

S(M) = AUL(V), 8(M)) -5 AN(L(V),e(M)) -2 A2((V),£(M)) -2

L J° LJ? L J?
M = A%(V, M) ANV, M) A2(V, M)

AYL(V), £(M)) -2 AL(E(V), e(M)) D AZ(2(V),&(M)) -2

A LJ! 1 J?

M = A°(V, M) ALV, M) A2(V, M)

For k=0,1,2,..., the k-th cohomology groups H*(V, M) are defined by
H(V,M) = J%erdy) = J{(m,¢,n): (u,h,v).(m,p,n) =0, V(u,h,v) € £V)}
= {meM:mpv=0,VveV}={0}
and
HYV,M)=Z*(V,M)/B*(V,M)  (k=1,2,...)
where
ZE (V. M) = JHZME(V), &(M)),  ZF(L(V), £(M)) = ker dy

and

BR(V, M) = JH(BF(&(V), &(M))), B*(&(V),&(M)) =imdy_;.
For k =0,1,2..., the k-th involutive cohomology groups HY(V, M) are defined by
H(V, M) = J%kerdy) = {0}

and
Hy(V,M) = Zg(V,M)/B§(V,M)  (k=1,2,...)
where
Zg(V, M) = JH(Zg (&(V), £(M))),  Z§(£(V), £(M))) = ker di| k(e vy, (a1
and

By(V,M) = J*(Bg (£(V), £(M))),  Bg(L(V), £(M)) = dx—1(AG~(&(V), £(M))).
We see that the map
w+ BE(V,M) e HY(V,M) — w+ B*(V, M) € H*(V, M)

identifies HE(V, M) as a subgroup of H*(V,M). We call elements in H*(V, M) the Jordan triple
k-cocycles, and the ones in H(f(V, M) the involutive Jordan triple k-cocycles. Customarily, elements
in BX(V, M) are called the coboundaries.



10 CHO-HO CHU AND BERNARD RUSSO

4.2. Triple derivations.

DEFINITION 4.4. Let V' be a Jordan triple and M a triple V-module. A mapping w: V — M is
called an inner triple derivation if it is of the form

k
w = Z(miu v; —v;0m;) € My

i=1
for some my,...,my € M and v1,...,v; € V. Note that w? = —w and (0,w,0) € £(M).

Let us compute the first involutive cohomology group Hg(V, M) = Z}(V,M)/B(V, M). First,
we show that Bj(V, M) coincides with the space of inner triple derivations from V to M.

Let w be an inner triple drivation on V. We show that its Lie extension £(w) is a Lie inner
derivation on the Lie algebra £(V'). Indeed, we have

Lw)(z@aobdy) = (w(z),w(@)odb+aowd), w(y))
(z®aob®x).(0,—w,0).

Hence w = J'(£(w)) € Bj(V, M), where (0,—w,0) € &(M). Conversely, let ¢ = ad(m,¢,n) €
AF(L(V), £(M)) be a Lie inner derivation. Then for z € V, we have

JH @) (xz) = tpY(2,0,0) = 1p(x,0,0).(m, ¢, n)
= LP(_@(I)a zon,0) = —p(z),

where 6(¢) = ¢ implies that ¢ : V. — M is an inner triple derivation.
We now show that Z;(V, M) coincides with the set of triple derivations of V.

LEMMA 4.5. Let w : V — M be a triple derivation. Then £(w) : £(V) — £(M) is a 0-invariant
Lie derivation.

PrROOF. For notation’s sake we denote £(w) by D. Thus
D(z,an b,y) = (w(z),w(a)0 b+ ad w(b),w(y)),
and it is clear that D is f-invariant. We need to verify
D[(z,a0b,y), (u,cod,v)] = (x,an b,y) - D(u,cod,v) — (u,cod,v) - D(xz,anb,y).
for (z,an b,y), (u,cad,v) € £(V). By writing

D[(z,an b,y), (u,cad,v)] = D|(z,0,y),(u,0,v)] + D[(0,arb,0), (u,0,v)]
+ D[(0,a0b,0),(0,cad,0)] + D|(x,0,y), (0,cad,0)],

we only need to verify the three identities

(4.2) DI[(z,0,y), (u,0,v)] = (2,0,y) - D(u,0,v) — (u,0,v) - D(z,0,y),
(4.3) DI[(0,a0d), (u,0,v)] = (0,ac b,0) - D(u,0,v) — (u,0,v) - D(0,an b,0),
and

(4.4) DI[(0,a0b,0),(0,caod,0)] = (0,aa b,0) - D(0,cad,0) — (0,cad,0)- D(0,acb,0).
These are easy consequences of the definitions. For completeness we include details. The left side of
@) is
D[(I,O,y),(u,(),v)] = D(O,.ID’U—UDy,O)
= (OwEov+zowl) —wu)oy—udw(y),0),
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and the right side is
(z,0,y) - D(u,0,v) — (u,0,v) - D(x,0,y) =
(‘Tu Ovy) ’ (w(u)v 0,0J(U)) - (u7 0, U) ’ (W(x)v 7W(y))
= (0,z20w() —w(u)oy,0)— (0,udw(y) —w(z)Dwv,0),
proving ([@2). The left side of 3] is
DI[(0,a0b,0), (u,0,v)] = D({abu},0,—{bav}) = (w{abu},0, —w{bav})

and the right side is
(0,ac b,0) - D(u,0,v) — (u,0,v) - D(0,ad b,0) =
(0,a0b,0) - (w(u),0,w(v)) — (u,0,v) - (0,w(a)o b+ ab w(b),0)
= ({abw(u)},0, —{baw(v)}) — ({-w(a)bu} — {aw(b)u}, 0, {bw(a)v} + {w(b)av}),
proving [@3). The left side of @4 is
DI(0,a0b,0), (0,cad,0)] D(0,[ac b,cad],0) = D(0,{abc}a d — co {dab},0)
= (0,w{abc}ad+ {abc}aw(d) — w(c)o {dab} — co w{dab},0)
= (0,{w(a)bctad+ {aw(b)c}a d+ {abw(c)}a d+ {abc}a w(d)
—w(c)o {dab} — co {w(d)ab} — co {dw(a)b} — co {daw(b)},0),

and the right side is
(0,a0b,0) - D(0,cod,0) — (0,cod,0) - D(0,a0 b,0)
= (0,a0b,0)- (0,w(c)od+ cow(d),0)—(0,cod,0)-(0,w(a)ab+anw(b),0)
= (0,[agb,w(c)od] + [anb,cow(d)] —[cOd,w(a)Db] — [cOd,an w(b)],0)
= (0,[anb,w(c)od] + [anb,cow(d)]+ [w(a)ob,cod] + [anow(b),cad],0
= (0,{abw(c)}od— w(c)o {dab} + {abc}o w(d) — co {w(d)ab}
+{w(a)bcta d — co {dw(a)b} + {aw(b)c}a d — co {daw(b)},0)

proving ([{4). O

The previous lemma shows that all triple derivations w on V are contained in Z;(V, M). Con-
versely, given a Lie derivation ¢ € A}(£(V), £(M)), we show below that J(3) is a triple derivation
on V. This shows that every element in Z}(V, M) is a triple derivation and hence Hj(V, M) is the
space of triple derivations modulo the inner triple derivations of V' into M. This will be generalized
in the next subsection.

4.3. Structural Transformations. A (conjugate-) linear transformation S : V' — M is said to
be a structural transformation if there exists a (conjugate-) linear transformation S* : V' — M such
that

S{wya} +{z(S"y)z} = {aySz}
and

S™{aya} + {z(Sy)a} = {ayS™a}.
A triple derivation D is a special case of a structural transformation with D* = —D. By polarization,
this property is equivalent to

S{zyz} 4+ {x(S7y)2} = {zySa} + {2y Sz}
and
SH{zyz} + {x(Sy)z} = {zyS*a} + {zyS*z}.
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As noted earlier, the space of inner structural transformations coincides, by definition, with the
space My. Triple derivations which are inner structural transformations are inner triple derivations.
Also, if w is a structural transformation, then w—w™* is a triple derivation and if w is a triple derivation,
then iw is a structural transformation which is inner if w is inner.

PROPOSITION 4.6. Let v be a Lie derivation of £(V') into £(M). Then

(i) J(¥):V — M is a structural transformation with (Ji)* = —Jv' where ¢/ = 16.
(i) If 4 is O-invariant, then ' = and J is a triple derivation.
(iii) If v is an inner derivation then Ji is an inner structural transformation. In particular, if
¥ is a O-invariant inner derivation then Ji is an inner triple derivation.

Conversely, let w be a structural transformation.
(iv) The mapping D = ££;(w — w*) : £(V) — L(M) defined by

D(z,an b,y) = %(w(:v) —w'(z),w(@)ob—a0w () —w"(a)ob+anw(d),w(y) —w*(y))

is a derivation of the Lie algebra £(V') into £(M).

(v) D is O-invariant if and only if w is a triple derivation, that is, w* = —w.

(vi) If w is an inner structural transformation then D is an inner derivation. In particular, if w
is an inner triple derivation then D is a 0-invariant inner derivation.

PROOF. Let 9 be a Lie derivation of £(V') into £(M). We show first that
(4.5) Jyp{abe} = {abJy(c)} + {a, JY'(b), c} + {J(a)bc}.
Let us define n : V.— M, and ny : V. — M by the formulas ¢(0,0,z) = (m(x), p(z),n(x)), and
P(x,0,0) = (JY(z), p1(x),n1(z)). Then

(J1/J{abc} p1{abc},ni{abc}) = ¥({abc},0,0)
= ¢[[(a,0,0),(0,0,b)], (¢, 0,0)]
= (a,0,0),(0,0,b)] - (¢, 0,0) = (¢,0,0) - ¥[(a,0,0), (0,0, )]
(0,a00,0) - (Jip(e), 1(c),mi(c)) = (¢,0,0) - ((a,0,0) - $:(0,0,b) = (0,0,b) - ¢(a, 0,0))

({abJy(c)}, [anb, ()], —{bani(c)})
—(¢,0,0) - ((a,0,0) - (m(b), ¢ (b), (b)) = (0,0,b) - (Je(a), ¢1(a),n1(a)))
= ({abJy(e)},[anb, 1 (c)], —{bani(c)})

~(¢,0,0) - (=(b)(a), an n(b),0) = (¢,0,0) - (0, —Jv(a)a b, ¢1(a)*b)
= ({abJy(c)}, [an b, er(c)], —{bani(c)})

—(—{an(b)c},0,0)) = ({J¥(a)be}, o pi(a)’d, 0).

Note that

(m(b), (), n(B) = (0,0,0)
§¢'6(0,0,b)
6’ (b,0,0)
= (Y (b), ¢ (b), (b))
= (0'(0), " (b), JY'()),

so that n(b) = J¢'(b), proving (LI).

Applying [@3) to ¢’ = 08, we have, since ¥ =1
(4.6) Jy'{abc} = {abJy'(c)} + {a, Jp(b), c} + {J¢'(a)be}
proving (i).
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If ¢ is f-invariant, then ¢’ = ¢ so that J is a triple derivation, proving (ii). Example [13]
provides a proof of (iii).

(iv) is immediate from Lemma since w — w* is a triple derivation. The definitions show that
§D6 = D if and only if w = (w—w*)/2, proving (v). Finally, if w is an inner structural transformation,
then w — w* is an inner triple derivation, so that £1 (w — w*) is an inner derivation, proving (vi). O

The following theorem provides some significant infinite dimensional examples of Lie algebras in
which every derivation is inner. Its proof is in the spirit of [28].

THEOREM 4.7. Let V' be a von Neumann algebra considered as a Jordan triple system with the
triple product {xyz} = (xy*z + zy*x)/2. Then every structural transformation on V is an inner
structural transformation. Hence, every derivation of the TKK Lie algebra £(V') is inner.

PROOF. Let S be a structural transformation on the von Neumann algebra V and to avoid
cumbersome notation, denote S* by S. From the defining equations, S(1) = S(1)*, and if S(1) = 0,
then S is a Jordan derivation.

For an arbitrary structural transformation S, write S = Sy 4+ S; where Sp = S — 10O g(l) is
therefore a Jordan derivation and S; = 10 S(1) is an inner structural transformation. By the theorem
of Sinclair [33], Sy is a derivation and by the theorems of Kadison and Sakai, [18) [30], Sy is an inner
derivation, say So(x) = ax — za for some a € V. By well known structure of the span of commutators
in von Neumann algebras due to Pearcy-Topping, Halmos, Halpern, Fack-de la Harpe, and others
(see [28] for the references), a = z + > [¢;, d;], where ¢;,d; € V and z belongs to the center of V. It

follows that
S() = 2201":‘ dr — 2Zd1|:| Cz<

and is therefore also an inner structural transformation. The second statement follows from Proposi-
tion O

We determine the structure of £(V) when V is a finite von Neumann algebra in Corollary 5.1
below.

5. Examples

We conclude the paper with some examples of TKK Lie algebras and some Jordan triple cocycles.
Let us first note the following immediate consequences of our construction.

THEOREM 5.1. Let V' be a Jordan triple with TKK Lie algebra (£(V),0). If the k-th Lie coho-
mology group H*(£(V'), £(M)) vanishes, then H*(V, M) = {0} and HE(V, M) = {0}.

We have noted the one-to-one correspondence between the triple derivations of a Jordan triple
V and the #-invariant Lie derivations of the TKK Lie algebra (£(V'),0), as well as the one-to-one
correspondence between the Jordan inner derivations of V' and the Lie inner derivations of (£(V),0).

COROLLARY 5.2. Let V' be a finite dimensional Jordan triple with semisimple TKK Lie algebra
£(V). Then for any finite dimensional V-module M, we have H'(V,M) = H?*(V,M) = {0}. In

particular, every triple derivation from V to M is inner.

PROOF. This follows from Whitehead’s lemmas H(£(V), £(M)) = H?(£(V),£(M)) = {0}. O

In fact, in the above corollary, we have H*(£(V), £(M)) = {0} for all k > 3 if £(M) is a nontrivial
irreducible module over £(V'). We refer to [37] for a converse of this result.
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5.1. Examples of cocycles. Let V be a Jordan triple with TKK Lie algebra (£(V),6). We
discuss examples of Jordan triple cocycles in Z¥(V, M), where M is a triple V-module, and compare
them with the Lie cocycles in Z*(£(V'), £(M)). We have shown in the previous section that the space
of Jordan triple derivations is exactly the space of 1-cocycles Z}(V, M) = J*(Z}(£(V), £(M))), where
the f-invariant Lie 1-cocycles Zg(£(V), £(M)) are exactly the f-invariant Lie derivations from £(V)
to £(M). We have also shown that Bj(V,M) = J'(Bj(£(V),&(M))) is the space of triple inner
derivations on V, coming from the #-invariant Lie inner derivations Bj(£(V), £(M)).

Examples of triple 2-cocycles can be constructed from Jordan restrictions of Lie 2-cocycles.

EXAMPLE 5.3. If w € A%(V, M) is extendable with £5(w) € Z2(£(V), £(M)), then w = 0.
PRrROOF. For z,y,z € V,
0 = d2£2(‘*")(($7 0, 0)7 (y,0,0), (07 0,2))
= (CL‘, 0, O) ’ (S(w)((yv 0, 0)7 (07 0, Z) - (y7 0, O) ’ (E(W)((CL‘, 0, 0)7 (07 0, Z)
+(0,0,2) - (£(w)((=,0,0), (y,0,0) = £(w)([(x,0,0), (y,0,0], (0,0, 2))
+£(w)([(x, 0, 0)7 (07 0, Z]u (y7 0, O)) - E(w)([(yv 0, 0)7 (07 0, Z]v (‘Ta 0, 0))
= —(0,w(x,y)O2,0),

hence w(z,y)o z =0 for all z,y,z and w = 0. O

ExaMPLE 5.4. Let ¢ € My be an inner triple derivation, and let b € V. Define a linear map
P L(V) = £(M) by
¥(3) = [13:(0,4,0)],(0,0,8)] (5 € £(V)).
Observe that v is not f-invariant. Indeed, it can be seen readily that éd)(x, 0,0) = (0,b0 p(x),0) while
¥(0(z,0,0)) = 0. Nevertheless d1y) € B2(£(V), £(M)) and the triple 2-coboundary Jd¢) € B*(V, M)
is given by
Jdﬁﬁ(% y) = Lpdlw((xv 0, 0)7 (y7 0, O))
= LP((xv 0, O) “(y,0,0) — (y7 0, O) : ¢($= 0,0))
= LP(('Iv 0, O) ’ (07 —@(y)l:l ba O) - (ya 0, O) ! (07 _@(I) o ba O))
= (o), b,2},0,0) = ({4(2),b,4},0,0))
= {v®), 0,2} —{p(2),b,y}
showing that B2(V, M) # 0. We note that dy% is not f-invariant since
adldj((xv Oa 0)7 (ya 07 O)) = (Oa 07 {w(y)a bv :C}) - (Oa 07 {<P(50)7 bv y}),
dlw((ov 0, ‘T)v (07 0, y)) = (07 0-— {bv (p(y)v ‘T} + {bv (p(.’L‘), y})
Also Jdjv need not be extendable. Let V' = M3(C) be the Jordan triple of 2 x 2 complex matrices.

Let v = ((1) 8) and u = (8 (1)) Then we have uO v = 0 and one can find a,c € V such that

Jdip(u,a)a (v+c) + (u+a)o Jdiy(v, c) # 0.
To see this, let ¢ = v. Then it suffices to find a € V such that Jdi9(u,a)d 2v # 0, where
Jdlw(uv a) = {SD(U’)7 b7 (l} - {QD(G/), bu u}

1 -1 0 1
11 ) Then we have p(u) = —{v,m,u} = <1 0>.

Letgp_mDv—vaeMowherem—<

Now let b = v. Then we have

savstuarose - ({0 2).(2 Db s},
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Finally let a = v, then

Jdyib(u, a)o v(v) = % ((1) (1)) £ 0.

We have seen in Example [5.3] that there are no non-zero extendable elements w € Z2(V, M) with
£o(w) € Z2(L(V), £(M)). The next example examines this phenomenon for extendable w € A3(V, M)
with £3(w) € Z3(£(V), £(M)). We state it now as a theorem, in the statement of which, for a,b € V
and m € M, [a,b] denotes an b — bo a and [m, a] denotes ma a — aom. The proof is provided in
subsection

THEOREM 5.5. Let w be an extendable element of A3(V,M). Then its Lie extension £3(w) is a
Lie 3-cocycle in A} (8(V),8(M)) if and only if w satisfies the following three conditions:

(5.1) [a,blw(x,y, 2) = w([a,blz,y, 2) + w(z, [a, by, z) + w(z,y, [a, b]z)
forall a,b,z,y,z€V;

(5.2) [w(a,b,c),d] = [w(d,b,c),a] = [w(a,b,d),c] = [w(a,d,c),b]
for all a,b,c,d € V; and

(5.3) [w(z,y, [a,b]z),c] = 0.

forall z,y,z,a,b,c € V.

5.2. Examples of TKK algebras. We begin with the following construction from |26l Chapter
12], which has its genesis in [21] pp. 809-810]. Let A be a unital associative algebra with Lie product
the commutator [z,y] = zy — yx, Jordan product the anti-commutator xoy = (zy+yz)/2 and Jordan
triple product {zyz} = (zyz + zyzx)/2 (or {zyz} = (vy*z + zy*x)/2 if A has an involution). Denote
by Z(A) the center of A and by [A, A] the set of finite sums of commutators.

PROPOSITION 5.6. Let A be a unital associative algebra with or without an involution considered

as a Jordan triple system. If Z(A) N [A, A] = {0}, then the mapping (x,a0 b,y) — { ayb _gga } is

an isomorphism of the TKK Lie algebra £(A) onto the Lie subalgebra

u—+ > [vg, w) x . .
(5.4) { [ " At o] | Uy X, Y, Vg, Wi € A}
of the Lie algebra My(A) with the commutator product.

COROLLARY 5.7. Let V be a finite von Neumann algebra. Then £(V') is isomorphic to the Lie
algebra [M2(V'), M2 (V).

PROOF. The center valued trace of V' is zero on [V, V] and the identity on Z(V), so the theorem
applies. Since M3(V) is also a finite von Neumann algebra, [M2(V), M2(V)] coincides with the
elements of M5(V') of central trace zero (by [6, Theoreme 3.2]), so it remains to show that every such
element has the form (&.4). For this one can use the argument from [26] pp. 129-130] as follows: if

[ ch b } € M>(V) has central trace zero, then tr (a) = —tr (d) and

d
a b| [b+{ b
c d | c -V +d |
where ¢ = (a+d)/2 and b’ = (a — d)/2. O

In a properly infinite von Neumann algebra, the assumption Z(A) N [A, A] = {0} fails since
A = [A, A]. This assumption also fails in the Murray-von Neumann algebra of measurable operators
affiliated with a factor of type II; ([34]). For a finite factor of type I,, Corollary 5.7 states that the
classical Lie algebras sl(2n,C) of type A are TKK Lie algebras. Similarly, the TKK Lie algebra of



16 CHO-HO CHU AND BERNARD RUSSO

a Cartan factor of type 3 on an n-dimensional Hilbert space is the classical Lie algebra sp(2n,C) of
type C (|26} Theorem 3,p. 131]). More examples of TKK Lie algebras can be found in [5l 1.4] and
[22] Chapter III].

6. Proofs of Theorems [2.3] and

6.1. Proof of Theorem
For the convenience of the reader, we repeat the statement of Theorem 2.3

THEOREM. Let V' be a Jordan triple and let £(V') be its TKK Lie algebra. Let M be a triple
V-module. Then L(M) is a Lie £(V')-module.

For the proof, we are required to show that

(6'1) [(av hvb)v (Cvkvd)] ’ (mv QD,TL) (avhvb) ’ ((Cvkvd) : (m,cp,n))

(Cvkad) ’ ((CL, hvb)) ’ (mvwan))
Let L denote the left side of (@I]). Then
(6.2) L = (hc—ka,[h,k]+and—cob, k' — hid) - (m,p,n)
—— ——
A H B
(Hm — @A, [H, ] + Anon —mno B, B — H'n).
—_———

Ly Lo L3

We can assume that h = x0y, k = uO v so that

o A= {zyc} — {uva}
o H={azyulov—uo{vzy}+aod—cob
e B = {vub} — {yzd}.

Let R denote the right side of (61). Then

(6.3) R = (a,h,b)-(km — pc, [k, o] + can —mad,p'd — kin)
~———— ——
C P D
(¢,k,d) - (hm — pa, [h, ©] + a0 n —mo b, b — hin)
———— ——
Cl (b/ D/
= (hC —®a,[h,®]+an D — Cob, &b — hD)
—— ———
Rl R2 R3
— (kC' =¥, [k, ®|+coD —C'od &% — kD)
—— N——
R} R}, R3

= (Ry— RY,Ry — R}, R3 — R}).

As above, with h =x0y, k = v v and with ¢ = wo p + ¢D z, with p,q € M, we have

C = {wom) — {wpc) — {gzc}

D = {pud) + {zqd} — {vun)

¢ = {wvw}op — wo {puv} + {uvgta z — qo {zuv} + con —mod
C" = {xym} — {wpa} — {qza}

D" = {pwb} + {zqb} — {yan}

' = {zywlop —wo {pzy} + {zryqtoz —qo{zzy} +aon—mob
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We now show that Ly = Ry — R}. We have from (G.2])

(6.4) L = Hm-—pA
= {{azyulvm} — {u,vzy, m} + {adm} — {cbm} — {wpA}
—{qzA} = {{zyutom} — {u,vzy, m} + {adm} — {cbm}
—— ——

1 1 5 8
— {wp{zyct} + {wpl{uva}t} — {gz{zyc}} + {gz{uva}}
2 6 3 7
and from (6.3))
(6.5) Ry = hC—®da
= {zy{uvm}} — {zy{wpc}} — {zy{qzc}} — {cna} + {mda}
1 2 3 4 5
— {{uwvwipa} + {w, puv, a} — {{uvg}za} + {q, zuv, a}
6 6 7 7
and
(6.6) R, = kC' —dc
{uv{zym}} — {uv{wpa}} — {uv{qza}} — {{zyw}pc}
1 6 7 2
+{w,pry, c} — {zyq}tzc} + {q, 22y, c} — {anc} + {mbc}
2 3 3 4 8

From (6.4)-([66), we have L; = Ry — R}. In (64)-(66) we have indicated which terms cancel. To
see that the terms labeled 6 cancel, replace {uv{wpa}} by {{uvw}pa} — {w,vup,a} + {wp{uva}}.
Similarly, to see that the terms labeled 7 cancel, replace {uv{qza}} by {{uvq}tza} — {q,vuz,a} +

{gz{uva}}.
We next show that Ly = Ry — R}. We have from (G.2)

(6.7) L, = [H,¢]+aon—moB
= [H,wop+qoz]+ {zycton— {wa}an —mo {vub} + mp {yxd}
= [{ayu}oov,wop] — [uo{vzy},wo p|+ [e0 d,wD p] — [cO b, wD p]
+[{zyutowv,qo z] — [uo {vey},qo 2] + [aD d, qO 2] — [cO b, qO 2]
+{ayctan — {uva}an —mo {vub} + mo {yzd}
and from (6.3))
(6.8) Ry, = [h,®]+aaD-Cob

= [zDy,[udv,wop+qOz]]+[zDy,cOn]—[zDy,mOd
+ao {pwd} + ao {zqd} — ao {vun} — {uvm}a b
+{wpc}o b+ {qzc}ad

= [zpy, {ww}ap] - [zoy,wo {puv}] + [zoy, {uvgta 2]
—[zoy,qo {zuw}] + [roy,can] — [roy,mod + ao {pwd}
—an {vun} — {uvm}a b+ {wpcta b+ {qzc}a b,
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and

(6.9) R, = [k®]+coD —C'od
= [uov,[z0y,wOp+qoz]]+ [unv,a0n] — [udv,mod]
+co {pwd} + co {zqb} — co {yan} — {aym}ad
+{wpa}tao d+ {qza}ad
= [uov {zywiop| - [uov,wo {pry}] + [un v, {zyq}o 2]
—[uov,qo {zay}] + [uo v,a0n] — [uov,mob] + co {pwb}
+co {zqb} — {aym}od+ {wpato d+ {qza}o d — co {yzn}

From (6.1) we have

(6.10) Ly = {{ayuvwlap—wo {v,zyu,p} — {u,vzy,wlop
+wo {{vaytup}t + {adw}o p — wo {dap} — {cbw}ap
+wo {bep} + {{zyutvq}a z — qo {v, zyu, 2z} — {u,vay,q}o 2z
+qo {{vaytuz} + {adq}a z — qo {daz} — {cbq} O z + qoO {bcz}
+{zyc}on — {uwwa}on —mo {vub} + mo {yxd}
= ({{zyulvw} — {u,vay,w} + {adw} — {cbw})D p
—_—— ——

1 19 6
+wo (—{v, zyu, p} + {{veytup} —{dap} + {bcp})
3 e
+({zyutvg} — {u,vzy, ¢} + {adg} — {cbg})D 2
3 20 \\7,-/
+qo (—{v, zyu, 2} + {{veytuz} —{daz} + {becz})
4 20 \\7’-/

+({zyct — {wva})on+mo (— {vub} + {yxd}).
N~ = S~ =
11 9 13 12

From (G.8) we have

(6.11) Ry = {zy{ww}}op-—{ww}la{yzp}—{zyw}o {puv}
—_————

+wo {yz{puv}} + {zy{uvg}} o 2z — {uvg} o {yzz}

2 3 17
—{zyqta {zuww}+qo {yz{zuv}}+ {zyc} on — co {yzn}
——_— — —_———— N — ———
18 4 11 10

—{azym}od+ mo {yzd}+ao {pwd} +ao {zqd}
—— —— ——— ——
14 12 19 20
—ad {vun} —{uvm} 0 b+ {wpc} O b+ {qgzc} Ob.
—— N — —— ——

5 6 7
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From (6.9) we have

(6.12) Ry = {wv{zyw}} op— {zyw}o {vup} — {uow}o {pry}
1 16 15
+wo {vu{pry}} + {uv{zyg}} o z — {zyq} o {vuz}
2 3 18
—{uvgta {yzz} +qo0 {vu{yzz}}+ {uva} o n —ao {vun}
D S e

—{uvm} o b+ mo {vub}+cao {pwb}+co {zqb}
5 13 6 7

—{zym}od+ {wpa} od+ {qza} 0d—co {yzn}.
———" —— ~——— ~——
14 19 20 10
From (6.7)-(6.9), we have Ly = Re — R}. In (671)-(69) we have indicated which terms cancel.
The terms labeled 1-4 cancel by the main identity. The terms labeled 5 and 8-18 cancel in pairs. The
terms labeled 6,7,19,20 all cancel because of the following identity:
{abc}a d — co {bad} = ao {dcb} — {cda} b.
which follows from the main identity

{ab{cde}} — {cd{abe}} = {{abc}de} — {c,bad, e}
by interchanging (a,b) with (¢, d) and noticing that the left side changes sign.
It remains to show that Ls = R3 — Rj;. We leave this as an exercise for the reader.

6.2. Proof of Theorem
For the reader’s convenience, we repeat the statement of Theorem [5.5] recalling that we write [a, b]
for an b — bo a and [m,a] for moa —aom for a,b € V and m € M.

THEOREM. Let w be an extendable element of A3(V, M). Then its Lie extension £3(w) is a Lie
3-cocycle in A3(¢(V),e(M)) if and only if w satisfies the following three conditions:

(6.13) [a,blw(z,y, 2) = w([a,blz,y, 2) + w(z, [a,bly, 2) + w(z, y, [a, b]z)
forall a,b,z,y,z€V;

(6.14) [w(a,b,c),d] = [w(d,b,c),a] = [w(a,b,d),c] = [w(a,d,c),b
for all a,b,c,d € V; and

(6.15) [w(z,y, [a,b]z),c] = 0.

forall z,y,z,a,b,ce V.

Let w € A3(V, M) be extendable and let ¢ = d3£3(w) (¢ is f-invariant since 3 is odd). Write
X; = (zj,a;0b; —bj0a;,z;) € ¢(V) as X; = (z;,0,2;) + (0, [a;,b;],0). By the alternating character
of 1, it is a Lie 3-cocycle, that is, (X1, X2, X3, X4) = 0 for X; € ¢(V), if and only if the following
five equations hold for a;,b;,z; € V.

(6.16) W((x1,0, 1), (22,0, 32), (23,0, 73), (4,0,24)) =0, (4 variables)

(6.17) W((21,0,21), (22,0, 22), (3,0, 23), (0, [as, b),0)) = 0, (5 variables)

(6.18) W((21,0,21), (22,0, 22), (0, [as, bs], 0), (0, [as, bs],0)) =0, (6 variables)
(6.19) W((x1,0, 1), (0, [az, bs], 0), (0, [az, bs], 0), (0, [as, bs],0)) = 0, (7 variables)
(6.20) $((0, [ar, b1],0), (0, [as, ba], 0), (0, [az, bs], 0), (0, [as, ba],0)) = 0. (8 variables)
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Note that ([6.I3)-(@I5) involve 5,4 and 6 variables respectively, so there is an additional amount
of redundancy in (GI6)-(G20). We shall begin by showing that (E106)-(G20) imply (GI3)-(EI5).
Straightforward calculation of (€1, using ([BI) and (1)), shows that it is equivalent to
(6.21) (21, w(w2, w3, 24)] — [X2,w(71, 3, 74)]

+ws, w(wy, 2, x4)] — (24, w(2T1, T2, 23)] = 0.
We shall see shortly that ([@21]) is redundant since it will follow from the identity (G.I4]), which will
be proved using (6I8)). However, ([G2I) will be used later, in the proof that (GI3)-(@I5) imply
(6.16)- (6.20).

Similarly, [€I7) is equivalent to

—{agbsw (w1, 22, 23)} + {bsasw(z1, 22, 23)}

+w({asbsr1}, 22, 23) — w({bsasz1}, 22, x3)

—w({asbsza}, 21, x3) + w({bsasz2}, 21, x3)

+w({a4b4x3}, Xy, ,’Ez) — w({b4a4x3}, Xy, ,’Ez) =0.

which can be rewritten as
(6.22) [aq, ba](w(x1, T2, x3)) = w([aq, bs]x1, X2, X3)

+w(x1, [ag, ba)re, 3) + w(r1, 22, A4, bs]23),

proving ([EI3) (assuming only (G.I7)).
An interpretation of (6.22]) is that the inner triple derivation [a,d] (for the triple product {-,-, -}
of V) is also a “triple derivation” for the (ad hoc M-valued) triple product (z,y, z) — w(x,y, z) of V.
In order to proceed efficiently, it is convenient to state the following formulas. First, for a; and

b; in V, by (&),
(623) £3 (W)((O, [al, bl], O), (0, [az, bz], 0), (O, [a3, b3], 0)) = (O, A, O)
where

A = [w(ai,az,a3),b1 + by + b3] — [w(bi, az,a3), a1 + ba + bs]
(624) + [w(b bg,a3),a1 + ao +b3] - [w(b b2,b3),a1 +a2+a3]
+  |w(by,a2,bs),a1 + ba + as] + [w(a1,ba, bs), b1 + a2 + ag]
[w(al,bg,ag) b1+a2+b3] [ ( ]
Second, for a,b,c € V and m € M, by (2.4),

— |w al,az,bg) by + bo + agl.

(6.25) (0, [a,b],0) - (0, [m,c],0) = (0, [a, b]m, c] + [m, [a, b]c],0),
and, for a; and b; in V, by (Z1I),
(626) [(O, [al, bl], O), (O, [az, bz], O)] = (O, [[al, bl]ag, bg] + [[bl, al]bg, az], O)

Returning to (6I8)-(@20) and observing that
L3(w)((*,0, %), (0,%,0), (x,%,%)) =0,
a straightforward calculation of (GI8]) shows that it is equivalent to
0= —L£3(w)((0, [x1,22],0), (0, [as, bs], 0), (0, [as, ba], 0)),
which by (623) and (624) is equivalent to

0 = [w(z,as,a4), T2+ b3+ by] — [w(x2,as3,a4),x1 + b3 + b4

(6.27) +  |w(za,bs,aq), 21 + a3 + by] — [w(za,bs, bs), 21 + a3 + a4
+  [w(z2,as,bs), 21 + b3 + a4] + [w(x1,bs, bs), x2 + a3 + a4]

—  [w(x1,bs,a4),x2 + as + bs] — [w(x1,as3,bs), z2 + b3 + ay].
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We shall now see that (6.27) simplifies considerably and gives the same information as (6.19), namely

621) is equivalent to
(6.28) [w(a,b,c),d] = [w(d,b,c),a]l = [w(a,b,d), ] = [w(a,d,c),b],
which is ([614). Assuming that this has been done, we will have proved that ([G.I7) is equivalent to
613); and that (6I8), (G.19) and (6.14]) are equivalent. We shall complete the proof by showing
that (620), together with (6.I3]) and (614, implies (6.15); and then proving that (EI3)-(G.I5) imply
(6.16)- [6.20).

Note that (613), (GI5) and the alternating character of w imply [[a, blw(z,y, 2),c] = 0, and that
(€14) and (EI5) imply
(6.29) w(z,y,2),[a,bc] =0
We continue the proof of Theorem 5.5 by showing that (6.28)) follows from (6.27)) and that (6.19]) does
not contribute any new properties of w. After that, we shall deal with ([G20]).

Since we are assuming (6.18), we may set 21 = 0 and a3 = 0 in ([G27). The result is

[W(.IQ, b3a CL4), b4] - [W(ZEQa b3a b4)7 0’4] =0.

If one repeats this process with (21 = 0 and) a3 = 0 replaced successivly by ag = 0,b3 = 0,by = 0, one
obtains three more such equations. Next, replace 1 = 0 by 2 = 0 to obtain four more such equations.
Finally, setting a3 = 0 and a4 = 0 in (627)), and repeating with (as,a4) replaced successively with
(as,bs), (b3, as), (bs,bs) results in four more such equations. By changing the names of the variables,
the resulting twelve equations reduce to ([G.28) (which is (614)).

We next show that ([GI9) yields the same information as (6I8]). Straightforward calculation of
(619) shows that it is equivalent to

0= (:Eluoa xl) . ’23(‘*})((07 [a/27 b2]7 0)7 (07 [a/37 b3]7 0)7 (07 [a/47 b4]7 0))7
which by (623) equals (z1,0,21) - (0,A,0) = (—Az1,0, —Az;) where

A = |w(az,as,aq),bs + bg + by] — [w(ba, a3, aq), as + bs + by

(6.30) +  [w(be2,bs,a4),as + as + by] — [w(ba, b3, bs), as + a3 + a4]
+  [w(b2,as,bs),as + bs + a4] + [w(az, bs,bs), ba + a3 + a4]

—  [w(ag,b3,a4),ba + az + bs] — [w(az,as, bs),ba + b3 + a4),

Thus, ([G.I9) results in
(6.31) Az1 = 0.

where A is given by ([630). Comparing this with (627) shows that (6.19) is equivalent to (6.I8).

We now have that [@I8), (GI19), (@217), [G28) and (EI4) are equivalent, and that (617) and
©13) are equivalent. It remains, for this part of the proof, to establish ([G.I5]) using (E16])-(G20]).

This will take some perseverance!
In order to process ([6.20) we shall adopt the following self-explanatory notation. For distinct
elements 4, j,k,1 € {1,2, 3,4}, set

(6.32) ijkly = (0, [a:, bi],0) - £3(w)((0, [a;, b;],0), (0, [ak, bx], 0), (0, [ar, bi], 0))
and

(6.33) ijkly = L£3(w)([(0, [ai, b, 0), (0, [a;, b5], 0)], (0, [ak, bx], 0), (0, [ai, bi], 0)).
Then equation ([6.20) for ¢ = d3£3(w) is restated as:

(6.34) 0 = 12341 — 2134 + 3124, — 4123,

—12345 + 13249 — 14235 — 23149 + 24135 — 34125.
By (6.32)), using (6.23)-([6.24),
ijkly = (0, [ai, bi], 0) . (O,Aj,k,l, 0)
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where
AjJCJ = [w(aj, ak, al) b + by, + bl] [w(bj, ag, al) aj + br + bl]
(6.35) + [w(b b, al) aj + ag + bl] [w(bj, b, bl), aj + ag + al]
+ [w(b- ak,bl) a; + br + al] + [w(a- bk,bl) b + ar + al]
—  |w(aj, bk, ar),b; + ar + bi] — [w(a;,ar, br),bj + br + ail,
and by (6.23)),
(6.36) ijkly = (0,1 ,k,1,0)
where
Ly ik, [[ai, bilw(ay, ak, ar), bj + by + by] + [w(aj, ax, ar), [ai, bi](b; + by + by)]
[[ai, biJw(bj, ak, ar), aj + by + b] — [w(bj, ar, ar), [ai, bi](a; + b + by)]
+ [[a’ia bi]w(ij bkv CL[), Q; +ar + bl] + [W(bj, bka al)a [(1,1', bl](a‘j +ak + bl)]
(6.37) = [lai, bi]w(bj, br, bi), aj + ax + ai] — [w(bj, br, br), [ai, bi](a; + ax + ai)]
+  [lai, bilw(bj, ar, br), a; + by + ar] + [w(by, ax, by), [ai, bi](a; + by + a1)]
+ [las, bilw(aj, br, br), bj + ak + ai] + [w(a;, bg, b)), [a:, b;](b; + ax + ar)]
= [lai, bilw(ay, by, ar), b + ax + bi] — [w(aj, by, ar), [ai, bi](bj + ax + by)]
- |lai, bilw(aj, ax, bi), bj + b, + a1] — [w(ay, ak, b)), [as, b;](b; + b + ar)].

By (6.33), using (6.26) and (6.23)-(6.24),

ijkla = £3(w)((0, [[ai, bila;, bs] + [[bs, ai]bs, a;],0), (0, [ax, bx], 0), (0, [as, by], 0))
(6.38) = (0,Ai;x1,0),
where
Aijrg = [w(lai,bilaj, ar,ar),b; + by + bi] + [w([bi, as]bj, ax, ar), a; + by + by)]
[w(bj, ak, ar), [ai, bila; + by + b)) — [w(a;, ar, ar), [bi, a;](bj + b + by)]
+  [w(by, bk, ar), [ai, bia; + ar + by + [w(aj, be, ar), [bi, ai](bj + ar + by)]
(6.39) = [w(bj,be, br), [ai, bilag + an + ar] = [w(a, b, by), [bi @il (b + ax + ar)]
+ [w(by, an, br), [ai, bilag + b + ar] + [w(ay, ar, br), [bi, ail (b + bx + ar)]
+  [w([as, bilaj, be, b)), bj + ar + ai] + [w([bs, a;]bj, bk, br), a; + ar + ai
= [w([as, bilaj, b, ar), bj + ak + bi] — [w([bi, ailbj, b, ar), a;j + ak + bi]
- [w([ai,bi]aj, ak, br),b; + b + a;] — [w([bi, ailb;, ak, br), aj + by + aj].

We next analyze ([637) and (639). First, applying (6.13]) to the first bracket on each line of ([G.37)
and applying ([G.I4) to the expansion of those brackets results in 72 terms, 24 of which cancel with
all of the terms in the second bracket on each line of (6.37). Thus the 96 terms in ([6.37) are reduced
to the 48 terms in

(6.40) Tijkl=
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(w([as, bilaj, ar, ar), (bx 4 br)] + [w(ay, [ai, biak, ar), (bj + b)] + [w(ay, ak, [as, bilar), (b + b))
= [w(lai, bilbj, ak, ar), (br + bi)] — [w(by, [ai, bilak, ar), (a; + bi)] — [w(bj, ak, [ai, bilar), (a; + bk)]
+  [w([ai, bi)bj, br, ar), (ar + br)] + [w(by, [ai, bibg, ar), (aj + bi)] + [w(bj, by, [ai, biar), (a; + ax)]
- [w([aiv bi]bj7 bk, bl)? (ak + al)] [w(ij [alv bi]bkv bl)v (a + al)] [W(ij br, [a“ ]bl)v (aj + ak)]
+ [w([a“ bl]ij Ak, bl)? (bk + al)] + [w(ij [alv bi]akv bl)? (a + al)] + [w(ij Ak, [alv ]bl) (aJ + bk)]
= [w(lai, bilaj, b, br), (ar + a)] — [wlay, [ai, bilbk, bi), (b + ar)] — [w(a;, b, [ai, bilbe), (b; + ax)]
+  [w(lai, bilaj, b, ar), (ar + b)) + [wlay, [ai, bilbk, ar), (bj + bi)] + [w(a;, by, [ai, bilar), (bj + ax)]
- [w([alvbl]ajvakabl)a(bk+al)] [w(a],[a b]akabl)v(b +al)] [w(ajvakv[a“ ]bl)ﬂ(bj +b7€)]'

Second, the 8 first brackets on the lines of (6.39) sum to zero, as can be seen by expanding and
noting that the resulting terms cancel in pairs by applying ([@I4). Thus ([6.39) reduces (initially) to
the sum of the 8 second brackets on the lines of (6:39), namely,

Aijri =

w([bi, ai]bj, ak, ar), a; + by + by)]

w(aj, ak, ar), [bi, ai](bj + bg + by)]

ap), [bi, ai](bj +ar + bl)]
)l
)l

+ [w(aj,bg,a)

(6.41) —  |w(aj,bg, br), [bi, ai](bj + ax + a;
+ |w )s [bi, ai](bj + b +
+  [w([bi, a;]bj, b, by), a; + ak + a;

w

[
[w(
[w(
[w(
[w(aj, ak, by
[w([ ]
[ ([bz,ai]bj,bk,al) aj—i—ak—i—bl]
[w([bs, as]bj, ax, br), aj + by + ai].

However, there is still more cancellation in (641]) using ([@I4]), and what remains is

A = —[wlaj,ag, ar),[bi,a;](bi + by)]

+w(aj, b, ar), [bi, a;](ar + by)]

(6.42) —[w(a,br,br), [bi; as)(ar + ar)]
[w( ) )]

+|w aj, g, bl ) [bi7 ai](bk: + a;

The equation (6.34) is thus equivalent to
(6.43) 0 =T1234 — 2134 + I'g124 — T'a123

—Aq234 + A1324 — D403 — Aoz + Aog13 — Aszgio,

where T';5; and Ay are given by (6.40) and (6.42).

We are now going to decompose each term in ([G43) into “irreducible pieces” as follows. First
some notation. Let ¥ denote the right side of (6.43)), let T';jx(a1 = 0) denote the sum of the terms
of Tz which do not involve the variable aq, and I';jx (a1 # 0) the sum of the terms of I';;; which
contain the variable a;, with similar notation for other variables, for more then one variable, and for
Ak With X(a; = 0) denoting the sum of the terms of ¥ not containing ai, etc., we have (and
this is the first of two underlying principles in what follows) ¥ = 0 if and only if ¥(a; = 0) = 0 and
Y(a; #£0)=0.

We shall use ([6.40) to process the I';;; in (6.43) and in parallel use ([6.42)) to process the A, in
[643). Here we go! By (6.40),

(6.44) Lijrila; =0)=0,

(6.45) Fi,j,k,l(aj = 0) =
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[w(bi,bs, [az, b2]bs), as
[w(bi,as, [az, b2]bs), bs],

0) =0,
0) =0,

0) = 0.
0) =
0)

—[w(aj, br, by), [bi, ailar]
+w(aj, ax, br), [bi, ai]bk].

[w(aj, br, ar), [bi, ai]bi]
[w(aja bka bl)a [blv ai]al]v

A, jgi(a;
Ajjka(a;
= O)
Ti234(aq
I2134(as
[w([az, b2]b1, as, as), (b3 + bs)] — [w(b1, [a2, b2]as, as), ba] — [w(b1, as, [az, bo]as), b3
I's124(a1

A jki(ak

N
[w([az, b2]b1, b3, as), (az + bs)] + [w(bi, [az, ba]bs, as), bs] + [w(b1, b3, [az, b2]as), as

[w([ag, bg]bl, bg, b4), (ag + a4)] — [w(bl, [az, bz]bg, b4), a4]
[w([az, ba]b1, a3, ba), (bs + as)] + [w(b1, [az, b2]as, ba), a4]

_|_

On the other hand, by ([6.42),
_|_

(6.48)

Returning to ([G.40), by ([©.44)

(6.49)
(6.50)
(6.51)
(6.52)
By (€.45)
(6.53)
(6.54)

and
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and
(6.55) Ly123(a1 = 0) =
—  [w([aq, ba]b1, az,a3), (b2 + b3)] — [w(b1, [a4, bs]az, as), bs] — [w(b1, az, [a4, bs]as), ba]
+  [w([aa, ba]b1, b2, as), (az + b3)] + [w(b1, [a4, ba]be, a3), bs] + [w(b1, be, [ag, bs]as), as]
—  [w([a4, ba)b1, b2, b3), (az + a3)] — [w(b1, [ag, balbe, b3), as] — [w(b1, b2, [a4, ba]bs), as]
+  [w([aq, ba]b1, a2, b3), (b2 + a3)] + [w(b1, [aq, bs]asz, b3), as] + [w(b1, az, [aq, ba]bs), ba].
On the other hand, by (6.48)
(6.56) Arsza(ar =0) =0, Apgaa(ar =0) =0, Apgez(ar =0)=0.
By (6.50),
(6.57) Agzia(ar =0) = [w(as,bi,a4), b2, az]by]
[w(as, b1, bs), [b2, az]ad],
(6.58) Aoggi3(a; =0) = [w(aq,br,as), b2, az]bs]
[w(ag, b1, b3), [b2, az]as],
and
(6.59) Agpiz(ar =0) = [w(as,b1,a2), [bs, as]bs]

—  [w(a4, b1, b2),[b3, aslaz].
By (6.43), and (€.52)-(6.59),
0=23(a; =0) = —(@53) + @54 — (650 — @50 + [E5]) — E59),
and each of the terms on the right side must be decomposed further. Here, we are using the notation

6353) to denote I'a134(a1 = 0) and similarly for ([654), ete.
We shall analyze (653) first. By (€.53),

(6.60) I2134(a1 = 0,a3 = 0) =

+  [w([az, ba]b1, b3, as), bs] + [w(bi, [az, ba]bs, as), ba]
—  [w([az2, b2)b1, b3, ba), as] — [w(b1, [az, b2]bs, bs), as]

and
(6.61) Io134(a1 = 0,a3 # 0) =
— [w([ag, bQ]bh as, CL4), (bg =+ b4)] — [w(bl, [CLQ, b2](13, CL4), b4] — [w(bl, as, [CLQ, b2]&4), bg]
+ [w([az,bg]b b3, 4),@ ] [W(bl,bg,[ag,bg]a4),a3]
- [w([az,bg]b b3,b4),a ] [ (bl,bg,[az,bz]b4),a3]
+ [ ([CLQ, bQ]bh as, b4), (bg + CL4)] + [W(bl, [CLQ, b2](13, b4), CL4] =+ [w(bl, as, [CLQ, bQ]b4), bg]

The identity given by ([6.60) is “irreducible” in the sense that if any of its variables is zero, then it
vanishes identically (This is the second of the two underlying principles mentioned earlier). However,
since it is a consequence of (G.I4]), it does not give any new identities and can be ignored. We proceed
to decompose ([6.61]) as follows.

(662) 1—‘2134((11 = O, as 75 0, ayq = 0) =

- [w([ag, bg]bl, b3, b4), a3] — [w(bl, b3, [ag, b2]b4), a3]
+ [w([ag, bz]bl, as, b4), bg] + [w(bl, as, [CLQ, b2]b4), bg]

(663) F2134(a1 = 0, as 75 0, a4 75 0) =



26 CHO-HO CHU AND BERNARD RUSSO

- [w([ag, bz]bl, as, a4), (bg + b4)] - [o.)(bl, [ag, b2](l3, a4), b4] - [w(bl, as, [az, bz]a4), bg]
+ [w([ag, bQ]bl, bg, CL4), ag] + [w(bl, bg, [CLQ, b2](14), (Zg]
+ [w([ag, bQ]bl, as, b4), a4] + [w(bl, [CLQ, bz]ag, b4), (Z4]

The identity given by ([6.62) is irreducible and can also be ignored, so we proceed to decompose ([6.63))
as follows.

(664) I‘2134(a1 = O, as 75 O, ay 75 O, b3 = O) =

—  [w([az, b2]b1, a3, as),bs] — [w(b1, [az, b2)as, as), bs]
+ [w(bl,bg, [ag,bg]a4),a3]
+ [w([ag, bz]bl, as, b4), a4] + [w(bl, [CLQ, bz]ag, b4), a4],

and
(665) F2134(CL1 = 0, as # 0, (o7} # 0, bg # 0) =

= [w([az,b2]b1, a3, as), bs]
+ [w([ag, bz]bl, bg, a4), a3] + [w(bl, bg, [CLQ, bg]a4), ag].

By using ([6I4)), each of ([€.64]) and (.63 gives the new identity
(666) [W(bl, b3a [0’2; b2]@4), Clg] = 05

which establishes (6.15), and at the same time shows that ([6.57), (G.58) and (6.59) produce no new
identities.

This completes the analysis of (6.53]), which has produced ([G.IH]). Since ([G.54) is obtained from
[EE53) by interchanging the indices 3 and 2, no new information is provided by (654)). Similarly, since
(EX50) is obtained from ([@.54]) by interchanging the indices 3 and 4, no new information is provided
by (655]). Thus we have found all irreducible expressions which sum to ¥(a; = 0), resulting in only

one identity, namely ([E.I5). This completes the proof that (6.16)-(@20) imply (EI3)-(EI5). (See the
paragraph following ([6.43)).)

It is now a simple matter to prove that, conversely, ([613)-(@I5) imply (EI0)-(@20). Note that
by ©I5), ©29), and (©37),39), 'ijx and A,k vanish, showing that (a1 # 0) = 0, hence
613)-([@15) imply ([@20). Since earlier arguments have shown that

e @19 » @.21) « (6.16),
e EI3) = ©.22) « ([EID),
e (619 < 627 < E.I8)« .19,
this completes the proof that (E13)-(EI5) imply (GI6)-([G20), and hence the proof of Theorem [R5
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