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Abstract. We describe the general nonassociative version of Lie theory that relates uni-
tal formal multiplications (formal loops), Sabinin algebras and nonassociative bialgebras.

Starting with a formal multiplication we construct a nonassociative bialgebra, namely,
the bialgebra of distributions with the convolution product. Considering the primitive
elements in this bialgebra gives a functor from formal loops to Sabinin algebras. We
compare this functor to that of Mikheev and Sabinin and show that although the brackets
given by both constructions coincide, the multioperator does not. We also show how
identities in loops produce identities in bialgebras. While associativity in loops translates
into associativity in algebras, other loop identities (such as the Moufang identity) produce
new algebra identities. Finally, we define a class of unital formal multiplications for which
Ado’s theorem holds and give examples of formal loops outside this class.

A by-product of the constructions of this paper is a new identity on Bernoulli numbers.
We give two proofs: one coming from the formula for the nonassociative logarithm, and
the other (due to D. Zagier) using generating functions.

1. Introduction

The Lie theory describes the relationship among three types of algebraic struc-
tures: Lie groups, Lie algebras and Hopf algebras. In brief, we have the following
triangle: for a finite-dimensional Lie group G, the Hopf algebra of distributions on
G supported at the unit is nothing else but the universal enveloping algebra of the
Lie algebra of G.

Strictly speaking, Lie algebras correspond directly not to Lie groups, but rather
to formal Lie groups (for instance, via the Campbell-Baker—Hausdorff formula).
The local methods of Lie theory are not sufficient to establish that finite-dimensio-
nal formal groups give rise to Lie groups: this follows from the existence of a
faithful representation for every finite-dimensional Lie algebra. This phenomenon
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is even more apparent in the Lie theory of nonassociative multiplications, where
many natural examples of multiplications on manifolds are of local nature and do
not have evident extensions to global operations.

In the present paper we describe the nonassociative version of the correspon-
dence between formal groups, Lie algebras and Hopf algebras.

The main step towards generalizing the Lie theory to this context was done by
Sabinin and Mikheev [SM87, MS90] who defined algebraic structures tangent to
arbitrary local analytic loops (multiplications). These structures, now known as
Sabinin algebras, can be integrated under some convergence conditions to local
loops: essentially, they are the analog of Lie algebras in the nonassociative setting.
Shestakov and Umirbaev later showed [SU02] that the set of primitive elements
in any bialgebra has the structure of a Sabinin algebra, and it was proved by
the second author of the present paper [PI07], that each Sabinin algebra arises in
this way. The main purpose of the present paper is to show how the Lie theory
for nonassociative formal multiplications can be constructed by first passing from
a formal multiplication to the corresponding bialgebra of distributions, and then
to the Sabinin algebra of the primitive elements of the latter. We compare this
construction to the direct geometric argument of Sabinin and Mikheev and show
that these two constructions do not give precisely the same result: they produce
Sabinin algebras with coinciding brackets but different multioperators.

There are two aspects of the nonassociative Lie theory that are absent from
the usual Lie theory. First, in the nonassociative context it is rather usual to
consider a class of multiplications satisfying certain identities. We show how these
identities translate into identities in the corresponding bialgebras of distributions.
The second novelty is that while Lie groups are always locally isomorphic to linear
groups, this property (or, rather, its appropriate generalization) no longer holds
for general loops. We discuss this phenomenon and give examples of formal loops
that do not satisfy this property.

The paper has the following structure. In Section 2 we show that the category
of unital formal multiplications is equivalent to that of irreducible cocommuta-
tive and coassociative bialgebras. In Section 3 we consider how identities in for-
mal loops correspond to identities in bialgebras. In Section 4 we show that the
primitive operations of Shestakov and Umirbaev give an equivalence between the
category of irreducible cocommutative and coassociative bialgebras and the cat-
egory of Sabinin algebras. Section 5 contains a comparison of two functors from
formal loops to Sabinin algebras: the Sabinin algebra of the primitive elements in
the algebra of distributions on a formal loop and the Sabinin algebra as defined
by Sabinin and Mikheev. In Section 6 we discuss linear formal loops (those for
which Ado’s theorem holds). Finally, in the Appendix we give the formulae for
the nonassociative exponential and logarithm and describe an identity on Bernoulli
numbers.

Acknowledgments. We are grateful to D. Zagier for his comments on for-
mula (12). The first author would like to thank the Max-Planck-Institut fiir
Mathematik, Bonn, for their hospitality.
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2. Formal multiplications and bialgebras of distributions

In what follows all coalgebras and bialgebras are always assumed to be cocom-
mutative and coassociative. We refer to [Abe80] for the basics on coalgebras.

2.1. Formal maps

Let V be a vector space over a field k of characteristic zero. We shall write k[V];
for the ith symmetric power of V' and k[V] for the symmetric algebra of V. Recall
that the space k[V] is also a coalgebra: the coproduct

A k[V] = k[V] ® K[V]

is the algebra homomorphism defined by the condition that all elements of V' are
primitive, and the counit € : k[V] — k sends an element of k[V] to its degree
0 component. We denote by my the projection of k[V] onto its primitive part
E[V1 =V.

Elements of the dual space k[V]* will be referred to as formal functions on V|
and those of k[V] as formal distributions on V. A formal map 0 from V to W is
a linear map

0:k[V] > W
with 6(1) = 0.

Proposition 2.1. Any formal map 0: k[V] — W induces a unique coalgebra mor-
phism 0" : k[V] — E[W] with 7w 0’ = 6.

Proof. Define the map 6’ by
1
0'(1) = Y —0(nry) - 0pacny) = ()L +0(u) + .
n=0

Direct inspection shows that it is a coalgebra morphism. Now, by [Abe80, Cor.
2.4.17(1)], any coalgebra morphism 6’ from k[V] to k[W] is determined by its
projection my 6’. O

The algebra k[V; x -+ x V] is canonically isomorphic to k[V1] ® - -+ ® k[V,,].
In order to work with formal maps from products of vector spaces the following
notation will be of help.

The map my, : k[V;] — V; will be denoted by @; and the null map k[V;] — V;
for any ¢ will be denoted simply by 0 (the absence of the index i should not lead
to confusion). The induced coalgebra morphism x} is the identity map on k[V;],
and 0'(p) = e(p)1. Given a formal map

G:k[Vix - xV,] =W
and formal maps 0;: k[U;] — V; for 1 <i < n we write G(01,...,0,) for the map
Goll® - -®60.,.
With this notation the x; can be treated as variables. In particular, G can also

be written as G(z1,...,x,). If

G( ey L1, LG, L1 - - ) = G( .. 7£Bi,1,0,$i+1, . )
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we say that G does not depend on «; and omit this variable altogether; the domain
of definition of G will always be clear from the context.

If Vi =-.- =V, =V the notation G(z,...,x) stands for the composition of
G with the map of symmetric algebras k[V] — k[V4 x --- x V,,] induced by the
diagonal V. — Vj x -+ x V;:

p= > Gy, im))-
Similarly, one defines G(x;,,...,x;, ) when there are various groups of repeating
indices among the .

2.2. Formal multiplications

Formal multiplications are a special kind of formal maps.

Definition 2.2. A formal multiplication on V is a formal map
F:k[VxV]—=W
A formal multiplication on V' is said to be unital (or a formal loop) if

Flivigr = v = Fligkv)-

Since

F € Hom(k[V] ® k[V],V) = ﬁ Hom(k[V]; ® k[V];,V),
i,5=0

with our notation we can write any formal loop F' as an infinite formal sum

Fy)=z+y+ Y F =y
S|

with F; ; € Hom(k[V]; ® k[V];,V) or, equivalently,

P @ piz) = mv (p)e(pa) + e(u)my (uz) + 3 Fig(im @ pa).

We say that F; j(x,y) is of degree ¢ in @ and j in y. Sometimes we shall write zy
for a formal loop F(x,y).

Proposition 2.3. Let F(x,y) = xzy be a formal loop. There exist unique formal
multiplications x\y and x/y such that:

(1) z\(xy) =y = z(x\y); and
(2) (yz)/xz =y = (y/z)x.
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Proof. Write F(z,y) =x +y+ >, 5, Fij(z,y). Given a formal multiplication
D(x,y) we have that

F(z,D(x,y)) =y ifand onlyif D(x,y) —x— Z (z, D(x,y)).
3,71
The latter recurrence determines a unique solution D(x,y) that in addition sat-

isfies D(0,y) = F(0,D(0,y)) = y. By the same argument, there exists then a
unique solution H(x,y) to the equation D(x, H(x,y)) = y. By construction

H(z,y) = F(z, D(z, H(x,y))) = F(x,y)

so x\y = D(x,y) satisfies the required conditions. In a similar way one proves
the existence of x/y. O

By Proposition 2.1, any formal loop F(x,vy) induces a product
F' k[V]® k[V] — k[V].

Whenever we consider k[V] as an algebra with multiplication induced by F we shall
denote it by k[F]; similarly, we shall write k[F]* for k[V]*. The unit §: k — k[F]
is defined by a — «al.

Proposition 2.4. The data (k[V],A,e, F',6), where F is a formal loop on a vec-
tor space V, define an irreducible unital bialgebra.

We recall that a coalgebra (or a bialgebra) is called irreducible if it has only one
simple subcoalgebra. For instance, the universal enveloping algebra of a Lie algebra
is irreducible; its simple subcoalgebra is the one-dimensional subspace spanned by
the unit.

Proof. By construction

o0

1
F'(p1) = —mv(p) v (pm) =p=F(1,p)
n=0

for any p € k[F]. Since F’ is a coalgebra morphism, the proposition follows. O
In what follows we shall assume that all bialgebras in question are unital.

2.3. The equivalence of categories

The category of unital formal multiplications (formal loops) is, in fact, equivalent
to that of irreducible bialgebras.

Definition 2.5. Let F' and H be formal loops on vector spaces V and W, respec-
tively. A formal map 6 from V to W is called a homomorphism from F to H
(notation: 0: F — H) if

H(0(z),0(y)) = 0(F(x,y))
or, equivalently, H(0'(p1) ® 0'(uz2)) = 0(F' (1 ® p2)) for any pq, pa € k[V].

Homomorphisms are the morphisms in the category of formal loops. It follows
directly from the definitions that a homomorphism of formal loops 0: FF — H
induces a homomorphism of bialgebras

0': k[F] — k[H].
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Proposition 2.6. The category of formal loops and the category of irreducible
unital bialgebras are equivalent.

Proof. First, let us show that any irreducible bialgebra is isomorphic to k[F] for
some formal loop F'. The coalgebra structure of such bialgebras is very well known:
in [SU02] it is proved (see Theorem 3.2) that every such bialgebra is isomorphic
as a coalgebra to k[V] for some V.

Given a product m : k[V] ® k[V] — k[V], its primitive (i.e.,linear) part

EVI@klV] 2 k[V] 25V

is a formal multiplication F,,,. The fact that m(z,1) = m(1,z) = x means that F,,
is unital. It follows from the construction that k[F,,] coincides with the bialgebra
k[V] equipped with the product m.

Now, if ¢ : k[F] — k[H] is a homomorphism of bialgebras, its primitive part
0 = Ty is a homomorphism F — H and, clearly, v = ¢'. O

2.4. Analytic loops and formal loops

Let V be a finite-dimensional vector space with a basis {e1,...,e,} and take
{x1,...,2,} to be the dual basis of V*. The symmetric algebra k[V] is spanned by
monomials in the e;. The dual space k[V]* is also an algebra with the convolution
product: for f,g € k[V]* it is defined as

(Fra)mw) =D flu)glps),

M1 p2=

where p, p11, 2 are basis monomials of k[V]. Each element of k[V]* is a formal
power series in the x;. As for the algebra structure, the convolution of two mono-
mials in the z; coincides with their product, and we see that k[V]* can be identified
with the algebra k[[x1, ..., 2,]] of formal power series in the z;.

Elements of k[V] can be understood as elements in (k[V]*)* = k[[z1, ..., z,]]*

!
. a a
For any monomial z;' - --x," we have that

6(111 e 670‘1"(1;(111 “en IZ") — I‘lll “en Ian"(ellll oo 670‘1")
which, by definition of the convolution product equals a1!- - - a,! if the ordered set
of exponents (aq,...,ay) coincides with (af,...,al,) and 0 otherwise. Therefore

ai a — ai a
et e =0 - 05,0

and k[V] is the coalgebra of all distributions (linear functionals on analytic func-
tions) on V' with support at zero. In particular, the constant polynomial 1 corre-
sponds to the evaluation at 0 (also known as the Dirac delta).

Now, let G be an analytic local loop (see [Mal55]) defined on a neighbourhood
of the origin (which plays the role of the unit) in V. Having chosen a basis in V,
we may write the product F(x,y) on G as an n-tuple

(Fl(zay)w'an(Iay))
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of power series in 2n variables, that is, an element of V ® k[V x V]*, satisfying
F(z,0) =z and F(0,y) = y. Under the natural isomorphism

V @ k[V x V]* = Hom(k[V x V], V)

this condition is equivalent to F|xjyje1 = v = F|igk[v]. Therefore, analytic local
loops give rise to formal loops.

The product F on the analytic local loop G induces a product on k[V] which
sends pi1 ® pg to g - p2: f = (p1 ® pa)(f o F). This product is a coalgebra map,
and it gives k[V] the structure of an irreducible unital bialgebra. Since

(11 ® p2)(zi 0 F) = (11 ® p2)(F3),
the primitive part of i1 - p2 is F'(11 ® p2) and, as a consequence,

pu1 - pio = F' (1 @ po).
Our definition of the bialgebra of distributions corresponding to a formal loop is
motivated by this observation.

More generally, any analytic map 6: V' — W defined on a neighbourhood of 0
and such that 6(0) = 0 induces a coalgebra morphism 6’ on distributions given by
0" () (f) = p(f o 0) for any analytic function f and any distribution p. Note that
0 gives rise to a formal map from V to W if the distributions on V are identified
with k[V] and formal power series with k[V]*, this formal map induces the same
map as 6.

3. Identities

3.1. Identities in formal loops and in bialgebras

A formal group F: k[V] ® k[V] — V is a formal loop that in addition satisfies the
identity F(F(x,y),z) = F(x, F(y, z)). The consequence of this identity is that
F'o(F'®1d) = F'o(Id® F') which implies that k[F] is associative. In our approach
groups do not play any special role and the bialgebras of distributions considered
here will be nonassociative in general. However, the principle that identities on
loops produce identities on distributions works in general and provides interesting
examples of identities in nonassociative bialgebras.

Consider the set of formal maps

vy = F(z,y), =\y, =z/y, z\e, and e/z, (1)
with € = 0 and where F(x,y) is a formal loop on a vector space V (since x\e
and e/x do not depend on the variable y we may consider them as defined on
E[V]). We may compose these formal maps to obtain new formal maps, such
as F(x,x\e) (which is equal to e), e/(z\e) (equal to x), F(x, F(y, F(x, z))),
F(F(F(x,y),x), z), and so on.

Let z1,...,z, be a set of generators for the free loop on n letters and let
Vi,...,V, be n copies of V. Since F(x,0) = = F(0,x), by Proposition 2.3 to
each word w(x1,...,z,) we can assign a formal map

wi kW] - @k[V,] =V (2)
by substituting «x; for each occurrence of x; in w(x1,...,z,), and understanding

the products and divisions as in (1) above. For instance, to the word z(y(xz)) we
assign the map z(y(xz)) = F(z, F(y, F(x, z))).
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Definition 3.1. Given two words u(z1,...,2,) and v(xy,...,2,) in the free loop
on n letters, we say that F' satisfies the identity

U(Il,...,l’n) N'U(I’l,...,l’n)

if the maps u(x1,...,x,) and v(x1,...,2,) coincide.

Any map w as in (2) induces w': k[V1] ® - - - ® k[V,,] — k[V]. The map w can
be recovered from w’ by taking the primitive part. In particular, a formal loop F
satisfies the identity u(z1,...,2,) ~ v(x1,...,zy) if and only if u(xy,...,x,) =
v(@, ..., 2"

Operations «\y and x/y induce the corresponding operations on distributions;
these operations were first considered in [PI07]. We shall simply write p\v and
/v to denote these operations. Since any formal loop xy = F(x,y) satisfies
z\(zy) = y = x(x\y) and (zy)/y = * = (x/y)y we have that, for any u,v €
)

>\ uey) = ewr = n(ue)\v)
D () /ve = =" (n/vayve).

A particular choice of u and v is

u(z,y,z) = z(y(zz))

and
v(z,y,z) = ((zy)r)z.
The identity U~ vis called the Moufang identity. The corresponding v’ and v’

are u'(p,v,m) = > py(v(peyn)) and o' (p,v,n) = 32 ((1)v)iz))n. This shows
that F' is a formal Moufang loop if and only if

S ey Wliem) = S (rayw)ue)n 3)

in k[F)].

In [PI07] w’ was called the linearization of w. It was proved that certain bial-
gebras constructed from Malcev algebras satisfy the identity (3) above. That was
surprising since the construction of those bialgebras [PIS04] had no relation with
Moufang loops. Distributions provide a natural connection between identities in
loops and identities in bialgebras. In the case that we consider a local analytic
loop G, any word w(z1,...,z,) induces by evaluation a map u: G x --- x G - G
and a coalgebra map u’ on distributions which agrees with the map u’ defined
above. Therefore, G satisfies the identity u ~ v in the usual sense if and only if
the formal loop corresponding to G satisfies the identity u ~ v.

3.2. Right alternativity

Another example of an identity on formal multiplications is

z(yy) = (zy)y
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called right alternativity. The corresponding bialgebra identity reads

Z pvyv(e) = Z (1va))ve).- (4)

It was proved by Sabinin and Mikheev [SM85] that the right alternativity in a
formal loop implies the identity

z(y*y') = (zy*)y' (5)

for all k,1 > 0 (see also [Sab99)]).

The importance of the right alternativity for Lie theory was understood first by
Sabinin and Mikheev [SM87], [MS90]. They realized that this algebraic property
for a local loop is satisfied if and only if the loop comes from a flat connection as
a so-called geodesic loop, and showed that, in fact, the multiplication in any local
loop can be modified so as to become right alternative.

Given a local loop (G,-) with the unit e, one can define the canonical flat
connection V on the tangent bundle to G in a neighbourhood of e via its parallel
transport. For a,b € G two points in a small neighbourhood of e, the parallel
transport of the tangent space TG to T,G is induced by a self-map of G that
sends  to a - (b\z). There is a new product on G given by

a x b=exp,(alogh), (6)

where exp, is the exponential map of the connection V at the point a and log,
is its inverse (we write simply exp and log for exp, and log,, respectively) and
alogb stands for the parallel transport of the vector logb € T.G to T,G. The
local loop (G, x) is then right alternative. Note that the canonical connection for
the loop (G, x) is the same as that of (G,-). The original local loop (G, -) can be
reconstructed from (G, x) and the operation ®(a,b) defined by

ax ®(a,b)=a-b. (7)

The right alternative modification can also be defined for formal loops. Given
a formal loop F' on a vector space V, the formal canonical connection of F' is the
restriction of F' to the subspace

k[V]®V C k[V] @ k[V].

Let us say that two formal loops on the same vector space are similar if their
formal canonical connections coincide.

Lemma 3.2. Fach formal loop is similar to a unique right alternative formal loop.

Proof. A formal loop can be written as

Flz,y) =z +y+aq(x,y) + @@y +---

where ¢;(xz,y) = > ,o; Fi,j(z,y). Specifying the canonical connection for F is the
same thing as specifying ¢; (x, y).
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Given ¢;(x,y), the right alternative formal loop similar to F can be recon-
structed inductively. Assume that the ¢;(xz,y) with ¢ < n are known, and consider
the equation F(F(x,y),y) = F(x, F(y,y)), modulo the terms of degree > n in
y. A simple calculation shows that, apart from the (compositions of the) ¢; with
i < n, this equation contains the term ¢, (x,y) with coefficient 2 on the left-hand
side and 2" on the right-hand side. Therefore, for n > 1, we see that ¢, can be
expressed via the ¢; with i <n. 0O

Let @ : k[V] ® k[V] — V be a formal multiplication such that ®|;gx) = 7v
and @[y, 91ev) = 0. In other words,

O(wy)=y+ > Pijx,y),

i>1,7>2
with ®; ;(z,y) of degree i in = and of degree j in y. Call such a multiplication a
similarity.
Lemma 3.3. Two formal loops Fy and F» are similar if and only if there is a

similarity ® such that Fi(x,y) = Fa(x, ®(x,y)).

The proof is straightforward. For the “if” part compare the corresponding
homogeneous terms (F1); ; and (F5); ;; for the “only if” part define ® inductively
by the degree. ([

These notions have their versions for bialgebras. If @ is a similarity, we obtain

a coalgebra morphism @’ : k[V] ® k[V] — k[V], which satisfies

' (p1,1) = e(p)l,  '(Lp2)=p2  and  '(u1,a) =)o (8)

for all pi,pu2 € k[V] and a € V. Conversely, the primitive part of a coalgebra
morphism &’ satisfying these conditions is a similarity.

Let F; and Fy be two similar formal loops with Fi(x, ®(x,y)) = Fa(x,y).
Denote by x and - and the products in k[F;] and in k[F3], respectively. Then we

have
Zu1)><<1> [i(2),V) = [+ V. (9)

If k[V] has two different bialgebra products x and - such that there exists a map
' satisfying (8) and (9), we say that the products x and - are similar and that
' is a (bialgebra) similarity between them.

Lemma 3.4. If x and - are two similar products on k[V], then for any p € k[V]
and a €V,
X o=pu-ao.

The proof is an immediate consequence of (8) and (9).

4. Bialgebras of distributions and Sabinin algebras

4.1. The Shestakov—Umirbaev functor YIII

Let & be a set. Denote by k{S} the unital free nonassociative (or magmatic)
algebra generated by the elements of S. The algebra k{S} can be given a structure
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of an irreducible bialgebra: the comultiplication is defined by the condition that
all the elements of S are primitive; the counit ¢: k{S} — k is the homomorphism
that sends 1 to 1 and all the elements of S to 0. It is easy to see that k{S} is
coassociative and cocommutative.

Recall that instead of the antipodes, nonassociative bialgebras have operations
of left and right division \ and /. In k{S} they are as follows. Starting with
1\v = v, a\v = —av for any generator a € S and v € k{S}, we use induction on
the degree |u| of u to define a bilinear operation u\v so that

Z u)\(ue)v) = e(u)v.

We also have ) u1)(u(2)\v) = €(u)v. Indeed, by induction on |u|, we get

uv = Zu 1) (€(u(2y) Zu ) (u(2)\u(z)v)
=D u( “(2)\“ + Y e(up)ue = —e(u)v+uv+ Y ugy(ue)\v).

[ugry | <|ul

Hence Y u(1)(ue)\v) = e(u)v. Similarly, we define a bilinear operation u/v that

satisfies
> () /v = e(@yu =Y (u/va))ve)-

Apart from the generators and their linear combinations, the algebra k{S} has
many other primitive elements. All these elements were described by Shestakov
and Umirbaev in [SU02].

Let v = ((z122) -+ )zm and v = ((y1y2) - - - )yn with x; and y; primitive. The
primitive operations p(u, v, z) are defined by

p(xla e ImiYly e Yng Z) = p(u7vv Z) = Z (U(l)U(l))\(U(g), V(2)» Z)a

where (z,y, z) = (xy)z — x(yz) denotes the associator and z is primitive. In [SU02]
it is shown that the p(u,v, z) are primitive and, moreover, that each primitive
element of k{S} can be obtained from the generators by applying repeatedly the
commutators and the operations p(u, v, z), and taking linear combinations.

Since p(Z1,...,Tm;Y1,---,Yn; 2) are just polynomial expressions in x1,. .., T,
Y1i,---,Yn, 2, they make sense in any algebra; given a nonassociative algebra A we
shall consider them as new (m + n + 1)-ary operations obtained from the product
on A. When evaluating in an arbitrary algebra A, the compact notation p(u, v, z)
for the operation p(z1,...,Tm;y1,.-.,Yn;2) may be misleading since it suggests
that we should first evaluate u = ((z122) -+ )zm and v = ((y1y2) - - )yn and then
apply a ternary operation p(u,v,z). In order to avoid confusion, we shall write
p(u,v, z) when working in a nonassociative, not necessarily free, algebra A. The
relation

(,0,2) = > uyv) - P, v, 2);

which follows immediately from the definition of the operations p(u,wv,z), also
makes sense in any algebra A even if it is not a bialgebra. This is a consequence
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of the corresponding identity in k{S}. Observe that when u,v,u) and vy are
not used as the arguments of p, they become products in A, so we do not need to
underline them.

Shestakov and Umirbaev related their work with the results of Mikheev and
Sabinin on local loops [SM87], [MS90]. Namely, in [SU02] they defined, for any
nonassociative algebra A, the operations

<1;y7'z> = <y,2> = —[y,z] = —Yz + 2y,

(1, Tmiy,2) = (wy,2) = —plu,y,z)+ plu, 2,y),

@SU(xl,...,zm;yl,...,yn)

11
= %E Z p(IT(l)v"'3'1:7'(m);y0'(1)3"'7y0'(71—1);y0'(71))7
© T T€Sm,0€8,

with u = ((z122) - -+ )Tm, Sm the symmetric group on m letters and m > 1,n > 2.

With these operations A turns out to be a Sabinin algebra [SU02]. In other words,
these operations satisfy the following identities:

<$1a"'7xn;yaz> = _<x17"'7xn;zay>7

<x17~-~7x’ma7b7x7'+1;"'amn;yaz>_ <$1,-~-733r7baa733r+17~-~733n§y72>

r
+ E E (xal,...,xak,(xakﬂ,...,xar;a,b>,xr+1,...,xmy,z) :07

k=0 «

-

Ozy,2 (<$1, s T, T3 Y, 2) + ZZ(&UQN s Ty (T s - - - ,xar;y7z>,x>> =0,
k=0 «

and

V(1 T Y1 Yn) = PV (T (1), T ) V(1) - - -5 Ys(n))
where « varies over the set of all bijections {1,...,7} — {1,...,r}, i = «; such
that oy < < - < ag, 41 <--- <, k=0,1,...,7,7 >0, 044, is the cyclic

sum over x, ¥y, z and 7 and § are permutations on m and n letters, respectively.
As a consequence, we have a functor from nonassociative algebras to Sabinin
algebras
A YHI(A)

that generalizes the usual functor from associative algebras to Lie algebras given by
assigning to an associative algebra its commutator algebra. The primitive elements
of any bialgebra W form a Sabinin subalgebra of YIII(W).

One is then naturally led to ask whether every Sabinin algebra is isomorphic
to a Sabinin algebra of the primitive elements in some irreducible bialgebra. An
affirmative answer (with a modified version of the operations p(;;) and, hence,
of the functor YIII) was given in [PI07]. Given a Sabinin algebra (V,(;,), ®’)
the corresponding bialgebra is denoted by U(V) and has the following universal
property: any homomorphism of Sabinin algebras from V' to a unital algebra A
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extends to a unique homomorphism of unital algebras U(V) — A. The algebra
U (V) was called in [PI07] the universal enveloping algebra of V.

There is a Poincaré—Birkhoff-Witt theorem for the universal enveloping alge-
bras of Sabinin algebras: as a coalgebra, U(V) is isomorphic to k[V]. Moreover,
the algebra U(V) is filtered and the corresponding associated graded algebra is
commutative and associative: it is isomorphic to k[V] considered as the symmet-
ric algebra. If we start with an irreducible bialgebra W, Prim(W) is a Sabinin
subalgebra of YII(W) and if {e1,ea,...,€q,...} is a basis of Prim(W), then

{(einein) - Jei, [0S i < - < igk >0}

is a basis of W (Poincaré—Birkhoff-Witt basis). The universal property of the
enveloping algebras gives an isomorphism

U(Prim(W)) =W

of bialgebras, which identifies the respective Poincaré-Birkhoff-Witt bases. In this
way irreducible bialgebras can be classified in terms of the Sabinin algebra of their
primitive elements. In the sequel we shall often write irreducible bialgebras as pairs
(k[V], -) where - is a product on the coalgebra k[V]. Sometimes, for clarity, we shall
also indicate the product explicitly while working with primitive operations and
the bialgebra divisions.

One useful consequence of the Poincaré-Birkhoff-Witt theorem is the following

Lemma 4.1. Any irreducible bialgebra is additively spanned by elements of the
form ™ = ((zz)x...)x with n > 0 and x primitive.

Indeed, it is sufficient to verify this statement for the associated graded algebra.
By the Poincaré-Birkhoff-Witt theorem it is isomorphic to the symmetric algebra
E[V] for which Lemma 4.1 is easily checked.

4.2. Similarity of bialgebras and the primitive operations

In a Sabinin algebra the identities for the brackets do not involve the multioperator,
and vice versa. Here we shall see how to modify a product in a bialgebra so that the
bracket operations defined via the Shestakov—Umirbaev operations do not change
and so that ®5Y takes any prescribed form.

Proposition 4.2. Let k[V] be a bialgebra with respect to two similar products -
and x. Then, for any p € k[V] and o, €V,

(0, 8) = (g, B) ™.

Proof. Let @' be the similarity between x and «. By the definition of p*(y, v, a),
(9) and Lemma 3.4, these operations can be written in terms of x and @’ as

p(p v, a) = Z (1) - va)\ (2) V), @)
= e(pe(v)a — Z (1) X @ (ke2y, V)N (z) % @ (1qay, vi2) x @)
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Hence, by (8) we have

Pl B) == () * ‘I)I(M(z) am))\ () x ' (pe), ag) x B))
== (B x )\ () * B)
> )\ (@) ¥ ¥ (i), @ x B))
== () x )\ (@) x B) — @' (1,0 x ).

It follows that

—p (0, B) + P (1 Boa) =D (pay x a)\x(u(g) x B)
- Z ey X BN () x @) + @' (u, [a, B])
= () x )\ () * B)
= () x B\ (i) x @) + e(p)e, 8],
an expression that does not depend on the particular ®’. O

Proposition 4.3. Let k[V] be a bialgebra with respect to the product -. Given any
set of multilinear operations

fori > 1 and j > 2 there exists a product x on k[V] similar to -, such that the
operations ®5V in (k[V], x) coincide with the operations ®.

Proof. Extend the definition of the ®; ; to the cases ¢ = 0 and j = 1 by setting
®y ; and ®; 1 to be identically zero. Take

U(z,1) =€(z)l
for any = € k[V] and define the bialgebra similarity
U: E[V] @ k[V] = E[V]

inductively by

U(, 0™ = 2)\ () - Uae), b)) - ((z))e(bis)b — () b3, b))

for any z € k[V] and b € V. Here b™*! stands for ((b-b)...) - b. According
to Lemma 4.1 this determines ¥ completely. It is easy to check that ¥(z,b) =
e(x)b, and an induction on m shows that ¥U(1,b™) = o™, A(¥(z,b™)) = (¥ ®
U)(A(z,b™)) and e(U(x,b™)) = e(x)e(b™).

Define a new product x on k[V] by setting

rxy=> wa - ¥(rw),y)
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In (k[V], x), on one hand,

(2,5, 0) = (2(1) X b{i)) ¥ DV (253 bi3), b),

and, on the other hand,

(@,0™,0) =Y (za) - U(e),b™) b= wa) - U(wa), b
- Z z1) - ¥(z2),0(1))) - Pz 3): b3, b)
= Z Ty X b(l) X ¢'(£(2);_(2)ab)‘

Using these two ways of computing > (z(1) x b\ (2 (2), b5y, b) we get PSU = @
as desired. 0

4.3. The equivalence of categories

It is known from [PI07] that the category of irreducible bialgebras is equivalent to
that of Sabinin algebras. The proof given in [PI07], however, uses primitive oper-
ations different from the original operations p(x1, ..., Zm;y1,...,Yn; 2) considered
by Shestakov and Umirbaev. Here we shall show that the functor that assigns
to an irreducible bialgebra its subspace of primitive elements with the operations
defined in Subsection 4.1 also gives an equivalence of categories.

Lemma 4.4. Let W be an irreducible bialgebra, let (Prim(W), (;,)’,®’) be the
Sabinin subalgebra of its primitive elements and let V = {e1,...,€q,...} be a basis
of the vector space Prim(W'). Let k{V} be the unital free nonassociative algebra on
V and I the ideal of k{V} generated by

(u; a,b) — (u; a,b)’ and ®5Y (u;0) — @' (u,v)
for any a,b € Prim(W) and u,v right-normed" monomials in the e;. Then the
coproduct in k{V} descends to k{V}/I and there is a bialgebra isomorphism W =

K{V}/I.

Proof. Denote by W the algebra k{V}/I and by 7: k{V} — W the quotient map.
Since V is a basis of Prim(W), there is an epimorphism k{V} — W which vanishes
on I and, hence, factors through an epimorphism ¢: W — W. In order to show
that ¢ is an isomorphism, we exhibit a vector space basis of W which is sent by ¢
to the Poincaré-Birkhoff-Witt basis of W.

By definition, in W we have

ua-b—ub-a= qu(l)@(Q);a,b)’ (10)

for any right-normed monomial v in 7(V) and a,b € w(V). It follows that any
two right-normed monomials in 7()), that differ only by a permutation of their

IThat is, of the form ((e4,€45) - - ) or, in other words, with all opening brackets to the
left of the first argument.
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variables, are equal in W modulo monomials of smaller degree. Using this fact, to-
gether with the definition of ®3Y, we see that modulo the right-normed monomials
of lower order

uv-a—u-va = Z (w1)v2) P (U2);v2)) =0 (11)

for any pair of right-normed monomials « and v in 7(V) and a € 7(V).

Using the induction on the degree of the monomials we now can deduce that
W admits a Poincaré-Birkhoff-Witt type set of linear generators ((&;,&;,) - - - )&,
where 0 < i3 < -+ < i,k > 0, and &, = 7(ey). Since @ sends this set to a
Poincaré-Birkhoff-Witt basis of W, then it must be a basis of W and W = W.

In order to see that this is an isomorphism of bialgebras it is sufficient to note
that the elements of V are primitive both in k{V} and in W. O

Theorem 4.5. The functor from the category of irreducible bialgebras to that of
Sabinin algebras, which assigns to a bialgebra W the Sabinin subalgebra Prim(W)
of YII(W), is an equivalence of categories.

Proof. We will show that the functor W +— Prim(W) is (1) faithful, (2) full and
(3) essentially surjective.

(1) Recall that any irreducible bialgebra, as a coalgebra, is isomorphic to k[V]
where V' is the space of the primitive elements. Therefore, by Corollary 2.4.17
in [Abe80] any homomorphism W — W' of bialgebras, with W irreducible, is
determined by its restriction to Prim(W). This implies that the functor W —
Prim(W) is faithful.

(2) This is a consequence of Lemma 4.4.

(3) It was shown in [PI07] that given a Sabinin algebra (V, (;,), ®’) there exists
an irreducible cocommutative unital bialgebra (k[V],-) such that the operations
(;,) are recovered as

(a:~a)~b—(x~b)~a:—2m(1)-@(2);@()).

Now, by Proposition 4.3, the product - can always be modified in such a way that
the operations (;,) remain the same and that the multioperator on V takes any
desired form. [

5. Sabinin algebras and formal multiplications

In this section we show directly, following the method of Sabinin and Mikheev,
that the category of Sabinin algebras and that of formal loops are equivalent. As
a result, we shall have two constructions of a Sabinin algebra associated with a
formal multiplication: via the primitive elements in the bialgebra of distributions,
described in the preceding two sections, and the direct construction of the present
section. These two constructions, however, do not coincide. We shall prove that
the operations (;,) are the same in both cases and exhibit a formal multiplication
for which the two multioperators are different.
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5.1. The geometry of the operations in a Sabinin algebra

For a Lie group G the left multiplication by elements of G gives a flat connection
(the canonical connection) on the tangent bundle of G. All covariant derivatives of
the torsion tensor of the canonical connection vanish and the torsion tensor itself
coincides on the tangent space to the unit, up to sign, with the bracket of the Lie
algebra of G.

A generalization of this approach led Sabinin and Mikheev to the first success-
ful general treatment of the nonassociative Lie theory. They observed that an
infinitesimal loop satisfying the right alternative identity is, essentially, the same
thing as a germ of a flat affine connection. It is known that an (analytic) flat affine
connection can be reconstructed locally from its torsion tensor and its covariant
derivatives; therefore, these tensors provide analogues of the Lie brackets for right
alternative infinitesimal loops. The identities for these operations are the universal
identities satisfied by the covariant derivatives of the torsion tensor of a flat affine
connection; their explicit form is well known.

Any infinitesimal loop determines a unique right alternative infinitesimal loop;
and the difference between the two is measured by the operation ®(a,b) defined
by equation (7). If this operation is analytic, it is reconstructed from its Taylor
series in the normal coordinates (local coordinates on the loop coming from the
tangent space via the exponential map). The homogeneous terms of this Taylor
series form a set of multilinear operations (multioperator) which complements the
derivatives of the torsion tensor as a part of the structure of a Sabinin algebra.

These constructions can be translated into the formal setting with minimal
effort, as we shall now see.

5.2. The torsion of a formal flat connection and
the Mikheev-Sabinin brackets

A formal vector field is a linear map A : k[V] — V. The product of a formal vector
field A with a formal function f is given by

FA =Y fli) Alpe)-

This action provides the formal vector fields with the structure of a free k[V]*-
module. In fact, any set {4;}; of formal vector fields such that {A4;(1)} is a basis
of V gives a k[V]*-basis of Hom(k[V],V).

A formal vector field A gives a derivation D4 of the algebra k[V]
functions into itself:

* of formal

Da(f)=A(f): pr Zf(uu)A(u(z))),

where the product on k[V] is that of the symmetric algebra. We have (fA)(g) =
[+ A(g). Formal vector fields form a Lie algebra with the Lie bracket [A, B] given
by

[A, B]: p > BluayAlue) — Alua)yBlue))-

Clearly, [Da, D] = D4, We also have that
[A, fB] = A(f)B + f[A, B].
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A formal flat affine connection is a linear map k[V]® V — V whose restriction
to 1 ® V is the identity. For a given formal connection, pu € k[V] and v € V', we
write p*v for the image of p®wv. The vector field v*: p +— px*v is said to be adapted
to the tangent vector v. Using induction on the degree of 1 one constructs the
unique “inverse” map k[V]® V — V sending p ® u to an element that we denote
by u\*u and such that

Do na\ (k) *v) = (v =D nay * (k) \ ).

The covariant differentiation with respect to the formal vector field A is defined
as

Va(B): = BlpmAlpe)) = () Ale)) * (e \"Bluw))-

Proposition 5.1. Let A, B be formal vector fields, f a formal function and v, w €
V. Then:

(1) Vya(B) = fVa(B);
(2) Va(fB) = A(f)B + fVa(B); and
(3) V- (w*) = 0.

Proof. We shall only prove (3). By definition
= w (payv* () — (vt (he) * (e \ " w* (1))
=3 () () * ) xw — () (1) * ) * (e)\ " (1) *w))
=3 (1) () * ) *w — (p) (pe2) *0)) * ((pe)w) =0. O
The torsion of two formal vector fields A and B is defined in the usual way
T(A,B) =Va(B)—Vg(A) — A, B].
In the case of adapted vector fields z*, y* with z,y € V we get
T(x",y") = =[z",y"].

Now, assume that a formal loop F is given on V and denote by p1 - pe the
corresponding product on distributions. As mentioned in Subsection 3.2, it gives
rise to a formal connection simply by restricting F to k[V] ® V. The action of
the adapted vector fields on functions is easily derived from the product g1 - 2 on
k[V].

Lemma 5.2. Let~y: k[V] — k[V] be a coderivation, that is, a linear map satisfying
A(y(p) =D (1) @ ey + 1y @ ¥ (1)-

Then
Zﬂ(l my (7 M(z ))-

This statement is well known, but we shall prove it for the convenience of the
reader.
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Proof. Let S denote the antipode of the symmetric algebra k[V] considered as a
Hopf algebra. Since

(ZS r)v (k) )
= S(pa)r(ie) @ S(ue) e + S(we)iw @ S(ra)v(ie)
=3 Spa)r(pe) @1+10 > S(ua)v(ne)

we have that ) S(u(1))v(p(2)) is primitive. This implies that

> S(pa)v(ie) = mv(v(1)-

Indeed, the definition of a coderivation implies that the degree zero term of ~(u)
always vanishes; moreover, if p is a monomial, S(u) is of the same degree as p.
Therefore, the degree 1 component of » S (s 1))y (i (2)) is equal to my (y(u)) and
there are no components of any other degree.

It follows that

=> pShe)v(ue) =D poymv((ne)). O

Lemma 5.3. For any x € V and f € k[V]* we have
e () (w) = f(p- ).

Proof. Notice that v: p — p-x satisfies A(y(u)) = D v(pa)) @2y + 1) @7 (12))-
This implies that

)= Zf(“(l)x (12) Zf pymv () - o)) = f(p- ). 0

If T is the torsion tensor of this connection, then setting
<I17 s Ins Y, Z>F = vx’l‘ e vaLT(y*a Z*)(l)

we obtain an (n + 2)-linear operation on V for all n > 0. In the case that G
is an analytic local loop, the corresponding affine flat connection is determined
by its adapted vector fields v*, v € T.G. For any analytic function f on G and
any distribution p with support at the identity e, the construction of Mikheev
and Sabinin provides p(v*(f)) = wu(g) with g: a — v(f o L,), so u(v*(f)) =
(11-v)(f) in the bialgebra of distributions of G with support at the identity. Under
the identification of analytic functions with elements of k[V]*, Lemma 5.3 shows
that the definition of adapted vector fields that we present agrees with this one.
Therefore, the formal connection, torsion and bracket operations that we define
agree with the corresponding constructions by Mikheev and Sabinin. In [SM87]
they proved
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Proposition 5.4. Assigning the set of operations (x1,...,2Tn,y,2)F to a formal
multiplication F' gives a functor from the category of formal loops to that of Sabinin
algebras with trivial multioperator.

The torsion tensor also admits a simple interpretation in terms of the product
fi1 - 2.
Lemma 5.5. For any x,y € V and pu € k[V] it holds that

Ty )(w) =mv((p-y) o —(u-z)-y).
Proof. We have that

T(*,y*) (1) = —[2", v () = >_ 2" (nyy" () — " (1= (1))
=Y 2" (v (ne - v) = v (pomv () - )
=Y a2t (py) -y (o) =mv(p-y) z—(u-x)y). O

Recall that a set of multilinear brackets (z1,...,2,;y,2) on V can be defined
via the Shestakov—Umirbaev operations.

Theorem 5.6. The operations (x1,...,xn;y, 2z) of Shestakov and Umirbaev iden-
tically coincide with the operations (x1,...,xn;y, 2)r of Mikheev and Sabinin.

Proof. Let {v;}; be a basis of V' and define formal functions {f;}; such that

(v, 2 Z filp

The map v: p— (p-2)-y—(pn-y)- 2 satlsﬁes the condition in Lemma 5.2 so that
YT ) @) = (p-2) -y = (-9) 2= 3wy (B39 2)

= Z Z fi(“(2))ﬂ(1) "V = ZZ fi(M(1))M(2)7TV(M(3) - ;)
=222 Uil (n))

= ha (Z fivi (p2) >
2") = Zfﬂ):

The covariant differentiation of the torsion T is then given by

V VI*Ty z* Za:l

This proves that

and the operations of Mikheev and Sabinin are recovered as
<I13 s Iy Y, Z>F = Va:f t VI:LT(y*7 Z*)(l)

— Zfi(((xl @) ) - a )vs

= <I1,---,In;y,2>
as desired. O
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5.3. Multioperators

For a local analytic loop (G, -), the multioperator is a series of operations on the
tangent space V = T .G at the identity of G given by

®'(x,y) = log ®(expx, expy)
where ® is as in (7). The homogeneous components of @ are linear maps
;i k[V] @K[V]; = V.

Each <I>;, ; can be thought of either as a multilinear map V®iti 5 V which is totally
symmetric in two groups of variables, namely, the first ¢ and the last j variables,
or as a polynomial map in two variables and bidegree (i,7). In the language of
Subsection 3.2 ®' is a similarity.

The construction works for arbitrary formal loops if, instead of the exponential
map T.G — G, one uses the exponential series as defined in the Appendix. In
particular, let us consider it for the formal loop of nonassociative polynomials.

Let S be a set and let k{S} be the unital free nonassociative algebra generated
by the elements of S. Denote by R the ideal in k{S} generated by S. There is a
formal loop on R sending x ® y to x 4+ y + xy, where the product zy is taken in R.

For a, B € R write a = expa, b=exp and ®' =3 @ ;(a; 8). (Here we treat
<I>;7j as a function of two variables «, 8 which is of degree ¢ in « and j in 8.) Then
(7) has the form

o0 1 ,
exp, (a®’) Z y )®' = ab.
k=0

This formula may be seen as a recursive definition of ®’. For instance, expanding
a as a series in o we see that

@)y == 16, (0,5, B)] — tprae 5% 6)
(1)12,3:_1_12(0‘757(0‘7575))+_(a7(a7575>75)

— 5a[0:p24(0% ;)] — o paa(as 5% ).

These expressions are essentially different from the multioperator of Shestakov and
Umirbaev

O = p, 1 (o, 371, B) /il

In general, we do not have such a closed formula for the Sabinin—Mikheev multi-
operator.

6. Linear formal loops

Any finite-dimensional unital algebra A over the real numbers defines a local
loop in a neighbourhood on the identity 1. By translation x — x — 1 we obtain a
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local loop in a neighbourhood of 0. The product xy of this local loop is related to
the product = * y of A by
TYy=r+y+axTxy.

This formula, in fact, defines a formal loop on A considered as a vector space. We
shall denote this formal loop by G. Note that the existence of the identity in A is
not relevant here, so A can be taken to be nonunital.

As a vector space, A can be identified with Prim(k[G]) and, hence, there are
two ways to give the structure of a Sabinin algebra to A: using the Shestakov—
Umirbaev operations in k[G] and in the algebra (A, *).

Theorem 6.1. Prim(k[G]) and YUI(A,*) coincide as Sabinin algebras.

Proof. Let (A% %) = k1 @ A be the algebra obtained by adding a formal unit
element 1 to A.

The map 74%: k[G] — A% > e(u)1 + 74 () which assigns to a distribution
its component of degree < 1 is, in fact, a homomorphism of algebras. Indeed,

G(p1, p2) = e(p2)ma(pa) + e(pa)ma(pz) + ma(pa) * ma(pz) so

Ta# (G (1, p2)) = €(pr)e(pa)l + G(pa, p2)
= e(p1)e(p2)l + e(pa)ma(pr) + e(ur)ma(pe) + ma(pr) * ma(p2)
= ma# (1) * ™% (p12)-

Since the Shestakov—Umirbaev operations are functorial with respect to algebra
homomorphisms, then they coincide on Prim(k[G]) = 4. O

Corollary 6.2. With the previous notation k[G] = U(YIII(A)) as bialgebras.

Definition 6.3. A formal loop F is called linear if there exists a finite-dimensional
vector space A with a bilinear product x * y and a homomorphism

v F— G

with G(x,y) = x+y+x+y, where xxy stands for the formal map k[A]@k[A] — A,
1 ® po — wa(pr) * wa(p2), such that the induced ¥: k[G]* — k[F]*, g+— go ¢,
is an epimorphism.

The following statement is obvious.

Lemma 6.4. Let F,G be formal loops and ¢: F' — G a homomorphism of formal
loops. Then U: k[G])* — k[F]*, g — g(¥0'), is surjective if and only if ¥': k[F] —
k[G] is injective.

Proposition 6.5. Let ' be a formal loop. Then F is linear if and only if there
exists a finite-codimensional ideal I of the algebra k[F]| with I N Prim(k[F]) = 0.

Proof. Suppose that F' is linear. Then there exist G(x,y) = x+y+x*y, with xxy
bilinear, and v: F' — G a homomorphism such that the induced homomorphism
' E[F] — k[G] is injective. In the proof of Theorem 6.1 we saw that the identity
map on A extends to the surjective homomorphism 7 4% : k[G] — (A%, ). The
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kernel I of the composition 74%1’ is a finite-codimensional ideal of k[F] with
INPrim(k[F]) =0.

Conversely, assume that I is a finite-codimensional ideal of k[F] such that I N
Prim(k[F]) = 0. Consider A = k[F]/I, with the product denoted by *, and
G(xz,y) = * + y + « *x y the corresponding formal loop. Using the universal
property of k[F] we see that the monomorphism Prim(k[F]) — A = Prim(k[G])
of Sabinin algebras induces a homomorphism of bialgebras ¢’: k[F] — k[G] with
injective restriction to Prim(k[F]). By Theorem 2.4.11 in [Abe80], this map ¢’
must be injective too. The proposition now follows from Lemma 6.4. [

In [PIS04] it was proved that any Moufang formal loop is linear, a result that
extends Ado’s theorem to Malcev algebras. However, there exist formal multipli-
cations that are not linear. Important examples come from Bruck loops. A Bruck
loop is a loop that satisfies the Bol identity

a(b(ac)) = (a(ba))e

(which implies that L1 = L,-1 for some a~') and the automorphic inverse prop-
erty
(ab)™' =a 17!

for all a, b, c. The bialgebra of distributions k[F] of a formal Bruck loop satisfies

Z“(l) v(pen)) = Z(N(l)(l/u@)))ﬁ

and there exists a map S such that

p\v = S(p)v
and
S(u) = S(W)S(w)

for all p,v,n € k[F]. In this case all the operations of the Sabinin algebra
Prim(k[F]) are easily described in terms of a Lie triple system and, conversely,
any Lie triple system provides a formal Bruck loop law. However, Lie triple sys-
tems that are not nilpotent do not provide linear multiplications [PI08].

6.1. Some examples

Let us consider the bilinear product on k2,
xxy = (x1y1 + T2y3 + T3Y2, T1Y2 + To2y1, T1Y3 + T3Y1)
and the formal multiplications

Gz,y) =r+y+axxy,

F((22,23), (y2,y3)) = !

—_— (T2 + T3 + .
1+x2y3+a:3y2( 2 + Y2, 23 + Y3)
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The map

gz‘)* T2 I3
o 1+$1’1+$1

defines a homomorphism ¢: G — F of formal loops. It induces a surjective homo-
morphism ¢’ : k[G] — k[F] determined by ¢'(01) = 0, ¢'(92) = 02 and ¢’ (93) = 03,
where 9; is the basis vector of k? corresponding to the coordinate ;. These formu-
lae come from considering (V, (,)) a two-dimensional vector space with a bilinear
form of maximal Witt index, A = Re @ V the Jordan algebra with the product

(ae+a)(Be+b) = (af + (a,b))e + ab+ fa

and the formal loop determined by A. The subspace Re may be thought of as
a normal subloop and F as the quotient of G by Re. Although the formal loop
G is linear, we shall see that F' is not. To simplify the notation involved in our
computations, we shall identify k[G] with U(YTII(A)).

Lemma 6.6. Let A be a Jordan algebra, then in U(YII(A)) we have

plasze,b) = = 3 pleszgy), plas 22y, ) + () (a, c,b)

and
(a’a xc, b) = (CL, xZ, b)C + SC((J,, c, b)

for any primitive a,b, c and any x € U(YUI(A)).

Proof. 1t follows from the definition of the Shestakov—Umirbaev operations that
for a, b primitive and for any =z,

(a,z,b) Zz(l)p a, o), b).

The map = — (a,z,b) is a derivation of any Jordan algebra so in A,

(a e b) _ {Z m(l)p(a7£(2)c7 b) + Z(aj(l)c)p(a7£(2)7 b)a
(a’a z, b)C + x(a, C, b) = Z C(I(l)p(aa 2(2)3 b)) + I(a7 C, b)7
thus
Z I(l)p(aa L6, b) = Z 7(1:(1)3 C,p(CL, L2y, b)) + x(a, & b)
=Y —wyp(ze), ¢ p(a, 233, b)) + > w1)e(z(2))(a, ¢, b).

Dividing by z(1) we get the first equality. The second equality follows from the
first one by reversing our argument in U(YIII(A)) (notice that U(YTI(A)) is
commutative). O

Theorem 6.7. The formal loop

1

Fl(w2,25), (v2,93)) = 35 —=

(2 + Y2, 23 + y3)

is not linear.
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Proof. Any finite-codimensional ideal of k[F] that meets trivially the primitive
elements provides a finite-codimensional ideal of k[G] that contains d; and with
trivial intersection with k0s + k03. With the identification k[G] = U(YIII(A)) we
obtain a finite-codimensional ideal I of U = U(YII(A)) withe € T and VNI = 0.
Let us show that this is not possible. We will fix a,b € V with (a,a) = 0 = (b,b)
and (a,b) = 2.

Since A is a Jordan algebra, A is commutative and power-associative, so the
formal loop determined by A is also. The universal enveloping algebra U is commu-
tative and the powers 2™ are well-defined for any « € Prim(U). The dimension of
U/I is finite so we can find a linear combination aV +oaaN T+ 4 ay_1a el
By the previous lemma, we conclude that o € I. We also assume that N is
minimal with respect to this property.

In A the powers a™ vanish if m > 2. In such a case the relation (a™,b,b) =
> aﬁ)p(ﬁg), b,b) implies that

p(a™,b,b) = —map(a™ ", b,b) = - = (=1)""t4m!la™ 2,

and we obtain p(a, b, b) = 2b, p(a®,b,b) = —8e,p(a®,b,b) = 24a and p(a™,b,b) =0
if m > 4. Let us use these formulae to prove that o’ € I implies a € I, which is
not possible because VNI = 0. In the case that N = 2, in U(A) we have that
modulo I,
0= (a® b,b)a = p(a®,b,b)a + 2ap(a,b,b) - a = —8ea + 4ab - a
= 4a”b — 4(a, a,b) = —4(a, a,b) = 8a.

In the case that NV > 3 then
_ /N N-1 N\ N2 o
0=(a",b,b)a= Na p(a,b,b)-a—i—(Q)a p(a”,b,0) - a

N
+ < 3>aN3p(Q3a b7 b) - a
=2Na""'h-a—4N(N —1)a"%e-a+4N(N — 1)(N — 2)a™ 1
=—2N(a,a™ 1, b) +4N(N — 1)(N —2)a™ !

=4N(N —1)%a" !

so V™1 € I, a contradiction with the minimality of N. O

Operations (;,) on Jordan algebras are determined by a Lie triple system. The
same relation holds for Bol algebras with trivial binary product. This indicates
that a formal loop determined by a Jordan algebra is similar to a formal Bruck
loop [PI07].

Proposition 6.8. If A is a Jordan algebra, in YIII(A) we have

(xzc;a,b) = Z@(l); ¢, (Z(9);a,b)) and (¢;a,b) = —(a,c,b)

if |x| > 1.
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Proof. Since U(YIII(A)) is commutative, by Lemma 6.6,
(xe,a,b) — (ze,bya) = (xc)a - b — (zc)(ab) — (zc)b - a + (xc)(ba)
= —(b,zc,a) = —(b,z,a)c — x(b,c,a)
and
Z (zc)q)y - (@(2); b,a) = (z¢,a,b) — (xe,b,a) = —(b,x,a)c — x(b, ¢, a)
= Zx a:(Q),b a)-c—xz(b,c,a),

SO

dor - (zeesba) =Y e {z;b,a)
+ > wa) (@b a) - e —x(b,c,a)
=" (e 2y, (@b, a) — z(bc,a)
:qu) Lo); ¢ (L 3)3 b, ) — (b, ¢, a)
as desired. O

Appendix:
Nonassociative exponential and logarithm

Here we give the explicit formulae for the nonassociative exponential and log-
arithm, defined as the exponential and logarithm for the canonical connection on
the loop of nonassociative power series.

The exponential

Let R be the algebra of nonassociative power series in some set of variables with
coefficients in k and with no constant term. Given X € R we define expX €1 +R

as
X2 XZX  (XHX)X
epr:1+X+T+ 31 + A1 + e
It is readily seen that exp X is the value at t = 1 of the solution of the differential
equation

da
= —aX
a ¢

with the initial condition a(0) = 1.

One may think of the algebra R is the tangent space at 1 to the multiplicative
loop 1+ R. Right multiplication by b € 1+ R defines a parallel transport of R to
b+7R. More generally, the canonical connection on 1 —l—R is defined by transporting
b+Xeb+Rtoc+ce\X)ec+Roralbecel+R.

Curves of the form exp Xt are the geodesics of the canonical connection that
pass through 1. It is equally easy to write the geodesics that pass through b € 1+R.
For X € R, define exp, X as

XO\X) | (XO\X)O\X) | (XO\X))\X)B\X)

expp X =b+ X + o1 3] 1
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Then exp, Xt satisfies the equation

da
— =a(b\X
= a(b\XY)
with the initial condition a(0) = b.
It is easily verified that, just as in the associative case, X € R is primitive if
and only if exp X € 1 + R is group-like, that is,

AexpX =exp X Q@ exp X.

This property, however, does not define the exponential series uniquely; see, for
instance, [GHO3].

The logarithm
The power series log(1 4 ) is defined by exp(log(1 + z)) = 1+ 2. The coefficients
of log(1 + z) can be found as follows.

Assume that R = ﬁ(a:), the algebra of nonassociative power series in one vari-
able z. (One can forget altogether about the variable and think of the nonasso-
ciative monomials in z as of rooted binary plane trees.)

Write X = )" X,7 where the sum runs over all nonassociative monomials 7.
Then exp X can be written as

X'r X'r X'r
expX = Z —r k.

T=(...(T172)...)Tk

Writing exp X = > _a,7 we have

1
A(.(ri7a). ) = X(o(rima)o ), T EX(...(TITQ)...)T,C,IXW
1

Jr3!

X(...(Tng)...)Tk,QXTk,lX'rk + -

Also,

1
Al (rire) e )TN = X (o (ri72)e )TNt 5X(...(rm)...)m,QXTk,le-i- R
A (r172) e )T X1 X = X (o (170) )2 K1 X,
1
X

+ EX(...(n'rz)...)'rk,d kazXkalXTk +---,

and so on.
Recall that the Bernoulli numbers By, satisfy the identity

— kl(n —k)!
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It follows that

By
X( (i) )m, = A (rym).)m, T Fa(...(ﬁm)...)Tk,erk

B, Bj—1

+ 91 a(...('rl'rz)...)'rk,gXTk,lXTk + -+ maﬁXTg o XT

I

Now, set a; = 1 and a, = 0 for 7 # . Then the X, are the coefficients of the
power series log (1 4+ x). Setting 7 = (... ((@71)72) ...)7; we see that

By,
X, ==

Xr oo Xoy
Given a binary rooted plane tree 7 define B, and 7! inductively as follows.
For 7 = x set B, = 7! = 1. If 7 # x, there is only one way of writing 7 as a

product (... ((x71)72)...)7k. Set

B, =By By ...B;,
and
l=Kklm!. . .7l

With this notation we have

B
log(lJr:v):Z?oT

Identities related to sums over trees

This expression for the coefficients of the nonassociative logarithm implies certain
identities on Bernoulli numbers. Imposing the associativity condition on R, we
turn our exponential into the usual exponential series; therefore, our logarithm
becomes the usual logarithm. All monomials 7 with degT = n are sent to the
monomial ™. We obtain

B, (=1)nH!
E = 7 12

7! n (12)
degT=n

A direct proof of (12), together with a generalization of it, was communicated
to us by D. Zagier.

Choose arbitrary weights (1, 82,... and for n > 1 define A, as > 8;, where
the sum runs over plane rooted trees T of degree n and [, is defined as 3;, - - - B3;,
if the vertices of 7 have 71, . .., 4, outgoing branches. Since each such tree consists
of a root which is joined to the roots of some (ordered) collection of plane rooted
trees, say 71,...,7, of degrees ni,...,n, > 1 with >, n; =n — 1, we have

A =1, Ap = E Br E Ay A, ifn>1.
r>1 ny,..np>1
ni+-+n,=n—1
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Hence the generating function L = L(z) = Y 2, A,2" satisfies the functional
equation
L = I(1+Zﬂ7~Lr>,
r=1
or
L
—— ==
B(L) ’

where B(t) =1+ 7, 8, t" . For instance, if all 3, =1, then B(t) = 1/(1 —t) and
therefore L(1 — L) =z or L = (1 — /1 — 42)/2, the standard generating function

2
for the number (" /(n + 1) of plane rooted trees of degree n (= number of
n

length n bracketings = nth Catalan number). If 3, = B,./r!, then we have instead
B(t) =t/(e* — 1) and hence z = e* — 1 or L = log(1 + z), giving \,, = (—1)""!/n,
that is, formula (12).
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