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Linearizing

» O. Loos: Symmetric spaces I: General theory (1969).

Idea of non-associative Hopf algebras.

> J.-P. Serre: Lie algebras and Lie groups (1964).

He discuss local Lie groups by using distributions with support at e.



Distributions with support at a point

Let (Q, e) be a smooth pointed manifold and (U, (x!,...,x")) a coordinate
neighborhood at e and the vector space

De(Q= P RO 5le)

€1,...,en>0
with 89 88e(f) := b := f(e).
Given ¢: Q1 — Q2, & = p(e1) a smooth map, consider the linear map

9’/‘/3De1(Q1) —  De(Q2)
poo= o(p): g u(goyp)

We obtain a functor from the category of smooth pointed manifolds to the category of
vector spaces (linearization)



Manifolds Distributions

TeQ =R{0Otle, - .., Onle) = Prim(De(Q)) = {u|A(n) = p ® de + e ® p}.



Manifolds

Diagonal

QR — @xQ

x = (x,x)

TeQ = R<8I|e,

Distributions

Comultiplication
A DE(Q) - D(e,e)(QX Q)gDe(Q)(@Ds(Q)
B D) @K

oo Dle) = Prim(De(Q)) = {ul A1) = 1 ® Je + 3 ® i}



Manifolds

Diagonal

QR — @xQ

x = (x,x)
Constant

Q — e
X = e

TeQ = R{Bye, ...

Distributions

Comultiplication

A: De(Q)

Counit

€: De(Q)

:Onle) = Prim(De(Q)) = {p|A(k) = p @ be + b @ p}.

- D(e,e)(Q X Q) = De(Q) ®DE(Q)
B Zuu) ® H(2)

— De(e) @R



Manifolds
Diagonal
Q — Q@xQ
x = (x,x)
Constant
Q — e
X — e
Product
QxQ — Q

(xy) = xy

TeQ = R{O1]e, - ..

Distributions

Comultiplication
A:De(Q) = Die,e)(Q X Q) = De(Q) @ De(Q)
B D) @K
Counit
€:De(Q) — De(e) =R

woo—= e(p)
Product

De(Q)®De(Q) — De(Q)
LUV — v

:Onle) = Prim(De(Q)) = {p|A(k) = p @ be + b @ p}.



Manifolds

Diagonal

Q —

X —

Q@xQ

(x; %)
Constant

Q — e
X — e
Product
QxQ — @
(y) — xy

Inverse

QR — @

x = x!

TeQ = R{O1]e, - ..

Distributions

Comultiplication

A: De(Q)

- D(e,e)(Q X Q) = De(Q) ®DE(Q)

B> n) @ He)

Counit
€:De(Q) —
uoo—

Product
De(Q) ® De(Q)
v

Antipode
De(Q) —
T

De(e)
e(p)

1R

R

—  De(Q)
= uv

De(Q)
S(u)

:Onle) = Prim(De(Q)) = {p|A(k) = p @ be + b @ p}.



Manifolds

Diagonal
Q — @xQ
x = (x,x)
Constant

Q — e
X — e
Product
QxQ —- @
(y) — xy
Division
QxQ — Q
(y) = x\y

TeQ = R{O1]e, - ..

Distributions

Comultiplication

A:De(Q) = Die,e)(Q X Q) = De(Q) @ De(Q)
B D) @K

Counit
€:De(Q) — De(e) =R
woo—= e(p)
Product
De(Q)®De(Q) — De(Q)
LUV — v
Division
De(Q) @De(Q) — De(Q)
p®v = p\v

:Onle) = Prim(De(Q)) = {p|A(k) = p @ be + b @ p}.



Manifolds
Diagonal
Q — @xQ
x = (x,x)
Constant
Q — e
x = e
Product
QxQ — @
(y) — xy
Division
QxQ — Q

(xy) = x\y

TeQ =R(01le, -, 0n

Definition (Non-associative Hopf alg.?)

e) = Prim(De(Q)) = {ulA(1) = 1 ® 8e + 3 ® i}



Manifolds Definition (Non-associative Hopf alg.?)

Diagonal 1. (Bialgebra) Unital algebra + A and ¢
homomorphisms of unital algebras
Q — Q@xQ
x = (x,x)
Constant
Q — e
X = e
Product

To prove it for De(Q)

QxQ —- @
(y) > xy :glinearize...

. (x,¥) - xy
Division ! 1
QxQ — Q oxy,y) = (v, xy)

(xy) = x\y

e) = Prim(De(Q)) = {ulA(1) = 1 ® 8e + 3 ® i}

TeQ :R<81|€7"'1an



Manifolds
Diagonal
Q — @xQ
x = (x,x)
Constant
Q — e
X — e
Product
QxQ — @
(y) — xy
Division
QxQ — Q

(xy) = x\y

TeQ = R{(01]e, -

Definition (Non-associative Hopf alg.?)

1. (Bialgebra) Unital algebra + A and ¢
homomorphisms of unital algebras

2. 3w \(reyy) = ep)v =3 na)(pe)\v)

To prove it for De(Q)

:glinearize. ..

(xy) = (xxy)
! 1
y ~  x\(xy)

.+, Dale) = Prim(De(Q)) = {HIA(1) = 1 ® Je + de ® i},



Manifolds
Diagonal
Q — @xQ
x = (x,x)
Constant
Q — e
X — e
Product
QxQ — @
(y) — xy
Division
QxQ — Q

(xy) = x\y

TeQ = R(01]e, - . -,

Definition (Non-associative Hopf alg.?)

1. (Bialgebra) Unital algebra + A and ¢
homomorphisms of unital algebras

2. 3w \(reyy) = ep)v =3 na)(pe)\v)

3. X)) /ve) = e = X (1/vay)ve)

To prove it for De(Q)

:glinearize. ..

(y) — (xy.y)
+ +
x ~  (xv)/y

e) = Prim(De(Q)) = {ulA(1) = 1 ® 8e + 3 ® i}



Manifolds Definition (Non-associative Hopf alg.?)

Diagonal 1. (Bialgebra) Unital algebra + A and ¢
homomorphisms of unital algebras
— X
N f f 2. S ) = (v = 5y () \»)
—
x X 3. X)) /ve) = e = X (1/vay)ve)
Constant
» (Coasociativity) (AQ o A= (I®A)o A
Q — e
X = e
Product
To prove it for De(Q)
QxQ — Q@ I .
(y) o xy :5 inearize. . .
Division i - (Xix)
QxQ — Q (ox) = (x6xx)

(xy) = x\y

TeQ = R(Bile,..., Onle) = Prim(De(Q)) = {n|A(1) = 1 @ de + be @ pi}.



Manifolds Definition (Non-associative Hopf alg.?)

—_

. (Bialgebra) Unital algebra + A and ¢
homomorphisms of unital algebras

2. 3w \(reyy) = ep)v =3 na)(pe)\v)

Diagonal

QR — @xQ

o ke 3. ) /vy = i = Su/v)vey
Constant
» (Coasociativity) (AQ o A= (I®A)o A
Q — e » (Cocommutativity) A = AP
X = e
Product
To prove it for De(Q)
QxQ — Q@ I _
() = xy :5 inearize. . .
Division 1( - (Xix)
QxQ — Q (,x) = (xx)

(xy) = x\y

TeQ = R(Bile,.., Onle) = Prim(De(Q)) = {u|A(1) = 1 @ de + be @ pi}.



If Q is a group fglmearlzmg. ..

(xy,2z) — (x,y2) LRren — w®uvn
+ + " "
(xv,z) = (xv)z=x(y2) e = (wv)n = u(vn)

De(Q) is associative




If Q is a Moufang loop

a(xz(ay)) ((ax)a)y

aoy (@ (reym)) () pe)n

Hopf-Moufang




If Qis... fgllnearlzmg. ..

More interactions
between
Hopf like objects
and
non-associative algebra




Quantum quasigroups and loops
The natural objects to study

Definition (J.D.H. Smith, 2016)

A quantum quasigroup (resp. quantum loop) in a symmetric monoidal
category (V,®,1) is a bimagma (resp. biunital bimagma) (A, V,A) in V
for which the left composite morphism

AQA LM Ao A A Y, Ag A

and its dual composite
1A®A V®1a

ARAT—ARARA —5 AR A

are both invertible.

This definition is selfdual



Tangent space = Primitive elements



Tangent algebras of certain local smooth loops

Lie's theorems
The categories of local Lie groups and f.d. real Lie algebras are equivalent

Malcev, 1955; Kuzmin 1970
The categories of local smooth Moufang loops and f.d. real Malcev algebras are equivalent
It was made global by Kerdman (1979) and P. Nagy (1993)

Mikheev and Sabinin, 1982
The categories of local smooth Bol loops and f.d. real Bol algebras are equivalent

Moufang loop: a(x(ay)) = ((ax)a)y

Bol loop: a(x(ay)) = (a(xa))y

Bol algebra: a vector space with a skew-commutative product [x, y] and a trilinear product [x, y, z] that satisfy

[a,a,b] =0
[a, b, c] + [b,c,a] + [c,a, b] =0
.y, [a, b, cll = [[x, ¥, al, b, c] + [a, [x, y, b], c] + [a, b, [x, y, c]]
[a, b, [c, d]] = [[a, b, ], d] + [c, [a, b, d]] + [c, d, [a, b]] + [[a, b], [c, d]]



Tangent algebras of general local smooth loops

» Kikkawa: On local loops in affine manifolds (1964).

> Sabinin: The geometry of loops (1972).
Geodesic loops.



Tangent algebras of general local smooth loops

> Yamaguti:
On locally reductive spaces and tangent algebras (1972).
Geometry of homogeneous Lie loops (1975).



Tangent algebras of general local smooth loops

> Akivis: The local algebras of a multidimensional three-web (1976).
Akivis algebras.



Tangent algebras of general local smooth loops

» Hofmann and Strambach: Lie’s fundamental theorems of local analytical loops
(1986).
General approach based on Akivis algebras.



Tangent algebras of general local smooth loops

» Mikheev and Sabinin: Infinitesimal theory of local analytic loops (1986).
Complete solution to the general case. Based on Sabinin algebras.



Tangent algebras of general local smooth loops

> Figula: Geodesic loops (2000).
General approach to geodesic loops based on A-algebras.



Tangent algebras of general local smooth loops

> Weingart: On the axioms for Sabinin algebras (2016).

General approach to geodesic loops based on a new definition of Sabinin
algebra.



Tangent algebras of general local smooth loops

» Too many relevant papers and monographs from the study of specific varieties
of loops or from other areas (webs, quasigroups, topological loops,...) have
contributed to the understanding of the problem.

» At some point it was clear that a geodesic loop was nothing but an affine
connection with zero curvature. Thus, one can define operations on the tangent
space to either

> model the torsion (= many identities) or
> the fundamental vector fields (= very simple definition).



Mikheev and Sabinin, 1987
Local loops are classified by Sabinin algebras

Sabinin algebra: a vector space with two families of multilinear operations
(X1, ..oy Xm X, ¥) (n>0) and S(x1,...,%Xn; Y1,.-.,¥m) N > 1, m > 2 that satisfy

<X17X27"'7Xm;yvz>:_<X17X27"'aXm;Z7.y>7
(X1, X2y« oy Xey @y By Xe g1y e ooy Xy Vs Z) — (X1, X2, o ooy Xy By 8y Xet1y v ooy Xt Y Z)
r
—|—§ E (Xovgs -5 Xy Keyns -+ » Xeyi @, b)Y, oo s Xmy v, 2) = 0,
k=0 «
r
Ox,y,z (xl,uwx,,x;y,z)—i—g E(xal,,l.wxak;(XQHN...,XQ,;y,z),X) =0,
k=0 «

Ox,y,z denotes the cyclic sum on x, y, z

D(X1, ...y Xni Y1,y -+, Ym) iS Symmetric on x1,...,Xxp and y1,..., Ym



Mikheev and Sabinin, 1987
Local loops are classified by Sabinin algebras

Sabinin algebra: a vector space with t

milies of multilinear operations
(X1, -y Xn; X, ¥) (n > 0) and ®(xq, . k

., ¥m) n > 1, m > 2 that satisfy

(X1, X2y« oy Xm3 ¥y Z) = — (X1, X2, . . .

(X1, X2y« ooy Xry @y by Xy, - B A, X1, - X Y Z)

k=0 «

Oxyyz | (X1, s X, X3y, 2) +

Ox,y,z denotes the cyclic sum on x, y, z

DX,y Xni Y1, -+ -5 Ym) IS SYm »and yi,...,Ym

Why so many operations?



Operations for primitive elements

Let k{V'} be the (unital) free non-associative algebra on a basis of V. The
maps a— a®1+1®aand a— 0 (a € V) induce homomorphisms

A k{V} — k{V}®k{V}
U DU @ )

and e: k{V} — k so that we get a non-associative Hopf algebra.

Is V the space of all primitive elements? NO.

TeQ = R(Bile,.., Onle) = Prim(De(Q)) = {1l A(1) = 1 @ de + be @ pi}.



Operations for primitive elements
Let k{V'} be the (unital) free non-associative algebra on a basis of V. The
maps a— a®1+1®aand a— 0 (a € V) induce homomorphisms
A k{V} — k{V}®k{V}
u Z U1y @ U(2)

and e: k{V} — k so that we get a non-associative Hopf algebra.

Is V the space of all primitive elements? NO.

For any a,a’, b,c,... € V
» Commutators: [a, b]
> Associators: (a, b, ¢)
> Other: (aa’, b,c) — a(a’, b,c) — a'(a, b, c)
> 2

are primitive elements.

TeQ = R(Bile,.., Onle) = Prim(De(Q)) = {1l A1) = 1 @ de + be @ pi}.



Operations for primitive elements

Let k{V'} be the (unital) free non-associative algebra on a basis of V. The
maps a— a®1+1®aand a— 0 (a € V) induce homomorphisms

A k{V} — k{V}®k{V}
U YU @ U

and e: k{V} — k so that we get a non-associative Hopf algebra.

Is V the space of all primitive elements? NO.

Problem: define operations so that V generates all primitive elements.

TeQ = R(Bile,.., Onle) = Prim(De(Q)) = {1l A1) = 1 @ de + be @ pi}.



Shestakov and Umirbaev, 2001
The space of primitive elements of a bialgebra is a Sabinin algebra

Shestakov-Umirbaev functor: consider the free unital algebra on
{x1,%2,...,%1,¥2,...,x}. From the associator (u, v,x) of u= ((x1x2) - -+ )Xn,
v = ((y1y2) - - - )ym and x define primitive elements

P(X1y ey Xni Y1y ey Yms X) = p(u; v x)
recursively by

p(u; vix) =Y (v \(U), v2), %)
DU ®up =((a®1+1®x)e®@1+18x))  (xn®1+1® x).

For any algebra A define

xy) = —lxyl
(X1, uxmx,y) = p(xa, Xy x) = plxa, X xiy)  (n>1)
1
(X1, Xni Y1, Ym) = oy Z P(Xo(1)s - - s X (n)s Yo(1)s - - - 3 Yo (m))
o€S,, TESH

AYHL — (A (; ), ®) is a Sabinin algebra

Prim(k{V}) = Sabinin subalgebra of k{V}¥!l generated by V



Universal enveloping algebras

> Associative algebra A = Lie algebra A7) = (A [, ])
» Nonassociative algebra A = Sabinin algebra A”™ = (A, (; , ), ®)

Conversely

> Lie algebra g = 3 Hopf algebra U(g), g < U(g)"™), g = Prim(U(g)).

> Sabinin algebra s = 3 non-associative Hopf algebra U(s), s < U(s)”™
s = Prim(U(s)).



Shestakov and P.l., 2004
Malcev algebras appear as primitive elements of Hopf-Moufang algebras

P.l., 2005
Bol algebras appear as primitive elements of Hopf-Bol algebras
P.l., 2007

Sabinin algebras appear as primitive elements of non-associative Hopf algebras



Some applications

Non-associative Hopf algebras allow computations

with primitive elements, i.e. with tangent vectors



Commutative automorphic loops



Commutative A-loops
A loop is commutative automorphic if it satisfies the identities:
1. (commutative) xy = yx and

2. (left automorphic)

v\ (x(y(w2)))
= (Co\(x(yw))) () (x(¥2))) -

A commutative automorphic Hopf algebra is a non-associative Hopf algebra
that sastisfies the identities:

1. (commutative) xy = yx and

2. (left automorphic)

(ym)\(x2) (V2 (w2)))
= ((y)\xoow)) ((xeye)\(xe (ve)2))) -

What about T.Q, i.e. Prim(D.(Q))?



Studying T.Q: case of Bruck loops.

(Cvw)2ve) = x(vw2)ye),  Sky) =S(x)S(y), S(x):=1/x

Ay ®az =a®@l+1l®a, €a=0



Studying T.Q: case of Bruck loops.

(Cvw)2ve) = x(vw2)ye),  Sky) =S(x)S(y), S(x):=1/x

S(1)=1 -
S(xy)xe) =e(x)1= ¢ S(a) = —a = S(ab) = ba SEB=2b )y — pa
S(ab) —ab— ba+ab=10

Ay ®az =a®@l+1l®a, €a=0



Studying T.Q: case of Bruck loops.

(Cvw)2ve) = x(vw2)ye),  Sky) =S(x)S(y), S(x):=1/x

S1)=1 _
Sxa)xe = ()1 = { S(a)=-a } = S(ab) = ba """ ab = ba
S(ab) —ab—ba+ab=0
(x,a,2z) = —(x, z,a)
(xa)z+(xz)a = x(az) + x(za) = Ta
Ra(xz) = —Ra(x)z + x (La + Ra2)(2)

[Ra; Rp](x2) = [Ra, Rp](x)z + x[Ta, Tp](2)
= = [[Ra, Ro], Rz] = Rir,,ry)(2)

(with x = 1) [Ra, Ry] = [ T4, Th]

Ay ®ap =a®@l+1l®a, €a=0



Studying T.Q: case of Bruck loops.

(Cvw)2ve) = x(vw2)ye),  Sky) =S(x)S(y), S(x):=1/x

S(1)=1 _
Sxa)xe = ()1 = { S(a)=-a } = S(ab) = ba """ ab = ba
S(ab) —ab— ba+ab=10
(x,a,2z) = —(x, z,a)
(xa)z+(xz)a = x(az) + x(za) = Ta
Ra(xz) = —Ra(x)z + x (La + Ra2)(2)

[Ra; Rp](x2) = [Ra, Rp](x)z + x[Ta, Tp](2)
= = [[Ra, Ro], Rz] = Rir,,ry)(2)

(with x = 1) [Ra, Ry] = [ T4, Th]
Thus, [R37 [va RC]] = R[a,b,c] with

[a, b, c] = —[Rp, Rc](a) = —(ac)b + (ab)c = (a, b,c) — (a, ¢, b) = 2(a, b, c)

’ (TeQ,[, ,]) is a Lie triple system

a®ap =a®1l+1®a, e(a) =0



Commutative A-loops

Jedlitka, Kinyon, Vojt&chovsky (2011): if (Q, xy) is a uniquely 2-divisible
commutative automorphic loop then

x-y=Px(y)

with P := L} Le = LL", is a (left) Bruck loop.



Commutative A-loops

Jedlitka, Kinyon, Vojt&chovsky (2011): if (Q, xy) is a uniquely 2-divisible
commutative automorphic loop then

x-y=Px(y)

with P := L} Le = LL", is a (left) Bruck loop.

The tangent space of a formal commutative A-loop with the triple product
[a, b, c] = a(bc) — b(ac)
is a commutative automorphic Lie triple system
1. [a,b,c] = —[b,a,],
2. |a,b,c]+[b,c,a] + [c,a,b] =0 and
3' [[a’ b’ C]7 al7 b/] = [[37 3/7 bl]7 b? C] + [37 [b7 3/7 bl]? C] + [37 b7 [C? 3/7 b/]]



Commutative A-loops

Jedlitka, Kinyon, Vojt&chovsky (2011): if (Q, xy) is a uniquely 2-divisible
commutative automorphic loop then

x-y=P(y)

with P := L} Le = LL", is a (left) Bruck loop.

The tangent space of a formal commutative A-loop with the triple product
[a, b, c] = a(bc) — b(ac)
is a commutative automorphic Lie triple system
1. [a,b,c] = —[b,a,],
2. |a,b,c]+[b,c,a] + [c,a,b] =0 and
3' [[a’ b’ C]7 al7 b/] = [[37 3/7 bl]7 b? C] + [37 [b7 3/7 bl]? C] + [37 b7 [C? 3/7 b/]]

Grishkov, P.l. (2018): the category of formal commutative automorphic loops
is equivalent to the category of commutative automorphic Lie triple systems.



Commutative A-loops

A Baker-Campbell-Hausdorff formula for formal commutative automorphic
loops:

BCH(a,b) =a-+b+ » Bijla, b, "t a7t b]

ij>1
where 3;; (i,j > 1) is the coefficient of s't/ in the Taylor expansion of

(e2s _ e2t) (S+ t)
2 (e2(s+t) — 1)

at (0,0),
0 if nis even
[31,32,...73,,] = al ifn=1
[l[a1, a2, a3],- -], @n—1,an] if n > 1is odd
and

.i.c:=c,c,...,c where c appears | times.



vVvyy

v

A non-associative Baker-Campbell-Hausdorff formula

P. T. Nagy and K. Strambach: Loops, cores and symemtric spaces (1998).
P. O. Miheev and L. V. Sabinin: The theory of smooth Bol loops (1985).

G. P. Nagy: The Campbell-Hausdorff series of local analytic Bruck loops (2002).
Problem raised, for local Bol loops, by Akivis and Goldberg in Loops '99.

A. Figula: Geodesic loops (2000).
G. Weingart: On the axioms for Sabinin algebras (2016).



Baker-Campbel-Hausdorff
In the (complection of the) free associative algebra on x, y define

e(x) =) #x", log.( (1 +x) = Z(_l)n—lin

n>0 " n>1 n
We have e(log(,)(1 + x)) = 1 + x, loge(x)(e(x)) = x and

1

BCH(x, y) 1= loge(x)(e(x)e(y)) = Z (_13"1_1 Z xySt. ..
n=1

rilsy!- - rplsy!
ri+si>1 151 ne=n

X

n\,Sn

y



Baker-Campbel-Hausdorff
In the (complection of the) free associative algebra on x, y define

1, 1 X"
e(x) = 3" Sx, logyy(1+x) i= 3(~1) 1
n>0 m n>1 n
We have e(log(,)(1 + x)) = 1 + x, loge(x)(e(x)) = x and
o n— 1

BCH(X )/) = |0ge X)e(y Z — 'Xrlysl . ~~Xr”ys”
n=1 rits>1 ri:si: rn'sp!

Dynkin-Specht-Wever lemma. Let v4(u) := S(u(1))d(u(z)) with d(u) := |u|u for
homogeneous u. Then ~4(a) = S(a)d(1) + S(1)d(a) = |a|a for homogeneous
primitive a and

vd(ua) = S(uya)d(ue)) + S(u))d(up)a)
= —aS(uq))d(ue)) + S(u@))d(ue))a + e(u)a = [v4(v), a] + e(u)a.



Baker-Campbel-Hausdorff
In the (complection of the) free associative algebra on x, y define

e(x) =) #x", log.( (1 +x) = Z(_l)n—lin

n>0 " n>1 n
We have e(log(,)(1 + x)) = 1 + x, loge(x)(e(x)) = x and

BCIH(x,y) := loge(e)(e(x)e(y) = > Xy Xy
p n el rls;! rnlsp!

r Sn

Yo (xy - xTy®)

rilsi!- - rlsy!

&~ i+t
_; . i

ri+s;>1

Dynkin-Specht-Wever lemma. Let v4(u) := S(u(1))d(u(z)) with d(u) := |u|u for
homogeneous u. Then ~4(a) = S(a)d(1) + S(1)d(a) = |a|a for homogeneous
primitive a and

vd(ua) = S(umya)d(ue)) + S(u))d(up)a)
= —aS(uq))d(ue)) + S(u@))d(ue))a + e(u)a = [v4(v), a] + e(u)a.



Baker-Campbel-Hausdorff
In the (complection of the) free associative algebra on x, y define

e(x) =) #x", log.( (1 +x) = Z(_l)n—lin

n>0 " n>1 n

We have e(log(,)(1 + x)) = 1 + x, loge(x)(e(x)) = x and

1)" 1
BCH(x, y) := log,(xy(e(x)e(y)) = E - Xy Xy
n Y rilsyl - - rylsp!
oo —1 4 . )1
_ Z (=1)" (ijl(r/ +5)) g (xTySL . xnysn)
- n rlsyl---rplspy!

r;+s,'>1

= sty STyl + b bl = b bl + STl b yllod + o

Dynkin-Specht-Wever lemma. Let v4(u) := S(u(1))d(u(z)) with d(u) := |u|u for
homogeneous u. Then ~4(a) = S(a)d(1) + S(1)d(a) = |a|a for homogeneous
primitive a and

vd(ua) = S(umya)d(ue)) + S(u))d(up)a)
= —aS(uq))d(ue)) + S(u@))d(ue))a + e(u)a = [v4(v), a] + e(u)a.



Baker-Campbel-Hausdorff

When studying the differential equation
X(t)" = X(t)A(t)

in a Lie group, convert it in a differential equation in the Lie algebra, solve it and go
back to the group. Formally, if X(t) = e(Q(t)) then
Q' (t) = Z Ba add  (A(t)) (recurrence for Q(t))
s T
n_

In case X(t) := e(x)e(ty), i.e. Q(t) = log((e(x)e(ty))

X(t)' = exp(x)(exp(ty)y) = (exp(x) exp(ty))y = X(t)y.

and we can recursively compute (1) = BCH(x, y).



Baker-Campbel-Hausdorff

When studying the differential equation
X(t)" = X(t)A(t)

in a Lie group, convert it in a differential equation in the Lie algebra, solve it and go
back to the group. Formally, if X(t) = e(Q(t)) then

In the non-associative setting, the problem is the same, the techniques are similar but
the solution is much more messy

(1) = () (A1) (recurrence for (1))

where

€0 (y) = e(x) \ % ‘S:O e(x +sy)



Non-associative Baker-Campbell-Hausdorff

In the (complection of the) free non-associative algebra on x, y,

e(x) :=exp;(x) = Z % ((Gex) - )x)x,  loge(y (1 + x) := log(1 + x) := Z %7‘

n>0 " p
n



Non-associative Baker-Campbell-Hausdorff

In the (complection of the) free non-associative algebra on x, y,

e(x) :=exp;(x) = Z % ((Gex) - )x)x,  loge(y (1 + x) := log(1 + x) := Z %7‘

n>0 " p
n

For X(t)" = X(t)A(t) with X(t) = e(Q(t)),

e(x + sy)
s=0

Q(t) = (Tem“)))_l(A(t)) with ) (y) = e(X)\%

Fortunately, 7¢*)(y) = 4,0, (e(x)) and we can use a non-associative DSW lemma to
recursively compute its component 7, of degree n in x by

1 1
> XXX Tic)
= n+l(n—i) ——

n—i

The particular case X(t) := e(x)e(ty) corresponds to the BCH formula.



Non-associative Baker-Campbell-Hausdorff

In the (complection of the) free non-associative algebra on x, y,

e(x) :=exp;(x) = Z % ((Gex) - )x)x,  loge(y (1 + x) := log(1 + x) := Z &T

|
oM — 7!
n

BCH/(x, y) = log,(exp,(x) exp,(y)) =

x+y+ %[X,y]
1 1 1 1 1

+ E[x, [x, 1] - 5(X:W> - E[y, x, ¥l — 6<y;x,y> - §¢(x;y7y)
1 1 1

- §<X:X= x,yD) — ﬁ[& (x, 7] — §<X7X: X,¥)
1 1 _ L Lt ol

+ ﬂl[x, vyl = Q[X’ (yix,y)]— 2 (X y,y) = E[X’ (x5 )]

1 1 1 1
- £[<X:X,y>,y] - Q(X; [ yly) — 6<X7y;x,y> + £<y7><: X, )

1 1 1 1
—[®(x;y,y), — iy, oy — = yixy) — (x5 y,y,
+12[ (ny)y]+24<yy[xy]> 24<yyxy> 6 (v, y,y)+



Free loops as non-associative power series

G. Higman, The lower central series of a free loop (1963)



Magnus homomorphism

Let F = F(x) be the free loop on the set x = {x1,...,xn} and Q{X} the completion
of the free unital non-associative algebra on the set X with coefficients in Q.

Is the homomorphism M: F(x)— Q{X}>< injective?
xi— 1+ X,'



Magnus homomorphism

Given F a free loop, N a normal subloop, Higman studied the relationship between
F/N and F/[N,F] by means of central extensions.

Given a: F — L:= F/N, a central factorization of a is « = vf3

FL ML L with kery C Z(M)

Construction: let (A, +) be a free abelian group with generators (I, k), h,h € L
different from e, and g(x) for x € x. Then (L, A) := L x A is a loop with

(h,a1)(k;a2) = (hh, a1 + a2 + f(h, h))
(f(e,h) = 0= f(h,e)). The homomorphism

5 F — (L, A)
x € x — (a(x), g(x))

defines a central factorization F 2 (L,A) = L of a.



Magnus homomorphism

Given F a free loop, N a normal subloop, Higman studied the relationship between
F/N and F/[N,F] by means of central extensions.

Given a: F — L:= F/N, a central factorization of a is « = vf3
FL ML L with kery C Z(M)

Construction: let (A, +) be a free abelian group with generators (I, k), h,h € L
different from e, and g(x) for x € x. Then (L, A) := L x A is a loop with

(h,a1)(k;a2) = (hh, a1 + a2 + f(h, h))
(f(e,h) = 0= f(h,e)). The homomorphism

5 F — (L, A)
x € x — (a(x), g(x))

defines a central factorization F 2 (L,A) = L of a.

Higman (1963): The intersection of the terms of the lower central series of a free
loop is the identity.



Magnus homomorphism

Based on the central extension
(h,a1)(kya2) = (hh, a1 + a2 + f(h, k)),
an adequate (completed) non-associative Hopf algebra Q{X} ® Q[T] with product
(x®a)(y ®B) =D _ xuyyu) ® t*(x2) ® y2))aB-

where t* is a certain coalgebra morphism, m(X) is the set of all non-associative
monomials on X and T is the set of symbols

{tl,. . tn} [N} {t(ml,mz) | mi,mp € m(X)},

and some results in Higman's paper we have

Mostovoy, P.l., Shestakov (2019):

M: F(x)— Q{X}" s injective
xi— 1+ X,'



Thank you



