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Abstract. An extension of the category of local manifolds is considered. Instead of smooth
mappings of neighbourhoods of linear spaces as morphisms we deal with formal operator power
series (or formal maps). Analogues of the objects appearing on smooth manifolds and vector
bundles (vector fields, sections of a bundle, exterior forms, the de Rham complex, connection,
etc.) are considered in this way. All the examinations are carried out in algebraic language, for
we do not care about the convergence of formal maps. It may be useful for the investigation of
some nonlinear differential equations.

1°. Principal objects of differential geometry are smooth manifolds, bundles, sec-
tions of bundles, and connections. Their local definitions, properties, and relations are
formulated in terms of the category whose objects are linear spaces (more exactly, neigh-
bourhoods in linear spaces) and whose morphisms are smooth maps of these neighbour-
hoods. One can try to extend the category by replacing the morphisms with others. It
leads to some reformulation of the theory.

We do such a reformulation in the case when formal functional and operator power
series play the role of morphisms ([1], [4]). All the operations are performed not over
maps, but over the sets of their Tailor coefficients. The operations prove to be correct
because substituting a series without zero term for the arguments of another series one
gets that the coefficients of the resulting series are some finite sums. But now one need not
make any assumptions about the convergence of the series. Therefore the reformulation is
substantial: we turn in fact from analysis to algebra. Particularly, it turns out to be useful
for some procedures of calculation of solutions of nonlinear differential equations ([3], [5]).

We call the morphisms described by the sets of coefficients the formal mappings. An
associative operation o of composition of formal mappings corresponding to the substi-
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tution a series for the arguments of another one, and an operation # corresponding to
the differentiation along a direction are defined.

The latter operation is not associative. However the commutator built on it defines a
bracket subjected to the Jacobi identity. The bracket is analogous to the Gerstenhaber
bracket ([6]). With the help of the above mentioned operations we define local manifolds,
bundles over them, algebras of differential forms, connections.

Notice that constructions connected with the exponential map of the Lie algebra under
consideration: a composite exponential and its inversion—a composite logarithm—are
described in [1] in this way.

Another aspect of the work is its connections with formal differential geometry which
is considered from the point of view of the modern analysis, where instead of a geometrical
object one considers a set of functions on it. There (see [5]) instead of a smooth manifold
its formal generalization is considered: a module (of formal mappings) over a Lie algebra
(of formal vector fields).

The results described in this publication were announced in [2].

2°. Now we introduce the main objects and operations on them.

Let X, Y be linear topological spaces (1.t.s.’s) over a field K (when it is not important
that spaces are topological, we will write simply l.s.). Let Ly (X,Y) be Lt.s. of k-linear
mappings from X to Y, and let Ly 4(X,Y) be its subspace consisting of symmetrical
mappings, Lo s(X,Y) =Y.

Consider the 1.s.’s

Lx,Y)=[[Le(X)Y), LaXY)=]] Lrs(X,Y),
k=1 k=0
whose elements are infinite sets of the form
a = (al,ag,...,ak,...) S ,C(X,Y), f = (fo,fl,...,fk,...) c ,CS(X,Y).

They are called formal mappings (f.m.’s).
Denote the projection of L£4(X,Y) onto L4(X,Y)N L(X,Y) by the sign ~

F=Uo i fin ) €LAXY) = F = (fryeo fi):
Introduce a composition
o: LY, Z) x L(X,Y) = L(X, Z),
k J
(aOb)k:Z Z ajo<®bkm).
=1 ki+...+kj=k m=1
PROPOSITION 1. The operation o is associative.

Denote an identity mapping of a space X by Ix € L1(X, X) = L1(X). Obviously, the
fm. idx = (Ix,0,...,0,...) € L(X) = L(X, X) is an identity element with respect to
the composition. Thus we obtain the category of formal mappings X, whose objects are
l.s.’s and Hom(X,Y) = L(X,Y).
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Obviously, it is necessary for a € £L(X,Y) to be invertible that ay is invertible. It is
proved to be sufficient too. So, the elements of the set

G(X,)Y)={acL(X,Y)|3a;' € L1 (Y, X)}

(and only they) are invertible with respect to the composition. Notice the set G(X) =
G(X, X) is a group with respect to the composition.

An element ¢ € L(X,Y) generates a morphism of objects on X into objects on Y

being a homomorphism of £(Y, Z) into L4(X, Z):
5 L(Y,2) x L(X,Y) = L(X, Z),
Foe=foxS(fop),
where S is the operation of symmetrization of the set of polylinear mappings.
PROPOSITION 2. If p € L(Y, Z), ¥ € L(X,Y), f € Ls(Z,Z"), then
Folpow)=(f6@) s =5(fox (fopou)),
so we can say the symmetrical composition is associative too.

Let us consider, for each element of the group G(X), the morphism generated by
the inverted element. Such a morphism is called a change of variables (or a coordinate
transformation). All the changes of variables in £4(X,Y’) form a representation of the
group G(X) in the Ls. L,(X,Y).

Suppose that, for elements of spaces Y, Z, V, a bilinear operation of multiplication
1Y x Z = V is defined. We extend it to the elements of the l.s.’s L5(X,Y), L5(X, Z)
by

GLXY) X LAX,2) 5 LUK V) (P9 =S( Y fra) ()
jHi=k
The new operation is also bilinear. It is associative (commutative) if so is the initial
operation.

The symmetrical composition is right distributive with respect to the multiplication,
e, if p € L(X', X), then

(f-9)op=(fop) (95%).
Consider the multiplication of linear operators on a l.s. E. It can be extended to the
space Ls(X, L1(E)) by the formula (1). The elements of the subset
LUX,Li(E)) = {® = (D9, D1,...) | I, '}

form a group of invertible elements with respect to the multiplication.

If & € £9(X, L1(E)), we will denote the inverse of ® with respect to this operation
by @71 € £LY(X, Li(E)).

Now we define in L£4(X,Y") an operation Dy : L;(X,Y) = L5(X,Y) of differentiation
along an element b € £,(X), setting

(Dya),, = S( Z i:aj o ((g[x) ®b® (®IX)>)

jHl=k+1 n=1 n+1
§#0
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If the spaces under consideration are topological, and by = 0, then
d
Dba:S< ao (idx +€b)).
de|._,
Let us denote a#b := Dya. Notice that idx#b = b, (a#idx), = ka, (the Euler
identity for homogeneous functions).
The operation # is bilinear. It is not associative, but the associator

a# (b, c) := (a#b)#c — a#(b#c)
is symmetric under the permutation of b and c:

a#t (b, c) = a#(c,b).
It is proved to be sufficient so that the following theorem should hold.

THEOREM 1. The space Ls(X) possesses a Lie algebra UAx structure with bracket
[b, ¢] = b#tc — c#bd.
The space Ls(X,Y) is an Ax-module with action b~ Dy:
[Dy, D¢la := (DeDy — DyD.)a = Dy, ga.
Notice we can define # by setting a#b = a’ o b, where
" L(X)Y) = Lo(X, L1(X,Y)),

k+1 n—1 k+1
(a")h = Zak+1 ° ((®IX) ®h® <®Ix>)
n=1 1 n+1

3°. We call a pair (2, M), where 2 is a Lie algebra and M is 2-module, a formal
manifold. By Theorem 1 the pair My = (Ax, L;(X,K)) forms a formal manifold. In
the case under consideration, M = L,(X,K) is a commutative algebra with operation of
symmetric tensor multiplication - given before by formula (1). The elements of the Lie
algebra 2Ax act in it as differentiations.

The totality of these formal manifolds form a category 9 with morphisms

Hon’l(f)ﬁx, my) = £(X, Y),
LX,Y)2¢: LYV, K) = L(X,K),
ffoe.
THEOREM 2. Elements g € G(X,Y) are isomorphisms of this category with action
Syt (RAy, L(Y,K)) — (Ux, L,(X,K)),
Syt (A f) = ((g#A) 0 g7 = A, fog™" = fy).
The following relation holds:
oty = (f#A) 097"

We will call the group G(X) the group of coordinate transformations of a formal

manifold My .

Now we define a formal analogue of a vector bundle with 9 x as a base and a l.s. F
as a typical fiber.



DIFFERENTIAL GEOMETRICAL RELATIONS 283

THEOREM 3. Endow the l.s. Ax g = Ax+Ls(X, L1(E)) with the Lie algebra structure
by setting the bracket
[(a,a), (b, B)] = ([a, b], atb — B#ta + [o, B]),
where [, ] = - B — B -«. Then, L(X, E*) is an Ax _g-module with action
(a,0)w = wH#Ha + o™ - w.

We will call the formal manifold V(X, E) = (Ux g, Ls(X, E*)) a total space of vector
bundle with base X and fiber E.

Every section & determines a mapping
§: Ly(X,E) = Ly(X,K),
5 Twew- €,
so we obtain a pairing between sections of the bundle and those of the cofibration.
Coordinate transformations of the vector bundle V (X, E) are defined by the pairs

(9,®) € G(X)+LYUX, L1(E)) = G(X,E). G(X, E) forms a group with multiplication
(g1, ®1) - (92, ®2) = (g1 0 go, (1 0 g2) - D2).
Its identity element is the pair (idx, Ix g), and

(0. ®) = (gL (@5g7Y) ).

The action of elements (g, ®) € G(X, E) is defined as follows:

Sg.2)((a,0),w) = (S(y,e)(a,a), Sy a)w),
where
S(lg’cp)(a, a) = Sga
and
qu@)(a, o) = [(P#a+ o - @) - &7 5g ! (2)
are the components of the vector field S, ¢)(4, @), and

Sgayw = (w- @71 og".

THEOREM 4. S(4 ¢) is a representation of G(X, E) concordant with Sy, i.e., the action

(9, ®) = S(g,4) is a homomorphism and
Sig,a)(f-w) =5gf - Sgaw,
Sg.a)(f - (a,a)) =Sy f - Siy.e)(a, ),

where f € Li(X,K).

We will say that an atlas of changes of variables in a vector bundle V (X, F) is intro-
duced if a subgroup of the group G(X, E) is defined.

Coordinate transformations in the £4(X, K)-module L4(X, F) of sections of the bundle

V (X, E) can be defined too, and this way we obtain a representation concordant with all
the structures introduced.
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In particular, when E = X we have a formal analogue of a tangent bundle on 91x,
where the group of changes of variables is the subgroup of the group G(X, X) consisting
of elements of the form (g,¢’).

4°. Let A(F) = @ A"(E) be the external forms algebra on a l.s. E. For v € E let
r=0

i, be an inner product mapping:
iv: AT(E) = ATH(E), byt wr w(v, ...

Denote the l.s. of formal r-forms on V(X, E) by Q"(X,E) := L,(X,A"(E)). The
multiplication A : A"™(E) x A%(E) — A"™$(FE) is extended to the spaces Q"(X, F) and

Q*(X, E) by the formula (1). Put Q(X,E) := @ Q"(X,E) and extend A by linearity
r=0
to the whole Q(X, E). The L.s. Q(X, E) with the multiplication A is called an algebra of

external forms on the vector bundle V(X, E) .

The space of formal r-forms is canonically identified with the space of sets of linear
mappings from X®* @ E®" into K that are symmetrical in the arguments from X and
skew-symmetrical in the arguments from E:

O"(X,E) = [ L.syra) (X, E;K).
k=0
We will separate the symmetrical and skew-symmetrical arguments with a vertical
line: if w € Q"(X, E), then
wi(x1, - xk) (b, hy) =w(T, . Tklhe, e By
Thus, if w € Q"(X, E), 0 € Q" (X, E), then
(w AN G)k(xl, ce. ,xk\hl, ceey hT+S) =
— —
= Z (wj ®91)O (xl,...,xj ‘hl,...,hr) ®(xj+1,...,xk|hr+1,...,hr+s),
= ———— [ —
Jjt+Hl=k
where the top braces denote symmetrization in the corresponding elements and the bot-

tom braces alternation.

The inner product is extended to the sections of the bundle and external forms by
the formula (1):

b5 5 e (@)oo (@)
where € € Li(X, F), w € Q"(X, E), with
ic(wA0) = (icw) NG+ (—1)"w A (ich),

where r is the power of the form w.
Denote the change of variables in Q(X, E) by the same symbol S, ¢):

—1\®7r\ s _
Sgayw = (- (@) )og,
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where 7 is the power of the form w. The change of variables is proved to be concordant
with all the operations.

Let us introduce the de Rham complex. Consider the algebra of external forms on the
manifold My, Q(X) := Q(X, X). Define a mapping d : Q"(X) — Q"F1(X) by

(dw)k(atl, R ,$k|h1, ey hr+1) = (k‘ + 1)wk+1(a:1, R ,xk,hllhg, ey hr+1).
—_——

Extend d to the whole Q(X) by linearity. It satisfies to all the usual properties of
external differential, and, in particular,
r+1
(dw)(A1,. . Arr) =D (1) T Aw( Ay, Ay A+
i=1
Z (71)i+1w([Ai, Aj},Al, N ,AZ‘, ey Aj, . 7147,_’_1),
1<j
where w € Q"(X), A; € Ax, j =1,...,r+ 1, and the hat denotes the absence of a
symbol.

The exact and closed forms are defined in the usual way. In particular, the exact 1-
forms are distinguished among all the 1-forms by the property that they are symmetrical
in all the arguments.

Define a linear mapping § : Q"1 (X) — Q"(X) by

—_——
(5w)k($1, e ,$k|h1, ey hr) = %wk_l(xl, ey xk_1|x;€, hl, ceey h,«),
and extend it to QX by linearity. The properties of d hold for §. The {4,d} = 6d + df is
differentiation of power 0 of the algebra Q(X) (see [7, Ch. IV]).

PROPOSITION 3. If w € Q"(X), then
({9, d}w),, = (r + E)wy.

A Lie differentiation of the external form w along the vector field A can be defined
by the formula Law = {ia, d}w.

5°.  We consider in this item linear topological spaces.
Consider a 1-parameter family a(t) € L£(X) of vector fields. If there exists a 2-
parameter family u(¢,7) € L5(X) such that
du(t, )
dt
than a(t) is called to be integrable. In this case u(t, ) is evolutionary family, i.e.,

= a(t) S u(t, ), u(r, ) =1id, (3)

u(t,7) = u(t,s) o u(s,).
u(t, 7) is called the evolutionary family of shifts along the trajectories of a(t), a(t) is called
the generator of the family u(¢,7). The generator can be found by the usual formula
d

a(t) = Eu(s, t)

It is proved that a(t) is integrable if and only if its linear part a;(¢) is integrable, with

s=t

uz(t,7),... calculated by the explicit formulae (see [3]).
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Consider the evolutionary family generated by a constant formal vector field a. In this
case equation (3) is invariant with respect to the shifts ¢ — t—s. It means u(¢t, 7) = u(t—7)
depends only on the difference of the arguments. Further, the family u(¢t) (¢ > 0) forms
a semigroup because (3) has the form

u(ty + t2) = u(t1) o u(ta) (t1,t2 > 0), u(0) = idx.
We call the family u(t) a composite exponential and denote it by
exp at = u(t).
PROPOSITION 4. The composite exponential satisfies the following relation (see [1]):
f 3 e>c£p at = e'Paf,

where f € L4(X,Y) is an object on X, and e*P= is the semigroup of linear operators on
L(X,Y) with the generator D,

So, it is sufficient to calculate the linear exponential e*P« for calculation the composite
one (see [3]).

6°. Define a connection on the v.b. V(X, E) with the help of the formal mapping
I'e L(X,L1(X,L1(E))) called a coeflicient of connection or the Christoffel symbol.

A coeflicient of connection defines a covariant derivative of the section £ of the bundle
V (X, E) along the vector field :

VI A +L(X,E) — Lo(X,E),
V€= &#n+ (I -n)-&.
The transformation
Sy : T Dy = (2 T =) (g71)) - @71 g™

of the connection coefficient corresponds to the coordinate transformation (g, ®) of the
bundle.

PROPOSITION 5. The following relations hold

(a) Vi E=f-Vle,
(b) Vif-&=Ff#n+f-VEE,
* Fy,
(c) 5(y.0) Vi€ = V" €(g,0),
(d) —Lg.0) Mg = Sg.0y (=T 1),

where S?g@) acts by formula (2).

We say a section £ of the v.b. V(X, E) is parallel along the trajectories of a vector
field 7 if the following relation holds:

r
Vie=o.

We further consider linear topological spaces.
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Suppose that vector field  without zero term generates an evolutionary family u(t, 7)
€ L(X) of shifts along the trajectories of 7:

du(t s
Lilt’ D _nSultr),  ulrr) = id. (4)
PROPOSITION 6. The linear differential equation
dU t, T s
WD (o) Ulr). Ul =Ixs

together with (4) defines the evolutionary pair (u,U) € Ls(X) x Ls(X, L1(E)) of parallel
translation along the trajectories of the n possessing the property

U(t,s) du(s,7)-U(s,7) =U(t,7), t>s>T1.

The evolutionary pair is invariant with respect to the changes of variables, i.e., the
pair (ug, Uy a)) specifies the parallel translation along 7, in the connection I, g).

THEOREM 5. The section & € L(X, E) possessing the property
Eou(t,t)=U(t,T)-&
is parallel along the n.
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