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TOPOLOGICALLY INTEGRABLE DERIVATIONS AND
ADDITIVE GROUP ACTIONS ON AFFINE IND-SCHEMES

ROBERTO DIiAZ, ADRIEN DUBOULOZ, AND ALVARO LIENDO

ABSTRACT. Affine ind-varieties are infinite dimensional generalizations of algebraic varieties which ap-
pear naturally in many different contexts, in particular in the study of automorphism groups of affine spaces.
In this article we introduce and develop the basic algebraic theory of topologically integrable derivations
of complete topological rings. We establish a bijective algebro-geometric correspondence between additive
group actions on affine ind-varieties and topologically integrable derivations of their coordinate pro-rings
which extends the classical fruitful correspondence between additive group actions on affine varieties and
locally nilpotent derivations of their coordinate rings.

INTRODUCTION

Motivated by the study of algebro-geometric properties of some "infinite dimensional" groups which
appear naturally in algebraic geometry, such as for instance the group of algebraic automorphisms of
the affine n-space A} over a field k£, n > 2, Shafarevich [20, 21] introduced and developed some no-
tions of infinite-dimensional affine algebraic variety and infinite-dimensional affine algebraic group. In
Shafarevich’s sense, an affine ind-variety over an algebraically closed field % is a topological space X
which is homeomorphic to the colimit li el X, of a countable inductive system of closed embeddings
Xo — X1 — X3 — --- of ordinary affine algebraic k-varieties, endowed with the final topology. One
declares that a morphism between two such ind-varieties @%N X, and hﬂneN Y,, consists of a collec-
tion of compatible morphisms of ordinary affine algebraic varieties between the corresponding inductive
systems, and a group object in the so-defined category is then called an affine ind-group. Since Shafare-
vich pioneering work, this notion has been developed further by many authors [16, 15,22, 17,9, 6] driven
mainly by its numerous applications to the study of algebraic automorphism groups of affine varieties.

A different approach to affine ind-varieties, closer to the Grothendieck theory of ind-representable
functors and formal schemes [10, 1], was proposed by Kambayashi [12, 13, 14] in the form of a category
of locally ringed spaces anti-equivalent to the category whose objects are linearly topologized complete
k-algebras A which admit fundamental systems of open neighborhoods of 0 consisting of a countable
families of ideals (a,,)nen, With the property that all the quotients A,, = A/a,, are integral finitely gen-
erated k-algebras. The underlying topological space of an affine ind-k-variety in Kambayashi’s sense is
defined as the set Spf(.A) of open prime ideals of .A, endowed with the subspace topology inherited from
the Zariski topology on the usual prime spectrum Spec(.A). Morphisms between such ind-k-varieties
are in turn simply determined by continuous homomorphisms between the corresponding topological
algebras, see Section 2.

It is known that these two notions of ind-k-varieties are not equivalent, even already at the topological
level (see [22] for an in-depth comparison). Despite its natural definition and its algebraic flavor which
allows to easily extend it to more general complete topological algebras, leading to a natural theory of
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affine ind-schemes, so far, the applications of Kambayashi’s notion of affine ind-varieties have not been
researched as much as those of Shafarevich’s version.

The main goal of this paper is to develop the basic tools to extend the existing rich algebro-geometric
theory of additive group actions on affine varieties and schemes to Kambayashi’s affine ind-varieties and
ind-schemes. To explain our results and put them into context, we restrict ourselves in this introduction to
affine schemes and ind-schemes defined over an algebraically closed field k of characteristic zero. Every
algebraic action of the additive group G, ; = Spec(k[T’]) on an affine k-scheme is uniquely determined
by its comorphism p: A — A ®y, k[T] = A[T]. The fact that y is the comorphism of a G, j-action
implies that the map which associates to every f € A the element %(u( f)|r=0 is a k-derivation O
of A, which corresponds geometrically to the velocity vector field along the orbits of the action on X.
Conversely, an algebraic vector field 0 on X determines an algebraic action of G, ;, on X if and only if
its formal flow is algebraic, that is, if and only if the formal exponential homomorphism

exp(TO): A— AT, [ WT(!"C)TVL

factors through the polynomial ring A[T] C A[[T]]. Clearly, a k-derivation O of A satisfies this poly-
nomial integrability property if and only if for every f € A, there exists n € N such that 9"(f) = 0.
Derivations with this property are called locally nilpotent, and we obtain the well-known correspondence
between G, ;-actions on an affine k-variety X = Spec(A) and locally nilpotent k-derivations of A.

Let now A be linearly topologized complete k-algebra which admits a fundamental system of open
neighborhoods of 0 consisting of a countable family (a,,),en of ideals of A. We call a continuous
k-derivation O of A ropologically integrable if the sequence of k-linear endomorphisms (0");cy of A
converges continuously to the zero homomorphism, that is, if for every f € A and every i € N, there
exist an indices ng,j € N such that 0" (f + a;) C a; for every integer n > ng (see Definition 1.8).
Note that in the case where the topology on A is the discrete one, a k-derivation of 4 is topologically
integrable precisely when it is locally nilpotent. Our main result is the following extension of the classical
correspondence for affine k-varieties to the case of affine ind-%-schemes (see Theorem 3.6 for the general
version which applies to arbitrary relative affine ind-schemes over a base affine ind-scheme).

Theorem. Ler X = Spf(A) be the affine ind-k-scheme associated to a linearly topologized complete
k-algebra A which admits a fundamental system of open neighborhoods of 0 consisting of a countable
family of ideals. Then there exists a one-to-one correspondence between G, i.-actions on X and topolog-
ically integrable k-derivations of A.

This correspondence is made explicit as follows. The topological integrability of a continuous k-
derivation 0 of A is equivalent to the property that its associated formal exponential homomomorphism
exp(T'0) factors through a continuous homomorphism with values in the subring A{T'} C A[[T]] of
restricted power series, consisting of formal power series ) .y a;T" whose coefficients a; tend to 0 for
the topology on .A when n tends to infinity. The topological ring .A{7'} is isomorphic to the completed
tensor product A®y,k[T] with respect to the given topology on A and the discrete topology on k[T]. The
resulting continuous homomorphism

exp(Td): A — A{T} = ARLE[T)
determines through Kambayashi’s definition a morphism of affine ind-%-schemes
Gak Xk Spf(A) = Spf(A{T}) — Spf(A)

which satisfies the axioms of an action of the additive group G, on the affine ind-k-scheme Spf(.A).
We show conversely that every continuous homomorphism e: A — A{T'} which satisfies the axioms
of a comorphism of a G, j-action on an affine ind-k-scheme Spf(.A) is the restricted exponential homo-
morphism exp(7'0) associated to a topologically integrable k-derivation 0 of A (see Theorem 2.26.)

One of the cornerstones of the algebraic theory of locally nilpotent derivations is the existence for
every nonzero such derivation 0 of a k-algebra A of a so-called local slice, that is, an element s € A
such that 9(s) € ker(9) \ {0}. Not every nonzero topologically integrable derivation k-derivation 0 of a
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linearly topologized complete k-algebra .4 admits a local slice (see Example 2.13 for a counterexample).
On the other hand, we establish that the theory of topologically integrable derivations with local slices
closely resembles the usual finite-dimensional case: after an appropriate localization, these derivations
admit a Dixmier-Reynolds operator (see Definition 2.15) which provides a retraction of 4 onto their
kernels. In particular, we have the following result (see Proposition 2.16 and Corollary 2.18 for the
general case).

Theorem. Let A be linearly topologized complete k-algebra and let 0: A — A be a topologically
integrable derivation admitting a slice s such that O(s) = 1. Then A = (ker 0){s} and exp(T0)
coincides with the homomorphism of topological (ker 0)-algebras

(ker 0){s} — (ker O){s}{T'} = (ker 0){s, T}, s~ s+T.

The paper is organized as follows. In Section 1 we collect and review essential definitions and results
on the classes of topological groups, rings and modules which are relevant in the context of Kambayashi’s
definition of affine ind-schemes. In Section 2, we develop the basic algebraic theory of restricted expo-
nential homomorphisms and their correspondence with topologically integrable iterated higher deriva-
tions. Section 3 is devoted to the geometric side of the picture: there, for the convenience of the reader,
we first review the main steps of the construction of the affine ind-scheme associated to a linearly topolo-
gized complete ring, and then, we illustrate the resulting anti-equivalence between restricted exponential
homomorphisms and additive group actions on affine ind-schemes.
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1. PRELIMINARIES ON TOPOLOGICAL GROUPS AND RINGS

In this section we recall and gather general results on topological groups, rings and modules. Standard
references for theses topics are for instance Bourbaki [3, Chapter I1I], [4, Chapter III] and Northcott [19].
Recall that a topological abelian group is an abelian group G endowed with a topology for which
the map G x G — G, (z,y) — x — y is continuous. The topology on G is called linear if G has a
fundamental system of open neighborhoods of its neutral element 0 consisting of open subgroups. In
what follows, we only consider topological abelian groups GG endowed with a linear topology which
satisfy the following additional condition:
(x) There exists a fundamental system of open neighborhoods of the neutral element 0 consisting
of a countable family of open subgroups.



4 ROBERTO DIAZ, ADRIEN DUBOULOZ, AND ALVARO LIENDO

A topological group satisfying this property is in particular a first-countable topological space. For
simplicity, we refer them simply to as topological groups and we refer those fundamental systems of open
neighborhoods of the neutral element simply to as fundamental systems of open subgroups of G. Given
such a fundamental system (H,,),en parametrized by the set N of non-negative integers, we henceforth
also always assume in addition that Hy = G and that H,,, C H,, whenever m > n.

A continuous homomorphism f: G — G’ between topological groups is refered to as a homomor-
phism of topological groups. Note that such a homomorphism is automatically uniformly continuous in
the sense of [3, I1.2.1].

1.1. Separated completions of topological groups. A topological group G is separated as a topological
space if and only if the intersection of all open subgroups of GG consists of the neutral element O only,
hence, since every open subgroup of a topological group is also closed [3, I1I.2.1 Corollary to Proposition
4], if and only if {0} is a closed subset of G.

Given a topological group G, the collection of topological groups G/ H, where H ranges through the
set I' of open subgroups of G, together with the canonical surjective homomorphisms py ;r: G/H' —
G/H whenever H' C H form an inverse system of topological groups when each G/H is endowed
with the quotient topology, which is the discrete one as H is open. Note that with respect to these
topologies, the canonical homomorphisms pr: G — G/H, H € T', are homomorphisms of topological
groups. The limit G= gn Her G/ H of this system endowed with the inverse limit topology is a linearly

topologized abelian group. We denote by py : GG /H, H € T, the associated canonical continuous

homomorphisms and by ¢: G — G the continuous homomorphism induced by the homomorphisms
pu:G—G/H,HeT.

Proposition 1.1. Let G be a topological group and let (H,,)ncn be a fundamental system open subgroups
of G. Then the following hold:

1) The group Gisa separated topological group canonically isomorphic to the group I'&HneN G/H,
endowed with the inverse limit topology,

2) The canonical projections pyy : G- G /H are surjective homomorphisms of topological groups,

3) The canonical map c¢: G — Gisa homomorphism of topological groups whose image is a dense
subgroup of G and whose kernel is equal to the closure of {0} in G. Furthermore, the induced morphism
of topological groups c: G — ¢(Q) is open.

Proof. Since all the G/H are endowed with the discrete topology, {0} is closed in G/H and so, {0} is
closed in G by definition of the inverse limit topology. This yields that G is separated. Since (H,,)nen
is a cofinal subset of I', the canonical homomorphism G — hmne G/H,, is an isomorphism of topo-

logical groups. A countable fundamental system of open subgroups of G is given by the kernels of
the projections py,, n € N. This shows that Gisa topological group in our sense. Since each
pog: G/H — G/H, H /H' € T, is surjective and (H,,)nen is a countable cofinal subset of T,
by Mittag-Leffler theorem [3, I1.3.5 Corollary I], the canonical homomorphisms Dy : GG /H are all
surjective. Assertion 3) is [3, I11.7.3 Proposition 2]. ]

Definition 1.2. The topological group G is called the separated completion of the topological group
GG. We say that a topological group is complete if the canonical homomorphism ¢: G — G is an
isomorphism of topological groups.

The separated separated completion c: G — G is characterized by the following universal property
[3, 1I1.3.4 Proposotion 8]: For every homomorphism of topological groups f: G — G" where G" i
complete, there exists a unique homomorphism of topological groups f G — G" such that f= f oc.
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Remark 1.3. A separated topological group G is metrizable. Indeed, given a countable fundamental
system of open subgroups (H,,),en, @ metric d inducing the topology on G is for instance defined by

d(z,1) 0 ifx=y
,Y) = .
o ifx—y e Hy\ Hyp1.

For such a group, the notion of completeness of Definition 1.2 is equivalent to the fact that the metric
space (G, d) is a complete in the usual sense, see also Remark 1.7 below.

Proposition 1.4. Let G and G’ be topological groups with respective separated completions c: G — G
and c: G' — G'. Then for every homomorphism of topological groups h: G — G’ there exists a unique
homomorphism of topological groups h: G — G suchthatd oh =hoec.

Conversely, every homomorphism of topological groups h:G — Gis uniquely determined by its
restriction ho c: G — G’ to G.

Proof. The first assertion is an immediate consequence of the universal property of separated completion.
The second assertion follows from the fact that the image of the separated completion homomorphism
c¢: G — G is dense. O

Lemma 1.5. Let (G,,)nen be an inverse system of complete topological groups with surjective transition
homomorphisms py, n,: G, — Gy, for every m > n > 0. Then the limit G = @nEN G, endowed with
the inverse limit topology is a complete topological group and each canonical projection p,: G — G,
is a surjective homomorphism of topological groups.

Proof. The fact that G endowed with the inverse limit topology is a linearly topologized abelian group
and the fact that the canonical projections p,,: G — G, are continous homomorphisms are clear. The
surjectivity of p,, follows again from Mittag-Leffler theorem [3, I1.3.5 Corollary I]. A countable fun-
damental system of open subgroups of G is given for instance by the collection of inverse images of
such fundamental systems of each G,, by the homomorphisms p,,. Finally, since each G, is complete, it
follows from [3, I1.3.5 Corollary to Proposition 10] that G is complete. U

1.2. Convergence and summability in topological groups.

Definition 1.6. Let GG be a topological group and let (z;);cr be a family of elements of G parametrized
by a countable infinite index set /. For every finite subset J C I, set s; = s,;((2i)icr) = > ;e5 2 € G.

a) The family (z;);es is said to be Cauchy if for every open subgroup H of G there exists a finite
subset J(H ) of I such that x; — z; € H foralli,j € I\ J(H).

b) The family (x;);cs is said to converge to an element = € G if for every open subgroup H of G
there exists a finite subset J(H ) such that x; —x € H foralli € I\ J(n).

¢) The family (x;);er is said to be summable of sum s € G if for every open subgroup H of G there
exists a finite subset J(H) C I such that s; — s € H for every every finite subset J O J(H) of I.

If G is separated then an element x € G to which a family (z;);c; converges is unique if it exists,
we call it the limit of the family (z;);c;. We say that a family (z;);c is convergent if it converges to an
element x € G. Similarly, an element s € G such that (z;);c; is summable of sum s € G is unique if it
exists. We call it the sum of the family (z;);ec; and we write s = >,/ ;.

Proposition 1.7. ([4, I11.2.6 Proposition 5] For a separated topological group G, the following conditions
are equivalent:

a) G is a complete topological group,

b) Every Cauchy family (x;);c1 of elements of G is convergent in G,

¢) Every family (z;);c1 of element of G which converges to 0 is summable in G.

Definition 1.8. Let G and G’ be topological groups, let f,,: G — G’, n € N, be a sequence of homo-
momorphisms of groups and let f: G — G’ be a homomorphism of groups.



6 ROBERTO DIAZ, ADRIEN DUBOULOZ, AND ALVARO LIENDO

a) The sequence ( f,,)nen is said to converge pointwise to f if for every g € G and every open subgroup
H' of 7, there exists an index ng such that f,,(g) — f(g) € H' for every integer n > ny,

b) The sequence (fy,)nen is said to converge continuously to f if every f,, n € N, is continuous and
for every g € G and every open subgroup H' of G, there exists an open subgroup H of G and an index
ng such that f,, (g + z) — f(g + ) € H' for every element x € H and every integer n > ny.

Clearly, a sequence (f,,)nen Which converges continuously to a homomorphism f converges point-
wise to this homomorphism.

Lemma 1.9. Let G be a topological group, let G' be separated topological group and let f,: G — G,
n € N, be a sequence of homomorphisms of topological groups. Then the following properties are
equivalent:

a) The sequence (fy)nen converges continuously to a homomorphism f: G — G,

b) There exists a homomorphism of topological groups f: G — G’ such that the sequence f, — f
converges continuously to the zero homomorphism,

¢) The sequence ( fp,)nen is pointwise convergent to a homomorphism of topological groups f: G —
G’, and for every open subgroup H' of G', there exists an open subgroup H of G and an integer ng > 0
such that (f, — f)(H) C H' for every n > ny.

In particular, if a sequence ( fr,)nen of homomorphisms of topological groups converges continuously
to a homomorphism f: G — G, then f is continuous.

Proof. Denote by (hy,)nen the sequence of group homomorphisms defined by h,, = f,, — f for every
n € N. The implication b) = a) is clear. Conversely, assume that the sequence (f,,)nen converges
continuously to a homomorphism f: G — G’. Applying the definition of continuous convergence to the
point 0 of G, it follows that for every open subgroup H' of G’, there exists an open subgroup Hy of G
such that (f,, — f)(Hy) C H' for all sufficiently large n. On the other hand, since f;, is continuous for
every n, there exists an open subgroup Hs(n) of G such that f,,(H2(n)) C H'. Choosing n sufficiently
large, we have — f (z) = (fn(x)—f(2))— fn(x) € H forevery x € H = HiNHs(n). Thus f(H) C H’
which shows that f is continuous at 0, hence continuous since it is a homomorphism of groups. Then
(hn)nen is a sequence of homomorphisms of topological groups which converges continuously to the
zero homomorphism. Thus, a) implies b).

Now assume that for some homomorphism of topological groups f the sequence h,, = f, — f,n € N,
converges continuously to the zero homomorphism. Applying the definition of continuous convergence
to the element 0 € G, we conclude that there exist an open subgroup H of GG and an integer ng such that
hn(H) C H' for every n > ng. So b) implies ¢). Conversely, assume that ¢) holds, let H' be an open
subgroup of G’ and let ¢ be an element of GG. Since by hypothesis the sequence (f,,(g))nen converges to
an element ¢’ of G, there exists an integer nq > 0 such that f,,(g) — ¢’ € H' for every n > n;. It follows
that f(g) — ¢ = f(g9) — fu(g9) + fn(g) — ¢’ belongs to H’, hence that ¢ = f(g) since G’ is separated.
This implies in turn that the sequence (h,,(g))nen converges to 0 in G’, so that there exists an integer
ns > 0 such that h,(g) € H' for every n > ns. Since on the other hand there exists by hypothesis an
open subgroup H of G and an integer n3 > 0 such that h,,(H) C H' for every n > ns, we conclude
that h,, (g9 + H) C H' for every n > max(nsg, n3). So the sequence (hy,)nen converges continuously to
0, which shows that c) implies b). ]

Lemma 1.10. Let G be a topological group and let G be a separated topological group with respective
separated completions ¢: G — Gand d: G — G. Let fn G — G, n e N be a sequence of
homomorphisms of topological groups, let fn =cdof,:G— G, n €N, and let fn GG ne N,
be the sequence of homomorphisms of topological groups deduced from the sequence ( fn)neN by the
universal property of the separated completion.

Ifthe sequence (fn)nen converges continuously to a homomorphism f: G — G' then the sequences
( fn)neN and ( fn)neN converges continuously respectively to the homomorphlsm of topologlcal groups
f = ¢ o f and to the homomorphism of topological groups f G — G’ deduced from f by the universal
property of the separated completion.
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Proof. Note that fn and fn are homomorphisms of topological groups for every n € N. By Lemma
1.9, f is a homomorphism of topological groups so that fvand fare homomorphisms of topological
groups as well. Let g € (G and let H' be an open subgroup of G'. Then H' = ¢ 71(1/1?’ ) is an open
subgroup of G’. Since (f,,)nen converges continuously to f, there exists an open subgroup H of G and
an index ng such that f,, (g + z) — f(g + =) € H' for every element x € H and every integer n > ny.
Since ¢/(H') C H', this implies that falg+z)— flg+2) € H', which shows that (fn)nen converges
continuously to f Replacing G’ by @ the sequence f,, by the sequence fn and the homomorphism f by
f we can now assume that G’ is complete By Lemma 1.9, it remains to show that the sequence of group
homomorphlsms (hn)neN defined by h fn f converges continuously to the zero homomorphism on
G. By definition of (hn)neN, continuous convergence holds in restriction to the subgroup Gy = ¢(G) of
G. Since h is uniformly continuous and G| is dense in G it follows that (hn)neN converges pointwise
to the zero homomorphism on G. Let H be an open subgroup of G’. Then there exist an integer ny and
open subgroup H of G such that ?Ln(z) € H' forevery z € Hy = Gy N H and every n > ng. Since
Hy is dense in H and H is a first-countable topological space, for every x € H, there exists a sequence
(Zn)nen of elements of Hy which converges to x. Setting y,, = = — x,, the sequence (ﬁi(yj))(z;j)elw

converges to 0 in G'. This implies in particular that there exists a strictly increasing map ¢: N — N and
an integer ny > 0 such that hy, (y,(n)) € H' forevery n > ny. It follows that for every n > max(ng, n1),

T (2) = /f;n(l'w(n) ) +?Ln(y¢(n)) belong to H', which shows, by Lemma 1.9 ¢), that the sequence (%, )nen
converges continuously to the zero homomorphism on G. O

Corollary 1.11. Let G be a topological group and let G' be separated topological group with separated
completion ' : G' — G'. Let hn: G — G', n €N, be a sequence of homomorphisms of topological
groups which converges continuously to the zero homomorphism. Then the sequence of homomorphisms
SN = ZnNzo c o hy, N €N, converges continuously to the homomorphism

S:Zc’ohn:G%é\’, g'—)ZC/h

neN neN

Proof. Let hy, = ¢ o hp: G — G. First note that since for every g € G the sequence (hy,(g))nen
converges to 0 in G, it follows from Proposition 1.7 that the family (7Ln (9))nen of elements of G is
summable, so that the map s is indeed well defined. Since every Iy isa homomorphism of groups, for
every gi,¢g2 € G and every integer N € N, we have sy (g1 + 92) = sn(g1) + sn(g2). Since G’ is
separated, this implies that s(g1 + g2) = s(g1) + s(g2), showing that s: G — Gis a homomorphism.
Let H' be an open subgroup of G'. Since the sequence (ﬁn)neN converges continuously to the zero
homomorphism, Lemma 1.9 implies that there exists an integer ng > 0 and an open subgroup H; of G
such that h (Hy) CH H' for every n > ng. Since for every n € N, h is contlnuous hence in particular
continuous at 0, there exists an open subgroup Hs of G such that hn(Hg) c H' for everyn =0,...,ng.
Putting H = Hy N Hy, we have h,(H) C H' for every n € N, which implies in turn that sy(H) C 7L
for every N € N. Since H H'is an open subgroup of G, it also closed. It follows that for every g € H, the

limit s(g) of the sequence (s,,(g))nen belong to H H', so that s(H)yC H H'. This shows that s is continuous
at 0, hence continuous since it is a homomorphism. U

1.3. Recollection on topological rings and modules. Recall that a commutative topological ring A is
a topological abelian group endowed with a ring structure for which the multiplication 4 x A — A
is continuous. A module M over a topological ring A is a called a topological A-module if it is a
topological abelian group and the scalar multiplication A x M — M is continuous, where A x M is
endowed with product topology. In the sequel, unless otherwise specified, the term topological ring (resp.
topological module) will refer to a commutative topological ring A (resp. topological module M over
some topological ring .A) endowed with a linear topology for which there exists a fundamental system of
neighbourhoods of 0 consisting of a countable family (a,,),cn of ideals of A (resp. endowed with a linear
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topology with a fundamental system of neighbourhoods of 0 consisting of a countable family of open
submodules (M, )nen). We also always assume that ay = A and that a,,, C a,, whenever m > m and
similarly that My = M and M,, C M, for whenever m > n. A continuous homomorphism f: A —
A’ between topological rings is refered to as a homomorphism of topological rings. We denote by
CHom(.A, B) the subgroup of the abelian group Hom(.A, B3) consisting of continuous homomorphisms.
Similarly, a continuous homomorphism of topological modules f: M — N over a topological ring
A is refered to as a homomorphism of topological A-modules and we denote by CHom 4 (M, N) the
A-module of such continuous homomorphisms.

Given a topological ring A (resp. a topological module M over a topological ring .A) the separated
completion Aof A (resp. M of M ) as a topological group carries the structure of a topological ring
(resp.of a topological .4-module) and the canonical homomorphism of topological groups c¢: A — A
(resp. c: M — M ) is a homomorphism of topological rings (resp. of topological A-modules). We say
that A (resp. M) is a complete topological ring (resp. a complete topological A-module) if ¢: A — A
(resp. c: M — ]\/4\) is an isomorphism.

For every complete topological ring B the composition with ¢: A4 — A induces an isomorphism

¢*: CHom(A, B) — CHom(A,B), f+ foc.

Let A be a topological ring and let B be a complete topological ring, with fundamental systems (a,,)nen
and (b, )nen of open neighborhoods of 0, respectively. Set A, = A/a,, and B,, = B/b,, so that we
have A = m _ Apand B = lim o By,. Every homomorphism of topological rings f: A = Bis
equivalently described by an inverse system of continuous homomorphisms f, : A= B,,. The kernel
of each such f,,, being an open ideal of A, it contains some open ideal a,, and so, f,, factors through a
homomorphism f, ,,: A, — Bp,. Summing up, we have:

CHom(A, B) = CHom(lim _ Ay, lim _ By,) lim _ (CHom(lim _ Ay, By))

@mGN(MnGN Hom(A"’ Bm))

[raire

1.3.1. Completed tensor product. We recall basic properties of completed tensor products of topological
modules, see [4, III] and [10, 0.7.7].

Definition 1.12. ([4, III Exercise 28]) Let M and N be topological modules over a topological ring A.

The completed tensor product M& 4N of M and N over A is the separated completion M/®7N of the
tensor product M ® 4 IN with respect to the linear topology generated by open neighborhoods of 0 of the
form U @ N + M ® V, where U and V run respectively through the set of open .4-submodules of M
and N.

We denote by 7: M x N — M®& 4N the composition of the canonical homomorphism of topological
A-modules M x N = M ® 4 N, where M x N is endowed with the product topology, with the separated
completion homomorphism ¢: M @4 N — M@ 4N

It follows from the universal properties of the tensor product and of the separated completion that
the canonical homomorphism of topological A-modules 7: M x N — M® 4N satisfies the following
universal property: For every continuous A-bilinear homomorphism ®: M x N — FE into a complete
topological A-module E, there exists a unique homomorphism of topological A-modules p: M AN —
E such that ® = ¢ o 7. As for the usual tensor product, this universal property implies the following
associativity result whose proof is a direct adaptation of that of [5, I1.3.8, Proposition 8]:

Lemma 1.13. Let A be a topological ring, let M and B be respectively a topological A-module and a
topological A-algebra and let N and P be topological B-modules. Then there is a canonical isomor-
phism of complete topological B-modules

(MRAN)@5P = M®A(N®5P)
where M® 4N is viewed as topological B-module via the B-module structure of N.
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In the case where M = By and N = B, are topological A-algebras, the completed tensor prod-
uct B1® ABs is a complete topological A-algebra and the composition o1: By — Bi® ABs (resp.
o9: By — 81®ABQ) of idBl ®1: By — B1 ®4 Bs (resp. 1 ® id32: By — B1 ®4 By) with the sepa-
rated completion homomorphism By ® 4 By — B1® 48B3 is a homomorphism of topological A-algebras.
The A-algebra B;® 4B, satisfies the following universal property: For every complete topological A-
algebra C and every pair of homomorphisms of topological A-algebras f;: B; — C there exists a unique
homomorphism of topological A-algebras f: Bi®@aBs — C such that f; = fo oy, i =1,2.

In general, given a finitely generated algebra R over the field k, the covariant functor R ®; — which
associates to a k-algebra A the k-algebra R ®j, A is not representable in the category of k-algebras. The
following example shows in contrast that the natural extension of R®;— of R ®j — to the category of
complete topological k-algebras is representable.

Example 1.14. Let R be a finitely generated algebra over a field k. Then the covariant functor
R®p—: (CTop k) — (Sets)
associating to a complete topological k-algebra A the completed tensor product R®;.A is representable.

Vi =
Unen Vi Where the V;, are an increasing sequence of finite dimensional k-vector spaces Vj CEN - C
Vi € Vg1 C -+ which form an exhaustion of R. For every n < n/, the inclusion V,, C Vs induces
a dual surjection V7 — V)’ between the duals of V},; and V}, respectively, hence a surjective k-algebra
homomorphism Sym’(V,%) — Sym’(V}) between the symmetric k-algebras of V¥ and V}’, respec-
tively. Viewing each R,, = Sym’(V,’) as endowed with the discrete topology, the ring R = T&nneN R,
endowed with the initial topology is a complete topological k-algebra whose isomorphism type is inde-
pendent on the choice of a particular exhaustion {V}, },,cn of R by finite dimensional k-vector subspaces.

Now let A = @1 A, be a complete topological k-algebra. Since tensor product commutes with

meN
colimits and the k-vector spaces V,, are finite dimensional, we have natural isomorphisms

R&pA=1lim _ (R®k Ap)

Proof. Since R is finitely generated, it is a countable k-vector space. We can thus write R = hi>nn

= L&l eN(@neN(Vn ®k Am)) y
= %inmeN(hi%neN(Homkfm‘)d(V” ’Am))'

The universal property of symmetric algebras provides in turn natural isomorphisms
Homy, _moa(V,), Am) = Homk,alg(Sym'(V,;/), Ay,) = Homy a1 (Rps Ap).

Summing up, we obtain for every A a natural isomorphism

® 4 : CHomg (R, A) = lim (ligl(Homk_alg(Rn,Am)) =5 R®pA.

meN neN
These isomorphisms are easily seen from the construction to be functorial in .A, defining an isomorphism
of covariant functors ®: CHom(—, R) — R®— which shows that R represents the functor R®y—.
The universal element u = ®r(idg) € R@;ﬂ% can be described as follows. For every n € N, let
up € R®y R, = R®y Sym'(V,) be the image by the natural homomorphism

Vi @1 V) — R® Sym'(V,))

of the element corresponding to idy;, via the isomorphism Homyg (V;,, V;,) = V,, @ V,Y. The collection
of elements u,, € R ®; R, is an inverse system with the respect to the projection homomorphisms
R®i Ry — R®i R,,, n <n'and we have u = @nneN Uy € @nneN R®, R, = RQ,LR. O

1.3.2. Separated completed localization. In what follows by a multiplicatively closed subset of a ring
A, we mean a subset S of A containing 1 and stable under multiplication. We now recall basic results on
separated completed localizations of topological rings and modules, see [10, 0.7.6].
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Definition 1.15. Let A be a be a topological ring and let S C A be a multiplicatively closed subset of
A. The separated completed localization S—1A of A with respect to S is the separated completion of
the usual localization S~!.4 endowed with the topology co-induced by the localization homomorphism
j: A — S~1A. The composition

j=coj: ALy 571A 4 514
of the usual localization homomorphism with the separated completion homomorphism is a homomor-

phism topological ring which we call separated completed localization homomorphism of A with respect
to S.

Notation 1.16. Given a topological ring A and element f € A (resp. a prime ideal p of A), we denote
by Ay (resp. Ay) the separated completed localization of A with respect to the multiplicatively closed

subset S = {f™},>0 (resp. S = A\ p).
The separated completed localization enjoys the following universal property:

Proposition 1.17. With the notation above, let B be a complete topological ring and let p: A — B be a
homomorphism of topological rings such that o(S) C B*. Then there exists a unique homomorphism of

topological rings S—'¢: S—1A — B such that p = S—1p o J.

Proof. By the universal property of the usual localization j: A — S~!.A, the exists a unique homomor-
phism S~1p: S71A — B such that ¢ = S~'¢ o j. The homomorphism S~ !¢ is continuous for the
topology on S~! A co-induced by that on A, and since B is complete, it follows that there exists a unique
homomorphism of topological rings S—1¢: S~1A — B such that S™'p = S~1p o c. We then have
p=8"poj=5"pocoj=5"poj. O
Lemma 1.18. Let A be a topological ring with separated completlon c:A = AletS C Abea
multiplicatively closed subset and let S C A be the closure of ¢(S) in A. Then there exists a canonical

isomorphism S—1A = 514 of complete topological rings.

Proof. Let (a;,)nen be a fundamental system of open ideal in A, let p,,: A — A, = A/ an, n € N, be
the quotient homomorphisms and let S, = p,,(S) C A,,. Then S = hm GNS C L en A, = Aso
that, by definition,

STIA= lim 5,14, = 514,
neN
0

Corollary 1.19. Let A be a topological rmg, let c: A — A be its separated completion and let S C A

be a mulnpllcatlvely closed subset. Then S— 1A is the zero ring if an only if O belongs to the closure S of
o(S) in A.

Proof. In view of Lemma 1.18, we are reduced to the case where A is complete and S is closed in .A.
Now if 0 € S then S~!A is the zero ring, and so ﬂ is the zero ring as well. Conversely, using
the notation of the proof of Lemma 1.18, if ﬂ = @n N S LA, is the zero ring, then S, 1A, is
the zero ring for every n € N, which implies that 0 € S,, for every n € N. It follows that O belongs
r&lneN S, = S as S'is closed. O

Example 1.20. Let A = C[u] endowed with the u-adic topology, with fundamental system of neighbour-
hoods of 0 given by the ideals a,, = u”C[ ],n >0, and let S = {u"},,>0. We have then A Cl[u]]
endowed with the u-adic topology and S = c(S) = {u™ }im>o0. Since A,, = Clu]/(u") = C[[u]]/(u")
the images S, = m,(S) = mn(S), n > 1, all contain the element 0. Thus S; !4, = {0} for every
n > 0 from which it follows that 5/?4 is the zero ring. On the other hand, we have S~' A = Clu*!]
and S~1A = C[[u*!]] = C((u)) and the images of the ideal a,, and ¢(a,) by the respective localization
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homomorphisms are all equal to the unit ideals in C[u*'] and C((u)) respectively. The induced topolo-

gies on S~!'A and S—1 A are thus the trivial ones, which implies that the separated completions of these
rings are both isomorphic to the zero ring.

Lemma 1.21. Leti: A — B be an injective closed homomorphism of complete topological rings and let

S be a multiplicatively closed subset of A. Then S—1i: S='A — i(S)~1B is an injective homomorphism
of topological rings.

Proof. Since A (resp. B) is complete, the kernel of the separated completed localization homomorphism
A — S71A (resp. B — i(S)~1B) consists of elements of A (resp. B) which are anihilated by the
multiplication by an element of the closure of S in A (resp. of the closure of i(S) in ). On the other
hand, since i is a closed homomorphism of topological rings, i(.4) is complete subspace of 3, hence a
closed subspace, so that the closures of i(.5) in i(.A) and B coincide. O

Remark 1.22. Note that the conclusion of Lemma 1.21 does not hold if ¢: A — B is not a closed homo-
morphism. For instance, the inclusion Clu] — C[[u]] where C[u] and C[[u]] are endowed respectively
with the discrete topology and the u-adic topology is continuous but not closed. The separated completed
localizations of these topological rings with respect to the multiplicatively closed subset S = {u™},,,>0
are respectively isomorphic to Clu, u '] endowed with the discrete topology and to the zero ring, so that

S—14 is not injective in this case.

Definition 1.23. Let A be a be a topological ring, let M be a topological A-module and let S C A

multiplicatively closed subset of A. The separated completed localization S—1 M of M with respect to
S is the separated completion of the S~! A-module S~™'M = S~' A ® 4 M with respect to the topology
co-induced by the localization homomorphism jys: M — S™1M

The natural structure ofﬁ)ﬂlogical S~! A-module on S~'M induces a structure of complete topo-

logical S/*?ét—module on S~1M. The composition
;M:cojM: Mi}S*lMim
of the usual localization homomorphism with the separated completion homomorphism is a homomor-
phism of topological modules which we call the separated completed localization homomorphism of M
with respect to .S.
For every homomorphism of topolgical A-modules f: M — N, we denote by S~1f: S—I1M —

S—1N the homomorphism of topological S—!.4-modules induced by the universal properties of usual
localization and separated completion.

1.4. Restricted power series. We recall properties of restricted power series rings with coefficients in
a topological ring following [4, I11.4.2], see also [10, 0.7.5].

Definition 1.24. Let A be a topological ring with separated completion ¢: A — A and let T1,...,T, be
a collection of indeterminates. N R

The ring of restricted power series with coefficients in A is the separated completion A{Ty,...,T,}
of the polynomial ring A[T7, ..., T,] endowed with the topology generated by the ideals a[77, ..., T}],
where a runs throught the set of open ideals of A.

We denote by g : A= .AT{Tl, ..., T,-} the homomorphism of topological rings deduced by the uni-
versal property of ¢: A — A from the composition of the inclusion A < A[T7, ..., T,] as the subring of
constant polynomials with the separated completion homomorphism A[T},...,T,| — .Z{Tl, T}
The elements in the image of 7( are said to be constant restricted power series.

Letting (a,,),cn be a fundamental system of open ideals of .A, it follows from the definition that

ATy, .. T} = lim(Afay) [Ty, T

neN
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Identifying a polynomial in .A[T17 ..., T;;] with the family (as)ren- of its coefficients, we see that the
elements of .A{Tl, ..., T} are represented by families (ay)senr of elements of A which converge to 0
in the sense of Deﬁnltlon 1.6, namely, a famlly of elements (as)renr of A represents a restricted power
series if and only if for every open ideal a of A, all but finitely many of the ay belong to a.

Following [4, I11.4.2], we henceforth identify A{Tl, ..., T} with the A-subalgebra of the algebra of
formal power series with coefficients in A consisting of formal power series

S a1

I=(i1,...,ir)ENT

such that the family (ar)ren- converges to 0. Note that such a family is summable in A by Proposi-
tion 1.7, so that with our identification, the family (a;77" - -- Ti)renr of elements of A{TY,..., T}
is summable, with sum ) Ienr @ ITl“ - ,?T. Recall [3, 5.3 Proposition 2 and Theorem 2] that for ev-

ery partition (Jy)xer, of N”, the subfamily (ar);c s, is summable, say of sum sy € A, and the family
(sx)aer is summable, with the same sum as the family (a;)renr, so that, with our identification, we have

oa it T =" a Ty T

TeN” ML Iy

Proposition 1.25. The ring .Z{Tl, ..., 1.} satisfies the following universal property: for every contin-
uous ring homomorphism f: A — B to a complete topological ring B and every choice of r elements
bi,..., b, of B, there exists a unique continuous ring homomorphism f : ./I{Tl, ..., T} — B such that
7|c(A) = fand such that f(T;) = b; foreveryi=1,...,r

Proof. This follows from [4, I11.4.2 Proposition 4] and the universal property of the separated completion
homomorphism ¢: A — A. O

Corollary 1.26. Let A be a complete topological ring and let 3 be a complete topological A-algebra.
Then for every r > 1, there are canonical isomorphisms

CHomA—alg('A{Tla s ,Tr}a B) = CHom.A—mod(A@ra B) =~ B
Notation 1.27. Given a complete topological ring A and a subset J C {1,...,r}, we denote by

w0 AT,y — A{Titigs

the unique homomorphism of topological .A-algebras defined by 7(; ;) (T;) = 1ifi € Jand 7(y ;)(T;) =
T; otherwise. For J = {1,...,r}, we denote the corresponding homomorphism A{T},...,T,} — A
simply by T(,..,1)-

For every collection aq, ..., a, of elements of .4, we denote by A(aq,...,a,) the unique endomor-
phisms of topological A-algebras of A{T},...,T,} defined by T; — a;T;,i = 1,... 7.

Finally, we denote by A: A{T},...,T,} — A{T} the unique homomorphism of topological .A-
algebras that maps 7; to T forevery i = 1,...,r

It follows from the definition of the completed tensor product that we have canonical isomorphisms
ATy, .. T2 AR ZTY, ..., T, = ARz Z[T, . .., T,]

where Z[Ty, ..., T,] is endowed with the discrete topology. The following lemma is then a straightfor-
ward consequence of Lemma 1.13.

Lemma 1.28. For every complete topological ring A and every set of variables 1, ..., Ts, Ts11, ..., T,
there exist canonical isomorphisms of complete topological A-algebras

A{Ty,... T, Toyr,... T} =2 ATy, ..., T }RAA{Tsi1,..., T} 2 A{T, ..., TsH{Tss1,... T}
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Lemma 1.29. Let B be the limit of a countable inverse system (By,)nen of complete topological rings
with surjective continuous transition homomorphisms py, n: By, — By, for every m > n > 0 and let

T1,...,T, be indeterminates. Then the canonical homomorphism of complete topological rings
B{TI, s ,Tr} = (@1 Bn)@)ZZ[TI, s aTr] — @(Bn&’ZZZ[Tla s Tr]) = @(Bn{Tla s aTT})
neN neN neN

is an isomorphism.

Proof. Let p,: B — B,,, n € N be the canonical projection homomorphisms. By definition, elements of
B{Ty,...,T,} are represented by families (b7)enr of elements of B which converge to 0 in B. Since
the projection homomorphisms p,, are surjective, it follows from the definition of the topology on B that
these families are in one-to-one correspondence with collections of families (b, 7)ren- of elements of
By, n € N, such that (by, 1) renr converges to 0 in 3,, for every n € N and such that b, 1 = Py (bm.1)
for every m > n > 0 and every I € N". O

Lemma 1.30. Let A be a topological ring, let B be a separated topological ring with separated com-
pletion c: B — B and let h,,: A — B be a sequence of homomorphisms of groups which converges
pointwise to the zero homomorphism. Then the map

st A= B{T}, a— Y c(hn(a)T™

neN

is a well-defined homomorphism of groups and the following assertions are equivalent:

a) The homomorphism s: A — B{T is continuous,

b) Every hy,, n € N, is continuous and the sequence (h,)ncn converges continuously to the zero
homomorphism.

Proof. Let u,: A — E{T}, n € N, be the sequence of homomorphisms of groups defined by u,,(a) =
¢(hn(a))T™. Since the sequence (hy,)nen converges pointwise to the zero homomorphism, it follows
from the definition of the topology on E{T} that the sequence (u,)ncn converges pointwise to the
zero homomorphism. Arguing as in the proof of Corollary 1.11, we conclude that the map s is a well-
defined homomorphism of groups, and that the sequence of homomorphisms (sxy)yen defined by sy =
anzo U, converges pointwise to s.

If each h,, n € N, is continuous and the sequence (h,),cn converges continuously to the zero
homomorphism, then s is a homomorphism of topological groups by Corollary 1.11. Conversely, assume
that s is continuous. By definition of the topology on

B(T} c BlT1) = [ B

neN

every projection p,, : E{T} — B, (bn)nen > bp, n € N, is a homomorphism of topological groups. It
follows that p,, 0 s = co h,, is continuous for every n € N, which implies in turn since c: B — B is open
onto its image that h,, is continuous. Furthermore, for every open ideal b of B3, there exists an index n > 0

such that c(h,(a)) € b for every a € A and every n > ng. This implies that the sequence (cohp)nen
converges continuously to the zero homomorphism, hence that the sequence (h,,),en converges to the
zero homomorphism. U

Lemma 1.31. Let A be topological ring with separated completion c: A — Aand let S C Abea

multiplicatively closed subset. Let T, ..., T, be a set of indeterminates and let §0 - .Z{T Iyeoy Iy} be
the image of S by the composition of ¢ with the inclusion ig: A — A{Ty,...,T,}. Then there exists a

canonical isomorphism of complete topological S—'.A-algebras

—

STA{TY,..., T} = (Sy Y (A{Th,... . T,}),
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where (ga 1(./Zl\{T1, ..., T,.})) is viewed as an S~ A-algebra via the unique homomorphism of topolog-
ical rings deduced from the homomorphism of topological rings

A AT, T} — (5, (AT, ... T )
by the universal property of separated completed localization.

Proof. Indeed, it follows from the definition of the separated completed localization and the definition of

the restricted power series rings that these topological rings are both isomorphic, as topological S/*?él—
algebras, to the separated completion of the ring S~'A[TY,...,T,] = S~'A ®z Z[T1,...,T,] with
respect to the topology generated by the open ideals S~'a[T}, ..., T,], where a ranges through the set of
open ideals of A. O

Notation 1.32. Given a multiplicatively closed subset S of a topological ring A, we denote by
jTl,...,an : "Zl\{Tlv e 7T7“} — S_lA{Tl, . e 7T7“}

the homomorphism of topological ﬁ—algebras such ;Tl,...,Tr (T;) =T foreveryi=1,...,7.

2. RESTRICTED EXPONENTIAL HOMOMORPHISMS AND TOPOLOGICALLY INTEGRABLE
DERIVATIONS

In this section, we develop the basic algebraic theory of restricted exponential homomorphisms, which
are the counterpart for topological rings of the co-action homomorphisms e: B — B ®z Z[T] of the
Hopf algebra Z[T'] of the additive group scheme G, 7 in the category of rings. We establish a one-to-
one correspondence between restricted exponential homomorphisms and suitable systems of continuous
iterated higher derivations which extends the classical correspondence between algebraic exponential
homomorphisms e: B — B®zZ[T] and locally finite iterative higher derivations of the ring B [18, 2, 8].

2.1. Restricted exponential homomorphisms. Recall that the ring Z[T|, where T is an indeterminate,
carries the structure of a cocommutative Hopf algebra whose comuliplication, coinverse and counit are
given respectively by the following Z-algebra homomorphisms:

m: Z[T) = Z[T| @z Z|T| = Z|T, T, T—T+T
v Z[T] — Z[T), T —T
€: Z[T| — Z, T+~ 0.

Given any complete topological ring A, the complete topological ring A{T} = A®Z[T] inherits
the structure of a cocommutative topological Hopf .A-algebra with comultiplication id 4&m, coinverse
id 4®¢ and counit id 4 ®Re.

Definition 2.1. Let A be a complete topological ring and let B be a complete topological .A-algebra. A
restricted exponential A-homomorphism is a homomorphism of topological .4-algebras

e: B— B{T} = B&,Z|[T)

which defines a coaction of the Hopf .A-algebra A{7T'} on B. This means equivalently that the following
diagrams of .4-algebra homomorphisms are commutative:

B = B{T} B = B{T}

~ idp
e idp®m

. lqﬂds@e
BITY 2D B0y (1Y = BT, T} B — B{T}/TB{T}.
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Let p;: B[[T]] = [[,cxB — B denote the i-th projection. Then by definition of the topology on
B{T}, the composition e; = p; o e: B — B is a homomorphism of topological .A-modules for every
1 € N for which we can write _

€ = Z eiTZ.

i€N
The commutativity of the right hand side diagram of Definition 2.1 means that ey = idg. On the other
hand, with the identifications made, the homomorphisms e®idzr) and idg®m are given by

e®idgyry: B{T} — B{T, T}, Y 6T =Y e(b)T' = Y ej(b)T7 T

i€N €N (i,5)ENZ2
idg®@m: B{T} — B{T',T}, ZbiTi > Z bi(T' +T)".
ieN €N

The commutativity of the left hand side diagram in Definition 2.1 says that in B{T, 7"}, we have
37 (ejoe)TTI =3 e(T" + T (2.1)

(1,7)EN? eN
In the next subsections, we first establish general properties of restricted exponential homomorphisms
e. Then we discuss in more detail the properties of their associated collections (e;);cy of homomor-
phisms of topological modules. In what follows, unless otherwise specified all topological modules and
rings and are assumed to be modules and algebras over a fixed topological ring .4, and homomorphisms
between these are assumed to be homomorphisms of .A-modules and .A-algebras respectively.

2.2. Basic properties of restricted exponential automorphisms.
2.2.1. Rings of invariants and associated restricted exponential homomorphisms.

Definition 2.2. Let 5 be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. We say that en element b € B is e-invariant if e(b) = iy(b). We denote by

B¢ = Ker(e —ig) C B
the subset of all e-invariant elements of 13, endowed with the induced topology.

Proposition 2.3. Let B be a complete topological ring and let e = ) . e;T: B — B{T} be a
restricted exponential homomorphism. Then the following hold:

a) The set B® is a complete topological subring of B.

b) For every i > 1, the homomorphism e;: B — B is a homomorphism of topological B®-modules.

¢) If B admits a fundamental system (b,,)ncn of open ideals consisting of prime ideals of B then B¢ is
factorially closed in B. In particular, every invertible element of B is contained in B°.

Proof. The fact that B¢ is a subgring of B is clear. Since B{T'} is complete, hence separated, {0} is a
closed subset of B{T'}. Since e — ig: B — B{T'} is a homomorphism of topological groups, B¢ is a
closed subgroup of B, hence a complete topological group since B is complete. Assertion b) is clear
from the definition of 3° and the homomorphisms e;.
Now let (b,),cn be fundamental system of open ideal of B consisting of prime ideals of 5B and let
T B{T} = @(B/bn)[T] — (B/by)[T], neN,
neN
be the canonical projections. Write e = zieN e;T", where ey = idg, and b, € B. Assume that
e(bt') = e(b)e(b') = bb' then for every n > 0, we have
T (e(®)e(t))) = (Y males(0)T) (D malei(V))T7) = mp(bb') = ma(b)ma ()
i€N ieN

in the integral domain (B/b,,)[T]. It follows that 7, (e;(b)) = m,(e;(')) = O for every ¢ > 1. This
implies that for every ¢ > 1, e;(b) and e;(b)’ belong to ()~ b, = {0} as B is separated. Thus e(b) = b
and e(b') = b'. Finally, if b € B is invertible, then bb~! = 1 € B° and so, b and b~ ! belong to B°. [
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Example 2.4. If the topology on B is the discrete one, the existence of a fundamental system of open
prime ideals of B is equivalent to the property that 5 is an integral domain. This is no longer true in
general, and the conclusion of assertion b) in Proposition 2.3 does not hold under the weaker assumption
that B is integral. Indeed, let B = lim Clu]/(u™) = C[[u]] be the completion of C[u] for the u-adic
topology. The homomorphism of C-algebras Clu] — C[[u]]{T"} defined by
u uZ(uT)’ = ZquTi
iEN ieN

induces a uniquely determined continuous homomorphism e: B — B{T'} which satisfies the axioms of
a restricted exponential C-homomorphism. The ring of invariants B¢ is equal to the subring of constant
formal power series. In particular, the invertible element 1 — u of I3 does not belong to B¢, so that B¢ is
not factorially closed in B.

Proposition 2.5. Letr B be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. Then for every element a € B¢, the homomorphism

exa) ‘= A(a)oe: B 5 B{T} Toal B{T}

is a restricted exponential homomorphism.

Proof. Since the homomorphisms e and A(a) are continuous, so is e A(a)- The commutativity of the right
hand side diagram in Definition 2.1 for ey(,) is clear. Writinge = ),y e;T", we have
exa) = Zei(aT)i = Z(aiei)Ti,
ieN ieN
where a’e; is the homomorphism defined by b +— a‘e;(b) for every b € B. Since a € B°, a* € B° for

every ¢ > 0. Since by Proposition 2.3 b) each e;, i > 1, is a homomorphism of topological 5°-module,
applying (2.1), we obtain

(ex@®idzir) o exay = Yien(en) o (@e)T"
= Ljew(ejo(ae))(al’) T
= Lgpena(s 0 o) (o' (aT)’
= Yyenec(al’ +aT)" = (idg®m) o €x(a)-
This shows that the commutativity of left hand side diagram in Definition 2.1 is satisfied for eyq). U

Proposition 2.6. Ler B be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. Let S C B¢ be a multiplicatively closed subset, let ; B — S—1B be the separated
completed localization homomorphism and let jr: B{T} — S B{T'} be the induced homomorphism.

Then there exists a unique restricted exponential homomorphism S—le: S=1B — S=1B{T} such

that;T oe= S{*l\eo:yY

Proof. We identify S C B with io(S) ¢ B{T} and S—1(B{T'}) with S—1B{T"} by the canonical
isomorphism of Lemma 1.31. Since S C B°we have ¢(S) = S C B{T'} so that by the universal
property of separated completed localization, there exists a unique homomorphism of topological rings

S-Te: S1B — S1B{T}

such that ;T oe = S/*Te o 3 Write e = ZieN e;T". Since S C B¢ and since ¢; is a homomorphism of
topological B°-module for every ¢ > 0 by Proposition 2.3 b), it follows that each ¢;, ¢ € N, induces a
uniquely determined homomorphism of topological S~'3¢-modules S~'e;: S~!B — S~!B, hence by
the universal property of separated completed localization, a homomorphism bfl\el-: @ — @ of
topological bfl\Be—modules. By construction, we then have
S-le =3 5-leT".
i€EN
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—

To show that S—le is a restricted exponential homomorphism, it is enough to check the commutativity of
the two diagrams of Definition 2.1 in restriction to the dense image of S~'13 in @ by the separated
completion morphism ¢: S~!B — S—1B. Letz = s 'b € S~'B, where b € B. Then by definition of
S/*l\e, we have

Sle(c(a)) = 3 5 Tei(e(@)T" = er (D (S 'e)@)T?) = er (D s e (0)TY),

1€N 1€N 1€N

where cr: ST1B{T} — S—1B{T} denotes the separated completion homomorphism. This immediately
implies the commutativity of the right hand side diagram of Definition 2.1. On the other hand, letting

e STIB{T, T'} — S—1B{T, T’} be the separated completion homomorphism, we have

(ST STeee) = B STl e
= Yjen Sele(s e (b)) T T ‘

= err (X ene S e (57 e (D) T T?)

= o (X ) e s Vej(ei (b)) TV TY)

er i (Ppen s~ ee(®)(T" + T)* )

CT,T’(ZEN\ “leg(x)(T"+ 1)) o

= (Cpen S ter(c(@)(T" + T)") = (idp&m)(S~te(c(x)),

which shows the commutativity of the left hand side diagram. O

Proposition 2.7. Let w: B — C be a surjective open homomorphism of complete topological rings. Let
I = Ker(w) and let e: B — B{T'} be a restricted exponential homomorphism. Assume that e(I) C
io(I)B{T}. Then there exists a unique restricted exponential homomorphism €: C — C{T'} such that
mpoe = eom, where mp: B{T} — C{T} is the unique homomorphism of topological B-algebras which
maps T toT.

Proof. The assumptions imply that e induces a unique homomorphism of rings
e:C=B/I = B{T}/ioc(I)B{T} =2 B/I @ B{T} = C® B{T'}

such that (7 ® idggry) o e = € o 7. Since 7 is open, € is continuous when we endow the ring C ® B{T'}
with the linear topology generated by open ideals of the form Ue @ B{T'} + C ® Viyry where Uc and
Vi¢ry run through the sets of open ideals of C and B{7'} respectively. Note also that 7 @ idg7) is an
open homomorphism of topological rings. The composition

6: C — CRB{T} = C{T}

of € with the separated completion homomorphism ¢: C ® B{T} — CRB{TY} is then a homomorphism
of topological rings. The commutativity of the two diagrams in Definition 2.1 is straightforward to
check. U

2.2.2. Operations on restricted exponential homomorphism.
Recall Notation 1.27 that for a complete topological ring B, A: B{T,T'} — B{T"} denotes the unique
continuous B-algebra homomorphism which maps 7" and 7" to T".

Proposition 2.8. Let B be a complete topological ring and let e: B — B{T} and €' : B — B{T"} be
restricted exponential homomorphisms such that the following diagram commutes
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B{T}
le,®idz[T1

B{T'"} —— B{T,T"}

e®1dZ[T/]

Then the map € : B — B{T"} defined by
= Ao (e®idgp) o€’ = Ao (¢Ridg) oe
is a restricted exponential homomorphism.

Proof. Being the composition of homomorphisms of topological rings, e’ is a homomorphism of topo-
logical rings. Denoting 7" by T, we have, by definition of e”,
= Z el Ty = Z (e} o ej)TOiJrj = Z (ej0 e;)TéH. (2.2)
neN (i,j)EN? (1,4)EN?
This implies in particular that e} = e0 o eg = idp, hence that the commutativity of the right hand side
diagram of Definition 2.1 holds for ¢”. Combining Equation (2.2) above with Equation (2.1) for e and
e/, we obtain on the other hand that
(idp®m)oe” = 33 jyene (€] 0 ei)(Ty + Tp)™*
; A
= D(ikoens(€ Oe;coez)Té Ty (To + Tp)!
(ikens (@i 0 € o ep) (To + Ty Ty Ty
(m,n,k,£)eN4 (en 0 e 0 €y 0 €) )T TmTozTéC
(m,n,k,£)eN4 (enoeyoemo ek)T/nHTker
(i,n,0)EN3 (enoeyo e”)TmHTo
2 (igyenz (€] © e”)T s
(e ”®1dZ[To]) oe

which shows that ¢” is a restricted exponential homomorphism. U

2
2
= X
2
2

Proposition 2.9. Let (B,,),en be a countable inverse system of complete topological rings with contin-
uous and surjective transition homomorphisms py, n: By, — By, for every m > n > 0. Let B be its limit
and let p,: B — B,,, n € N, be the canonical continuous projections. Let e,,: B, — B,{T}, n € N, be
a collection of restricted exponential homomorphisms such that

Vv
v
o

€n O Pmmn = (pn,mé%idZ[T}) O Cn vm

Then there exists a unique restricted exponential homomorphism e = yLnneN en: B — B{T'} such that

€n O Pp = (Pn<§>idzm) oeforeveryn € N.
Proof. The hypothesis combined with Lemma 1.28 implies the existence of a unique homomorphism of
topological rings
e=lime,: B= yLan — @Bn{T} ~ B{T}
neN neN

3
m
z

such that e,, o p,, = (pn@)idzm) o e for every n € N. The equality e,, o = idg for every n € N implies
that ¢y = idg. Similarly, since (idg®m) o e, = (en@)idzm) o ey, for every n € N, it follows that
(idg@m) oe= (g@idzm) o e, showing that e is a restricted exponential homomorphism. O
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2.2.3. Restricted exponential homomorphisms and automorphisms.

Proposition 2.10. Let B be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. Then for every continuous ring automorphism « of B, the composition

% = (a@idzm) ceoal: B— B{T}
is a restricted exponential homomorphism.

Proof. 1t is clear that “e is homomorphism of topological rings. By definition, we have
% = Zael-Ti = Z(a oe;oa NT.
ieN ieN
Since eg = idg, we have “ey; = idg showing that commutativity of the right hand side diagram of
Definition 2.1 holds for “e(b). On the other hand, applying Equation (2.1), we have

(idg@m) 0% = Y ,en(aceoa ™ )(T+T")"
= Yujew(@oeioejoa™)TT!
Z(ﬁj)eNQ ((aoejoa t)o(aoejoa))TT"
= (%e®idgq)) o %,
which shows that “e is a restricted exponential homomorphism. O
Proposition 2.11. Let B be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. Then the compositions

gp:?T(l)OGZBi)B{T}Ti}B and w:w(_l)oe:BgB{T}T'_’_;lB

are continuous ring automorphisms of B inverse to each other.
Proof. The homomorphisms ¢ and ¢ are clearly continuous. Note that by definition, 1) = (1) 0 ey_1).
Furthermore, letting 71 1y = (1) o A: B{T, T'} — B be the unique continuous B-algebra homomor-
phism that maps 7" and T” to 1, we have

’L/} oY ="ma1,1)° (e)\(,l)@)idzm) oe and @ o w = T(1,1)° (e@idZ[T/}) O €x(—1)-

Let f: B — B{T,T'} be the composition of e with the unique continuous B-algebra homomorphism
B{T} — B{T,T'} that maps T to T — T". Since e is a restricted exponential homomorphism, Equation
(2.1) implies that

(ex(—1)®idgry) 0 e = f = (eRidzp) 0 ex1)(b).

Since 7(1 1) o f = idg, the assertion follows. O

2.3. Sliced restricted exponential homomorphisms.

Definition 2.12. Let B be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. A local slice for e is element s € B such that e(s) € B{T'} is a polynomial of degree 1.

Example 2.13. Let B = C|u] endowed with the discrete topology, so that B{1'} = C[u][T]. Then
e: Clu] — Clu][T] defined by P(u) — P(u + T) is a restricted exponential homomorphism which has
the element s = u as a slice. On the other hand, letting B = C|[[u]] endowed with the u-adic topology,
the restricted exponential homomorphism

e: Cllu]] = Cllu]{T}, wr—ud (ul) => vt
1€N €N

of Example 2.4 does not admit a local slice.
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Lete = >, .ye1": B — B{T} be arestricted exponential homomorphism and let s be a local slice.
Then, by definition, we have e(s) = eg(s) + e1(s)T = s + e1(s)T. Applying e@idzm to this last
equation we obtain
s+ey(s)(T+T") = ((idlg@m)oe)(s) = ((e@idZ[T})oe)(s) = e(s)+e(e(s))T = s+e1(s)T +e(e1(s))T
in B{T, T'}. It follows that s; := e (s) belong to 5°.

Let P . -

s1:B—=Bs, =S7IB and j, : B°— B, = S"1B°
be the separated completed localization homomorphisms of B and 3¢ with respect to the multiplicative
subset S = {s] }n>0 of B® C B. Since B° is closed in B by Proposition 2.3, the homomorphism of
topological rings i, : B — le induced by the inclusion i: B¢ < B is injective by Lemma 1.21.

We henceforth consider B s, as a Be ,-algebra via this homomorphism. By Proposition 2.6, there exists

—

a unique restricted exponential homomorphism €5, := S—le: By, — B, {T'} such that the following
diagram commutes

B B&yZ|T)

]sl l/ l}'sl®.1d

51 — 881®ZZ[ ]

Let o be the image of the element sl_ls € Bs, in le by the separated completion homomorphism.

Lemma 2.14. The image o € le of the element 51 ls e Bs, by the separated completion homomor-

phism is a regular element of le Furthermore, if le is not the zero ring, then ég, (0) = o +T.

Proof. 1If le is the zero ring, there is nothing to prove. We can thus assume that lé/; # {0}. By

Corollary 1.19, 0 does not belong to the closure of .S in B, so that the image of s; in Bs, is a nonzero
invertible element. By definition of &;,, we have €5, (c) = o + T, so that o is a local slice for ég,. Now

letb € Es\l be an element such that b = 0. Then we have
0= 6, (0b) =&, (0)&5, (b) = (0 +T) Y _ &, (0T = ob+ Y (0€5,(b) + &5, (O)T",
ieN i>1
from which we infer by induction that
b=65,(b) = (—1)'c5,,;(b)o" for every i € N.

Since €, (b) € lés\l{T}, the sequence (€5, ,(b))ien converges to 0 in lés\l by definition of the topology
on B, {T'}. This implies in turn that the sequence((—1)‘€5,;(b)o);en also converges to 0, hence that
b = 0. So o is a regular element of B, . O

We let - . . -
V_g: Bs;{T} = Bs, and wv,: Bs,{T} — Bs,

be the unique homomorphisms of topological gs\l—algebras mapping 1" to —o and o respectively.
Definition 2.15. With the notation above, we call the topological ring homomorphisms

Ry=v_ g065: By — By, and 0, = v, o (is,@id): B {T} — B,
the Dixmier-Reynolds homomomorphism and the cylinder homomorphism associated to the local slice s.

Proposition 2.16. Let B be a complete topological ring, let e: B — B{T'} be a restricted exponential
homomorphism and let s be a local slice for e. Then the following hold:
a) The homomorphzsm Ry: le — le is a homomorphism of topologlcal Be | -algebras with image

equal to Bgl and such that Ry(Rs(b)V)) = Ry(b) Ry (V) for every b,/ € B,.
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b) The homomorphism 0y : Eg\l {T} — lés\l is an isomorphism of topological gg\l-algebras.

Proof. Since by Proposition 2.3 B¢ is closed in B, it follows that 0 belongs to closure of S = {s}},>0
in 3¢ if and only if it belongs to the closure .S of S in B. This implies that l§g\1 and gs\l are equal to the
zero ring if and only if 0 € S. If 0 € S then assertions a) and b) hold trivially. We thus assume from now
on that 0 ¢ S so that the images of s; in gg\l and gs\l are non-zero invertible elements. By Lemma 2.14,

o is a local slice for €,. Replacing BB by Es\l, e by €;, and s by o, we may thus assume without loss of
generality from the very beginning that e(s) = s + 7.

To prove assertion a), we first observe that since B¢ = Ker(e — i), where ig: B — B{T} is the
inclusion of B as the subring of constant restricted power series, we have Rg|ge = idge so that Ry is
indeed a 3°-algebra homomorphism. Now given an element b € B, we have R,(b) = >, €i(b)(—s)"
and then

(eoRs)(b) = e(ZiENei

1l
MNM
m Mm
Z Z
@ O
—~
L0
—~
S o

ZZGN ee(b )( — s —T)" = Ry(b).
This show that e o Ry = R, hence that the image of R, is contained in B¢ C B. Finally, since Rg|ge =
idge, we have for every b, b’ € B, Rs(Rs(b)V') = Rs(Rs(b))Rs(V') = Rs(b)Rs (). This shows a).
To prove assertion b), we observe that the composition

((idzgr®vs) © (idzr@v—s)) o (id®@m) oe: B — B{T} — B{T,T'} = B

is equal to the identity. Writing for (idZ[T/]QA@vS) o (idZ[T@U_S) = v,®v_, for simplicity, it follows that
for every element b € B, we have

b= ((vsBv_s) o (id@m) o e)(b) = ((vs@u_s) o (e®id) o e)(b) ‘
= (005 gpene e 0 ) (O)TT)
= 2ien(v—s 0 e)(ei(b))s’
= Dien Bs(ei())s'

Since Rs(b;) € B for every i € N, this implies that 6 is surjective. Suppose that 6 is not injective
andleta = Y, ya;T" € B°{T'} be a nonzero element of minimal order ordg(a) = min{i, a; # 0}
such that f(a) = ), ya;s" = 0. Since by Lemma 2.14 s is a regular element of 3, the minimality of
ordg(a) implies that that ag 7# 0. On the other hand, since R(s) = 0, we have

ag = ZaiRs(s)i = Ry(0(a)) =0,
1€N
a contradiction. This shows that # is injective, hence an isomorphism. U

Remark 2.17. For a restricted exponential homomorphism e: B — B{T'} with a local slice s such that
e(s) = s+ s1T, assertion a) in Proposition 2.16 says that the homomorphism of topological rings

R, = U_g-1, o€ : Bs, — Bs,
of Definition 2.15 is an idempotent endomorphism that satlsﬁes the property of a Reynolds operator
with values in the subalgebra of €, -invariant elements of B Bs,. The composition 7s: B — le of the

separated completed localization homomorphism B — le with R, is the analog in the context of
restricted exponential homomorphisms of the Dixmier map introduced in [8, 1.1.9].

Corollary 2.18. Let B be a complete topological ring and let e: B — B{T'} be a restricted exponential
homomorphism. Assume that e has a local slice s € B such that ¢(s) = s+ T. Then B = B{s} and ¢
coincides with the homomorphism of topological B°-algebras

B{s} — Bs}{T} 2 Bs, T}, s+—s+T.
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2.4. Topologically integrable iterated higher derivations. In the subsection, we extend to arbitrary
complete topological rings the correspondence between locally finite iterative higher derivations and
exponential homomorphisms which classically holds for discretely topologized rings.

2.4.1. Continuous iterated higher derivations.

Definition 2.19. Let .4 be a topological ring, let B be a topological .A-algebra and M be a topological B-
module. A continuous .A-derivation of B into M is a homomorphism of topological .A-modules 9: B —
M which satisfies the Leibniz rule 9(bb') = b - 9(V') + 9(b) - V' for all b,V € B.

Lemma 2.20. With the notation of Definition 2.19, let cg: B — B and ey M — M be the separated
completions of B and M respectlvely Then for every continuous A derivation 0: B — M there exists a
unique continuous A-derivation d: B — M such that 9 o ¢ M= doc B.

Proof. The existence of a unique homomorphism of topological A-modules 9: B — M such that cp o
0= 8003 follows from Lemma 1.4. By construction, dis the homomorphism obtained from d = cro0d
by the universal property of the separated completion homomorphism cp. Since 9 satisfies the Leibniz
rule, it follows that 9 satisfies the Leibniz rule in restriction to the i image of cp, hence on B because  is
uniformly continuous and cg(B) is dense in . O

Definition 2.21. Let A be a topological ring and let B be a topological .A-algebra. A continuous iterated
higher A-derivation of B is a collection D = { D™} _ = of homomorphisms of topological .A-modules

D®: B — B which satisfy the following properties:

(1) The homomorphism D is the identity homomorphism of 5,

(2) For every i > 0, the Leibniz rule DY (bb') = Y% _ DY) (b) D7) (b') holds for every pair of
elements b, b’ € B,

(3) Forevery i,j >0, D) o DU) = (*17) D(i+9),

Note that the first two properties imply in particular that & = D) : B — B is a continuous .A-
derivation of B into itself. If A contains the field Q then the third property implies that D) = 1o
for every i > 0, where 0’ denotes the i-th iterate of 0. In this case, a continuous iterated higher A-
derivation is then uniquely determined by a continuous .A-derivation 0 of B into itself. The notion of
higher derivation was first introduced by Hasse and Schmidt in [11].

Definition 2.22. Let A be a topological ring and let B be a topological A-algebra. A fopologically
integrable iterated higher A-derivation of B (an A-TIIHD for short) is a continuous iterated higher
A-derivation D = {D(Z)}i>0 such that the sequence of homomorphims of topological .A-modules

(D™),,en converges continuously to the zero endomorphism of 3.

When A contains the field Q, we say that a continuous A-derivation 0 is fopologically integrable if
its associated continuous iterated higher A-derivation D = {%QZ}DO is topologically integrable, equiv-
alently, if the sequence of homomorphims of topological .A-modules (0%);cn converges continuously to
the zero endomorphism of 5.

Remark 2.23. When A and B are topological rings endowed with the discrete topology, the condition
that the sequence (D(i))neN is continuously convergent to the zero map means equivalently that for
every element b € B there exists an integer ig such that D) (b) = 0 for every i > iy. We thus recover
in this case the classical notions of locally finite iterated higher .A-derivation of B ([18], [2]) and locally
nilpotent A-derivation of B ([8]).

Lemma 2.24. With the notation of Definition 2.21, let c: B — B be the separated completion of B.
Then for every iterated higher A-derivation D = {D(’) }i>0 of B, there exists a unique iterated higher
A-derivation D = {ﬁ(i) }i>0 ofg such that D) o ¢ = ¢ o D@ for every i > (.

Furthermore, if D is topologically integrable, then so is D.
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Proof. The existence of a unique collection of homomorphism of topological A-modules D® such that
D@Woc=coDO for every ¢ > 0 follows from the universal property of the separated completion. The
fact that D = {D }i>0 satisfies the properties of an iterated higher .A-derivation follows from the same
argument as in the proof of Lemma 2.20. The second assertion follows from Lemma 1.10. O

Example 2.25. Let A be a complete topological and let A[T'] be endowed with the topology generated
by the ideals a[T'], where a runs throught the set of open ideals of A. Let A: A[T] — A[T, S] be the
homomorphism of topological A-algebras T'+— T + S and let for every i > 0,

DO — (_

il 057
be the homomorphism of .A-modules which associates to a polynomial P(7T") € A[T] the i-th coefficient
of the Taylor expansion at 0 of P(T" + S) with respect to the variable S. In particular, D is simply the
A-derivation a% of A[T.

It is straightforward to check that D = {D(i)}izo is a continuous locally finite iterated higher A-
derivation of A[T’]. In particular, the sequence (D(®));cy is pointwise convergent to the zero homomor-
phism. Since on the other hand D™ (aA[T]) C aA[T] for every i > 0 and every open ideal a of A, it
follows from Lemma 1.9 that the sequence (D(i)),eN converges continuously to the zero map (see Ex-
emple 1.9). The collection D = {D }Z>0 is thus a topologlcally integrable iterated higher A-derivation

!s 0) o A: A[T] — A[T]

of A[T)]. By Lemma 2.24, its canonical extension D = { D )};>0 to the separated completion A{T'} of
A[T] is a topologically integrable iterated higher .A-derivation of A{T'}.

2.4.2. The correspondence between restricted exponential homomorphisms and topologically integrable
iterated higher derivations.

Theorem 2.26. Let A be complete topological ring let B be a complete topological A-algebra. Then
there exists a one-to-one correspondence between restricted exponential A-homomorphisms B — B{T'}
and topologically integrable iterated higher A-derivations of B.

The correspondence is defined as follows:

1) Given a restricted exponential homomorphism e = Y, &;7": B — B{T}, it follows from the
identities (2.1) expressing the commutativity of the two diagrams in Definition 2.1 that the collection of
homomorphisms of topological .A-modules D) = ¢;,i € N, is a continuous iterated higher A-derivation
of B. Since ¢ is continuous, it follows in turn from Lemma 1.30 that the so-defined sequence (D®));cy
converges continuously to the zero homomorphism. This shows that D = {D(i) }Z cn 1s a topologically
integrable iterated higher .4-derivation of B.

2) Conversely, given a topologically integrable iterated higher A-derivation D = {D(i) }Z en Of B,
it follows from Lemma 1.30 again that the .4-module homomorphism

e =exp(TD) :=» DWUT": B — B{T}
1€N

is well-defined and continuous. The properties of an iterated higher .A-derivation listed in Definition 2.21
guarantee precisely that e satisfies the axioms of a restricted exponential homomorphism.

In the case where the base topological ring A contains the field QQ, the fact that a continuous iterated
higher A-derivation D = {D(Z) }Z cny 18 uniquely determined by the continuous A-derivation 9 = D()

of B implies in turn that a restricted exponential A-homomorphism e = >, ye&;T": B — B{T} is
uniquely determined by the topologically integrable .A-derivation

0
d=e1 = grlr=0oe.

The following example illustrates the importance of continuous convergence in the correspondence
between topologically integrable .A-derivation and restricted exponential homomorphisms.
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Example 2.27. Let A be complete topological ring containing @Q, with fundamental system of open
ideals (a,)nen, and let A[(X;)ien] = A ®z Z[(X;)ien] be the polynomial ring in countably many
variables X;, i € N. Let B be the separated completion of A[(X;);cn] with respect to the topology
induced by the fundamental system of open ideals

O, = 0, @7 Z[(X)ien] + A®z (Xi)izn, neN.

Note that since A is separated and ();c(Xi)i>n = {0}, A[(X;)ien] is a separated topological ring so
that the separated completion homomorphism ¢: A[(X;);en| — B is injective.
Let O be the A-derivation of A[(X;);en] defined by

0(Xo) = X1, 0(X2i-1) = Xoip1, and  O(Xo;) = Xo; o Vi > 1.

It is easily seen that O is continuous and that the sequence of homomorphisms (0%);cy converges
pointwise to the zero homomorphism. However, it does not converge continuously to the zero homomor-
phism. Indeed, since 9°(Xo,) = Xj, it follows that for any given i € N there cannot exist any integer ng
such that 0" (a;) C a; for every n > ng. Since c: A[(X;);en] — B is injective, this implies in turn that
the associatedAA—derivation 9 of B is not topologically integrable. The associated .4-algebra homomor-

phism exp(7°0): B — B{T'} is well-defined but not continuous, hence is not a restricted exponential
homomorphism.

We now briefly translate some of the main basic properties of restricted exponential homomorphisms
established in subsection 2.2 in the language of topologically integrable derivations. We first observe
that the ring of invariants B of the restricted exponential homomorphism associated to topologically
integrable .A-derivation 0 of B is equal to the kernel of 9.

Proposition 2.28. Let A be a topological ring containing Q, let B be a complete topological A-algebra
and let O be a topologically integrable A-derivation of B. Then the following hold :
a) For every element | € Ker(0), the A-derivation f0 of B is topologically integrable.

b) For every multiplicatively closed subset S of Ker(9), the A-derivation S0 of S—1B is topologi-
cally integrable.

¢) For every surjective open homomorphism of complete topological rings w: B — C such that
O(Ker ) C Ker m, the induced A-derivation  of C = B/ Ker  is topologically integrable.

d) For every topologically integrable A-derivation &' of B such 9 o &' = &' o 0, the A-derivation
d" = 0+ 0’ of B is topologically integrable.

Proof. The assertions follow respectively from Propositions 2.5, 2.6, 2.7 and 2.8 U
Similarly, the following proposition is a consequence of Proposition 1.29:

Proposition 2.29. Let A be a topological ring containing Q and let (B,,)nen be a countable inverse
system of complete topological A-algebras with continuous and surjective transition homomorphisms
Pmn: Bm — By for every m > n > 0. Let B be its limit and let p,,: B — B,, n € N, be the
canonical continuous projections. Let O,,: B, — By, n € N, be a sequence of topologically integrable
A-derivations such that Op © ppmp = Pmp © O for all m > n > 0. Then there exists a unique
topologically integrable A-derivation 0 = pﬂlneN On of B such that 0y, o p, = py, 0 O for every n. € N.

Proposition 2.16 can be translated as follows:
Proposition 2.30. Let A be a topological ring containing Q, let B be a complete topological A-algebra

and let O be a topologically integrable A-derivation of B. If Ker 9 \ Ker 0 is not empty then for every

s € Ker9? \ Kerd with 9(s) = s1 € Ker 0, there exists an isomorphism of topological (Ker 9)s, -
algebras

— —

Bs, = (Ker 9)s,{S}
which maps the induced topologically integrable (Ker 0)s, -derivation 55\1 of l§3\1 onto the topologically
integrable (Ker 0)s, -derivation % of (Ker 9)s,{S}.
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In contrast with the case of usual locally nilpotent derivations of discrete topological rings contain-
ing Q, there exist topologically integrable derivations O of complete topological rings containing Q for
which Ker 9" = Ker 9 for every n > 1 so that in particular Ker 9? \ Ker & = (). This is the case for
instance for the topologically integrable derivation u2(% of C[[u]] corresponding to the restricted expo-
nential homomorphism of Example 2.13. The following example provides another illustration of this
phenomenon.

Example 2.31. As in Example 2.27, let A be a complete topological ring containing Q with funda-
mental system of open ideals (a,),en and let B be the separated completion of the polynomial ring
A[(X;)ien] = A ®z Z[(X;)ien] in countably many variables with respect to the topology induced by
the fundamental system of open ideals

0, = 0, ®z Z[(Xi)ien] + A®z (Xi)i>n, n €N,
Then the A-derivation 9. of B induced by the A-derivation of A[(X;)ien] defined by
0+(X;) = (i +1)Xip1, Vi>0,
is topologically integrable with Ker o = Aforalln > 1.

Proof. Forevery n > 1, let B, = A{Xo, ..., X,_1} be the separated completion of
A[Xo, ..., Xp1] = ARZZ[ X0, . . ., X 1]

with respect to the topology generated by the ideals a;.4[ Xy, ..., X,,—1], ¢ € N. The topological rings
Bo = Aand Bn, n > 1, form an inverse system of complete topologlcal A-algebras for the collection of
continuous and surjective transition homomorphisms p,,, ,, : B — B with kernels (X, . .., X;n— 1)@ s
m > n > 0, whose limit is canonically isomorphic to B. We denote by

pn:B:@B\n—)B\n, neN
neN
the canonical continuous surjective homomorphisms. For every n > 1, the A-derivation Sn: gn — B\n+1
induced by the A-derivation
n—1 P
op = ;(z + 1)X2+18X AlXo, ..., X 1] = A[Xo, ..., X,]
is continuous and the composmon of 6 with the projection Pn+ln Bn+1 — B is a topologically
integrable .A-derivation 8+ » of B,,. Since by construction p,, o 8+ = 8+ n © py for every n € N, it
follows from Proposition 2.29 that 8+ is topologically integrable.
Using the canonical isomorphisms A{ Xy, ..., X,,_1} =2 A{Xo,..., Xn—2}{X,—1} of Lemma 1.28,

it is straightforward to check by induction on n that for every n. > 1, the kernel of the A-derivation 3
is equal to A. Slnce Pni1 0 0p = 6 o py,, for every n € N, this implies that Ker 6+ = A Flnally, if
Ker 8" \ Ker (3+ # () for some n > 2, then there would exist an element s € Ker 8 \ Ker 8+ Letting

s1 = 0, (s), it would follows from Proposition 2.30 that B;, = A, {S}, which is impossible. Thus
Ker 51 = A for every n > 1, which completes the proof. U

3. GEOMETRIC INTERPRETATION: ADDITIVE GROUP ACTIONS ON AFFINE IND-SCHEMES

In this section, we recall a construction due to Kambayashi which associates to every complete topo-
logical ring A a locally topologically ringed space (Spf(.A), Ogpe(4)) called the affine ind-scheme of A.
We then establish that restricted exponential homomorphisms correspond through this construction to
actions of the additive group ind-scheme on affine ind-schemes.

As in the previous sections, we use the term topological ring to refer to a linearly topologized ring A
which admits a fundamental system of open neighborhoods of 0 consisting of a countable family (a,, )neN
of ideals of \A.
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3.1. Recollection on affine ind-schemes. We review the basic steps of the construction of the affine
ind-scheme associated to a complete topological ring A following Kambayashi [12, 13].

Definition 3.1. A ropologically ringed space is a ringed space (X, Ox) such that for every open subset
V of X, Ox(V) is a topological ring and such that for every pair of open subsets V/ C V of X, the
restriction homomorphism Ox (V') — Ox(V”) is a continuous homomorphism of topological rings.

A morphism of topologically ringed spaces from (X, Ox) to (), Oy) is a pair (f, f*) consisting of
a continuous map f: X — 2) and a homomorphism f¥: Og — f«Ox of sheaves of rings on ) such
that for every open subset V of ) the homomorphism f*(V)): Oy (V) — £.0x(V) = Ox(f~1(V)) is
a continuous homomorphism of topological rings.

Let A be a complete topological ring with a fundamental system (a,,),en of open neighborhoods of
0. Forevery m > n > 0, let m,: A — A, = A/a,, and 7, ,: A, — A, be the quotient morphisms
and let (]na]gz) Xpn = (Spec(An), OSpec(An)) - X = (Spec(.A), OSpec(.A)) and

(jm,n’.ﬁn,n): Xn = (Spec(An), OSpec(An)) = Xm = (Spec(Am), OSpeC(Am))
be the corresponding closed immersion of schemes.

We let Spf(.A) be the subset of Spec(.A) consisting of open prime ideals of A, endowed with the
subspace topology induced by the usual Zariski topology on Spec(.A). For every n > 0, the structure
sheaf of X, induces a sheaf of rings Ogyea)n = (Jn,«Ospec(an))lspray on Spf(A). Since j, =
Jm © Jm,n for every m > n, the collection of homomorphisms

jrﬁn,n: OSpec(Am) — (jm,n)*OSpec(An)
induces an inverse system of homomorphisms of sheaves of rings @, 5@ Ospe(a),m — Ospr(a),n- Con-
sidering each of the sheaves Ogp¢( 4) , as sheaves of discrete topological rings on Spf(A), we let Ogp¢(4)
be the limit of this inverse system in the category of sheaves of topological rings. So, for every open sub-
set V.= U N Spf(.A) of Spf(A), where U is a Zariski open subset of Spec(.A), we have
Ospi(4)(V) = (1im Ogpgay ) (V) = 1im Ogpeca,) (i, (U))
neN neN
endowed with the initial topology.

Definition 3.2. The affine ind-scheme of a complete topological ring A is the topologically ringed space
(Spf(A), Ospr(a))-

Let A and B be complete topological rings with respective fundamental systems (a,,),en and (b, )pnen
of open neighborhoods of 0, and let ¢: A — B be a homomorphism of topological rings. The continuity
of o implies that the image of the restriction to Spf(B) C Spec(B) of the continuous map Spec(B) —
Spec(.A) is contained in the subset Spf(A) C Spec(A). Furthermore, for every ideal b,, C B, there
exists an index n’ = n’(n) such that a,, C o~ '(b,). It follows that ¢ induces a morphism of schemes
Q. Spec(B/by,) — Spec(A/a,) and that, letting o: Spf(B) — Spf(A) be the continuous map
induced by ¢, the following diagram of continuous maps of topological spaces commutes

Spf(B) - Spf(A)

jB,nT TjA,n/
o

Spec(B/by,) o Spec(A/al,).

Pushing forward the homomorphism ai w OSpec(Afa, ) = (nn)«O8pec(B/o,) DY Jan gives a ho-
momorphism of sheaves of rings

OSpf(.A),n/ - (j.A,n’)*OSpec(.A/an/) — Qi (jB,n)*OSpec(B/bn) - a*OSpf(B),n
on Spf(.A). The homomorphism of sheaves of topological rings

Ospr(a) = Im Ogpe(a)n = Ospe(ay,n = Ospe(s)
n’eN
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is continuous and independent on the choice of an index n’ such that a,,, C ¢~ 1(b,,). This yields in turn
a canonical continuous homomorphism of sheaves of topological rings

*: Ogpi(a) = Hm o Ogpt(8),n = @ Ospt(B)-
neN
The morphism topologically ringed spaces

(v, af): (SpE(B), Ospis)) = (SPE(A), Ospra))
is called the morphism of affine ind-schemes associated to . We henceforth denote it simply by Spf(¢).

Remark 3.3. Let A be a complete topological ring with a fundamental system (a,,),en of open neigh-
borhoods of 0. Since a prime ideal p € Spec(A) is open if and only it is equal to 7, (7, (p)) for
some n > 0, the set Spf(A) C Spec(.A) is equal to the union of the images of the closed immer-
sions j,,: Spec(A,) < Spec(A), n > 0. Furthermore the induced canonical map lim Spec(4,,) —
Spf(.A) is bijective and continuous with respect to the final topology on lim o Spec(A,,) and the Zariski
topology on Spf(.A). Note however that this canonical map is in general not a homeomorphism, i.e. the
final topology on @%N Spec(A,,) is strictly finer than the Zariski topology, see [22].

For every f € A, we let

D(f) = Spt(A) N D(f) = {p € Spf(A) | f & p}
where D( f) is the usual principal open subset {p € Spec(A) | f & p} of Spec(.A). These open subsets

D(f) form a basis of the Zariski topology on Spf(A). Let Ay = @%N(An)m( #) be the separated

completed localization of .4 with respect to the multiplicatively closed { /" },en (see Definition 1.15 and
Notation 1.16). Then the collection of canonical projections

A; = (A () = Ospecian) (DT () = Osprym(D(f)), 1> 0

induces a canonical isomorphism of topologifc\al rings A prlm o Ospr(a)n (D(f)) = Ospr(a)(D(f)).
Since the canonical homomorphism A — A; = @neN A, is an isomorphism because A is complete,
we have in particular A = Ogp¢(4)(Spf(.A)) and the restriction homomorphism

A2 O a)(SPE(A)) = Ospea)(D(f)) = Ay

coincides with the separated completed localization homomorphism j A= :él\f The morphism of

affine ind-schemes Spf(j;) = (o, a®): Spf (.Zl\f) — Spf(.A) is an open immersion with image equal to
D(f).

Given a point p € Spf(A), the stalk Ogp(a, of Ogp(ay at p can be described as follows. Let S
be the multiplicatively closed subset of A consisting of elements f such that p € ©(f). Then S is
a directed set under the relation f < g if and only if D(g) € D)) equivalently, if and only if the

separated completed localization homomorphism j,: A — .A factors through j: A= A . Since by
definition of the Zariski topology on Spf(.A), the open subsets D(f), f € S, form a cofinal subset of the
set of all open neighborhoods of p in Spf(.A), we have a canonical isomorphism of rings

Ospiarp = lim Ogpe ) (U) = limy Ogyr) (D(f)) = limg Ay
Up fes fes
By [13, Theorem 2.2.3.], the ring Ogpy(4),p is local and the canonical homomorphism /v: Ogpe( 4y, —
Aj induced by the collection of compatible canonical homomorphisms Ay — A, has dense image
in the local topological ring Ap Moreover, the image in Ogpp(4),, by the canonical homomorphism
Af — Ogpf(a),p of an element ay = (ay,) € Af =lm__ (An)r,(s) belongs to the kernel of / if and
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only for every n > 0 then exists g = g(n, f) > f such that ay,, belongs to the kernel of the restriction
homomorphism

(An)r. () = Ospec(an) (D(mn(f))) = Ospec(a,n) (P(mn(9))) = (An)r, ()

corresponding to the inclusion of principal open subsets D(m,(g)) C D(m,(f)) of Spec(A,,).

It follows in particular that the affine ind-scheme Spf(A) = (Spf(.A), Ogp¢(4)) of a complete topolog-
ical ring A is a locally topologically ringed space. One can also check that the morphism of topologically
ringed spaces Spf(p): Spf(B) — Spf(.A) associated to a continuous homomorphism of complete topo-
logical rings ¢: A — B is a morphism of locally topologically ringed spaces.

Definition 3.4. An affine ind-scheme is a locally topologically ringed space (X, Ox) isomorphic to the
affine ind-scheme (Spf(A), Ogpt(4)) of a complete topological ring A.

A morphism between affine ind-schemes (2), Og) and (X, Ox) is a morphism of locally topologically
ringed spaces

(f. 191 (2, 0y) = (Spt(B), Ospes)) — (SPE(A), Ospr(ay) = (X, Ox)

which is induced by a continuous homomorphism of complete topological rings ¢: A — B.

Given an affine ind-scheme & = Spf(.A), an affine ind-&-scheme is an affine ind-scheme X = Spf(B)
with a morphism of affine ind-schemes f: X — &. A morphism between affine ind-&-schemes g: %) —
G and f: X — G is a morphism of affine-ind-scheme h: %) — X such that ¢ = f o h. The category
(AffInd /G) of affine ind-G-schemes is by construction anti-equivalent to the category of complete topo-
logical A-algebras p: A — B. Given two such affine ind-&-schemes X = Spf(B) and X’ = Spf(B’)
corresponding to complete topological A-algebras ¢: A — B and ¢': A — B’ respectively, it fol-
lows from the universal property of the completed tensor product (see subsection 1.3.1) that the affine
ind-G-scheme Spf(B® 4B') together with the projections morphisms p; : Spf(B&48') — Spf(B) and
p2: Spf(B&4B') — Spf(B') induced respectively by the canonical homomorphisms oy : B — B& 4B’
and 0y: B — B®4B' is the fibered product of X and X’ in the category of affine ind-&-schemes. We
denote it by XX g X’

Example 3.5. Let R be a finitely generated algebra over a field & and let X = Spec(R) be the associated
affine k-scheme of finite type. Then the functor

F = Mor(X,A}) : (AffindSch/;)° — (Sets)

which associates to every affine ind-k-scheme & the set of morphisms of affine ind-&-schemes from
X X& to A} X;,& is representable.

Proof. Indeed, given an affine ind-k-scheme & = Spf(.A), we have
F(6) = Homg (X %46, Ay X&) = CHom a5 (A{T}, ROA) = RERA,

where the last isomorphism follows from Corollary 1.26. So F coincides via the anti-equivalence be-
tween the category of affine ind-k-schemes and the category of complete topological k-algebras to the
covariant functor R®;—. By Example 1.14 and its proof, the latter is represented by the complete topo-
logical k-algebra R = lim Sym'(V,)Y), where {V}, },en is any exhaustion of R by finite dimensional

~

k-vector subspaces. It follows that F' is represented by the affine ind-k-scheme X = Spf(R). The uni-
versal element u € R®;R defined in the proof of Example 1.14 corresponds in turn to a morphism of
affine ind-k-schemes v: X XX — A}g.

By construction, the set X(k) = Mory(Spec(k), X) of k-rational points of X is equal to the union
of the sets of k-rational points of the schemes Spec(Sym (V},’)), hence to (J,,cny Vo = R. The map
v(k): (XxpX)(k) = X(k) x X(k) — AL(k) = k is the universal evaluation map which associates
to pair (x, f) consisting of a k-rational point 2 of X and a k-rational point f € R of X the element
v(z, f) = f(z) of k. O



TOPOLOGICALLY INTEGRABLE DERIVATIONS AND ADDITIVE GROUP ACTIONS ON AFFINE IND-SCHEMES 29

3.2. Additive group ind-scheme actions. We now give the geometric interpretation of restricted ex-
ponential homomorphisms as comorphisms of actions of the additive group ind-scheme on affine ind-
schemes.

Let A be a complete topological ring and let & = Spf(.A) be its associated affine ind-scheme. Let
A{T} = A®7Z[T] be the ring of restricted power series in one variable over A, let ip: A — A{T'}
be the canonical inclusion homomorphism of A as the subring of constants restricted power series (see
subsection 1.4). Recall subsection 2.1 that (A{T"}, m, ¢, €), where m: A{T} — A{T, T’} is the unique
continuous homomorphism of topological .A-algebras that maps 7" to 7'+ 17, v: A{T} — A{T} is the
unique continuous homomorphism of topological 4-algebras that maps 7' to —7 and e: A{T} — Ais
the unique continuous homomorphism of topological .4-algebras that maps 7" to 0 € A is a cocommuta-
tive topological Hopf .A-algebra.

The affine ind-&-scheme Spf(ip): Spf(A{T}) — & is then an abelian group object in the category
of affine ind-G-schemes, with respective group law and neutral section given by the morphisms

Spf(m): Spf(A{T})XeSpf(A{T}) = Spf(A{T,T'}) — Spf(A{T?})

and Spf(e): & = Spf(A) — Spf(A{T}), which is isomorphic to the affine ind-&-group scheme
Ga,z %76, where G, 7 = Spec(Z[T)) is the usual additive group scheme. We henceforth denote this
affine ind-&-group scheme by G, ¢ and call it the additive group ind-scheme over &.

Given any complete topological A-algebra ¢: A — B, it follows from Proposition 1.25 that the
map B — Homp_ae(A{T'}, B), b — @, where 3, is the unique continuous .A-algebra homomorphism
op: A{T} — B such ¢u(T") = b, is an isomorphism of topological abelian groups. This implies in turn
that the affine ind-&-group scheme G, g represents the covariant functor

[': (Affind;g)°"® — (TopAbGrps)
(Spf(B), Ospey) = T(Spf(B), Ospes)) = Ospr(s)(Spf(B)) = B

from the opposite category of affine ind-G&-schemes to the category of topological abelian groups.

Now let ¢: A — B be a complete topological .A-algebra and let X = Spf(B) be the affine ind-
G-scheme of B. Since B is complete we have a canonical isomorphism B{T} = B&4A{T}. Let
e: B — B{T} = B®4A{T} be a restricted exponential .A-homomorphism as in Definition 2.1. Then
Spf(B{T'}) = G XX and the morphism of ind-&-schemes Spf(e): Go,6 XeX — X satisfies the
axioms of an action of the ind-&-group scheme G, ¢ on X, namely, the commutativity of the following
two diagrams

idx Spf(e) xid,

GuexsGaexeX — GuexeX GXeX —> GueXeX
lmxid l# o l“
Ga,GQG:{ a X X

Conversely, given an action p: Ga,G;ZG% — X of G, on X = Spf(B), the homomorphism of
complete topological .A-algebras

e = pH(Spf(B)): B = Ospis) (SPE(B)) = 110, 3 x(SPE(B)) = 1 Ospeipry) (SpE(B)) = B{T'}

satisfies the axioms of a restricted exponential .A-homomorphism. In other words, via the anti-equivalence
between the category of affine ind-Gschemes f: X — & and the category of complete topological .A-
algebras ¢: A — B, restricted exponential .A-homomorphisms e: B — B{T'} correspond to G, g-
actions on the affine ind-&-scheme Spf(B).

Combined with Theorem 2.26, this yields the following extension of the classical correspondence
between G, g-actions on an affine scheme X = Spec(B) over an affine scheme S = Spec(A) and
locally finite higher iterative A-derivations (A-LFHID) of B:
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Theorem 3.6. Let A be a complete topological ring and let ¢o: A — B be a complete topological A-
algebra. Let S = Spf(A) and let f: X = Spf(B) — & be the corresponding affine ind-scheme and
affine ind-S-scheme respectively.

Then actions G, s XaX — X of the additive group ind-scheme Gq,e on X are in one-to-one corre-
spondence with topologically integrable iterated higher A-derivations D = {D(i)}izo of B.

We now consider examples of affine ind-schemes with actions of the additive group ind-scheme. A
first natural example is given by the affine ind-scheme Mor (X, A,lﬁ) associated to an affine k-scheme of
finite type X endowed with a non-trivial G, j-action.

Example 3.7. Let X = Spec(R) be an affine scheme of finite type over a field & of characteristic zero
endowed with a non-trivial G, ,-action p : G, 1, X X — X. Let X = Mor(X, A}ﬁ) be the ind-scheme
of Example 3.5 and let 1 : G, 1, XX — X be the morphism of functors given by the composition at the
source by the k-automorphisms of X associated to the G, y-action p. Then /i is a morphism of affine
ind-schemes which defines a G, j-action on X.

Proof. The assertion is an immediate consequence of Yoneda embedding lemma. Nevertheless, let us
give a constructive argument following the lines of that of Example 3.5. Let ¢ be the non-zero locally
nilpotent k-derivation corresponding the G, j-action p. Then R admits an exhaustion by a countable
family W = {W,, },en of finite dimensional J-stable k-vector subspaces. Indeed, given any exhaustion
of R by a countable family V = {V,,},cn of finite dimensional k-vector subspaces, the fact that ¢ is
locally nilpotent implies that for every n € N, the k-vector subspace W,, generated by the elements
0™(f), m > 0, where the elements f run through a k-basis of V,, is finite dimensional and J-stable.
Furthermore, since V,, C V,,, for every m > n and V,, C W,,, we have V,, C W,, C W,,, so that the W,
form an increasing exhaustion of R by J-stable finite dimensional k-vector subspaces.

Let W = {WW,, } be a d-stable exhaustion of R as above. Then, for every m € N, the restriction of § to
W, is a nilpotent linear endomorphism §,,, of W,,. The dual endomorphism 8, of W," defines a unique
k-derivation 8, of the symmetric algebra Sym' (W) of W,¥, which is locally nilpotent. The collection
of so-defined locally nilpotent k-derivations 9, of the k-algebras Sym'(W,”) form an inverse system
with respect to the surjective projection homomorphisms py, ,: Sym'(W,),) — Sym'(W,’) associated
to the inclusions W,, C W,,,, m > n. By Proposition 2.30, there exists a unique topologically integrable
k-derivation O of the topological k-algebra R = @neN Sym’ (W,Y) such that for every n € N, we have
Op © pp = pp © 0, where p,,: R — Sym’(W,Y) is the canonical continuous projection.

By Example 3.5, the affine ind-scheme X = Spf(R) of R represents the functor Mor(X, A} ). The
G, k-action 11 : Gm;ﬁ X — X is then that associated to the topologically integrable k-derivations O of
R. Note that the k-derivation A = —§®idg + idp®;0 of R®LR is also topologically integrable. It
defines a G, j-action on the affine ind-k-scheme X Qk% = Spf (R@kR) for which, by construction, the
universal evaluation morphism v: X Qk% — A}g of Example 3.5 is G, ;-invariant. ]

Remark 3.8. With the notation of Examples 3.5 and 3.7, the restriction to the set X(k) = R of k-rational
points of X of the G, ;-action 11 : G, % tX — X coincides with the contragredient representation of
(k,+) on R defined for every f in R by

tef =exp((—00)(f) = 3_(=1)" 0" ().
n>0
In particular, for every k-rational point = of X, we have (¢ - f)(z) = f((—t) - x) and hence
o(t-(x, f) = (- [)(t-2) = fz) = vz, f).

Example 3.9. As a concrete illustration of Example 3.7, consider the locally nilpotent k-derivation
§ = 0/dx of R = k[x] corresponding to the action of G, ; on A} by translations and the exhaustion of
R by the J-stable subspaces
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consisting of polynomials of degree less than or equal to n. For every n € N, the algebra Sym (W)
is isomorphic to the polynomial ring k[ Xy, ..., X,,], where (X, ..., X, ...) is the family of elements
of the dual R of R as a k-vector space defined by X;(z;) = §;; for every i,j € N. The complete
topological k-algebra R = @neN Sym’'(W,) is isomorphic to the separated completion of the poly-
nomial ring k[(X;);en] with respect to the topology induced by the fundamental system of open ideals
ap, = (X;)i>nk[(X;)ien]. The universal element u € R®;R of the proof of Example 1.14 can be
represented by the formal power series ) 2" X, € E[z][[(X)ien]].

On the other hand, the k-derivation 9, of Sym (W,Y) is given by 0,,(X;) = (i +1)X;41,ifi <n—1
and 9,,(X,,) = 0. The corresponding topologically integrable k-derivation 0 = @neN 0y, of R induced
by the inverse system of locally nilpotent k-derivations 9, n € N, coincides with the topologically
integrable k-derivation with trivial kernel k& of Example 2.31. Note that in contrast, for the topologically
integrable k-derivation A = —§®pid 4 + idg®10 of R&,R, we have

Alw) = A@"Xp) =Y (—na" "Xy + (n+ D" Xpg1) = 0.
neN neN

For an affine scheme X of finite over a field k, there are many natural affine ind-%-schemes that can
be constructed from the ind-k-scheme X = Mor(X, Ai) (see e.g. [9]). These include for instance
the ind-k-scheme Mory(X,Y) where Y is any affine k-scheme and the ind-k-scheme Auty(X) of k-
automorphisms of X. Since every non-trivial G, -action on X gives rise to a non-trivial G,, j-action on
these affine ind-k-schemes, this provides a large supply of natural affine ind-k-schemes with interesting
natural G, ;-actions.

Another family of examples is given by the following ind-scheme counterpart of Danielewski hyper-
surfaces.

Example 3.10. Let A be an integral complete topological algebra over a field &k of characteristic zero.
Let A{y, z} be the restricted power series ring in two variables over A. Let x € A be a non-zero element
and let P(y) € A{y} be a non-zero restricted power series. Then there exists a unique continuous .A-
derivation 0 of A{y, z} such that, d(y) = x and d(z) = P'(y), where P'(y) € A{y} denote the
derivative of the restricted power series P(y). The so defined .A-derivation O is topologically integrable.
Indeed, let (a,,),en be a fundamental system of open ideals of A so that we have by definition A{y, z} =
Im o An [y, z], where A,, = A/a,,. Letz, € A, and P,(y) € A,[y| denote the respective residue
classes of 2 € Aand P(y) € A{y}, n > 0. Then we have 0 = lim__ 0y, where 0y, is the triangular,
hence locally nilpotent, A,,-derivation of A, [y, z] defined by 9,,(y) = x,, and 9,,(z) = P, (y). Thus 9 is
topologically integrable by Proposition 2.29. Note that the element xz — P(y) belong to the kernel Kerd
of 0, in particular, in contrast with the example considered in Example 2.31, A is a proper sub-algebra
of Ker0.

Now assume in addition that « and P(y) are chosen so that the principal ideal I = (zz — P(y)) of
A{y, z} is prime and closed. Then B = A{y, z}/I is a topological .A-algebra when endowed with the
quotient topology, and the quotient homomorphism ¢: A{y, 2z} — B is continuous. Since 9(I) C I,
0 induces a topologically integrable .A-derivation 0 of B. Letting X = Spf(A), the homomorphism
A{y, z} — B corresponds to a closed embedding of affine ind-X-schemes

Y = Spf(B) — A% = Spf(A{y, z})
which is equivariant for the G, x-actions on ) and A% associated to 0 and O respectively.

For a concrete illustration, consider the completion A of the polynomial ring k[(X;);en] in countably
many variables with respect to the topology generated by the ideals a,, = (X; — 1);>,. Let x € A be
the element represented by the Cauchy sequence z, = [[;_, X; € k[Xo,...,X,]. Choosing for the
restricted power series P(y) a non-constant polynomial P(y) € k[y] C A{y}, we obtain an associated
affine ind-X-scheme ) C Ai which is a colimit of so-called Danielewski varieties in AZ+3 defined by
equations of the form [[;" ; X;z = P(y) (see e.g. [7]). One can also choose non-polynomial restricted
power-series P(y) € A{y}, for instance, the one P(y) = > "2 (X; — 1)’y
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