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GROUP ACTIONS ON FILTERED MODULES AND
FINITE DETERMINACY. FINDING LARGE
SUBMODULES IN THE ORBIT BY LINEARIZATION

GENRICH BELITSKII AND DMITRY KERNER

Presented by Pierre Milman, FRSC

ABSTRACT. Let M be a module over a local ring R and a group action
G O M, not necessarily R-linear. To understand how large is the G-orbit
of an element z € M one looks for the large submodules of M lying in Gz.
We provide the corresponding (necessary/sufficient) conditions in terms of
the tangent space to the orbit, T )-

This question originates from the classical finite determinacy problem
of Singularity Theory. Our treatment is rather general, in particular we
extend the classical criteria of Mather (and many others) to a broad class
of rings, modules and group actions.

When a particular ‘deformation space’ is prescribed, ¥ C M, the de-
terminacy question is translated into the properties of the tangent spaces,
T(Gz,z)> I(s,z), and in particular to the annihilator of their quotient,

ann T<2’Z)/T(Gz,z) .

RiESUME.  Etant donné une action d’un groupe sur un module, G O
M, et un élément z € M, on étudie le plus grand sous-module de M
contenu dans l'orbite Gz. On donne des conditions nécessaires et suffisantes
décrivant ce module en termes de 'espace tangent a 'orbite, T(g. ). Cela
prolonge les critéres classiques de la théorie des singularités & une large
classe d’anneaux, modules, et actions de groupes.

1. Introduction

1.1. Setup Let R be a (commutative, associative) local ring over a base field
k of zero characteristic. Denote by m C R the maximal ideal. (In the simplest
case R can be a regular ring, e.g., the rational functions regular at the origin,
klx1,...,2p](m); the formal power series, k[zi ...,z,]; the converging power
series, C{x1,...,2zp}; the smooth function germs, C*°(RP?,0).) Geometrically,
R is the ring of regular functions on the (algebraic/formal/analytic etc.) germ
Spec(R). We use some Artin-type approximation properties of R, this excludes
from consideration the rings like C™(RP?,0), for r < co.
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Let M be a module over R, with a descending filtration, M = My 2 M; 2
My D ---. This filtration defines the linear topology on M, the open neighbor-
hoods of z € M are the sets {{z} + Ml}z The simplest filtration is defined by
the powers of an ideal J, namely M; = J*- M. More generally, any filtration by
ideals, R = Jy 2 J; 2 J2 2 - - -, induces the corresponding filtration M; = J;- M.

Fix a k-linear group action G O M. (If a filtration M, is given we usually
assume the action filtered, i.e., G- M; = M;.) We address the classical question.

(1) For a ‘small’ deformation z ~ 2, with z,2' € M, are the initial

and deformed elements G-equivalent?

More precisely, ‘does the orbit Gz contain some open neighborhood {z} + M;?’

In various applications one deforms z not inside the whole module M, but
inside some subspace % C M of ‘allowed’ deformations. We always assume that
¥ is G-invariant. Usually X is ‘reasonably good’, e.g., is defined by some power
series equations (or just by polynomials). The topology on ¥ is induced from
that on M, the open neighborhoods of z € ¥ being of the form ({z} + M;) N .

ExAMPLE 1.1. For the cases below we fix ¥ = M.

1. Denote by GLr(M) the group of all the R-linear automorphisms of M. For
a module with filtration, M,, denote by Gng)(M) C GLR(M) the subgroup
of automorphisms that preserve the filtration.

2. Denote by Auty(R) the group of k-linear automorphisms of the ring. Suppose
M is free and fix a set of generators, {e;}, of M. Then Auty(R) acts on M,
by > aje; — > . é(aj)e;, for a; € R. This action depends essentially on the
choice of {e;}, but is well defined otherwise.

3. Suppose M is free, of rank mn. Identify it with the space of m X n matri-
ces over R, i.e., M — Mat(m,n; R). Various subgroups of GLr(M) are
related to the rich matrix structure. For example, the left multiplications
G, := GL(m, R), the right multiplications G, := GL(n, R), the two-sided
multiplications Gy, := G; x G, A = UAV L,

ExAMPLE 1.2.  Consider the module of square matrices, M —— Mat(m, m; R).

1. The congruences, Geongr =& GL(m, R), act by A — UAU" and preserve the
submodules of symmetric/anti-symmetric matrices. Therefore, for A symmet-
ric, it is natural to choose ¥ = Mat®¥™(m, m; R), while in the anti-symmetric
case one chooses ¥ = Mat®™ =™ (m,m; R).

2. The conjugations, Geonj ~ GL(m,R), act by A — UAU™!, and preserve
the characteristic polynomial det(AL — A). In this case one often chooses
Y =%4 ={B| det(A\1 — A) = det(\I — B)} C Mat(m,m;R).

1.2.  The finite and infinite determinacies. Fix a module M with filtration M,,

a group action G O M, and a deformation subspace ¥ C M. Suppose X is G-

invariant. An element z € ¥ is called k-(X, G, M,)-determined if z < 2 whenever
2/ —z € (X —{z}) N Mgy1. More precisely:
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DEFINITION 1.3. The order of (¥, G, M,)-determinacy is:
ordS(z) = min{k| Gz 2 ({2} + Mys1) N z} < oo,

An element z is finitely-G-determined, that is ordz(z) < oo, if the orbit
Gz C % contains an open neighborhood of z in the filtration topology. Finite
determinacy means that z is determined (up to G-equivalence) by its image in
M/pp,. ., for some finite k.

Sometimes the filtration (eventhough strictly decreasing) contains ‘flat ele-

ments’, i.e., Mo = _E]OOMZ- # {0}. (The typical example is: {M; = mJ - M},

for the ring R = C*°(RP,0), so m> % {0}.) An element z is called infinitely-
(3, G)-determined if 2’ £ 2 whenever 2/ — z € (32 — {z}) N M. The infinite
determinacy means that z is determined by its image in the completion M of M
with respect to M,.

EXAMPLE 1.4. For the filtration M; = J*- M take the completion of M with
respect to M,. Any element z € M maps to 2 € M that is presentable as a
power series in the generators of J. This power series is the “Taylor expansion
at the origin”. Finite determinacy means that z is fixed (up to the G-action)
by a finite number of terms in its Taylor expansion. Infinite determinacy means
that the “full Taylor expansion” fixes z up to the G-action.

EXAMPLE 1.5. Suppose M is a free R-module, identify it with R®™. Suppose R
is one of the classical local ‘geometric’ rings, k[[z]] or k{z}, when k is a normed
field.

1. If n = 1 then z € m - M = m defines a (formal/analytic) hypersurface
singularity at the origin, {z = 0} C (kP,0). The group Auty(R) then co-
incides with the group of the local coordinate-changes, R. Thus we get the
classical right-equivalence of the Singularity Theory. Similarly, the group
GL(1,R) x Autk(R) induces the classical contact equivalence, K.

2. Suppose n > 1, so that z is an n-tuple in R®". Assume all the entries of
z belong to m, i.e., “z vanishes at the origin of Spec(R)”. Then z can be
considered as a map from Spec(R) to (k™,0). Again we get the classically
studied equivalences of maps, the right, Autix(R) = R, and the contact,
GL(n, R) x Autyx(R) = K.

The finite determinacy of maps (or of the corresponding singularities) under
various equivalences has been intensively studied since the seminal works [36],
[1], [49].

For various group actions, G O M, the quotient M/; parameterizes the geo-
metric/algebraic objects and the determinacy bears important information about
their deformation theory.

ExXAMPLE 1.6. Continuing Examples 1.1 and 1.2.
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1. Thinking of A € Mat(m,n;R) as a presentation matrix of the module
coker(A), in the projective resolution, we get: matrices up to the
Gi-equivalence correspond to the modules over R. Similarly, thinking of A as
the matrix of generators of I'm(A) we get: matrices up to the G,-equivalence
correspond to the submodules of R®™.

2. The (anti-)symmetric matrix, A € Mat(m,m; R), A' = +A, considered up

Geongr .
to the congruence, A X UAU?, defines a (skew-)symmetric form over R.

Gcon"
3. A quadratic matrix considered up to the conjugation, A <" UAU~! corre-
sponds to a representation (of a group/algebra/etc.).

Finite determinacy in these cases implies that the deformation theory is es-
sentially finite dimensional.

1.3.  The question of determinacy can be restated as:

(2) which deformations of z inside X are irrelevant, i.e., lie inside
the orbit Gz7?

In other words: how large is the orbit Gz as compared to 37 In this paper we
linearize this question, i.e., transform it to comparison of the tangent spaces,
TiGz,2) € T(s,z)- We prove the Mather-type determinacy criterion in great gen-
erality, for a large class of rings, group-actions and deformation spaces. This
reduces the determinacy problem of (¥,G, z) to the study of the quotient of
tangent spaces, 1(s,:)/Tq. .-

1.4. Contents and the structure of the paper The main results are formulated
in Section 2. In Section 2.7 we give a brief historical sketch and relate our work
to the vast field of results on finite determinacy in Singularity Theory.

We work with a broad class of groups and to our knowledge in this generality
the tangent space T 4) to G at g € G has not yet been defined. Therefore in
Section 3 we lay some foundations.

Fix an action G O M, a filtration on M induces the filtration on G. (For
example, G(¥) C G is the subgroup of those elements that preserve the filtration;
G™ C GO is the subgroup of those elements that act unipotently with respect
to the filtration.) Lemma 3.3 summarizes the functorial properties of this fil-
tration, the related projections and completions. Then we specify the class of
groups we work with. As is seen from examples of the introduction, this class
must contain various subgroups of GLg(M) x Auty(R). As the local ring R is
not necessarily klz]l/; (or a subring of this), it is not natural to restrict to the
subgroups defined by some power series equations over R. Rather, we consider
all the k-linear (not necessarily R-linear!) endomorphisms, Endy (M), and the
k-linear automorphisms GLy(M). Note that M is uncountably generated as
a k-vector space, therefore Endy (M), GLi (M) are huge. We call a subgroup
G C GLx(M) “k-polynomially-defined” if its defining conditions translate into a
system of polynomial equations in some (and hence any) Hamel basis. (This sys-
tem is usually uncountable and involves uncountable number of variables.) The
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class of k-polynomially-defined-groups is very large (Lemma 3.7), in particular
it is much larger than the class of groups algebraic over R or projective limits of
polynomially defined (over R) or those defined by formal power series.

As the germ (G,g) is algebraic over k (though of uncountable dimension
and codimension) the tangent space is defined as the Zariski tangent space,
T(q,g)- This definition of T(¢ 4y goes via the embedding G € GLy(M), i.e., is
not internal, and various pathologies might occur. To prevent this we restrict to
a subclass of k-polynomially-defined-groups: the of Lie type subgroups, Section
3.6. These are the groups admitting some substitutions of the exp/In maps.

Finally, when both M and G are complete and G is unipotent with re-
spect to the filtration we give an alternative definition of T{g 1), in the “in-
ternal/canonical” way: via the logarithm/exponential maps, Section 3.5. If G
is k-polynomially-defined and of Lie type at 1 € G, then the two definitions
coincide and moreover G becomes a Lie group (Proposition 3.14). Thus part
of Section 3 can be thought as the axiomatization of the classical Lie-group no-
tion. In Section 3.7 we consider the simplest example, M = Mat(m,n; R) and
G C G x Auty(R).

Our main result is Theorem 2.2. The proof goes in three steps.

e In Section 4 we define the determinacy on locally filtered (not necessarily
linear) sets. We pass from the tangent space condition, 2’ — z € T(q.,2),

Jjbj

to the jet-by-jet-equivalence, 2’ Gt z. The later means: for any ¢ holds
z' € Gz + M,. This transition is done in the general setting: M is a filtered
k-vector space, the action G O M is filtered, and M, G are complete with
respect to filtrations. (Here G is not necessarily k-polynomially-defined.)
e One turns the jet-by-jet-equivalence into the equivalence of m-adic comple-
G

tions, 2/ ~ 2 € M), (Here we use Popescu’s theorem, stated in Section

5.1.)

e Eventually one passes from the equivalence of completions, 2’ < Z, to the

ordinary equivalence, 2z’ < 2. (Here we use the Artin-type approximation
theorems, stated in Section 5.2.)

While the first step is done without many assumptions, for the second and
third steps we impose some restrictions: the module M is finitely generated over
R and the group action G O M is good enough (see Condition (4)). We use
these assumptions in the proofs, but we hope they can be significantly weakened
(in the future) by using some stronger approximation results.

All these results are combined in Section 6 to finish the proof of Theorem 2.2.
Then we prove the corresponding criterion for finite determinacy in families.

1.5.  Acknowledgements Many thanks are to V. Goryunov, G.M. Greuel, T.H.
Pham and I. Tyomkin. The extraordinary work of the referee not only helped
to improve the exposition but forced us to generalize many statements and to
simplify their proofs.
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2. The Main Results and Remarks

2.1. Notations We use the space Endy (M) of all the k-linear endomorphisms,
here M is considered just as a k-vector space. Accordingly G Ly (M) is the group
of all the k-linear automorphisms.

We denote the zero matrix (or the zero element of Endy(M)) by O, while
the identity matrix/endomorphism by I. By I or I we denote also the unit
element of the group G.

The group G is always a subgroup of GLy (M), i.e., G comes with its (faithful)
action G O M.

The unipotent subgroup GV C G is defined by

(3) G .= {g €G|Vy: [g]=[Id] O %j+1 }

For example, suppose M = R®" and the filtration is M; = m?- M. Then
GLRr(M) is the group of all the n x n matrices invertible over R, while

GLY (M) = {(1+U| U € Mat(n,n:m)}.

2.2.  Assumptions Though R is not necessarily Noetherian, we assume that the
m-adic completion, R, is Noetherian. Thus while we allow rings like C*°(RP,0),
we do not allow rings like k[[z1, 22, ...]].

We always assume that the R-module M is finitely generated (over R). In
the filtered case we assume that all M; are finitely generated. We always assume
that the filtration is ‘essentially decreasing’, i.e., satisfies N M; C N(m® - M).

J K3

Equivalently: for any i there exists k; such that My, Cm?®- M.
In most sections we assume that the action G O M is good enough, namely:
(4)
the subgroup G C GLx(M) and its completion G C GLy(M) are
k-polynomially-defined; their unipotent parts, GV, G| are of Lie type.

The conditions are stated/studied in Sections 3.3, 3.4, and 3.6. In this generality
we define the tangent spaces, T(q. o) € T(x,2) € T(um,z)- Initially these are just
k-vector subspaces but in some places we assume that they are R-submodules
of T(nr,2), this imposes some restrictions on G and ¥.

The condition “(G, 1) is of Lie type” ensures that the tangent space T{q.,»)
“resembles” the germ (Gz, z).

In many statements we use the assumption “R has the relevant approximation
property”. This condition depends on the type of equations, see Section 5.3, e.g.,
the Artin approximation property of R suffices for polynomial (or analytic for
R = C{z}) equations.

2.3.  Transition to the tangent spaces As one sees in Example 1.2 the deforma-
tion space ¥ C M can be a highly non-linear subset. Still, the finite determinacy
implies that some projections of ¥ contain large linear subspaces.
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LEMMA 2.1. Fiz a filtration My and a filtered action GV O M,. Suppose z
is 7-(2, GW )-determined. Then for any i > r: (E - {z}) N M; + M1 is an
R-submodule of M.

The proof is in Section 4.2.
Therefore the finite determinacy depends on a more general question:

(5) Find the largest submodule, A C M, satisfying: {z} + A C Gz.

As M is an R-module, we identify T(; .y = M, as R-modules. Accordingly
we identify T(q. ) with its image in M. Our main result reduces the ‘linearized’
question of Equation (5) to the tangent space.

THEOREM 2.2. Suppose the (filtered) action G O {M;} satisfies assumptions
(4). Suppose that G is unipotent for the filtration {M;}.

L. If M; € T(g.,») and R has the relevant approzimation property then {z} +
Mi - Gz.

2. Suppose T2y € T(n,z) is an R-submodule. If {z} + M; C Gz then M; C
T(Gz,z)'

(In part (2.) the assumption “T(g..) € T(a,z) is an R-submodule” can be
weakened to: “T{(q.,.) € T(am,z) = M is eventually a submodule” in the following
sense: for some N < oo the intersection T, .) N My is a submodule of M, see
remark 6.1.)

REMARK 2.3. One might wish to strengthen part 1 to the statement: “If G is
unipotent for some filtration on M then {z} + T(¢.,.) € G2”. But in general
T(G:,z) is not invariant under the G' action and this inclusion does not hold.

For example, let M; = Mat(m,n;m?) and consider the action Gl(:) O M of
Example 1.1. Here T 4, 4) is spanned by the matrices @A and A9 for all the
possible (@,7) € Mat(m,m;m) x Mat(n,n;m), see Section 3.7. The inclusion
{2} +T(G=,-) € Gz would mean the solvability of the equation (I+u)A(T+v) =
A+ uA+ Ab for the arbitrary choice (a,?) € Mat(m, m;m) x Mat(n,n;m) and

the unknowns (u,v) € Mat(m,m;m) x Mat(n,n;m). Take, e.g., A = <8 (1)>

and u = (2 8 = ¥. By the direct check, in this case the system has no

. 1 0 0 1 0 0 .
solutions. Note that T(G(1>A7A) = Spang ( (O 0) , <O O) , (1 0) ) is not

G-invariant.

2.3.1. The theorem addresses the ‘pointwise’ determinacy: one checks the

equivalence 2’ <2 for a particular 2’. The natural question is: when a family
{2t }1e(k,0) can be trivialized? (Namely, when there exists a family {g; }+cx,0) C
G such that {z; = giz}ie(k,0)?) We prove the corresponding criterion in Section
6.2.
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2.3.2. Usually we start with just an action G O M, with no prescribed fil-
tration. To achieve the best criteria/bounds one looks for a suitable (optimal)
filtration, thus one compares T(q.,.) to M. Two cases are possible:

i. TiGz,2) 2 J - M, for some ideal {0} C J C R. In this case it is useful to
consider the filtration M; = (v/J)* - M. Here we take the radical, v/.J, to get
the “most refined” filtration and accordingly the biggest G()—see Section
2.4.

ii. Tgz,2) 2 J - M, for any ideal {0} C J C R, equivalently rankg(T(c.,.)) <
rankgr(M). Then one looks for the (biggest/simplest) submodule A C M that
satisfies: A is G-invariant, z € A, and T(¢. ) 2 J - A, for some {0} € J C R.
For such a submodule one takes the restriction, G|, i.e., considers A as the
ambient module (rather than M). For most cases the subgroup G|a € GLy(A)
again satisfies the Assumption (4), hence one can use the theorem.

2.4. The annihilator of the quotient and the order of determinacy Usually one
begins with the action G © ¥ C M, but with no prescribed filtration and no
prescribed subgroup G C G. Theorem 2.2 gives a separate statement for each
filtration of M (or of A). Among all these versions one would like to choose
an optimal bound. Using the embedding T(q. ) € T(s,.) € T(m,-) we get: the
largest submodule of Equation (5) satisfies: A C T(5.). This translates the
initial question into “how large is T(x ») as compared to T(g.,.)?”". To quantify
this one usually studies their conductor, i.e., the annihilator of the quotient of
the two modules:

Tis
(6) ann” ¢ ’%Gm) ={flf- Tz ST} CR

In many cases of interest both tangent spaces are R-modules, and their quotient
is an R-module as well. Then the annihilator is an ideal in R.

This annihilator shows how far is T(¢. .) from T(x ). It is defined via the
tangent spaces and thus controls the “infinitesimal determinacy”. By Theorem
2.2 this annihilator is tightly related to the standard determinacy:

COROLLARY 2.4.  Suppose T(s .y C T(nr,2) 1s a finitely generated submodule and

for a (finitely-generated) ideal J C R the filtration {J" - T(x, . }i is G-invariant.

Suppose the corresponding unipotent subgroup, GV C G, satisfies the Assump-

tion (4).

1. Suppose R has the relevant approximation property and J C annT@,z)/T(Gzyz) .
Then {z} + J -VJ - T(s .y C Gz.

1. If in addition J - Tis,) C T(G(l)z,z) then {z} + J - Tis,2) € T(Gz,z)-

2. If{z} +J -T(n.) C GWz, for some k > 1, then J C annT(z,@/T(G(l)Z,z).

PRrOOF. By the assumption J - T(x .y is GW-invariant and G is unipotent
for the filtration {J - V.J* - T(s .y }i>0. Thus one uses Theorem 2.2 for M; =
J NI Tis . O
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REMARK 2.5. In Part (1') the condition J - T(x.) C TG, . is non-trivial
and essential. As a trivial example, let ¥ = M = R, a free module of rank
one, and the group G = R* acts by z — wu - z. Then the tangent space is
an ideal, T(g.,.) = (2) C R, and annTu2)/1, ., = (2). But w € (z) does
not imply w + z £ z, e.g., not for w = —z. On the other hand, the biggest
possible G(!) here is obtained for the filtration {m?*} of R and the tangent space
is T(G(I)Z’Z) =m- -2z CR.

The bigger the ideal ann T(E,z)/T( Gomy 18, the smaller the order of determinacy
is. To quantify this we use the Loewy length of an ideal, llz(I) < oo, it denotes
the minimal N < oo such that I D m*”. (Here we assume I D m™.)

COROLLARY 2.6.  Suppose ¥ C M is a free direct summand, i.e., ¥ ® S+ = M
for a free submodule ¥+ C Mat(m,n; R). Then

g (annT(z,z)/T(Gz@) —-1< ordg(z) <llp (WmT(Z,Z)/T@(l)Z’Z)) —1.

Here GV C G is the unipotent subgroup for the filtration {m?*-%};. By Corollary
3.11:

(7) m - T(Gz,z) - T(G(l)z,z) c T(Gz,z)-
Therefore the upper/lower bounds of Corollary 2.6 differ at most by 1.

2.4.1. The following consequence is stated in the geometric language, using
the points of the punctured neighborhood of the origin, Spec(R) \ {0}. We
consider the tangent spaces T(q. .y € 1(s,.) as sheaves on Spec(R). Accordingly,
for any point pt € Spec(R) we take the fibres T(q. ) lpt € T(s,2)|pt-

COROLLARY 2.7. Fiz an action G O M, where G is k-polynomially-defined
and of Lie type. Suppose R is Noetherian and has the relevant approximation
property. Suppose 2 C M is a free direct summand. Then z is finitely-(X, G)-
determined if and only if for any point pt € Spec(R) \ {0} holds: Tiq. .)|pt =
T(E,z)‘pt-

(Indeed, by Corollary 2.6, z is finitely-(X, G)-determined if and only if the anni-
hilator of T(z,z>/T(Gz .y contains m? for some N < oco. But this means that the
module T(Z,z)/T(GZ .y vanishes off the origin.)

REMARK 2.8. If Spec(R) \ {0} is smooth then T(s, .|pt = T(@=,2)|ps means that
z is (¥, G)-stable near pt. For R = k{z}, k[z] and G one of the classical groups
of Singularity Theory this statement is well known, e.g., [51, Theorem 2.1].

2.4.2. Matrices with m-adic filtration As the simplest case, consider the fil-
tration of M = Mat(m,n; R) by the powers of the maximal ideal, i.e., M; =
Mat(m,n;m?). Fix ¥ = Mat(m,n; R), then we get:
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COROLLARY 2.9. Suppose the unipotent subgroup GV C Gy x Auty (R) is k-
polynomially-defined and of Lie type. Suppose R has the relevant approximation
property.

1. ordy,, (A) = min{k| Mat(m,n;m*+1) C Tigwaat

2. ordgy (A) — 1 < ordg(A) < ordg,, (A).

EXAMPLE 2.10. Suppose R is one of the classical rings, k[z], k{z} or
C>®(RP,0). Fix ¥ = M = R®" and consider the module R®™ as the space
of (formal/analytic/smooth) maps from Spec(R) to (k™,0). For the groups R
(the right equivalence) and G, (the contact equivalence) the corollary gives the
classical criterion of [36], reproved many times, e.g., [17], [12].

2.5. Admissible ideals Quite often the ideal annT(z,z)/T(Gz 2 does not contain

any m”* for k € N, thus there is no finite determinacy in the ordinary sense.
Then the natural question is to find the biggest ideal I C R such that z is finitely

determined for the deformations inside 3N ({z} +I-M ) Such an ideal is called

“admissible”.
Suppose R is Noetherian. Consider the saturation of the annihilator,

0 .
ann®® =" (ann(T(z,z)/T(Gz Z>) : m’), and the radical J = , /annT(z,z)/T(Gz 5
i=1 ' '

Then z is finitely determined for deformations by J - ann®% - Tis,z)-
This goes along the “admissible deformations” of [44] and [38], see Section 2.7
for other references.

2.6. The subsequent work “Theoretically” Theorem 2.2 and Corollary 2.6
“solve” the determinacy problem: all that remains is to understand the annihi-
lator ann T(E,z)/T<GZ‘z) . Note that both tangent spaces are infinite-dimensional as
k-vector spaces, usually uncountably generated. Considered as R-modules they
are of high rank and in general far from being free. Thus in practice the transla-
tion of the determinacy problem to the annihilator is not yet the full/complete
answer. It remains to understand the annihilator and to interpret the condition
cmnT(z,z)/T(Gzyz) O m?% in terms of the particular setup. This is similar to the
transition from the theoretical

e “the hypersurface germ is finitely determined if and only if its miniversal
deformation is finite dimensional”.
to the more practical

e “the hypersurface germ is finitely determined if and only if it has at most an
isolated singularity”.

In [8], [9] we do this step, we compute (or at least bound) the annihilator for
a variety of actions G O X.

2.7. Relation to Singularity Theory

2.7.1. Consider the rather particular situation: k € R,C; R € k[z], k{z},
C*>®(RP,0); ¥ = M = R®". Then M can be considered as the space of (for-
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mal/analytic/smooth) maps from (k?,0) to (k™,0). In this case instead of the
group Auty(R) one takes the local changes of coordinates. The two groups often
coincide see Section 3.1 and thus induces the classical right equivalence, R. (For
a general “non-geometric” ring the two groups differ significantly.)

The group GLg(n) x Auty(R) induces the classical contact equivalence, K.

Indeed, the maps Spec(R) Tufz (k™,0) are contact equivalent if

fi(z) = F(f2(o(2)), z),

where F(a,b) = Ly(a) + (h.o.t). Here Ly(a) is linear in @, with coefficients
depending on b, and Ly is invertible. The (h.o.t) denotes the terms at least
quadratic in a. Thus, for a given fo(z) one can present: F(fao(d(z)),z) =
Ly 1, 6(f2(¢(z))), an expression linear in fo(¢(x)), with coefficients that depend
on z, fo, . As fo(z) is fixed, write down the full dependence of Ly 7, 4 on z to
get an element of GL(n, R). In total, for a fixed fo we get precisely an element
of G,.

More generally, for any R and M = R®", the group actions G © R and
G O (k™,0) induce the action G O M of a subgroup G C Aut,(R) x GLg(M).

2.7.2. The idea of finite determinacy begins with a simple observation: if R is
one of k[[z]], C{z}, C*°(RP,0) then many elements f € R are determined (up to
the change of coordinates) by a few low order monomials and do not depend on
the higher order terms. The thorough investigations have (probably) began with
the works of H. Whitney, R .Thom, B. Malgrange, J.N .Mather, J.C. Tougeron,
V.I. Arnol’d and were continued by many others. (See [3, §I11.2.2, pg.166], [4],
[31] and [51].)

e The determinacy of maps for some subgroups of the contact group, K, was
considered in [26]. In our notations he studied the actions G x Aut(R) © R®™,
where R = C*°(RP,0), while G C GL(n,R) is a Lie subgroup. He proved
that z is k-G-determined if and only if T(g. ) 2 m*"! . R®" This was
greatly extended in [17] to the “geometric subgroups” of K and to the cases
R = K{=z1,...,xp}/r, R = klz1,...,3]/f, R = C®(RP,0)/;. The importance of
the unipotent part of the group (in our notation G C G) was clarified in
[12].

e The determinacy for functions on (singular) analytic germs has been studied
in [14]. (In our language this is the case of non-smooth germ Spec(R) and
the groups GLR(1) x Autk(R), Auty(R) or their subgroups.)

e Given two subgroups, G, H C GLy (M), one can consider the “H-equivariant
subgroup”, Gy = {g € G|V h € H : gh = hg}. The corresponding
equivariant determinacy was studied for some subgroups of K, R in [43], [52].

o The determinacy of square matrices (for k =R or k =C, R =k{xz1,...,zp}
and G = G;,) was considered in [15], and further studied in [13], [11], [28],
[29], [18]. In particular, the generic finite determinacy was established and
the simple types were classified. Many results have been generalized in [16].
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e Sometimes one considers the coordinate changes that preserve a
sublocus/subscheme in Spec(R), i.e., an ideal of R. These were considered
(for C*°(RP, 0)-version) already in [36], [44], [38], see also [39], [35], [22], [21],
[45], [30], [48], [47], [10].

e In the real-analytic case Arnol’d has initiated the study of functions on man-
ifolds with boundaries, [2], see also [27] for the development and further
references.

e The study of finite determinacy in positive characteristic has been initiated
in [41], [32].

2.7.3. Theorem 2.2 and its corollaries are linearization results. They reduce
the initial question (highly non-linear in general) to the comparison of modules
and computation of the annihilator. This goes in the spirit of the classical
Mather’s criterion.

In many works the transition to the tangent-space level was done via the
miniversal deformations, by proving that the infinitesimal versality implies ver-
sality. (In particular this restricted the scenarios to the cases where the miniver-
sal deformation exists.) And usually the groups of equivalence were R, K and
some of their subgroups. Our results are more general in two ways.

e  We work with much broader class of rings, modules, group actions and filtra-
tions.

e We do not assume (and do not use) the existence of the miniversal deformation
for the action G O X.

3. The Group Actions and the Tangent Spaces

3.1.  Automorphisms of local ring, Auty(R), vs the local coordinate changes, R

3.1.1. By definition an automorphism ¢ € Auty(R) satisfies:

(8) Pla+b) = d(a) +6(b), dlab) = ¢(a)p(b), ol = Id.

Thus ¢ is k-linear and ¢(m9) = m?, ie., the action of ¢ is filtered, i.e., ¢ is
continuous in the Krull-topology.

3.1.2. For some rings the elements of the group Auty(R) are fixed by their
action on the generators of m.

LEMMA 3.1.  Fiz some generators {x;} of m (as an R-module). Suppose m > =
{0} and two automorphisms ¢1, ¢2 € Auty(R) satisfy: ¢1(x;) = d2(x;) for any
i. Then (bl = ¢2.

ProoOF. For any polynomial p({z;}) we have: ¢1(p) = ¢2(p). For any ¢, any

element f € R can be presented in the form p({z;})+ f;, where p is a polynomial,
while f, € m?. Therefore for any f € R we have:
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o1(f) — d2(f) € qu =m™> = {0}.
O

Geometrically the lemma reads: ¢ is fully determined by its action on the
“local coordinates”, {z;}, of Spec(R). For example, this holds for the ring k[[z]]
and its sub-quotients. In such cases and in this sense one can consider Auty(R)
as “the group of local coordinate changes”. In Singularity Theory this group is
denoted by R.

For “non-geometric” rings there are many automorphisms not arising from

the “coordinate changes”.
EXAMPLE 3.2. Fix two flat functions, 7,7 € C°(R! 0), which are alge-
braically independent. Consider the ring R = R{z}[{z /71 }jen, {z 772} jen]-
As 7; are flat, the maximal ideal is generated by z. Define ¢ € Autgr(R) as
identity on any converging power series and ¢(71) = 72, ¢(72) = 71. Extend this
definition by linearity to the whole ring. We get a non-trivial automorphism that
acts as identity on the “local coordinate” x.

3.2.  Filtrations and completions of M, Endyx(M) and G C GLy (M) Consider
an R-module M as just a k-vector space and denote by GLy (M) C Endy (M) the
group of all invertible k-linear endomorphisms of M. This is the most inclusive
ambient group for all the groups acting k-linearly on M. Note that this action
is not R-linear, for example GLy (M) contains the transformations induced by
automorphism of the ring, Auty(R). As M is usually uncountably generated
over k, the group GLy (M) is huge.

The filtration M, induces the filtrations of endomorphisms and automor-
phisms:

(9) End})(M) := {¢] 6(M;) C Miy;j, ¥ j} C Ends (M),
GLO(M) = GLi(M)n {{11} + End§j>(M)}.

In particular, End]g(o)(M ) is the space of all the endomorphisms compatible
with the filtration, while Endg)(M ) is the space of ‘nilpotent’ endomorphism.
(Note that ¢(M;) € M;,, implies ¢*(M;) C M; j but does not imply that
Y = 0 for some N.) Any subspace (submodule) A C Endy (M) gets the induced
filtration A := AN Endﬁj) (M).

Similarly, GLE{O) (M) is the group of automorphisms compatible with the fil-
tration, while GLE(I)(M) is the unipotent subgroup of GLy(M). Any subgroup
G C GLy(M) gets the induced filtration by the normal subgroups, G :=
Gn GLﬁj)(M) A G. Here G is the same as was defined in Equation (3). The
product/inverse operations on G are continuous in this filtration topology, thus

G becomes a topological group.
The orbits of G on M/, coincide with those of G/g().
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Abusing the letter 7; we introduce the projections:

10) M3 m(M) = My, End(M)2 A mi(A) = Mp),
GL(M) 2 GZ7,(G):=Glgw.

Here j < oo and if Mo, = {0} then mo (M) = M, m5(A) = A, 70(G) = G.
These filtrations/projections lead to the completion of the objects:

o~ ~

(11) M :=limm;(M), A:=limm;(A), G:=limm;(G).
—

— —

We emphasize that in general 7o, (M) # M, Too(A) # A, 750 (G) # G.
The abuse of letter m; could lead to various confusions, e.g.,

e between m;(A), the image of A under the ambient projection Endy (M) NS
mj(Endy(M)) or the image of A in Endy(m;(M));

e between the completion JAX, the image of A under the ambient completion
Endy (M) — En/d]k(\M) or the image of A in End]k(l\/j);

o between the orbits of 7;(G) and the orbits of G on 7;(M).

The following lemma “justifies” such confusions.

LEMMA 3.3. 1. For any subspace A C Endﬁ{o)(M) there exist the functorial
sequences of embeddings {a;}, {8:} and isomorphisms {~;} making the following
diagram commutative.

(12) w— m(Bnd?0n) < mya (End? (1))
— VJiZ B%Wj(A) H%'“J/Z H\\%:],H(A)

— EndV(mMS P End® (nj M) Pt

«— End®(M) <« End (M)
) a
— TR — DY

2. For any subgroup G C GLE{O) (M) there exist the functorial sequences of
embeddings {«;}, {Bi} and isomorphisms {v;} making the following diagram
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commautative.

(13) D 1(C2IE) I— 7rj+1(GL(O)(M))
A @ . j+1
e S TN )
— GLO(mM =P GLO(r MY Pin

— @0~ a0
— 92 S~ | D¢

=

— cr9anTh — ey

3. For the completion map M J M denote the zmage of z € M in M by 2
and the image of Gz by (Gz) Cc M. For any g € GL ( ) and any z € M

holds: gz = g2. For any G C GL (M) holds: (Gz) B(a)é.

PrOOF. 1. The homomorphism ¢; is defined by the projection (¢ + AW —
(¢+End’ (M)). The homomorphism 3; is defined by: 8;(¢+AW)(z+M@) =
#(2) + MY, The homomorphism ~; is defined by: ~;(¢ + Endﬁ(j)(M))(z +
M) = ¢(z) + MU, Note that a;, 3, v; do not depend on the choice of
representatives, as AU) (M) C M; and ¢(M;) C M;. Furthermore, they respect
the filtration, thus their images lic in 7, (End]g(o (M)), Endﬁ(o)(ﬂ'](M)), rather
than just m; Endyx (M), Endx(m;j(M)). By the direct check: v; o a; = 3.

Now we check the claimed properties for the j < oo part of the diagram.

e The injectivity of a; follows from AU) = AN End(j)( )

e The injectivity of v;:  7;(¢) = 0 iff v;(¢)(M) C MU iff (M) C M) iff
ﬂ—j((b) =0.

e The surjectivity of v;. Fix some complement, M; @© MJ»J- = M, as vector
spaces. Fix an isomorphism 7;(M) — M J-L, using it we identify m;(M) as a
subspace of M. For any ¢ € Endy(m;(M)) define ¢ € Endy (M) by ¢|a; =0
and ¢, ar) = ¢ Then 7;(m;(9)) = ¢.

e The injectivity of 3; follows from 3; = 7; o o;.

e The horizontal maps for j < oo are induced by m;41(M) — m;j(M). The

horizontal maps at the right end of the diagram are induced by M — M. As
the definitions of «;, 8;,~; are uniform in j we get a commutative diagram.

Now we check the j = oo triangle of the diagram. By construction, for any
i < j holds: m;(a;) = oy, mi(B5) = Bi, mi(vj) = s Therefore the sequences {o;},
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{B;}, {7} converge and we define & := lim o, B = lim 3;, 4 := lim~;. More
precisely, for any {¢;} € A, a({¢;}) = {a;(¢;)} and so on. (These sequences
converge.)

We check the injectivity of &. Indeed, &({¢;}) = 0 means: for any ¢ exists
k; such that for j > k; holds: «;(¢;) € Endﬁj)(M). But then ¢; — 0, ie.,
{¢;i}=0¢€ A. Similarly for 37 o)

The surJect1v1ty of 4. Given ¢ € End]k(M) we define ¢; € 7; (Endx(M)) by
b = 7] o ¢ omj. The sequence {¢;} converges in the filtration, thus {¢;} €

Endk(M) By construction, §({¢;}) = {v;¢;} = {pom;} € End]k(M).

The definition of these homomorphisms does not depend on a particular choice
of A. Therefore, for any homomorphism A; — As of vector subspaces of M one
gets the morphism of the corresponding commutative diagrams. More generally,

for a morphism of any two filtered vector spaces, M, i> N, and its restriction to

a subspace, My DO A i> f(A) € N,, one gets the morphism of the corresponding
commutative diagrams. In this sense the sequences of maps {«;}, {8;}, {~,} are
functorial. ' 4

2. The proof is essentially the same, replace Endﬁf)(M) by GLE)(M), A
by GY) and + by x.

3. To verify gz = §2 is enough to prove that the projections of both sides into
M/pp, coincide for any g. Which means:

(14) {92} + M, = {giz:}i + My, Vg,

here g; — g and z; — Z.

As we take the limit, we can assume (for i > 0): g; € gG9 and z; € {z}+M,.
But then the e/(luahty is obvious, as the action of G is filtered.

Finally, as Gz is the image of Gz under the completion map, we verify Gz =

G2 element-wise. But for gz € Gz we have: gz = g2 € G%. Hence the statement.
O

REMARK 3.4. If instead of Endy (M), GLx(M) one speaks about Endg(M),
GLRr(M) the equalities of the lemma do not hold. The natural map Gm) 2
GL R(M\ ) is injective but not necessarily an isomorphism when M is non-free.
Take the isomorphism of the ambient groups, GL/]k(\ M) = A GLR{(A). By the
direct check, the image of GL R( ) lies in GLRr(M ) thus we have the injectivity.
For a non-surjective example, let M = R <si1,s2 >/(a1517a252), where a1,a0 €
m > # {0} and the elements ay, as are R-linearly independent. Take the filtration
{md - M}, then M = R < 4,8 >~ R®2. Therefore GLa(M) ~ GL#(1) x
GLg(1), but GLr(M) ~ GLz(2).

3.3.  k-polynomially-defined sub-groups Sometimes we forget the R-module

structure, i.e., consider M just as a k-vector space, M. (Note that My is almost
always uncountably generated.) Choose a Hamel basis {z,} of M. Then any
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k-endomorphism ¢ € Endy (M) is presented by a k-matrix (of uncountable size),
¢(2a) = >_5 bapzp- The sum here is uncountable, but only a finite number of
summands are non-zero.

DEFINITION 3.5. We call a subgroup G C GLy (M) ‘k-polynomially-defined’ if
it is presentable in the form

G ={¢ e GL(M)| E({das}) =0},

here F is a system of polynomial equations over k (each equation is in a finite
number of variables, the number of equations is usually uncountable).

LEMMA 3.6. Being k-polynomially-defined does mot depend on the choice of
Hamel’s basis of M.

PROOF. Any two choices of Hamel bases for My, are related by a linear trans-
formation, z = Uw, w = U~'z. Here U is a k-matrix of infinite (possibly un-
countable) size but U has in each row/column only a finite number of non-zero
entries. The change of basis implies the standard transition of the represent-
ing matrix of ¢, i.e., ¢ — UpU L. (Note that the product is well defined over
k.) As each equation in F({¢.s}) contains a finite number of variables we get:
F(¢s) = F(UpU™1) = G(¢p). The later object is again a system of polynomial
equations over k, each equation being in a finite number of variables. O

It is very difficult to work with (uncountable) Hamel’s basis. Fortunately, in
all the particular examples, the initial definition of G C GLy (M) goes via some
conditions of the type F(g,a,z) = 0, for any g € G, a € R, z € M, where F
is some explicit expression, usually a power series or even a polynomial. Thus
in these particular examples we use Hamel’s bases only to verify that a group is
k-polynomially-defined.

A k-polynomially-defined-group is defined as a subgroup of GLy (M), in par-
ticular the action G O M is fixed.

We show that the class of k-polynomially-defined-groups is rich enough for
our considerations.

LEMMA 3.7. 1. The groups GLx(M), GLr(M), Auty(R), GLr(M) x Auty(R)
are k-polynomially-defined subgroups of G Ly (M).

2. Suppose G C GLy(M) is k-polynomially-defined and a subgroup H C G
is defined by polynomial equations (over k or R). Then H is k-polynomially-
defined.

3. Suppose M is filtered and G C GLy (M) is k-polynomially-defined. Then all
the subgroups G C GLy (M) are k-polynomially-defined for i < oc.

4. If the groups G C GLr(M), H C Autyk(R) are k-polynomially-defined then
the group G x H is k-polynomially-defined.

5. (Equivariant version.) Suppose a subgroup G C GLy (M) is k-polynomially-
defined. Fiz any subgroup H C GLy(M) and consider Gg ={g € G|V h € H :
gh = hg}. Then Gy C GLi(M) is k-polynomially-defined.



130 GENRICH BELITSKII AND DMITRY KERNER

In particular the groups GL%)(M)7 GLg(M) x Auty(R), Autﬁj) (R,) are k-
polynomially-defined, here R, is a decreasing filtration of R by some ideals.

PrROOF. 1. The subgroup GLy (M) C GLi(M) has no defining equations at
all. The defining conditions of the subgroup GLr(M) C GLx(M) are: ¢(fz) =
fo(z), for any f € R, z € M. Using Hamel’s basis of M these are written as the

system @(fza) = f¢(zq) for any f € R and 2,. Furthermore, fzo =3 5 fap2s,
here {fap} is a k-matrix of uncountable size with finite number of non-zero
entries in each row/column. We have:

fz(baﬂz,é’ = Z¢a5 Zfﬁ'yzw
B B ol

d(fza) = QS(Z:J[QBZﬁ):z:fagz:gbgvz7
B B ¥

(15) fo(za)

Thus the defining equations of GLr(M) C GLw(M) are linear: Y5 ¢apfpy =

>_p fapdpy, for any a, 1.
The subgroup Auti(R) C GLi(R) is defined by the conditions ¢(ab) =
d(a)p(b). Again, use Hamel’s basis

(16) P(zazs) = ¢(Z Capyzy) = Z Capy Z Py 2y
Y v v

P(2a)(23)

Z ¢a,a’¢ﬁ,ﬁ/za’zﬁ’ = Z (ba,a’(bﬁ,ﬁ’ an’,ﬁ”vz'y-

ol ol f Y

Here {Cy 44} are the ‘structure constants’ of Hamel’s basis.
Thus we get the quadratic equations:

(17) v aaﬂ77 : Z Cozﬁ’y’(b'y/’y = Z Qboz,a’(bﬁ,ﬁ’ca’ﬁ'fy-
’Y, a/$ﬁ/

The subgroup GLr(M) x Auty,(R) C GLi(M) is defined by the conditions:
o(f - 2) = ¢(f)P(z), for any f € R and z € M. Fix some Hamel bases, {f.}
of R and {z3} of M. Then the conditions are written in the form: ¢(f,z3) =
¢(fa)9(25). Use the R-module structure: fo - z5 = > . Capyzy, Where cagy € k
are the structure constants. Again all the defining equations are quadratic.

2. As G C GLy (M) is k-polynomially-defined we only need to check that the
additional equations for H C G are polynomial when written in Hamel’s basis,
#(2a) = > ¢apzp. But this is immediate as a polynomial condition p(¢) = 0
means: p(¢)(zo) = 0 for any . And the later translates into the polynomial
equations p({¢as}) = 0.
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3. We should prove that the additional conditions of G(?) ¢ @G translate into
polynomial equations. The additional conditions are:

(18) forany i e N,ge G: (g9—1)(M;) C My,

But for each fixed 4, these conditions are linear in (g — I). Thus for any choice of
a basis of M and the corresponding representing matrix, g(zq) = > ¢paszs, the
equations on the entries of (g—1) are linear. Thus G(9) is k-polynomially-defined.

4. The elements of G x H are (g, h). Thus, if the defining equations of G C
GLRr(M) are G(..) = 0 and the deﬁnlng equations of H C Auty(R) are H(..) =
the defining equations of G x H C GLgr(M) x Auty(R) are: G(..)H(..) = 0.
Altogether this transforms to a system of polynomial equations over k.

5. For any Hamel basis {z,} the equations gh(z,) = hg(z,) are linear in the
coeflicients of g. O

3.4. The tangent space to a k-polynomially-defined-group

DEFINITION 3.8. For a k-polynomially-defined subgroup G = {¢| F(¢) =0} C
G Lk (M) the tangent space at an element ¢ € G is defined as: T(q 4 = {¢ €
Endy(M)| F(¢+ ep) =0 mod(e?)}.

As all the equations are polynomial we can expand F(¢ + ) = F(¢) + GE;& .
¥ 4 €(--+). Thus the defining equations of T(¢,4) C Endyk(M) are Fyy - = 0.
In particular T(g 4) is always a k-linear subspace.

As T(g,q) € Endy (M), the action T 4y O M is fixed.

DEFINITION 3.9. The tangent space to the orbit, Gz, at a point z € M, is
TG,z = Ta1)(2).
The embedding, T(g,4) € Endi (M) induces the filtration,

(19) {T{&),) = Tic.9) N Endi? (M)).

Accordingly we define the projections and the completion:
(20) mo(Tic.g) (G/<> : = lim (G/m .
(G 9) (G 9)

One could define the filtration/completion of tangent spaces in different ways,
but they are related:

LEMMA 3.10. Let M be a filtered module and G,H C GLIE{O)(M) some k-
polynomially-defined subgroups.
1. Tienm.g) = T(c.9) Vi)

. T
2. In particular T 4 = T((G)q) and thus 7(T(q,g)) = (G’%G(q) : and

= T(G,V
T(Gyg) - {El T(G(‘I),g) :
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Here the tangent spaces are k-subspaces of End(M), m,(Endy(M)),

—

Endy (M), and the equalities are taken in this sense.

ProoOF. 1. Let Ig, Iy be the defining ideals of G, H, then the ideal of GN H
is Ig + Ig. Thus & € Tiq gy N Tia,g) iff g + €€ satisfies the equations of Ig, Iy
modulo €2 iff g + €€ € Tianm,g)-

2. Note that G = G N GLE:])(M), thus by Part 1 we have:
— _ (9) _ (9
) Tigwg) = T6) N1 ) g) = L) N EndS (M) =TG-

O

COROLLARY 3.11.  Let G C GLi (M) be a k-polynomially-defined subgroup and
suppose the filtration of M satisfies: M; D J*- M, for some fived ideal J C R.
Then T(G(i)vl) 2 Jz . T(G,I)'

PROOF. By Lemma 3.10 Tigor,n = T\0y = Tie.n N Endy (M). And by

assumption Endﬁj)(M) 2 J'- Endy(M). Therefore T 1) N Endﬁj) (M) D Jt-

Tian- O

EXAMPLE 312, L. Tiorye) = Endi(M), Tig o ) = Endi® (M) =

{¢ € Endy(M)| ¢(M;) € M;;}.

2. As GLr(M) is defined by linear equations we get: T(qr ,(n),¢) = Endr(M)
(@) _ (@)

and T(gLR(M)7¢) = End’ (M).

3. Autr(R) = {¢ € GLk(R)| ¢(ab) = ¢(a)p(b)}, thus

(22)  Tauamre) = {0 € Bnds(R)| (ab) = $(ayb(b) + b(a)o(t) }.

In particular T Ay, (r),1) = Derk(R), the module of all the k-linear derivations
of R. For a regular local ring the module Der(R) is generated by the first order
partial derivatives {0;}.

Similarly for a filtration R, by the ideals J; 2 J; 11 --- we have:

=

(23) = Der'D(R,) := {1 € Der(R)| ¢¥J; C Jiy;}.

T aur® (ro)

4. Suppose G = {F({¢}) = 0} C GLr(M) x Auty(R). Then Tigy) = {w €
Endr(M) + Der(R)(M)| F'|1p = o}. And for G C G we have: Tgw) 1) =
Tie.1) N End$y (M,).
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3.5.  Logarithm, exponent and alternative definition of the tangent space In this
subsection we assume that the filtered module M is {M; }-complete, written M.
Take any subgroup G C GL]k(J\//.? ), not necessarily k-polynomially-defined. We
assume that G is complete with respect to the filtration {G)}.

Take the unipotent subgroup G C G and the nilpotent endomorphisms
Endﬁ{l)(Z/W\). Define the logarithmic map:

24 GO 1 pnd D (), () =S L9
(24) (M), g—n(g) g; -

Note that (1 — g)]\/ZJ C j/\Zj_A'_l, thus the sum, though infinite, is a well defined
(k-linear, nilpotent) operator on M. As this logarithm is defined by the standard
Taylor series, we get: In(g'g’) = In(g*) +In(g’) for any g € G™V). But in general
In(gh) # In(g) + In(h), as g,h € G do not commute. In particular, the image
In(G™M) might be not an additive subgroup of End](kl)(]/\/[\).

Define the exponential map In(GM) =¥ GL]E(O)(Z\/Z) by exp(§) := 1+

k
T-

SNINNgL
w‘m

k
As ¢ is a nilpotent endomorphism, the sum (though infinite) is a well defined

linear operator on M and is invertible.

exp

LEMMA 3.13. exp(ln(G(l))) = GW and the maps In(GM) = GM) are mutu-
in

ally inverse.

ProOF. Let & € In(GM), then & = In(g) for some g € G, Then exp(£) =
exp(ln(g)) = g € G,

The maps In and exp are mutual inverses as they are defined by the classical
Taylor series. (]

In the classical situation, finite dimensional groups over a field, In(G™)) is the
tangent space of G(1) at 1T, in fact it is the Lie algebra of the group. This holds
also for k-polynomially-defined groups:

PROPOSITION 3.14.  Given a complete filtered module, J/M\, and a complete k-
polynomially-defined subgroup, GV C GLy (M), unipotent with respect to the
filtration M,, we have: .

1. In(GW) is a Lie algebra, i.e., it is a k-vector subspace of Endy (M), closed
under commutation.

2. ln(G(l)) g T(G(l)TI).

Note that while T{¢ 1) is defined externally, via the embedding G C G'Ly (M),
the space In(G()) is a purely internal object.

ProoF. 1. Let ¢ € In(GW) so that exp(¢) € GM). Then for any n € Z
holds exp(n¢) € GO, i.e., any defining equation of G1) is satisfied by exp(t¢)
for t € Z. As G is k-polynomially-defined, the equations are polynomial,
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and k is of zero characteristic, we get: exp(t§) satisfies all the equations for
any t € k. Thus t¢ € In(GM) for any ¢ € k, i.e., In(GM) is closed under the
k-multiplication.

Let &1,& € In(GW), then exp(té;), exp(tés) € G, here we consider t € k
as a parameter. By Baker-Campbell-Hausdorff formula:

(5)  ean(tn) - eop(tés) = eop(t(6 + &) + Sl G+ (),

(Note that the proof of this formula is purely formal, does not use any real
topology or finite dimensionality of the space.) For any ¢ € k the infinite sum

t(&1+ &)+ g[él, &]+13(...) is a well defined nilpotent operator in Endﬁ{l) (M).
Therefore t(&1 + &2) + %[51,52] +13(...) € In(GW). As this holds for any ¢ € k
and In(GM) is closed under the k-multiplication, we get:

(26)  ar = (61 + &) + %[51,52] F2(.) € In(GW) for any £ # 0.

Therefore exp(ay) € G for any t # 0. But the defining equations of G(!) are
polynomials, thus exp(a;) € G for any t € k. Then oy € In(GW) for any
t € k, in particular ag = & + & € In(GW). Therefore In(G™M) is closed under
addition, i.e., is a k-vector space.

Now we get: ay — & — & € In(GM) for any ¢, and in the same way as above
we get [£1,&)] € In(GW), ie., In(GM) is a Lie algebra.

2. C Take any g = exp(&) € GM. As In(GM) is a vector space we have:
exp(té) € GW for any t € k. In fact, each equation of G(V) is satisfied identically
by exp(t€), where t is a variable. Thus the expanded equation vanishes in all the
orders. In particular, F(T + €€) = 0 mod(e?), hence £ € T 1y- O

3.6.  Groups of Lie type Definition 3.8 of the tangent space goes via the defining
equations of G, therefore the traditional relation of T 4y to a small neighbor-
hood of g in G is not apparent. When M, G are non-complete we do not have
the maps exp(), In() of §3.5. And even if M, G are complete we should clarify
the relation of in(G) to Tiq 1)

We define the class of groups which are close to having these maps (we take
the truncated versions of exp, In).

DEFINITION 3.15. A unipotent, locally k-polynomially-defined subgroup G C
GLi(M) is called of Lie-type if the following conditions are satisfied:

q ;
i. for any g € G, ¢ > 0 holds: >’ (1%)] €T+ Endﬁ{q)(M).
j=1

9. i
ii. for any £ € T(g,1), ¢ > 0 holds: ) % €G- GLIE{Q)(M).
§=0
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As we show below the class of Lie-type-groups is large enough and their tan-
gent spaces behave well.

First we give a general method to check that G is of Lie-type. For a filtered
module M and the completion M the filtered action G O M induces the action
G O M, by g({z:}) = {g(z:)}. This defines a homomorphism G > s(G) C
GLH{(]\/Z ). Note that in general s is non-injective and s(G) does not coincide
with the completion G. It is enough to check the conditions of Definition 3.15
for s(G) and s(T(g,1))-

Now, for any s € G the operator In(s(g)) € Endﬁ{l)(]\//f) is well defined,
though does not necessarily lie in s(7,1y). Similarly for any & € T(¢ 1) we have

exp(s(€)) € GL]S)(M). By the standard properties of exp, In we have:
(27)

q q
exp(— Z 5—' € GLIE;IH)(M) Z
—o/

Jj=1

€ End "™ (M).

Therefore instead of checking the initial conditions of the definition it is enough
to verify:

VEETign, ¢>0: exp(s(€)) € s(G) - GL (M),

(28) VgeG, ¢g>0: In(s(g)) € s(Tqr) + Endﬁ(q)(M\).

The following statement shows that the class of Lie-type groups is rich enough.

LEMMA 3.16. 1. The groups GLE)(M), GLS)(M) are of Lie-type.

2. Suppose R = Kklzllf or R = Kz}/i (analytic power series). Take any filtra-
tion R D Iy D Iy D -+ by ideals satisfying NI; Cm>. Then Autﬁ(l)(R) is of Lie
type.

2. Let R C K[[z]] or R C C>®(RP,0) be any local subring that is closed un-
der differentiation and admits substitutions, i.e., for any f(z),g(x) € m holds:
f(g(z)) € m. (For example R = C*(RP,0) or R =k < z >, algebraic power
series.) Take any filtration R D Iy D Iy D --- by ideals satisfying NI; C m>

Then Autﬁ(l)(R) is of Lie type.

3. If G s of Lie-type then G®) is of Lie-type for any p > 1.

4. Suppose the subgroups G C GLr(M) and H C Auty(R) are of Lie-type, then
G x H C GLr(M) x Auty(R) is of Lie-type.

Proor. 1. GLE{I)(M): here for any g € GL](kl)(M) holds: 1—g € Endﬁ(l)(M) =

q .
j (1-g)’
Thus (1 —g)’ € T(GL[{j)(M),I) and j§:1 jg € T(GLﬁj)(M)J)' The

TGy ann:

second condition is checked in the same way.
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GLE%)(M): it is enough to note that if g is R-linear then (1 —g)? is R-linear as

Y W (a7 — -~ (1-g)’
well. Thus (1 —g)? € Endy’ (M) = T(GLQ(M),I) and J;l - € T(GL;”(M),I)'

The second condition is checked in the same way.

2. First we check the case of R = K[zllj, we prove that in this case

T Aut (R),1)? Autﬁ(l)(R) admit the ordinary exponentials/logarithmic maps. In-

deed, T(Autﬁ(l) = Der]il)(R)7 and for each f € R the series j;o i—],(f) con-

(R),1)

8

—~

verges by the completeness of R. (And similarly for the series

=2 (f).)

J

=1
Therefore the elements exp(§) = Y. % € GL]S)(R), In(g) = > (1_jg)j €
3=0 j=1

Endﬁ{l) (R) are well defined. Finally, the multiplicativity of the exponential series
gives exp(§)(ab) = exp(&)(a) - exp(§)(b), while the Leibnitz rule for the logarith-
mic series gives In(g)(ab) = In(g)(a) - b+ a - In(g)(b).

For an arbitrary ring R the multiplicativity of exp and the Leibnitz property
of In follow formally from the definition of the series, the only thing to check is
that the operators exp(§), In(g) are well defined, i.e., act on R. In fact, as exp,
In are mutually inverse, it is enough to check just the case of exp(§).

In the analytic case, R = k{z}/;, we note that
Derw(R) = {¢ € Derx(k{z})| £(I) € I}
and
Aut(R) = {g € Autx(k{z})| g(I) = I}.

Therefore it is enough to establish the existence of exp for the regular ring, k{z}.

So, we should check: for any £ = > a;0;, with a; € k{z}, and any analytic series

f € k{z}, the expression exp(£)(f) is analytic. One way to do this is to prove
o

that the series > # converges in a small ball near the origin. (Note that
§=0

each &7(f) is analytic and the convergent sum of analytic functions is analytic.)

Now to check the convergence it is enough to prove the bound:

(29) for any nilpotent derivation £ there exist € >0, 1 > C > 0,

such that for any k and any |z| < € holds: |£*(f)(x)| < C*k!.

And this follows by multidimensional version of Cauchy formula.

2'. For an arbitrary ring R of the statement the elements exp(&)(f), In(g)(f)
might not belong to R, see example 3.17, so the ordinary exponent/logarithm
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might not exist. Yet the approximations of Definition 3.15 do exist. Indeed, the

q P4
truncations > (1_]7.9)]7 > % do act on R. And (being the truncations of exp
j=1 §=0

and In) they satisfy the multiplicativity/Leibnitz rule modulo I,,.

q .
In more detail, associate to Y, % the operator g, € Endk(R) defined by
§=0
g .
9q(f(2)) :== f(gq(x)), where g4(z;) = > # As R admits the substitution,
§=0
gq is well defined. Moreover, by its construction g, is additive multiplicative,

unipotent and preserves k. Therefore g, € Autﬁ(l)(R) and g, Z i, € GL ( ).

q .
Similarly, associate to > % the operator §, € FEndi(R) defined by
j=1

g (g
§o(f(2)) = 22 &q(%:)0i f (2), where &q(z;) = X0 “_gzﬂ Then &, € Der]g(l)(R)

and &, — 3° U =9’ ¢ End?(R).
j=1
Altogether we have

q i
Z € Der(l)(R) + End]iq)(R)

Jj=1

and

Zi, AutD(R) - GLO(R),

thus Autﬁ{l)(R) is of Lie type.

3. By Lemma 3.10: T{gw 1) = T 1) ﬂEndE{p)(M) thus for £ € Tigw 1) we
get:

q
(30) 3 i, (G nGLP (M) - GLY (M) = G . GLY (M).
:O

Loa-gy
The case of } =~ is similar.
j=1
4. Any element of G' x H is presentable in the form g - h and Tigum,1) =
Tia,1) + T(a,1)- Moreover, in our case we have: (G, H] € Gl4tY. Pass to
the completion M as explained after the definition. Then by Baker-Campbell-
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Hausdorff formula we get:

In(s(gh)) € In(_... )+ ln(v) + Endﬁ(q)(]\?),

N
€s(G) es(H)
(31)  exp(séa) +s(m)) € exp( ... Dexp( ... )- GL]E(q) (M).
€s(T(a,1)) €s(T(a,1))

As G,H are of Lie-type we get In(s(gh)) € s(Tigxn1)) + Endﬁ{q)(J\//.T) and
exp(s(éa) + s(éu)) € s(Gx H) - GL]E(q)(J\//T). This proves the statement. O

EXAMPLE 3.17.  We have checked that AutI(kl)(R) is of Lie type for rather par-
ticular types of rings. Though we believe this holds for many other rings, we list
below some cases where Autﬁil)(R) is not of Lie type, or at least the proof does

not seem to be straightforward.

e (the local ring of nodal cubic) Let f = y? — 22 — 2® and R = klz. 4lm)/(f),
the quotient of the localization at the origin. We claim: Auty(R) = Za, act-
ing by y — —y. To see this take the completion, R = k[, Y(y? — 22 — 23),
and change the variables, a := y —2v1+x, b=y + 2v1+z. Then R~
K{la,b]l/(ab) . Therefore Auty(R) ~ ZyxGLz(1)xGL#(1). Here Zs acts by per-
mutation a ¢ b, while GLz(1) x GL5(1) acts by scaling, (a,b) — (u1a, usb),
with u;, us € R being invertible. Any element of Auty (R) ascends to Auty(R)
but no (non-trivial) scaling descends to an automorphism of R. For exam-
ple, in (x,y) coordinates the scaling acts by y — ’“;ri“"’y + 1521+,
thus if the scaling (a,b) — (uia,ugb) acts on R then us = w;. But then
2% + 2% — (“f22)2%(2? 4+ 23), which over a non-henselian ring R implies
“1742'“2 = +1. Thus Autx(R) = Zy. On the other hand, Tiau (r),1) =
Dery(R) # {0}, as it contains e.g., { = 0,f0, — 0,f0; # 0. In fact
Dery(R) = Dery(k[z,y]m))(—log(f)) and therefore (as f is a free divisor) is
a free R-module of rank one.

o (aregular local ring with mixed formal and analytic parts) Let R = C[[z]]{y},
then Dery(R) = R < 05,0, >. Let £ = y?0,, therefore exp({) induces the
automorphism of R = k[[z,y]]: (z,y) — (z + y2,y). However this automor-
phism does not descend to any self-map of R, as it mixes =,y and sends a
formal series f(z) € R to the formal series f(z + y?) € R.

e The ring C*°(RP,0) does not admit the full exponential/logarithm. This
is because there exist smooth functions whose subsequent derivatives grow

arbitrarily fast in any neighborhood of the origin, therefore the series > %
J

does not converge in general.

For Lie-type groups the two definitions of the tangent space coincide and the
tangent space behaves well under completion.
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PROPOSITION 3.18.  Given a filtered module M and a subgroup G C GLy (M)
which is (unipotent, k-polynomially-defined and) of Lie type.

1. Suppose M and G are complete. Then for any § € T(g 1) holds: exp(§) =
> (ZL,Y € G. Therefore In(G) = Tia,1)-
i=0

2. If both G and G are of Lie type then ’1{(@\1) = T(@ -

O L
PROOF. 1. By the completeness of M the series > 5—, converges to an element
i=0

exp(§) € GLx(M). As G is of Lie type, exp(§) € Qo (G . GL]E(Q)(M)). Thus, as
q

G is complete, exp(§) € G.
Invert the exponent (take the logarithm) to get In(G) 2 Tig 1. The part
In(G) € T(q,y) is proved in Lemma 3.14, thus we get in(G) = T(q,1)-

2. DLeté e T@_I), by part one we get: & = In({g;}) for some Cauchy
q j
sequence {g; € G}. As G is of Lie-type, the element &, = 3 % belongs to
j=1

T + Endﬁ(‘n (M). Thus the sequence {{,} converges to an element of 7{(6-;\1)
and lim(&,) = € Thus € € T/(G\I)

~ — ~ q J
C Let £ € Tigp), ie., € = lim(&,). Then g, = > % € G- GLY (M), hence
j=0

exp(§) = lim(g,) € G. O

3.7.  The main class of examples: groups acting on matrices Suppose Mp is
free of rank mn, identify M — Mat(m,n; R). Many subgroups of GLr(M) x
Auty(R) are naturally related to the matrices. For example:

e G, :=GL(n,R) acts on Mat(m,n; R) by A — AU;

e G;:=GL(m,R) acts on Mat(m,n; R) by A — UA;

o G = G x G, and G, := Gy, x Auty(R) acts by A — Up(A)V~L, ¢ €
Aut]k(R).

Below we show that G- and its natural subgroups are k-polynomially-defined
and compute their tangent spaces.
Choose a particular R-basis of M, whose generators are the matrices
{eijti=1,...m
j=1,..., n
with only one non-zero entry: the (7, 7)’th entry, which is one. Present an element
g € GLgr(M) by a mn x mn matrix, g(e;;) = >

1 Nt gzens
i.  The subgroup G, = GL(n,R) C GLr(M) is defined by the conditions:
“the elements of G, act on the columns of A”, i.e.:

(32) G, = {g € GLROM)| gley) = Y aje;: W,j}.
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(Here a;; € R are independent of i.) As in the proof of Lemma 3.10 we
fix Hamel’s basis {z,} of Endik(M) and expand g = Y gazq. Thus the
conditions induce the linear equations on {g,}. In fact G, C GLr(M) is
defined by R-linear equations. And the tangent space is

(33)  Tia.1 =1{U € Endr(M)| U(ey;) Z e:} = Mat(n,n; R).

Thus the tangent space to G,-orbit of A € Mat(m,n;R) is Tig, a,4) =
SpanR{Av}(vGMat(n,n;R)'

By the direct check: m(G,) = GL(n,m4(R)) and G, = GL(n, R), in par-
ticular both groups are k-polynomially-defined. Furthermore,

(34) (T(q,,1) = Tq(Mat(n,n; R)) = Mat(n,n;m,(R)) = Tir,(G).1)

and similarly G, = Mat(n,n; ]/%) =Ta v

ii.  Similarly, the subgroup G, := GL(m,R) C GLgr(M) is defined by the
conditions “the elements of G,. act on the rows of A”. These are R-linear
equations and the tangent space is: T(q, 1) = Mat(m,m; R).

iii. The definition of Gy, := G; X G, = GL(m, R) X GL(n,R) C GLg(M) is

Gy = {g € GLr(M)| g(esj) Za“b”eﬁ, Vi,j}.

(Here {a;;} do not depend on j, while {b;z} do not depend on i.) These
conditions induce quadratic equations on {A” J J}, in particular Gy, is k-
polynomially-defined. (The equations are precisely those of the standard
Segre embedding.) The tangent space is: T(g, 1) = Mat(m,m;R) &
Mat(n,n; R). And the tangent space to Gj.-orbit of A € Mat(m,n; R)
is T(G“.A,A) = SpanR{UA5 Av}(u,v)EMat(m,m;R)XMat(n,n;R)' -
By the direct check: 7,(Gi) = GL(m,my(R)) X GL(n,m4(R)) and Gy, =
GL(m, E)xGL(m, ﬁ), in particular both groups are k-polynomially-defined.
Furthermore,

7q(T(a,,, 1)) = Mat(m,m;7,(R)) © Mat(n,n; me(R)) = T, (G, 1)

and similarly for é;
iv.  The action of Auty(R) is considered in Example 3.12. One gets:

T(Auty (Re)A,4) = SPanR{D(A)} peDer(Ry)-

v. G = G x Auty(R) acts by A — Up(A)V 1. Here the tangent space to
the orbit is:

T(QLTA,A) = SpanR{UAa A’U, D(A)}(U,U,D)GMat(m,m;R)X]\/Iat(n,n;R)XDer(R)-

Similarly for G; := G; x Autk(R) and G, := G, x Autk(R).
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Vi.  Geongr : A — UAUT, is defined by quadratic equations, {(U,V)| VU =
I} C Gj. In particular Geongr is k-polynomially-defined.  Here
T(GoongrA,A) = Spanr{uA + AUT}ueMat(m,m;R)- Similarly for Geongr =
Geongr X Auti(R). Asin the cases above, mq(Geongr) = {(U, V)| VU =1} C

~

—_—
714Gy, and similarly for Geongr. Hence the isomorphism 7, (T(q.,,,.,..1)) —

Txy(Ceongr),1) and similarly for Tiq,,....1)-
vii. Geonj @ A — UAU™! is defined by linear equations {(U, V)| V = U} C Gy,
hence is k-polynomially-defined. Here

T(GconjA,A) = SpcmR{uA - Au}uGMat(m,m;R)~

Similarly for Geonj := Geonj ¥ Auti(R).

viii. Let G} := GL"P(m, R) denote the group of invertible upper triangular
matrices over R. Consider the corresponding action of G;7: A — UAV.
Then G}*, G¥P, G}? are defined by R-linear equations inside Gj,. Thus
Tigur a,4) = Spanp{uA, Av}(y,v)e Mater (m,m;R)x Mater (n,n;R)- Similarly for
g g, G,

3.8. R-module structure on T(qg. . We often restrict the class of
k-polynomially-defined-groups to groups for which the k-vector subspace
T(Gz,z) € T(m,z) is an R-submodule. All the examples of the introduction and
Section 3.7 are of this type.

ExAMPLE 3.19. Below we list the typical groups for which T{q. .y is not an
R-module.

1. Identify k with its embedding into R and consider the subgroup GL(n, k) C
GL(n, R). Then T(gr(nx),1) & Mat(n,n;k). This is naturally a k-vector sub-
space of T(gr(n,Rr),e) = Mat(n,n; R), but not an R-submodule. The same be-
havior occurs for GL(n,k @& m7) for any (fixed) j > 2.

2. More generally, the tangent spaces are not R-modules for various “nested”
problems. Let S C R be a subring with dim(S) < dim(R). One often considers
the corresponding subgroups, e.g., Gs = GL(n,S) C GL(n,R). As S is not an
R module, the tangent space T(gga,4) can never be an R-module.

4. The Jet-by-jet Linearization Procedure

4.1.  Determinacy for the action on a locally filtered set Let % be an arbitrary

set, not necessarily a group. We assume that ¥ is locally filtered, i.e., it is
equipped with a collection of maps to some other sets, {X NEQ Y;}jen, such
that for any z € ¥ the local neighborhoods, £;(z) := ajflaj(z), are decreasing,
Y;(2) C Ej_1(2). The filtration can be infinite, not necessarily stabilizing.

If X is a subset of a filtered abelian group, ¥ C M = My D M7 D - -+, then it
is natural to take the induced filtration: X;(z) := 3N ({z} + M]).

A group action G O ¥ is called filtered if ¢;(z) = o;(w) implies ¢;(gz) =
oj(gw) for any z,w € ¥ and any g € G. We consider only filtered group actions.
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The elements z,w € ¥ are called jet-by-jet-G equivalent if

{o(gj2) = 0j(w)}j>1

G s
for some sequence {g; € G}jen. Denote this equivalence by z X7 w. Tt means

that w € ‘%1 05 '0j(Gz) = Gz, this intersection is the closure of the orbit Gz in
=

the filtration topology on X.

DEFINITION 4.1.  An element z € 3 is jet-by-jet-k-determined if for any w € >:
G, .
or(2) = op(w) implies z <
Equivalently: ¥ (z) C Gz.
The jth stabilizer of an element z € X is the subgroup St;(z) = {9 € G :
0j(g2) = 0;(2)}-
For action on an abelian group, G O M, for any z € M, one defines the

variation operator map, G ¢ M, by A.(g) :=gz — 2.

LEMMA 4.2. 1. z € ¥ is k-Gg.‘lg.j-determmed if and only if Vj > k holds:
0j+135(2) = 041(5t;(2)2).

2. Suppose ¥ C M, where M is an abelian group, G O M, and the filtration on
Y is induced from that on M. Then z is jet-by-jet-k-determined if and only if

Vi 2k 0j4(85(2) — 2) = 0,41 (8:(51(2))).

PROOF. 1. = Let Xy(z) C G(2). Assume j > k then %;(z) C G(z). Given
u € ¥;(2), the equation u = gz is jet-by-jet solvable for ¢ € G. In particular
there is g satisfying oj.1u = 0j4192. Since u € X;(2) we get o;(u) = 0;(2),
implying g € St;(z). Hence, 0;41%;(2) C 0,41(St;(2)z) for j > k. The inclusion
0j+1%5(2) D 0;41(St;(2)z) is obvious.

& Given u € Xk (z), there is ¢1 € G such that ogxi1u = opr1912. Hence
gflu € Yr+1(2) and there is g2 € G such that 0k+ggf1u = 0k+1922. Continuing
the induction, there is g; € G such that o ;u = 0k119192 - - - giz. Which means:
u is jet-by-jet equivalent to z. Thus z is jet-by-jet-k-determined.

2. Is immediate from Part 1. U

4.2.  Determinacy for the action on a filtered vector space Suppose now that
M, is a filtered abelian group, ¥ C M, Y; = ¥ N M,;. We consider the filtration
0; : ¥ = Y;, induced by o; = 7|5

LEMMA 4.3. 1. 2€ M 1is k-G

ib.j.~determined if and only if

Tir1(M;) = w410 (St(2) N GW)

for any j > k.

2. The composition St;(z) N GW) Ty mi+1(Mj), § > 1 is a homomorphism of
groups.
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3. In particular, if G = G and z is jet-by-jet-k-determined then w4 1(3;(2) —
z) = mip1(M;) C mjqp1 (M) is an additive subgroup for any j > k.

i. If moreover M is a filtered k-vector space then
741 (Z5(2) = ) = 741 (My) € 1 (M)

is a vector subspace.
ii. If moreover M is a filtered R-module then ;41 (Ej (z) — z) =741 (M;) C

mj+1(M) is an R-submodule.

Proor. 1. This is just part 1 of Lemma 4.2.

2. First note that the image of A.|g, (. is indeed in M, as 7;(A.(g)) =0
for any g € St;(2).

Let g € GM and h € St;(2). Then 7414, (gh) = 7j+1(An(g9) + AL(h) =
Ti1(A:(9)) + 11 (A2 (h)), as wj(hz) = m;(2).

3. By part 2 of Lemma 4.2 we have m;11(Z;(2) — 2) = mj41A:(St;(2)).
Therefore, by part 1, mj11A,(St;(2)) = mj+1(M;). In particular 7j11(X;(2) —2)
is an additive subgroup.

The statements i. and ii. are now immediate. O

4.8.  Properties of the exponential map Suppose the k-vector space M is com-
plete with respect to the filtration M, and G ) M is complete, as in the
assumptions of Section 3.5. Moreover, we assume that in(G()) is a k-vector
space, though we do not assume that G is k-polynomially-defined.

LEMMA 4.4. Let ¢ € In(GM) and z € M.
1. mi(exp(§)) € m;(St;(2)) if and only if m;(§2) =0 € M/py; .
2. If mj(exp(§)) € mj(St;(2)) then w1 (A (exp(€))) = mj41(E2).

PROOF. 1. = As the stabilizer is a group, m;(exp(tf)z) = m;(2) for all t € Z.
The left hand side of this equation is a polynomial in ¢ because £ is nilpotent. As
char(k) = 0 and this polynomial vanishes for infinitely many (distinct) values
of ¢, the equality holds for all ¢ € k. This implies 7;({z) = 0.

& If mj(€z) = 0 then 7;(€%2) = 0, thus m;(exp(€)) € 7;(St;(2)).

2. The function h(t) = mj41(A;(exp(tf))) is polynomial in ¢t. By part 2 of
Corollary 4.3 it is additive. Thus h(t) = tc where ¢ = h(1) = mj41(exp(§)z—2) =
7j+1(€2). (In the last equation we use part 1.) O

Given z € M, we define the map In(G™) Ty ;i (M) by T, ;(§) = m;€=.

COROLLARY 4.5. 1. For j > 1: mj;1A.(St;(2)) = mj41 (ker(Tz,j)(z)).

2. z€ M is k-Gg-_lg'j_-determined if and only if mj41(M;) = T4 (ker(TZ’j)(z))
for any j > k.
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4.4.  The jet-by-jet linearization statement Consider the tangent space to the
orbit m;(GM2) at m;(2), denote it by (T g, .)) = m;(In(GM)z2).

THEOREM 4.6. In the assumptions of Section 4.3: z € M is k- G( p.;-determined
if and only if Mk lies in the closure of T\, ) in Krull’s topology M C

Tiaz,z = jQO un 7 (T(c2,2))-

PROOF. < By the assumption we have ;1 (M;) C T, j11 (In(GW)) for j > k.
For any v € Mj, we have mj1v =T j11(§) = mj11(£2) for some £ € Tg(,). Then
7j(z) = m;(v) = 0. Therefore m;1(M;) C m11A,(St;(2)), and z is k-Gjp .-
determined, by part 1 of Lemma 4.3.

= Let z be k-G 1 j.-determined. By part 1 of Corollary 4.3 for any w € My,
and any j > k the equation 7;(w) = m;(§;2) is solvable for {; € Tzq,. Indeed,
set & =0, for j < k, and let & € In(GM)) be such that m;(w) = 7;(£;z). Then

(35)  mit1(§z —w) € mipa (M) = 7t (Az(Stj(Z))) =Tjt1 (keT(Tz,j))

Hence 7rj+1(§j+1z) = 7Tj+1(’LU), with €j+1 = fj —f and 7Tj+1(£2) = 7rj+1(§jz—w).
Thus 7;11(My) C Ts j+1(In(GD)).

5. The Relevant Approximation Results

5.1.  The passage from the jet-by-jet-equivalence to the equivalence of comple-
tions Given a system of equations over a local ring, F'(z,y) = 0 (where we denote

by z,y finite tuples of variables), one tries to solve iteratively, i.e., to construct
a sequence {y)(z)} satisfying: F(z,y")(z)) = 0 (mod m7). If {y)(z)} is a
Cauchy sequence, for the filtration {m7}, then its limit is a formal solution,
F(z,y(z)) = 0. The following fundamental result ensures a formal solution
without any Cauchy property.

THEOREM b.1. [40, Theorem 2.5], [42, Section 3A, pg 321-355] For every
F(z,y) € k[z, y]®9 there exists a function N 4N satisfying:

if F(z,§(z)) =0 (mod m”©), for some j(z) € m - k[z]®P, then there exists
y(z) € m - k[z]®P satisfying: F(z,y(z)) =0 and y(z) = y(z) (mod m¢).

Though this statement is for the particular ring, k[z,y], it is easily general-
ized:

COROLLARY 5.2. Let (R,m) be a local ring over k, suppose the m-adic com-
pletion, R, is Noetherian. Given a map F(z,y) € R[y]®?, suppose the equa-
tion F(z,y) = 0 has a jet-by-jet solution, i.e., there exists a sequence {yj €

m®PY_y  satisfying F(z, yj) =0 (mod m7). Then there exists a formal solu-
tion: §(x) € R®P, F(LQ@)) =0.
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Here the completed equation, F' (z,y) = 0, is defined as follows. Expand
F(x, ) > ar(z)y’, here I is a multi-index, while a;(z) € R. Then F(Lg) =

> aI( )y where Z(\) is the image of a;(z) in R.

PROOF. Suppose R is regular then by Cohen’s theorem R = k[z]. By the
assumption the equation F'(z,y) = 0 has a jet-by-jet solution. Then the Popescu

theorem implies a solution over R.

In the general case, by Cohen’s structure theorem, R = klz]/r for some finitely
generated ideal I = (f1,..., fx). (We assume a minimal choice of generators
fis--+y fx, i.e., none of f; belongs to the ideal generated by the other.) Take
any representative F of F over k[z,y]. Then a jet-by-jet solution of F(..) = 0
means a jet-by-jet solution of ﬁ'(g, y) = >, zifi over klz,y,2]. It remains to
prove that (at least for £ > 1) all the components of the jet-by-jet solution
{y® (z),2% (z)}r belong to m = (z1,...,3,). For y™(z) this holds by the
initial assumption. Suppose this does not hold for z(*)(z), i.e., for the infi-
nite amount of k’s: z(®)(0) # 0. Then there exists a sequence {k;} satisfy-
ing 2(%)(0) = v, here v does not depend on k. Then we replace ﬁ'(g,y) by
ﬁ(g,y) — >, vifi and replace 2(F) (z) by g(’”)(g) — v. For the new choice of
ﬁ(g, y), choose the refined sequence, for which 2*)(0) = 0. Now by Popescu
theorem there exists a formal solution I:"(Ly(g)) = >, zi(x)f; over kfz]. Its

image in R = klzl/; is the needed formal solution of F(z, y) = 0. O
For any action G ¢ M denote the closure of the orbit by Gz = N(Gz+m7-M).
J
We compare the image of Gz under the completion, Gz to G:.

COROLLARY 5.3. Let M be a (finitely generated) R-module with the filtration
M; =wmJ-M. Suppose the completion R is Noetherian. Fiz a unipotent subgroup
G C GLR(M) x Auty (R). (If GV involves elements of Auty(R) then we
assume that the action Aut]k( ) O M is ﬁxed.) Suppose the m -adic completion
GO s defined inside GL (M ) X Aut]k(R) by a system of power series equations

over R. Then for any z € M holds: G 1)2 = G(l

In other words, given any two elements 2,z € M, suppose for any j holds:
z € GWz+mJ .M. Then 2 € GO Z, i.e., there exists g € Gt ) satisfying:

= gz.

Proor. Fix 2/,z € M and expand 2 = — Y @;é;, here a; € R while {¢;} is a
set of generators of M as R-module. We are trying to resolve the system of
conditions:

(36) { Z=U iA¢(&i)éi
)ed.
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We claim that these are power series equations in U, ¢. Indeed, fix some gener-
ators 2 of m over R. Then &; is a power series in &, hence ¢(a;(2)) = a:(H(2)).
Thus all our conditions are power series in the unknowns. Using the unipotence,
GW, we present U = 1+ U and rj;(a) =a+ Qz(a), where the entries of U, ¢
belong to m.

By assumption this system of power series equations has a jet-by-jet-solution
whose entries belong to m. Thus by the previous corollary we get a formal
solution over R. O

5.2.  The passage from the equivalence of completions to the ordinary equiva-
lence To pass from the completion to the ordinary equivalence we use the fol-
lowing Artin-type approximation results.

5.2.1. The case of linear equations Consider a system of linear equations:
By = v, where B € Mat(m,n; R), v € Mat(m, 1; R), while y is the column of in-

determinates. Consider B as the map of free R-modules, R®" Z RO™ Denote
by ann.coker(B) the annihilator-of-cokernel of the module, ann(E*"/rm(B)).
The following property is standard.

LEMMA 5.4. Fiz a system of equations By = v over a local ring R. Suppose

e cither R is Noetherian R
e or the m-completion map is surjective, R — R, and ann.coker(B) D m°.
If the system has a formal solution (over R) then it has an ordinary solution

(over R).

Note that in the second part R is not assumed Noetherian. Recall that
the completion map is surjective for the ring of germs of smooth functions,
C>*(RP,0) — R[z], [46, pg. 284, exercise 12].

PROOF. Suppose R is Noetherian. Define the R-module M; = Im(B), gen-
erated by the columns of B. Let My = M; + {v}. Then M; C My and the
equation has a solution over R if and only if M; = M,. From the exact se-
quence of finitely generated R-modules, M; — My — Mz/p;, — 0, we pass to
M1®§—>M2®E—> Ma/pp, ® R — 0.

As the equation is solvable over R we have: Ma/y, ® R = {0}. But the
completion of Noetherian ring is faithfully flat, [37, Theorem 55]. Thus we get:
Ma/pr, = {0}. Thus M; = My, providing a solution over R.

Suppose R is not necessarily Noetherian but R — R and the system has
a formal solution. Choose its representative over R, say Yo» and look for the
solution (over R) in the form y = y +g. Thus we are solving the equation By =
By, —v. But then the condition ann.coker(B) 2 m* implies By —v € Im(B),
hence the solvability over R. (]

5.2.2. Polynomial/analytic equations and Artin approximation Given a local
ring (R, m), consider a finite system of equations, F(z,y) = 0, with F(z,y) €



FILTERED MODULES AND FINITE DETERMINACY 147

R[y]®*. The ring is said to have the Artin approximation property (AP) if for

any solution in the m-adic completion, g (z) € RoP, F(z, g,(z)) = 0, there
exists an ordinary solution y (z) € R®?, F(z,y,(z)) = 0, which can be chosen
arbitrarily close to go (z) in the m-adic topology. A Noetherian ring R over a
field of zero characteristic has AP if and only if R is Henselian, [34].

Sometimes the equations are not algebraic, e.g., this happens when the action
G O M involves a change of coordinates. If the equations are analytic then one

can use the analytic Artin approximation theorem:

THEOREM 5.5. [5] Given a finite set of analytic equations, F(x,y) = 0, over
k{z,y}, and a formal solution, F(z,i(z)) = 0, there exists an analytic solution,
F(z,y(z)) = 0. Moreover, y(x) can be chosen arbitrarily close to §j(z) in the
m-adic topology. B B

While this statement is formulated for a regular ring, it holds for any analytic
rings, Rx{y} , where Rx = k{z}/;, by the same argument as in the proof of
Corollary 5.2.

5.2.3. Equations over C*-rings Tougeron’s theorem [50] says that if an ana-
lytic equation admits a formal solution, §(z), then it has a C'*°-solution, y(z),
whose Taylor expansion at the origin is precisely §(z). a

No approximation is possible when the equations are non-analytic (because
of the flat functions), even for linear equations.

EXAMPLE 5.6. Let 7 € C*®(R?,0) be a flat function. The equation 7%y +7 = 0
has no smooth solutions, even though its completion, the identity 0 = 0, has
plenty of solutions.

For C*°-equations the approximation holds with some additional restrictions
of Lojasiewicz type, [7, §5].

5.2.4. More general equations and the Weierstrass-systems If the equations
are neither polynomial nor analytic then the approximation statement still holds
for a particular class of rings called Weierstrass-systems, denoted k[[z]].

We do not give the explicit (lengthy) definition of Weierstrass-systems, as we
do not work with them. Rather we note that the simplest examples of W-systems
are, [33, Example 2.13]: the formal power series, k[z]; the algebraic power series,
k < z >; the analytic power series, k{z}; Gevrey power series. (In the last two
cases k is a normed field.)

THEOREM 5.7. [19], [33, Theorem 2.14] Let k[[z]] be a W-system over k. Sup-
pose a system of equations F' € k[[z,y]|®" has a formal solution: F(z,3) = 0,
y € (2)k[z]®™. Then there exists an ordinary solution: y € (z)k[[z]]®™,
?‘(g, y) = 0. Moreover it can be chosen arbitrarily close to i in the m-adic
topology. B
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The last statement is formulated for regular rings, but it holds also for the
ring S/r, where S is a W-system, while I C S is a finitely generated ideal. The
proof goes by the same argument as for Corollary 5.2.

5.8.  Approximation properties for groups In Section 4 we prove the lineariza-
tion statement at the jet-by-jet-level. Using Popescu’s theorem, Section 5.1, this
is extended to the level of completion G ¢) M. To obtain the statement for the
initial setup, G O M we need the following approximation property:

(37) Fiz a subgroup G C GLg(M) x Auty(R), two elements 2,z € M
and the equation
gz =2 for g € G. If there exists a formal solution,
gt=%,9¢ é, then there exists an ordinary solution,
g

€ G such that gz = 2'.

We apply the approximation properties of Section 5.2 and state the immediate
consequences.

e Suppose the conditions gz = 2/, g € G can be written as a system of R-linear
equations on g. (This is the case, e.g., for the groups GLgr(M), GLg(M,), Gy,
Gr, Gir, Geonj-) Then the property (37) holds for G and arbitrary Noethe-
rian local R. In the non-Noetherian case the property holds if R — ﬁ, Ris
Noetherian, and ann.coker(B) 2 m*°, where B is the relevant matrix of co-
efficients of the linear equations. (As explained in Section 5.2.1 this happens,
e.g., for R = C*°(RP?,0).) The m>-conditions are checked by formulating an
appropriate Lojasiewicz-inequality.

e Suppose the conditions gz = 2/, g € G can be written as a system of R-
polynomial equations on g. Then the property (37) holds for R Henselian
and Noetherian.

e If k is normed, there is a convergence notion in R and the conditions are
R-analytic then the property (37) holds if R is Henselian and Noetherian.

e If the conditions gz = 2’ are not polynomial/analytic then the approximation
(37) holds at least when the ring R is a W-system or a quotient of W-system.

6. Linearization and Determinacy Results Over R In Section 4 we
have established the linearization/finite determinacy at the jet-by-jet level. In
Section 6.1 we combine these results with the relevant approximation properties
of Section 5 to prove the results over R.

6.1. Proof of Theorem 2.2

Proor. 1. Step 1. Take the completion of M with respect to the filtration
M,. Then we have the action of the completion, G ¢ M, defined in Section
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3.2. Now we compare the tangent space of the completion to the completion of
the tangent space:
(38)

~ Lemma 3.3

~ Proposition3.18
_— T(G(l) 1) z

Tigwzz = Tigm1?

Tem nz=Tewz,z-

Proposition 3.14 ensures the equality: T(@u)’l) = ln(@(l)). Thus we are in
the situation of Theorem 4.6:
/\the ﬁlte/\red actio/n_ﬂC a complete unipotent group on a complete module, GW o
M,, and M; C T(G(l)z,z) = T(@(l)g,g)'

Thus Theorem 4.6 implies: {2} + ]\/4\1 C GWz 4+ M\q, for any q¢ > 0. Using
M/y, = M/M\q we rewrite this statement for the initial (non-complete) module
M:

(39) If M; C T, .y then {2} + M; C GWz 4 M, for any ¢ > 0.
As the filtration {M;} is essentially decreasing, we get:
(40)  If M; C TGy, »y then {z} + M; C GVz+m? M, for any ¢ > 0.

Step 2. The completion in Step 1 was taken with respect to the filtration {M;}.
Now we consider a different completion, with respect to the filtration {m7 - M}.

—~m
Denote this completion by (..) . Equation (40) can be written using the closure:

—m
{z}+M; C GWz. But {2} + M; € GWz implies{z™ } + Mjm C GMz . Now,
_—m o m
by Corollary, 5.3 we have: Gz = GW) 2™, Which means: for any w € M;

the equations z+w = gz, g € GV have a formal solution, over R. Now invoke the
approximation property of R to get a solution over R. Thus {z} + M; C Gz,

2. The embedding {2z} + M; C Gz implies that of completions,
(41) {2} + M; C GO, bemma?3 Gz

Thus by Theorem 4.6 we have: J\/Zj € Tigw.,.)- Now using Proposition 3.18 we
get:

(42) M; C Tigoy 1z + M, for any g > 0.

In particular, as the filtration is essentially decreasing: M; C T(Gu)’l)z +m - M;.

As Mj is a finitely generated module over R, and T(;) 1)z C M is a submod-
ule, we use Nakayama lemma (note that we do not need Noetherianity of R) to
get: M] - T(G(l)z,z)' U
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REMARK 6.1.  The condition “T(g), .y C T(um,2) = M is a submodule” can be
weakened to:

43) for some N < oo the intersection Ty ) N My C M is a submodule.
(GM z,z)

Indeed, equation (42) ensures: any w € M; is presentable in the form & + w> n,
where § € T(gu), ) while w>y € My. Thus instead of proving w € Tiqa) . »)
it is enough to prove w>n € T(g), ). Or, equivalently, My C T(gm, ). By
Equation (42) we have: My C My N TGty + My41. Now use Nakayama
lemma for My N Tiam s,z

One is tempted to weaken condition (43) further to: “T(G(1>z7z) N My C
M is a submodule”. This does not seem sufficient because of the following
potentially dangerous example. Let k =R or C; R = k[[z]]; M = R, M; = m/,
and G C Auty(R) the subgroup of locally analytic coordinate changes. Then

Teoa & T(Autﬁ(l)(R),I) but condition (42) holds for j > 2 and any ¢ < oo.

Furthermore, M = {0}, hence T(ga), .y N Mo = {0} is trivially a submodule
of M. But T(gu). .y does not contain any M.

6.2. Determinacy in families Let M be a finitely generated R-module and fix
a k-polynomially-defined subgroup G C G Ly (M). We consider one-dimensional
local families of elements in M,G. In detail, let S = Kk[[t]] or S = k{¢}, if k

is a normed field. Define SM = S®M, accordingly one has GLg(SM) and
k

the relative version Gg C GLg(SM) of G. One can check that Gg is again
k-polynomially-defined, the unipotence of G implies that of Gg and if G is of
Lie type then so is Gg.

PROPOSITION 6.2. Suppose G C GLy (M) satisfies (4) and is unipotent for
the filtration {M;}. Suppose R has the relevant approxzimation property and
M; CTiGz,zy- If 2(t) € SM; then there exists g(t) € Gs such that z(t) = g(t)z.

Geometrically: if a one-parameter deformation of z belongs to {z} + T(q. -
‘pointwise’ then it lies inside the orbit Gz, i.e., is G-equivalent to a trivial family.

Proor. Note that Gs C GLk(SM) is k-polynomially-defined and T(¢, 1) =
S @r T(g,1)- Define the filtration of SM by (SM); := SM;, this filtration is
essentially decreasing. Then Gg acts on (SM;)s and moreover Gg is unipotent
with respect to this filtration. Finally, the ring S has the relevant approximation
property because R has it. Thus SM C T(¢,.,.) implies by Theorem 2.2: {z} +
SM C Ggz. Which means: for any family z(t) € SM there exists a family
g(t) € Gg satistying: z(t) = g(¢)=. O

REMARK 6.3. Note that we assumed S to be Henselian, R[[t]] or R{t}. In
general we cannot ensure the existence of g(t) € Gg for S non-Henselian. For
example, let M = Mat(1,1; R), with the congruence action A — UAUT, U €
GLg(1). For A € Mat(1,1; R) consider the family A + tfA, where f € m?2.
Then the rectifying element, g(t) = /T + tf, belongs to Ggren, here S™" is the
Henselization, but ¢(t) € Gg.
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