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ABSTRACT. We give an overview of the fundamental definitions and results concerning hy-
persurface singularities, defined by convergent power series over an arbitrary real-valued field.
This approach combines, on the one hand, the classical case of analytic power series over the
complex numbers with formal power series over arbitrary fields, but on the other hand, it
goes significantly beyond that. Besides general definitions and basic results, we report on the
classification of contact simple and right simple singularities in positive characteristic. Some
of the results are new in this general setting, for which we provide complete proofs.

INTRODUCTION

While the theory of singularities of complex analytic spaces and germs is covered in several
textbooks, the study of singularities of algebraic varieties and formal power series defined over
a field of arbitrary characteristic has not yet been fully explored. This article provides an
overview of the fundamental definitions and results concerning hypersurface singularities of any
characteristic.

Many of the topics discussed here have counterparts over the complex numbers. But in
positive characteristics, the results often differ significantly and require a different proof in each
case. This overview is based on Chapter 3.1 of the second edition of the textbook “Introduction
to Singularities and Deformations” (see [GLS25]) as well as on the two articles [GP25] and
[GP25a].

While [GLS25] considers formal power series, here we deal more generally with convergent
power series over a real-valued field K of arbitrary characteristic. The main new ingredient we
use is Grauert’s approximation theorem and the existence of a semiuniversal deformation for
isolated singularities f € K{z}, the ring of convergent power series over K (from [GP25a]). One
advantage is that we do not need to distinguish between formal power series over arbitrary fields
and the classical cases of convergent power series over R and C. But this approach covers also
many other interesting fields (see Remark 0.1). Moreover, several results of this article are new
for K{z}.

Here is a short overview. In Section 1 we generalize the classical definitions and results of
complex analytic hypersurface singularities to power series f € K{z}. This includes Milnor
and Tjurina number, finite determinacy bounds (using Grauert’s approximation theorem) and,
finally, a generalization of the Mather-Yau theorem. Several results are new in this setting for
which we give complete proofs.

Section 2 treats versal unfoldings and deformations and the important splitting lemma in any
characteristic for K{xz}, with full proofs.

In Section 3 (resp. Section 4) we report on the classification of contact (resp. right simple)
singularities in positive characteristic. While K may be an arbitrary real-valued field in the
previous sections, we assume for the classification that K is algebraically closed.
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We first fix some notations. K will always denote a field of characteristic p > 0 with a real

valuation | | : K — Rsq !, except said otherwise. K[[z]], * = (x1,...,2,), denotes the formal
power series ring. For each ¢ € (Rs()", we define a map || ||z : K[[z]] = Rso U {oo} by setting
for a formal power series f = > cyn Ca®®, o € K, a = (a1, ..., ), 2 = 7" - .. -2,
Iflle =D leal e €RxoU {oo}.
aeN”

The power series f = ) cyn Cax® is called convergent iff there exists a real vector € € (Rs)"
such that ||f|lc < co. We denote by

K{z} = K{z1,...,x,} C K[[z]]

the convergent (or analytic) power series ring over K. The analytic K-algebra K{z} is a Noe-
therian, integral and factorial local ring with maximal ideal m = (z1,...,z,), and morphisms
being morphisms of local K-algebras (see [GLS25, Section 1.1.2]). We denote the order of
f e K{xz} by

ord(f) := max{l | f € m'} if f # 0 and ord(0) = co.

If K is complete w.r.t. | | (every Cauchy sequence with respect to | | converges in K) then
K is called a complete real-valued field. Note that K{z} N K{z} = K{z}, where K denotes the
completion of K. See Remark 0.1 for examples of real-valued fields.

For a geometric interpretation of the results of this paper we mention, that if the valuation
| | on K is complete, then any convergent power series f = Y cox® € K{z}, || f|le < oo, defines
a continuous (even analytic) function f: P — K, f(a) = cqa®, with P the polycylinder

P :={a=(a1,...,an) € K" | |a;| < e;,i=1,....,n}.

However, not every function f that is analytic in P? satisfies || f|le < co. E.g. f == =Y 2

1—x
is analytic in P} (for K = C) but ||f||; = oo (see [GRT71, §1.1, Bemerkung]).

We extend || || to K[[z]]V by setting
N

1£lle ==Y l1fille

i=1
for f = (fi,--., fn) € K[[2]]¥ = /L, K[[a]]es. Let
BY = {1 € K[la]) | /]l < oo}
Then || || satisfies || f + gl < [|flle + llgllc and for f € K][z]] and g € K[[z]]¥ we have

Ifalle < flcllglle: I p = (pr,....pn) < € = (e1,...,6n) then? BN C B and we get
K{x}N = UEERZO Bév

Remark 0.1. (1) We allow the trivial valuation (|0] = 0,]a] = 1 if a # 0) and then
K{z} = K|[[z]]. Hence, any result in this article formulated for K{z} holds for K[[z]],
the case which was treated in [GLS25, Chapter 3.1]. Finite fields permit only the triv-
ial valuation. The valuation may be non-Archimedian, satisfying the stronger triangle
inequality |z + y| < max(|z], [y|).

(2) Examples of a complete real-valued field are C resp. R with the usual absolute value as
valuation. In fact, every field with a non-trivial Archimedean valuation is isometrically
isomorphic to a subfield of either R or C with the usual valuation (“Ostrowski’s 1st
Theorem” [Os16]).

IThis means: |a| =0 < a = 0, |a||b| = |abl, and |a + b| < |a| + |b]. K is also called a normed field.
2p < e means p; < ¢g; for all 4.
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The usual absolute value on the field of rational numbers makes QQ a real-valued field,
which is not complete (but it is quasi-complete  since its characteristic is 0).

(3) Another example is given by the field of p-adic numbers. Let p be a prime number,
then the map v, : Z \ {0} — Rso, a = p~™, with m := max{k € N | p* divides a}
extends to a unique real (non-Archimedian) valuation of Q. With this valuation, Q is a
real-valued field that is not complete but quasi-complete. The completion Q, = Q with
respect to vp is called the field of p-adic numbers. For a generalization see (6).

By “Ostrowski’s 2nd Theorem” (also in [Os16]) every non-trivial absolute value on Q is
equivalent to either the usual absolute value or to v, for some prime p.

(4) Let F be a field and K = F(T) the quotient field of F[T]. If f/g € K ~ {0} then
ord(f/g) = ord(f) —ord(g) € Z. We set |f/g| = e~ °*4(f/9) (any ¢ > 1 instead of e could
be used) and |0] = 0. Then | | is a non-Archimedian real valuation on K, which is not
complete. The completion of F(T') is the field of formal Laurent series K = F((T)),
which is the quotient field of F[[T]], with valuation |¢| = e”™ if

c= ZaiTi,mEZ,am#O.

i=m
1

(5) Another examples of a real-valued field is the field of Puiseuz series K = J,—_, F((T'%)),
with valuation |¢| = e™™/™ if ¢ = ° a;T%,a;, # 0. If F is algebraically closed and
of characteristic 0, then K is the algebraic closure of F((T)). K is not complete, its
completion is also of interest and leads to larger fields (e.g. Levi-Civita and Hahn
series).

(6) Qp is an example of a non-Archimedean local field (i.e. complete, locally compact field
with a non-Archimedian nontrivial valuation whose residue field is finite). Beyond Q,
there are many other complete non-Archimedean fields. Non-Archimedean local fields
are central objects of modern theories in number theory, representation theory, and
non-archimedean geometry, with applications ranging from automorphic forms and local
L-functions to rigid analytic geometry and the theory of D-modules in non-Archimedean
settings.

We introduce in Section 1 the basic invariants for power series f € K{x}, which generalize
the classical ones for complex analytic singularities to analytic singularities in arbitrary charac-
teristic. Moreover, using the so called “Lefschetz principle”, we show that some results known
for C hold also for real-valued fields of characteristic zero. We discuss then finite determinacy
for power series in f € K{x} with respect to right and contact equivalence (implying that the
truncation up to some finite degree determines its equivalence class), which is indispensable for
the classification of singularities. This is used in the last two sections, when we classify singu-
larities in positive characteristic. Finally we prove the Mather-Yau theorem for f € K{x} with
K real-valued.

In Section 2 we give a proof of the splitting lemma for power series in K{x}. The splitting
lemma is of great importance for the classification of singularities. It says that a power series f
splits (up to a coordinate change) as the sum of a quadratic part f () plus a series g of order
at least three, where f(2) and g depend on disjoint sets of variables. Moreover, the series g, the
“residual part”, is unique up to a change of coordinates. The original proof (for differentiable
functions) is due to René Thom, who used it for his classification of the 7 elementary catastrophes
(see his book [Th75, § 5.2D]). Thom’s proof (for differentiable functions), especially for the
uniqueness of the residual part, is fairly long and complicated, while our proof is quite simple
(but with some tricky substitutions).

3K is called quasi-complete if the completion K of K is a separable field extension of K. In characteristic 0
every real-valued field is already quasi-complete.
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The previous results are used in Section 3 resp. Section 4, which culminates in the clas-
sification of simple hypersurface singularities in positive characteristic with respect to contact
equivalence resp. right equivalence. While the classification with respect to contact equivalence
is similar to that in characteristic 0, the classification with respect to right equivalence is funda-
mentally different.

Acknowledgements: I like to thank Gerhard Pfister for useful discussions on the contents
of this paper. Several results are part of our joint articles [GP25] and [GP25a]. Many thanks also
to the referee for the careful proofreading. Finally, I would also like to thank the Mathematical
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1. INVARIANTS OF HYPERSURFACE SINGULARITIES

We keep the notations from the Introduction, with m = (z) = (x1,...,x,) denoting the
maximal ideal of K{z}. Given a power series f € K{x}, we call f or the analytic K-algebra
K{z}/(f) a hypersurface singularity if f € m, f # 0.

The two most important equivalence relations for power series are right equivalence and
contact equivalence.

Definition 1.1. Let f,g € K{z} and k a positive integer.

(1) f is right equivalent to g (f ~ g) iff there exists a p € Aut(K{x}) such that f = o(g),
i.e. f and g differ by an analytic coordinate change ¢ with o(x;) = p; € K{z} and
f = g((ph e 7(10”)'

(2) f is contact equivalent to g (f ~ g) iff there exists a ¢ € Aut(K{z}) and a unit
u € K{xz}* such that f = u-p(g), i.e. the analytic K—-algebras K{x}/(f) and K{z}/{g)
are isomorphic.

(3) We call f right k-determined (resp. contact k-determined) if f~g (resp. f~g) for
every g € K{z} with f —g € m** or, equivalently, if jet, (f) = jet,(g). Here jet,(f),
the image of f in K{x}/mFTl denotes the k-jet of f, identified with the power series of
f up to degree < k.

In both cases we say that f is finitely determined if it is k-determined for some integer
k > 0, and we call the least such k the determinacy of f.

Definition 1.2. For f € K{x} we set
(1)

iy = (%, e aifn) the Jacobian ideal,
ti(f)y = {f, %, e %) the Tjurina ideal,
and call the associated algebras
M, = K{z}/ji(f) the Milnor algebra, and
Ty = K{z}/{f,j(f)) the Tjurina algebra of f.
Their dimensions are
w(f) = dimg K{x}/(%, s ;;;) the Milnor number of f,
7(f) = dimg K{z}/{/, %, s %) the Tjurina number of f.

(2) We say that f has an isolated singularity if u(f) < oo (which is equivalent to the
existence of a positive integer k such that mF C j(f)), and we call K{x}/(f) an isolated
(hypersurface) singularity if 7(f) < oo (equivalently, if there is a positive integer k
such that m* C tj(f)). We say also that f defines an isolated singularity, meaning
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that p(f) < oo if we consider right equivalence resp. 7(f) < oo if we consider contact
equivalence.

These definitions coincide with the complex analytic ones. It is straight forward to see that
for an automorphism ¢ € Aut(K{z}) and a unit v € K{z}* we have

ie() = »({),

ti(up(f)) = ¢(ti(f)).
In particular, the Milnor number is invariant under right equivalence and the Tjurina number
is invariant under contact equivalence (see [GLS25, Lemma 1.2.10]).

It is a non-trivial theorem, using methods from complex analysis, which cannot be extended
to other fields, that for f € C{x} the Milnor number of a complex analytic hypersurface is indeed
invariant under contact equivalence (see [Gr75, p. 262]), and it is even a topological invariant
(see [LeR]). Using the Lefschetz principle the result for contact equivalence can be generalised
to arbitrary real-valued fields of characteristic zero. This was first proved in [BGM12, Theorem
1] for formal power series. For convergent power series we need an extra argument, which is
covered by Lemma 1.3.

Lemma 1.3.
(1) Let K be a real-valued field and I C K{z} an ideal. Then
dimg K{z}/I = dimg K[[z]]/IK][x]].
In particular, dimg K{z}/I < co <= dimg K[[z]|/IK][[z]] < oo and if this holds,
then K{z}/I = K|[[z]]/IK][[z]].
(2) Let K C L be a field extension of arbitrary fields and I C K[[x]] an ideal. Then
dimg K|[[z])/I = dimp, L[[z]]/1L[[z]].
In particular dimg K{[z]]/I < o0 <= dimy L[[z]]/IL[[z]] < oo and then we have
(K[[2]]/1) @Kk L = L[z]]/IL[[z]].
If K C L are real-valued fields (with not necessarily compatible valuations) and I C K{x}. Then
we deduce from (1) and (2) that dimg K{x}/I = dimy, L{z}/IL{z}.
Proof. (1) We have A := K{z}/I C A = K|[[z]]/IK|[[z] = lim K {z}/I + (x)™, and hence
dimg A < 0o = dimg A < co. Conversely, if dimgx A < oo then (x)™ C I for m > some my.
This implies A= Aand the claim follows.
(2) Denote by (x) and (z), the ideals generated by 1, ..., z,, in K[[z]] and K[x] respectively.
For f € K[[z]] let jet,(f) € K|[x] be the I-jet of f. Then f = jet,_,(f)+h, with h € (z)!K[[z]].
We set
jety(I) = (et,(f) | f € Dkpa) € Kl2]-
It is easy to see that I + (z)! = jet,_; (I)K[[z]] + (x)!. Using this we get
]

K{[2]]/T + (@)™ =(K[[«]]/(x)"™) /(T + (x)™)/{x)™
=(K[a]/{@)")/ (et () + (&)™) /()"
Klz]/ jet,,_1 (1) + (2)™.
Analogous formulas hold for L[[z]] instead of K[[z]]. It follows that
(K[[2]]/1 + (2)™) @k L =(Kz]/ jet,, () + {2)") ©x L
Llz]/jet,, 1 (I)L{z] + (z)™ L{z]
=L[[z]]/IL[[z]] + ()™ L{]).

If dimg K[[z]]/I < oo, then (z)™ C I for some m and hence (z >mL[ ]
(K[[2]]/T) @ L = L[[z]]/IL[[z]] and dimp, L{[2]}/IL{[x]] = dimg K|

IL[[z]], showing
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If dimy, L[[z]]/IL[[x]] < oo then (z)!L[[z]] C IL[[z]] for all I > m and it follows that
dimy, Ll[e])/1L{[a]] = dimy, (K[[z]}/T + (2)!) @ L = dimgc (K[z]}/I + (z)")

for I > m. With A := K[[z]]/I and m = I+ (z)/I its maximal ideal, it follows that the surjection
A/mm Ll — A/m™ is an isomorphism and hence m™*! = m™. By Nakayama’s lemma m™ = 0,
ie., ()™ C I, showing dimg K{[z]]/T < cc. O

Proposition 1.4. Let K be a real-valued field of characteristic zero and f,g € K{z}. If f <~ g,
then u(f) = p(g)-

Proof. Since the Milnor number is invariant under right equivalence, it suffices to show that
w(f) = plu- f) for any unit w € K{x}*. If A denotes the subset of K containing the coef-

ficients of u, f and all partial derivatives % of f, then A is at most countable infinite and

{f,u, %} C Q(A){z}. Since char(K) = 0 and since Q C C is a field extension of uncountable
transcendence degree the field Q(A) is isomorphic to a subfield L of the field C of complex
numbers. The valuation on L, which is inherited from Q(A), may however not be the usual
valuation on C. Nevertheless, by Lemma 1.3 we have dimp(L{z}/j(f)) = dimc(C{z}/j(f))
and dimp, (L{z}/j(uf)) = dimc(C{z}/j(uf)). Since the right hand sides coincide by [Gr75], the
proposition follows. O

In positive characteristic this result does not hold; e.g. if char(K) = p > 0 and
f = aP+yP~1, then u(f) = oo while the contact equivalent series g = (1+z)- f has Milnor number

wg)=p-(p—2).

In complex singularity theory the Milnor number of a power series is finite if and only if
the Tjurina number is also (see [GLS25, Lemma 1.2.3]). This fact can also be generalised to
arbitrary fields of characteristic zero.

Theorem 1.5. Let K be a field of characteristic zero and f € K{xz}. Then u(f) < oo if and
only if 7(f) < 0.

Proof. Let A be the set of coefficients of f and all its partial derivatives. We proceed as in the
proof of Proposition 1.4: Then the field Q(A) is isomorphic to a subfield L of C and we get

pu(f) = dimp (L{z}/j(f)) = dime(C{=z}/5(f)),

7(f) = dimg (L{z}/tj(f)) = dimc(C{z}/ti(f))-
Using the result for C{x}, we get that 7(f) is finite if and only if p(f) is finite. O

For fields of positive characteristic this is false. For f = P + y?~! we have 7(f) =p- (p — 2)
while u(f) = oo.

We discuss now finite determinacy of hypersurfaces w.r.t. right and contact equivalence. For
the classification of power series with respect to right respectively contact equivalence a first
important step, from a theoretical point of view as well as from a practical one, is to know that
the equivalence class is determined by a finite number of terms of the power series f and to
find the (smallest) corresponding degree bound (see also [GLS25, Sections 1.2.2 and 3.1.2]). In
characteristic 0 or big characteristic we have the following:

Theorem 1.6. Let K be a real-valued field of characterisit 0 or of positive characteristic
p > k+2—ord(f) for some integer k. For f € m C K{x}, [ is finitely determined w.r.t.
right or contact equivalence if and only if f defines an isolated singularity. In fact, we have:
(a) If m*1 Ccm?.j(f), then f is right k-determined.
In particular, the right determinacy is at most p(f) + 1.
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(b) If m* 1 Cm - (f) +m?-j(f), then f is contact k-determined.
In particular, the contact determinacy is at most 7(f) + 1.

Proof. The proof of [GLS25, Theorem 1.2.23] can be adapted to work for any field of character-
istic 0, as noted in [BGM12, Remark 1]. Another proof (for a more general statement) is given
by Kerner [Ker, Corollary 5.5.], which implies the above bounds not only in characteristic 0 but
also in positive characteristic if char(K) > k + 2 — ord(f). O

Example 1.7. For positive characteristic these bounds do not hold.
Consider the power series f = y? + 2%y € K[[x,v]], char(K) = 2. Then (f) +j(f) = (y?, 2%y, 23)
and thus 7(f) = 5. Moreover, we have

m® Cm- (f) +m? - j(f) = (zy2,y3, 25, 2dy)
and if (b) would hold then f would be contact 4-determined. However, f is analytically reducible
while f + 2 is irreducible as can be checked by the procedure is_irred in SINGULAR [DGPS]:
LIB "hnoether.lib";
ring r=2,(x,y),ds;
poly £ = y2 + x3y;
is_irred(f);

poly g = £ + x5;
is_irred(g);

= VvV V OV V Vv VvV

Hence f o, f + 2, and f is not contact 4-determined. Theorem 1.10 asserts that f is actually
6-determined, i.e. our result is sharp in this example.

In positive characteristic higher determinacy bounds were proved in [BGM12, Theorem 3],
and in a slightly weaker form for contact equivalence in [GrK, Lemma 2.6] for formal power
series. Before we generalize these bounds to convergent power series over real-valued fields in
Theorem 1.10, we mention the following important approximation theorem of Grauert, which is
used in the proof.

We consider four sets of variables, x = (z1,...,%,), s = (s1,...,8), ¥ = (¥1,...,Y,) and
Z=(Z1,...,7,).
Definition 1.8. Let K be a real-valued field, I C K{s} an ideal and m := (s1,...,s;) the
mazimal ideal of K{s}. Consider an element F = (Fy,...,Fy) € K{z,s,Y, Z} V.

(1) A solution of order e of the equation F =0 mod I is a pair
(y,2) € K[s]P x K{x}[s]? such that

F(x,s,y(s),2(x,5)) =0 mod (I +m*™). K{z, s}".

(2) An analytic solution of the equation F = 0 mod I is a pair (y,z) € K{s}? x K{x,s}?

such that
F(z,s,y(s),z(x,s)) =0 mod I - K{z,s},

We can now formulate the approximation theorem.

Theorem 1.9 (Grauert’s Approximation Theorem for real-valued fields). Let K be a real-valued
field, I C K{s} an ideal and F = (F\,...,Fy) € K{z,5,Y,Z}". Let eg € N and suppose that
the system of equations

F(z,s,Y,Z) =0mod I

has a solution (Y, Z) = (y(¢0), 2(¢0)) of order e.
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Suppose, moreover, that for all e > ey every solution (y(e),z(e)) of order e with y(© = y(eo)
mod met1 | and 2(9) = 2(¢0) mod metL, extends to a solution (y(e) +ul®), z(0) ¢ v(e)) of order
e+ 1, with u'® € K[s]? and v®) € K{x}[s]? homogeneous of degree e + 1 in s.

Then the system of equations F = 0 mod I has an analytic solution (y(s),z(x,s)), with
y =y mod meot | and z = 2(¢0) mod meot!,

The proof of this theorem was first given by Grauert for K{z} = C{z} in his fundamental
Inventiones paper [Gr72], where he proved the existence of a semiuniversal deformation of any
complex analytic isolated singularity. The theorem was generalized to power series over a real-
valued field in the above form in [GP25]. The proof is quite complex, so we refer to the proof of
Theorem 4.3 in [GP25].

Theorem 1.10 ( Determinacy bound in characteristic > 0). Let 0 # f € m? C K{z}, K an
arbitrary real-valued field, and k € N.

(1) If m**2 Cm?. j(f), then f is right (2k — ord(f) + 2)-determined.

(2) If w2 Cm. (f) +m?-j(f), then f is contact (2k — ord(f) + 2)-determined.
If0 # f € m~m? then ord(f) = 1 and f is right 1-determined with f ~ x1 by the implicit
function theorem.

Proof. The proof was first given in [BGM12, Theorem 3] for formal power series. We give here
a (shorter) proof for K{x} using of Grauert’s approximation theorem. We prove only statement
1., the proof of statement 2. is similar.

Let N > 2k — ord(f) + 2 =: ¢y and assume that f — g € m *+1. We have to prove that there
exists an automorphism ¢ = (¢1, ..., p,) of K{z} such that f(p) = g. We consider the equation

F(m)y) = f(y) —g(l’) = Oa Y= (ylv"'7yn)a
and want to apply Theorem 1.9 to the equation F' = 0. Since f — g € m®*!, this equation has
the solution ¢(¢0)(z;) = x; of order eg:

F(x, go(eo)) =0 mod meT

Let ¢(¢) be a solution of F(z,y) =0 of order e > ¢j such that () = ple0) mod me Tt that is,
() () = z;+h; with h; € me*!, By assumption we have m*+2 C m?j(f), hence k > ord(f)—1,
and F(z, ) C met!. Since m*t! = m*~*~1mF*+2 C me=F+15(f) and

e—k—1>e¢—k—1=k—ord(f)+1>0,
we can write

F(o,¢9) = 1(6) ~ gla) = Y bi(e) 5

()

with b; € m®*t1. Now define p(¢t1) by <p(e+1) <pl(»e) — b;. We obtain by Taylor’s formula
(Remark 1.11)

FHD) = 6 =) = 169 = 3 bi@) 2L () + H(w),

with
ord(H) > ord(f) + 2(ord(b) - 1) >ord(f)+2(e —k) > e+ (eg — 2k + ord(f)) = e+ 2.

Moreover a—@( (@) = (17 +h)= ( )+ 251 by oy ax,( z) + G(z). We can estimate (using
ord(h;) > ey +1 andord(b)>efk+1)

ord(b;G) > (67k+1)+0rd(f)71+260:6+(Ord(f)+607k)<‘r€o:6+k+2+60Z€+2
andord(bh]am e (@) > e+k+2>e+2
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This implies f(ptD)) = f(p©) = 30 bi(x )adrf( ) + terms of order > e + 2 and thus

F(z,0tY) = 0 mod m®*2, i.e., o°*! is an extension of the solution ¢(*) of order e + 1. We
can apply Grauert’s Approximation Theorem 1.9 and obtain a convergent solution ¢ of F' = 0.
This proves statement 1. ([

Remark 1.11. (1) For an improvement and far reaching generalizations of the determinacy
bounds (also for right-left equivalence) see the work of Kerner [Ker], with background provided
in [BGK].

(2) We use (the replacement of) the Taylor series in positive characteristics in the following
form:

Let f(x)= Y cqx®* € K{z}, x = (21,...,25) and z = (21, ..., z5) new variables. Then
|| >ord(f)

ferd= T alrsr =i G0 s
la|>ord(f) ot
H= Z ca'( ( ) ( ) o ’Yz’Y
|| >ord(f) \v\>2

If 2 = z(x) € K{x} then ord H(z) > ord(f )—|— |v|(ord z(x) — 1) > ord(f) +2(ord z(z) — 1). v < «
means that v, < «, for all v, and for k € Z we have kx®*~7zY =0 if p | k and k(mod p)z®~ 727
if ptk.

Example 1.12. In concrete examples the integers k£ in Theorem 1.10 can be computed in
SINGULAR ([DGPS]) with the aid of the procedure highcorner. If we apply highcorner to a
standard basis of the ideal J = m? - j(f) resp. J =m- (f) + m? - j(f) with respect to some local
degree ordering the result will be a monomial £%, and then k = deg(z®) — 1 satifies m¥*+1 C J.
E.g. for f =y8 + 28y* + 2?3 and char(K) = 3 the following SINGULAR computation shows that
k = deg(2*?y?) — 1 = 23 and f is at least contact 40-determined by Theorem 1.10

> ring r=3,(x,y),ds;

poly f=y8+x8y4+x23;

ideal I=maxideal(1)*f+maxideal(2)*jacob(f);

I=std(I);

highcorner(I);

x22y2

In characteristic 0 we get the same highcorner and hence f is 24-determined by the above

bounds for characteristic 0. On the other hand, in characteristic 2 we get 22'y” as highcorner

and hence f is 48-determined. This is for contact equivalence. For right equivalence we get 229y
as highcorner in characteristic 0 and characteristic 3 and thus we get 31 resp. 56 as bound for

right-determinacy in characteristic 0 resp. 3. In characterisitc 2 f has no isolated singularity.

If u(f) < oo then m*)(K{z}/j(f)) = 0 and hence m*/) C j(f). Thus the assumption of
Theorem 1.10 in (1) holds for k£ = p(f) and similar in (2) for k = 7(f). Therefore we get:

vV V V V

Corollary 1.13. With f as in Theorem 1.10 we have

(1) If u(f) < oo, then f is right (2u(f) — ord(f) + 2)-determined.
(2) If T(f) < oo, then f is contact (27(f) — ord(f) + 2)-determined.

In particular, if ord(f) > 2 then f is right 2u(f)-determined and contact 27(f)-determined.

We show now that the finite determinacy is equivalent to p(f) < oo for right equivalence and
to 7(f) < oo for contact equivalence, which are two distinct conditions in positive characteristic.

Theorem 1.14. Let K be any real-valued field and 0 # f € m - K{x}.
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(1) f is finitely right determined iff u(f) is finite.
(2) [ is finitely contact determined iff T(f) is finite.

Proof. According to Corollary 1.13 we only need to show that finite determinacy implies that
wu(f) or 7(f) are finite. The theorem is stated in [GPh2, Theorem 4.8] for K[[z]] with a rather
short proof. Therefore we prove it here in full detail.

By Lemma 1.3 we have u(f) = dimg K{[z]]/7(f) and 7(f) = dimg K{[z]]/t5(f).

1. Let f be right k-determined. The easiest way to see that u(f) is finite is perhaps by using
the theory of Grobner bases. By finite determinacy we may assume that f is a polynomial of
some degree d (> k). Set gy := ¥ +...+ 2, N > d, and let char(K) { N if char(K) > 0. Then
f~ f+gn and hence pu(f) = pu(f + gn). The Jacobian ideal of f + gy is

of N1, Of
_— —) C .
+ e Nal 4 2 € Ko

J(f +gn) = (Nay' !
Now choose a global degree ordering on Klz| (see [GPO7]). Since the degree of chfi is
<d—-1< N —1, it follows that 2 ' is the leading monomial of Na¥~* 4 chfi with re-
spect to a global degree ordering. Hence :vﬁ\Pl is contained in the leading ideal L(j(f + gn))
of j(f + gn) for i = 1,...,n and obviously dimg K[z]/L(j(f 4+ gn)) < oco. By [GP07, Corollary
7.5.6] we have

dimp Kz]/j(f + gn) = dimg K[z]/L(j(f + gn)) < oo.
On the other hand

dimg K[[2]]/j(f + gn)K[[z]] < dimg K[z]/5(f + gn).

To see this, we may assume that K is algebraically closed, since passing to the algebraic clo-
sure does not change the dimension by Lemma 1.3. Now, for every ideal I C KJz]| with
dimg K[x]/I < oo the the variety V(I) consists of finitely many maximal ideals of the form
(x1 —piy oy — pb), PP = (pi,...,pL) € K", i = 1,...,s, with, say, p! = 0. We have (see also
[GP07, Appendix A.9])

dimg K([2]/1 = dimg K[[z]]/IK[[z]] + > dimg K[z — p'|]/IK[[z — p']].
i=2
Therefore u(f) = dimg K[[z]]/5(f + gn) K[[z]] < oc.
2. Let f be contact k-determined. We use a different argument to show that 7(f) < oo.
For every fixed 0 # t € K we have tf ~ f and hence tf is contact k-determined. Choose the
polynomial gx as in 1. and set

fii=gn +tf € K[t]{x}.
Then tj(f;) = (2, . 20 1) C K{z} and f; S tf < f. We get

Ox1’ ") Oxyp?
T(f) = 7(ft) = dimg K{x}/tj(f;) for ¢t # 0.

By the semicontinuity of 7, Proposition 1.16 below, there exists an open neighbourhood U C K
of 0 such that

T(fe) < 7(fo) = 7(gn) < oo for t € U.
As in 1. we may assume that K is algebraically closed. Then K is infinite and hence U ~\ {0} is
not empty and for ¢t € U \ {0} we have 7(f) = 7(f;) < cc. O

Remark 1.15. The above results were proved more generally for matrices and ideals of formal
power series in [GPh1] and [GPh2] (see also [GLS25, Section 3.1.3]). The determinacy bounds
of Theorem 1.10 have been generalized to more classes of singularities and maps and more
equivalence relations in a very general context in [BGK] and [Ker], see also [GLS25, Appendix

Al.
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We mention the following semicontinuity of p and 7, which was used above, but is of in-
dependent interest. Let A be a Noetherian ring and F' € A[[z]] a formal power series with
coefficients in A. For p € Spec A let k(p) = A, /pA, be the residue field of the local ring A, and
F(p) € k(p)[[z]] the image of F in k(p)[[x]]. Moreover, we have

H(F(p)) = dimyp) k(p)[a])/ (252, ... 2180)
m(F(p)) = dimp) k(p) [al)/ (%22, ... 5520, F ().
Proposition 1.16 (Semicontinuity of u and 7). Let A be Noetherian, F € Allz]], and
p € SpecA. Then u(F(p)) and 7(F(p)) are semicontinuous at p € Spec A. That is, there

is an open neighbourhood U C Spec A of p such that p(F(q)) < u(F(p)) and 7(F(q)) < 7(F(p))
forallqeU.

Proof. The proof is given in [GLS25, Proposition 3.2.34], based on [GP21, Proposition 3.1]. A
proof for A = K[t] and for closed points ¢ € Spec A is given in [GPh2, Proposition 3.4]. O

In particular, if A = K[t]/1,t = (t1,...,tx), I an ideal and K algebraically closed, each closed
point p € V(I) C Spec A is of the form (t — p), p € K¥. Then k(p) = A/(t — p) = K and
F(p) :== F(p) € K[[z]]. If K is a real-valued field, we write F' € A{z} if F(p) € K{z} for each
p € Max A (the set of maximal ideals of A), which we identify with K*. The semicontinuity
theorem then says that for each p € K* there exists a Zariski open neighbourhood U C V(I) of
p such that

1(F(q)) < p(F(p)) and 7(F(q)) < 7(F(p)) for all g € U.
The same result holds for A = K{t}/I and F € A{z} = K{z,t}/IK{z,t}, K a complete real-
valued field (e.g. K = C or R), with U = PX(p) n V(I), PX(p) the polycylinder
{qg=(q1,,qn) € K* | |gi — pi] < i}, i > 0 (see the beginning of the Introduction). This
follows from Proposition 1.16, since the Milnor and Tjurina numbers do not change if we pass
from A{z} to A[[z]] (see Lemma 1.3).

We complete this section with generalizations of the Mather-Yau theorem to power series f
in K{z}. Recall the higher Tjurina and Milnor algebras from [GLS25] and [GPh] for k& > 0:

Ti(f) K{a}/(f, m"j(f)) resp.
M (f) K{a}/m*j(f),

are called the k-th Tjurina resp. k-th Milnor algebra of f. For k = 0 this is the usual Tjurina
algebra Ty = K{x}/(f,j(f)) resp. Milnor algebra M; = K{x}/j(f) from Definition 1.2, with
dimensions 7(f) resp. p(f).

Proposition 1.17 (Mather-Yau in characteristic 0). Let K be a real-valued, algebraically closed
field of characteristic 0 and f,g € m C K{z}.
(1) If 7(f) < oo the following are equivalent:
i) f~g.
it) For all k > 0, T, (f) = Tx(g9) as K-algebras.
iii) There is some k > 0 such that Ty, (f) = Tx(g) as K-algebras.
(2) If u(f) < oo the following are equivalent:
i) f*g.
ii) For all k > 0, My(f) = My(g) as K{t}-algebras.
iii) There is some k > 0 such that My(f) = My (g) as K{t}-algebras.

Proof. The statement was proved in [GPh, Proposition 2.1] for K[[z]], K an algebraically closed
field (it is deduced from [GLS25, Theorem 1.2.26] for C{x} by using the “Lefschetz principle”).
The convergent case follows from Artin’s approximation theorem. As an example (and a model
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for the other cases in this paper where Artin’s theorem is used), we write down the argument
for contact equivalence explicitly.

Let f,g € m C K{z} be such that the finite dimensional K-algebras Tj(f) and Ty(g) are
isomorphic for some k > 0. Then, by [GPh, Proposition 2.1] there are 1) € Aut(K][[z]]),
P(z;) =: ¥i(z1, ..., 7,), and a unit @ € K[[z]]*, such that g(z) = @(x)f(¥1(z), ..., ¥n(x)). That
is, the equation

F(l‘,y) = g(x) - yOf(yh 7y7l) = 07
F(z,y) € K{,90,Y1, -, Yn }, has a formal solution yo = @(z),y; = v;(x). By Artin’s analytic ap-
proximation theorem [Ar68] we get for any ¢ > 0 convergent solutions, that is
u(z),v;(x) € K{z}, such that g(z) — u(x)f(¢1(z),...,¥n(x)) = 0. Moreover, u und ) coin-
cide with % and 1); up to order c. Taking ¢ > 2, then u € K{z}* is a unit and

= (1,...,0,) € Aut(K{z}).
This proves the theorem. O

The condition that K is algebraically closed cannot be omitted. Let a € K , d > 2 and
Va ¢ K. Then Ty (f) = Ti(g) for k > 0 but f = 2¢—y? is not contact equivalent to g = z? —ay?.
The same applies to right equivalence.

Proposition 1.17 is wrong in positive characteristic. E.g., take f =y + 23y and g = f + °,

char K = 2. Then T1(f) = Ti(g) but f £ g. For Mather-Yau in positive characteristic we need
the higher Tjurina and Milnor algebras.

Theorem 1.18 (Mather-Yau in characteristic > 0). Let K be any real-valued field and let
fyg € K{x} with ord(f) > 2.
(1) If 7(f) < oo the following are equivalent:
i) f~g.
it) Ti(f) =2 Tk(g) as K-algebras for some (equivalently for all) k > 2(7(f) — ord(f) + 2).
(2) If u(f) < oo the following are equivalent:

i) f~g.

ii) My (f) = My(g) as K{t}-algebras for some (equivalently for all) k > 2(u(f)—ord(f)+2).
Note that t acts on My (f) by multiplication with f and on My(g) by multiplication with g;
an isomorphism ¢ of K{t}-algebras means o(f) = g.

We refer to the proof for formal power series given in [GPh], Theorems 2.2 and 2.4 and
Corollaries 2.3 and 2.5, which carries over to K{z} by using Artin’s approximation theorem
as in the proof of Proposition 1.17. We get in particular the simple bounds k > 27(f) resp.
k> 2u(f).

We mention that in [GPh, Theorems 2.2, resp. Theorems 2.4] the following better bounds for
kin 1. ii) resp 2. ii) are given:

5525 com () + m2i(f) resp. ml=5F52 ) cm?j(p),

k+2s
5 -

m

k+2s
2

where L J means the maximal integer which does not exceed

2. VERSAL DEFORMATIONS AND THE SPLITTING LEMMA

Let K be again a real-valued field and K{z}, © = (1, ..., ), the convergent power series ring
over K. As an application of the Approximation Theorem 1.9 we prove first (in Theorem 2.4) the
existence of a semiuniversal unfolding of an isolated hypersurface singularity f € m? C K{x},
m = (x) the maximal ideal. This, and the determinacy bound for isolated singularities (Theorem
1.10), is used to prove the splitting lemma for any (not necessarily isolated) f € K{x} (see
Theorem 2.6).
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Let us recall the definition of a (semiuni-) versal deformation of an analytic algebra. For a
geometric formulation for complex germs see [GLS25], and [St03] for general cofibred groupoids.

Definition 2.1. Let R = K{z}/I and T = K{t}/J be two analytic K -algebras, x = (z1, ..., Tn),
t = (t1,...,tq) with I,J ideals and K a real-valued field.

(1) A deformation of R over T' is a flat morphism ¢ : T — R of analytic K -algebras together
with an isomorphism R @1 T/(t) — R. The algebras R (resp. T, resp. R/{t)R =2 R)
are called the (algebras of the) total space (resp. base space, resp. special fiber) of the
deformation. We denote a deformation of R by (¢,1) : T — R — R, witht: R — R the
canonical projection, or just by ¢ : T — R.

(2) Let (¢',/)): TV = R’ — R be a second deformation of R over the analytic K -algebra T".
A morphism from (¢',.') to (¢,1) is given by a pair of morphisms

(WW:R—->R,0:T—=T)

such that v = ' o and o o = ¢ o . Two deformations over the same base space T
are isomorphic if there exists a morphism (¢, p) with 1 an isomorphism and ¢ = idp.

(8) Let (¢,1) : T — R — R be a deformation of R over T, ¢ : T — S a morphism of
analytic algebras, and let the lower square of the commutative diagram

R
prL \
&

R&TS R
@*¢T Ttb
S ; T

be the analytic pushout* of ¢ and .
Then the morphism ©*¢ is flat (see e.g. [GLS25, Proposition 1.1.87]) and there is a
natural map ¢*1 : R&7S — R such that

(p*p,0%1) : S — R@7rS — R

is a deformation of R over S. (p*¢, p*i) is called the deformation induced from (¢,¢)
by ¢, and ¢ is called the base change map. (@, ) is a morphism of deformations from
(@ d,0™1) to (&, 1).

(4) A deformation (¢,1) : T — R — R of R over T is called complete if any deformation
(¥,7) : S = Q@ — R of R over some analytic algebra S can be induced from (¢,1) by
some base change map T — S (up to isomorphism of deformations of R over S).

(5) The deformation (¢,t) of R over T is called versal if it is complete and if the following

lifting property holds:
Let (1,7) be a given deformation of R over S. Let k : S — S’ a surjection and
o T — S a morphism of analytic algebras, such that the induced deformations
(™", 0"*t) and (k*,k*j) over S’ are isomorphic. Then there exists a morphism
@ :T — S such that koo = ¢’ and (1,7) = (¢*d, p*1).

(6) A wversal deformation is called semiuniversal or miniversal if, with the notations from 5.,
the cotangent map of ¢, ¢ : mp/m2 — mg/m%, my,mg the mazimal ideals of T, S, is
uniquely determined by (P, 1) and (¢, 7).

4 The analytic pushout can be constructed as the analytic tensor product R®S (see [GR71, Kapitel III, § 5])
modulo the ideal generated by {(¢(t)r,s) — (r,¢(t)s),t € T,r € R,s € S}. It is the algebraic counterpart to the
geometric pullback or fiber product.
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Versality of (¢,¢) means that (¢, ) is not only complete but in addition that any deformation
(v, 7) can be induced from (¢, ¢) by a base change that extends a given base change inducing
(k*1,k*j) from (¢, ¢). (¢,¢) is called formally versal if the lifting property 5. holds for Artinian
analytic algebras S and 5’.

Property 5. is needed to construct a versal deformation (completeness is not sufficient): start-
ing from the trivial deformation T'= K — R = R one extends this to bigger and bigger Artinian
base spaces (in a non-unique way). This can be done since the so called ’Schlessinger conditions’
(a kind of formal version of the lifting property 5.) hold for the deformation functor. In the
limit one gets finally to a formal object, which is formally versal.

The definition of versality applies also to unfoldings. The classical notion of unfolding in the
form we need, is as follows:

Definition 2.2. Let f € m C K{z}.

(1) A (p-parameter) unfolding of f is a power series F' € K{x,s}, s = (s1,...,8p), such that
F(z,0) = f. If F(x,s) = f(z) we say that F is the constant unfolding of f. K{s} is
called (the algebra of) the parameter space of F.

(2) Let F € K{x,s} and G € K{z,t}, t = (t1,...,tq), be two unfoldings of f. A right-left
morphism from G to F is given by a tripel (D, ¢, ), with

(i) ®: K{xz,t} — K{xz,t} a morphism, satisfying
O(x;) = O, € K{z,t}, ®;(z,0) =z, i=1,...,n,
(P(tj) = tj7 ] = 1,...,(],
(it) ¢ : K{s} — K{t}, a morphism, ¢(s;) =: ¢;(t) € K{t}, j=1,....p, and
(iii) A € K{y,t}, y = (y1), A(y,0) =y, such that

(G)(x,1) = G(®(x,1), 1) = MF(z, ¢(1)),

with ®(z,t) == (®1(z, 1), ..., Dp(x, 1)) and ¢(t) := (¢1(1), ..., op(t)).

If this holds, we say that G is right-left induced from F. If X is a translation, that is
My, t) =y + at),a € K{t},a(0) =0, then G is called right induced from F.

(3) An unfolding F of f is called right-left complete (resp. right complete)® if any unfolding
of [ is induced from F by a suitable right-left (resp. right) morphism.
F is called right-left versal (resp. right versal) if in addition the lifting property from
Definition 2.1 (5) holds for right-left (resp. right) induced unfoldings. A versal unfolding
is called semiuniversal or miniversal if the cotangent map of the base change map is
uniquely determined (see Definition 2.1 (5)).

Remark 2.3. Since the Jacobian matrix of ® at 0 is the identity in Definition 2.2, ® is in fact
an automorphism of K{x,t}. Hence, if G is right-left induced from F, then G(x,t) is right-left
equivalent to H(z,t), where H(x,t) := F(x, $(t)) is obtained from F' by the base change ¢.
Usually the notion right equivalence is used if the translation is trivial, that is, @« = 0, but
the case of a non-trivial translation is used in the proof of Theorem 2.6. The translation « is
introduced to take care of the constant terms of F'(z, ¢(t)) for varying ¢.

. o 0
Theorem 2.4. Let f € m?> C K{x} and assume that dlme/<anla“-’W];> < oo. Let
91,--.,9p € m be representatives of a generating system (resp. a basis) of m/(%,...,aif )
and s = (s1,...,Sp) new variables. Then

F(z,s) = f(z) + X:gz(x)sz € K{z,s}

5In the literature also “versal” is used instead of “complete”. We prefer to use versal only in the sense of
Definition 2.1.
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is a right-versal (resp. right-semiuniversal) unfolding of f.

Proof. We only prove completeness, following [GP25a] (using Grauert’s Approximation Theorem
1.9); versality can be proven in a similar way, but is more complicated in terms of notation.

Let G(z,t) € K{z,t} be an arbitrary unfolding of f, t = (t1,...,t;). We have to prove that
there exists ¢(t) € (t)K{t}, an automorphism ® of K{z,t}, ® = (®4,...,D,), &; = ®(x;), with
®;(z,0) = z;, ®(t;) =t;, and o € K{t} with «(0) = 0, such that

(1) O(G) = G(P(x,t),t) = F(x,d(t)) + aft).

A solution of order e (in ¢) of (1) is a triple (?, ¢, o) € K{xz}[t]" x K[t]’ x K|[t] such that (1)
holds mod ()¢t = (t) 1 K{x,t}.

Since ®(x,0) = z, $(0) = 0, @(0) = 0 and G(z,0) = f(z) = F(x,0) we obviously have a
solution of (1) of order 0. To apply Theorem 1.9, we have to show that every solution (P, ¢, «)
of (1) of order e in t can be extended to a solution (®’,¢’,a’) of (1) of order e + 1.

Having the solution (®, ¢, ) of order e, the difference G(®(x,t),t) — F(z,¢(t)) — a(t) is a
power series of order > e + 1 in t. The homogeneous part of degree e + 1 in ¢ of

G(‘P(l‘,t),t) - F(l’, (b(t)) - Oé(t)
can thus be written as

G(P(z,t),t) — F(x,9(t)) — a(t) = Z t“h, () mod (t)¢*2

|v|=e+1

with h, € K{z}. Define gy := 1. By assumption go, ..., g, generate K{x}/(%,...,%) and
therefore we can write for all v

p n af
hy, = ijvgj + Zhuj%j
7=0 j=1
with b;, € K, j > 1, and h,; € K{z}. We define

(b;:q)j— Z hujty j:l,...,n

lv|=e+1

¢;:¢]+ Z bjl/tl/ jzla"'ap7
|v|=e+1

o =a+ Z bout”.
|v|=e+1

As G(z,0) = f and ®(z,0) = = we obtain
O(G(®(,1),1) _ Of

d (t).
Oz x; mod (t)

This implies using Taylor’s formula (see Remark 1.11)

oG

0

(@(,1), 1)( Z hy,;t”)  mod (t)¢T?

|v|=e+1

G(P (1), 1) = G(P(z,t),t) — Z

=G(®(x,t),t) — > (Zhyjsxfj)t” mod (¢)¢+2.

lv|=e+1 j=1
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On the other hand, by Taylor and the definition of F,

F(Wb’(t))=F(x7¢(t))+2(%(x,¢(ﬂ)( Y bwt’) mod ()

J |v|=e+1

= F(a,6(t) + Y (O _bug)t’ mod (t)+>.
lv|=e+1 j=1
‘We obtain
G(®'(x),t) — F(x,¢'(t)) —a/(t) =0 mod (t)°*2.

Now we can apply Theorem 1.9 to obtain an analytic solution of (1). This proves the theorem. O

Remark 2.5. We can of course define unfoldings G of f over arbitrary parameter spaces K{t}/J,
J C K{t} an ideal, as an element G(z,t) € (K{t}/J){x} with G(z,0) = f.

Then the power series F' from Theorem 2.4 is also right-versal for such unfoldings G: Namely,
let G(t,z) € (K{t}/J){z} be an unfolding of f, t = (¢t1,...,t;). We have to prove that there
exists ¢(t) € (t), an automorphism @ of (K{t}/J){z} with ®(x);—0 = = and ®(¢) = ¢ and an
a € K{t} with «(0) = 0, satisfying

(2) (G) = G(B(x,1),t) = F(x,6(t)) + al?).
To see this, we take a representative of G(¢,z) in K{t,x} which is an unfolding of f over K{t}.
We apply Theorem (2.4) to this representative and pass then to (K{t}/J){x}.

We formulate now the general splitting lemma for power series (not necessarily with an isolated
singularity) in K{z} from [GP25a]. Note that the rank of the Hessian matrix
H(f):= ( 0" (0)) is invariant under right equivalence if f € m?.

ij=1,em

8118%

Theorem 2.6 (Splitting lemma in any characteristic). Let K be a real-valued field and
fem?C K{x}.
(1) Let char(K) # 2 and rank H(f) = k. Then

f~aaad+ ..+ apzi + g(Tpgt, .. 2n)

with a; € K, a; # 0, and g € (Tpi1,...,2,)>. g is called the residual part of f, it is
uniquely determined up to right equivalence in K{xgi1,...,xn}.
(2) Let char(K) = 2 and rank H(f) = 21 ®. Then f is right equivalent to

201 n
Z (aix? + z2i01 + CLZ'+11',?+1) + Z dix? + h(zorq1, .0, Tn),
i odd, i=1 i=21+1
with a;,d; € K, h € (Toj11,...,0,)3. g:= Z?:Ql-u dix? + h(z2141, - - -, Tn) is called the
residual part of f, it is uniquely determined up to right equivalence in K{xo41,...,2,}.

We formulate the uniqueness statement for the residual part explicitly and prove it separately
(see also [GP25, Theorem 2.1 and Theorem 3.5]).

Proposition 2.7. Let fo, fi € m®> C K{z} and assume that

fo=q(x1,....xr) + go(Thi1, .- 2n) ~ f1 = q(z1, ey ) F 91 (Tt 1y - -+ s ),
where
(1) char(K) # 2:
g=aazi+...+agry, a; € K,a; #0 and gj(xg41,...,2,) €Em3, j=0,1.

61n characteristic 2 the rank of the Hessian matrix is even.
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(2) char(K) =2, k=2I:
q= Ef_o;d, 1:1(%‘%‘2 + Ti%ip1 + ai+1$?+1)’ a; € K, and

g5 = Z dﬂl‘?—i—h], hj € (mkﬂ,...,xn)?’, d; #0, 7=0,1.
i=k+1

Then go ~ g1 in K{xpi1, -y Tn}.

If the field K is algebraically closed, the coefficients a; and d; can be made to 1. More
precisely, we have

Corollary 2.8. Let f be as in Theorem 2.6.

(1) Let char(K) # 2 and assume that K coincides with its subfield K? of squares. Then,
with k = rank H(f),

f a4+ 2r (@, Th)-

g is uniquely determined up to right equivalence in K{xoj4+1,...,Zn}.

(2) Let char(K) = 2 and assume that quadratic equations are solvable in K. Then f is right
equivalent to one of the following normal forms, with g unique up to right equivalence in
K{zai41,...,2n}, 2l =rank H(f):

(a) T1T2 + X3X4 + ... + X212 + :li%lJrl —|—g(l’21+1, e ,a:n), 1<20+1<n,
(b) T1T2 + X3T4 + ...+ XToj_1T9] —|—g($21+1, e ,In), 2<2l<n.

Proof of Proposition 2.7. 1. Let ¢ be an automorphism of K{z} such that ¢(fy) = f1. Then ¢
is given by

o(x;) = pi(z) = li(z) + ki(z), i =1,...,n,
with k; € m? and [; linear forms with det (%) # 0. Then ¢(fp) = f1 means

J
alap% —|—...—i—akapi + 90(Vkt1y---yPn) = almf +...+akxz + g1(Tht1,- -+, Tn)-

Comparing the terms of order 2 and of order > 3, we get

2

all%+~~~+akli:a1$1+...+akx% and

* k
( ) Zalkz(ﬂl + ]fl) + gO((Pk;+17 ey Son) = gl({EkJrl, e ,l'n).
i=1
We set F; := 2l;+k;, i = 1, ..., k, and assume that there are 91, ..., oy, € K{xg41,..., T, } satisfying
Fi(¢1, ...,wk, Th41, ,Jin) = O, 1= 1, ceey k.
Then we define the endomorphism ¢’ of K{xp41,...,2n} by
O (1) = @i (Tht1s -y Tn) = Qi(V1,y ey ks Thog 1, -+, )y =k +1,...,n.
This kills the terms a;k;(2l; + k;) and by (*) we get as required

90(902:-&-1? EERE gO;z) = gl(xk-?—h R xn)

We have still to show that the endomorphism 1) exists and that ¢’ is an automorphism of
K{zii1, ..., xnt-
We note that (Fi,..., i, @g+1, -, ¢n) is an automorphism of K{z1,...,z,} since (p1,...,0,) is
an automorphism and since I; is the linear part of ;. It follows that

<F17 ceey Fk7 Ple41y ++» Q0n> = <$1, 7xn>

and if we replace x; by Vi (Tx11, ..., 2n) fori = 1,....k, we get (0,...,0, @) 1, .0s ©1,) = (Thp1s s Tn)-
This shows that ¢ is an automorphism of K{xgy1, ..., 2, }.
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To show the existence of 1, we want to apply the implicit function theorem (in the form of
[GP25, Theorem 1.1]) to F1, ..., Fi. For this we must show

det (gfj (O))i,jzl,“wk = det (68; )Lj:l,...,k 7 0.

The quadratic terms of (*) read

Ci=a1l + ... +apli = a2 + ...+ apad,

and we get % = 2a;x; for i < k. Since % € (ly, ..., 1), it follows that (xy,...,zx) C (l1,...,lx)
and hence, with }(z1,...,xk) = li(x1,..., 24,0, ...,0), we get (z1,...,x5) = (I},...,l}). Hence
al; o ol
det (8:1/’] )i,j:l,.,.,k = det (81] )i,j:l,...,k‘ 7é 0.
2. To see the uniqueness if char(K) = 2 let ¢ be a coordinate change given again by

o(x:) = i(z) = li(z) + ki(x), i = 1,...,n, with k; € m? and [; linear forms with det (gij) #0,
such that ¢(fo) = f1. This means

20—1 n
> (aig? + eipii1 +aii) + Y dig? + ho(a41,-- - 0n) =
. i odd, i=1 i=21+1
( ) 20—-1 n
Z (CLZJ,‘ZQ + 241 + ai+1x12+1) + Z dzl‘f + hq (.Z‘QH_l, - ,Z‘n).
i odd, i=1 i=20+1

By the uniqueness statement for quadratic forms in characteristic 2 (see [GP25, Theorem
3.1]) we may assume, after a linear coordinate change among the variables xgj41, ..., Z, that
loj+1 = T9y41, -y I = Tp. Hence

D imoit dip} = Yoy (dix} + dik7).
Comparing the terms of order > 3 and setting

Ki = ki(aik; + lig1 + kig1) + ki1 (I + aip1kivr)

we get
201 n
S K+ > dik} + ho(asrs. . 0n) = ha(@ag . Tn).
i odd, i=1 i=21+1

We define for i =1, ..., 21,

=

= ll + ai+1ki+1, if 7 is odd
F, =lL+k;+a;_1k;—1 if 7 is even.

Assume now that there are 91, ..., € K{xo/41,...,2,} satisfying
Fi(’(/)l, ...,’lﬂgl,xgl_;,_l, ceey .’I,‘n) = 0, 1= 1, ceey 20 and ’L/)(O) =0.
Replace (21, ..., 22;) by (1, ...,19;) and define the endomorphism ¢’ of K{xo; 41, ..., 2n} by

O (25) == @i(T2s1y -y Tn) = @i(P1, ey 2, Tapg 1, ooy Tn), =21+ 1,...,n.

This kills Z?l;ild, ;-1 K and we get for the terms of order > 3

D dikd + ho(Ghprs - 0) = ha(@ag, o Tn)
1=2l+1

and thus go(¢h41,- -+, %)) = g1(22141, ..., ) by adding Y7 5/ | d;z? on both sides.

We have still to show that the endomorphism 1) exists and that ¢’ is an automorphism of
K{xi41,..s 2}
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The map (I1, 2,13, 04, lai—1, P21, Y20+1, -, Prn) 18 an automorphism of K{z,...,z,} since
(1, ..., Pn) is an automorphism” and since I; is the linear part of ;. It follows

(I, 02,13, @a, oy lor—1, @1, 02141, ooy ) = (Z1, oy Tn)

and if we replace x; by ¥;i(T2141,...,Tn) for i = 1,...,2l, we get (0h 1, @) = (T2u41, 5 Tn)

since 1;(¢) € (w2141, - .,2,)?. This shows that ¢ is an automorphism of K{za41, ..., Tn}-
To show the existence of v we apply the implicit function theorem to F1, ..., Fo; considered as
elements of K{xgj41,...,zn}{x1,...,22}. To do this, we must show that
OF;
det ( 20,0 ) 0.
ij( ) ij=1,...,21 7
Since k; € m? we have
OF; 0l; 0p;
0,0) = 0,0) = 0,0).
S 0.0 = 20,0 = 20,0
Comparing the quadratic terms of (*), we get
211 2l-1
0= Z (ail? + Lilis1 + aipalfy ) = Z (a; 23 + i + aip137,,),
i odd, i=1 i odd, i=1

and a‘% = 2341 if 7 is odd and 8% = g;_q if ¢ is even for 7 < 2[. Since a‘% € (l1, ..y lag), it

follows that (@1, ..y xay) C <ll,...,12i> and hence, with I}(x1, ..., ze) = Zi(xh..y.,le,o,...,O), we
get (z1,..., @) = (11, ...,1%;). Hence

0F;(0,0) 01;(0,0) al(0,0)
det (ij)i,j:u..,zl = det (Tj)i,jzl,...zl = det (Tjj)i,jzl,...,zl # 0.

Now we apply the implicit function theorem and obtain 11, ..., %9 € K{xoj11,...,z,) satisfying
F, (1, .oy or, xop41, oy y) =0, i =1,...,2l and ¥(0) = 0, as rquired. O

Proof of Theorem 2.6. The uniqueness of the residual part for statement 1. and 2. was proved
in Proposition 2.7. We prove now the existence of a splitting.
1. The existence of a splitting for char(K) # 2 was proved in [GP25, Theorem 2.1] for f € C{z}
or f € R{z} without assuming that f has an isolated singularity (loc. cit. Theorem 2.4). The
proof uses as an intermediate step the existence of a convergent semiuniversal unfolding (with
non-trivial translation) for the quadratic part, similar as in item 2. for characteristic 2. Since
we proved the existence of a convergent semiuniversal unfolding in Theorem 2.4 for arbitrary
real-valued K, the proof given in [GP25, Theorem 2.4] works as well in our case and thus proves
the splitting lemma in characteristic # 2.

2. We prove now the existence of a splitting for convergent power series over real-valued fields
of characteristic 2.
By [GP25, Theorem 3.1] (applied to the 2-jet of f) we can assume that f(z) = ¢ + g, where

20—1

2 2
q(x1y .y o) = § (@ix; + 2iTiq1 + 125y q)
i odd, i=1

"We use the following. Let A = (A1,...,An) : K{z} — K{z} be an endomorphism. The following conditions
are equivalent:
(1) X is an automorphism,
X, (0)
(2) det ( o, )i,j:l ,,,,,
(3) M,y An) = (T1,...,Tn).
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and g(x1,...,x,) = Z?:zl-u dix? + h(x1, ..., Ty), with a;,d; € K and h € m® C K{x}.
Setting ¢'(x1, ..., xor) := g(x1, ..., 22,0, ...,0) we get

n
g(x1, .. xn) =g (x1, ..., z00) + Z dix? + B (21, .00y 20),
i=21+1

with b/ = ZZL:21+1 x;hi(x1, ..., pn). Then

n n
f=a+g=q+g+ D daf+h=f+ Y daf+l,
i=2l+1 i=2l+1
with
f(x1, ., w9) == f(x1, .y 221, 0, ...,0) = q(1, ..., w21) + g (21, ..., T2y).
Since j(q) = (x1,...,x9;) and d(q) = 1 we get from Theorem 1.10 that g is 2-determined. Since
g € m3, it follows that f’ is right equivalent to ¢ by an automorphism ¢ of K{w1,...,z2}.
Setting @;(x1, ..., xa;) := p(x;), we have
o(f') = (@1, . p20) + 9 (@1, o 2) = (1, .00y 21).

Now define the automorphism ¢ of K{x1,...,x,} by x; — @i(z1,...,x9) for i = 1,...,2l, and
x; v+ x; for i > 21, Then ¥(f') = ¢(f') = ¢ and we have

V() =q+ D dixi+ D wihi(1, e P2 Tag1s s Tn)-

i=21+1 i=20+1
Thus, after applying ¢, we may assume that

n

f=q+ Z dix? + 0, b = Z zihi (21, oy Th).
i=20+1 i=21+1
That is f(z1,...,22,0,...,0) = ¢, in other words, f is an unfolding of g.

Since (%, - 8%;) = (x1,...,x9), ¢ is a semiuniversal unfolding of itself by Theorem 2.4, and

thus the unfolding f can be right induced from g. That is, there exists an automorphism
¢ = ((1)1,...,(1)”) of K{x} with (I)z = (I)(Iz), (I)i(l’l,...,l‘gl,()) = T, 1 = 17...721, @(l‘j) = Iy,
j=20+1,...,nand a € K{t} with a(0) = 0, such that
O(f) = f(P1(x), ..., Do), X2p41y ooy Tn) = (X1, ey Tar) + @(T2441y ey T )-
Now ®(f) = ®(q) + @(Z?:QIH diz?) + ®(W) = q+ Z?:Zl—&-l d;z? + h, where
h:= (I)(h/) g K{.%‘21+1, ceey (En}

This proves the existence of a splitting in statement 2. ([

3. CONTACT SIMPLE SINGULARITIES IN POSITIVE CHARACTERISTIC

[43

This section is devoted to the classification of hypersurface singularities “without moduli”
with respect to contact equivalence.

For the whole section let K be an algebraically closed field of characteristic p > 0. Points of an
algebraic variety will be always closed points (if not said otherwise). We present the classifica-
tion of simple hypersurface singularities f € K{z}, = = (x1,...,x,), w.r.t. contact equivalence,

following [GrK], and in the next section 4 for right equivalence following [GrN].

For k € N let
J®) = K{z} /mk+L

m the maximal ideal of K{x}, be space of k-jets of power series and

jety, : K{x} — J® fis f8) = jet, (f)
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the canonical projection. We call f*) the k-jet of f and we identify it with the power series
expansion of f up to (including) order k.

Let G denote the right group R = Aut(K{xz}), respectively of the contact group
K = K{z}* x Aut(K{z}). The k-jet of G is

G® = {g® =jet, (g9) | g € G}.

For g = ¢ € R let jet,(g) = ¢, ¢F)(x;) = jety(é(z;)), and for g = (u,4) € K we have
jeti(9) = (u®,¢®). Then G®) is an affine algebraic group with group structure given by
g®) - hF) = (gh)*) | acting algebraically on the affine space J*) via

G x J0 100, (g0, £00) s (g 1)) = (uo(£) P,

if g = (u, ), i.e. we let representatives act and then take the k-jets.

Definition 3.1 (Simple singularity). We say that f € m is right—simple (resp. contact—simple)
if there exists a neighbourhood U of f in K{x} such that U intersects only finitely many or-
bits Gfi,...,Gfs where G is the right group R = Aut(K{x}), respectively the contact group
K =K{z}* x Aut(K{z}).

By the definition of the topology on K{z} (V C K{z} is open iff jet,(V) is open in J*)
for all k (equivalently, for k& > some kg)) this means that for each k there exists a Zariski-open
neighbourhood Uy, of the k-jet f*) in J*) such that Uj, decomposes into the finitely many G*)—
orbits G(k)fl(k), ., G®) k) (with s independent of k).

For the classification we have to consider unfoldings of f € m parametrized by (the coordi-
nate ring of) an affine space and not just by a power series as in Definition 2.2. We consider
F(z,t) = Y an(t)xz* € K[t]{z}, t = (t1,..,tx), as a family of power series such that
Fy(z) = F(x,t) € K{x} for fixed t € K*¥. We say that F is an unfolding (with trivial sec-
tion) of f over K* or over K|[t], if F(z,0) = f and if F; € m for t € K*. Then F can be written
as

k
Fy(z) = F(z,t) = f(z) + > _tihi(x,t) € K[t]{x},
i=1
with h;(z,t) € m for fixed ¢.

We say that f € m is of finite (countable) deformation type for right (resp. contact) equiv-
alence, if there exists a finite (countable) set {g;} C K{xz} of power series such that for every
unfolding F(x,t) of f over K* as above there exists a Zariski neighbouhood U = U(0) C K*
such that for each ¢t € U there exists a g; with F} ~ g; (resp. Fi ~ gi).

Lemma 3.2. Let f € m be of finite deformation type for right (resp. contact) equivalence. Then
f (resp. K{xz}/{f)) is an isolated singularity. The same conclusion holds if f is right (resp.
contact) simple.

Proof. Let f be a non-isolated singularity, i.e., u(f) = oo (resp. 7(f) = 00). Then m* is not
contained in j(f) (resp. in tj(f) = j(f) + (f)) for all k& and hence there exists a ko and an i,
w.lo.g. i = 1, such that 2} ¢ j(f) (resp. x} ¢ tj(f) ) for | > ko.

We claim that f can be deformed into (isolated) singularities of arbitrary high Milnor (resp.
Tjurina) number. Namely, for p = 0 or p t N the Milnor (and Tjurina) number of
gy = ol + ...+ 2 is finite. We consider the family

fin=to-gn+ti-f, t=(to:t1) € P!,

which is, for generic ¢ € P!, an unfolding of gy as well as of f with constant Milnor number
un = p(fin) = p(L/to - fin) = plgy + t1/to - f) < plgn) < oo. This follows from the
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semicontinuity of 1 (Proposition 1.16). We have zt ¢ j(f) = j(t1/to- f). Now f deforms in f; v,
which has an isolated singularity with Milnor number py > N, for infinitely many N and hence
infinitely many py. This shows that f is not of finite right deformation type. An analogous
argument with 7y shows that f is not of finite contact deformation type.

f is also not right (resp. contact) simple. In fact, for a given k there are infinitely many N > k
such that the Milnor (resp. Tjurina) numbers of f; n, with ¢ generic and fixed, are different.
That is, each neighbourhood of f intersects infinitely many right (resp. contact) orbits. ([l

Lemma 3.3. The following are equivalent for f € K{x}:

(1) f right (resp. contact) simple.
(2) f is of finite deformation type for right (resp. contact) equivalence.

Proof. The proof follows from the previous Lemma 3.2 and with the help of the semiuniversal
deformation of f (Theorem 3.4). For details we refer to [GLS25, Lemma 3.3.31]. O

Before we present the classification of simple singularities, we mention the explicit form of
the semiuniversal deformation (Definition 2.1), which is needed in the proof of Lemma 3.3 and
for the classification.

Theorem 3.4 (Semiuniversal deformation). Let K be a real-valued field (not necessarily alge-
braically closed) and f € K{z} with 7(f) < co. Let g1,...,9. € K{x} be representatives of a
K -basis (respectively a system of generators) of the Tjurina algebra

Th = K{a}/(f, 2L,..., 2L)

of R = K{x}/(f). Setting
F(z,t) = f(z) + thgj(x) € K{x,t}

and R = K{x,t}/(F), then K{t} — R — R is a semiuniversal (respectively versal) deformation
of R over K{t}.

For a proof see [GP25, Corollary 6.5]. It needs Grauert’s approximation theorem for real-
valued fields K of arbitrary characteristic. This is proved in [GP25], as well as the existence
of a semiuniversal deformation for arbitrary analytic K-algebras (not only hypersurfaces) with
isolated singularity.

The most important classification result for hypersurface singularities is the following result
by V. Arnold for C{x}, [AGV], which can be extended to algebraically closed fields of charac-
teristic 0:

Theorem 3.5 (Simple singularities in characteristic 0). Let K be an algebraically closed, real-
valued field of characteristic 0 and f € m- K{xy1,...,2,}.

(1) f is contact—simple < f is contact equivalent to an ADE singularity from the following
list (with ¢ = 2% + -+ 22):

Ay : x’f+1+x§ + q, k>1
Dy mo(2? +2872) 4+ ¢, k>4
FEs : 33:13 +$% + q

E;: x(2? +23) +q
FEg : xi’—f—x‘;’ + q
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(2) [ is right-simple < f is contact—simple.

Thus, if char(K) = 0 or in the complex analytic case we do not distinguish between right
simple and contact simple and just say simple.

Proof. Statement 1. follows from the classification of Theorem 3.6 for char(K) > 0. For the
proof of statement 2. we only need to show that the ADE singularities from 1. are right simple,
since it is clear that right simple implies contact simple. We note that the ADE singularities
are all quasihomogeneous and hence right equivalence coincides with contact equivalence (see
[GLS25, Lemmal.2.13 ], which works for K algebraically closed of characteristic 0), finishing the
proof. O

The classification of hypersurface singularities in positive characteristic started with the paper
[GrK, Theorem 1.4].

Theorem 3.6 (Contact-simple singularities in characteristic > 0). Let K be a real-valued, al-
gebraically closed field of characteristic > 0. The following are equivalent for a hypersurface
singularity f € K{x1,...,zn}.

(1) f is contact—simple,
(2) f is an ADE-singularity (with few extra normal forms in small characteristics). That
is, [ is contact equivalent to a power series form the following lists 1.1 — IL.3.

I. char(K) # 2
1.1 Dimension 1

Name | Normal form for f € K{z,y}
Ay 22 4 yhtt kE>1

Dy a2y + yF1 k>4

Eg E) x4yt
E} 3+ oyt 4 a?y? additionally in char = 3

E; EY ¥+ ayd
E} 2+ ay® + a%y? additionally in char = 3

Es EY a3+

By 2’4y +a?y ", :
5 3 5 9 o additionally in char = 3

E 2 +y°+z%y

E} 23+ b+ 2%y? additionally in char = 5

1.2 Dimension > 2

Normal form for f € K{z1,...,2p}
g(z1,m2) + 23+ ...+ 22

where g € K{x1,x2} is one of the singularities in Table I.1. The name of f is that of g.
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II. char(K) =2

II.1 Dimension 1

Name | Normal form for f € K{z,y}
Aom—1 z? 4 zy™ m>1
Aoy, AS,. x? 4 g2m m>1
gm x2+y2m+1+xy2m—r m2171§7"§m_1

Do 2’y +y™ m>2
Domi1 | D3pgr 2Py +y°" m > 2

Dipir ZPy+¢*" +ay® " m>2,1<r<m-1
Es Eg 3+ y4

E61 z° + y4 + xyS
E7 3+ xyS
ES .'173 +,y5

I1.2 Dimension 2

Name | Normal form for f € K{z,y,z}
Ay 2 4wy E>1
Dom ng 22+ x2y + zy™ m> 2
D3, 24ty tay" day™ Tz m>2,1<r<m-1
Domt1 | Dipp1 22+ 2°y+y™z m > 2
Dy 224y +yTztay™ Tz m>2,1<r<m-1
Ee EQ 224+ 2% 4y
E} 2242+’ 4 xyz
E~ E? 22423 +ayd
Ei 22 +2° +zy® + 2%yz
E? 22+ 2% oy 232
E3 22+ 2%+ +ayz
Esg Eg 224+ 23+ y5
Eg 22 +2® +y° + 2y’z
E2 224+ 2% +9° + 2’z
E} 2 +2% +y° + 9’2
E} 224+ 23 +y° +ayz

I1.3 Dimension > 3

Normal form for f € K{z1,...

,zn}

g(x1,m2) + 2324 + ... + Tak—1T2k,

n=2k, k>?2

g(z1, T2, 23) + Taws + ... + TokTokt1,

n=2%k, k>2

201

where g € K{x1,x2} resp. K{x1,x2,z3} is one of the singularities in Table II.1. resp. II.2.

The name of f is that of g.
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For the proof of Theorem 3.6 we refer to [GrK], where it is proved for formal power series in
K[[z]]. The proof for K{z} is basically the same.

Remark 3.7. (1) The normal forms in dimension 2 are exactly the normal forms of rational
double points which were classified by Artin [Ar77]. Moreover, Lipman [Lipl] showed
that a two-dimensional double point is rational if and only if it is absolutely isolated,
i.e. can be resolved by a finite sequence of blowing up points. This criterion is used for
the proof that ADE-singularities are of finite deformation type.

(2) The normal forms in dimension 1 are exactly the normal forms of power series f which
(a) are reduced,
(b) have multiplicity 2 or 3 and
(c) the reduced total transform of f after one blowing up has also property (b).
This was proved by Kiyek and Steinke [KS85].
(3) The upper index 0 denotes the classical normal form, which is the most special with
respect to deformations.

The proof of Theorem 3.6 yields also a characterization of the non-isolated singularities A,
and D, which are natural limits of Ay and Dy, if k tends to infinity.

Definition 3.8. f € K[[z1,...,z,]] is of type A resp. Do if it is contact equivalent to one of
the following normal forms:

char(K) #+ 2
Name | Normal form for f € K{x1,...,xn}
Ao 34+ ...+ a2
Do $%$2+I§+...+Ii
char(K) =2
Name | Normal form for f € K{x1,...,zn}
Ao x% 4+ 2374 + ... + Top_1Tok, n =2k
Tox3 + T4Ts + ... + TopTok+1, n=2k-+1
Do Dgo x%mg 4+ 2324 + ...+ Top_1Tok, n =2k
x%mg+x§+x4m5...+x2kx2k+1, n=2k+1
D7 :1:%332 + x§ + 2125 T3 + Taxs ...+ TopToky1, nN=2k+1,m>1

For the characterization of A, and D, we introduce the following definition: Call f € K{z}
0-modular or of 0-modular deformation type, if for each k there is an open neighbourhood Uj, of
the k-jet f*) in the space of k-jets J) such that Uj meets only finitely many contact orbits
of k-jets (their number may depend on k). Note that 0-modular hypersurface singularities are
necessarily of countable deformation type, the converse being true for not countable fields (cf.
[BGS, Theorem B]) (and meaningless for countable fields). Isolated singularities are of finite
deformation type iff they are 0-modular (since they are finitely determined) but for non-isolated
singularities the following theorem (due to [GrK, Theorem 1.6]) applies.

Theorem 3.9 (Characterization of A, and D). The following statements about
f e K{xy,...,x,} are equivalent:

(1) f is of type Aoy or Do
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(2) fis 0-modular but not of finite deformation type.

Proof. It is not difficult to see that A, deforms (only) to Ag,k > 1 and Dy, only to A and
Dy, k > 4. Hence they are 0-modular but not of finite deformation type.

For the onverse we assume that char(K) # 2. Assume that f is 0-modular, but neither simple
nor Ay, or Do,. Since the deformation theory of f and f + 22 11 is essentially the same, we may
assume that mult(f) > 2. If n > 3 or if n = 2 and mult(f) > 3, the initial part of f defines a
projective variety which has moduli, hence the singularity defined by f itself is not 0-modular.
In case n = 2, mult(f) = 3, we may assume by [BGS, Lemma 3.4] that, in suitable coordinates

,y
flz,y) = 2° + az’y® + bay" + cy°

with a,b,c € K{z,y}. Replacing ® by x(x + \y?)(z + \?y?), A € K, gives a family of non-
isomorphic singularities (blowing up two times exhibits exactly four points on a rational com-
ponent of the exceptional divisor, whose cross-ratio varies with \). This shows that f is not
0-modular, contradicting the assumption. Thus f is either simple or A, or D,. The case
char(K) = 2 can be proved using similar arguments as in [GrK, Section 3.5]. O

4. RIGHT SIMPLE SINGULARITIES IN POSITIVE CHARACTERISTIC

In this section let K be be an algebraically closed, real-valued field of characteristic p > 0 (if
not said otherwise). We classify right simple hypersurface singularities

femC K{z} = K{x,...,2,},

following mainly [GrN] and [Ngu2]. For the classification of contact simple singularities see
the previous Section 3. In contrast to char(K) = 0, where the classification of right simple
and contact simple singularities coincides (Theorem 3.5), the right classification is very different
from the contact classification in positive characteristic. For example, for every fixed p > 0,
there are only finitely many classes of right simple singularities. For p = 2 and n even only the
Aq-singularity xize + 2324 + ... + T_1x, is right simple, while for n > 1 and odd no right
simple singularity exists.

By Definition 3.1 f is right simple iff there is a neighbourhood U of f in K{z} which meets
only finitely many R-orbits, with R = Autx K{x} the right group. By Lemma 3.3 this means
that f is of finite deformation type for right equivalence.

The classification of right simple singularities is summarized in Theorems 4.2, 4.3 and 4.4.
Note that f € m\ m? iff the Milnor number (Definition 1.2) satisfies u(f) = 0, and then f ~ 2,
(hence right simple) by the implicit function theorem. We may therefore assume in the following
that f € m2.

We end this section with a conjecture about the relation between the Milnor number p and
the right-modality if © goes to infinity.

We start with the classification of univariate power series

f= chm" € K{x},

n>0

K{x} being the ring of convergent power series in one variable z. Since f = uz™, m the order
of f and u a unit, and since any deformation of f has an order < m, it follows that f is contact
simple. This is however not the case for right equivalence.
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The complete classification with respect to right equivalence of univariate singularities in
positive characteristic of any R-modality 8, R the right goup, was given in [Ngu2] (see also
[Ngu]). We present here only the main results.

Let Supp(f) = {n | ¢, # 0}, and mt(f) = min{n | n € Supp f} the multiplicity or order of f.
For each n € N we set

(1) e(n) := max{i | p* divides n}

(2) e:=min{e(n) | n € Supp(f)}

(3) ¢ :=min{n € Supp(f) | e(n) = e}
(4) k:=1if mt(f) = q, otherwise

k== max{k(n) [ mt(f) <n <g,n € Supp(f)}, where k(n) := [ 5]

Proposition 4.1. With the notatios above, if p(f) < oo then d = q+ p¢(k — 1) is exactly the
right determinacy of f.

For the proof of the proposition see [Ngu2, Proposition 2.8]. Note that ¢ = p(f) + 1 is the
first exponent in the expansion of f which is not divisible by p. In particular, if p f mt(f) then
mt(f) is the right determinacy of f and f ~ z™¢(f),

Furthermore, in [Ngu2, Theorem 2.11] the author proves a precise normal form of univariate
power series (which we omit here, since the formulation is quite complicated).

Another main result of that paper is the following theorem.

Theorem 4.2. Let f € m? C K{x} be a univariate power series such that its Milnor number
w = p(f) is finite. Then the right modality of [ is

R-mod(f) = [u/pl,

the integer part of u/p.
In particular, f is right simple if and only if u < p, and then f ~ xH+1,
Proof. For the full proof of the theorem we refer to [Ngu2, Thm. 3.1]. Here we prove only the
second part, i.e. f is right simple iff 4 < p and then f ~ z#+!,
The “if”-statement follows easily from the upper semi-continuity of the Milnor number and
Proposition 4.1: If pf mt(f) (in particular, if 4 < p) then f ~ z™/),
It suffices to show that if g > p then R-mod(f) > 1. Indeed, since p > p, m := mt(f) > p.
If m = p then we may assume that f = 2P + a, 1277 4 ... € K{z}. Consider the unfolding

fi=f+taPT™ = 2P + (t+appq)aP T 4
of f. We show that f; ~ fy implies t = ¢/. If o(z) = uyw + ugx® + ... is in R then u; # 0 and
o(fr) = wblaP +ubz® 4 ..+ (t+ appr)ul TraPtt 4

If o(f:) = fe then uf =1, hence uy = 1, and ¢ = ¢’. Thus f; is a 1-dimensional family of orbits
in a neighbourhood of f, which implies that R-mod(f), the right modality of f, is > 1.

Now, assume that m > p and consider the unfolding ¢g; := G(z,t) := f+¢t-xzP of f at 0
over Al. By the semicontinuity of the modality ([GLS25, Proposition 3.3.14]), there exists an
open neighbourhood V' of 0 in A! such that R-mod(g;) < R-mod(f) for all t € V. Take a
to € V '\ {0}, then the above case with mt = p yields that R-mod(gs,) > 1 since mt(gs,) = s
and hence R-mod(f) > R-mod(gs,) > 1. O

We summarize now the classification of right simple singularities
femC K{a}=K{xy,...,2,}
with n > 2, following [GrN]. The following theorem is due to [GrN, Theorem 3.2].
8The G-modality of f € K{z} is, roughly speaking, at most k, if a neighbourhood of f in K{z} can be covered

by finitely many at most k-dimensional families of orbits of the group G. Hence f is G-simple iff the G-modality
is 0. For a rigorous definition of modality we refer to [GrN] or [GLS25, Section 3.3.2].
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Theorem 4.3 (Right simple singularities in characteristic > 2). Let char(K) =p > 2.
(i) A plane curve singularity f € m? C K{x,y} is right simple if and only if it is right
equivalent to one of the following normal forms

Name | Normal form
Ay 22yt 1<k<p-2
D P?y+yFl A<k<p

Esg 3+ oyt 3<p
E; 3+ xy? 3<p
Esg 3 9P 5<p

(ii) A hypersurface singularity f € m? C K{x1,...,2,},n > 3, is right simple if and only if
it is right equivalent to one of the following normal forms

Normal form

g(z1,22) + 23+ ...+ 22 where g is one of the singularities in Table 4.3 (i)

The following theorem and its corollaries are due to [GrN, Theorem 3.3, Corollary 3.4 and
3.5].

Theorem 4.4 (Right simple singularities in characteristic 2). Let p = char(K) = 2. A hyper-
surface singularity f € m®> C K{xy,...,x,} with n > 2, is right simple if and only if n is even
and if it is Tight equivalent to

A1 LX1T2+X3T4+ o T 1Tpy-

The following interesting corollary follows immediately from the classification of right simple
singularities.

Corollary 4.5. For any p > 0 there are only finitely many right simple singularities
fem?C Klx,...,2,]] (up to right equivalence). For p = 2, either no or exactly one right
simple singularity exists.

The corollary also shows that if fi,k > 1, is any sequences of simple singularities in positive
characteristic then the sequence of Milnor numbers p(fx),k > 1, is bounded. Note that this is
wrong in characteristic zero since the Ay, Dy, k > 1, with Milnor number k, are all simple. We
like to pose the following conjecture:

Conjecture 4.6. Let p > 0 and fr, € K{x1,...,x,} be a sequence of isolated singularities with
Milnor number going to infinity if k — oco. Then the right modality of fr goes to infinity.
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