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ISOSINGULARITY, DIFFERENTIALITY, AND NON-TRIVIAL ANALYTIC FACTORS OF
ALGEBRAIC SINGULARITIES

DAVID BOURQUI AND MARIO MORAN CANON

ABSTRACT. We establish a strong connection between the minimal differential closed
subset containing a closed singular point of an algebraic variety on the one hand, the
isosingular locus of the point and the analytic nature of its singularity on the other hand.

1. INTRODUCTION

A differential ideal of a ring is an ideal that is stable under all the derivations of the
ring. If the ring contains the field of rational numbers, then the maximal differential ideal
contained in a given ideal is prime, a fact first pointed out by Seidenberg in [Sei67] in
the Noetherian case. As a consequence, one can define, for any point x of an algebraic
variety defined over a field of characteristic zero, the notion of minimal differential
closed subset containing x, corresponding in the affine case x = p € Spec(A) to the
closure of the maximal differential ideal contained in p. The main results of the present
paper are summed up in the following statement. It provides a geometric interpretation
of the minimal differential closed subset containing a given point and of the formal
neighborhood of its generic point in terms of the analytic nature of the singularity at x.

Theorem 1.1. Let x be a closed point of an algebraic variety X defined over a field of
characteristic zero, and let F be the minimal differential closed subset containing x.

Then F is the closure of the unique component through x of the isosingular locus of x.
Moreover, the formal neighborhood of the generic point of F is, up to a scalar extension,
isomorphic to the non-trivial factor of the formal neighborhood of x.

The notion of isosingular loci of algebraic varieties was defined and studied recently in
[CH22|] when the base field is algebraically closed. Roughly speaking, they are the subsets
where the formal neighborhood, in other words, the analytic nature of the singularities,
remains constant (up to isomorphism). The non-trivial factor of a formal neighborhood
EX\,X is the complete local ring A such that 5;6 = Allty,..., t]] and A is not isomorphic
to B[[t]] for some B. This uniquely determines A (up to isomorphism). In some sense, A
contains the interesting information on the analytic nature of the singularity at x.

The second assertion of Theorem[1.1} which is in a certain sense a comparison the-
orem for formal neighborhoods, was motivated by analogous phenomena observed in
the case of arc spaces associated with curves and toric varieties in [BMCS, BMCn23].
However, the general situation for arc spaces seems more involved (see Section@.

Here is a brief description of the content of the sections of the paper.

In Section 2] we provide a recap, as well as some complements, on the connection
between differentiality and cylindricity (i.e., the property of having smooth factors), and
the notion of maximal differential ideals.

1991 Mathematics Subject Classification. 14B20, 13N15, 14B05.
Key words and phrases. differential ideals, formal neighborhoods, isosingularity.
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In Section[3} we define two notions of analytical isosingularity for closed subsets of an
algebraic variety, a strong and a (a priori) weaker one. We use the weak version to extend
the notion of isosingular locus discussed in [CH22| over an arbitrary field.

In Section [4} we positively answer Question C of [CH22], showing that over an alge-
braically closed field of characteristic p > 0, informally speaking, the bigger an analyti-
cally isosingular subset is, the more cylindrical the formal neighborhoods of its points
are. In order to do so, we state and prove a version of the Lipman-Nagata-Zarisiki simpli-
fication lemma valid in arbitrary characteristic in terms of multivariate Hasse-Schmidt
derivations. Our arguments also permit us to recover the characteristic zero case.

In Section[5} we prove the results leading to the statement of Theorem|[1.1} showing
along the way that the two notions of isosingularity defined in Section[3|coincide. One of
the key ingredients is the study of the maximal differential ideal with respect to a regular
family of derivations.

In Section[6} we discuss the situation in the case of arc spaces.

2. DIFFERENTIALITY AND CYLINDRICITY

In this section, we will provide a recap of classical ideas revolving around Lipman’s
extension of Zariski’s simplification lemma in terms of regular derivations (See [Lip65}
Theorem 2] and Subsection |2.15) and the notion of maximal differential ideal first
explored in [Sei67], as well as some further results and complements. In view of the
upcoming proofs of our main results, we shall in particular focus on the maximal differ-
ential ideals with respect to a set of regular derivations (see Deﬁnitions andbelow,
which are motivated by Lipman’s result).

2.1. Differentiality.

Definition 2.2. Let A be aring and p be a prime ideal of A. Let r be a positive integer.
An r-tuple Dy, ..., D, of elements of Der(A) is said to be regular with respect to p if there
exist elements xi,..., X, € p such that det(Di(xj))lgiljgr ¢ p. If there exist such x,..., x,
such that the matrix (D; (x;)) is moreover diagonal, the r-tuple Dy, ..., D, is said to be
normalizable. In case A is local, the family of derivations Dy, ..., D, is said to be regular if
it is regular with respect to the maximal ideal of A.

Remark 2.3. As we shall see later, there exist regular yet non-normalizable families of
derivations (See Lemma and Remark[2.40).

Remark2.4. If Dy,..., D, is regular with respect to p and . is a any set of generators of
p, then there exist elements xy,..., X, € & such that det(D; (x))1<;,j<r € p. Indeed, take
Y1,---,¥r € psuch thatdet(D; (y))1<;,j<r € p- Then the multilinearity of the determinant
implies that det(D;(y;)) is equal modulo p to a linear combination of elements of the
form det(D;(xj)1<i,j<r» Where xp,..., X, € &.

Definition 2.5. Let A be aring and p be a prime ideal of A. Let r be a positive integer.
One says that p is:

(1) r-differential if every r-tuple D,,..., D, of elements of Der(A) is not regular with
respect to p;

(2) locally r-differential if every r-tuple Dy,..., D, of elements of Der(Ap) is not
regular;

(3) formally r-differential if every r-tuple Dy,..., D, of continuous elements of
Der(Z;) is notregular.

Remark 2.6. In particular, being 1-differential in the above sense is equivalent to being
differential in the usual sense (see also Subsection|2.29).
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Remark 2.7. If k is a field and A is endowed with a structure of k-algebra, one defines
analogously the notion of being (locally, formally) differential over k by considering in
the above definition only those derivations of A that are k-linear.

Example2.8. Let B be a complete local ring (resp. k-algebra) and A = B[[#,..., t/]] the
ring of formal power series in r indeterminates over B. Then 84,...,0;, is a regular family
of elements of Der(A) (resp. Dery(A), thus the maximal ideal of A is not r-differential
(resp. not r-differential over k).

Let us recall the following well-known lemma.

Lemma 2.9. Let A be a ring and D € Der(A).

(a) Let S be a multiplicative part of A. Then there exists an unique extension of D
to the localization S™' A, that is to say: denoting byi1: A— S™' A the localization
morphism there exists a unique D' € Der(S™' A) such that D' o1 =10 D.

(b) Let . be an ideal of A. Then there exists a unique continuous (for the limit
topology) extension of D to the completion A. That is to say: denoting byT A—A
the completion morphism, there exists a unique continuous derivation De Der(A)
such that Dot =1oD.

Moreover, if k is a field, A is endowed with a structure of k-algebra, and the derivation D is
k-linear, then D and D' are also k-linear.

Remark 2.10. In the notation of lemma any derivation on A is automatically continu-
ous for the .} -adic topology, since D" < ,]AI”‘I for any positive n.

In case .¢ is finitely generated, the limit topology on A is the .7 -adic topology ([Bou85,
Ch. 111, §2, n° 12, Corollaire 2]). Thus any derivation on Ais also continuous for the limit
topology.

Proposition 2.11. Let A be aring and p be a prime ideal of A.

(1) Ifp is formally r -differential, then p is locally r -differential.

(2) Ifp is locally r -differential, then is r -differential.
Assuming that k is a field and A is a k-algebra, the statements whith the analogous notions
“over k” are also true.

Proof. The pull-back by the localization morphism A — Ay, (resp. the completion mor-
phism A — A,) of the maximal ideal of Ay, (resp. Ap) is p (resp. the maximal ideal of Ay).
Thus the result is a consequence of the definitions and Lemma[2.9] The last statement is
a consequence of the end of Lemma O

The converse statements of Proposition[2.11|for r-differentiality hold in case A is an
algebra of finite type over a field. This easily follows from the arguments in the proofs
of [Sei67, Theorems 2 and 12]. Let us state the result and its proof, giving a somewhat
simplified version of the aforementioned arguments.

Proposition 2.12. Let k be a field, A be a k-algebra of finite type and p be a prime ideal of
A.

(1) For any D € Dery(Ay), there exists s ¢ p and D' € Dery(A) such that s- D is the
extension of D'.

(2) Ify is r-differential over k, then p is locally r -differential over k.

(3) Ifyp is locally r -differential over k, theny is formally r -differential over k.

Proof. Let ¢: R:= k[X,...,X,] — A be a presentation of the k-algebra A, x; := ¢(X;).
Letn=Ker(A— Ap)={ac A,Is¢p, sa=0}.

Let D € Derg(Ap). Up to multiplying D by an element s ¢ p (a common denominator
of all the Dx;, i = 1,...,n), one may assume that D is the extension of a derivation
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D e Dery(A/n). Let ' = ¢~ (n) and D € Dery(R) such that ¢(D(X;)) = D(x;) (mod n). In
particular Dn’ cn’.

Now since n is finitely generated, one may find ¢ ¢ p such that £-n=0. Butthenif T € R
is such that ¢(T) = ¢ then Ker(¢) 1’ is stable under TD. Thus T-D induces D’ € Der(A)
whose extension to Ay is - D

The second assertion is a consequence of the first: let (Dy, ..., D;) be a regular family
of k-derivation on Ay and (z1,...,z;) € p- Ap such that det(D;z;) ¢ p- Ap. Up to replacing
z; by t; - z; for a suitable ¢; ¢ p one may assume that the z;’s are images of elements of
A. And by the first assertion, up to replacing D; by s; - D; for a suitable s; ¢ p one may
assume that D; is the extension of D;. € Derg(A). Thus (D}, ..., D}) is a regular family of
Dery(A). Nowlet Dy,...,D; € Derk(ﬁ;) be a regular r-tuple of continuous derivations.

Let us show that there exists a regular r-tuple of elements of Derk(;l\p). Quotienting A by
the kernel of the localization morphism, one may assume that the localization morphism
is injective. By continuity of the D;’s and the fact that the closure of p is p (the maximal
ideal of Zl;), there exist zj,..., 2z € p such that det(D;zj)1<i,j<r € b- Therefore, up to
changing the D;’s and the presentation morphism ¢, one may assume that x;,...,x, €p
and (D;x;)1<;,j<r is the identity matrix.

Let fi,..., fs be a finite family of generators of Ker(¢). Set y; =1and y» =--- =y, =0.
Then any family (y;) j=r+1,..,n of elements of A, such that

Z OXjﬂ(x)-yj =0, i=1,...,s
INA

yields an element of Dery (Ay). The above system has a solution in Z; given by y; = Dy x;
for j > r+1. Since Ay — fl; is faithfully flat, the system also has a solution in A, (see e.g,,
[Bou61], 1.3.7, Proposition 13]. This yields an element D € Dery(Ap) such that D} x; =1,
and D’lxg =..-= D} x, =0. Similarly, for any 2 < i < r, one may construct D;. such that
Dix;=1and D}x; =0for j #1i. O

2.13. Interlude on families of pairwise commuting derivations. The following will be
used to give a more precise version of the Lipman-Nagata-Zariski simplification lemma
as stated in [Mat86, Theorem 30.1].

Proposition 2.14. Let A bearing, and let E,...,E, and D, ..., D, be elements of Der(A).
Assume that there exists a square matrix B = [b; jl1 < j<r With coefficients in A such that

,
D;= Zbi,j'Ej-
j=1

Consider the following property, called property (P):
V1<i,j,k<r, Dibj,k = Djbi,k-

(1) Assume that the E;’s are pairwise commuting.
(a) If (P) holds, then the D;’s are pairwise commuting.
(b) If the D;’s are pairwise commuting and the E;’s form a free family over A,
then (P) holds.
() IfB€ GL;(A), then[D;,Djl€ ¥} _| A-D.
(2) Assume that the D;’s are pairwise commuting.
(a) If (P) holds and B € GL,(A), then the E;’s are pairwise commuting.
(b) IfE;’s are pairwise commuting and form a free family over A, then (P) holds.

Proof. For 1 < i,j < r, an elementary computation (akin to the one in the proof of
[Now86, Lemma 4] ) shows the relation

[Di,Djl= ). (Dibjx—Djb;i)-Ex+ Y bjibi¢lEx Ef]
1<k<r 1<ke<r
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This immediately shows 1(abc) and 2(b). Moreover if the D;’s are pairwise commuting
and (P) holds, the above relations show that the matrix product B> - ([Ey, EoDi<he<r is
zero, allowing to conclude for 2(a). O

2.15. Connection with cylindricity.

Definition 2.16. Let k be a field, A be a complete local ring (resp. k-algebra). Let r be
a positive integer. Then A is said to be r-cylindrical (resp. r-cylindrical over k) if there
exists a complete local ring (resp. k-algebra) B and a ring (resp. k-algebra) isomorphism
between A and Bl[fy,..., t/]] (the formal power series ring in r variables with coefficients
in B). Itis said to be maximally r-cylindrical if it is r-cylindrical and not (r +1)-cylindrical.

Remark 2.17. If A and B are complete local rings (resp. complete local k-algebras) then
any ring (resp. k-algebra) isomorphism between A and B isomorphism is automatically
an isomorphism of complete local rings (resp. k-algebras).

Remark 2.18. If Ais an r-cylindrical complete local ring (resp. k-algebra), and B;, B,
are complete local rings (resp. k-algebras) such that A and B;[[13,..., f;]] on one hand,
Aand By|[[ty,..., t;]] on the other hand, are isomorphic rings (resp. k-algebras) then, by
[Ham?75, Theorem 4] (and its proof in the case of k-algebras), B; and B, are isomorphic
rings (resp. k-algebras).

For rings containing Q, the relation between r-differentiality and r-cylindricity is
given by the Lipman-Nagata-Zariski simplification lemma, see e.g., [Lip65, Theorem 2]
or [Mat86, Theorem 30.1]. Here is a more precise version of [Mat86, Theorem 30.1].

Lemma 2.19. Let (A,m) be a complete local ring containing Q, and let r be a positive
integer.
(1) Theidealwm is not r-differential if and only if A is r-cylindrical. More precisely, if
Dy, ..., D, is aregular family of derivations on A and x;, ..., X, € m are such that
det(D;xj)1<i,j<r € m, then there exists a complete local ring B and an isomor-
phism @: Bl[f1,...,t;]] — A mapping t; to x;.
(2) LetDy,...,D;, be aregular family of derivations on A. Then:
(a) The following are equivalent:
(i) Thereexists acomplete local ring B and an isomorphism¢: B([ty,..., t/]] —
Asuchthat@o(B)={a€ A: Dya=---=D,a=0}.
(i) Foranyi,j,[D;,Dj]€ ZzzlA'Dk-
(b) The following are equivalent:
(i) There exists acomplete local ring B and an isomorphism: B[[ty,..., t/]] —
A such thatpod = D;og foranyi.
(i) The D;’s are pairwise commuting.

Remark 2.20. Let (A,m) be as in the statement of Lemma[2.19|and assume that m is
not r-differential. Let B, x1,...,x, € m, ¢: B[[f1,...,1;]] — A be as in the conclusion
of Assertion 1. Then the quotient morphism A — A/} A- x; induces an isomorphism
¢(B) = A/Y A- x;. Assume moreover that A is endowed with a structure of k-algebra,
where k is a field of characteristic 0. Then ¢(B) SAIYA-xiisa sub-k-algebra of A and
@ is a k-algebra isomorphism. Therefore in this case the two equivalent statements of
Assertion (1) of the lemma are also equivalent to “A is r-cylindrical over k” and “m is not
r-differential over k”.

Proof. (of Lemmal2.19). The “if” in Assertion (1) is a straightforward consequence of
Example[2.8]

Assume m is not r-differential and let x1,..., x; € m such that det(Dixj)lgi,jgr ¢m. In
particular the matrix (D; x;) is invertible and up to changing (D, ..., D;) by its image by
the inverse of the matrix, one may assume that (D; x;) is the identity matrix. By the case
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r = 1 there exists a complete local ring B; and an isomorphism ¢: B;[[f;]] — A mapping
t; to x;. Identifying A with B;[[#]] via this isomorphism, for 2 < i <r, let bvl € Der(B;)
be defined by E(b) = D;(b)s,=0. Note that xz,...,x, € By ={a€ A : Dya=0} and that
(D;x j)2<i,j<r s the identity matrix. Thus one obtains the result by induction.

Let us show Assertion 2(a). (ii) = (i) is part of [Mat86 Theorem 30.1]. Now assume
A= Bl[lt,...,t:]] and (Dy,..., D;) is a regular family of derivations on A such that B =
fae A, Dia=---=Dra=0}. In particular, for any i one has D; = Z;zl D;t; -th. Let
X1,...,Xr € msuch that det(D;x;) € A*. Then the equality of matrices

(Dixj) = (Djtj)- 0 xj)
shows that det(D; ;) € A*, and one may apply Assertion 1(c) of Proposition in order
to conclude.

Let us show Assertion 2(b). (i) = (ii) is straightforward. Now assume that the D;’s are

pairwise commuting and take xi,..., X, € m such that such that det(D; x;) € A*. As in the
proof of Assertion 1, consider the derivations Ej, ..., E, determined by the relations

;
D; = Z Dixj-Ej
j=1
so that (E; x;) is the identity matrix. Then by Assertion 2(a) of Proposition the E;’s are
pairwise commuting. Thus in the above proof of Assertion 1, since one may chose ¢ such
that By ={a € A, Eya =0}, B; is then E;-stable for i > 1, and E; is simply the restriction of

E; to B;. By induction one thus may construct an isomorphism ¢: B[[f,..., t;]] = Amap-
ping #; to x; and such that ¢pod,, = Ejop foranyiand ¢(B) ={a€ A, Eia=---=E,a=0}.
Note that one also has ¢(B) ={a€ A, Dja=---= D;a=0}. In order to conclude, it

suffices to find y1,..., y» € m such that (D; y;) is the identity matrix. Identifying A with
B([#,...,t;]] and thus R; with d,, the existence of such y;’s is a consequence of [Now86),
Theorem 2]. O

Remark 2.21. One may also recover Assertion (1) by applying Theorem below to the
formal flow associated with Dy, ..., D, (see Example[4.12).

Example2.22. Asanillustration of Assertion 2(a), consider A = k[[x1, X2, x3]], and (D1, D2)
the regular family given by Dy = 0y, and D, = dy, + x; - 0x,. One easily sees that {a€ A :
Dya = Dya =0} = k; on the other hand, for any isomorphism ¢: Bl[#, t»]] = A, one must
have dim(¢(B)) = 1.

From Propositions and Lemma and Remark one deduces the

following corollary, that we state in geometric terms.

Corollary 2.23. Let k be a field and X be a k-scheme of finite type. Let x € X be a
(schematic) point. Then the following assertions are equivalent, and are also equiva-
lent to the same assertions with “over k” removed:

(1) There exists an open affine subset U of X containing x such that the prime ideal
px of Ox(U) corresponding to x is r-differential over k.

(2) For any open affine subset U of X containing x, the prime ideal p, of Ox(U)
corresponding to x is r -differential over k.

(3) The maximal ideal of Ox , is r -differential over k.

(4) The maximal ideal of @: is r-differential over k.

(5) (Requires char(k) = 0) The complete local k-algebra ﬁ;; is not r -cylindrical over
k.

Definition 2.24. Let k be a field and X be a k-scheme of finite type. Let x € X be a
(schematic) point. One says that x is an r-differential point of X if one of the equivalent
assertions of Corollary holds for x. If char k = 0, a point that is not r-differential is
called an r-cylindrical point.
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Example2.25. Let k be afield of characteristic zero and X be an algebraic k-variety. Then
by [Sei67, Theorem 5], the generic point of any component of the singular locus of X is a
1-differential point of X.

Lemma 2.26. Let k be a field of characteristic zero, A be a complete local Noetherian
k-algebra with residue field k-isomorphic to k and r be a positive integer. Assume that
there exists an extension L/ k such that A& L is r-cylindrical. Then A is r-cylindrical.

Remark 2.27. In case k has positive characteristic and L/ k is not separable, the statement
does not hold (see Example[4.17). We do not know whether the statement holds in case k
has positive characteristic and L/ k is separable.

Proof. The case r =1 directly follows from arguments contained in the proofs of [Sei69al
Theorems 2 and 3]. The general case may then be deduced by induction, using Remark
218

Alternatively, one can use Lemma[2.19|and the following extension of the aforemen-
tioned arguments. Write A = k[[fy,...,&]l/.#. Let (Dy,...,D;) be a regular family of
derivations on A®L = L[[11,...,t]1/.# - Llty,..., t]]. By Remarkup to permuting
the ¢;’s and changing the D;’s, one may assume that (D; fj)lgi, j<ris the identity matrix,
where f; is the image of ¢; in A®L.

For 1 < i < r, one may lift D; to a derivation D; on L[[f,..., I5]] such that D;¢; =6, ;
forl1<j<randforany Fe.¢, D;Fe.#-L[[1,...,t]]. Now let {e,} be a k-basis of L
containing 1, and consider the k[[1,..., ts]]-linear map =: L[[fy,..., t]] — kllf1,. .., ]]
induced by the linear projection of L on k-1. Then Dy ; := m(D;)|k(is,,....,]) is a derivation
of k[[f1,..., &]] such that Dy ;t; = 6; ;, and for any F € .#, one has that Dy ;F € (% -
Lllf,..., ]) = 4. O

Here is another consequence of Lemma (noted in [BS18} §5.6] in the case r = 1)

Corollary 2.28. Let k be a field of characteristic zero and X be a k-scheme of finite type.
Let x € X be an r-cylindrical point. Then there exists an affine k-scheme of finite type Y
and y € Y such thatx (x) — x(y) with the following property: if (,0) denotes the point of
Y xy A} corresponding to the prime ideal (py, 11,..., ty) of O(Y)[ty,..., t;]1 = O(Y xA}),
there exists an isomorphism of complete local k-algebras

Ox,x = Oyt (y,0) = Oy yllty, ..., ]l

Proof. Let Dy,...,D;, be a regular family of derivations on EX\x Since moreover the
derivations are continuous (Remark, there exist elements xj,..., X, € m:=my yx
such that det(D; (x;)) ¢ f.. By lemma there exists a complete local k-algebra B and
an isomorphism of k-algebras ¢: B[[t1,..., ] — ﬁ;c mapping ¢; to x;. Thus one has
an isomorphism B — ﬁ;;/ (x1,..., %,y and B is isomorphic to the completion of %,
hence the existence of (Y, y) as in the statement

2.29. Maximal differential ideals. Let A be a ring and T be a family of derivations of
A. Recall that an ideal of A is said to be T-differential (or simply differential in case
T = Der(A)) if it is stable under any element D € T. Now let i be an ideal of A. The
sum of all the T-differential ideals contained in i is a T-differential ideal contained in
i and maximal for this property. We call this ideal the maximal T -differential ideal of
A contained ini. In case Ais alocal ring and i is the maximal ideal, we simply say the
maximal T-differential ideal of A.

Lemma 2.30. Keep the above notation and assume that A is a ring containing Q and i is
a proper ideal. Then the maximal T -differential ideal of A contained ini is a prime ideal.

In case A is Noetherian, the above lemma follows from [Sei67, Theorem 1]), which
shows that in this case the associated primes of a T-differential ideal are T-differential.
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As explained in the proof below, a slight variation of the arguments of [Sei67] allows to
drop the Noetherianity hypothesis; this should be useful in the context of the extension
of the present work to arc spaces (see Section|[6).

Proof. Let D € Der(A). Following [Sei67], consider the morphism ¢p: A[[f]] — Al[t]]
mapping ¢ to ¢ and inducing the formal flow Hp: a— Y ;>0 % -t' associated with D on
A, which is easily seen to be an automorphism, with inverse the morphism ¥ p mapping
t to t and inducing a — Hp(a)(—t) on A. Moreover, for any ideal .# of A, .# is D-stable if
and only if #[[]] is ¢ p-stable.

Now it suffices to show that for any D € Der(A) and any proper D-stable ideal .# of A,
any minimal prime ideal containing .# is again D-stable. Since A contains Q and .# is
D-stable, the radical v.# is again D-stable (see e.g., [Bui94, Chapter 2, (1.3)]). Thus we
may assume that .# is radical.

Let {p¢}ecr be the family of minimal prime ideals containing .#. In particular, .# =
NecEPe. Thus F[[t]] = Neeg Pellt]]. We claim that for any e € E, the prime ideal p,[[?]]
is a minimal prime ideal containing .#[[#]]. Indeed, if q is a prime ideal of A[[?]] such
that #[[1]] € q < pellzl], one must have qn A = pe; now for a =3, a; - t' € q, one has
ap € pe, thus -3 ;> a;- t'~1 e q. Since q < pe[[t]], one has ¢ ¢ q and since q is prime, one
has} ;> a;- ti-le g thus a; € p, and so on.

Thus {p.[[#]]}ecE is the family of minimal prime ideals containing .#[[¢]]. Since .#
is D-stable, one has Z[[t]] = @p(ZLI[t]]) = Necg @D Pel[t]]). Thus for e € E one must
have @p(p.ll]]) = pe [[2]] for €’ € E. Since for a € A, ¢pp(a) = a (mod (t)), one infers that
Pe C P thus po[[£]] = pellt]] and p, is D-stable. O

Remark 2.31. If k is a field of characteristic p > 0, the maximal 0;,,...,0;, -differential
ideal of k[1t1,..., -] (or k[[f1,..., tr]]) contained in {f1,..., ;) is (tf),..., tf)). In particular
the conclusion of Lemma does not hold in this case, and the hypothesis that A
contains Q is crucial. See Remark[4.13|below for a characteristic-free version of Lemma
2.30

Definition 2.32. Let X be a k-scheme of finite type and x € X a schematic point. The
maximal differential generization of X is the unique differential point x’ € X (see Defini-
tion|2.24) whose closure contains x and such that any other differential point of X whose
closure contains x also contains x’ in its closure.

Remark 2.33. If Spec(A) is an open affine subset of X containing x and p is the prime ideal
of A corresponding to x, the prime ideal of A corresponding to the maximal differential
generization of X is the maximal differential ideal of A contained in p.

The following lemma shows the functoriality of the notion of maximal T-differential
ideal.

Lemma 2.34. Let A and B be a rings, Ta = {Dj}ic; (resp. Tg = {E;}ic1) be a family of
elements of Der(A), (resp. Der(B)), and ¢: A — B be a ring morphism such that for any
i€el,Eiop=@oD,. Let.¥ bean ideal of B and _¢ be the maximal Tg-differential ideal
of B contained in .%. Then ¢~ ¢ is the maximal T s -differential ideal of A contained in
pls.

Proof. Due to the relations E; o ¢ = ¢o D, it is clear that ¢! _¢ is a T4-differential ideal
of A contained in ¢~ '.#. Let # be any T,-differential ideal of A contained in ¢~ 1.7.
Since [ U@(X) is Tg-stable, the ideal {_#, (X)) is Tp-differential. Since it contains _#
and is contained in ., it coincides with _¢, in particular ¢(£) c _¢ thus £ < (p’l g O

Corollary 2.35. Let (A,m) bea local ring, Dy, ..., D, € Dery(A) be a family of derivations
on A andn be the maximal Dy, ..., D, -differential ideal of A. Letﬁ\l, s E\r be the exten-
sions of Dy,..., D, to the completion A andn* be the maximal (5\1, .. .,D\r)—diﬁ’erential
ideal of A. Then we have the relationn = n* 0 A.
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2.36. Maximal differential ideals with respect to regular families, 1. We shall pay par-
ticular attention, now and later in Section 5} to the description and properties of T-
maximal differential ideals in case the family of derivations T is a finite regular family.
Lemma[2.37|below is a basic instance of this situation.

Lemma 2.37. Let A be ring containing Q, p be a prime ideal of A and r be a positive
integer. Then the maximal (0;,,...,0;,)-differential ideal of Al 1, ..., t;] (resp. Allt,..., t]])
contained in (p, t1,...,ty) isplty,..., t] (resp. plity,..., tr11).

Proof. The primeideal p[fy,..., ;] of Alt3,...,¢]1s 0y, ...,0,, -differential and contained
indp, t,..., ). Nowleta € Alfy,..., t;]besuch thata ¢ p[fy,..., t;]. Since @« (mod p[ty,..., t;])
is a non-zero element of (A/p)[#,...,t;] and the latter ring contains Q, there exist

i1,...,ir = 0 such that a@jl)...ag’j)a (mod plt,...,t]) has a non-zero constant term.

Thus 62‘) e 6(ti’) a doesnotbelongto (p, 11,..., ;). Thus the maximal (0y,,...,0;,)-differential
ideal of A1y, ..., t;] contained in (p, fy,..., &) is plfy,..., &l
A strictly analogous argument works for A[[f, ..., t/]]. O

Remark 2.38. Let (D,,...,D;) be a regular family of derivations on a complete local
ring (A, m). Then in general the maximal (Dy,..., D,)-differential ideal p of A does not
coincide, via the isomorphism A = Bl[t1,..., t;]] constructed in the proof of Assertion 1
of Lemmal[2.19} with the maximal (,,...,0;,)-differential ideal q of B[[#y,..., t,]], that s,
the ideal generated by the maximal ideal of B.

Consider e.g., A = k[[x1, X2, x3]], D1 = 0y, and Dy =0y, + X1 - 0,. Then the derivation
IA); (remember the notation in the proof of Lemma on k[[xz, x3]] is Ox,, and q = (x3).
Yet D, x3 = x; thus q is not stable under D;. This shows that p # q.

Lemma 2.39. Let A be a ring containing Q, p be a prime ideal of A, r be a positive integer,
and D;,...,D, be a family of elements of Der(A) that is regular with respect to p. For
0 < s < 1, denote by qs the maximal Dy, ..., Dg-differential ideal of A contained in p.
Then:

(1) One hascodimy;q, p>r.
(2) If Dy,..., D, is moreover normalizable (see Deﬁnition and codimy,q, p=r,
one has codimy,q,p=s forany0 <s<r.

Proof. Localizing and using Lemmal|2.34)and[2.9} one may assume that A is local and
p is its maximal ideal. Let us show the first assertion. Let (x,...,x;) € p such that
det(D;(x))1<i,j<r € p- Replacing the r-tuple of derivations Dy, ..., D, with its product
by the inverse of the matrix (D;(x;)), one may assume that (D;(x;)) is the identity matrix.
Note that q, remains the same by this change of family (however, the q,’s for s < r may
have been modified). Recall that q; is prime (Lemma. Moreover, one has g+ € qs
and for 0 < s < r—1 one has xg41 € g5\ gs+1 since Dgi1X5+1 = 1 and (in case s > 1)
Dsxg+1 =0. The conclusion follows.

As for the second assertion, note that under the given assumptions, the previous
argument shows directly (without having to change the family of derivations) that we
have a chain of proper inclusions of prime ideals q, S q,+1 S-S g0 =p. O

Remark 2.40. In case Ais a complete local ring and Dy, ..., D, is a finite regular family
of derivations that are pairwise commuting, the dimension of the maximal Dy,...,D,-
differential ideal equals r. This follows from Lemmas[2.19]and[2.37] The equality holds
even under the weaker assumption [D;, D;] € Z;C:l A-Dy. Indeed, in this case, by Lemma
m one may assume that A = B[[fy,..., ;]] where (B,mp) is a complete local ring such
that B={a€ A: Dija=---=D,a=0}. Butthen D; = Z;Zl Djtj -Otj and (see the proof of
Assertion 2(a) of Lemma (D;tj) € GL/(A). Thus the maximal Dy, ..., D,-differential
ideal coincides with the maximal 9;,,...,0;, -differential ideal, and one may conclude
with Lemmal2.37]as before.
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In general the inequality in the first assertion of the lemma is strict. Consider again the
example A = k[[x1, X2, x3]], D1 = 0y, and D, = 0y, + X1 - 0x,. Then the maximal (D;, D3)-
differential ideal q is zero. Indeed, by the lemma, its dimension is 2 or 3. If it is 2, then one
must have q = (F) with F € k[[x1, x2, x3]] such that 0, F € (F) and 0, F + x10x, F € (F).
The latter conditions are easily seen to imply F € k, a contradiction. Thus q = {0}.

The latter example also shows that the second assertion fails in general. Indeed, in
this case, setting D3 = dy,, the maximal (D;, D;)-differential ideal coincides with the
maximal Dy, D,, Ds3-differential, both having dimension 3. This shows in particular that
D,, Dy, D3 is not normalizable (see remark.

3. ANALYTICALLY ISOSINGULAR SUBSETS AND ISOSINGULAR LOCI OF ALGEBRAIC VARIETIES

Motivated by our comparison theorems for formal neighborhoods in arc schemes
(IBMCS, BMCn23l) and Chiu and Hauser’s study of isosingular loci of algebraic varieties
over algebraically closed field ([CH22|), in this section, we first introduce the notion of
strongly and weakly analytically isosingular (in short SAI and WAI) closed subsets of an
algebraic variety defined over a perfect field. Then we extend the notion of isosingular
loci, as well as some of their properties, to the case of perfect fields.

The definitions of SAI and WAI are such that any SAI subset is trivially WAI, but later
we will be able to show that both notions coincide (see Corollary. We do not know
whether a similar statement holds in the case of arc schemes (see Question|6.11).

3.1. Preliminaries : notation and technical lemmas. We will say that a finitely gener-
ated field extension K/ k is separable if there exists a finite family {x;} of elements of K
that are algebraically independent over k and such that any element of K is algebraic
over k({x;}) with separable minimal polynomials. An arbitrary extension K/k is said to
be separable if any finitely generated subextension L/k is.

Definition 3.2. Let k be a field and A be a local k-algebra with residue field x(A). A
k-section of (the local k-algebra) A is a section s: xk(A) — A of the quotient morphism
which is a morphism of k-algebras.

Recall that if A is a complete local k-algebra and k' is sub-k-extension of x (4) such
that k'/ k is algebraic separable, all the k-sections of A have the same restriction to k’
(see e.g., [Bou06, Chapitre 9, §3, Proposition 1]). In particular, if x(A)/k is algebraic
separable, there exists a unique k-section of A ; in this case, A will be tacitly assumed to
be equipped with the resulting x (A)-algebra structure. More generally, if A is endowed
with a k’-algebra structure, every k-section of A is automatically a k’-section.

Notation 3.3. If Aisaring, Kis afield and :: K — Ais a morphism, we shall sometimes
denote by AV the ring A equipped with the induced K-algebra structure. This will be
relevant in contexts where several K-algebra structures on A are involved.

Remark 3.4. For any extension K/k, two local K-algebras A and B with residue field
K-isomorphic to K are isomorphic as k-algebras if and only if there exists a k-section s of
B such that the K-algebras A and B are isomorphic. Indeed, if ¢: A — Bis a k-algebra
isomorphism, one may take s = ¢ ot4 wheret4: K — Ais the structural morphism.

For the next lemma, see [Sei73| Lemma, p.29].

Lemma 3.5. Let k be a field, A = k[X;,..., Xn]/# and m be a maximal ideal of A such
that the residue field x(m) of m is an algebraic separable extension of k. Let a; be the
image of X; inx(m). Then the x(m)-algebras Z; andk M)[[ Xy, ..., XN/ {(F(X; + a;)) Feys
are isomorphic.

Corollary 3.6. Let k be a perfect field, k be an algebraic closure of k, X be an algebraic k-
variety, x be a closed point of X, 1: x(x) — k be a k-embedding and x' be the point of X (k)
lying over x induced by 1. Then the k-algebras ﬁXE,xr and O &y x), k are isomorphic.
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Lemma3.7. Let k be a field.

(1) Let A be a complete local Noetherian k-algebra with residue field k-isomorphic
to k, K/ k be an extension and Ag := A8 K. Let s: K — Ak be a k-section of Ag.
Then there exists a k-algebra automorphism ¢ of Ax inducing s: K — s(K).

(2) Let k'l k be an algebraic separable extension of k, A be a complete local Noetherian
k' -algebra with residue field k' -isomorphic to k', K/ k' be an extension and B a K -
algebra such that the K -algebras Ak := A® K and B are isomorphic as k-algebras.
Then Ak and B are isomorphic K -algebras.

Proof. One may write Ag = K[[X3,..., Xnll/{F1,..., F) with Fj € k[[X1, ..., X,]]. Denote
by x; the image of X; in Ag. Consider ¢: K[[X3,..., X;]] = Amapping ). ar-X'to Y s(ap)-
x!. Since sisa morphism of k-algebras, any F € k[[X},..., X;]] is mapped to F(xi,..., Xp).
In particular, for any 1 < i < m one has ¢(F;) = 0, and therefore ¢ factors through an
endomorphism ¢: A — A, mapping ¥ ar-x' to Y s(ay) - x'.

Since for any @ € K one has s(a) — @ € 91, one sees that ¢ induces the identity on
IO, Thus ¢ is a ring automorphism. This show the first assertion.

As for the second assertion, since Ax and B are isomorphic k-algebras and k'/k is
algebraic separable, Ax and B are isomorphic k’-algebras. Thus one reduces to the
case k' = k. Denote by t4,: K — Ag and tg: K — B the structural morphisms. Let
¢: Ax — B be a k-algebra isomorphism. Since ¢! o1p is a k-section of Ag and by the
first assertion, there exists a k-algebra automorphism  of A such that 4, = @~ oup
Then ¢@v: Ax — B is aring isomorphism and (¢y)i4 x = tg. Thus ¢ is a K-algebra
isomorphism between Ag and B. (|

3.8. Strongly and weakly analytically isosingular subsets of an algebraic variety.

Notation 3.9. For any topological space X, one denotes by X the set of its closed
points. Note that in case X is an algebraic variety and Y is a locally closed subset of X,
onehas Y =y n x©,

Definition 3.10. Let k be a perfect field and X be a k-scheme of finite type.

Let x1,x; € X@. One says that x; and x, are geometrically analytically equivalent if
there exist an extension K/k and k-embeddings ¢; : k(x;) — K and t»: x(x2) — K such
that Oy ., & () K™ and Oy, 8x(xn K® are isomorphic K-algebras.

An irreducible closed subset F of X is said to be weakly analytically isosingular (in
short WAI) if there exists a non-empty Zariski open subset U of F such that any x;, x» €
U© are geometrically analytically equivalent. Such an open subset of F is called an
analytical isosingularity (in short AI) open subset of F.

A WAI closed subset F is said to be maximal (in short MWAI) if there does not exist
a WAI closed subset G containing properly F and an Al open subset U of G such that
UNF#Q.

Remark3.11. Let k/k be an algebraic closure of k. Let x1, x, € X¥. Then x; and x; are
geometrically analytically equivalent if and only if there exist k-embeddings ¢, : x (x;) —
k and 12: x(x3) — k such that @@Km)%(m and m@,(m)%(m are isomorphic k-
algebras (see also remarkbelow). Indeed, the “if” is clear. Conversely, let K/k, ¢;, and
12 be as in the definition. Upon extending K, one may assume that K/ k factors through
k/k. Fori=1,2, let U (xp) = k be the induced embedding and 4; := m@,((xi)%(li).
Since A@EK and Az@EK are isomorphic K-algebras, by [Sei69b), Theorem 5], A; and A,
are isomorphic %-algebras.

In particular, if k = k, x, x, € X© are geometrically analytically equivalent if and only
if Ex\xl and m are isomorphic k-algebras.
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Example 3.12. Assume that X is an algebraic k-variety.

Then X itself is a MWAI closed subset of X (we call it the trivial MWAI closed subset)
with maximal Al open subset the set of smooth points of X.

In case X is smooth, X is the only MWAI closed subset of X.

In case X has only isolated singularities, the non-trivial MWAI closed subsets are the
subsets {x} where x is a singular point.

Example 3.13. Assume that char(k) = 0 and X = Spec(k[X1, X,, X31/(X? — X3X3)) (the
Whitney umbrella), whose singular locus is the line L := {X; = X, = 0}. Then the non-
trivial MWAI closed subsets are {(0,0,0)} and L (with maximal Al open subset the comple-
ment of the origin).

Indeed, for any x € L© \ {(0,0,0)} and any embedding :: x(x) — k one has by Lemma
12.9)

Ox a8k = KIIX1, Xo, Xl /{XF — X3 (Xs + @)

where a € k, a #0. Let § € k such that f2 = 0 and /X3 + a the unique element of k[[X3]]
squaring to X3 + a and with constant term . Then the change of coordinates

X1 X X

X=—, Xj=——X3=X
1775 2 Xiva Ol 3
defines an isomorphism
KIX), X Xl - KIXuXell o
(X2-XP(Xz+) (X2—p2-X2) o
Thus @@Km%m isisomorphic to % [[X3]] (in particular x is maximally 1-cylindrical).

On the other hand, if x = (0,0,0),
Ox,x = kl[X1, X2, X311/ (X} — X3 X3)
is not cylindrical (see [BS18, Example 5.12]).

Example 3.14. Assume now that char(k) = p and consider the p-Whitney umbrella
X = Spec(k[X1, X2, X31/({X} — X3X})). Then the only non-trivial MWAI closed subset is
theline L = {X; = X, = 0}. In fact, for any x1, xp € LO it follows from [CH22} Example 2.6]

= (1) ~ =——4 —(t2) .
that Ox,x, ®xxpk g OX x, ®x(x) k % for any choice of i1, 1.

Definition 3.15. Let k be a perfect field and X be a k-scheme of finite type. Let F be an
irreducible closed subset of X and i be its generic point. Then F is said to be strongly
analytically isosingular (in short SAI) if there exists a non-empty Zariski open subset U
of F such that the following holds: there exists a k-section sz of ﬂ such that for any
x € U, there exists a common extension K of x (x) and (1) such that &x_ &, K and

(m(m @K(T,F)K) [[f1,..., taim(p)]] are isomorphic K-algebras.

Remark 3.16. Since k is perfect, by lemma 3.7} one obtains an equivalent notion by

(SF) ~

requiring that @:@KUQK and (m ®xnp K)[1t1,..., taimm 1] be only isomorphic

k-algebras.

The notion of a maximal SAI closed subset is defined similarly to the case of WAI
subsets. The following lemma is a direct consequence of the definitions.

Lemma 3.17. Keep the above notation. If F is SAI then F is WAL

Example 3.18. If X is an algebraic k-variety, any closed subset F meeting the smooth
locus of X is SAI, and X itself is MSAI.

Example 3.19. Let us get back to Example and show that L is SAT (thus MSAI).

Since 1y, corresponds to the prime ideal (Xj, X»), of %, the quotient morphism
17434
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m — x(ny) induces an isomorphism k(X3) = x (1), thus a natural k-section s of
m and one has a k(X3)-algebra isomorphism
) ~ k(X3)[[ X1, Xo]]

(X2-X3X2%)

ﬁXﬂ)L

Thus for any extension K/k(X3) such that X3 is a square in K, one has

() & ~ Klln, Bl
% Orxny K — ———. 3.1
XmL  ®k(Xs) (f1 1) 3.1
Therefore, for any x € L® \ {(0,0,0)} and any extension K of k(X3)[v]/(v? — X3), one has

by Example and for any ¢: x(x) — k an isomorphism

— () ~ ~ =
(Oxny ki KV = Ox 18y K©.

Isomorphism also shows that 7, is differential; this may also be seen as a conse-
quence of [Sei67, Theorem 5], see Example[2.25). Thus for any x € L@ \ {(0,0,0)}, 1 is
the maximal differential generization of x.

Theorem[5.18|and corollary[5.20]below will in particular generalize the observations
in Example[3.19] Namely, they will show that WAI and SAI turns out to be equivalent
notions and give an interpretation of the maximal differential generization of a closed
point x as the generic point of the component through x of its (geometric) isosingular
locus (to be discussed in the next subsection), as well as the generic point of the unique
MWAI closed subset containing x.

3.20. The geometric isosingular locus of a closed point. We want to use the notion of
geometrically analytically equivalent closed points to extend Chiu and Hauser’s notion
of isosingular locus, defined in [CH22] for closed points of an algebraic variety over an
algebraically closed field, to the case where the base field is perfect, keeping in particular
the property that such a locus is the set of closed points of a locally closed subset.

First we have to make some reminders on contact groups and their truncations, which
play a pivotal role in Chiu and Hauser’s argument. See [CH22] for more details and
relevant facts.

Let e be a nonnegative integer, N be a positive integer, and X = (X, ..., Xy) be a set of
indeterminates. Let 7y . be the affine k-space whose L-points, for any extension L/ k, are
in natural correspondence with the set of coefficients of elements of L[[X]] modulo (X)®.

For any positive integer n, let £ 5 . be the associated (truncated) contact group of
order ¢; this is a linear algebraic group over k, that naturally acts on 7/1\’;, o insuch away
that for any extension L/k and any (Fy1,...,F1,5), (F2,1,...,Fo.n) € 7/1\'/l,e(L)’ the L-algebras
LIXN/(F1,1X),..., F1,n X)) + X)¢ and L[[X]]/(F2,1 X), ..., F>,, X)) + (X)¢ are isomorphic if
and only if there exists g € £y, ,,e(L) such that g- (Fy1,...,F1,n) = (F2,1,..., Fo, ).

Let now 7y be the affine k-space whose L-points, for any extension L/ k, are in natural
correspondence with the set of coefficients of elements of L[[X]]. For any n-tuple f =
(f1,---, fn) of elements of k[X], for any k-algebra A and any a € A", set evy(a) := (fi X+
a))1<i<n- This defines a morphism evye: A) — 7.

For fixed N and n, note that (7/1\’,7’ Je (N ne)e are inverse systems such that the action
of £ ne On 7/1\’,’, . is compatible with the transition morphisms. In particular the k-group
scheme Ay p, := lEl JN,n,e ACts ON liLn 7/1\',’& =7n. By [CH22| Lemma 1.5] and Lemma(3.5

this action enjoys the following properties.

Lemma 3.21. (1) LetK be an extension of k. Let f and g be n-tuples of elements of
K[[X]] = "n(K). Then % and % are isomorphic if and only if there exists

K € XNn(K) such thatx-f=g.
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(2) Let f be an n-tuple of elements of k[[X]] and X := Spec(k[X]/{f)). Let x1, x, € X©
such that x (x1) and x (xp) are separable extensions of k. Then for any common
extension K of k (x1) and x (x2) (inducing elements of K" still denoted by x; and
X2), @:@K(XI)K = m@xm)K ifand only if there existsx € £, (K) such that
K~er(x1) = evf(xg).

Remark 3.22. Let t = (t3,...,tz) be a set of indeterminates. Let f1, f> € ¥y (k[[£]]). Assume
that there exists x € £ (k[[£]]) such that x - f; = f>. Then the complete local k-algebras
k[[X, t11/{f1) and k[[X, t]1/(f>) are isomorphic. A similar remark holds for £} ,, for any
positive integer 7.

As pointed out in [CH22, Remark 1.1], the strict extension of the notion of isosingular
locus defined there to the case where the base field is not algebraically closed is not
well-behaved. Here one adopts the following definition, that coincide with the one in
[CH22] in case k = k (see Remark.

Definition 3.23. Let k be a perfect field, X be a k-scheme of finite type and x be a closed
point of X. The (geometric) isosingular locus of x, denoted by Iso(X, x), is the set of
elements x’' € X© such that x and x' are geometrically analytically equivalent.

Using a Galois descent argument, one obtains the following generalization of [CH22|
Proposition 1.9].

Proposition 3.24. Let k be a perfect field, X be a k-scheme of finite type and x a closed
point of X. Then there exists a locally closed subset Y of X such that YO =Is0(X, x).

Proof. We may assume that X = Spec(k[X]/{f)) is affine, where X = (X,..., Xy) and f
is a n-tuple of elements of k[X]. Let {x;.} ic1 be the finite set of those elements of X (%)
lying over x. By [CH22| Corollary 1.8], there exists a positive integer e such that for any
y' € X(k) and any i € I one has @ = ﬁ/X;f if and only if

Ik € A nelk), x-evp(xl) =evp(y). (3.2)

On the other hand, by the definition of Iso(X, x), for any y € X©@ one has yelso(X, x)
if and only if there exists y' € X (k) lying over y and i € I such that holds. Note
that in this case, for any y € Gal(k/k), also holds for y - x; and y - y'. Thus the set
Iso(X, x) (k) of elements of X (k) lying over an element of Iso(X, x) is the pullback by ev ¥
of UiEIJN,n,e(E) . evf(x;.). Since {evf(x;)}iel is the set of elements of 7/]\’,1 (%) lying over
evyr(x), by lemmabelow, the above union of orbits equals Z (k) where Z is a locally
closed subset of 7 . Setting Y := evj:1 (Z), one thus has Iso(X, x) = Y©, O

Remark 3.25. The above argument also shows that x; and x, are geometrically ana-

lytically equivalent if and only if for any k-embedding ¢; : x(x;) — k, one may find a

. - - —(11) = —(12) .
k-embedding t5: x(x2) — k such that Ox x, ®xx)k " and OX %, ®x(x) k * are isomor-

phic k-algebras (see Remark .
However, in general, such an isomorphism will not exist for any choice (11,12) of

such k-embeddings. Indeed, consider e.g., k = R and the celebrated Whitney exam-
k[X1,X0,X3]

X1 X2(X1+X2) (X1 +X3X2))
ideal (X1, X5, X32 + 1), the completions corresponding to the two different R-embeddings
- Cl[X1,X5,X31] Cl[X1,X3,X3]]

Kbn) — Care yem s oith + (67 1%) 204 TG0+ %) 00 + (61X

phic C-algebras by Whitney’s cross-ratio argument.

ple X = Spec( ) For x; = x» the closed point given by the maximal

which are not isomor-

Lemma 3.26. Let k be a perfect field, G be a smooth connected algebraic group over k
acting on an affine k-scheme of finite type X. Let x € X© and {X}}ie1 be the finite set of the
points of X (k) lying over x.

Then there exists a locally closed subset Y of X such that iLeJIG(%) ‘X, = Y (k).
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Proof. Let T = Gal(k/k) be the absolute Galois group of k. Take J c I such that the orbits
{G(E).x;}iq are pairwise disjoint. For i € J, let F; be the closure of G(%).x;. in X(k). In
particular U; =: G(E).x;. is open in F;. Since I' acts transitively on {U;};c;, dim(F;) is
constant. Leti,j e J, i # j. Since F; \ U; is a union of G(E)-orbit, if U; n F; were non
empty, one would have U; c F; \ U;. Since dim(F;) = dim(F;) this is impossible. Thus
UinF;=4.

It follows that % := U;cU; is open and dense in & = U;¢F;. Thus since % is I'-stable,
& is also I'-stable, as well as & \ %. This implies that there exist closed subsets F; and
F, of X such that F; (k) = & and F, (k) = F\U (see e.g., IMill5} Chapter 16]). Therefore
Y := F1 \ F» has the required properties. O

Notation 3.27. Using a notation strictly similar to [CH22], for x € X® one denotes by
X™ the unique locally closed subset of X such that (X™)© =Iso(X, x), and one endows
it with its reduced subscheme structure.

Remark 3.28. The proof of Lemma shows that for a suitable subset {x;} je; of the
set of elements of X (k) lying over x, the underlying topological space of X @ k is the
disjoint union of the locally closed subsets X%xj '

One has the following extensions of [CH22, Lemmas 1.13 & 2.5 & Proposition 1.14].

Lemma 3.29. Let k be a perfect field and X be a k-scheme of finite type.

(1) Let' Y be a k-scheme of finite type, f: X — Y be an étale morphism and x €
XO, Then f~1(Iso(Y, f(x))) = Iso(X, x). Moreover the induced morphism X¥) —
YD s érale.

@) Letxe X, Ifx is r-cylindrical, then dim,(X™) > r.

(3) X™ is smooth over k.

Remark 3.30. By Corollary|2.28|(in case char(k) = 0) and Remarkl4.15|(in case char(k) > 0)
the formulation of the second assertion is indeed equivalent to the one of [CH22, Lemma
2.5].

Proof. If f: X — Y be an étale morphism and x € X¥, then by Proposition Ox.x
and O, f(x)®x(f(x)k (x) are isomorphic « (x)-algebras. That being said, the first and the
second assertions can now be proved exactly as the corresponding statements in [CH22].

For the third assertion, one may reduce to the case k = k (and thus to [CH22, Proposi-
tion 1.14]) using Remark|[3.28] O

Notation 3.31. For any x € X¥, by Assertion 3 of Lemma(3.29} the closure of X in X
has a unique component passing through x. We denote this component by 4 (X, x).

Remark 3.32. By Assertion 2 of Lemma if x is r-cylindrical, then dim(¥% (X, x)) > r.

4. ISOSINGULARITY IMPLIES CYLINDRICITY
Our main goal in this section is to show the following result.

Theorem 4.1. Let k be a perfect field and X be a k-scheme of finite type. Let Z be a locally
closed subset of X such that any x1, x; € Z© are geometrically analytically equivalent.

In case char(k) > 0, assume moreover that k = k and there exist z € Z(k) that is a
smooth point of Z (endowed with its reduced scheme structure), an open affine subset U of
X containing z and an isomorphism U = Spec(k[Xi,..., XN1/{f1,-.., fn)) mapping z to
the origin and such that the orbit map of £, through f = (fi,..., fn) is separable (see
Definition[4.4 below).

Then any x € Z© is dim(Z)-cylindrical.
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Remark 4.2. Taking Z = X and using Lemma as well as Corollary (in case
char(k) = 0) and Remark[4.15 (in case char(k) > 0), the result recovers Theorem B of
[CH22] in case k = k and char(k) = 0, and answers Question C of op.cit..

Remark 4.3. In case char(k) = 0, the proof reduces to the case k = k using Lemma If
Lemma2.26) happened to also hold for separable extensions in positive characteristic
(see Remark|2.27), one could drop the assumption k = k in Theoremin case kisa
perfect field of positive characteristic.

Definition 4.4. Let k be a field, N a positive integers, X = (X},..., Xn) a set of N indeter-
minates. For any positive integer n and n-tuple f = (f1,..., f) of elements of k[X], one
says that the orbit map of the contact group £}, (see Subsection|3.20) through f is

«Z//N,n,e - 7/N,e

K — K'f

The proof of Theorem[4.1]follows the general line of arguments in [CH22], but one uses
a multivariate version of Hasse-Schmidt derivations instead of a mere family of regular
derivations. In this framework, the basic idea is that, under the given assumptions, one
may lift a formal parametrization of a smooth point z of Z along the action of the contact
group, which in turn allows us to construct such a multivariate Hasse-Schmidt derivation
locally at z, showing the claimed cylindricity by a generalization of the Lipman-Nagata-
Zariski simplification lemma involving multivariate Hasse-Schmidt derivations. In the
following, we first state the result allowing us to perform the aforementioned lifting. Then
we state and prove an r-cylindricity criterion (Theorem[4.14) in terms of multivariate
Hasse-Schmidt derivations, before proving Theorem[4.1] At the end of the section, we
explain how very similar arguments allow us to recover a related result of Seidenberg in
the context of algebroid geometry.

separable if for any e large enough the orbit map is separable.

4.5. Wedge-transitivity of alimit of linear algebraic group actions. The following state-
ment is an abstract version of a result used and proved in [CH22| (see Lemma 2.2 & 2.3
and their proofs therein; the same arguments allow us to show Lemma.

Lemma4.6. Letk bea field. Let ({Gp}nen, {71 n}n,nieN, ng ) be an inverse system of linear
algebraic groups over k and ({Vy}nen, (T n}nwen,n<nw}) be an inverse system of affine
algebraic k-varieties. Let G be the affine group scheme over k defined by G := lim G,

and V be the affine k-scheme defined by V :=limV,,. Assume that for any n € N we are

given an algebraic action a,,: G, x V, — V,, of G, over V,, compatible with the transition
morphisms, thus inducing an algebraic actiona: GxV -V

Letx € V(k) and Y be the closure of the orbit G- x, endowed with its reduced subscheme
structure. Let ay: G — Y be the morphism g — g-x. ForneN, let x,, = 1,(x), Y,, be the
closure of the orbit G, - x,,, endowed with its reduced subscheme structure and ay, : G, —
Y, be the morphism g — g - xp,.

Assume that either:

(1) k is of characteristic zero;
(2) or for n large enough G, is smooth and the morphism ay, is separable.

Then the morphism ﬁy\x - m admits a retraction.

Remark 4.7. Let t = (#,...,t;) be a r-tuple of indeterminates. For any k-scheme of
finite type X, an element w of X (k[[#]]) is usually called an (r)-wedge (an arc in case
r =1; see also Subsection. Its origin is the element of X (k) obtained from w by the
specialization #; = --- = £, = 0. Thus a straightforward consequence of the above lemma
may be stated as follows: any r-wedge y € Y (k[[£]]) with origin x may be lifted to a wedge
Y € G(k[[t]]) with origin 15; hence the title of the section.
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4.8. Hasse-Schmidt multivariate derivations and cylindricity in arbitrary character-
istic. As already pointed out, the proof of Theorem[4.1]relies in particular on a version
of Lemma2.19|valid in any characteristic and involving a multivariate version of the
notion of Hasse-Schmidt derivation. The latter (which corresponds to the case r =1 in
the definition below) is by now very classical, whereas as far as we know, the multivariate
version has not been much studied so far in the literature (see [HK16, NM18]).

Definition 4.9. Let A be aring and r be a positive integer. A Hasse-Schmidt r -derivation
on Ais amorphism D: A— Al[fy,..., t;]] (where f1,..., t, are indeterminates) such that
for any a € A, D(a@)y=..=1,—0 = a. We denote by HS,(A) the set of Hasse-Schmidt r-
derivations on A. If k is a field and A is a k-algebra, we denote by HS; ;. (A) the set of
Hasse-Schmidt r-derivations on A that are morphisms of k-algebras.

In case (A, 4) is alocal ring, an element D =1da + X1 <<, Di - ti +... of HS;(A) is
said to be regular if there exist elements x, ..., x, € M4 such that

det(Djxi) ¢ M 4.

Remark4.10. If D =1da+X1<;<, Di-ti+... isan element of HS, (A) (resp. HS;,(A)) then
the D;’s are elements of Der(A) (resp. Der(A)) and the Hasse-Schmidt r-derivation D is
regular if and only if Dy,..., D, is a regular tuple in the sense of Definition[2.2] Moreover,
if x1,..., X, € M4 are such that det(D;x;) ¢ M4, then there exists D=Ida+Y;<;<, Di -
ti+--- € HS;(A) such that (137 x;) is the identity matrix: just compose D on the target with
the inverse of the A-automorphism of A[[1, ..., #;]] mapping ¢; to D(x;) — x;.

Example4.11. In case Aisacompletelocal ring, setting ¢ = (f3,..., t;) and u = (uy,..., u,),
the morphism A[[u]] — A[[u, t]] mapping F(u) to F(u + t) is a regular Hasse-Schmidt
r-derivation on A[[u]], which is moreover an element of HS, ;. (A) in case k is a field and
Ais a k-algebra.

Example4.12. Let A be aring containing Q and Dy, ..., D, be a tuple of derivations on A.
Then the map 2 =9p,,..p,: A— Allty,..., t;]] defined by

2@= )

ioment  Thigi<rij! 1<j<r]

(D' ... DI") (@)

£

is a Hasse-Schmidt r-derivation on A, called the formal flow associated with the tuple
Dy,...,D;. Indeed, additivity is clear and for i e N” and a, b € A, one has by the Leibniz

rule
ip!

(D™ ... DIy ab)= DI ... DUV Y D apPp)

16..]
ar,preN ar.ﬁr.

ar+Pr=ir
thus by induction
(D(ll) “.D(lr))(ab) 1
= ————— 0" ...D) @D ...D) b
i!...i,! a'ﬁeNral....ar.ﬁl....ﬁr.

a+p=i
which shows that 2(ab) = 2(a)2 (b).
Note that in case the derivations Dy, ..., D, do not pairwise commute, the associated
formal flow will depend on the chosen ordering of the r derivations.

Remark 4.13. Let A be aring. An ideal .# of A is said to be HS-differential if for any
Hasse-Schmidt derivation D = 3> D; - t/ on A and any j, one has D; ¥ c.#. If this
holds, then it also holds for v/-# (see e.g., [Tra00, Corollary 2.3]). The version of Lemma
[2.30|where differentiality is replaced by HS-differentiality holds in any characteristic. In
the Noetherian case, this is a consequence of [BK72, Theorem 1], where it is observed
that for any Hasse-Schmidt derivation D on A, the extension ¢p: A[[t]] — A[[¢]] of D to
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Al[#]] mapping ¢ to t is an automorphism. The same observation also allows to adapt
the argument of the proof of Lemma to this context.

Here is a generalization in arbitrary characteristic of the Lipman-Nagata-Zariski sim-
plification lemma, using the notion of regular Hasse-Schmidt r-derivation. Such a
generalization is well-known in the case r = 1 (see [BK72|Kua74} Ish76,BS19]).

Theorem 4.14. Let (A, m) be a complete local ring.
Then A is r-cylindrical if and only if there exists a regular Hasse-Schmidt r -derivation
on A.

More precisely, assume that there exists a Hasse-Schmidt r -derivation

D=Ids+ Y Dj-ti+.... A= Alln,..., 1]
1<igr
onAandx,...,x €m such thatdet(D;x;) € A*.
Then there exists a complete local ring B and an isomorphism of complete local rings
¢: Blluy,...,urll = A mapping u; to x;.

Remark 4.15. By Example[4.11} if A is moreover a k-algebra which is r-cylindrical over k,
then there exists a regular element of HS; ;. (A).

On the other hand, in case there exists a regular element of HS, (A), and keeping the
notation of the statement of the theorem, the quotient morphism A — A/ A-x; induces
an isomorphism B = A/Y. A-x;. Therefore, going back to the case where A is a k-algebra,
B is a sub k-algebra of A and ¢ is an isomorphism of k-algebras.

Proof. By Example[4.11} we only have to show that if there exists a regular Hasse-Schmidt
r-derivation on A then A is r-cylindrical.

Let D=1da+X1<igr Di- ti +... be aregular Hasse-Schmidt r-derivation on A and let
X1,..., Xr € msuch that the matrix (D, x;) is the identity matrix (see Remark@

Consider the ring morphism 6: A — A obtained by composing D with the evaluations
t) =—Xxy,...,tr = —x;. Clearly xy, ..., x; € Ker(@). On the other hand, by the very definition
of 0, for any a, one has 6(a) —a € Y  A- x;. One infers that Ker(f) =) A-x; and A =
Ker(0) + Im(6). Morevoer, since 6(a) — a € Ker(0) for any a, one has Ker(6) nIm(6) = {0}.

Thus, setting B = Im(0), the quotient map A— A/} A-x; induces an isomorphism
B> A/Y A-x; and one has A= B+ Y A-x;. Thus the morphism of complete local rings
¢: Blluy,...,u;]] = Ainducing the identity on B and mapping u; to x; is onto.

Moreover, for any homogeneous element F; € Bluy,...,u,] of degree d, one has
QFy) e (X A.xi)d. Therefore, in order to show that ¢ is injective, it suffices to show
the following: let F; € Blu,, ..., u,] be an homogeneous element of degree d such that
pFe® A.x))%: then F; = 0.

But since D(x;) = x; + t; for 1 <i < r,onehasin A[[f,..., t;]] the relation

DIO. Ax)™ ety .t (21, x0).
On the other hand, for any F € B[[uy, ..., u,]], one has
D@(F)=F(t1,...,t;) (mod (xy,...,xr)).
Hence if ¢(F,) € (X A.x;)%*!, one has

Fd(tlr---y tr) € <t11~--) tr>d+1 + <x1)---)xl">-
In particular, all the coefficients of F;(f1,...,t) liein BNn) A.x; = {0}, and F; = 0. U
Corollary 4.16. Corollay[2.28also holds in case char(k) > 0.

Proof. 1f (A,m,) is any Noetherian local k-algebra and D =1d 3 + Zlgjgr Dj-tj+...isa
regular element of HS; ;. (A), by continuity of the derivations D;’s, there exist elements
X1,...,Xr € my that det(D;(x;)) ¢ m4. One may now conclude as in the proof of Corollary

2.28 O
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Example 4.17. Let k be a field of characteristic p > 0, s a transcendental element over

kand A = W; note that A is isomorphic to the formal neighborhood of the
17>

generic point of the singular locus of the Witney p-umbrella (see Example[3.14). Then
for any extension K/k containing a p-th root of s, a linear change of variables shows that
A8y K is isomorphic to K[[ X1, X211/ (le y and is thus 1-cylindrical.

Yet Aitselfis not 1-cylindrical. In fact, denoting by m 4 the maximal ideal of A, let us
show the stronger statement that for any Hasse-Schmidt derivation D: A — A[[¢]], one
has Dm s c myl[f]]. Let x1, x» be the images of X;,X, in Aand n: A — k(s)[[f]] be the
composition of D with the morphism A[[#]] — A/ 4[[#]] of coefficientwise reduction.
Set x;(s,t) = m(x;). Since x1(s, )P = s- x2(s, )P, either x;(s, 1) = x2(s,t) = 0 (and then
our statement is proved) or ord;(x; (s, £)) = ord;(x2(s, t)) =: n. In the latter case, write
X (s, 1) = x; n(8)- t" +... where x; ,,(5) € k(s)*. Then in k(s) one has the relation x;,,(s)” =
- X2,,(s)P which is impossible.

4.18. Proof of Theorem[4.1} One may assume that X is affine, say X = Spec(k[X1,..., Xn1/{fi,..., fa)).
Moreover, in case char(k) = 0, we shall reduce to the case where k = k. Let X' := X ® k%,

Z':=Z & k,and x' € Z' (k). Then x’ induces an element xx of X(K) contained in Z(K)

(for a certain finite algebraic extension K/k) and an element x € X contained in Z.

Denote by a; the image of X; in K by x}é: kX1/{f1,..., fn) — K. Then by [Sei73, Lemma,

p-29], one has

Ox x8x(n k= KX/ (X + @i jcn = O o
Thus by Lemma one may assume that k = kin case char(k) =0.
We moreover may assume that the origin o of AIkV lies on Z and is a smooth point of

Z (equipped with its reduced scheme structure), and, in case char(k) > 0, that the orbit
map of £, through f = (fi,..., fu) is separable.

Letd = dim(Z), t = (11,..., 1) a d-tuple of indeterminates and x(#) = (x; (£))1<i<N €
«e) - k(DY be a formal parametrization of Z at the origin, corresponding to a choice of
étale coordinates z1, ..., z; of Z at the origin inducing an isomorphism k[[£]] — E—’Z\a In
particular, denoting by p*: 0x(X) — k[[#]] the corresponding morphism, one has

det(d;, p*(zj)) € k[[£]]". (4.1)

Let Y < (#y)" be the closure of the orbit £y - f. By assumption and Lemma the
set evy(Z(k)) is contained in Y, thus, since k is algebraically closed, ev¢(Z) is contained
in Y. Therefore the element w € (¥x)" (k[[£]]) defined by the composition of

&5 Oz,0— O f

with the chosen isomorphism k[[#]] = 5;0 is an element of Y (k[[#]]). Note that w
corresponds to the element of (¥x)" (k[[¢]]) defined by f(X+ x(1)).

Thus, applying Lemmaf4.6|(and Remark[4.7) one obtains the existence of i € #y, , (k[[£]]))
such that the element of £, (k) induced by mapping ¢ to 0is 1z, , and

FX+x(0)=w- fX).

That means that there exists a n x n matrix A(#) with coefficient in k[[X, #]] and such that
A(t) = I, (mod (t) - k[[X, £]]) and a N-tuple ¢(#) of elements of (X) - k[[X, #]] such that
@) =0 (mod (t)- k[[X, t]]) satisfying

A fX+x@®)+@@®) = fX)
Multiplying by the adjugate matrix A(£)2d of A(t) yields
FX+x(0 +@(®) =det(A() - A FX) (4.2)
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Now consider the following Hasse-Schmidt d-derivation on k[[X]]:
D: g— gX+x(8) +(1).

By (4.2), for 1 < i < n, one has D(f;) € {f) - k[[X, t]]. Thus D defines a Hasse-Schmidt
d-derivation on k[[X]1/{f).
By the Taylor formula and since ¢(#) € (X) - k[[X, 1], one has

D(g) =p*(g) (mod X)- kX, £]]).
Therefore shows that
det(atjD(Zj)) ek + (X, ty- k[[X, £]].

Thus D is a regular Hasse-Schmidt d-derivation of k[[X]]/{f). By Theorem[4.14] we are
done.

4.19. Isosingularity and cylindricity in an algebroid context. It is interesting to note
that the wedge-transitivity of the action of the contact group allows to easily recover
the main result of [Sei69al, that is another instance of a situation where isosingularity
implies cylindricity (see also [HM89, Remark (b), p. 834]). More precisely, Theorem[4.20]
below for r = d recovers [Sei69a, Theorem 3]. Geometrically, it could be interpreted as
follows: let X be an algebroid variety and 7: X — W x W' be a morphism to a product of
formal disks of respective dimension r and d — r, admitting a section ; if the generic fiber
over W' is geometrically analytically equivalent to the special fiber, then X is isomorphic
to the product of the special fiber with W. For the sake of simplicity, we assume that
the base field has characteristic zero but a suitable extra separability assumption on the
action of the contact group would allow to also deal with the positive characteristic case.

Theorem 4.20. Let k be a field of characteristic zero. Let (A,m,) be a complete local
Noetherian k-algebra with residue field k-isomorphic to k. Letn be a prime ideal of A such
that Aln is smooth of dimension d, and ay, ..., ag a system of regular parameters atn; in
other words, the morphism of complete local k-algebras k[[t1, ..., t;]] — A mapping t; to
a; induces an isomorphism k((t1,...,t4]] — Aln. Note that this defines an isomorphism
k((t1,..., t3)) — kn and a section s of xy,.

Assume that there exists an extension K of k((ty,...,t3)) such that the K-algebras
Allay, ..., a;Y8 K and Ay l{ay - s(ay), ..., ar — s(ar))®, K are isomorphic.

A

Then A is r-cylindrical, more precisely A is isomorphic to ey - trll.

Proof. One may write A = k[[X,Y]]/.# X = (X3,...,Xn), Y = (Y1,...,Y;), in such a way
that there exists an isomorphism A/n Sklln,..., 4]l mapping a; to ¢; and such that for
1<i<ronehasa; =Y; (mod .#). The assumption is then translated as: the complete
local K-algebras

KI[X]] KI{[X]]
————— and
<f(xy0)>f€u¢ (f(x""x(t)r tl;;tr»feﬂ
are isomorphic. One may now apply Proposition below in order to conclude. [

Proposition 4.21. Let k be a field of characteristic zero. Let N, r, d be positive integers,
X=(0X,...,XN), Y =(11,...,Y;) beindeterminates, and .¢ be a proper ideal of k[[X, Y]].
Lett=(ty,...,tg), x(t) € (&) - k[[])N and y(t) € (t) - k[[t]])” such that

Vfed, fx(@®),y®)=0.

Assume that there exists an extension K of k((t)) such that the K -algebras % and
K[[X]] : :
TE+x(0),y(0) ey W€ 1SOMOTP hic.
Then:
k[[X,8]] k[1X,t]] ; ;
(1) The k-algebras TEO) ey and TE (0,200 o7 are isomorphic.
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(2) Assuming moreover that det(0y,y;(£)1<;,j<r € k[[£11*, the k-algebra KIX. YN

7
isomorphic to —U&[fgg}w (lf1,..., &1

Proof. One uses in particular the notation introduced in Subsection|3.20

Write . = (fi,..., fn) and let w = w(t) be the element of 7 (k[[£]]))" corresponding
to

(filX+x(@®), yOi<ign-

In particular w(0) € (¥4 (k))" corresponds to f;(X,0))1<;<n- Denote by Z the closure of
the £+ ,-orbit of w(0) in 7/1\’,’ .- The assumptions imply that there exists g € £n+r,,(K)
such that g- w(0) = w, where w is seen as an element of ¥ (k((£)))" < V4, (K)". Thus
the generic point of w, that is to say, the schematic point defined by w € ¥y (k((£)))",
lies in Z, hence w € Z(k[[t]]).

By Lemmal4.6and Remark[4.7} there exists g € £ (k[[#]]) such that §-y(0) =y. By
Remark[3.22] this gives the first assertion.

As for the second assertion, the assumption implies that

X—X+x(t), ti—zi®),1<i<r), t—tr+1<i<d

is an automorphism of k[[X, £]], hence the following isomorphism:

k(X t]] ~ kX, Y, tr1,...,14]] _ KIX, Y]]
- = Utre1,..., tall.
(X +x(),y®) fes 54 g
By the first assertion and the cancellation Theorem for complete local Noetherian k-
algebras ([Ham?75]; see Remark[2.18), one gets the result. O

5. CYLINDRICITY IMPLIES ISOSINGULARITY

In this section we show the different assertions of TheoremI.1} using in particular the
properties of the isosingular loci discussed in the two previous sections, as well as the
results of Section[2] Key ingredients include Artin’s characterization of isomorphic formal
neighborhoods in terms of étale neighborhoods and a study of maximal differential
ideals with respect to a regular tuple of derivations. A key step is to show that the closure
of the associated schematic point is a SAI subset of the expected dimension (hence the
name of the section).

5.1. Etaleness and completions.

Proposition 5.2. Let f: (R,Mg) — (S,Ms) be a local morphism of Noetherian local rings.
Choose a section o : kg — R of R and assume that o extends to a section of S.
Then the following are equivalent:
(1) SisR-flatandMp-S=Ms.
(2) themap R®y,xs— S sendingr®a too () f(r) is an isomorphism of x s -algebras.

Remark 5.3. By [Bou06} Chapitre 9, §3, Proposition 1], the assumption that a section of
R extends to a section of S holds as soon as x5/x is separable.

Remark5.4. Inparticular R — Sis étale if and only if 2) holds and x g/« p is finite separable.
The latter result is stated as an exercise in [Har77, III, exer. 10.4].

Proof. Note that for any n > 1, one may use o to endow % (resp. %) with a structure
of xp-algebra (resp. kg-algebra). For n = 1, this structure is nothing but the canonical
structure of kg = R/9r-algebra on R/ and ditto for S.

Also note that for any n > 1, any r € 9} and any a = r’ (mod 91z) € kg, one has
r'r=o(a)r (mod DT(I"?“). Thus the natural exact sequence

mg lR,n R nR,n R

00— —_ 5
n+1 n+1 n
mn mn mn

—0
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is an exact sequence of k g-vector spaces, and ditto for S.
For any n > 1, denote by g, the group morphism % ®xpKs — % such that
gn(r (mod Z)J?f?“) ®s (mod M) = f(r)s (mod zmg’“)
and by p;, the group morphism mig ®xpKs — imig such that
pa(r (mod My ®P) = f(ro(B) (mod My).

Then g, (resp. p,) is a morphism of x s-vector spaces (resp. ks-algebras) and one has a
commutative diagram of x g-vector spaces:

0 Dﬁg LR,n®xgKs TRn®xRKs 0
— ot ®xg Ks T ®xp KS i Oxp Ks —
M+ R R R My “KR
llh Lpn-ﬁ—l lpn
0 mg LS,n S S,n S 0
1 T T
e mu my

Now assume Mg - S = Mg and S is R-flat. Since My - S = M, p; is an isomorphism.
Moreover, since Mg - S =M, S is R-flat and using [Mat86, Theorem 22.3], one gets that
gr is an isomorphism for any n. Thus by induction p, is an isomorphism for any n.
Therefore

R®;, xg=lim ——
R P m;z;l

Conversely, if ﬁ@KRKS — S'is an isomorphism, then p,, is an isomorphism for any
n > 1, thus also g,,. Since p; is an isomorphism, one has 91z - S = M. Now the fact that
gr is an isomorphism for any n and [Mat86, Theorem 22.3] show that S is R-flat. O

Lemma 5.5. Let (R,9g, k) be a Noetherian local ring, (S,MMs,xs) be the localization
of R[t1,...,t;] at the ideal Mg(ty,...,tr], f: R — S be the composition of the canonical
injection R — RI[ty,..., t;] with the localization, and f: R — § be the induced morphism.
The following assertions are true:
(a) The natural morphism R(ty,...,t;] = Kglh,..., t;] induces an isomorphism«g =
Kr(t,..., 6.
(b) Choose a sectiono : kg — R. Leta' :xg(ty,...,t;) — S be the section that extends
o canonically. Then the map

R&® kp(t1, .., t;) =S
sendingr ® a to o’ (a) -]?(r) is an isomorphism of xg(t1, ..., t;) -algebras.
Proof. By the exactness of the localization functor, the morphism of the statement in-

duces the following isomorphisms:
R[ty,..., t]

(SﬁR[tl,..., tr]

We now prove part (b). Since R[fy,..., t;] is a free R-module, R — R[#,...,t,] is flat.

Since any localization morphism is flat, f is also flat, and the result follows from Proposi-
tion O

) ;(KR[II)---)ZLI‘])w);KR(II)---vtI‘)-
0)

5.6. Maximal differential ideals with respect to regular families, 2.

Proposition 5.7. Let k be a field of characteristic 0 and X be a k-scheme of finite type. Let
r be a positive integer and x € X be an r-cylindrical point. Then, there exists a regular
family of pairwise commuting derivations D, ...,D, € Derk(@;) such that, denoting by
p* the maximal (D, ..., D;)-differential ideal ofﬁx\,x, and settingp :=p* N Ox x:

(1) Onehasdim(Ox /p) =r.
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(2) Letn € X be the schematic point corresponding top. Then, there exist a k-section sy
of Ox x and a common extension K of k() and x (x) such that for any k-section s

——(sp)

Of@, the complete local K -algebras ﬁx\,x(w K and (ﬁx,77 B K l11,..., 1r]]
are isomorphic as k-algebras.

Example5.8. For an arbitrary regular family of pairwise commuting derivations Dy, ..., D, €
Derk(@;), one always has dim(ﬁ;{;/ p*)=rby Lemma However, in general, one
may have dim(0x x/p) > r, even in case r = 1 and D is the extension of an element of
Der(Ox x), as the following example (taken from [Sin83} Example 2.10], but with a dif-
ferent argument) shows. Consider the derivation D on k[[f;, t2]] defined by D(#;) =1 and
D(ty) = 1+ t,. Since D(#; —In(1 + £2)) = 0, one has p* = (#; —In(1 + f»)), whose intersection
with k[f1, ©2](s,,1,) is the zero ideal.

Proof. Since x € X is r-cylindrical, then corollary ensures the existence of an affine
k-scheme of finite type Y, a point y € Y and an isomorphism of k-algebras

Oxx— ﬁYxkA]’C,(y,O] = Oyyllt,..., t]l.

Set (Z,z):= (Y x; A7, (y,0)). By [Art69} Corollary 2.6], there exists a k-scheme of finite
type W and w € W and a diagram

ﬁw,w
2
ﬁX,x ﬁZz

where 67 and 0x are étale morphisms of local k-algebras, inducing isomorphisms of
k-algebras

9)(2 ﬁX,x:’ﬁW,w and QZ:ﬁZ,z;ﬁW,w-

For the sake of simplicity, we hereby identify 5;6 and 5}\2 = ﬁ;,\y[[tl, .., 511 with
m := A via these isomorphisms, and view Ox x, 0z , and O, as subrings of A.
For 1 <i <, let D; € Deri(A) be the extension of the the partial derivative d;, on
ﬁy,y[tl,..., t;]; note that the D;’s are pairwise commuting. Let p* be the maximal
Dy,...,D,-differential ideal of A, p:=p* N Ox x, pz:=p*" N Oz and pw :=p* N Ow, . In
particular, 63! (pw) = p and 0! (pw) = pz. We deduce that dim(O /p) = dim(Ow,w/pw) =
dim(0z,;/pz), because Ox and 6 7 are étale morphisms.

Then, for the first part, we only have to show that dim(0z ;/pz) = r. Recall that
(Z,2) = (Y x kA]rc, (3,0)). Let py, be the maximal ideal of Oy, ,. Then 0, is the localization
of Oy, lt1,..., t;] at the maximal ideal p), +(t1,..., ;). From Lemma we deduce that
the maximal (4, ...,0;,)-differential ideal of 0 ;, namely p 7 by Corollary coincides
with py[#1,..., &]. Thus

Oz: Ovylti,.. trlp ity
qZ py[tlru-) tr]

and this proves that dim(0’z ;/qz) equals r, the dimension of the latter ring.

Let us now prove the second assertion. We denote by nw,nx,nz and x(nw),x(nx),x(12)
respectively the points of W, X, Z corresponding to the prime ideals qw, qx,qz and their
residue fields. Note thatny = 7.

Letsy:x(y) — ﬁy\y be an arbitrary k-section. Via the inclusion Ey\y c Ey\y [[ty..., ] =
ﬁ)a it may be extended to a k-section sy : x(x) =k (y) — ﬁ;a



24 DAVID BOURQUI AND MARIO MORAN CANON

We identify k (1) z) with x(y)(#1,..., t,) via the isomorphism of Lemmal5.5/and consider

the k-section s, :x(y)(f1,..., &) — ﬁZ,nz that extends sy, canonically. The same lemma
then provides an isomorphism of x (y) (3, ..., t;)-algebras

———(Sp,) ~ 5—(5)) &

Orny "2 5 Oy " Bk (L., 1), 5.1)

We now choose an arbitrary k-section s;, of m The étale morphism 6 induces
an étale morphism & Xnx — ﬁWﬂ]W' thus the extension x (nw)/x(nx) is finite separable.

Then, by Remark Spy extends to a section sy : kK (nw) — m An analogous reason-

ing with 07 shows that s;,, extends to a section s; : K (nw) — m . Hence, Proposition
[.2]provides isomorphisms of complete local  (17)-algebras

(s1) ~ (Snx) =~ ——(s2) ~

PPN
ﬁWvTIW - Ox nx ®K(TIX)K(77W) and ﬁWﬂ)w -0z 772 ®K(ﬂz)K(nW)- (5.2)

On the one hand, from we deduce an isomorphism of x (ny)-algebras

Oty oy 11160 = (ﬁx )®K(,,X)K(nw)) (t1..., t:]). (5.3)

On the other hand, combining and we obtain an isomorphism of x (ny)-
algebras

(s2) ~ Sy) A
—'ﬁYy kK Mw),

that induces an isomorphism of x (ny)-algebras

ﬁWJ] w

I Lo (7t ) ()} (5.4)

Via our previous identification @[[tl, o tll= 5;5 and choice of section sy, the RHS
of the previous isomorphism is nothing but @(S’C%K(X)K(nw). Finally, comparing
with (5.3), we deduce that the complete local x (y)-algebras ﬁ;;(sx%,(mk(nw) and

(m (S @K(UX)K(nw)) [[t;..., t;]] are isomorphic as k-algebras (see Remark|3.4), which
proves the second assertion for any common extension K of x () and x(x). (]

Remark 5.9. In Proposition[5.7} if the point x is assumed to be closed, then the field
extension x(x)/k is finite. Since x(nw)/«x(n) is also finite, we may choose K such that
K/x(n) is a finite field extension (take, e.g., , a compositum over k of x (x) and x (nw)). .

Corollary 5.10. Let k be a field of characteristic zero, X be a k-scheme of finite type, and
x € X be a maximally r -cylindrical point. Let p, be the maximal differential ideal of O
andny € X be its corresponding schematic point. Then

(1) onehasdim(Ox x/px) =71;
(2) for any regular r-tuple Dy,...,D, of derivations on Ox y, py is the maximal
Dy, ..., D, -differential ideal of Ox y;

(3) There exist a k-section sy of@: and a common extension K ofK(x) andxMy),

(8x) ~ nx) A

such that, for any k-section s;,, ofﬁ/’x—m\x, Ox x ®K(X)Kand(ﬁx ,,x ®K(,7X)K)[[t1, 1]

are isomorphic k-algebras.

Proof. Consider a family of derivations as in Proposition[5.7]and keep the notation of the
statement of the proposition.
First, note that p is differential. If that were not the case, by the last assertion of

Proposition (5.7, O, x(SX)®K(x)K would be (r + 1)-cylindrical. By Lemma 6l Ox x,x would
also be (r + 1)-cylindrical, a contradiction.

Now consider a regular r-tuple Dy, ..., D, of derivations on O and p’ € Spec(Ox )
the maximal Dy, ..., D-differential ideal of O . Since p is differential, one has p < p’.
On the other hand, by Lemmaone has dim(0x /p') > r. Since dim(Oy . /p) = r by
the first assertion of Proposition one has p’ =p.
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Finally, consider p, the maximal differential ideal of O . Since p is differential,
one has p < py. Since py is Dy, ..., D,-differential, one has p, < p’. Hence p = p, and
Proposition[5.7]again allows to conclude. O

Corollary 5.11. Let k be a field of characteristic zero, X be a k-scheme of finite type, and
x € X be a maximally r-cylindrical point. For any s < r and any regular family D, ..., D;
of derivations on O, if we denote by py s the maximal Dy, ..., Ds-differential ideal of
Ox, x, thenone has s <dim(Ox x/pys) < T.

Proof. The first inequality is given by Lemma As for the second one, let p be the
maximal differential ideal of Ox . In particular, it is Dy, ..., Ds-differential, then p, < py ;.
Thus dim (O, x/px,s) < dim(Cx, x/px), and by Corollary[5.10|gives dim(Ox, x/px) =r. O

Lemma 5.12. Let k be a field of characteristic zero and X be a k-scheme of finite type.
Then the set of r-cylindrical points of X© is open in X©.

Notation 5.13. We shall denote by X,y » the unique open subset of X such that Xcy N
X© is the set of r-cylindrical points of X©.

Proof. Let x € X9 be an r-cylindrical point and Dy, ..., D, be a regular family of deriva-
tions on Oy x. Up to replacing X by an open affine subset containing x, one may assume
that D; is the extension of D; € Der (I'(X)), for every 1 < i < r. Let m, be the maximal
ideal of I'(X) corresponding to x, fi,..., f; € my such that det(D; f}) ¢ my and Uy be the
open subset of X defined by {det(D; (fi)) # 0}. Let us show that any point in X eU,nXx®
is r-cylindrical.

Let K = x(x). Since x’ is a closed point and char(k) = 0, K is a finite separable
extension of k. Let us choose K c m a coefficient field containing k. Forany 1 <i <,
ﬁ\i induces an element E; of Dery (K, m). Since K/ k is a finite separable extension and
E; (k) = {0}, by [Mat86, Theorem 5.23], one also has E; (K) = {0}. Thus D; € Derg (Ox ¢).
Let 7. m — K be the canonical quotient morphism. Then, forany 1<i,j<r,
gj:=fj—my(fj) emyx y and ﬁi(gj) = E\i(fj). Since x’ € Uy, one has det(f)\,'(gj)) ¢EMy .
Thus x' is r-cylindrical.

We conclude by taking Xcyi,» = Uy Uy, where x € X© is an r-cylindrical point. O

Notation 5.14. If X is a scheme and x € X is a schematic point, one denotes by dimy (x)
the dimension of the closure of x in X.

Corollary 5.15. Let k be a field of characteristic zero, and X be a k-scheme of finite
type. Let x € X be a closed point that is maximally r-cylindrical, n be the maximal
differential generization of x, and F be the Zariski closure of in X. Let U := FN Xy,
(see Nomtion. For any x' € U, there exist a k-section sy ofm and K/x(n) a finite
field extension that is a common extension of x (x) and x (x'), such that 5)(\,;@1« oK and
(mw) Sxn K11, ..., taimy (x)]] are isomorphic K -algebras.

In particular (taking x' =), F is SAL Moreover, U is the maximal Al open subset of F.

Proof. Let x' € U. First assume that x’ is closed (in particular r-cylindrical). Since x' € F,
7 is a differential generization of x’. On the other hand, since x is closed and by Corollary
one has dimy (1) = r. Let )’ be the maximal differential generization of x". Then 7 is
a generization of ', but on the other hand, since x’ is r-cylindrical, by Lernma one
has dimy (n’) > r = dimx () thus ' = 17 and 7 is the maximal differential generization
of x. By Corollary[5.10jand Lemma|3.7] x’ is maximally r-cylindrical, and there exists
a common extension K of x(n), x(x) and x(x') such that K/x () is finite (see Remark
that also applies when taking the compositum over k of K as in Corollary[5.10[and
x(x"), because x(x')/ k is finite) and, for any k-section sy of EX\,U, both the K-algebras

A~ —x . . ——(sp) ~
Ox,x®xx K and Ox »®, (K are isomorphic to (O, K ®xmKlln,..., 1], hence the
result follows.
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Now take any x’ € U. Pick a closed point x” € U that lies in the closure of x’. By the
previous argument 7 is the maximal differential generization of x”, hence also of x'.
Assume x' is maximally s-cylindrical, then Corollaryn ensures that drm(ﬁ X' Pn) = S.
Then s = dim(0x,  /py) = dim(Ox x/pn) —dim(x') = dim(n) — dim(x'). By Corollary-
there exist a k-section s, of ﬁx, » and a common extension K of x (1), x(x') and x(x")
such that K/x(n) is finite (Remark applies again) and, for any k-section s; of EX\,TI,
there exist k-algebras isomorphisms

Sp) A
ﬁX x”®1<(x”)K_) (ﬁxn @K(n)K)[[tly ol
and

Sp) A
ﬁxx . ®K(x’)K_’ (ﬁXn ®K(n)K)[[tlv tdimx(n)—dimx(x’)]]'

Therefore, since dimy(n) =r, ﬁx xu®,<(xu)K and (O, v Oy’ /)®K(XI)K)[[t1, » tdimy (x)]] are

isomorphic k-algebras. By Lemma(3.7] they are also isomorphic K-algebras. The previ-
ously discussed particular case allows to conclude.

Let us show that U is the maximal Al open subset of F. By the very definition of U,
any element x’ of (F\O) \U) n X@ is not r-cylindrical. In particular, by Lemma! for any
extension K/x(x"), ﬁX 8y (x) K is not r-cylindrical, thus not isomorphic to Ox 8 K.
This shows that U is the maximal Al open subset of F. ([

Corollary 5.16. We keep the hypotheses and notation in Corollary[5.15 and assume
moreover that the field k is algebraically closed, in particular x € X(k). Then for any
x' € U(k), the k-algebras Ox x and Ox v are isomorphic.

Proof. Corollary ensures that there exists an extension K of k such that Oy , X x®kK
and Oy 8K are isomorphic K-algebras. Since k is algebraically closed, by [Sei69b],
Ox y and Oy x are isomorphic k-algebras. O

5.17. Application to the geometric isosingular locus.

Theorem 5.18. Let k be a field of characteristic zero and X be a k-scheme of finite type. Let
x € X be a maximally r-cylindrical point. Then dim(¥4 (X, x)) = r (see Nomtion.
Moreover, for any irreducible closed subset F of X, the following are equivalent:
(i) There exists x € X© such that F = 9(X, x).
(ii) There exists x € X9 such that F is the closure of the maximal differential gener-
ization of x.
(iii) F is a MWAI closed subset of X.

Proof. For any x € X, by Theorem[4.1} x is dim(% (X, x))-cylindrical. Thus if x is maxi-
mally r-cylindrical, one has dim(¥ (X, x)) < r and by Remark[3.32Jone has dim(¥4 (X, x)) =
r.

Moreover, by the definition of (X, x), any Al closed subset F whose Al open subset
contains x is contained in 9(X, x), and X® N F = X n94(X,x) N F is an Al open subset
of F. In particular ¢4 (X, x) is MWAI, and is the only MWAI closed subset of X containing
X in its maximal Al open subset.

Now let F be the closure of the maximal differential generization of a maximally r-
cylindrical closed point x. Then by Corollary[5.15| F is SAI thus WAI and by Corollary[5.10}
one has dim(F) = r. Let U be the maximal Al open subset of F. Thus for any x' € U,
one has 4(X, x") ¢ F and dim(¥ (X, x")) = r thus 9(X,x') = F

The equivalences in the statement are now clear. U

Remark 5.19. In particular, the generic point of a MWAI closed subset is always differen-
tial. Yet in general the closure of a differential point need not be WAI: [Sei67, Example 3,
p-32] is an example of an irreducible integral surface whose singular locus is irreducible
of dimension 1 and contains exclusively non-cylindrical points. The generic point of
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the singular locus is differential by [Sei67, Theorem 5], yet the singular locus can not
be a WAI closed subset. Indeed, since its dimension is positive, by Theorem[4.1} any
sufficiently generic k-rational point of the singular locus would be cylindrical.

Corollary 5.20. Let k be a field of characteristic zero and X be a k-scheme of finite type.
Then any WAI closed subset of X is SAL

More precisely, let F be a WAI closed subset of X with maximal Al open subset U and
generic point 1. Let x' € U and d' = dimx(n) —dimx(n'). Then there exist a common
extension K of k(1) and x (x), and a k-section s, (resp. sy) of ﬁx\n (resp. m) such that

() & )

Oxy " ®cunK and(ﬁ/’X;(&’ ®xm KU1, ..., uq1l are isomorphic K -algebras.

Proof. In case F is a MWAI closed subset of X, this is a direct consequence of Theorem
Corollary[5.15/and Remark[2.18] In case F is WAI, let G be a MWAI closed subset
containing F, 1¢ be the generic point of G and Ug be the maximal Al open subset of G.
In particular Ug N F = U and one may again conclude via Corollary[5.15|applied to G and
Remark2.18 O

6. ANALYTIC ISOSINGULARITY FOR ARC SPACES

In this concluding section, we initiate a study of the extent to which the concepts
and results discussed in the rest of the paper are amenable to generalize to the frame-
work of arc spaces, which are one of the most natural example of so-to-speak infinite-
dimensional algebraic varieties. In the next three subsections, we provide brief reminders
of the aspects of the topic that are relevant for the discussion to follow (refering the reader
to the given references for more details) as well as some remarks and a useful lemma.

6.1. Reminder: arc spaces. (See e.g., [BNS20, [CLNS18]) Let k be a field and X be an
algebraic k-variety. The arc space associated with X, denoted by %, (X), is a k-scheme
parameterizing the smooth formal germs of curves on X. One stresses that as soon
as dim(X) is positive, £ (X) is not a k-scheme of finite type. For any extension K/k,
there is a functorial bijection between the set of K-points of %, (X) and the set of K[[¢]]-
points of X. If y € £, (X) is an arc, with residue field K = x(y), it induces a K-point of
Zwo(X) thus a K[[t]]-points of X, which in turn defines a K((f))-point and a K-point
(through the specialization ¢ = 0) of X. The corresponding schematic points of X are
called respectively the generic point and the center of the arc y. One says that an arc
is non-degenerateif its generic point belongs to the smooth locus of X. The set of non-
degenerate arcs is a non-empty Zariski open subset of £, (X).

In case X = Spec(I'(X)) is affine, -Z,,(X) = Spec(I'(X) is also affine. Assuming more-
over that char(k) = 0, one can givex an explicit differential description a presentation
of I'(X) o in terms of a presentation of I'(X): write I'(X) = A n]

the polynomial k-algebra over the countable set of variables {x; j}1<;<», and identify
JjeN

k[xy,...,x,] with a subalgebra of k[xy, ..., x;]o Via x; — x; o; let A be the k-derivation on

k(x1,..., Xnloo such that for any i, j one has A(x;,j) = x; j+1; then I'(X) o is isomorphic

to a k-derivation on I'(X)s, and there is an inclusion I'(X) c I'(X). Let now p be a
prime ideal of I'(X) o, ¥p € Zoo(X) be the corresponding arc, K be the residue field of
p and 0 € Hom(I'w, (X), K) the morphism of k-algebras. Then the induced morphism
Yp: T(X) — K[[#]] is given by the composition of the morphism I'(X) — I'(X) mappint
PtoYi>o % t/ with ¥ Q- th— 20(p;)- t/. The center of yp corresponds to the kernel
of (t=0)o y;, thus to the prime ideal p N I'(X), whereas its generic center corresponds to

the kernel of y,. That being said, one easily obtains the following lemma, which will be
useful below.
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Lemma 6.2. Keep the previous notation. If A(p)  p, then the arcyy is pseudo-constant,
i.e., its center and generic point coincide.

Proof. Forany ¢ € pnT(X) and any j >0, one has AV ¢ € p, thus pnT(X) c Ker(yy). O

6.3. Reminder: the Drinfeld-Grinberg-Kazhdan theorem and the minimal formal model
of a rational non-denegerate arc. (See [Dri20} [BS20, [BS17]) Let X be an algebraic k-
variety of positive dimension and y € %, (X) (k) be a non-degenerate k-rational arc. The
Drinfeld-Grinberg-Kazhdan theorem states that there exists a k-scheme of finite type

Y and y € Y (k) such that the formal neigborhood @.0(7) y Is isomorphic (as a topo-
logical k-algebra) to @,[[(ur)rgN]] where u, are indeterminates. A minimal formal
model of y is such a EE with the additional property that it is non-cylindrical. By
Gabber’s cancellation theorem, a minimal formal model of y is uniquely determined (up

to isomorphism).

6.4. Reminder: maximal divisorial sets on arc spaces. (See [Ish08,|dFEI08, dF18]). We
continue our short reminders by discussing the notion of maximal divisorial sets, which
form an important class of irreducible closed sets of the arc space of an algebraic variety,
closely related to the well-known Nash problem and birational geometry. We assume
that k is a field of characteristic zero. Let v be a divisorial valuation on an algebraic
k-variety X. We associate with it a closed subset A% (v) of %, (X) as follows: let W — X
be a resolution of the singularities of X (inducing a morphism %, (W) — %, (X) such
that there is a prime divisor E on W and a positive integer q such that v = g-ordg. Let
,iﬂoo(W)E'q be the set of arcs on W with contact order > g along E. Then Ax(v) is the
closure of the image of ZLoW)E4 in £ (X). It does not depend on the choice of W
and E, and is irreducible. The arc corresponding to the generic point of A% (v) is a
non-degenerate arc, in fact its generic point is the generic point of X (it is a fat arc in the
sense of [Ish05]). Moreover its center is the center of the valuation v on X.

Remark 6.5. By the latter result, the generic point n,, of A% (v) is not a pseudo-constant
arc, thus by Lemmais not a differential point. In particular fmv (which is Noe-
therian by [Reg06], see also [dFD20]) is 1-cylindrical. This gives a general explanation of a
phenomenon observed in [BMCS] for toric valuations of toric varieties and in [BMCn23)
Theorem 1.7] for valuations on curves.

Remark 6.6. Assuming that k is moreover algebraically closed, it is worth remarking
that the set of k-rational points of Ax(v) is in Ax(v). Let us roughly explain why (A
very similar argument is used to show that A (v) is irreducible.). Using suitable étale
coordinates and the compatibility of the formation of arc spaces with étale morphism,
one reduces to show that .Z,(W)®7(k) is dense in .Z,(W)57 for W = A} and E =
{x; = 0}; But then %, (W)E9 is the closed subscheme of %, (AZ) = Spec(kl(x; )ligi<n-
jeN
defined by the ideal (x1 j)og j<g-1 On the other hand, for any non-zero f € k[(x,)]] reN»
one has f € k[(x;)]ogrgs for a suitable s, hence the existence of (x;) € kN such that
f((x7)) #0, and the result.

It is the occasion to recall that in case the algebraically closed field k is countable, there
exist closed points of Spec(k[(x,)]ren) that are not k-rational points: write k = {a} ren\ o
and consider e.g., the kernel of the morphism k[(x;)],en — k(#) mapping xp to ¢ and x,
(r=1to t+m’ which is surjective (see also [Ish04, Proposition 2.11])

6.7. SAI and WAI subsets of arc spaces. From now on one assumes that the basefield k
is algebraically closed and of characteristic zero The following result, which is a concate-
nation of [BMCS| Theorem 6.18] and [BMCn23, Theorem 1.7] was the initial motivation
of the present paper.



ISOSINGULARITY, DIFFERENTIALITY, AND NON-TRIVIAL ANALYTIC FACTORS OF ALGEBRAIC SINGULARITIES 29

Theorem 6.8. Let X be a k-curve or a normal toric k-variety Let v be divisorial valuation
on X, assumed to be toric in case X is toric. Then there exists a non-empty Zariski open set
U of Nx(v) such that the following holds:

(1) suchthatforanyyi,y2 inU(k), the formal neighborhoods ﬁml and ﬁmz
are isomorphic.
(2) Letny be the generic point of Ax (v). Then there exists a k-section s of O ¢_x)n,

N

such that for anyy € U(k), the topological x (ny)-algebras 0 ¢, (x) ,®x (1) and

O]
[

7 LX)y [urllren (Where u, are indeterminates) are isomorphic.

This motivates the following definition, that features evident analogies with the con-
cepts introduced in Subsection|3.8

Definition 6.9. Let X be an arbitrary algebraic k-variety and v be an arbitrary divisorial
valuation. One says that v is weakly analytically isosingular (WAI), resp. strongly ana-
lytically isosingular (SAI), if there exists a non-empty Zariski open set U of A% (v) such
that assertion (1) of Theoremholds for v, resp. assertion (2) of Theoremholds
for v, possibly only over a suitable extension of K of x(7,), that is to say, after applying
—®x(n,) K to the involved topological x (1),)-algebras.

The following proposition supports the chosen terminology.
Proposition 6.10. Ifv is SAI thenv is WAL

Proof. By the very definition, if v is SAI, there exists an extension K of k such that for
any y1, v2 in U(k), the topological K-algebras ﬁm@ﬂ( and ﬁmZ@CK are
isomorphic. Since 71, lies in the open set of non-degenerate arcs, one may assume that
any arc in U is non-degenerate. For i = 1,2, let A; be a minimal finite formal model of
Yi (see. Thus the topological K-algebras (A;®K)[[un]]nen and (A28 K) [[Un]] nen
are isomorphic. By Gabber’s cancellation theorem ([BS17, Theorem 7.1]), the complete
local K-algebras A;®;K and A;®.K are isomorphic. Since k is algebraically closed, by
[Sei69bl Theorem 5], the complete local k-algebras A; and A, are isomorphic. Thus
the topological k-algebras ﬁml S A [unl] nen and ﬁmz 5 Ao[[unll nen are
isomorphic. Thus v is WAL U

The following question has a positive answer in the cases considered in Theorem[6.8}
Recall that the analogous question for subsets of algebraic varieties also has a positive
answer, as shown in the present paper (See Corollary[5.20).

Question 6.11. Letv be a divisorial valuation on an algebraic variety. If v is WAL then is
v SAI?

The following question is equivalent to one already raised in [BMCS].
Question 6.12. Is any divisorial valuation SAI (resp. WAID)?

In case it turns out that there exist in general divisorial valuations that are not SAI
(resp. WAI), it would then be interesting to try to characterize them geometrically.

6.13. Concluding observations. It might be possible that a line of thought analogous
to the one used in the present paper to show that any WAI closed subset of an algebraic
variety is SAI could lead to a positive answer to Question[6.11] This would in particular
provide a new a unified proof of the main results of [BMCS] and [BMCn23|. It is worth
noting that regarding this kind of issues the context of arc spaces may present a priori
notorious differences with that of algebraic varieties, as illustrated by the following
proposition and Remark[6.15 below.
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Proposition 6.14. Let k be an algebraically closed field of characteristic zero. Let € be an
affine algebraic affine k-curve. We assume that € is singular. For the sake of simplicity, we
moreover assume that € has only one singular point c € 6 (k), and that c is analytically
irreducible, i.e., 6/2,90\,0 is a domain. Choose an isomorphism between the normalization
ofﬁ/’c,;c and k([t]]. Letv be the valuation on € induced by ord; and U be a non-empty
Zariski open subset of N (v) such as in the statement of Theorem|[6.8

Then for any v' € %o (€) (k) \ Neg(v) and anyy € U(k), the formal neighborhoods
O g.),y and O g )y are not isomorphic.

Remark 6.15. In particular, A4 (v) is in some sense a maximal WAI subset, yet, by Remark
its generic point is not differential, contrarily to what happens in the case of algebraic
varieties (See Remark/5.19).

Proof. Under the given assumptions, Z(€) \ A% (v) is exactly the set of arcs on &
whose center is smooth (see e.g., [BMCn23| Remark 3.14]). In particular, for any y’ €
ZLoo(E) (k) \ Neg(v), ﬁﬂf is isomorphic to k[[uy]],en (as easily follows from the
compatibility of the formation of arc spaces with étale morphisms) and the minimal
formal model of y’ is k. On the other hand, by [Bou23| Theorem 1.3], for any y € U(k), the
minimal formal model of y has embedding dimension the multiplicity of the singularity
¢ minus one. This shows that ﬁﬂ}/ and % y are not isomorphic. (|

As a last observation, let us point out that as a consequence of Corollary[5.15|and
Theorem[5.18] in the case X is an algebraic variety and x € X (k) is a k-rational point, the
dimension of the minimal formal model of ﬁx\x exactly corresponds to the dimension
of the formal neighborhood of the generic point 71, of the component through x of
its isosingular locus. In case v is a SAI divisorial valuation, it should be sensible that
for a generic k-rational arc y of A% (v), a suitable analog of 1 is given by the generic
point 1, of Ax(v) (Proposition is a supporting fact in this direction). Both the
dimension of the minimal formal model of y and the dimension of ﬁ%v seem to
carry subtle yet interesting informations on the nature of the singularities of X (see
e.g., [Bou23,IMR18}ICdFD22|). Yet they differ in general, and it would be interesting to
understand the exact discrepancy between them.
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