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Abstract

A stratification of the set of critical points of a map is universal in the class of stratifi-
cations satisfying the classical Thom and Whitney-a conditions if it is the coarsest among
all such stratifications. We show that a universal stratification exists if and only if the
‘canonical subbundle’ of the cotangent bundle of the source of the map (constructed via
operations introduced by Glaeser) is Lagrangian. The proof relies on a new Bertini-type
theorem for singular varieties proved via an intriguing use of resolution of singularities.

Many examples are provided, including those of maps without universal stratifications.

AMS classification: primary 14B05, secondary 14E15.
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1 Introduction.

The notions and results used here are from several diverse areas, particularly ‘Stratification
Theory’, e.g. as in [18], ‘Resolution of Singularities’, related to Bertini Theorem in algebraic
geometry and ‘Complexity’ (of constructions in ‘Algebraic Geometry’), but the focus of these
areas proper is different. Nevertheless, the blend of these areas in the questions raised and the
results obtained here appears to be intriguing (and, perhaps, is important). Crucial to our
work is the constructiveness of the Glaeser bundle, which is a new invariant that we associate
with the classes of stratifications that possess classical Thom and Whitney-a (shortly TWa)
properties, see [8], [20], [23], [10] or Section 2. Roughly speaking universal is the coarsest
stratification in the latter class of TWa stratifications of the set of critical points of a map.

We show that a universal stratification exists if and only if the ‘canonical subbundle’
of the cotangent bundle of the source of the map (constructed via operations introduced
by Glaeser and referred to in this article as Glaeser bundle) is Lagrangian. (‘Thom’ and
‘Whitney-a’ properties, are very basic for any analysis within the subject of ”singularities
of mappings” and of several other subjects. Thus our criterion of universality applies to
all ‘reasonable’ classes of stratifications.) The proof relies on an Extension Theorem 5.9.
Crucial for the proof of the latter is our Bertini-type Theorem 7.2. Its proof makes an unusual
use of desingularization, see Section 1.3. Examples of universal TWa stratifications and of
non Lagrangian Glaeser bundles illustrate our results. Below, K = R or C and map
F: K" — K! is polynomial (or analytic) and dominating, i. e. F(K") = K" .

We refer to an open in its closure constructible subset S of the critical points Sing(F')
as universal for the class of TWa stratifications if it is open and dense in a component of a
stratum for any TWa stratification of Sing(F') . We also refer to the minimal by inclusion
set among closed subsets of T*K"™ with fibers over K™ being subspaces of the respective
fibers of T*K™ and containing the differentials of the components of F as the Glaeser
bundle Gy of map F . We say that a constructible set S is Gauss regular when there
is a unique continuous extension to all of S of the Gauss map of S, i. e. of the map which
sends nonsingular x € S to the tangent space T,(S) to S at xz . (Algebraic curves with
analytically irreducible singularities are Gauss regular, but are not even C'-smooth, e. g.
curve {z% =w?} C C?.) Finally, we refer to the subsets of a bundle with the fibers over the
base being subspaces of the respective fibers of the bundle as subbundles.

At the first glance it seemed that Glaeser bundle Gpr could serve the purpose of identi-
fying TWa Gauss regular stratifications with all strata being universal, namely: by means of
partitioning of the critical locus by dimension of its fibers (private discussions with M. Gro-
mov, M. Kontsevich, T. Mostowski, A. Parusinski, N. Vorobjov, Y. Yomdin and others). But




it does not always work, see Section 10.3 for example of not Lagrangian Gp .

Note that a universal stratification of Sing(F') if exists is essentially unique, as is precisely
spelled out in Corollary 4.2 (ii) of Proposition 4.1 . Finally, subbundles B(S) of the cotangent
bundle of the source of the mapping F' that we associate with any stratification S (as in
the paragraph above Remark 3.3) are closed sets and contain the ‘Glaeser bundle’ Gp of
F' if and only if stratification S is a Gauss regular TWa stratification (Proposition 3.4). Of
course our original hope and motivation (as expressed in the previous paragraph) to study
TWa stratifications vis-a-vis the notion of an ‘universal’ stratum is rooted in this observation
(for an inexplicable reason previously not mentioned in the literature on stratifications).

1.1 Main construction, results and hopes - briefly.

Construction. We construct a closed bundle Grp C T*K™ over the critical points Sing(F)

and partition Sing(F') into ’quasistrata’ of points with the fibers of Gp of constant dimen-
sion. It turns out (see Theorem 5.1) that TWa stratifications of Sing(F') exist iff Gp is a
Lagrangian subbundle of T*K™ | i. e. the fibers of bundle G are orthogonal to the tangent
spaces at the smooth points of the quasistrata (e. g. is true when [ =1, see [18]). Fibers
of G are the orthogonal complements (to the tangent spaces at the smooth points of the
quasistrata) over an irreducible component S of a quasistratum only if S is universal
for the class of TWa stratifications of Sing(F) , i. e. for any {S}}; in the class, there is a
stratum S} with SN S} being open and dense in both S and S} . We relax condition of
smoothness of strata to a weaker assumption of Gauss regularity. Construction of bundle Gg

involves Glaeser iterations of replacing the fibers of the successive closures by the respective
linear spans (see [9]), stabilizes after p(F) < 2n iterations (see [5]) and dim(Gr) =n for
K # R (see Claim 3.8 and Remark 3.9).

Main results:

1. Criterion: In Theorem 5.1 we prove that TWa stratifications of Sing(F) with all
strata universal exist iff all fibers of Glaeser bundle GF are the orthogonal complements to
the respective tangent spaces to the quasistrata, and then the partition of Sing(F') by the
dimension of fibers of G yields the coarsest universal TWa stratification.

2. Eztension. Proof of Theorem 5.1 relies on Theorem 6.1, in which under the assumptions
of a version of Whitney-a condition on the initial data we construct an extension (within a
Zariski open subset of the variety in question) of a component of the regular loci of singularities
to a Gauss regular subvariety with the prescribed values of the continuous extension of its
Gauss map over that component. Our construction of this extension is by means of

3. Bertini-type Theorem 7.2 . The proof of the latter unexpectedly (and essentially)
depends on a novel construction of a metric on desingularization that enables us to make use
of an ancient trick of logarithmic differentiation, see Section 1.3.

4. Our examples without universal TWa stratifications and of F,: K4"*! — K with
p(F,) = n are in Sections 10.3 and 10.2. Every hypersurface occurs as a quasistrata of some
Gr (Remark 10.3), but we wonder whether the quasistrata of all Lagrangian G are smooth ?
To proceed with our investigation it is essential to clarify the validity of the following

Conjecture. Assume [ =1 and K = C . Then all irreducible components of Glaeser
bundle Gr are n-dimensional and G is the intersection of the subbundles of T* K "\Sing( F)
of the orthogonal complements to the tangent spaces to the strata of TWa stratifications.



1.2 Underlying motivations.

We consider stratifications of the set of the critical points Sing(F') which satisfy Thom and
Whitney-a conditions. Our main goal is to identify the ’universal strata’. To that end
we consider a larger class of TWa stratifications with the condition of smoothness of strata
relaxed to a weaker assumption of Gauss regularity and require the strata to be open in their
respective closures, pairwise disjoint and, of course, to satisfy the classical TWa conditions.

Contribution towards the double-exponential lower bound conjecture. While
the notion of the universal stratum is basic and important in its own right our constructive
identification in Theorem 5.1 of the universal stratifications is a crucial step towards
a solution of a long-standing problem regarding the validity of a double-exponential lower
bound on the computational complexity of stratifications, see for example [6] or [22] . Due
to Theorem 5.1 it suffices to identify an example of a polynomial map F' that admits our
‘universal’ stratification and has the ‘quasistrata’ associated with the Glaeser bundle Gpg
being of a ‘very high’, i. e. double-exponential in the dimension of the source, degree.

It turns out that the irreducible subsets (we call them Glaeser components) over which di-
mension of the fibers of Glaeser bundle Gr equals the codimension of the respective Glaeser
component are universal even with respect to the class of TWa Gauss regular stratifications
(for the brevity sake we call the latter TWG-stratifications), see Corollary 3.5. We provide
various examples of mappings that admit universal TWG-stratifications, but the question of
recognition of an individual universal stratum remains open. We expect that the universal
strata in general are precisely the Glaeser components over which Glaeser bundle is of di-
mension 7 . The latter components we refer to as Lagrangian since off their singular locus
the restriction of the Glaeser bundle over these components is a Lagrangian submanifold of
T*K"™ in the natural symplectic structure of the latter.

Constructive criterion of Theorem 5.1 ‘opens doors’ to the intriguing questions listed
at the very end of Section 1.1 and the question of identifying the individual universal strata.
Proof of Theorem 5.1 relies on Theorem 6.1, which in its own turn relies on Theorem 7.2.
On the other hand Bertini-type Theorem 7.2 and a surprizing use of desingularization in its
proof are perhaps some of the most exciting features of this article (see Section 1.3). Their
beautiful and important applications include the Extension Theorem 6.1 and our criterion of
universality in Theorem 5.1. Numerous examples of Section 10 are devoted to an illustration
of constructions and claims (rather than proofs) of our main results. Finally, the estimation
of the computational complexity of our constructions in Appendix 11 and Section 9 results in
a double-exponential complexity upper bound on the stratifications by the dimension of the
fibers of the Glaeser bundles and, as a consequence, on the universal TWa stratifications.

1.3 Key instrument: a Bertini-type Theorem for singular varieties.

Let G —U and S — U\ G be nonsingular algebraic (or analytic) subvarieties, U C C"

open and dense, S a subvariety of ¢ and G = S\S . Assume {L;}1<j<i is a collection of
k >1 polynomials on ¢ vanishing on G with linearly independent dL;(z) at the points
x € U and that the pair of S and bundle B of vector spaces B(z) := N; KerdL;(z) C C"

for x € G satisfy a version of Whitney-a conditions on the pair, i. e. the limits of tangent
spaces T,(S) for points = € S converging to a point b € G contain fiber B(b) of B at
b. Denote L(z,c):=3 1<, ciLj(z) , where (z,c) €U x CF ,and L.(z):= L(z,c) .

For Bertini-type Theorem 7.2 the crucial content is that for a ‘generic’ ¢ € C* not only



d(L.|s) does not vanish on V(L) :={z € S: L.(x) = 0} , but that for points = € V(L)
‘nearby’ any fixed point 2° € G there is also a lower bound (by a positive constant) on the
sizes of d(L.|s)(z) (or, equivalently, that the angles between the tangent spaces to S and
to the hypersurface {L.= 0} < U are separated by a positive constant from 0 ).

We sketch the key idea of our proof in the last paragraph of this subsection. To that end we
start with a reduction to a ‘nonsingular setting’ by means of an embedded desingularization
o: N —U of S with an additional (standard) desingularization property of all L, oo
being (locally) monomials that divide each other for appropriate (local) orderings, say j(a)
is the index of the ‘smallest’ amongst monomials L; o o near point a . Thus the strict
transform

N :=0-1(S\ o(Sing(c))) = N of S under map o

is nonsingular, while the ‘additional’ property implies nonsingularity of both the strict trans-
form A’ of {L =0} Cc U x C*¥ under map & := o x id: N x C¥ — U x C¥ and of
A= (N x C¥)n A’ . Note that with initial hypersurfaces {z €U : L;(x) =0}, 1<j <k,
declared ‘exceptional’ the embedded desingularization property of map ¢ includes the prop-
erty of ‘normal crossing’ for the resulting exceptional set &€ := (Ui<j<ip/;) U Sing(o) , where
Aj’s are the strict transforms of {L; = 0}’s under map o . The latter property means that set
& 1is a union of nonsingular (exceptional) hypersurfaces which are coordinate hyperplanes for
an appropriate choice of local analytic coordinates. (For a complete exposition see Section 8.)
By applying the standard Sard Theorem in this ‘nonsingular setting’, i. e. to the restriction
of the natural projection N x C¥ — CF to hypersurface A , we conclude that A, :=
AN (N x {c}) is nonsingular for ‘generic’ ¢ € C* . Consequently for ‘generic’ ¢ € CF
hypersurfaces {L = 0}N (S x {c}) are nonsingular off &(Sing(s)) . To establish Theorem 7.2
it suffices then to apply the claimed above estimate at noncritical for map o values = = o(a)
‘nearby’ critical (also for map o ) values z' = o(b) with b€ A. (and a ‘nearby’ b ).
We derive the required lower bound on the sizes of d(L.|s)(z) (for points z € V(L)
‘nearby’ ' € G ) by means of ‘an estimate via a logarithmic differentiation’, namely:
for any b€ A.No~!(2%) and for a choice of local coordinates z; , such that the ‘exceptional’
hyperplanes containing b are {x; =0} for 1 <i < g and one of the remaining coordinates
is a local equation of A, , we introduce (with a help of Remark 8.2) a metric on N\ Sing(o)
‘nearby’ point b, namely: we ‘declare’ collection {dz;/x;}1<i<qU{dz;},<; to be orthonormal.
Also, for noncritical for map o points a € A, No~'(x) ‘nearby’ point b we introduce on
the spans L C T, C" of {dLj(0(a))}1<j<r @ new norm equivalent to the original by
‘declaring’ these collections to be orthonormal. Note that the composite o}| cx Ly —T;N
of the pull back by o with the restriction to 7N vanishes on (T o (a) (8))*NL: and coincides

with the composite of embeddings i,: L}|g := E:‘;/(Ta(a)(S))L — Ta*(a)(S) followed by the

pull backs o7: T7 ,\(S) — T5(N) . Also, since the embeddings i, are isometries it follows

that the norms of oy(,. and of A := UZ’Q;IS: Lig — TF(N) coincide.

It is an easy consequence of the ‘logarithmic differentiation’ that in the introduced metric
the norms of o7|.. coincide with the sizes of o (dL].(a) (0(a))) and that the latter coincide
with |Lj(a) oo(a)l (up to the Iy mnorm of the exponents of the monomial Lijgeo ).
Moreover, the sizes of Aq(n,) = 04(n,) for a € A, coincide with \Lj(a) oo(a)| , where
Ne := d(Lc|s)(o(a)) The required lower bound on the sizes of 7, (at the points a € A, and
‘nearby’ point b ) then follows from the upper bound by the sizes of A,(7,) on the norms
of A, , see Section 8 for complete details.



1.4 Basic terminology, notations and a guide to the article.

Below, for a Gauss regular algebraic (or analytic) set S we denote by T,(S) the unique
limiting position at a of the tangent spaces T,(S) to S at the nonsingular points
x € Reg(S) and drop the mention of map F' in expression “T'Wa stratification of Sing(F')
for F'”, whenever the reference to F' is clear. By an irreducible component of a constructible
set we mean here its intersection with an irreducible component of its closure. In Section 3
we describe a construction of Glaeser bundle Gp involving iterations (starting with 7 :=
{(x, Span{df;(z)}i<j<i)}zern , where Span denotes the K-linear hull of a family of vectors
in (T,K™)* ) of replacing the fibers of the successive closures by their linear spans. Thus,
Gr is the minimal closed bundle of vector spaces over Sing(F') which contains T!Sing( ) -
The correspondence ‘ F' — Gp ’ is functorial with respect to isomorphisms preserving fibers
of F ‘near’ its critical value 0 (including with respect to C! diffeomorphisms when K
is C or R ), see Section 3.

Let quasistrata G C K™ consist of the points of Sing(F’) whose fibers of G are vector
spaces of dimension k . Assuming Thom stratification ‘near’ Sing(F') exists, cf. [18] (e. g.
when [ =1), it follows that £ >1, dim(Gr) <n and, consequently, the dimensions of the
quasistrata Gy are smaller or equal n—k (Lemma 3.7 and the remark following). We refer
to the bundle Gp as Lagrangian whenever all submanifolds Reg(Gr|g,) of K" x (K™)*
are Lagrangian in the natural symplectic structure of the latter.

Following Introduction we review in Section 2 the classical notions of Thom and Whitney-
a stratifications and the canonicity property of the latter extending the classical notions to our
TWG-stratifications (for the sake of a stronger version of the canonicity property introduced
in Section 1.1 under the name of universality). We derive consequences of our constructions
related to the notion of Glaeser bundles in Section 3. All of the latter are simple (with the
exception of Claim 3.8 which is perhaps the least obvious).

The principal aim of this article is a constructive criterion for the existence of a universal
TWG-stratification {S;}; . Our Theorem 5.1 states that Sing(F') admits a universal TWG-
stratification for F' iff Glaeser bundle G is Lagrangian. Consequently for any universal
TWG-stratification S = {S;}; of Sing(F) sets Sy = Udim(s;)=m} Si coincide with the
quasistrata G,_,, for every m . Partitions {Sy;}; of quasistrata G into pairwise disjoint
constructible irreducible sets open in their respective closures induce partitions S := {S;}xi
of Sing(F) . For a Lagrangian G we consider the (nonempty) class of the latter partitions
with an additional property of dim(Sy;) = n—k for all sets Si; (see the paragraph preceding
Proposition 4.7). We establish in Section 4 the simpler implication of our constructive
criterion, namely: if the bundle G is Lagrangian then the latter partitions & form the
universal TWG-stratifications of Sing(F') .

A more difficult converse implication is proved in Sections 5, 6, 7 and 8. It relies on
Proposition 5.9, which is of interest in its own right. A straightforward generalization of the
latter is Extension Theorem 6.1. It provides an extension of a (smooth) stratum G of a
singular locus of a variety S (algebraic or analytic, open in its closure and with G being
essentially its boundary) to a Gauss regular subvariety G* of S with a prescribed tangent
bundle Tg over G (under the necessary assumptions of our version of Whitney-a condition
for the pair of Tg over G and S ). The key ingredient to both is our version of Bertini-type
Theorem 7.2 for singular varieties (briefly described in the previous Section 1.3), whose proof
in Section 8 makes an essential (and surprizing) use of the resolution of singularities.

In Section 10.2 we construct a family of Fj,: K4t — K with the indez of stabilization



p(F,) = n . In Section 10.3 we prove that F := AX?+2B?XY + CY? does not admit
a universal TWG-stratification. Moreover, we show that for an appropriate variation of the
former example an arbitrary hypersurface appears as G, for some r (see Remark 10.3).
We also consider in Sections 10.1 , 10.4 (discriminant-type) examples for which {G,}, are
universal TWG-stratifications (and exhibit these stratifications explicitly). Finally, in the Ap-
pendix Section 11 we provide for the sake of completeness a calculation of the computational
complexity of the main construction in our Extension Theorem 6.1.

In abuse of notation in the remainder of the article we identify (occasionaly) the dual
(K™)* with K" , the cotangent bundle 7T*(K") with K?2" , denote dF(z) :=
Span{{dfi(z)}1<i<i} , the variety of zeroes of a polynomial f by {f =0}, refer to “Gauss
regular” as “G-regular” and to a nonsingular variety as a manifold.

This paper replaces and supersedes our earlier preprint [13].

2 Canonical TWa stratifications.

Recall that the traditional notion of stratification {S;}; , say of the set of critical points
Sing(F') of F' (meaning the points = such that dim(dF(z)) <) includes Sing(F) =U; S;
with pairwise disjoint S;’s; the irreducibility, nonsingularity and openness in its closure of
each stratum S; (in the classical euclidean topology for K = C or R connectedness replaces
irreducibility); and also the frontier condition, i. e. that for each pair (S;, S;) if S;NS; # 0
then S; C S;, asise. g in [8], [10]. Also, a pair of constructible nonsingular subsets
(Y, X) of K" satisfies Whitney-a condition provided that lim,,—.oc(ym, Ty, (Y)) = (z,T)
for a sequence {ym € Y}nm<eo , a point & € X and a subspace T C K™ implies that
T D T,(X), seee. g [7,8, 10,19, 20, 25, 26]. Finally, a constructible nonsingular subset
X C K™ satisfies Thom condition for a dominating map F : K" — K'! provided that
limy,—o0 (2m, dF (2m)) = (x,V) for a sequence {z, € K"}n<s of noncritical points of F
apoint z € X and a (suitable [-dimensional) subspace V C (K™)%™a implies that V
is orthogonal to T,(X) . Of course stratification {S;}; of Sing(F') satisfies Whitney-a
or Thom (for a dominating map F : K™ — K' ) condition whenever every pair (S; , S;)
satisfies Whitney-a or, respectively, every S5; satisfies Thom condition.

In the present article for the sake of a concept of universality introduced in Section 1.1,
i. e. of a stronger version of the traditional notion of canonicity (see Remark 2.3 below),
we relax condition of smoothness and allow S; to be G-regular. We consider Gauss reqular
stratifications {S;}; of Sing(F) , i. e. all S; are G-regular, irreducible, open in their
respective closures and pairwise disjoint (but do not necessarily fulfil the frontier condition,
which may occur for TWG-stratifications naturally induced by Glaeser bundles Gp , see
example in Remark 10.6). Extension of the notions of Thom (for a map F' ) and of Whitney-
a conditions on stratifications to Gauss regular stratifications is straightforward.

Lemma 2.1 i) Thom stratifications exist iff the following condition holds:

(1) any irreducible constructible set S C Sing(F) contains an open dense sub-
set  S° C Reg(S) such that if a sequence {(zm , dF(z,)) C K2}, has a limit
limy,—oo (T, dF(zp)) = (xo , V) , where zy € S°, x, € K"\ Sing(F) and V is
an l-dimensional linear subspace of (K™)* , then it follows V L T, (S°) ;

ii) TWa stratifications exist iff (1) and the following condition hold:

(2) for any smooth irreducible constructible set M C Sing(F) and any irreducible con-

structible set S C Sing(F') there is an open dense subset S° C Reg(S) such that if a



sequence {(Tpm , Vin) C K™ x (K™)*},, has a limit limy,—oo(Tm , Vin) = (xo , V) , where
xo € S° xm € M and subspaces Vi, in (K™)* are orthogonal to T, (M) C K" , then it
follows that subspace V C (K™)* s orthogonal to Ty, (S°) C K™ .

Proof. Since the proofs of i) and ii) are similar, we provide only a proof of ii). First
assume that {S;}; is a TWa stratification. Once again the proofs of properties (1) and (2)
are similar and we provide only a proof of (2). Take a unique S; (respectively, S; ) such
that M N S; (respectively, S N.S; ) is open and dense in M (respectively, in S ). If
S\ 'S; is open and dense in S then the choice of S°:= (S; NReg(S)) \ S; is as required in
(2). On the other hand the remaining assumptions of (2) can not hold which makes (2) valid,
but vacuous. (Property (1) holds due to the Thom property of {S;}; .) Otherwise S C S;
and the choice of S°:=S5; N Reg(S) is as required in (1) and in (2) due to the Thom and
Whitney-a properties of {S;}; respectively. Indeed, it suffices to replace the sequence of
(2) by its subsequence for which exists limy, oo Ty, (M) =: W , and then to choose another
sequence {xz,},, of pointsin MN.S; with the 'distance’ between respective (zy, , Ty,,(M))
and (z7, , Ty (M)) converging to zero. Then W = lim,, .o Ty (M) and is orthogonal to
V. On the other hand due to the Whitney-a property of the pair S; , S; it follows that
W D Ty, (S5) D Ty (S) and therefore also T, (S) is orthogonal to V' as required.

Now we assume that (1) and (2) are valid. We construct strata Si,S2,... by induction
on their codimensions, i. e. codim(S;) < codim(S2) < --- . So assume that Si,..., S are
already produced with codim(Sy) =, set Sing(F)\(S1U---USk) =: Z being of codim(Z) :=
r1 > 1 and that Thom and Whitney-a properties are satisfied for stratification {S;};<i<x of
Sing(F') \ Z . Subsequently for every irreducible component S of Z of codim(S) = r; (and
by making use of the noetherian property of the Zariski topology of S ) we choose a maximal
open subset of Reg(S) which satisfies both property (1) and the property (2) with respect
to the choices of sets S; , for 1 < i <k, as the set M of (2). By additionally choosing
each subsequent S; in Sing(F')\ (S1U---US;—1) for k < j < ki we produce strata
Sk+1,-- -,k of codimensions 1 with codim((Sing(F)\ (S1U---USk,)) > r1 . Such choice
ensures Thom and Whitney-a properties of stratification {S;}1<i<k, of set Uj<i<k,Si , as
required in the inductive step, which completes the proof of ii). =

Remark 2.2 Say | >1 and F: K" — K' is a dominating polynomial mapping. It is not
true that then necessarily exists a stratification that satisfies Thom condition with respect to
F , e. g. consider the ’local’ blowing up of the origin:

F:(z1,0,2n)— (21, 21- 22, «ov y, 21" 2n)

(here origin is an isolated critical value). For the validity of properties (2) and, when [ =1,
of (1) of Lemma 2.1, see [26], [24], [17], [25], [10] and, respectively, [18]. For conditions on
F implying the validity of property (1) of Lemma 2.1 when 1> 1 seee. g. [18], [8], [19].

Remark 2.3 Fiz a class of stratifications. A stratification {S;}; of Sing(F) = U;S; is
called canonical (or minimal), e. g. in [8] and [22], if for any other stratification {S|};

of Sing(F) = U;S, in this class with codim(S;) < codim(S2) < --- and codim(S]) <
codim(S%) < --- it follows (after possibly reindexing {Si} ) that S} =S51,...,5;, =Sk and
S/{€+1 C Si+1 - Constructed in the proof of Lemma 2.1 Thom and TWa stratifications are
canomnical in the corresponding classes. These respective canonical stratifications are clearly
unique. We extend to Gauss reqular stratifications the concepts and constructions introduced
above for stratifications.



3 Dual bundles of vector spaces for TWG-stratifications.

We will repeatedly apply the following construction. Let M , N be constructible sets open
in their Zariski closures (by default we consider Zariski topology, sometimes in the case of K
being C or R we also use euclidean topology). In the analytic case we assume alternatively
that M , N are analytic manifolds. Let V ; W be vector spaces. For a subset 7 C M xV
we denote by 7 :=7 and by T ¢ M x V a bundle of vector spaces whose fiber ’];(1)
at a point z € M is the linear hull of the fiber (7). of the closure 7 C M x V , cf. [9] .
Defining in a similar way 7 ®*1 starting with 7 := 7®  for p > 0, results in an increasing
chain of (not necessarily closed) bundles of vector spaces and terminates at 7 () such that
TP = 7+ with p < 2dim(V) (see [5] ). We denote GI(T) = T¥) and refer to the
smallest p = p(7) as the index of stabilization. The so called ’Glaeserization’ GI(7) of T
is the minimal closed bundle of vector spaces which contains 7 . We apply this construction
to 7 = {(z,dF(z))} where z ranges over all noncritical points of F' . The result we denote
by G® .= G%) = TP |gingpy , for p>0,and G :=Gr := GUT)|sing(ry (and still refer
to the smallest p = p(F') as the index of stabilization). We mention that according to [15]
Thom stratifications with respect to F exist iff dim(G(®) < n , cf. Remark 3.10 and [18].
(We do not make use of the latter criterion in this article.)

Denote G, := 7 1(x)NG , where 7: T*(K"™)|sing(Fy — Sing(F) is the natural projection.
The proofs of the following Proposition and its corollary are straightforward.

Proposition 3.1 Let Tjy C M xV, TN CNxW and h™': N - M, H: NxW — M xV
be homeomorphisms which commute with the natural projections NxW — N, M xV — M .
Assume in addition that H 1is linear on each fiber of these projections and that H(Tn) = Ty .

Then H(GU(Tn)) = GlU(Tyr) , moreover H(T](\;)) = T]&) for every i .

Corollary 3.2 Let M , N be nonsingular, Tpy C T"M, Iy CT*N . If h: M — N
is an isomorphism such that for the pullback D*h by h we have (D*h)(In) = Ty then
(D*h)(GU(TN)) = Gl(Tyr) . Moreover, (D*h)(T]\(,Z)) = TA(/[Z) for every i .

For K = C or R the correspondence ‘F — Gp’ and the partition {G,}i<r<n of
Sing(F) introduced in Section 1.4 are functorial with respect to the C' diffeomorphisms h
preserving fibers of F ’‘near’ its critical values.

(For an arbitrary K replace “C'  diffeomorphisms” above by “isomorphisms”.)

With any Gauss regular stratification S = {S;}; , where Sing(F') D U;S; , we associate a
subbundle B = B(S) of T*(K")|ging(r) of vector subspaces of (K™)* such that for every
i and a smooth point a € S; the fiber B, := (T,(S;))* C (K™)* and for a singular point
a of S; the fiber B, is defined by continuity, by making use of S; being G-regular. Note
that the dimension of fibers dim(B,) = codim(S;) for a € S; .

Remark 3.3 Note that for any Gauss regular stratification S = {S;}; of Sing(F) bundle
B(S) =U;B(S)|s, and for any stratum S; bundle B(S)|s; is an irreducible n-dimensional
Gauss regular set open in its closure. Thus, B(S)|s, are irreducible components of B(S) .

Proposition 3.4 A Gauss regular stratification S of Sing(F) is a TWG-stratification iff
Gp C B(S) and B(S) is closed.



Proof. It follows by a straightforward application of definitions that Thom and Whitney-a

properties for any Gauss regular stratification S = {S;}; of Sing(F') are equivalent to

G ¢ B(S) and, respectively, that set B(S) is closed. Due to the definition of bundle G
proposition follows. =

Corollary 3.5 It follows due to the preceding Remark and Proposition that all n-dimensional
irreducible components of Gp  appear as irreducible components of B(S) for any
TWG-stratification S = {S;}i of Sing(F') (provided that the TWa stratifications of Sing(F)
exist). Therefore every irreducible component G of G, with (Gp)|lg being n-dimensional
1S a universal stratum.

Remark 3.6 Let {S;}; be a TWG-stratification of Sing(F') . Then for every 0 <m <n
the union Ugim(s,)=m Si  coincides with (Ugim(s;)>m 5i) \ (Udim(s;)>m i) and therefore is
open in its closure. Also due to Proposition 8.4 it is G-reqular. Moreover, if we replace any
subfamily of {S;}; of the same dimension m by its union S , we would again obtain a
TWG-stratification if only S s open in its closure.

Below (and throughout the article) (Gr), and G, denote the fibers of bundle Gp at
the respective points x € Sing(F') . Also, 7 := codim(Sing(F')) := n — dim(Sing(F)) .

Lemma 3.7 The following three statements are equivalent:

o TWa stratifications exist;

o TWG-stratification exist;

e condition (2) of Lemma 2.1 and the following property hold:

(1°) any irreducible constructible set S C Sing(F) contains an open dense subset Sp C
Reg(S) such that for any xo € Sy we have Ty (S) L (GF)zy -

Lemma 2.1 implies (assuming TWa stratifications of  Sing(F)  exist) that
codim(Sing(F)) > min,eging(r){dim(Go)} > 1 and, due to Lemma 3.7, dim(Gp) < n .

Proof. For the proof of (1’) above note that property (1') with G, being replaced by

Gg(glo) is a straightforward consequence of the Thom property of stratification S with respect

to F and condition (1) of Lemma 2.1 , which Thom property implies. By making use then of

condition (2) of Lemma 2.1 consecutively property (1’) with G, being replaced by Ggf)) , for

p > 1, follows and implies property (1) as stated, since G = G®) for p= p(F) . Otherwise
the proof is similar to that of Lemma 2.1 with the exception that we replace Reg(S) with
the maximal (by inclusion) open subset U of S to which by continuity the Gauss map of
S uniquely extends from Reg(S) . =

Claim 3.8 Assume that Thom stratification of Sing(F) exists (e. g. if | =1, see [18]),
and that K # R , then Sing(F) = U;>,G; . Also, then quasistrata G; are open and dense
in irreducible components of Sing(F') of dimension n — j (if such exist). In particular,
quasistratum G, #0 and dim(Gr) =n .

Remark 3.9 In the example of F :R?> - R defined by F := a3 +x-y* the critical points
Sing(F') = {0} , the fiber at 0 of the Glaeser bundle Gp is spanned by dz , i. e. is
1-dimensional, and therefore dim(Gr)=1<2=:n .
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Proof of Claim. It suffices to verify that a generic point of an irreducible component
of Sing(F) of dimension n — j belongs to §; , since the openness is due to the upper
semicontinuity of the function ¢: z — dim(Gy) .

We first reduce to the case of [ = 1. Indeed, let U be an open set such that UNSing(F)
is smooth, irreducible and of dimension n—j . We may assume w.l.o.g. that 0 € UNSing(F)
and that for the 1-st component f := f; of F : K" — K! the differential df(0) = 0
(which anyway holds after a linear coordinate change in the target K' of map F ). By
making use of the reduction assumption for f (the case of [ =1) it follows that (Gy)a.
are the orthogonal complements of the tangent spaces T, (Sing(f)) C T,(Sing(F')) for a in
an open dense subset V of U N Reg(Sing(f)) . We may also assume by shrinking U and
replacing 0 , if needed, that 0 € V , that dim(Gr), is constant for a € U N Sing(F') and
that U N Sing(f) =V is smooth, open and dense in an irreducible component of Sing(f) .
Inclusions Sing(f) C Sing(F) and (Gf)a C (GF)a , for a € Sing(f) , are straightforward
consequences of the definitions. We continue the proof following

Remark 3.10 Note that replacing the assumption of the existence of Thom stratification
of Sing(F) by the assumption that dim(G©®)) < n and following the proof above would
then imply that (Gp)a = (Gf)a , for a € V , and, moreover, that dim(U N Sing(F)) =
dim(U NSing(f)) . In particular, it would follow that (Gg), are the orthogonal complements
of the tangent spaces T,(Sing(F')) = T,(Sing(f)) for a € U N Sing(F) , cf. with i) of
Lemma 2.1 and a criterion dim(G(O)) < n  for the existence of Thom stratifications of
Sing(F') for mapping F from [15].

By making use of the existence of Thom stratifications of Sing(F') for mapping F
and consequently of (1’) of Lemma 3.7 applied to F it follows (Gp), are orthogonal to
T,(Sing(F')) for a € U N Sing(f) . Therefore, by making use of the inclusions above, it
follows that (Gr)o = (Gf)o and Ty(Sing(f)) = To(Sing(F)) , in particular implying that
dim(U N Sing(f)) = dim(U N Sing(F)) . Hence also (U N Sing(f)) = (U N Sing(F')) , which
suffices by making use of the established above inclusions.

In the case of | = 1 and by once again making use of (1’) of Lemma 3.7 it suffices
w.l.o.g. to consider the case of the restriction of F to a plane of dimension j intersecting
transversally an irreducible component Z of Sing(F') of dimension n — j (if such exists)
at a , thus reducing the proof to the case of [ =1 and of a being an isolated critical point.
In the latter case it suffices to show that (Gp), = K" .

If K is algebraically closed our claim follows since for any ¢ ,... , ¢, € K due to
Fi(a) ::g—z(a)zo, 1<i<n,thegermat a of I':'={F,—¢;-F1=0,2<i<n} isat

least 1-dimensional, thus producing dzi +co-dxo+ -+ +c¢p-dx, in (Gg))a C (Gr)g by

means of limits of dF(a)/||dF(a)|| along T', as required. m

4 Universality and Lagrangian bundles.

We start by introducing a partial order on the class of TWG-stratifications of Sing(F') (note
that it differs from the order defined in Ch.1 [8], see Remark 2.3). For any pair S = {S;},
and &' = {S}}; of TWG-stratifications of Sing(#') and for every S; there exists a unique
j = j(i) such that S;nN S;- is open and dense in S; , and reciprocally for every S} there
exists a unique i = i(j) such that S;N S} is open and dense in S} . We say that S is
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larger than S’ (or, in other words S is ’almost everywhere finer’ than S’ ) if for every S;
and j:=j(i) holds i =1i(j) . In particular, the universality of a TWG-stratification means
that it is the largest with respect to this partial order.

Proposition 4.1 For a pair of TWG-stratifications S, S' of Sing(F) TWG-stratification
S s larger than S’ iff bundle B := B(S) C B’ := B(S') .

Proof. Let S be larger than S’ . For each i we have that S; NS} (where j:=j(i))
is open and dense in both S; , 57, while dim(S;NS7%) = dim(S;) = dim(S7) . Therefore, for
any point a € S;NS; we have T,(S5;) = To(S}) , i. e. B(Si)a = B(S})q - It follows for any
point b € S; that B, = B(S;), C Bl’) since the Gauss map of S; is continuous on S; and
B’ is closed due to Proposition 3.4.

Conversely, let B C B’ . For every S; let j:=j(i), then S;N S;- is open and dense in
S; . It follows that for any point a € S; N S;- inclusion T,(S;) C Ta(S;-) holds and therefore
B, D B, implying that B, = B, and dim(S;) = dim(S}) , hence S; NS} is open and
dense in S} ,i.e. i(j)=i.m

Proposition 4.1 and Remark 3.6 imply the following corollary.

Corollary 4.2 i) If B(S) = B(S') for a pair of TWG-stratifications S = {S;}; and
S = {Si}; of Sing(F) then for all k constructible sets Sy = Ugim(s,)=Si and
S(,k) = Udim(S;):k S} coincide and are G-reqular;

i) For universal TWG-stratification S of Sing(F) the unions Sgy , 0 <k <n , of
equidimensional strata are independent on the choices of S .

Remark 4.3 TWG-stratifications exist iff for any point = € Reg(Gy) fiber G, of Gp

at x is orthogonal to T,(Gy) . Indeed, existence of TWG-stratifications of Sing(F') (for
F ) implies claimed orthogonality due to (1’) of Lemma 8.7. Conversely, the existence of
TWG-stratifications follows from Lemma 3.7 by making use of the existence of Whitney-a

stratifications [26], [20], [17], [25].

For a (constructible) closed subbundle B C T*(K"™)|z (of the cotangent bundle 7™ (K™)
of K™ restricted over a subset Z C K™ and where subbundle, as is common throughout
this article, means only that the fibers B, , x € Z , of B are vector subspaces of the fibers
(K™)dual ot € Z of bundle T*(K™)|z ) we consider its ‘quasistrata’

(This construction applied to bundle B = G of course results in quasistrata B = Gy, .)

Definition 4.4 We refer to an irreducible component B of the quasistrata B,y , 0 <k <n,
as Lagrangian if for points x € Reg(B) the tangent spaces T,(B) are the orthogonal
complements of B, . We refer to a bundle B as Lagrangian whenever all irreducible
components of By , 0 <k <mn , are Lagrangian.

Remark 4.5 For any closed bundle B Lagrangian components of its quasistrata By are
automatically G-regular (cf. Remark 3.6) and of dimension n —k .

Remark 4.6 Claim 3.8 implies that for every (n— k)-dimensional irreducible component C
of Sing(F) there exists a Lagrangian component of Gi dense in C . Consequently the
Lagrangian components of {Gr}o<k<n are dense in Sing(F’) .
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Due to the upper-semicontinuity of the function Sing(F) > r — dimg(B;) sets By are
constructible and open in their respective closures. We consider partitions {Ski}i of B
(and consequently partitions S := {Sj;}r; of Sing(F) ) into pairwise disjoint constructible
irreducible sets Si; open in their respective closures. For a Lagrangian bundle B the
class of such partitions with an additional property that dim(Sy;) =n —Fk for all Sy; is
not empty. (We may construct such partitions for example by means of splitting sets By,
into a sequence of its irreducible components and then defining S;; for ¢ > 1 to be the
i-th irreducible component of B without the union of the preceding ones.) According
to Proposition 3.4 partitions S form TWG-stratifications of Sing(F') whenever bundle
B D> Gr and B(S) is a closed set.

Proposition 4.7 If closed bundle B 1is Lagrangian then there is a bijective correspondence
between the irreducible components of its quasistrata By , 0 < k < n , and the irreducible
components of B . Also, the irreducible components B of B are of dimension n and
Reg(B) are Lagrangian submanifolds of T*(K™) in the natural symplectic structure of the
latter.

Proof. As a straightforward consequence of Definition 4.4 bundle B is a union of
n-dimensional (constructible) sets B|g with B being the irreducible components of the
quasistrata By , 0 < k <n, and Reg(B|g) are Lagrangian submanifolds of T*(K") .
Therefore the closures of Bl|g are the irreducible components B of B implying the
remainder of the claims of Proposition 4.7 as well. »

Theorem 4.8 The first two of the following statements are equivalent and imply the third:
(i) bundle Gp is Lagrangian;
(ii) TWG-stratifications of Sing(F') exist and each irreducible component of Gy ,
r<k<n,is of dimension n—k ;
(iii) each irreducible component of Gp is of dimension n .

Remark 4.9 In the example of Remark 10.2 there are only 2 irreducible components of
GF , both are of dimension n =05 and G s not Lagrangian.

Proof of Theorem 4.8. First (i) implies (ii) since quasistrata {Gp}r<k<n, form a
TWG-stratification due to Proposition 3.4 and Remark 4.5. Now assume (ii). Then (1’) of
Lemma 3.7 implies that for any irreducible component G of Gy there is an open dense
subset GO c G such that Tx(é) 1 G, holds for any point = € G . Since dim(g) =n—k
it follows that G, is the orthogonal complement to T,(G) for any point z € GO | which
implies (i). Finally, (i) implies (iii) is proved in Proposition 4.7. =

Subbundles B := B(S) of T*(K")|singr) constructed for any TWG-stratification S
of Sing(F) in the paragraph preceding Remark 3.3 contain bundle G and are Lagrangian.
Conversely, if a Lagrangian subbundle B — T*(K")[g, o(F) contains Gp and partition
S = {Skitki of Sing(F) is constructed as is described (for a Lagrangian B ) above
Proposition 4.7 then § provides a TWG-stratification of Sing(F') due to Proposition 3.4
and Remark 4.5 and, consequently, B(S) = B . We summarize these observations in

Theorem 4.10 There is a bijective correspondence between the classes of TWG-
stratifications S of Sing(F) with all quasistrata B(S)g) , 1 < k < n, fived and
between closed Lagrangian subbundles of T*(K")|ging(ry that contain Gp .
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Moreover Propositions 4.1, 3.4, Theorem 4.8 and Corollary 4.2 imply

Corollary 4.11 In the bijective correspondence of Theorem 4.10 Lagrangian bundles Gpg
correspond to the universal TWG-stratifications of Sing(F') .

In the next section we establish the converse statement.

5 A constructive criterion of universality.

Results of this and of the following section essentially depend on the validity of the conclusions
of Claim 3.8 (which, in general, are not valid for K = R, cf Remark 3.9). We therefore
assume for the remainder of this article that for our dominating polynomial (or analytic)
map F : K" — K! bundle Gp is n-dimensional over appropriate open dense subsets of
every irreducible component of Sing(F') . (For K # R the latter assumption holds due to
Claim 3.8.)

The following Theorem partly justifies the title of the article.

Theorem 5.1 Universal TWG-stratifications of Sing(F) (with respect to F ) exist iff
bundle Gr 1is Lagrangian.

Proof of Theorem 5.1. The ‘if’ implication is the main content of Corollary 4.11 .
Below we prove the remaining implication. Let 7 :=n — dim(Sing(F)) .

Assume that the ‘only if’ implication does not hold and let G be a not Lagrangian
irreducible component of some G , r < k <n with a maximal in the lexicographic ordering
pair (n —k , m = dim(G)) . We recall (see Claim 3.8 or in the case K = R by an
assumption above) that the minimal r for which G, # 0 equals r = n — dim(Sing(F)) .
Therefore all irreducible components of G, are Lagrangian since G, is open in Sing(F) , in
particular k > r . We have m = dim(G) <n —k (see Theorem 4.8) because condition (1’)
of Lemma 3.7 implies that dim(G;) <n —t, r <t <n. Denote by S = {S;}; a universal
TWG-stratification of Sing(F') = U;S; whose existence is the assumption of Theorem 5.1 .

Let R C Sing(F) . Throughout the remainder of the article we denote by G=*|p C
T(K™)|r the bundle of vector spaces whose fibers are the orthogonal complements to the
fibers of subbundle G|r C T*(K")|gr .

Denote by W the union of all Lagrangian irreducible components of {G;},<i<; . Due
to the choice of G it follows that U,<;<xG: C W . On the other hand, W is the union
of all Lagrangian irreducible components of {G:},<t<, with dimensions greater or equal to
n —k . Hence dim(Sing(F)\W)<n—k.

Remark 5.2 Following construction that appears in the proof of Lemma 2.1 (cf. Remark 2.3)
one can produce a TWG-stratification S' = {Sj}; of Sing(F) = U;S} extending the
family of all irreducible components contained in W . Then B({S:}:)lw = Glw due to
Propositions 3.4 and 4.1. Similarly, B({Si}i)|l = G| for L being the union (dense in
Sing(F') ) of all open in Sing(F') Lagrangian components of the appropriate quasistrata G;
(cf. Claim 3.8).

Plan of proof of the ‘only if’ implication of Theorem 5.1 is to derive a contradiction
with our assumption ‘to the contrary’ by means of Proposition 5.9 which we prove in Sections 6

14



and 7, see Remark 6.3. To that end we first show (in Claim 5.3) that W is a union of some
strata of & = {S;}; . Next, in Claim 5.6, we prove that within an appropriate open set Ug
with GNUg dense in G the latter is the boundary SY\ SY of the union SY C W of all
strata of S of the smallest possible dimension among strata with the boundaries containing
G . Here our arguments must take into account a possibility that the boundary of S“ may
differ from the union of the boundaries of the strata contained in S“ , cf. the paragraph
preceeding Lemma 2.1. (As a consequence of the latter one is not necessarily able to take
as SY simply a single stratum of S , though of course G is contained in the boundaries
of some strata of S .) Consequently, Proposition 5.9 provides an irreducible G-regular
extension G* of an open and dense subset of G into an appropriate stratum contained
in SY (picked in Corollary 5.7), which enables an extension of a family of G-regular strata
{O\GT}ocw U{G}, with W, := UQCw(Q\Qj) JG™ C Sing(F) , to a TWG-stratification
{S;}; of Sing(F) . The latter contradicts the universality of S , which would complete the
proof.

Claim 5.3 Let Q be a stratum of S . Then either QNW =0 or Q is an open and dense
subset of a Lagrangian component P C W . In particular, W coincides with the union of
an appropriate subfamily of {S;}; .

Proof. Indeed, first consider a stratum @ of & such that QN W is dense in QO and
denote ¢ :=mn —dim(Q) . Since Q is G-regular, B(S) D G and B(S)|onw = Glonw
it follows that Q C Uy<;G, and QN W C G; (in particular ¢ < k). On the other hand,
set G = U,>¢G, is closed (since function g: x — dim(G,) is upper semicontinuous) and
therefore Q C ONW c GO . Hence Q C G .

Consider an irreducible component P of G; such that QNP is dense in our Q .
The latter implies that dim(P) > n —t and since P C G; it follows ( n —t > dim(P)
and therefore) dim(P) =n —t . Thus P is Lagrangian and P C W (since ¢t < k ). We
conclude that @ C (QNP)NG CPNG =P CW and dim(Q) =n—t = dim(P) , as
required.

Now, assume that a stratum Q of S has a non-empty intersection with a Lagrangian
irreducible component P C W of G; (and therefore dim(P) =n —1t¢ for some ¢ <k ).
Then, using B(S)|pno = G|pngo and in view of the definition of B(S) , it follows that
dim(Q) = n —t . As we have shown above dim(Sing(F)\ W) <n —k <n —t . Therefore
ONW isdensein Q . In the latter case we have already proved that O C W , which
completes the proof of the claim. =

Corollary 5.4 Let Q be a stratum of S with dim(Q) > dim(G) and Q D G . Then
Q C Gnq , where ¢=dim(Q) >n—k >dim(G) , and QCW .

Proof. Due to our assumptions either GNQ or GN (@\ Q) is dense in G . If
ONW = 0 then either Q c ¢¢~Y or OnN (G \ W) is dense in Q . In the latter
case dim(Q) < dim(Gg \ W) = dim(G) , which is contrary to the choice of Q . And in the
former case G € @ ¢ G* 1 contrary to G being an irreducible component of Gj . Hence
QNW #( and due to the claim above Q C W . =

Consider the union SY of all strata Q of & of the smallest possible dimension with
9O\ Q containing G , say s:=dim(SY) .
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Remark 5.5 Due to the upper semi-continuity of function g :x — dim(G;) and Claim 3.8
(or, when K =R , the replacing it assumption of the paragraph preceeding Theorem 5.1) the
inclusions G C Up<i<1Gt C W hold. Therefore Claim 5.3, Corollary 5.4 and Remark 3.6
imply that SY s not emply, SY C (Gn_sNW) =G,_s and that S° is G-reqular.

Claim 5.6 Let W be an irreducible component of SY\ SY such that W  contains G .
Then G is dense in W . (Hence such W is unique). In particular, G is an irreducible

component of SY\ SY and thus within an appropriate open neighbourhood of G holds
SO\SV=G=¢.

Proof. Assume the contrary. Then dim(W) > dim(G) . Denote by ¢y the minimal
value of ¢: z — dim(G;) on W (attained on an open dense subset of W in view of the
upper semicontinuity of function g ). Then ty >t¢:=n—s=dim(G,) for z € SY CW
because W C (SY\ SV) . Pick a stratum Q of S such that WN Q is dense in W .
Then Q D G and since dim(Q) > dim(W) > dim(G) inclusion Q C W holds due to
Corollary 5.4, implying (WNG) D (@NG). Since G C (G, \ W) it follows QNG is
empty, i.e. G C (Q\ Q) . Since also Q C W and due to the choice of s we conclude that
dim(Q) > s . On the other hand n —dim(Q) = dim(G,) =ty for z € (WNQ) by making
use of Remark 5.2 and Claim 5.3, which implies s =n —t > n — tyy = dim(Q) . Therefore
s = dim(Q) and both Q@ C SY and, due to QNW # 0 , inequality QN (SY\ SY) # 0
holds, leading to a contradiction. =

Corollary 5.7 Let Q be a stratum of S of dim(Q) =s with Q\ QDG . Let S, :=
ONSY> Q. Then S, is an irreducible subset of WNGu_s=Gn_s and ST\ S, =G=g¢g
within an open set Ug with GNUg densein G .

Proof. Inclusion S, C SY C WNG,_s = G,_s is the main content of Corollary 5.4.
Note that S, is irreducible since S, = Q D G and that sets GNSY and (S,\S:)NSY are
both empty. Therefore S, NG =0 and (SV\ SY) D (S, \ Sx) D G . Hence due to Claim 5.6
also S, \ S. coincides with G on an open neighbourhood of an open dense subset of G . =

Remark 5.8 We may choose an open in K™ set Ug so that GNUg =GNUg # 0 . Since
ONUg D>GNUg #0 it follows that QNUg # O . Consider S:=S.,NUg D> QNUg (asin
Corollary 5.7). Then Q@ > S > QNUg=Q=2_8, (dueto Q being irreducible) and therefore
S =25, and S is irreducible. Hence GNUg = (S, \S:)NUg D (S\S)NUg >GNUg ,
which implies

(S\S)NUg=GNUg=GnUg (1)

and that S is open in its closure. Finally, S is G-regular (and is a dense subset of a
Lagrangian component of Gn_s ) since S CW NG5 =Gn_s -

In the remainder of this and in the following Section we use notation U for Ug, G and
S for GNUg and, respectively, for SNUg from Remark 5.8, in particular S is irreducible.

Proposition 5.9 There is an irreducible G-reqular constructible set Gt open in its closure
such that G* C S, dim(G") =n—k and GT contains an open dense subset of G . Finally

G lgrng = T(G7)|grng -
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We prove Proposition 5.9 in Sections 6, 7.
Deduction of Theorem 5.1 from Proposition 5.9. The bundle of vector spaces
associated (as in the paragraph preceeding Remark 3.3) with a family of G-regular strata

F={Q\ G ecw [ Jg"} . W= | (@\G9)[JG"  Sing(F) (2
QCw
(where the union ranges over all strata Q of S such that Q C W ) coincides over
Wi\ Gt with G, is Lagrangian and is closed due to the latter and Proposition 5.9. Since
W\ Wi C GF\GT and dimensions of (G+\GT) and (Sing(F)\ W) are less than n —k
it follows that dim(Sing(F)\ W1) < n — k . Therefore, as in the Remark 5.2, the family
F extends to a TWG-stratification {S;}; of Sing(F) = U;S; .

As we have established above in Claim 5.3 set W and therefore Sing(F)\ W are the
unions of several strata of S . Hence there exists a stratum P of S such that (Sing(F)\W) D
P and GNP isopen and dense in G . Since being universal TWG-stratification {S;}; is
larger than {S*] }; it follows by Proposition 4.1 that for any point # € GNGT NP there is an
inclusion B(P), C B(G"), = G, for the fibers of G ; hence dim(B(P),) < dim(G,) =k
and dim(P) > n—k . But on the other hand n—k < dim(P) < dim((Sing(F)\W) <n—k .
Thus the assumption (on the first lines of the proof of Theorem 5.1) of the existence of a non
Lagrangian component G in {G;}; leads to a contradiction, i. e. G is Lagrangian. =

6 Extension Theorem for singular varieties.

Proof of the more difficult implication of our main result Theorem 5.1 we complete in this
section. To that end we prove here Proposition 5.9 as a special case of an Extension The-
orem 6.1 important in its own right. The main ingredient of the proof of the latter is our
Bertini-type Theorem for singular varieties introduced in Section 1.3.

Extension Theorem 6.1 essentially provides an extension of a nonsingular part of the
singular locus of an algebraic variety to a Gauss regular subvariety with a prescribed tangent
bundle over the singularities under the assumptions of Whitney-a type conditions on the data.
(To apply the latter notion in the setting of Proposition 5.9 we will allow the adjacent strata
to be Gauss regular.)

Assume X < U is an irreducible algebraic (or analytic) subvariety of an open U C K" |
that a Gauss regular S C X is open and dense in X , Reg(X) C S and that G:= X\ S is
nonsingular. Besides the pair of strata {S, G} in U the data for our version of Whitney-a
property includes a subbundle Ty of the restriction over G of the tangent bundle T'(U)|g
of U such that Tg contains the tangent bundle T(G) of G . When Tg =T(G) and S
is nonsingular property W-a below is the standard Whitney-a condition on strata {S, G} .

W-a property : if exists lim; oo (zi, T2,(S)) = (o , T) , where zp € G , subspace
T CTyU), {(xi, Tp;(S)}; € S xT(U)|s and the limit lim; .o T, (S) = T is in the
Grassmanian of (dim S)-dimensional subspaces of K" , then T D (1g)q, -

Theorem 6.1 (Extension Theorem)

Assume U , S, G and Tg C T(U)|g are as in the preceding paragraph and satisfy
property W-a. Then there is an open subset U’ of U and an irreducible Gauss regular
closed subvariety G of SNU', such that GT contains GNU' , the latter set is open and
dense in G and

Tg‘Q*mg = T(g+)|g+mg :
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Let m :=dim(G) and k:=n — (dim(7g) —m) .
Remark 6.2 When dim(S)=mn—k Theorem 6.1 is obviously valid with GT:=SNU .

Remark 6.3 Proposition 5.9 is a special case of Theorem 6.1 with constructed in Section 5
open U :=Ug C K" , a G-reqular irreducible dense subset S C W NU of a Lagrangian
component of {Gi}r<i< with G=UNS\S (see Remark 5.8) and Tg:=G*+|g C TU)lg ,
where G := Gp . Bundle T(G) C Tg due to Remark 4.3. Finally, the validity of property
W-a for {U , S, G, Tg} is equivalent to T(S)+|g C G|g and is a consequence of
bundle G being closed in T(U)|ging(ry and S of Remark 5.8 being dense in a Lagrangian
component of Gn_s . (Note that dim(S) >n —k , see Corollary 5.4.)

Proof of Theorem 6.1. We assume K = C (or R ) and in the algebraic case extend
the result to an arbitrary algebraically closed field employing the Tarski-Lefschetz principle.
Application of the Tarski-Lefshetz principle requires the estimates of degrees of the output
in terms of the degrees of the input, which here is straightforward due to a constructive and
explicit nature of the proof below (see also remarks following Theorem 7.1 below).

First we construct a (k+m) x n matrix M = (M;;)i<j<ktm , 1<i<n With the entries
being polynomials over K = C (or R ) in n variables such that for a suitable open V C G

Tglv = T(G)lv @ Ker(M)|v . (3)

In particular, the rank of M equals k& + m at all points of V .

Consider a Noether normalisation 7 :G — K™ being a restriction of a linear projection
m: K" — K™. Then K"=K™@® K" ™, where K" ™ =Ker(n) and K™ =7(K"). We
may assume w.l.o.g. that the first m coordinates are the coordinates of the first summand
and the last n —m coordinates are the coordinates of the second summand. We choose in
the tangent space to K™ a basis % corresponding to X-coordinates. In abuse of notation
we identify K" ™ =T, (K" ™) C T,(K"™) for points = € K"™™ .

Let 4/ C K™ be an open set such that (3) holds for V :=7"'U)NG, n(V)=U and
such that the dimension of any fiber of bundle

Toly N (V x K™~™)

equals n—k—m (e. g. any open U such that over V the tangent spaces to G are mapped
onto K™ isomorphically would do). Then there is a matrix of size (k+m) xn , say M ,
with the entries being polynomials in n variables such that

Ker(M)|y = Tgly N (V x K™™™) .

Of course we may assume w.l.o.g. that M;; =9;; for 1 <j<m,1<i<n (where J;;
denotes the Kronecker’s symbol). This provides matrix M and set V satisfying (3).

One can construct an open subset U’ C U and (by means of an interpolation in K"~ ™
parametrized by points in U’ , e. g. as in Appendix) functions L;(X), 1 <j <k, rational
in the first m and polynomial in the last n —m coordinates such that all L; , 1 <j <k,
vanish on V' :=7"1(U')NG (while their denominators do not) and for every point = € V'

oL,
X,

() = Mjpm ,i(x) for 1<j<k,m+1<i<n.
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Multiplying by the common denominator and keeping the same notation L; , 1 < j <k,
for the resulting polynomials we conclude that all L; vanish on G , their differentials
dLj(z) , 1 < j < k , are linearly independent for any = € V' and also, due to (3), that
Mi<j<k Ker(dL;)[y: = Tgly: . Therefore by shrinking neighbourhood U , if need be, and

replacing G by GNU we may assume that & C 7~ 5(U’) , that dLy, ... , dL; are linearly
independent at every point in U and that
[ Ker(dLj)lg = Tg . (4)
1<j<k

Remark 6.4 We may w.l.o.g. assume dim({L;|s}i<j<k) := dimg (Span{L;|sti<j<k) > 2,
where Span denotes the K-linear hull of a family of functions. Indeed, dim(S)>n—k =
dim(7Tg) — dim(G) implies d := dim({L;|s}1<j<k) > 0 . It remains to exclude the case of
d =1 . In the latter case we may assume w.l.o.g. that dim({L;|s}e<j<k) > 1 and then
change Ly by adding to it an appropriate generic element of the square of the ideal Ig of
all polynomials vanishing on G . This would not change the value of dLyi at the points of
G , but on the other hand dim({L;|s}i<j<k) for the new choice of Ly will increase due to
dimension of Ig/[s as a vector space over K being infinite, as required.

7 Bertini-type Theorem and completion of proof of Extension

To complete the proof of Theorem 6.1 we will use Theorem 7.2 stated below and proved
following the completion of the ongoing proof of Extension Theorem 6.1. In this Bertini-type
Theorem 7.2 we assume that collection {U , S, G, Tg} satisfies the W-a property and that
collection {L;}1<j<i of polynomials vanishing on G with linearly independent differentials
over U satisfies property (4), that dim(S) > n —k and dim({L;|shi<j<x) > 2 . We
then construct a codimension one in S irredicible Gauss regular closed subvariety S_q =
S_l(S) — S with G being its boundary such that {U/ , S 4 , G} and bundle Ty over G
satisfy the W-a property (and then proceed by induction on dim(S)).

We will use the notion of normal crossing : a collection of varieties is a (simultaneous)
normal crossing at a point, say a , provided that in appropriate local analytic coordinates
centered at this point every variety from this collection and passing through a is a coordinate
subspace. (Of course this property is open with respect to the choice of points a .) Due to
the assumptions on {L;}1<j<r (which match the properties of the collection constructed
within the proof of Theorem 6.1 in the previous section) the collection of the hypersurfaces
Hj:={L;=0}NnU, 1<j<k,isanormal crossing in U , i. e. at every point of U .
Moreover, since S is irreducible (as is the S of Theorem 6.1) it follows that set Reg, (S)
of all points in SNU at which {H;}1<j<x and S is a normal crossing is an open and
dense subset of Reg(SNU) (since Reg,(S) D Reg(S) \ UszﬁS H; #0 ). We also denote
Sing, (S) := SNU \ Reg,(S) .

The exposition of our Bertini-type Theorem 7.2 below is for the case of K = C or R
(e. g. items ii) and v) ). The set up is similar to that preceeding Theorem 6.1 and of the
‘output’ above of the construction in its proof, i. e. X < U is an irreducible algebraic (or
analytic) subvariety of an open U C K" , a Gauss regular S C X is open and dense in
X with Reg(X) C S and a nonsingular G := X \ S . Also, the fibers of the bundle Tg
over G are determined by a collection {L;}1<j<x of polynomials satisfying the properties
listed in the first paragraph of the current section. Let L(z,c) := > ;o c;Lj(x) for
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c=(c1,...,ct) , (z,¢) € U xCF | and for a ‘fixed’ ¢ let L.(z) := L(z,c) . In the
algebraic case a version of Bertini-type theorem in a form that allows to reduce the proof for
an arbitrary algebraically closed field K of characteristic zero to the proof in the K = C case
by employing the Tarski-Lefschetz principle is as follows:

Theorem 7.1 Assume that dim({L;|s}i<j<k) > 2 and the collection {U , S, G, Tg} of
the preceeding paragraph satisfies the W-a property. Then for ¢ € K* off a proper algebraic
subset Z of K* the hypersurface S_y := {L. = 0YNS of S is nonsingular, there is an
irreducible component S, of S_1 whose boundary contains G and {U S_q , G, Tg}

satisfies the W-a property.

Application of the Tarski-Lefshetz principle requires the estimates of degrees of the out-
put in terms of the degrees of the input. The estimate on the degrees of polynomials
L;j, 1<j<k,in terms of the degrees of polynomials defining collection {U,S,G,7g} is
straightforward following the proof of Theorem 6.1 and Remark 6.4 . Also, the estimate on
the degrees of polynomials defining algebraic set Z C K* in terms of bounds on the alge-
braic data after the application of desingularization within the proof of Theorem 7.2 below is
straightforward (since set Z is the set of critical values of the appropriate projections from
the proof of Theorem 7.2). Finally, the bounds on the algebraic data after the application
of desingularization in terms of the degrees of polynomials defining collections {U,S,G,7g}
and {L;}1<j<k is a consequence of the estimate of complexity of desingularization in [4] .

Theorem 7.2 (A Bertini-type Theorem for singular varieties)

Assume W-a property for {U, S, G, Tg} of the paragraph preceeding Theorem 7.1 ,
dim(S) > n—k and dim({L;|s}i<j<x) > 2 . Then for a generic ¢ € K* the following
properties hold:

i) {L.=0}NReg,(S) is dense in S_1 := {L. = 0} NS manifold of codimension 1 in S ;

i) for compacts K C (SNU) C K" the norms of d(L¢|s)(a) = dLc(a)|r,(s) , for
a € {L.=0}NReg,(S)NK , are larger than a positive constant (depending on K );

i) the boundary (S—1\ S_1)NU of set S_1 in U coincides with G ;

iv) Reg(S—1) D (S—1NReg(S)) and S_1 is G-reqular in U ;

v) for any sequence of points in S_1 and their tangent spaces to S_1 converging to a € G
and, respectively, to a subspace Q C T,(K™) holds Q D Tg(a) implying T(S_1)+|g C Té‘ ;

vi) replacing S—_1 by an irreducible component Sy of S_1 whose boundary contains
G the properties iii)-v) remain valid and, therefore, property v) with S, replacing S_1
means that collection {U , S , G, Tg} satisfies the W-a property.

Remark 7.3 For the sake of clarity we include (though do not make use of) the following:

e Of course in ii) of Theorem 7.2 we may equivalently replace “the norms of d(L.|s)(a) =
dLc(a)|r,(s) are separated from 0 7 by “the angles between the gradient grad Lc.(a) of L
at a and the tangent spaces To(S) to S at a are separated from w/2 7.

e Due to S being irreducible and {L. = 0} NS # S it follows that the irreducible
components of S_1 are equidimensional. An irreducible component S, of S_1 whose
boundary contains G exists since the union of boundaries of the irreducible components of
S_1 contains the boundary G of S_1 (property iii) ) and G is irreducible.
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Deduction of Theorem 6.1 from Theorem 7.2. Starting with Sy := S we construct
sets S_; := S_1(S_i41) , 1 <i < e:=dim(S) — n+ k , consecutively applying e times
Theorem 7.2 followed by Remark 6.4. Then due to iii) of Theorem 7.2

(S-e\S-)nU = g (5)
and, moreover,
T(S_o)tlg = Tg (6)

since the Gauss map of S_. extends as continuous (uniquely) to all of G (due to v) of
Theorem 7.2). Indeed, if a sequence of points from S_. converges to a point a € G
with their tangent spaces to S_. converging (in the respective Grassmanian) to a subspace
Q C K" then @ D Tg(a) and then @Q = Tg(a) due to dim(Q) = dim(Tg(a)) =n —Fk .
Therefore using (5) set S_. can be enlarged to an irreducible, G-regular and open in S .
subset G :=S_.UG of dimension n — k satisfying (6), as required in Theorem 6.1. =

8 Proof of Bertini-type Theorem for singular varieties.

We prove iii) for an arbitrary choice of ¢ € K* . Of course dim((S_1),) > dim(S) —1 >
n—k > m = dim(G) , where (S_1), denotes the germ of S_; (as an analytic set) at

a€G. Also (G)o C ((SN{L=0})\G)a , where "(-),” is a notation for the germ of ”-” at
a . On the other hand, ((SN{L =0})\G)s = ((S\GN{L =0} = (5_1)a , since
(9)a = (S\G)y dueto G being the boundary of S in U . Thus G C (S_;NU) and (since
SNG=10) it follows that (S_;\S_1) D G . Finally, definition of S_; and G being the
boundary of S in U imply that G = (S\S)NU D (S_1\S_1)NU DG , as required.

Properties i) and ii) of Theorem 7.2 imply both iv) and v). Inclusion Reg(S_1) D
{L = 0}NReg(S) = S_1NReg(S) is a straightforward consequence of i) and ii). The remainder
is a consequence of the following property: if the limits of two sequences of subspaces of K™
exist, then the limit of the respective intersections of these subspaces also exists and coincides
with the intersection of the limits of the sequences, provided that the angles between the
respective subspaces in the sequences are separated from 0 by a positive constant.

‘Property vi) follows from iii)-v)’ using that S_; is open in its closure.
Thus it remains to prove i) and ii). We start with the Proof of i):

Reduction to a ‘nonsingular setting’ via an embedded desingularization fol-
lowed by a combinatorial one. We start with an embedded desingularization o : N — U
of SNU CU by means of successive blowings up along smooth admissible centers (e. g. as
in [16], [1] or [3]) with hypersurfaces H; := {L; =0} , 1 < j <k , treated as exceptional.
We may treat H;’s as exceptional since collection {H,}i<j<k is a normal crossing at the
points of U . In particular, the following holds:

0. map o : N\ o~ !(Sing,(S)) — U \ Sing,(S) is an isomorphism;

1. the (so-called) strict transform N :=o=1((SNU) \ o(Sing(c))) of SNU is smooth;

2. Sing,(S) = o(Sing(s)) and Sing(c) = o7 1(0(Sing(c))) = Ui>1H;4x , where each
H;. ) is a smooth (so-called) exceptional hypersurface and in addition each H;,j is the strict
transform of the set of the critical points of the successive i-th intermediate blowing up;
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3.each H;NN ,i>1,issmooth and dim(H; N N)=dim(N)—1 for i >k+1;
4. the family {H;}i>0 , where we denote Hy:= N , forms a normal crossings in N .

For any hypersurface {f =0} CU the strict transform of {f =0} under map o is

Apy =01({f =0})\ Sing(o) C N .

Remark 8.1 Due to property 2. above the local equation of Ay can be constructed by
factoring out from foo the maximal monomial in exceptional hypersurfaces. In particular,
assume that f depends on parameter ¢ € K* and map &:=o0 xid: N x K*¥ - U x KF .
With f|. being the evaluation of f at c , hypersurfaces Apy CN and Ay CN x K*

being the strict transforms under maps o and & respectively, it follows that if for a particular
value of ¢ hypersurface Apyle:= Ay N (N x {c}) CN is smooth then

Ay = Aple s (7)

where N x {c} is identified with N . Of course for a sufficiently generic value of ¢ € K*
equality (7) holds in any case.

Denote Aj:=A,)CN,1<j<k,and A:=A) CNx K* (hypersurfaces A; and
A are the strict transforms of hypersurfaces in ¢/ and in U x K* under maps ¢ and &
respectively). Hypersurfaces A; , 1 < j <k, are smooth and together with Sing(c) form
normal crossing in N due to the choice of admissible centers of blowings up (see e. g. [1] or
[3]). In addition, for each j , 1 < j <k, the difference between the divisors of Ljoo and
A;j is the exceptional divisor E; supported on Sing(o) = U;>,+1H; C N (each divisor Ej
being of the form E; =5 . n;;[H;| and all integers n;; >0 ).

By means of following the embedded desingularization we started with by a composite of
combinatorial blowings up (i. e. the blowings up with centers of all successive blowings up
being the intersections of some of the accumulated and ‘declared’ exceptional hypersurfaces,
where the latter are the strict transforms Aj; of {L; =0}, 1 < j < k) we may assume
(Theorem 1.13 in [1]) that besides properties 0.-4. also holds:

5. the principal ideals generated by Ljoo ,1 < j <k, are (locally) linearly ordered with
respect to inclusions implying, in particular, that the pull back J of the ideal generated by
all Lj , 1 <j <k, under the map o: N — U is principal and locally ‘near’ any point a is
generated by one of the Ljoo , 1<j<k. (Forsuch j=j(a) it follows that a & A; .)

Application of Sard Theorem on desingularization. As a consequence of property
5. hypersurface A is nonsingular. Indeed, for any point (a,c) € A there exists j:= j(a) ,
1 <j <k, for which ideal J = (Ljoo) in a neighbourhood of point a € N . Therefore,

function
_ Zlgigk ci(Lioo)

LjOO'

is regular at (a,c) and é%-(a’ c¢)=1,while A={\=0}.

The standard version of Sard Theorem implies that for a choice of an appropriate generic
c=(c1,...,c) the fiber A. of the restriction to A of the natural projection p: A — KF¥
is nonsingular in o~ !(U) . Note that Sard Theorem applies because if x € N\ Sing(o)
and ¢ # 0 then a straightforward calculation (by making use of the linear independence
of differentials dL; , 1 < j < k ,in U ) shows that the rank of the Jacobian matrix of
projection p at (z,¢) € A equals k.

A
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To complete the proof of i) we apply Sard Theorem to the restriction of projection p to
(N x K¥)n A . Note that (N x K¥)NA = {(z,¢) € N x K* : A(x,¢) = 0} in the local
coordinates on N x K¥ chosen as above and is nonsingular (since the partial derivative of
A with respect to ¢; at (x,c¢) equals 1 ). Due to an assumption of Theorem 7.2

dim({L; o o|n }1<j<k) = dim({Lj|s}1<j<k) > 2

Pick Lj|s, Ljls, 1<ji1 <j2 <k, being linearly independent over K . It follows that
there is a point « € N \ Sing(o) and ¢, , ¢j, € K such that

¢ Ljy (0(2)) + ¢jp Ljy (0(2)) = 0, ¢y (dLj, ) (0(x)) + ¢j,(dLj,) (o (x)) # 0
holds. Such x € N\ Sing(o) exists since otherwise
(Lia(dLy,) — Ly (dL3,))(o(x)) = 0 for all z € N\ Sing(o) |

which would imply a linear dependence of Lj |s , Lj,|s contrary to their choice. Set
c;j =0 forall j# j1, j2 . Then again by means of a straightforward calculation the rank
of the Jacobian at (z,¢) of projection p: (N x K¥)N A — K¥ equals k and therefore
Sard Theorem implies that N N A, is nonsingular for appropriate generic ¢, where N is
identified with N x {c} . Since o is an isomorphism off Sing,(S) (which is the property
0. of o) it follows that if {L = 0} N Reg,(S) # 0 then it is a smooth hypersurface of
Reg,(S) of dimension dim(S) —1 . To complete the proof of i) it suffices to show that
NNA. ¢ Sing(o) = U;>1 Hi+, and that, moreover, N N A, \ Sing(o) is dense in N N A .

Both properties follow by specifying an appropriate generic choice of ¢ further, e. g.
a choice of ¢ such that A, intersects transversally every Hj x {c¢} would do, where
Hj; = NjesH; for any acceptable index set J C {i > 0} . We achieve the latter by once
again applying Sard Theorem to the restriction of projection p to (Hjx K¥)NA . Of course,
for J such that p(H; x K¥ N A) is not dense in K* it follows that Hjy x {c} N A, =0
for a generic choice of ¢ € K* | and otherwise Sard Theorem applies and implies for an

appropriate generic choice of ¢ the desired transversality, which completes the proof of i).
Proof of ii). We summarize consequences of application of Sard Theorem in

Remark 8.2 For a choice of an appropriate generic ¢ € K* it follows that the family
{H;}i>0 with A. form a normal crossings in N :=N x {c} .

Adjusting metrics on U/ and on S .

Remark 8.3 By means of replacing the standard Hermitian metric on K" for K = C
respectively Euclidian for K = R, by an equivalent (over any compact subset of U )
Hermitian, respectively Riemannian, metric on U C K" we may assume w.l.o.g. that
dLi(a), ..., dLi(a) , a €U , is an orthonormal basis in L} := Span({dL;(a)}i<j<k) -

Remark 8.4 For a € S near G inclusions Qg = L:/L:NT,(S)t — T,(S)* wvia the
restrictions of functionals from L} to T,(S) are isometries.

Metrics on desingularization convenient for ‘logarithmic differentiation’: we
introduce metrics on N \ Sing(o) ‘nearby’ any point b € NN A.NSing(c) C N as follows.
In a neighbourhood of b the smooth variety N admits an analytic coordinate chart C
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with the origin at b and every exceptional hypersurface H intersecting C by a coordinate
hyperplane {xp =0} of C, unless the intersection is empty. (In the algebraic case we may
also use the notion of an affine ’etale’ coordinate chart of [1], [2].) In a neighbourhood of b
the local ideal J; is generated by a single Lj;oo for a suitable j (property 5. of map o ),
and the function h:= A|. has a non-vanishing differential at b,since NNA, is nonsingular
due to the choice of ¢ as shown in the proof of i). We shrink the neighbourhood C so that
dh does not vanish at all points of C . In addition, due to Remarks 8.2 and 8.1, we may
assume that h is one of the non-exceptional coordinates on C . We define an auxiliary norm
on T;(N)* for a € C\ Sing(o) via an imposition of the following:

d
{CCH, dxi} is an orthonormal basis on T3(N)* | (8)
TH Hji

where {zp,z;}n,; are the coordinates in C with the former ones corresponding to the
exceptional hypersurfaces and the latter {z;}; being the remaining coordinate functions
(including function h ). A straightforward calculation shows that the Hermitian (Riemannian
for K = R) metrics on C\Sing(o) introduced by means of (8) do not depend on the coordinate
choices that preserve exceptional hypersurfaces, i. e. are isomorphic over compacts in C (here
we do not make use of this fact), cf. [11].

The key estimate by means of ‘logarithmic differentiation’. We now will complete
the proof of Theorem 7.2 relying on the following lemma

Lemma 8.5 For a € (NNA.NC)\ Sing(c) the norm of d(Lc.oo)|a € Ta(N)* equals
|Ljoo(a)l . Moreover, the latter magorizes the norm of ((c]s);)l, @) Qo@ — Ta(N)* (up
to a multiplicative constant depending only on a compact K CC for a €K ).

Remark 8.6 The norms of the composites Wa: L7 — To(N)*  of the restrictions to
L3y of the pull backs oF: To@U)* — Ta(N)*  with the maps dual to the inclusions
Ta(N) — Ta(N) coincide with the norms of (linear) maps ((o]s);)lq, : Qa — Ta(N)* , i e.
the restrictions to Q4 of the pull backs (o|s)i: To(S)* — Ta(N)* (since maps W5 are
also the composites of the quotient maps Ly — Qq with ((0]s)3)lq, ). Therefore it suffices
to majorize (up to a multiplicative constant) the norms of the maps Vs by |Lj(a)| for
j=jla) (the index j though does not depend on a € C ).

Lemma 8.5 implies a lower bound (depending on the choice of a compact K C C) on the

norms of (dL|s)(a) € Q, at the points a € {L = 0}NReg,(S)Nc(K) = Reg,(S)No(A.NK) .
Since o is a proper map the item ii) of Theorem 7.2 follows. m

Proof of Lemma 8.5. Recall (see property 5. of map o ) that Ljoo , j = j(a),
coincides (up to an invertible function) with [];_, 27" in C (w.lo.g. we may assume that
they coincide). Due to Remark 8.1 and, since h(a) =0, it follows that

d(Leoo)|la=d((Ljoo)-h)la=Lj(a)-dhls .

Due to the choice of the norms on T;(N)* (see (8)), for a € C\ Sing(o) , it follows that the
norm of dh|z equals 1. Therefore the norm of d(L.oo)l|s is |L;(a)| , as required.

Due to Remark 8.6 it remains to bound the norms of the maps Wg: L) — T5(N)* . Note
that because Ljoo is (in C ) a common factor of all L;oo , 1 <14 <k, and since the norms
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of d(Ljoo)|s due to (8) coincide with /> 5, n3; -|Lj(a)| , it follows that the norms of all

d(Ljoo)|s are majorized by |L;(a)| (up to a multiplicative constant depending only on the
choice of K provided that a € (NN A.NK) \ Sing(c) ). The required upper bound on the
norms of Ws: L — T5(N)* follows since the latter norms are bounded by k2 times the
maximum of the norms of the images of the orthonormal basis {dL;(a)}; in £} . =

9 Complexity of universal TWG-stratifications.

To provide a complexity upper bound on constructing the Glaeser bundle of vector spaces
Gr=G=GW >...5GD 5 GO =T (see Section 3) and the quasistrata Gj, assume that
the components f; € Z[z1,...,zy,], 1 < i <t of the polynomial map F' = (fi,..., f;) have
integer coefficients. Let 27 bound the absolute values of the coefficients, and integer d bound
the degrees of the polynomials. We consider two cases: K = C or K = R , although one
could study other algebraically or real closed effectively represented fields K , then R would
bound the bit-size of the coefficients [12].

To proceed consecutively from bundle G®) to GP+D 0 < p < p < 2-n , one has to
carry out two basic subroutines (see Section 3): to produce the closure of a constructible set,
and for a given bundle M to construct the bundle M’ of vector spaces whose fibers being
linear hulls of the respective fibers of M . An algorithm producing the closure is exhibited
in [12]. For the second subroutine given a quantifier-free formula over field K describing
M , one can describe M’ by means of a formula with quantifiers over K in a straightforward
way. To the latter formula one can apply a quantifier elimination algorithm of [12] resulting
in a quantifier-free formula describing M’ . This yields an upper bound ROM) . gn®? on
the complexity of constructing G and the complexity of G, . Recall that the quasistrata Gy
provide a universal TWG-stratification, provided that G is Lagrangian (Corollary 4.11). Note
that in an example from Section 10.2 the index of stabilization p grows linearly with n .

We would like to mention that a similar double-exponential complexity upper bound RO .
d"°™ on stratifications (though without property of universality) was obtained in [22], [6].
On the other hand, there is an obvious exponential complexity lower bound ROM) . gO(0)

It would be interesting to understand, whether this double-exponential bound is sharp?

Note that the computational complexity bound of [4] for the resolution of singularities (in
terms of the primitive-recursive functions) is a considerably larger bound.

10 Examples.

10.1 A family of F : KN — K which admit universal TWG-stratifications.
We give an example of a family of polynomial maps F : KV — K
n+1
F:=F, = Z Ai,inXj S K[{ALJ‘}, {Xl}] , N=n+ 9 ,
1<i<j<n

that admit universal TWG-stratifications of Sing(F') . The latter turn out to be stratifications

in the traditional sense (of the first paragraph of Section 2) with the index of stabilization
p(F)=1 (i.e. GM =Gp).
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Of course Sing(F') = {X; = 0}1<i<n . Let for the sake of brevity G := Gr and bundle
B :=GW (as in the construction of Section 3 for map F ).

Any nonsingular n xn matrix C' over K induces an isomorphism of K~ — K | which
for brevity we also denote C' (of course isomorphisms C' preserve the ranks of quadratic
forms). Therefore, for any particular point a = ({a;;}, {0}) € Sing(F') with quadratic form
fa = Zlgigjgn a; ;X;X; being of a rank ¢ the dimension of the fiber B, of bundle B
at a coincides with the dimension of the fiber of bundle B at the point a(g) with the
corresponding quadratic form being f,,) = Z1§z‘§q X2, e. g. due to Corollary 3.2.

We identify the set of all quadratic forms f, of rank ¢ with the constructible set
By C Sing(F) of the corresponding points a € Sing(F) . A straightforward calculation
shows that dim(B(,)) = qn —q(¢ —1)/2 . Once again by means of Corollary 3.2 (and of
an appropriate isomorphism C : KV — KV ) it follows that B4 1is smooth and that fibers
G, are of a constant dimension k(q) at all points a € By, , i. e. By = By . (Since
I =1 Thom stratification of Sing(F') exists by [18] and therefore due to (1’) of Lemma 3.7
inequality k(g) < codim By, holds.) Below we calculate k(g) , which would allow us to
conclude (by making use of Theorem 4.8) that each By, is Lagrangian and therefore that
B =G, By = Grq and that stratification {Byg) }o<q<n of Sing(F) (by rank of f, for
a € By(g) ) is a universal TWG-stratification.

Consider curves 7 : K > t — ~(t) € KV with the origins at a(q) = 7(0) and
parametrized by x € K" as follows:

Xi=t3z;,, 1<i<gq; Xj:thj,q<j§n; Ai=1,1<i<gq;

A straightforward calculation of the limit along this curve of the normalized differential
dF/||dF|| shows that ., , ¥:dX; € By(g) . Consider similarly limits along curves with the
same origin at a(g) and defined as follows: A :=1 if 1 <i<gq and A;;j :=0 for pairs of
i, with 1<i<j<n or g<i=j<n,while X;=0 for 1 <i<q and X; =tx; for
q < j <n. A straightforward calculation implies that the ‘coordinate’ projection of By, to
the subspace spanned by {dAij}lgigjgn contains the image under the degree two Veronese
map of points (z1,...,z,) € K™ with coordinates z; =0 for 1 <1i < q . It follows that
subspace By of (KN)* contains dX; for 1 <i<n,and dAj, for ¢<j<s<n,i.e.
k(q) = (n+(n—q)(n—q+1)/2) = codim By, implying k(q) = codim By, . Consequently
each (de facto smooth) quasistratum By, is Lagrangian, G = B and, due to Theorem 4.10
and its Corollary 4.11, partition {Bjq)to<g<n of Sing(F) is a universal TWa stratification
of Sing(F') . Summarizing

Proposition 10.1 For

F=F,= Z A i XiXj € K[{A;}, {Xi}]

1<i<j<n

the index of stabilization p(F) =1 and strata By = {a = ({ai;},{0}) : rk(fa) = ¢} C
Sing(F') form a universal TWa stratification of Sing(F') with respect to F .
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10.2 A family of examples of F,: K%+t - K with universal
TWG-stratifications and the index of stabilization p(F,)=n .

Let q(z,y,u,v,w) := u-224+2w-z-y+v-y? and produce recursively the following polynomials:
q1 = Q(xl y Y1, U1, V1, w) y qk4+1 = Q(xk+1 y Yk+1 5 Uk4+1 5 Vk+1 Qk()) ’ k 2 1. Denote

F:=F,, F(Z,y,ud, U, w:=q¢@,y,d, 7, w),
where Z, ¢, u, € K" and xp, yp , ug , vp for 1 <k <n denote their respective
k-th coordinates, i. e. F' depends on N = 4n + 1 independent variables. Let hg :=
up v —qi_ (), 1<k<n.Then F =y 22 +2¢,_1 Tn Yn+vn-y2 and Sing(F) =
{zn, = yn = 0} . By making use of Corollary 3.2 and example from Section 10.1 it follows
that for points a € Sing(F) with dg,_1(a) # 0 the fibers of bundle GV are

1. G = Span{dzy, ; dyn} if hp(a) #0,i.e. Go = Sing(F)\{h, =0} off {dg,—1 =0};

2. GV = Span{dx,, ; dyn ; dhn,} if hy(a) =0, dhy(a) #0,1i. e. off {dg,—1 = 0}
quasistratum Gz = Sing(F') N {h,, = 0} \ {dh,, # 0} ;

3. Ggl) = Span{dz,, ; dy, ; du, ; dv, ; dgn—1} , if hyp(a) =0, dhyp(a) =0, i. e.
Gs = Sing(F)N{h, =0, dh, =0} off {dg,—1 =0}.

4. In the cases 1. and 2. fibers G = (G), , but in the case 3. fibers G # (GO), =
{w = Upduy, + Vypdvy, + Qn-1dgn—1 + Xpdx, + Yody, - Uy, -V, = (Qn_1/2)2} , where w
denotes a 1-form at a .

Denote D; := Span{dx,, ; dyy ; du, ; dv,} . Note that
dF = 22 du, + y2dvy, + 220yndgn—1 + 2(UnTpn + Gu1Yn)dzn + 2(@n-1%n + Vnyn)dyy, .
Results above rely on elementary calculations of Section 10.1 summarized below:

h,, = det < Zn q;l_l ) and for any sequence of points from K~ converging to a point
n—1 Un

a € Sing(F') the following holds

i) the size of {% . 9F dominates {z2 , ¥2 , 2Tn-Yn} at a if h, A0,

 Oyn
ii) the limits of dF/||dF|| are the 1-forms w = Upduy, + Vydvy, + Qn-1dgn—1 + Xndz, + Yodyn
with U, -V, = %_1/4 , since the coefficients of dF at du, , dv, , dg,_1 satisfy

m% : yv% = (2zy, - yn)2/4 .

When hy(a) =0 the latter also follows from the orthogonality of w € Gt to To({hn = 0})
(see (17) of Lemma 3.7) and dh,, = vy, - duy, + uy, - dvy + 2¢p—1 - dgn—1 , implying that w is
proportional to dh,, , while wu, -v, =¢2_; for points in {h, =0} .

We now turn to a simple, but crucial observation that the coefficients of dF at
du, , dv, , dg,—1 satisfy inequality zn2 + |yl > (V2)7! - |22, - yn| . Hence the
limits of dF/||dF|| evaluated at the points that converge to Sing(F')N{dg,—1 = 0} are the
1-forms with vanishing coefficients at all differentials of the independent variables on which
Gn—1(-) depends. In particular, combining with the preceding summary of the arguments of
Section 10.1 properties 1. and 2. follow without making assumption dg,—1(a) #0 and also

5. GV =Dy for a€ Z,_1:=Sing(F) N {hy =0, dhyp = dgn_1 = 0} C {gn_1 = 0}
holds.

27



Summarizing Gy = Sing(F') \ {h, =0}, G3 = Sing(F) N {h, =0, dh, # 0} and with
gé = Sing(F) N {hn =0, dh, =0, dqn—l(a) # 0} bundle G(1)|92U93UQ§) = G’QQUQB.UQQ :
Also Gl ={zp =yn =un =vp = ¢u—1 =0, dgy—1 # 0} , and

Zn—l = {l’n =Yn = Up = VUp = Tpn—-1 = Yn—-1 = 0} = Sing(F) \ (gg U g3 U gé) .

Detour. The two Remarks-Examples below are straightforward consequences of the latter
observation and the preceding it summary of the arguments of Section 10.1.

Remark 10.2 With notations G =G , GV = Gg) for a function

Fi=u-2>4+20* z-y+v-y?

depending on 5 wvariables the following holds:

inequality dim Ggl) <4 forall a€ Sing(f’) s bundles G and GW  coincide; quasistrata
Go={r=y=0,uv—w*#0},G={z=y=0, u-v—w*=0, (u, v) #0} and Gy =
{0} are smooth and form as strata a TWa stratification, say S , of Sing(F) ; quasistrata Go
and Gs are Lagrangian, but the quasistratum Gy is not Lagrangian (dimGy =0<5—41).
Also, Glg, and Gl|g, are 5-dimensional irreducible components of G and Glg, is in the
closure of Glg, -

Remark 10.3 Let non-zero polynomial g € K(z1,...,2y] and F, := F(x,y,u,v,9(2)) ,
where F s from the preceding Remark. Denote G := GF, , GP) .= G%) . Then for
polynomial F, depending on m +4 wvariables the following holds:

dim Ggl) <4 for all a € Sing(Fy) ; bundles G and G coincide; the quasistrata are
Go={r=y=0,uv-g(x)'#0}, G={r=y=0, u-v—g(x)"'=0, (u, v)#0}
and Gy ={x =y =u=v = g(2) = 0} ; only quasistratum Gy 1is not Lagrangian; the
irreducible components Glg, and Glg, of G are (m+4)-dimensional and G|g, is in the
closure of G|g, . Curiously, an arbitrarily chosen hypersurface {g =0} appears as
a quasistratum.

We now turn to a calculation of fibers of G for F . Note that dg,_1 — 2T 1Yn—1dqn_o =
xi_1dun—1 + yg_ldvn—l + Q(Un—lxn—l + Qn—2yn—1)d~7f'n—1 + Q(Qn—an—l + Un—lyn—l)dyn—l

and bundles G = G® =G off Z,., C {Zpn-1 = yn—1 = 0} . It follows by making use
of Corollary 3.2 and of the calculations like in the summary of the arguments of Section 10.1
that for points b from Gf converging to a point a € Z,_1 C {gn—1 =0, dgy,—1 =0} with
dgn—2 # 0 the span of the limits of the 1-forms from the fibers Gp of G (it includes the
limits of dgn_1/||dgn_1]| ) coincides with the fibers of bundle G | namely:

1. G,(12) = Span{dwn_l ; dyn_l} ® Dy if hn_l(a) #0,i.e. Gg="Zp1 \ {hn—l = 0}
off {dgn—2 =0} ;

2. G((f) = Span{dz,_1 ; dyn—1; dhp_1} ® D1 if hp_1(a) =0, dh,—1(a) #0 ,i. e. off
{dgn—2 = 0} quasistratum Gr = Z,_1 N {hp—1 = 0} \ {dhp—1 # 0} ;

3. GY = Span{dx,_1 ; dyn—1 ; dup—1 ; dvp—1 ; dgn—o} ® Dy , if h,_1(a) =0,
dhn_l(a) =0,ie Gg=Z,_1N {hn—l =0, dh,_1 = 0} off {dqn_g = 0} .

4. In the cases 1. and 2. fibers G = (GM), , but in the case 3’. fibers G Z (GM),

and the latter consists of all 1-forms w € fo) with coefficients U,,_1 , Vh_1, Qn_o at
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dun_1 , dv,_1 , dgn—o that satisfy equation U, 1-V,_ 1 = (Qn_2/2)* . Denote Dj :=
Span{dl‘n—l g dyn—1 5 dup—1 ; dvn—l} ® D .

Once again, due to the observation that the coefficient of dg,—1 at dg,_o is dominated
by its coefficients at du,—1 , dv,_1 , it follows that for points b € Sing(F') converging to a

point a € {dgn,—2 = 0} the limits of the 1-forms from fibers Gél) (which by definition include
the limits of dgn—1/||dgn—1|| ) consist only of the 1-forms with vanishing coefficients at all
differentials of the independent variables on which ¢,_o depends. In particular, properties
1. and 2'. follow without making assumption dg, »(a) # 0 and the fiber of bundle G2
at a is

5. GP =Dy for a€ Zyg:=Zn 1N {hp_1=0, dhn_1 = dgn_2 = 0} C {gn_s =0} .

Summarizing G5 =G, Go = Zp—1\{hn-1=0}, Gr =Z,_1N{hy—1 =0, dhy—1 # 0}
and with Gj := Zp 1N {hp1 =0, dhy1 = 0, dgy2 # 0} bundle GP|g g0 =
G’g6ug7ug§ . Also G§=Zp_1 N{up—1 =vp—1 =¢gn—2=0, dgn—2 # 0} , and
Zpn—o="Ln1N{tn-1=0p-1=Tn2=Un—2=0}=2Z,_1\ (G UGr UGy) .

Thus GV £ G® and G = G® off Z, 5 . Calculation of fibers of G®) | p > 2,
for points from Z,_o is similar (recursively on p ), in particular implying that Gg = G .
Summarizing

Proposition 10.4 Quasistrata {G,}, for polynomial F (in 4n+1 independent variables)
are smooth, Lagrangian, form a TWa stratification and hence a universal TWG-stratification.
The index of stabilization p(F') of F equals n .

10.3 Example of F: K5’ — K with no universal TWG-stratification.

For F:=F from Remark 10.2 we have shown that there is a non Lagrangian quasistratum
of G := Gp and therefore due to Theorem 5.1 Sing(F') does not admit a universal TWG-
stratification. In this example of Remark 10.2 quasistratum G4 and curve {z =y =0, u =
v=1%2, w =t} (defined parametrically) are the non-Lagrangian G and a G-regular extension
Gt of the proof of Theorem 5.1. (Note that most of the proof of Theorem 5.1 covering three
sections starting Section 5 is devoted to a construction of GT .) Consequently, the partition
of Sing(F) by sets By:=Go, B3:=G3\ G, By:=G*

is a TWa stratification, say S , and the associated bundle B(S) # B(S) , where S is the
TWa stratification of Sing(F') constructed in Remark 10.2. Illustrating the punch line of the
proof of Theorem 5.1, we may now show directly that there does not exist a universal TWG-
stratification of Sing(F ) . Assuming the contrary say S is a universal TWG-stratification
of Sing(F) . Denote by B(S“") its bundle of vector spaces. Construction of the Glaeser
bundle G and an elementary Proposition 3.4 imply that over Sing(F')\ {0} = G2 U Gs
bundles G, B(S), B(S) and B(S"") coincide since quasistrata G and Gz of G from
Remark 10.2 are Lagrangian, see Corollary 3.5. Due to Proposition 4.1 also G C B(S"™) C
(B(S) N B(S)). Combining with Gy = B(S)o then B(S“")y = Gy = the 4-dimensional
subspace of (Tp(K?))™e orthogonal to a% € To(K®) . Finally, S** is universal and
{0} is a stratum of S implying {0} is a stratum of S** and consequently contradiction

B(8%")g = (To(K?))™al £ Gy = B(S"™)q follows thus proving

Proposition 10.5 There is no universal TWG-stratification of Sing(ﬁ) , where polynomial
F=u-2242uw z-y+v-y°.

29



Remark 10.6 Formulae of (3) provide a family F of strata of a TWG-stratification of
subset Wi of Sing(F') . The latter stratification fails frontier condition and set W;
coincides with Sing(F) when F = F=u-2242uw? z- y+v-y? . Indeed, with curve
{r=y=0,u=t>, v=t>, w=t} asset G" of formula (3) it follows that family

F={G\G"; G3\G"; g'}

1s a family of strata of a TWG-stratification of Sing(ﬁ) . Of course this (naturally induced
by a not Lagrangian Glaeser bundle Gy ) TWG-stratification of Sing(F') fails the frontier

condition since () # {(0,0,0,0,0) , (0,0,1,1,1)} =G3\ Gt NgT #£G* .

10.4 A universal TWG-stratification and the ‘multiplicities of roots’.

Let
fi=for= Y AXYI € K[Ag,..., AL X, Y],
0<i<q
where ([Ag : -+ : A, X,Y) € PY(K) x K? . In this example we consider affine charts

{A; #0} ~ K9x K? , 0<i<gq,of PI(K)x K? and setting A; =1 the corresponding
mappings F':= fq+2 : K972 — K . Then, similarly to the preceding examples, Sing(F) =
{X =Y =0}, admits Thom stratification (due to [ =1, see Remark 2.2) and, assuming
that all irreducible components of the quasistrata Gy , n—dim(Sing(F')) < k < n associated
with the Glaeser bundle G := G of F are of dimension n—k (which we will show below)
it follows that also (ii) of Theorem 4.8 applies.

Following the original notations of Section 3 let G® := G;p . We prove here that the

n

index of stabilization p(f,) =2, i.e. that G £ G® =@, bundle G = G is Lagrangian
and that {Gri2}o<r<q/2 is @ universal TWG-stratification with respect to fq+2 .

Let us fix a point a(® = ([a((]o) DR a((zo)],0,0) € Sing(F') , for the time being, then
polynomial
FO =3 aOxiy et = T](0X - ¢;y)™. 9)
0<i<q J

Plan. First we will calculate G() . It turns out (Lemma 10.7) that the dimension of
the fiber G'!)

a(0)
with multiplicities m; > 2, where ‘two’ is on the account of {dX , dY} C GELl(%) . (Of
course any fiber of bundle G() contains {dX , dY'} .) Following Lemma 10.7 we then
prove (Proposition 9.8) that bundle G®) is closed (i. e. G®) = G ) and, therefore, that
the Glaeser bundle G = Gp of F := fn of our example coincides with G® . (In the
process we show that dimension of the fiber of bundle G at a point a(®) € Sing(F) is

>_ilm;/2] +2 , where numbers m; are the multiplicities of the roots of polynomial f ©)

coincides with two plus the number of the roots of polynomial f(© counted

corresponding to a(®) and [m;/2] denotes the integral part of m;/2 .) Finally (following
Proposition 9.8), we verify that bundle G is Lagrangian. It turns out that generic points
of every quasistrata Giio of the universal TWG-stratification corresponding to bundle G
are the points, say a(® | such that the respective polynomial f(® has k double roots and
q — 2 - k single roots.
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Calculation of GW) . We first verify that for each factor b; X —¢;Y of multiplicity
m; > 2 the fiber of the closure (G(), o) contains

V5 = v([cj : bj]) = Z C;bg_ldAZ .
0<i<q

Consider a line defined (parametrically) as follows:
Ait)=al”  0<i<q; X(t)=cjt, Y(t)=bjt .

Then lim;_odf/[|df|| along this line equals v; . Conversely, let v =73y, hidA; +cdX +
bdY with a non-vanishing (ho,...,hq) # 0 being the lim; .o df/||df|| along a curve

({Ai()}osizg, X (1), Y (2)) € PU(K) x K

with the origin at a(®) . Making a suitable K-linear homogeneous transformation C of the
2-dimensional plane and applying Corollary 3.2 we may assume w.l.o.g. that ord(X(t)) >
ords(Y(t)) and it suffices to show that X?2[f(®) . Assume otherwise, then

{af(o) 8O
ord; { ——

oX ' aY }: (¢ = Dordy(Y (1)) < ordy(X'Y™) , 0<i<q,

which contradicts to (hg, ... , hq) #0 .
Vectors {v;}; are linearly independent (since they form a van-der-Mond matrix) implying

Lemma 10.7 For any point a'®) € Sing(F) fiber (GM), o) of bundle G coincides with
the linear hull of vectors dX , dY and the {v;}; for the j’s with the multiplicity m; of
the factor b;X —c;Y in O being >2 . Moreover, dim((G(l))a(o)) — 2 s the number of
such 7 .

Calculation of G® . For every v =u([c:b]) let DY (v) denote the linear hull of

(o)
Octobt—t 0<i<i '

Then {v} = DO (v) c DM (v) C --- due to the Euler’s formula. W.l.o.g. we may assume

that b=1 (for b=0 we would exchange the roles of b and ¢ ) and then DW(v) is the

linear hull of the derivatives {g%}}ogigl , implying that dim(DW(v))=1+1,0<1<q.
Below we calculate the limit lim;_o(G"), ) . To that end we consider a curve {a®}; C

Sing(F) with the origin at a(?) , and assume w.l.o.g. that agt) =1 for all ¢. Due to
Lemma 10.7 we may assume (also w.l.o.g.) that for any ¢ # 0 the multiplicity of every

factor of polynomial f® = Y o<i< q agt)X 1Y4— does not exceed 2 and these multiplicities
are independent on t % 0 . We may factorise

FO=TITIX = (¢ + €)Yy,
j P

where 1 < mj, < 2 and ej,(t) are the appropriate algebraic functions of t with
ejp(0) =0 forall j, p. Then >  mj, = m; foreach j with m; from (9). Let
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myj =3 ,[mjp/2] , where [m;;/2] is the integral part of mj;,/2 . Due to Lemma 10.7 it
follows that dim((GM) ) = >_;jMm;+2 forany t# 0 and that collection

{ollej +ejp(t) : 1) b, =2 U{dX, dY'} (10)

is a basis of the fiber (GM), ) .
We claim that

%Lr%(c;@)a(t) =P P™ Y (v(lc; : 1])) @ Span{dX, dY} . (11)
J
To that end we observe that the right-hand side of (11) is indeed the direct sum of the
vector spaces due to the Hermite’s interpolation (which interpolates uniquely a polynomial in
terms of the values of its several consecutive derivatives at the given points, cf. Appendix).
Therefore the dimension of the right-hand side equals ) ;g + 2 and to complete the proof
of (11) it suffices to verify that the left-hand side of (11) contains its right-hand side.
To this end fix j , denote m :=m; and let

E(Z) = ({eé’,p(t)}lﬁpﬁm)T EK™,i>0,

where all p satisfy m;, =2 (see (10)). Let E be the van-der-Mond matrix of size m xm
with columns E@ | 0 <i<m—1. For an arbitrary choice of w = (wg, ..., wyp_1) € K™
let w:= ({up}li<p<m) := w-E~' . Since ET'E®W(0) =0 for every i > m it follows for
u®(t) :=u- EQ(t) that u?(0) =0 . Therefore

ws d*v([c; : 1 u dio(fej - 1
Z upv([ej +ejp(t) 1 1)) = Z S,S(EZCJSD + Z z'(Eiéz]) .
1<p<m 0<s<m—1 m<isq
Claim (11) then follows by letting ¢ = 0 in the right-hand side of the latter (in view of the
‘arbitrary’ choice of w in K™ ).

We now specify the choice of curve {a®};cx as such that m; = [m;/2] (with m; and
m; as above holds for every j , in other words mj, = 2 for m; of p’s and, moreover,
in the case when number m; is odd that m;,, =1 for a single py . Then due to (11) it
follows

Proposition 10.8 For any point a\®) € Sing(F) fiber

(GW),0) = P DU/ (v([e; : 1])) @ Span{dX , dY'}
J

of GO at al® s a vector space of dimension >oilmg /2l +2 (with mj from (9)). In
particular, bundle G := Gp =GO .

Proof that G is Lagrangian. For every k, 0 <k <gq/2, let

Gio = {a® e Sing(F): /O = [T (X —ev)*- [ (X -e¥)},

1<j<k k<s<q—k

i.e. f© has k factors of multiplicity 2 and ¢ — 2k factors of multiplicity 1 .

(0)

Proposition 10.8 implies that g,ﬁ% C Gr12 (see Definition 4.4) and, moreover, that Grio 18
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dense in Ggys . On the other hand, 915222 is open and is isomorphic to the set of all orbits
of the group Sym(k) x Sym(q — 2k) acting on a set

z=K""\( | (z=2).

1<i<j<q—k
where Sym(k) permutes the first k& coordinates Z; , ..., Z; and Sym(q—2k) permutes
the last ¢ — 2k coordinates Zji1, ... , Z4—j . It follows dim(gng) = q — k . Moreover,
gli% = H(Z),where H maps Zy, ..., Z to double roots of fO and Zyiq, ..., Zg—k

to single roots. It follows that 91(322 is irreducible. Finally, since in this example Sing(F)
admits Thom stratification, quasistrata Giyo are irreducible and of dimension n — k — 2
item (ii) of Theorem 4.8 and hence Corollary 4.11 apply and imply the following

Theorem 10.9 Index of stabilization p(fq+2) =2, bundle G = qu+2 1s Lagrangian and
{Gk12}o<k<q/2 18 a universal TWG-stratification of Sing(F) with respect to F := fq+2 .

11 Appendix. Complexity of the construction of a Gauss reg-
ular extension with a prescribed tangent bundle over the
singularities.

Content. Here we estimate the complexity of the algorithm described in Sections 6, 7 and 8
of extending of a (smooth) singular locus of an algebraic variety to a Gauss regular subvariety
with a prescribed tangent bundle over the singularities of the variety. Together with Section 9
it would complete the proofs of the effectiveness of all of the constructions of this work and,
moreover, results in a double exponensial upper bound on their computational complexities.

We follow the notations of Sections 5, 6, 7, 8 with an exception that we use K rather than
C . The input for this algorithm is a family of polynomials g, , Mjim itm € Ko[X1,...,Xp]
with p >0, i, 5 for a subfield Ko C K . To establish complexity bounds we assume
that elements of Ky can be represented algorithmically, e. g. one may use here the field
of rational or algebraic numbers in place of Ky , cf. [12]. We also assume the following
representation of constructive set S ={go-¢g1 #0, gp = 0},>2 and of its (smooth) singular
locus G = {go # 0, gp = 0},>1 , which also assume to be its boundary in open in K" set
{go # 0} (as in Remark 5.8). The output of the algorithm is a Gauss regular subvariety G*
of SN {go# 0} (asin Proposition 5.9).

Basically the algorithm consists of 3 subroutines. The first one is choosing a Noether
normalisation 7 for G . The second one is an implicit parametric interpolation of polynomials
L; from Section 6. (We refer to the latter as implicit because the interpolation data are given
over the subsets of points from G and thus the data appear implicitly.) The third subroutine is
a construction of G proper. To this end we may exploit a choice of algebraically independent
coefficients ¢y1,...,c; at each consecutive application of Theorem 7.2 and thereafter to
construct an irreducible component containing G of the resulting intersection with SN {gg #
0} (cf. vi) of Theorem 7.2 and the deduction of Proposition 5.9). Complexity bounds for
Noether normalisation and for constructing irreducible components one may find in [21], and
in [12] respectively. We observe that the third subroutine depends only on the complexity
of finding irreducible components. We therefore focus on an algorithm for a parametric
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interpolation. In fact, we design an algorithm for interpolation over the parameters varying
in K™ | whereas for the purposes of Section 6 it suffices to have the parameters varying in
an open subset U’ C K™ , which would have simplified the algorithm.

To formulate the complexity bounds we assume that deg(g,) < ¢, deg(Mjtm i+m) <A
for all p, i, j and the total number of bits in representation of the coefficients (in Ky ) of
polynomials g, , Mjipm i+m does not exceed R . Our main result here is the following

Proposition 11.1 One can interpolate polynomials L; as required in Section 6 and, more-
over, under assumptions listed in the preceding paragraph deg(L;) < AP s q bound
on the degrees of the resulting L; . Complexity bound for this interpolation algorithm is

(RA™G™)O0)
Combining with the complexity bounds for the first and the third subroutines it follows
Corollary 11.2 The complexity of the algorithm constructing G' s bounded by
RO (A5,
Proof of Proposition 11.1. We first consider a non-parametrical interpolation.

Lemma 11.3 Let vy,...,v € K" and w((;) eK,1<qg<t,0<i<n—m . There
exists a polynomial A € K[Xmi1,...,X,] of deg(A) < 2t(n —m) such that

0A ;
Alvg) = w((]()) ) m(”q) = w(g) )

Proof. By making an appropriate linear change of the coordinates in K™ we may
assume w.l.o.g. that v(gzl) #* vé? 1< g <@ t,1<i<n—-—m, where v, =

(v((ll) s e U(gn_m)) , 1 <g<t. Consider a polynomial
Ag = [T &= D aXigm—v)) +a0| , 1<q <t
q#q0,1<i<n—m 1<i<n—m

with indeterminate coefficients a; , 0 <i <n—m . Then Agy(vq) = %(vq) =0,1<

(0)

i <n—m, for every q # qo . Equation Ay (vy) = wy, uniquely determines ag and,

. 0A ] . . . .
moreover, equation aXii(in (vgo) = w((]é) uniquely determines a; , 1 <i <n—m . Finally, we

let A:= Zlgqgt Ay . m

Of course one can in the same vain interpolate the higher derivatives as well.
We now consider a parametric interpolation. In view of Bézout inequality deg(G) < 6™
we introduce polynomial

_ €1 €n—m
A= E AEXm+1 e Xy
0<ei+-+en—m<2(n—m)ds"

with indeterminate coefficients a := {Ag}p , E = (e1,...,en—m) and a quantifier-free
formula ®(u,v,a) of the theory of algebraically closed fields which says that
0A

ifveg, m(v) =ue K™ then A(v) =0, (v) = Mjymitm(v) , 1 <i<n—m

8‘Xi—i-m

34



for some j, 1<j <k (wefixindex j for the time being). Then the formula Vu Ja Vv ®
is valid due to Lemma 11.3.

An algorithm from [14] commonly referred to as a “shape lemma” yields a representation
of 7~1(u)NG . Applied to a system {g, = 0,90 # 0},~0 the output of this algorithm is a
partition of K™ = UgUps into constructible subsets such that for each [ there are a linear
combination o = Y ;0. ai,ﬁv(i) of coordinates v | 1 < i < n—m , with integer
coeflicients «a; 3 and rational functions ¢ , ¢; € Ko(X1,...,Xm)[Y], 1 <i<n-—m, for
which the following holds:

o for any u € Ug and any v = (u, o™ ..., o)) € 77 (u) NG equalities
plio) = dio(u, o), 1 <ig <n—m, take place, i. e. « is a primitive element of the field
Ko(u, v | ..., o= over Koy(u) ;

e the roots of a univariate polynomial ¢(u,Y’) are exactly the values of a while ranging
over points v € 7 H(u) NG .
Furthermore, in formula ® we replace v(®) | 1 <ig <n—m, by ¢; (u,a) and divide

the resulting polynomials A(a) and (8)?;17” (o) — Mj+m,¢+m(0z)) by polynomial ¢(u, )

(with the remainders as polynomials in « ). Then system &; obtained by equating to zero
all coefficients of the remainders at the powers of « is equivalent to formula Vv @ , for any
uel 8 -

One may consider ®; as a linear system with respect to variables @ and apply to
®; an algorithm of parametric Gaussian elimination (see e. g. [14]). It yields a refinement
K™ = UgU [’3, of partition UgUpg into constructible subsets such that for each [ and for
every multiindex E there is rational function ap € Ko(X1,...,X,,) such that for any
u € Up, the array of coefficients a(u) = {ap(u)}g fulfils ®; . For a choice of the unique
3 for which Ué, is dense in K™ the rational function

— €1 €n—
Lj= § , apXoq - X
0<ei+:+en—m<2(n—m)dsm

that corresponds to this 3 is as required in Section 6.

Finally we address the complexity issue. In the “shape lemma’” construction applied
above deg(¢) , deg(¢;) are bounded by §°(™ and by the degrees of the polynomials
representing {Ug}g , while the number of {Ug}’s, the total sum of sizes of the coefficients
of these polynomials and the complexity of the algorithm do not exceed ROM)§0(n?) [14].
Therefore the degrees of the polynomials occuring in ®; are bounded by A§°™ | while
the number of the polynomials, the total sum of sizes of their coefficients and the complexity
of constructing ®; do not exceed (RA”&”Q)O(I) . At the stage of applying the parametric
Gaussian elimination to ®; the bounds are similar. Proposition is proved. =
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