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Abstract Let V, W be real algebraic varieties (that is, up to isomorphism, real alge-
braic sets), and X C V some subset. A map from X into W is said to be regular if
it can be extended to a regular map defined on some Zariski locally closed subvari-
ety of V that contains X. Furthermore, a continuous map f: X — W is said to be
piecewise-regular if there exists a stratification . of V such that for every stratum
S € .7 the restriction of f to each connected component of X N § is a regular map.
By a stratification of V we mean a finite collection of pairwise disjoint Zariski locally
closed subvarieties whose union is equal to V. Assuming that the subset X of V is
compact, we prove that every continuous map from X into a Grassmann variety or a
unit sphere can be approximated by piecewise-regular maps. As an application, we
obtain a variant of the algebraization theorem for topological vector bundles. If the
variety V' is compact and nonsingular, we prove that each continuous map from V
into a unit sphere is homotopic to a piecewise-regular map of class ¥, where k is an
arbitrary nonnegative integer.
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1 Introduction

In this paper, by a real algebraic variety we mean a locally ringed space isomorphic to
an algebraic subset of R, for some m, endowed with the Zariski topology and the sheaf
of real-valued regular functions (such an object is called an affine real algebraic variety
in [6]). The class of real algebraic varieties is identical with the class of quasi-projective
real algebraic varieties, cf. [6, Proposition 3.2.10, Theorem 3.4.4]. Morphisms of real
algebraic varieties are called regular maps. Each real algebraic variety carries also
the Euclidean topology, induced by the standard metric on R. Unless explicitly stated
otherwise, we always assume that real algebraic varieties and their subsets are endowed
with the Euclidean topology.

Topological properties of regular maps and their applications to algebraization of
topological vector bundles were investigated in numerous papers [2—-14,16-25,27,32—
35,37,38,40-43,47-49,51,53,56,64,65,68,71,72,76-80,82,83]. In general, regular
maps are too rigid to reflect adequately topological phenomena. It is therefore desirable
to introduce maps which have many good features of regular maps but are more flexible.

We first generalize the definition of regular map.

Definition 1.1 Let V, W be real algebraic varieties, X € V some (nonempty) subset,
and Z the Zariski closure of X in V.

A map f: X — W issaid to be regular if there exist a Zariski open neighborhood
Zo € Z of X and a regular map f: Zo — W such that f|x = f.

The next step requires the concept of stratification. By a stratification of a real
algebraic variety V we mean a finite collection of pairwise disjoint Zariski locally
closed subvarieties (some possibly empty) whose union is equal to V.

Definition 1.2 Let V, W be real algebraic varieties, f: X — W a continuous map
defined on some subset X C V, and .¥ a stratification of V.

The map f is said to be .%-regular if for every stratum S € . the restriction of f
to X N S is a regular map. Also, f is said to be piecewise .7”-regular if for every
stratum S € . the restriction of f to each connected component of X N S is a regular
map (when X N S # 2).

Moreover, f is said to be stratified-regular (resp. piecewise-regular) if it is 7 -
regular (resp. piecewise 7 -regular) for some stratification .7 of V.

Essentially, these notions do not depend on the ambient variety V. More precisely,
suppose that V is a Zariski locally closed subvariety of a real algebraic variety V.
The map f: X — W is .-regular (resp. piecewise .-regular) if and only if it is
' -regular (resp. piecewise .#’-regular), where . is the stratification of V’ defined
by .7" = .7 U{V\V}U {V'\V} with V the Zariski closure of V in V’. Conversely,
given a stratification & of V', the map f is &?-regular (resp. piecewise &?-regular)
if and only if it is &2 (V)-regular (resp. piecewise & (V)-regular), where & (V) is the
stratification of V defined by Z(V) = {V N P: P € &}. Thus, in the definition of
stratified-regular map (resp. piecewise-regular map) it does not matter whether X is
regarded as a subset of V or as a subset of V.

Evidently, each stratified-regular map is piecewise-regular, whereas the converse
is not always true. General properties of these two classes of maps and relationships
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between them are discussed in Sect. 2. Stratified-regular maps and functions are thor-
oughly investigated, in a more restrictive framework, in [4,29,30,44,45,50,52,54,
55,58,60-62,66,74,75,84], where they sometimes appear under different names (cf.
Remark 2.5). If X is a semialgebraic set, then each piecewise-regular map defined on X
is semialgebraic. Theorem 2.9 provides a nontrivial characterization of piecewise-
regular maps among semialgebraic ones.

In this section we concentrate on topological properties of piecewise-regular maps.
With notation as in Definition 1.2, we let €’ (X, W) denote the space of all continuous
maps from X into W, endowed with the compact-open topology. We say that the map
f can be approximated by piecewise ./-regular maps if every neighborhood of f in
% (X, W) contains a piecewise .¥-regular map. Approximation of f by maps of other
types (regular, .¥-regular, stratified-regular, piecewise-regular, etc.) is defined in the
analogous way.

We pay special attention to maps with values in Grassmannians. We let F stand
for R, C or H (the quaternions). When convenient, F will be identified with R?®
where d(F) = dimpg . We will consider only left F-vector spaces, which plays a role
if F = H since the quaternions are noncommutative. For any integers r and n, with
0 < r < n, we denote by G, (F") the Grassmann space of r-dimensional F-vector
subspaces of F". As in [6, Sections 3.4 and 13.3], G, (F") will be regarded as a real
algebraic variety. The disjoint union

GE") =[] G@

r=0
is also a real algebraic variety.

Theorem 1.3 Let V be a real algebraic variety and let X C V be a compact subset.
Then, for each positive integer n, every continuous map from X into G(F") can be
approximated by piecewise-regular maps.

Under an additional assumption on X, we also have a stronger result.

Theorem 1.4 Let V be a real algebraic variety and let X C V be a compact locally
contractible subset. Then there exists a stratification . of V such that, for each
positive integer n, every continuous map from X into G(IF") can be approximated by
piecewise . -regular maps.

Virtually all topological spaces one encounters in real algebraic geometry are locally
contractible; for example, any semialgebraic set is locally contractible, cf. [6, Theo-
rem 9.3.6].

The proofs of Theorems 1.3 and 1.4, given in Sect. 4, are based on some fairly
explicit constructions.

It is well-known that maps with values in G(IF") encode information on algebraic
and topological F-vector bundles, cf. [6,39]. This is also the case for stratified-algebraic
F-vector bundles introduced in [61] and further investigated in [57,59,63,66]. Theo-
rems 1.3 and 1.4 have a bearing on [F-vector bundles as well, which is elaborated upon
in Sect. 5. The main results of Sect. 5 are Theorems 5.10 and 5.11.

@ Springer



1548 'W. Kucharz

We also have an approximation theorem for maps with values in the unit n-sphere
S" = [(uo,...,un) e R u(2)+'o~—|—u% = 1}.

Theorem 1.5 Let V be a real algebraic variety and let X C 'V be a compact sub-
set. Then, for each positive integer n, every continuous map from X into S" can be
approximated by piecewise-regular maps.

Theorem 1.5, which is proved in Sect. 6, implies that each continuous map from X
into S” is homotopic to a piecewise-regular map. However, the following homotopy
result requires a different proof.

Theorem 1.6 Let V be a compact nonsingular real algebraic variety, n a positive
integer, and f: V — S" a continuous map. Then there exists a stratification . of V
such that, for each nonnegative integer k, the map f is homotopic to a piecewise
-regular map g: V — S" of class €~.

We prove Theorem 1.6 in Sect. 7. It turns out that a suitable stratification .# of V
is quite simple and consists of at most 3 strata.

Theorems 1.3, 1.5 and 1.6 are optimal in the sense explained in the following
example.

Example 1.7 Let W be a compact nonsingular real algebraic variety. A cohomology
classin H1(W; Z/2) is said to be algebraic if the homology class Poincaré dual to it
can be represented by a Zariski closed subvariety of W of codimension ¢, cf. [3,6].
The set H;’lg(W; 7./2) of all algebraic cohomology classes in H?(W; Z/2) forms a
subgroup. Obviously, the unique generator s, of H4(S%; Z/2) = 7/2 is an algebraic
cohomology class.

The real algebraic varieties G (F2) and S/ are canonically biregularly isomorphic
and will be identified. For any positive integer m, let T” = S! x - - . x S! be the m-fold
product of S!. Clearly,

Tm g RZm — RZm X {O} g R2m+1.

We will regard T™ as a subset of R2+1,

Fix anintegerm > d(F)+1,and let yo be a pointin T ~¢® Let o be the homology
classin Hy ) (T"; Z/2) represented by the €"*° submanifold N := T4® % {yo} < T™.
Set

G:={ueHOT 2/2): (u,a) =0},

where (i, ) stands for the Kronecker product. Let 7 : T" = T® x m—d@® _,
T*® be the canonical projection and let 7 : T4 — S0 be a 6> map of topological
degree 1. For the € map g :=t o : T" — S¢® we have

8" (sam) ¢ G.

Since the normal bundle to N in T" is trivial and N is the boundary of a compact 6>
manifold with boundary, it follows from [23, Proposition 2.5, Theorem 2.6] that there
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exist a nonsingular real algebraic variety V and a €’*° diffeomorphismo: V — T™
with

fggm(v;Z/z)g(ﬁxcy
The map

hi=goo:V — Gl(]Fz) = §4®

is of class €, and

W (sam) ¢ Hyg (V3 Z/2).

By [61, Propositions 7.2 and 7.7], h is not homotopic to any stratified-regular map. In
particular, 4 cannot be approximated by stratified-regular maps, which is of interest
in view of Theorems 1.3 and 1.5. Also, by Proposition 2.13, & is not homotopic to
any piecewise-regular map of class €°°; thus the case k = oo cannot be included in
Theorem 1.6.

Furthermore, according to [15, Proposition 1.2], V as above can be assumed to be
a Zariski closed subvariety of R?"*! that is obtained from T via an arbitrarily small
€ isotopy.

From a different viewpoint, strengthening of Theorems 1.3, 1.5 and 1.6 might
be possible. Given a compact nonsingular real algebraic variety V and two positive
integers n and k, it remains an open question whether every continuous map from V
into G(F") or S" can be approximated by piecewise-regular maps of class €*.

Example 1.8 Stratified-regular maps often have better approximation and homotopy
properties than regular ones. For instance, if V' is a compact nonsingular real algebraic
variety of dimension n > 1, then every continuous map from V into S” can be
approximated by stratified-regular maps, cf. [55, Corollary 1.3]. On the other hand,
if n is even, then each regular map from T” into S” is null homotopic, cf. [8] or [6,
Theorem 13.5.1].

Piecewise-regular maps are not always more flexible than regular maps.

Example 1.9 Let F, be the Fermat curve of degree r in the real projective plane P?(R),
Fr={(x:y:2) e PP(R): x" 4+ y =7}

Clearly, F, can be identified with S!. If s > r > 2, then every piecewise-regular map
from F; into Fj is constant. This claim holds since, by virtue of the Hurwitz—Riemann
theorem [31, p. 140], every rational map from F, into Fj is constant.

It would be of interest to decide whether or not counterparts of Theorems 1.3 and 1.5
hold for maps with values in an arbitrary rational nonsingular real algebraic variety.

We have already indicated how the present paper is organized. It should be added
that Sect. 3 contains some preliminary technical results.

Henceforth, the following notation will be frequently used.

Notation 1.10 For any function f: Q@ — R defined on some set 2, we put

Z(f):=1{x € Q: f(x) =0}
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2 General properties of piecewise-regular maps

We first deal with regular maps in the sense of Definition 1.1.

Lemma 2.1 Let V be a real algebraic variety, W C R? a Zariski closed subvariety,
and
f=W, o fp): X—>WCR?

a map defined on some subset X C V. Then the following conditions are equivalent:

(@) The map f is regular.
(b) Each component function fj: X — Risregular, j =1,..., p.

Proof 1Tt is clear that (a) implies (b).

Suppose that (b) holds, and let Z be the Zariski closure of X in V. We can find a
Zariski open neighborhood Zg € Z of X and regular functions fj : Zo — R such
thatfjlx = fjfor j = 1,..., p. The regular map f = (fl,...,fp): Zy —> RP
is continuous in the Zariski topology and f (X) € W. Hence f (Zp) € W, which
implies (a). m]

Regular functions can be characterized as follows.

Lemma 2.2 Let V C R" be a Zariski closed subvariety, and f: X — R a function

defined on some subset X C V. Then the following conditions are equivalent:

(a) The function f is regular.

(b) For each point x € X there exist a Zariski open neighborhood V., < V of x and
a regular function Fy: V, — R such that Fy = f on X N V.

(c) There exist two regular functions ¢, y: V — R such that X € V\Z () and
f=9/¥onX.

(d) For each point x € X there exist a Zariski open neighborhood Uy < R" of x
and two polynomial functions Py, Q: R" — R such that Uy, C R*\Z(Q,) and
f = Py/QOxon X NU,.

(e) There exist two polynomial functions P, Q: R" — R such that X C R"\Z(Q)
and f = P/Q on X.

Proof 1t readily follows that

(@ = (b) = (d), (e) = (¢) = (a), and (¢) = (d).
Suppose that (d) holds. For each point x € X, pick a polynomial function Sy : R” — R
with Z(S,) = R"\Uy. Since the Zariski topology on R" is Noetherian, we can find a
finite subset {x1, ..., x,} € X such that

XCU:=U,U---UU,,.

Set Pi = Px,-v Qi = Qx,-,Si = le., and
r r
P=Y S0P, Q=) S0}
i=1 i=1
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Then U = R"\Z(Q) and Si2Qif = SizPi on X. Consequently, f = P/Q on X,
hence (e) holds. The proof is complete. O

A filtration of areal algebraic variety V is afinite sequence .# = (Vp, Vi, ..., Vipt1)
of Zariski closed subvarieties of V satisfying

V=Wa2Vi2 - 2Vy =0.

We allow V; = V4 for some i. Note that F = {Vi\Vi41: 0 <i < m} is a stratifi-
cation of V.
The following is a generalization of [61, Proposition 2.2].

Proposition 2.3 Let V, W be real algebraic varieties, and f: X — W a map defined
on some subset X C V. Then the following conditions are equivalent:

(a) There exists a stratification . of V such that for every stratum S € & the
restriction of f to X N S is a regular map.

(b) There exists a filtration F of V such that for every stratum T € .F the restriction
of f to X NT is a regular map.

(c) For every Zariski closed subvariety Z C 'V, there exists a Zariski open dense
subset Z° C Z such that the restriction of f to X N Z° is a regular map.

In particular, the map f is stratified-regular if and only if it is continuous and satisfies
the equivalent conditions (a), (b), (c).

Proof 1t is clear that (b) implies (a).

Suppose that (a) holds, and let Z € V be an irreducible Zariski closed subvariety.
We can find a stratum S € .% such that the intersection S N Z is nonempty and
Zariski open (hence Zariski dense) subset of Z. Thus (c) holds for each irreducible Z.
It immediately follows that (c) holds in the general case.

Now suppose that (c) is satisfied. Set Vy = V. Making use of (c¢) with Z = V),
we find a Zariski closed nowhere dense subvariety V| C V such that the restriction
of f to X N (Vp\Vy) is a regular map. Note that dim V; < dim V. We repeat this
construction with Z = Vj to get V, € Vi, and so on. This process terminates after
finitely many steps with V,, 11 = &, which proves (b). O

Let V, W be real algebraic varieties, X € V some subset, and Z the Zariski closure
of X in V. We say that a map f: X — W is rational if there exists a Zariski open
dense subset Z° C Z such that the restriction of f to X N Z° is a regular map (no
condition on the restriction of f to X\(X N Z?) is imposed).

In view of Proposition 2.3, each stratified-regular map is continuous rational. On
the other hand, if the set Sing(V') of singular points of V (that is, the complement in
V of the locus of all nonsingular points of V') is nonempty, then it can happen that a
function from V into R is continuous rational but it is not stratified-regular, cf. [45,
Example 2]. However, the following holds.

Proposition 2.4 Let V, W be real algebraic varieties, and f: U — W a map defined
on an open subset U C V\Sing(V). Then the following conditions are equivalent:
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(a) The map f is stratified-regular.
(b) The map f is continuous and rational.

Proof We may assume that W C RP? is a Zariski closed subvariety. Hence, by
Lemma 2.1, the proof is reduced to the case W = R, which follows from [44, Propo-
sition 4.2] (a variant of [45, Proposition 8]). O

It is worthwhile to make a comment on the terminology used in different papers.

Remark 2.5 In view of Proposition 2.4, reading papers [50,52,54,55,58,60] one can
substitute everywhere stratified-regular maps for continuous rational maps. It follows
from Proposition 2.3 that stratified-regular functions coincide with continuous hered-
itarily rational functions studied in [44,45]. Furthermore, as explained in [29,61,66],
stratified-regular maps defined on a constructible subset of a real algebraic variety are
identical with regulous maps.

We now present a counterpart of Proposition 2.3 for piecewise-regular maps.

Proposition 2.6 Let V, W be real algebraic varieties, and f: X — W a map defined
on some subset X C V. Then the following conditions are equivalent:

(a) There exists a stratification . of V such that for every stratum S € . the
restriction of f to each connected component of X N S is a regular map.

(b) There exists a filtration F of V such that for every stratum T € F the restriction
of f to each connected component of X N T is a regular map.

(c) For every Zariski closed subvariety Z < 'V there exists a Zariski open dense
subset Z° C Z such that the restriction of f to each connected component of
X N Z% is a regular map.

In particular, the map f is piecewise-regular if and only if it is continuous and satisfies
the equivalent conditions (a), (b), ().

Proof One can repeat the proof of Proposition 2.3 with only minor modifications. O
We also have the following characterization of piecewise-regular maps.

Proposition 2.7 Let V, W be real algebraic varieties, and f: X — W a continuous

map defined on some subset X C V. Then the following conditions are equivalent:

(a) The map f is piecewise-regular.

(b) There exists a stratification . of V such that for every stratum S € .7 the
restriction flxns: X NS — W is a piecewise-regular map.

Proof 1Tt is clear that (a) implies (b).

Suppose that (b) holds for some stratification . of V. For each stratum S € .¥
there exists a stratification Zs of V such that for every stratum 7' € Js the restriction
of f to each connected component of X NS N T is a regular map. Note that

P.={SNT:Se S and T € Is}

is a stratification of V, and the map f is piecewise Z-regular. Thus (b) implies (a),
as required. O
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Given a real algebraic variety V, a subset A C V is said to be a nonsingular
algebraic arc if its Zariski closure C in V is an algebraic curve (that is, dim C = 1),
A C C\Sing(C), and A is homeomorphic to R.

Proposition 2.8 Let V, W be real algebraic varieties, and f: X — W a continuous
map defined on a semialgebraic subset X C V. Then the following conditions are
equivalent:

(@) The map f is piecewise-regular.

(b) There exists a stratification . of V such that for every stratum S € . and every
nonsingular algebraic arc Ain V, with A C XN S, the restriction f |4 is a regular
map.

Proof We may assume that W C RP is a Zariski closed subvariety. Hence, by
Lemma 2.1, the proof is reduced to the case W = R.

It is clear that (a) implies (b).

Suppose that (b) holds for some stratification .# of V. In view of [44, Proposi-
tion 3.5], for every stratum S € ., the restriction f|xns is a piecewise-regular map.
Consequently, by Proposition 2.7, f is a piecewise-regular map. Hence (b) implies
(a), as required. O

Piecewise-regular maps can be characterized among semialgebraic maps as follows.

Theorem 2.9 Let V, W be real algebraic varieties, X C V a semialgebraic subset,
and f: X — W a continuous semialgebraic map. Then the following conditions are
equivalent:

(a) The map f is piecewise-regular.

(b) For every nonsingular algebraic arc A in 'V, with A C X, the restriction f|4 is
a piecewise-regular map.

(c) Forevery nonsingular algebraic arc Ain 'V, with A C X, there exists a nonempty
open subset Ao € A such that the restriction f|a, is a regular map.

Proof As in the proof of Proposition 2.8, we may assume that W = R.

Evidently, (a) implies (b), and (b) implies (c).

Suppose that (c) holds, and let Z C V be a Zariski closed subvariety. Let Y be the
Zariski closure of X N Z in V. By Lemma 2.11 below (with X replaced by X N Z),
there exists a Zariski open dense subset Y C Y such that the restriction of f to each
connected component of (XNZ)NY Oisa regular function. Note that 70:=7\(v\Y9)
is a Zariski open dense subset of Z, and

xnz)yny’=xn2z"

Hence, in view of Proposition 2.6, condition (a) holds. O

For background on Nash manifolds and Nash functions we refer to [6]. The fol-
lowing variant of [44, Propositon 2.5] will be useful in the proof of Lemma 2.11.
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Lemma 2.10 Let N € R" be a connected Nash submanifold, and f: N — R a Nash
Sfunction. Assume that for every nonsingular algebraic arc A in R", with A C N, there
exists a nonempty open subset Ag S A such that the restriction f|a, is a regular
function. Then f is a rational function.

Proof Let V be the Zariski closure of NV in R”. Note that V is irreducible. Furthermore,
the Zariski closure of the graph of f in V x R is also irreducible. Complexifying these
data, we complete the proof arguing as in [44, Proposition 2.5]. O

In the proof of Theorem 2.9 we used the following.

Lemma 2.11 Let V be a real algebraic variety, X C V a semialgebraic set, and
f: X — R asemialgebraic function. Let Y be the Zariski closure of X in V. Assume
that for every nonsingular algebraic arc A in 'V, with A C X, there exists a nonempty
open subset Ay C A such that the restriction f|a, is a regular function. Then there
exists a Zariski open dense subset YO C Y such that the restriction of f to each
connected component of X N Y is a regular function.

Proof We may assume that V. C R” is a Zariski closed subvariety. Set Yy =
Y\Sing(Y), and let X* be the interior of X N Yy in Y. Then X\ X* is a semialgebraic
subset of ¥ whose Zariski closure is Zariski nowhere dense in Y, cf. [6, Chapter 2].
Clearly, each connected component of X* is a Nash manifold. Therefore, there exists
a Zariski closed and Zariski nowhere dense subvariety S C Y such that

(X\X*) U Sing(Y) € §

and the restriction of f to each connected component of X\ § is a Nash function, cf. for
example [28, (2.4.1)]. Since X\ S is a semialgebraic set, it has finitely many connected
components. Hence, in view of Lemma 2.10, there exists a Zariski open dense subset
Y9 C Y which has the required properties. O

We next deal with piecewise-regular maps of class €°. Initially, we consider
functions on nonsingular real algebraic arcs.

Lemma 2.12 Let C be a real algebraic curve, A C C\Sing(C) a nonsingular real
algebraic arc, and f: A — R a piecewise-regular function of class €°°. Then f is a
regular function.

Proof The function f is analytic, being semialgebraic and of class °°, cf. [6, Propo-
sition 8.1.8].

By definition of piecewise-regular map, we can find a Zariski open dense sub-
set CY € C\Sing(C), a regular function ¢: C° — R and a nonempty open subset
U € AN CY such that f|y = ¢|y. Regarding R as a subset of P!(R), we get a reg-
ular map ¥ : C\Sing(C) — P'(R) with ¥|c0 = ¢. Hence f = |4 by the identity
principle for analytic maps. Consequently, f is a regular function. O

Let V, W be real algebraic varieties and let A C V, B € W be arbitrary subsets.
We say that a map g: A — B is of class €°° if for some algebraic embeddings
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¢: V= R" ¢: W — RP there exist an open neighborhood U C R” of ¢(A) and a

€ map g: U — RP such that g(¢(x)) = ¥ (g(x)) for all x € A. If this holds, then

the same condition holds for any choice of the algebraic embeddings ¢ and 1.
Lemma 2.12 can be generalized as follows.

Proposition 2.13 Let V, W be real algebraic varieties, and f : U — W amap defined
on an open subset U C V\Sing(V). Then the following conditions are equivalent:

(a) The map f is piecewise-regular and of class €*°.
(b) The restriction of f to each connected component of U is a regular map.

Proof As in the proof of Proposition 2.8, we may assume that W = R.

Suppose that (a) holds and let Uy be a connected component of U. For each non-
singular algebraic arc A in V, with A C U, the restriction f|4 is a regular function
by Lemma 2.12. Hence, in view of [44, Theorem 2.4], f|y, is a rational function.
Consequently, f|y, is a regular function according to [50, Proposition 2.1].

It is clear that (b) implies (a). O

We also have the following variant of Proposition 2.13.

Proposition 2.14 Let V, W be real algebraic varieties, and f : U — W amap defined
on an open subset U C V\Sing(V). Then the following conditions are equivalent:

(a) The map f is piecewise-regular, and for every nonsingular algebraic arc Ain 'V,
with A C U, the restriction f|4 is of class €.
(b) The restriction of f to each connected component of U is a stratified-regular map.

Proof As in the proof of Proposition 2.8, we may assume that W = R. It suffices to
consider the case where U is connected.

Suppose that (a) holds. For each nonsingular algebraic arc A in V, with A C U,
the restriction f|4 is a regular function by Proposition 2.13. Hence, in view of [44,
Theorem 2.4], f is a rational function. Consequently, f is a stratified-regular function
according to Proposition 2.4.

It is clear that (b) implies (a). O

3 Functions on a simplex

This section is of a technical nature. Our main goal is Lemma 3.7, which is needed in
Sects. 4 and 6. For the sake of clarity, we begin with some preliminary facts.

Lemma 3.1 Let V be a real algebraic variety, W C V a Zariski closed subvariety,
and f: W — R a regular function. Then there exists a regular function F: V — R
such that Fly = f.

Proof By Lemma 2.1, there exist regular functions ¢, ¥ : V. — R such that W C
VAZ() and f = ¢/ on W. Pick a regular function «: V — R with Z(«) = W.

Then the function F := azﬁwx//z has the required properties. O
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For any real algebraic variety V, we let Z (V) denote the ring of real-valued regular
functions on V. If W C V is a Zariski closed subvariety, then the ideal

Iy(W)={feZzZV): flw=0}
of Z(V) is called the ideal of W in V.

Lemma 3.2 Let V be a real algebraic variety, and W\, W» Zariski closed subvarieties
of V for which
Iy(WiNWa) = Iy(Wh) + Iy(Wa) in Z(V).

Let f: Wi U Wy — R be a function such that the restrictions f|w, and f|w, are
regular functions. Then f is a regular function.

Proof By Lemma 3.1, there exists a regular function g;: V — R with g;|w, = flw,
fori = 1,2. Since g1 — g2 € Iy(W; N W), we have g1 — go = hy — hy, where
h; € Iy(W;). Hence g1 — h1 = g2 — hy is a regular function on V whose restriction
to Wi U W is equal to f. Consequently, f is a regular function. O

Let V be anonsingular real algebraic variety,and D € V aZariski closed subvariety.
We say that D is a simple normal crossing hypersurface if for each point p € D there
exist a Zariski open neighborhood U C V of p and local coordinates xi, ..., x, on U
(aregular system of parameters at p € V) such that the intersection of each irreducible
component of D with U is given by the equation x; = O for a suitable i. In particular,
if D is a simple normal crossing hypersurface, then each irreducible component of D
is nonsingular of codimension 1.

Lemma 3.3 Let V be a nonsingular real algebraic variety, D C V a simple normal
crossing hypersurface, and f: D — R afunction whose restriction to each irreducible
component of D is a regular function. Then f is a regular function.

Proof We use induction on the number k of irreducible components of D. The case
k = 1 is obvious. Suppose that k > 2. Let D be an irreducible component of D, and
let D’ be the union of the remaining irreducible components. The restriction f|p, is a
regular function by assumption, whereas the restriction f|p is a regular function by
the induction hypothesis.

Pick a point p € Dy N D'. Tt suffices to find a Zariski open neighborhood U C V
of p such that f|pny is a regular function. If U is small enough, there exist local
coordinates x1, ..., X, on U such that the ideal Iy (D1 N U) is generated by x;, and
the ideal Iy (D’ N U) is generated by the product x; - - - x; for some [ with2 <1 < n.
Note that the ideal Iy (D1 N D' N U) is generated by x; and x; - - - x;; in other words,

Iy(D1ND' NU) =Iy(D1NU) + Iy(D' NU) in ZU).

Hence f|pny is a regular function in view of Lemma 3.2. O

We give next the following variant of Lemma 3.1.
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Lemma 3.4 LetV be areal algebraic variety, Y C X some subsetsof V,and f: Y —
R a regular function. Assume that Y = X N W, where W is the Zariski closure of
Y in V. Then there exists a regular function F: Vo — R, defined on a Zariski open
neighborhood Vo of X in V, such that Fly = f.

Proof By Lemma 2.2, there exist regular functions ¢,y : V — R such that
Y C V\Z(¢)and f = ¢/¢ onY.Pickaregular functiona: V — Rwith Z(a) = W.
Set Vo :=V\Z(a> +¢¥?) and F := #";{2 on Vp. Then F has the required properties.

(]

Notation 3.5 By a simplex in R™ we always mean a closed geometric simplex. For
any finite (geometric) simplicial complex K in R, we write | K| for the union of
all simplices in K ; thus |K| € R™ is a compact polyhedron. We denote by K ™ the
n-skeleton of K.

If A C R” is a d-simplex, then A stands for the simplicial complex which consists
of all faces of A of dimension at most d — 1. Clearly, |A| is the union of all (d — 1)-
dimensional faces of A. The Zariski closure of A in R, denoted by Ha, is an affine
subspace of dimension d.

Lemma 3.6 Let A C R be a d-simplex and let f: |A| — R be a function such that
the restriction flr: I' — R is a regular function for every (d — 1)-simplex T" € A.
Then there exists a regular function F: A — R with F| 4 = f.

Proof Let Ay, ..., Agbeall the (d — 1)-dimensional faces of A. We set H := Ha and
H;:=Hp, fori =0,...,d. Obviously, H; € H and A; = AN H;. By Lemma 3.4,
there exists a Zariski open neighborhood 2 C H of A and a regular function
Gi: Q — R with Gi|p;, = fla; fori = 0,...,d. In particular, G; = G; on
A; N Ajforalli, j.Since H; N H; is the Zariski closure of A; N A in R™, we get
Gi=GjonQNH;NH;.

Set D;:=Q N H; and D:=Dy U ---U Dy. Then D is a simple normal crossing
hypersurface in 2. Define a function ¢ : D — R by ¢|p, = Gi|p, fori =0, ...,d.
By Lemma 3.3, ¢ is a regular function. In view of Lemma 3.1, there exists a reg-
ular function ®: 2 — R with ®|p = ¢. The function F := ®|a has the required
properties. O

We need the following approximation result for functions defined on a simplex.

Lemma 3.7 Let A C R be ad-simplex andlet f: A — R be a continuous function
such that the restriction f|r: I' — R is a regular function for every (d — 1)-simplex
I' € A. Then, for every ¢ > 0, there exists a regular function g: A — R satisfying

|f(x)—g(x)| <& forallx € A

and f A = 8l|A-

Proof According to Lemma 3.6, there exists a regular function h: A — R with
hlA; = fl|A- By replacing f with f* — h, the proof is reduced to the case f|;, = 0.
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Let A, ..., Ay be all the (d — 1)-dimensional faces of A. We set H := Hpx and
H; := Hp, fori =0, ...,d.Theunion D := HyU- - -U Hy is a simple normal crossing
hypersurface in H. The function on A U D which is equal to f on A and identically
equal to O on D is continuous. Hence, by Tietze’s extension theorem, there exists a
continuous function ¢: H — R with ¢|ao = f and ¢|p = 0.

Fix & > 0. Note that there exists a € function ¥ : H — R satisfying

lo(x) — ¥ (x)] < % forallx € H

and ¥|p = 0. Indeed, by the Whitney approximation theorem [67, Theorem 10.16],
one can find a ¥ function A: H — R for which

lp(x) — A(x)] < Z forall x € H.

Since ¢|p = 0, the set U :={x € H: |A(x)| < } is an open neighborhood of D in
H.Ifa: H —> Risa % function with «|p = 1,0 < « < 1 on H and support
contained in U, then the function ¥ := (1 — «)A has the required properties.

Denote by 4°°(H ) the ring of ¢°° real-valued functions on H. One readily sees that
theideal I € €°°(H) of all ¥*° functions vanishing on D is generated by polynomial
functions, say, ¢, ..., g» (alternatively, one can invoke a much more general result
[81, p. 52, Proposition 1]). Consequently, { can be written in the form

Y =viq1 + -+ ¥rqr,
where the v are €°°° functions on H. Let
M :=sup{lgr(x)|: x € A, k=1,...,r}.

By the Weierstrass approximation theorem, there exists a polynomial function
pr: H — R satisfying

[k (x) — pr(x)| < ﬁ forall x € A.
For p:=piq1 + - - - + prqr, we have
e ¢
lp(x) — p()] < lp&x) =YX+ [Yx) —pX)| < 3 + 7=¢ forallx € A

and p|p = 0. We complete the proof setting g := p|a. O

4 Piecewise-regular maps into Grassmannians

The role of Sects. 4.1 and 4.2 is to review some notation and terminology.
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4.1 Inner product and matrices

As in Sect. 1, we let IF denote R, C or H. The F-vector space F” is endowed with the
standard inner product
(—, =) F"xF*"—>TF

given by
n
(LX) 1 9n)) = XV
i=1

where y; stands for the conjugate of y; in IF.

Let Mat,, ,(IF), or simply Mat, (F) if m = n, denote the set of all m-by-n matrices
with entries in IF. For any matrix A = [a;;] € Mat,, ,(IF), the corresponding F-linear
transformation L 4 : " — F™ is given by

n
X1y .oy X)) > V1, ..., Ym), Wwhere y; =ija,-j fori=1,...,m
j=1

(recall that we always consider left F-vector spaces). We will identify A with L4 and
write
A() = La(v) forveF".

If B = [bjx] € Mat, ,(FF), then we define the product AB = [c;«] by

n
Cik = ijka,'j.
j=1

This convention implies that Lgp = L4 o Lp.
We regard Mat,, - (IF) as a real algebraic variety. If 1 < r < n, then the subset

Mat)) . (F) € Mat, . (F)

of all matrices with linearly independent columns is Zariski open. Furthermore, the
map
Mat) . (F) — G, ("), A AF")

is a regular map, as is immediately seen by using the standard charts on G, (F").

4.2 Vector bundles

For any topological F-vector bundle £ on a topological space X, we denote by E (&)
its total space and by p(§): E(§) — X the bundle projection. The fiber of & over a
point x € X is E(§), = p(&)~'(x).

Given a nonnegative integer n, we let &'y (IF) denote the standard product F-vector
bundle on X with total space X x[F". Any morphism ¢ : & (F) — &% (IF) of topological
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F-vector bundles is of the form
p(x,v) = (x, Ap(x)(v)) forall (x,v) € X x ",

where A,: X — Mat, ,(IF) is a uniquely determined map, called the matrix repre-
sentation of ¢. Obviously, A, is a continuous map.

If £ is a topological F-vector subbundle of &% (IF), then &% (F) = £ ® & L where £+
is the orthogonal complement of & with respect to the standard inner product on F”.
The orthogonal projection pg : &% (F) — &% (IF) onto £ is a topological morphism of
[F-vector bundles.

We will also consider algebraic vector bundles on a real algebraic variety V. The
product V x " will be regarded as a real algebraic variety. By an algebraic F-vector
bundle on V we mean an algebraic F-vector subbundle of &Y, () for some n (cf. [6,
Chapters 12 and 13] and [37,38] for various characterizations of algebraic F-vector
bundles).

If 9: &}, (F) — &, (IF) is an algebraic morphism, then the matrix representation

Ay: V — Mat, ()

of ¢ is a regular map.

If & is an algebraic F-vector subbundle of &}, (IF), then its orthogonal complement & L
is also an algebraic [F-vector subbundle, and the orthogonal projection pz : &7, (F) —
&%, (IF) onto & is an algebraic morphism.

The tautological F-vector bundle y, (F") on G, (F") is an algebraic F-vector sub-
bundle of 8&, ) (™).

Lemma 4.1 Let V be a real algebraic variety, and f: X — G,(F") a continuous
map defined on some subset X C V. Then the map Py: X — Mat,(F), where
Py(x): " — F" is the orthogonal projection onto f(x) € F" for all x € X, is
continuous. Furthermore, if the map f is regular, then so is the map Py.

Proof We regard the pullback & := f*y, (F") as a topological F-vector subbundle of
&% (If), hence
E&)y ={x} x f(x) forall x € X.

It follows that Py is the matrix representation of the orthogonal projection
pg : e (F) — &% (IF) onto &. Consequently, Py is a continuous map.

Now, suppose that f is a regular map. It suffices to consider the case where X is a
Zariski locally closed subvariety of V. Then £ is an algebraic F-vector subbundle of
&% (I), hence the argument above shows that Py is a regular map. O

4.3 Maps into Grassmannians

We can now prove the following variant of Lemma 3.7.
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Lemma 4.2 Let A € R™ be a d-simplex and let f: A — G, (F") be a continuous
map such that the restriction flr: I — G,(F") is a regular map for every (d — 1)-
simplex T' € A. Then, for each neighborhood % < € (A, G,(F")) of f, there exists
a regular map g: A — G, (F") such that g € % and 8lia = fliaf

Proof Consider the map P = Py: A — Mat,(IF), where P(x): F" — F”" is the
orthogonal projection onto f(x) € F” forallx € A. By Lemma4.1, P is a continuous
map and the restriction P|r: I' — Mat, (IF) is aregular map for every (d — 1)-simplex
IeA.

We regard the pullback & := f*y,(F") as a topological F-vector subbundle of
&’ (IF). Since £ is topologically trivial, there exists an injective topological morphism
@: &'y (F) — &\ (IF) whose image is equal to &. Let A = A,: A — Mat, ,(IF) be the
matrix representation of ¢. Then A is a continuous map and

P(x)A(x) = A(x) forallx € A.

By the Weierstrass approximation theorem, there exists a regular map
B: A — Mat, ,(F) arbitrarily close to A. Define C: A — Mat, ,(F) by

C(x) = P(x)B(x) forallx € A.

Then C is a continuous map, close to A, such that the restriction C|p: I' —
Mat, (IF) is a regular map for every (d — 1)-simplex I' € A. Hence, according to
Lemma 3.7, there exists aregular map ®: A — Mat, . (IF), arbitrarily close to C, with
®[,z| = Cl 4 In particular, the F-linear transformation ®(x): F" — F" is injective
for all x € A. In other words, ®(A) C Matg,r(]F). Thus

g: A= G (F"), gx)=d)EF)

is a well-defined regular map, close to f. We may assume that g € % . Furthermore,
8lia; = flja) since @[ 4, = Cl 5 O
An important consequence of Lemma 4.2 is the following.

Proposition 4.3 Let K be a finite simplicial complex in R™ and let f: |K| — G(F")
be a continuous map. Then, for each open neighborhood % < € (|K|, G(F™")) of f,
there exists a continuous map ¢: |K| — G(F") such that ¢ € % and the restriction
ola: A — G") is a regular map for every simplex A € K.

Proof We use induction on d = dim K. The case d = 0 is obvious. Suppose now that
d > 1. By the induction hypothesis, there exists a continuous map ¥ : |K@~D| —
G(F"), arbitrarily close to f||gw-n, such that the restriction ¥ |r: I' — G(F") is a
regular map for every simplex I' € K@=D,

We claim that ¢ has a continuous extension v : |K| — G(F") that belongs to
% . For the proof, we may assume that G(F") € R” is a nonsingular Zariski closed
subvariety. Regarding f and ¥ as maps with values in R, we have

I f(x) — ¥ (x)| <eforallx € | KWV,
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where ¢ > 0 is small and ||—| stands for the Euclidean norm on R¥. According
to Tietze’s extension theorem, there exists a continuous map o : |K| — RY with
O|g@-n| = /8

U:={x€|K]|: lox) = f)I <&}

and a: |K| — Ris a continuous function with 01|\1<<d—l>\ = 1,0 < o < 1 and support
contained in U, then setting h := f + a(oc — f), we get

ILf(x) —hI = le@)[llo(x) — f(xX)] < eforallx € |K].

Choose a tubular neighborhood p: T — G(F") of G(F") in RV . If ¢ is sufficiently
small, then 4 has values in 7', and the composite ¥ = p o h has the properties required
in the claim.

By Lemma 4.2, for every d-simplex A € K, there exists a regular map
ga: A — G close to 1/7|A and such that 8aljAl = ‘Zf||A\' Then the map
¢: |K| — G(F"), defined by ¢||xw-1, = ¥ and ¢|a = ga for every d-simplex
A € K, has all the required properties. O

In what follows, we will use stratifications constructed in a fairly simple way. Any
finite simplicial complex K in R™ gives rise to a filtration

Fx = (Zo(K), Z1(K), ..., Zyi1(K))
of R™, where Zo(K) = R", Z,,+1(K) = &, and Z;(K) is the union of the Hx for

all simplices A € K of dimension at most m — d with d = 1, ..., m. Here, as in
Notation 3.5, Hx € R™ stands for the Zariski closure of A. Setting

Ik ={Zi(K)\Zi+1(K): i =0,...,m},

we obtain a stratification of R™. More generally, if V C R™ is a Zariski closed
subvariety, then the collection

Sk (V):={VNS: S e Sk}
is a stratification of V, which is said to be induced by K. Obviously,
Tk (R™) = Sk.

Lemma 4.4 Let K be a finite simplicial complex in R™, V. C R™ a Zariski closed
subvariety, and X C |K|NV anarbitrary subset. Then, for every stratum T € Sk (V),
each connected component of X N T is contained in some simplex A € K.

Proof 1t suffices to consider the case V = R™. If § € S (R™) = %k, then each
connected component of X N S is contained in a connected component of |[K| N S,
which in turn is contained in some simplex A € K by construction of .. O

We are now ready to prove the first two theorems announced in Sect. 1.
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Proof of Theorem 1.3 Let n be a positive integer. We may assume that V € R and
G(F") € RN are Zariski closed subvarieties.

Consider a continuous map f: X — G(F") C RN, By Tietze’s extension theorem,
there exists a continuous map F: R” — RN with F|x = f.Letp: T — G(F")bea
tubular neighborhood of G(F") in RV . Then U := F~!(T) € R™ is a neighborhood
of X, and f: U — G("), given by f(x) = p(F(x)) for x € U, is a continuous
extension of f. Since X is a compact subset of U, we get X € B C U, where
B is the union of a finite collection of simplices in R”. Then there exists a finite
simplicial complex K in R™ with |K| = B. In view of Proposition 4.3, there exists a
continuous map ¢: |K| — G(F"), arbitrarily close to f l|k|» such that the restriction
¢la: A — G(F")isaregular map forevery simplex A € K. Accordingto Lemma4.4,
the restriction g :=¢|x: X — G(IF") is a piecewise .k (V)-regular map. The proof
is complete since g is close to f. O

Proof of Theorem 1.4 1t can be assumed that V' C R is a Zariski closed subvariety,
hence X € R™. By Borsuk’s theorem [26, p. 537], X is aretract of some neighborhood
U C R™. We can find a finite simplicial complex K in R™ with X C |K| € U. Thus
there exists a retraction r: |[K| — X.

We claim that the induced stratification . := .k (V) of V has all the required
properties. Indeed, let n be a positive integer and let f: X — G(F") be a continuous
map. Then f or: |K| — G(F") is a continuous extension of f. By Proposition 4.3,
there exists a continuous map ¢: |K| — G(F"), arbitrarily close to f o r, such that
the restriction ¢|a: A — G(IF") is a regular map for every simplex A € K. In view
of Lemma 4.4, the restriction g :=¢|x: X — G(F") is a piecewise .-regular map.
This completes the proof since g is close to f. O

We also have the following variant of Theorem 1.4.

Theorem 4.5 Let Xog € R™ be a compact subset, U C R"™ a neighborhood of Xy,
B: U — U a homeomorphism, and K is a finite simplicial complex in R™. Assume
that X is a retract of U and

X:=B(Xo) € |K| S U.

Then, for each positive integer n, every continuous map from X into G(F™) can be
approximated by piecewise .Sk -regular maps.

Proof Letrg: U — X be a retraction. Then ry: U — X, given by

rx(x) = B(ro(B~'(x))) forallx € U,

is a well-defined retraction.

Let n be a positive integer and let f: X — G(F") be a continuous map. Since
forx: U — G(F") is a continuous extension of f, we complete the proof as in the
case of Theorem 1.4. O

Theorem 4.5 can be illustrated by revisiting Example 1.7.
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Example 4.6 Fix aninteger m > d(IF) + 1, and consider T™ as a subset of R xR =
R?"+1 Note that T is a retract of U := (R\{0})>" x R. Let K be a finite simplicial
complex in R?"*! satisfying

T Cint|K| C |K| C U.

According to Example 1.7, we can find a nonsingular Zariski closed subvariety V C
R2m+1 g g diffeomorphism : U — U, and a €°° map

h:V — Gy (F?) =s'®

such that V = 8(T™) C |K| and /& is not homotopic to any stratified-regular map.

By Theorem 4.5, for each positive integer n, every continuous map from V into
G(F™) can be approximated by piecewise .k -regular maps. In particular, this is the
case for the map 5.

5 Piecewise-algebraic vector bundles

Comparison of algebraic and topological vector bundles on a given real algebraic
variety V is a challenging problem, cf. [2-6,11,12,14,21,22,25,27,32,42,47-49,77,
79,80]. Unless the variety V is quite exceptional, one can find a topological vector
bundle on V that is not topologically isomorphic to any algebraic vector bundle. On the
other hand, in some sense, algebraization of topological vector bundles is possible, cf.
[2,49,69,70,79,80]. In this section we look at the algebraization problem from a new
perspective. The main results are Theorems 5.10 and 5.11, derived from Theorems 1.3
and 1.4, respectively.

We will use freely notation introduced in Sect. 4. Moreover, given a topological
space X, a subspace A C X, and a topological morphism i/ : & — w of topological [F-
vector bundles on X, we let ¥4 : 8|4 — w|4 denote the restriction morphism defined
by Y4 (v) = ¥ (v) forallv € E@]4).

We first generalize the definition of algebraic vector bundle.

Definition 5.1 Let V be a real algebraic variety, X € V some (nonempty) subset,
and Z the Zariski closure of X in V.

An algebraic F-vector bundle & on X is a topological [F-vector subbundle of &’ (IF),
for some n, for which there exist a Zariski open neighborhood Zp € Z of X and an
algebraic F-vector subbundle £ of 8%0 (F) with €|y = &. In that case, £ is also said to
be an algebraic F-vector subbundle of &' (IF). The pair (Zo, §) is called an algebraic
extension of &. In particular, &% (IF) is an algebraic F-vector bundle on X.

If £ and 7 are algebraic F-vector bundles on X, then an algebraic morphism ¢ : & —
1 is a topological morphism such that there exist algebraic extensions (Zo, &), (Zo, 7)
of &, n, respectively, and an algebraic morphism ¢ : £ — 7j with ¢x = .

Algebraic F-vector bundles on X, together with algebraic morphisms, form a cat-
egory.
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Lemma 5.2 Let V be a real algebraic variety, X C V some subset, and ¢: &€ — n
a bijective algebraic morphism of algebraic F-vector bundles on X. Then ¢ is an
algebraic isomorphism.

Proof Let (Zo, €), (Zo., 7j), and $: € — 7} be as in Definition 5.1. Shrinking Zj if
necessary, we may assume that the algebraic morphism ¢ is bijective. Thus the proof
is reduced to the case where X is a Zariski locally closed subvariety of V.

Our goal is to prove that the inverse map ¢ ~!: E() — E(£) is aregular map. The
problem s local for the Zariski topology on X, soit suffices to consider £ = n = &' (IF).
Let A= A,: X — Mat,(F) be the matrix representation of ¢. Then A is a regular
map and

(p_](x, w) = (x, A(x)"'(w)) for (x, w) € X x F".

1

Consequently, ¢~ is a regular map, as required. O

Lemma 5.3 Let V be areal algebraic variety, X C V some subset, and & an algebraic
F-vector subbundle of &% (IF). Then the orthogonal complement & L of & is also an
algebraic F-vector subbundle of & (IF), and the orthogonal projection pg : &% (IF) —
&% (IF) onto & is an algebraic morphism.

Proof This is a standard fact if X is a Zariski locally closed subvariety of V. The
general case follows immediately. O

We denote by y (") the algebraic F-vector subbundle of e, ) (IF) whose restriction
to G, (F") is y, (F") for 0 < r < n.

Given a topological space X and a continuous map f: X — G(F"), we regard the
pullback f*y (F") as a topological IF-vector subbundle of & (IF); thus

E(f*y ("), = {x} x f(x) forallx € X.

Conversely, if £ is a topological IF-vector subbundle of &% (IF), then the map f¢: X —
G(F"), defined by
E&)y = {x} x fe(x) forallx € X,

is continuous and & = fg‘y(IF”). We call fg the classifying map for &. Note that the
classifying map for f*y (F") is f.

Lemma 5.4 LetV beareal algebraic variety, X C V some subset, and & a topological
F-vector subbundle of &, (IF). Then the following conditions are equivalent:

(a) & is an algebraic F-vector subbundle of &', (IF).
(b) The classifying map fe: X — G(F") for & is regular.

Proof This is well-known if X is a Zariski locally closed subvariety of V. The general
case follows immediately. O

Next we introduce the central notion of this section.
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Definition 5.5 Let V be a real algebraic variety, X < V some subset, and . a
stratification of V.

An Y-algebraic (resp. a piecewise ./-algebraic) F-vector bundle & on X is a
topological FF-vector subbundle of &% (IF), for some n, such that for every stratum
§ € .7 the restriction &|xns is an algebraic F-vector subbundle of &% ¢(IF) (resp.
for every stratum S € .% and each connected component ¥ of X N § the restriction
&|x is an algebraic [F-vector subbundle of % (IF)). In that case, £ is also said to be an
-algebraic (resp. a piecewise /-algebraic) F-vector subbundle of &' (IF).

If & and 75 are .”-algebraic (resp. piecewise .#-algebraic) F-vector bundles on
X, then an .¥-algebraic (resp. a piecewise .-algebraic) morphism ¢: & — 7
is a topological morphism such that for every stratum S € . the restriction
oxns: Elxns — nlxns is an algebraic morphism (resp. for every stratum S € .
and each connected component ¥ of X N § the restriction ¢y : §|y — 1|y is an
algebraic morphism).

A stratified-algebraic (resp. a piecewise-algebraic) F-vector bundle on X is a 7 -
algebraic (resp. a piecewise .7 -algebraic) [F-vector bundle on X for some stratification
T of V.

If £ and n are stratified-algebraic (resp. piecewise-algebraic) [F-vector bundles on
X, then a stratified-algebraic (resp. a piecewise-algebraic) morphism ¢: & — 7 is
a 7 -algebraic (resp. a piecewise .7 -algebraic) morphism for some stratification 7~
of V such that both & and n are .7 -algebraic (resp. piecewise 7 -algebraic) F-vector
bundles on X.

It is clear that .¥”-algebraic (resp. piecewise .#-algebraic) F-vector bundles on X,
together with .7-algebraic (resp. piecewise ./ -algebraic) morphisms, form a cate-
gory. Similarly, stratified-algebraic (resp. piecewise-algebraic) F-vector bundles on
X, together with stratified-algebraic (resp. piecewise-algebraic) morphisms, form a
category.

In a somewhat less general context, .7 -algebraic and stratified-algebraic F-vector
bundles are thoroughly investigated in [57,59,61,63,66].

Proposition 5.6 Let V be a real algebraic variety, X C V some subset, . a strati-
fication of V, and & a topological F-vector subbundle of &' (F) for some n. Then the
following conditions are equivalent:

(a) & is an S -algebraic (resp. a piecewise ./ -algebraic) F-vector subbundle of

&% ().

(b) The classifying map fe: X — GI") for & is /-regular (resp. piecewise /-
regular).

Proof This follows from Lemma 5.4. O

As a direct consequence, we obtain the following.

Corollary 5.7 Let V be a real algebraic variety, X C V some subset, and & a topo-
logical F-vector subbundle of & (IF) for some n. Then the following conditions are
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equivalent:

(a) & is a stratified-algebraic (resp. a piecewise-algebraic) F-vector subbundle of
&% ().

(b) The classifying map f:: X — G(F") for & is stratified-regular (resp. piecewise-
regular).

Vector bundles introduced in Definition 5.5 can be compared with topological vector
bundles.

Proposition 5.8 Let V be a real algebraic variety, X C V a compact subset, and . a
stratification of V. Let & and n be . -algebraic (resp. piecewise ./ -algebraic) F-vector
bundles on X that are topologically isomorphic. Then & and n are also isomorphic in
the category of ./ -algebraic (resp. piecewise . -algebraic) F-vector bundles on X.

Proof We consider explicitly only the piecewise .7 -algebraic case, the .7 -algebraic
one being completely analogous.

Thus, & (resp. n) is a piecewise .#-algebraic F-vector subbundle of 81§( (IF) (resp.
elx (F)) for some positive integer k (resp. /). Since 8];( (F) = é®&L and slx (F) = nént,
there exists a topological morphism ¢ : e’)‘( ) — le (F) which transforms & onto .
Let A = Ay,: X — Mat; «(F) be the matrix representation of ¢. By the Weierstrass
approximation theorem, we can find a regular map B: X — Mat; x (F) that is close
to A. Then ¢ : 8];( F) — slx (F), defined by

Y(x,v) = (x, B(x)(v)) for(x,v) e X x IFk,

is an algebraic morphism.

In view of Lemma 5.3, the orthogonal projection py: SIX F) — slx (F) onto n
is a piecewise .#-algebraic morphism. Hence p; o ¥ : gl)‘( F) — slx (F) is a piece-
wise .-algebraic morphism which transforms & onto 7. Consequently, the morphism
o: & — 1 determined by p, o v is bijective and piecewise .#-algebraic. It follows
from Lemma 5.2 that o is a piecewise .¥’-algebraic isomorphism. O

Proposition 5.8 implies immediately the following.

Corollary 5.9 Let V be a real algebraic variety, and X C V a compact subset. Let &
and n be stratified-algebraic (resp. piecewise-algebraic) F-vector bundles on X that
are topologically isomorphic. Then & and n are also isomorphic in the category of
stratified-algebraic (resp. piecewise-algebraic) F-vector bundles on X.

As an application of Theorem 1.3, we obtain the following result.
Theorem 5.10 Let V be a real algebraic variety and let X C V be a compact
subset. Then each topological F-vector bundle on X is topologically isomorphic to

a piecewise-algebraic F-vector bundle on X, which is uniquely determined up to
piecewise-algebraic isomorphism.
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Proof Let & be a topological F-vector bundle on X. Since X is compact, one can find
a positive integer n and a continuous map f: X — G(I") such that £ is topologically
isomorphic to the pullback f*y (IF"), cf. [39, Chapter 3, Proposition 5.8]. According
to Theorem 1.3, f is homotopic to a piecewise-regular map g: X — G(F"), hence
& is topologically isomorphic to the pullback 1 := g*y (F"), cf. [39, Chapter 3, The-
orem 4.7]. By Corollary 5.7, n is a piecewise-algebraic [F-vector bundle on X. The
proof is complete in view of Corollary 5.9. O

In a similar way, we can derive from Theorem 1.4 the next result.

Theorem 5.11 Let V be a real algebraic variety and let X C V be a compact locally
contractible subset. Then there exists a stratification . of V such that each topological
F-vector bundle on X is topologically isomorphic to a piecewise . -algebraic F-vector
bundle on X, which is uniquely determined up to piecewise ./ -algebraic isomorphism.

Proof According to Theorem 1.4, there exists a stratification . of V such that, for
each positive integer n, every continuous map from X into G(F") is homotopic to a
piecewise .¥’-regular map.

Let & be a topological F-vector bundle on X. One can find a positive integer n
and a continuous map f: X — G(F") such that £ is topologically isomorphic to the
pullback f*y (F"). Hence £ is topologically isomorphic to the pullback n := g*y (F"),
where g: X — G(F") is a piecewise .¥’-regular map homotopic to f. By Proposi-
tion 5.6, n is a piecewise .#-algebraic [F-vector bundle on X. The proof is complete
in view of Proposition 5.8. O

In Theorems 5.10 and 5.11, piecewise-algebraic and piecewise .¥-algebraic cannot
be replaced by stratified-algebraic and .7 -algebraic, respectively.

Example 5.12 Fix an integer m > d(F) + 1, and let V and h: V — G (F?) = S4®
be as in Example 1.7. We claim that the topological F-vector bundle & := h*y; (F?) on
V is not topologically isomorphic to any stratified-algebraic F-vector bundle. Indeed,
write & and y; (F2)R to indicate that & and y; (F2) are regarded as topological R-vector
bundles. Since wg ) (1 (F2R) = Sd(F), We get

waE (Er) = W (sam) ¢ Hye (V3 Z/2),

where w, (—) stands for the gth Stiefel-Whitney class. The claim follows in view of
[61, Propositions 7.3 and 7.7].

6 Piecewise-regular maps into spheres (approximation)

For maps with values in S”, we have the following counterpart of Proposition 4.3.

Proposition 6.1 Let K be a finite simplicial complex in R™ and let f: |K| — S"
be a continuous map. Assume that f(A) # S" for every simplex A € K. Then,
for each open neighborhood % C € (|K|,S") of f, there exists a continuous map
@: |K| — S" such that ¢ € % and the restriction p|a: A — S" is a regular map
for every simplex A € K.
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Proof We use induction on d = dim K. The case d = 0 is obvious. Suppose now that
d > 1. By the induction hypothesis, there exists a continuous map v : |K@~D| — §",
arbitrarily close to f || K@D} such that the restriction ¥|r: I' — S" is a regular
map for every simplex I' € K@~V It readily follows that i can be extended to
a continuous map V:|K| — S" that belongs to %/ and satisfies U(A) # §" for
every simplex A € K. Since S” with one point removed is biregularly isomorphic
to R", it follows from Lemma 3.7 that for every d-simplex A € K, there exists a
regular map ga: A — S” close to V|5 and such that 8alja = ‘/;||A\~ Then the map
@: |K| — §", defined by ¢| @1 = ¥ and ¢|a = g for every d-simplex A € K,
has all the required properties. O

In what follows we will make use of Lemma 4.4.

Proof of Theorem 1.5 Let n be a positive integer and let f: X — S" € R"*! be a
continuous map. We may assume that V. C R is a Zariski closed subvariety, hence
X C R™. By Tietze’s extension theorem, there exists a continuous map F: R" —
R"+! with F|x = f. Denoting by p: R"*1\{0} — S” the radial projection, we see
that U := F~'(R"T1\{0}) € R™ is a neighborhood of X, and f:U— S, given by
f(x) = p(F(x)) for x € U, is a continuous extension of f.

We can find a finite simplicial complex K in R” with X € |K| C U. By replacing
K with a suitable iterated barycentric subdivision of K, we get f(A) # S" for
every simplex A € K. In view of Proposition 6.1, we can find a continuous map
¢: |K| — S", arbitrarily close to f x|, such that the restriction ¢|a: A — §" is
a regular map for every simplex A € K. According to Lemma 4.4, the restriction
g:=¢|x: X — S" is a piecewise .Yk (V)-regular map. The proof is complete since
giscloseto f.

It is not clear whether there is a counterpart of Theorem 1.4 for maps into spheres.

Problem 6.2 Let V be a real algebraic variety, X € V a compact locally contractible
subset, and n a positive integer. Does there exist a stratification .% of V' such that every
continuous map from X into S” can be approximated by piecewise .#-regular maps?

In view of Theorem 1.4, the answer is affirmative if n = 1, 2 or 4 since S¢® —
G1(F?).

7 Piecewise-regular maps into spheres (homotopy)

The following lemma will be used in the proof of Theorem 1.6.

Lemma 7.1 Let V be a compact nonsingular real algebraic variety, Z C V a non-
singular Zariski closed subvariety with codimyZ > 1, and K the union of some
connected components of Z. Then there exists a closed tubular neighborhood T C 'V
of K such that T N (Z\K) = & and the boundary 0T of T is a nonsingular Zariski
closed subvariety of V. Furthermore, for each nonnegative integer I, there exists a 6"
Sunction o: V. — R with the following properties:

@) Z(a) = K;
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(i) the restrictions |1 and a|y\juT are regular functions.

Proof Let T C V be aclosed ¢ tubular neighborhood of K with T N (Z\K) = @.
Note that the homology class in H,(V; Z/2) represented by the € hypersurface
dT C V isequal to 0. Hence there exists a ¢ diffeomorphism o : V — V, arbitrar-
ily close in the %> topology to the identity map of V, such that o (3T) is a nonsingular
Zariski closed subvariety of V and o (x) = x for all x € Z, cf. [6, Theorem 12.4.11].
Replacing T by o (T'), we may assume that 07 is a nonsingular Zariski closed subva-
riety of V.

Let f and g be real-valued regular functions on V with Z(f) = Z and Z(g) = 9T
If / is a nonnegative integer, then

f(x)? forxeT
alx) = 2 21
fx) +gx) forx € V\T
is a &' function that satisfies (i) and (ii). o

Our proof of Theorem 1.6 depends on the Pontryagin—Thom construction. Unless
explicitly stated otherwise, all °° manifolds will be without boundary. Submanifolds
will be closed subsets of the ambient manifold. The unit n-sphere S" will be oriented
as the boundary of the unit (n + 1)-disc. For any compact 4> manifold X there is a
canonical one-to-one correspondence

7"(X) - F"(X),

where 7" (X) is the set of all homotopy classes of continuous maps from X into S”,
and F"(X) is the set of framed cobordism classes of framed submanifolds of X of
codimension n, cf. [46,73] for details. Given a continuous map f: X — S", we denote
by PT(f) the element of F”(X) corresponding to the homotopy class of f.

It is convenient to introduce some notation related to this construction. A framed
submanifold of X of codimension n is a pair (M, F), where M C X is a € codi-

mension n submanifold, and F = (vy, ..., v,) is a € framing of the normal bundle
to M in X. The normal space to M in X at x € M is the quotient Ny M =T, X/T M
of the tangent spaces; thus (v{(x), ..., v,(x)) is a basis for Ny M.

Given a continuous map f: X — S" and a point y € S", suppose that for
some open neighborhood U € §" of y the restriction map f|s-1(y): f Ty -
U is of class ¥ and transverse to y. Choose a positively oriented basis
B = (wy, ..., w,) for T,S". Then PT(f) € F"(X) is represented by the framed sub-
manifold (f_l(y), F(f, B)), where F(f, B) = (v, ..., v,) and (v1(x), ..., v,(x))
is transformed onto (w1, ..., w,) by the isomorphism Ny M — T,S" induced by the
derivative dy f: T, X — T,S" forevery x € f “1y).

Letg: X — R" be a %> map transverse to 0 € R” and let M be the union of some
connected components of ¢! (0). Then we obtain a framed submanifold (M, F(¢))
of X, where F(p) = (vi,...,v,) and (v1(x), ..., v,(x)) is transformed onto the
canonical basis for R” by the isomorphism N,M — R” induced by the derivative

@ Springer



Piecewise-regular maps 1571

dyp: Ty X — ToR" = R" for every x € M. Note that the framing F(¢) of M can be
defined even if the manifold X is not necessarily compact.

Proof of Theorem 1.6 The case dimV < n is obvious since then f is null homo-
topic. Suppose that dim V > n, and let (M, F') be a framed submanifold of V which
represents PT(f). Let U € V be an open tubular neighborhood of M. Since U is
diffeomorphic to M x R", there exists a €°° map o : U — R” transverse to 0 € R”
such that M = o~} (0) and (M, F) is framed cobordant to (M, F(c)). By a standard
transversality argument, we obtain a ¥°° map ¢: V — R” which is transverse to
0 € R" and ¢ = o on an open neighborhood of M in U, cf. [36, Corollary 4.12 (b),
p. 56]. Then M is the union of some connected components of ¢ ~!(0), and (M, F) is
framed cobordant to (M, F(¢)) = (M, F(0)). In view of the Weierstrass approxima-
tion theorem, there exists a regular map ¢ : V — R” arbitrarily close to ¢ in the €
topology. Then v is transverse to 0 € R” and Z := vy ~1(0) is isotopic to ¢~ 1(0), cf.
[1, p. 51]. In particular, (M, F(¢)) is framed cobordant to (N, F (1)), where N is the
union of suitable connected components of Z. Furthermore, Z C V is a nonsingular
Zariski closed subvariety. Set K := Z\N, and let T', « be as in Lemma 7.1 for some
nonnegative integer /. According to the Lojasiewicz inequality [6, Corollary 2.6.7],
we can find an open neighborhood U C V of K, a real number ¢ > 0, and an integer
g > 0 such that
Y (xX)| = ca(x)? forallx € U,

where ||—|| stands for the Euclidean norm on R”.

Seta:=(0,...,0,1) € S",b:= —a,andlet p: S"\{a} — R” be the stereographic
projection. Fix a nonnegative integer k. If [ and r are sufficiently large integers, then
the map g: V — S”" defined by

glx) = ! (%) for x € V\K
a forx € K

is of class €. Since p is a biregular isomorphism, the restrictions g|7\x and g|v\incr
are regular maps. Consequently, . :={Z, dT, V\(Z U dT)} is a stratification of V,
and the map g is piecewise .7 -regular.

Itremains to prove that g is homotopic to f or, equivalently, PT(g) = PT(f). To this
end, let B be the basis for 73, S" which corresponds to the canonical basis for R” via the
isomorphism dj,p: T,S" — R”. Note that the restriction of g to g~!(S"\{a}) = V\K
isa ¢ map transversetob € S" and g~ (b) = N.Itreadily follows that (N, F(g, B))
is framed cobordantto (N, F(¢)).Hence (N, F(g, B))isframed cobordantto (M, F),
which implies that PT(g) = PT(f), as required. O

Remark 7.2 As demonstrated above, if dimV > n, then the stratification . that
appears in Theorem 1.6 can be chosen of the form

S ={Z, W, V\(ZU W)},

where Z and W are disjoint Zariski closed subvarieties of V with codimy Z = n and
codimy W = 1.
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