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1. Introduction

Let X = Spec(A) be a smooth affine variety of dimension n > 2 over a field
k and P be a projective A-module of rank 7.

A result of Murthy ([Mu], Theorem 3.8) says that if k is an algebraically
closed field and if the top Chern class C,(P) in CHy(X) is zero, then P
splits off a free summand of rank 1 (i.e. P ~ A @ Q). We note that over any
base field, the vanishing of the top Chern class is a necessary condition for P
to split off a free summand of rank 1. However, as is shown by the example
of the tangent bundle of an even dimensional real sphere, this condition is
not sufficient. In view of these examples, it is of interest to explore whether
one can classify examples of projective modules over smooth real varieties
which have the property that the top Chern class of the projective module
vanishes but the projective module does not split off a free summand of
rank one. More precisely we ask the following:

Question. Let X = Spec(A) be a smooth affine variety of dimension n > 2
over R (the field of real numbers) and P a projective A-module of rank #.
Under what further restrictions, does C,,(P) = 0 imply that P ~ A & Q?

The investigation of this question was initiated in [B-RS 1] and it was
shown that if n is odd and K4 >~ A >~ A"(P) then the vanishing of the
top Chern class C,(P) is sufficient to conclude that P >~ A & Q, where
K4 = A"(24/r) denotes the canonical module of A.

* A part of this work was carried out during visit of first author to University of Kansas.
He would like to thank the Department of Mathematics and Craig Huneke for the financial
support.

** Partially supported by an NSF grant (DMS-0098654) to Craig Huneke.
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In this paper (which should be regarded as a sequel to [B-RS 1]) we car-
ried out this investigation further and settle the above question in complete
generality. For instance we prove the following result (see (4.30) for general
statement):

Theorem. Let X be as above. Let R(X) denote the localization Ag of A
with respect to the multiplicatively closed subset S of A consisting of all
elements which do not belong to any real maximal ideal. Assume that the
manifold X(R) of real points of X is connected. Let P be a projective
A-module of rank n such that its top Chern class C,,(P) € CHy(X) is zero.
Then P ~ A @ Q in the following cases:

1. X(R) is not compact.
2. nisodd.
3. niseven, X(R) is compact and N"(P) @4 R(X) % Ka ®4 R(X).

Moreover, if n is even and X (R) is compact then there exists a projective
A-module P of rank n such that P®A ~ K,® A" '@ A (hence C,(P) = 0)
but P does not have a free summand of rank 1.

Note that the above theorem says that if dim(X) is odd then the only
obstruction for an algebraic vector bundle of top rank over X to split off
a trivial subbundle of rank 1 is algebraic, namely the possible nonvanishing
of its top Chern class. However if dim(X) is even and X(R) is compact
and connected, then, apart from the possible nonvanishing of its top Chern
class, the only other obstruction for an algebraic vector bundle of top rank
over X to split off a trivial subbundle of rank 1 is purely topological viz. the
associated topological vector bundle and the manifold X (R) have the same
orientation. Moreover, in this case, the theorem assures us that indeed these
obstructions genuinely exist.

As an immediate consequence of our theorem we obtain that if X =
Spec(A) is a smooth affine surface over R such that X(R) is a compact,
connected, non-orientable manifold then stably free A-modules are free.

B The numbering ' Lhis settles Question 6.5 of [B-RS 1] affirmatively (see (4.31)).

offthe Theorems The main thrust of our proof in brief consists in showing that if the top

changed. Please  Chern class C,,(P) of a projective A-module P of rank n vanishes, then its
Euler class (which is an “oriented zero cycle” associated to P) vanishes.
We then appeal to a result of ([B-RS 2], Corollary 4.4) to conclude that P
splits off a free summand of rank 1.

The layout of this paper is as follows: In Sect. 2, we first recall the
definition of the Euler Class group E(A, L) of a Noetherian commutative
ring A with respect to a rank 1 projective A-module L. This group, in
the case where A is a smooth affine domain, can be essentially thought
of as the group of “oriented zero cycles” modulo a “rational equivalence”.
We also introduce another group Ey(A, L) which is a quotient of E(A, L)
obtained by ignoring “orientations”. Then we quote some results which will
be used subsequently. In Sect. 3 we introduce some constructions regarding
“thickenings of oriented cycles” which are crucial in deducing our main
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theorem. As another application of these constructions, we prove some
results about torsion elements in K((A) which are of independent interest.
In Sect. 4, we prove the theorem mentioned in the introduction.

We owe our success in carrying out the investigation of the question to
a satisfactory conclusion, mainly to the insight of Madhav Nori. We thank
him profusely but inadequately. We thank Albert Sheu for clarifying some
results. We also thank the referee for carefully going through the manuscript
and suggesting improvements in the exposition.

2. Preliminaries

All rings considered in this paper are commutative Noetherian and contain
the field QQ of rational numbers. All modules are assumed to be finitely
generated.

We begin this section by stating following two results. The following
theorem of Eisenbud-Evans [E-E] can be deduced from [PL, p. 1420].

Theorem 2.1. Let A be aring and P be a projective A-module of rank d. Let
(o, a) € P*® A. Then there exists an element § € P* such that ht(1,) > d,
where 1 = (a 4+ aB)(P). In particular, if the ideal (a(P), a) has height
> d then ht(I) > d. Further, if («(P), a) is an ideal of height > d and I is
a proper ideal of A, then ht(I) = d.

When A is a geometrically reduced affine ring we have the following ver-
sion of Bertini’s theorem (due to Swan) which is a refinement of (2.1). This
version can be deduced from [Sw, Theorems 1.3 and 1.4]; see also [Mu]. In
this paper we shall refer to this result as Swan’s Bertini theorem.

Theorem 2.2. Let A be a geometrically reduced affine ring over an infinite
field and P be a projective A-module of rank r. Let (o, a) € P* @ A. Then
there exists an element B € P* such that if | = (a + aB)(P) then

1. Either 1, = A, or 1, is an ideal of height r such that (A/I), is a geo-
metrically reduced ring.

2. If r < dimA and A, is geometrically integral, then (A/I), is also
geometrically integral.

3. If A, is smooth, then (A/I), is also smooth.

Rest of the section may be considered as a quick reference guide to the
generalities of Euler class group theory. We first accumulate some basic
definitions, namely, the definitions of Euler class groups, weak Euler class
groups, the Euler class of a projective module and then quote some results
which are very much relevant to this paper. A detailed account of these
topics can be found in [B-RS 2]. A reader familiar with this topic can safely
go to the next section.

We start with the definition of the Euler class group.
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Definition of E(A, L). Let A be a ring of dimension n > 2 and let L be
aprojective A-module of rank 1. Write F = L®A"~!.Let J C Abeanideal
of height n such that J/J? is generated by n elements. Two surjections «, 8
from F/JF to J/J? are said to be related if there exists o € SLyyy(F/JF)
such that aoc = . Clearly this is an equivalence relation on the set of
surjections from F/JF to J/J?. Let [a] denote the equivalence class of .
Such an equivalence class [«] is called a local L-orientation of J. By
abuse of notation, we shall identify an equivalence class [«] with . A local
L-orientation « is called a global L-orientation if a : F/JF — J/J? can
be lifted to a surjection 0 : F — J.

Let G be the free abelian group on the set of pairs (N, w ) where N is
an M-primary ideal for some maximal ideal M of height n such that N / N>
is generated by n elements and w, is a local L-orientation of &. Now let
J C A be an ideal of height n such that J/J? is generated by n elements
and w; be a local L-orientation of J. Let J = N;N; be the (irredundant)
primary decomposition of J. We associate to the pair (J, y), the element
Y (M, wy,) of G where w,y; is the local orientation of .A; induced by w,.
By abuse of notation, we denote ) . (N;, wy;) by (J, w)).

Let H be the subgroup of G generated by set of pairs (J, w;), where J

is an ideal of height n and wy is a global L-orientation of J.

The Euler class group of A with respect to L is E(A, L) e /H.

Let P be a projective A-module of rank n such that L ~ A"(P) and
let x : L = A" P be an isomorphism. Let ¢ : P — J be a surjection
where J is an ideal of height n. Therefore we obtain an induced surjection
@:P/JP — J/J*. Lety : L/JL&®(A/J)"~! ~ P/JP, be an isomorphism
such that A"(y¥) = ¥. Let w; be the local L-orientation of J given by
@y :L/JL@ (A/J)""" — J/J?. Let e(P, x) be the image in E(A, L)
of the element (J, w,) of G. The assignment sending the pair (P, x) to the
element e(P, x) of E(A, L) is well defined. The Euler class of (P, x) is
defined to be e(P, x).

Remark 2.3. If A is Cohen-Macaulay and J is an ideal of height n such that
J/J? is generated by n elements, then J/J? is a free A/J-module of rank n
and hence a local L-orientation w; of J gives rise to a unique isomorphism
L/JL = A"(J/J?). Conversely, an isomorphism L/JL = A" (J/J?) gives
rise to a local L-orientation of J. Hence we can regard a local L-orientation
on J as an isomorphism L/JL ~ A"(J/J?).

Now assume that A is a smooth affine domain of dimension n > 2. Let
N be an M-primary ideal for some maximal ideal .M such that N /N ? is
generated by n elements. Let ¢/ : L/NL @ (A/N)"' ~ N/N? be an
isomorphism. By Swan’s Bertini theorem (2.2), there exists an ideal / C A
and a surjection ¢ : L @ A"! — N N J such that (1) N +J = A,
(2) J is a finite intersection of maximal ideals or / = A and 3) ¢ ® A/ N
= ¢’.Hence E(A, L) is generated by elements of the type (M, wy; ) where M
is a maximal ideal of A and w,, is a local L-orientation of M. In fact
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E(A,L) = G'/H' where G’ is a free abelian group on the set of pairs
(M, wp) (M: maximal ideal, wy,: local L-orientation of M) and H’ is
a subgroup generated by (J, w;) where J is a reduced ideal of height n
and wy is a global L-orientation of J (see [B-RS 2, Remark 4.7] for further
details).

Definition of Ey(A, L). Let A, L be as above and let F = L @ A""!. Let
S be the set of ideals N of A where N is an M-primary ideal of height
n such that & /N2 is generated by n elements. Let F be the free abelian
group on S. Let J C A be an ideal of height n such that J/J? is generated
by n elements. Let J = N;N; be the (irredundant) primary decomposition
of J. We associate to J, the element ) _; N; of F. By abuse of notation,
we denote this element by (J). Let K be the subgroup of F' generated by
elements of the type (J), where J is an ideal of height n such that there
exists a surjection o : L @ A"~ — J.

The weak Euler class group of A with respect to L is denoted by
Eo(A, L) and is defined as Eq(A, L) oo F/K. When L = A, we denote
E(A, L) by E(A) and Ey(A, L) by Eo(A).

Remark 2.4. 1t is clear from the above definitions that there is an obvious
canonical surjective group homomorphism ®; : E(A,L) — Ey(A, L)
which sends an element (J, w;) of E(A, L) to (J) in Eg(A, L).

We state some results on Euler class group and weak Euler class group
for later use. The following result is proved in [B-RS 2, Corollary 4.4].

Theorem 2.5. Let A be a ring of dimension n > 2 and L be a projective A-
module of rank 1. Let P be a projective A-module of rank n with L ~ N\"(P)
and let y : L = A" P be an isomorphism. Let J C A be an ideal of height
n and wj be a local L-orientation of J. Then,

1. Suppose that the image of (J, wy) is zero in E(A, L). Then there exists
a surjection a : L @ A"™' — J such that w; is induced by « (in other
words, wy is a global L-orientation).

2. P>~ Q & A for some projective A-module Q of rank n — 1 if and only
ife(P,x) =0in E(A, L).

The following result from [B-RS 2, Lemma 5.4] is very much relevant
to this paper.

Lemma 2.6. Let A be a ring of dimensionn > 2. Let J C A be an ideal of
height n and w; be a local L-orientation of J. Leta € A/J be a unit. Then

(J,wy) = (J,aw;) in E(A, L).

Let S be a multiplicatively closed subset of A such that dim(Ag) =
dim(A) > 2. Then from definitions of Euler class groups and weak Euler
class groups, it is easy to see that there exist (canonical) surjective maps
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E(A, L) —» E(AS, L Xa AS) and E()(A, L) - EO(AS, L Xa AS) Now we
state a result which describes kernels of these maps and can be proved by
adapting the proof of [B-RS 2, Lemma 5.6].

Lemma 2.7. Let A be a ring of dimension n > 2 and let L be a projective
A-module of rank 1. Let J C A be an ideal of height n such that J/J*
is generated by n elements and let w; be a local L-orientation of J. Let
f € A. Suppose that (J, w;) # 0in E(A, L), but the image of (J, w;) =0
in E(Ay, Ly). Then, there exists an ideal I of height n and a local
L-orientation w; of I suchthat Iy = Ay and (J, w;) = (I, wy) in E(A, L).

Remark 2.8. Let A be aring of dimension n > 2 and let L be a projective
A-module of rank 1. Let J be an ideal of A of height n such that J/J? is
generated by n elements. For notational clarity let us denote the element of
Ey(A, L) associated to J by (J), and the element of Ey(A) associated to
J by (J).

Keeping this convention in mind, we quote a result proved in [B-RS 2,
Theorem 6.8].

Theorem 2.9. Let A, L be as above. Then the canonical map By, : Ey(A, L)
— Ey(A) defined by (J) +— (J) is an isomorphism of groups.

Now suppose that X = Spec(A) is a smooth affine variety of dimension
n > 2 over a field k. Let CHy(X) denote the group of zero cycles of X
modulo rational equivalence. In this set up, it is easy to see that there exists
a canonical surjection W : Ey(A) — CHy(X) such that W((J)) = [J]
where [J] denotes the image in CHy(X) of the zero cycle associated to
A/J.

In the case k = R (the field of real numbers) the following result is
proved in [B-RS 1, Theorem 5.5].

Theorem 2.10. Let X = Spec(A) be a smooth affine variety of dimension
n > 2 over R. Then the canonical surjection V : Ey(A) — CHy(X) is an
isomorphism.

3. Useful constructions, torsion in K,(A) and set-theoretic complete
intersection

Let A be a ring (which we always assume to be Noetherian) and let Ky(A)
denote the Grothendieck group of the category of finitely generated projec-
tive A-modules.

Recall that an ideal 7 of A is said to be a local complete intersection ideal
of height d if for every maximal ideal M of A containing /, the ideal /A 4
is generated by a regular sequence of d elements. It is easy to see that if an
ideal [/ is a local complete intersection ideal of height d then the A-module
A/I has projective dimension d. Since K((A) is canonically isomorphic to
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the Grothendieck group of the category of finitely generated A-modules of
finite projective dimension, if I is a local complete intersection ideal of A
then the A-module A/I defines an element of K(y(A) which we denote by
[A/I].

Now assume that A is a ring of dimension n > 2. Let / be an ideal of A
of height n such that I/I? is generated by n elements. Then there exists an
ideal J C I of height n — 1 such that J/IJ is generated by n — 1 elements
and 1/(J + I?) is cyclic. Given such a pair (J, I) and a positive integer r,
we denote the ideal J + I” by 1. The following lemma and subsequent
remark say that /) (in some sense) is independent of J and hence we may
not always specify J.

Lemma 3.1. Let A, I, J be as above. Let Q be a projective A-module of
rank n — 1. Then there exists an ideal J; of height n — 1 such that J, C J,
J\ is a surjective image of Q, and IV = J +1" = J, + I".

Proof. Since dim(A/I) =0, Q/IQ =~ (A/I)"_l. Hence there exists a sur-
jection 0 : Q/IQ — J/IJ. Let 6 : Q — J be a lift of ' and let
6(Q) = J;. Then J; + IJ = J. Since height of / = n — 1, by re-
peated application of (2.1), we can modify 6 and assume that height of
Jyisn—1.Since J; + IJ = J itis easy to see that J; + I"J = J. Therefore
ID=J+TI"=L+I'J+1"=J,+1I. O

Remark 3.2. Let I, J, 1" be as above. Since I/(J + I?) is cyclic, there
exists a € I such that I = J + (a) + I°. Let L be a projective A-module
of rank 1 and let F = L @ A"~2. Then, by (3.1), we can assume that J is
a surjective image of F. Therefore it is easy to see that (I7); = r(I); in
Ey(A, L).

In simple terms the following lemma means that if A is a ring of
dimension n > 2 and K C A is an ideal of height n such that K =
(ar, -+ ,a,_1, aﬁ), then any set of n generators of K/K 2 can be lifted to
a set of n generators of K. However, we will need the general version stated
below for later parts of the paper.

Lemma 3.3. Let A be a ring of dimension n > 2 and let I be an ideal of
height n such that 1/ I* is generated by n elements. Let L be a projective A-
module of rank 1. Let F = L ® A" 2 and let6 : F ® A — I be a surjective
map. Assume that O(F) = J is an ideal of height n — 1 and let I® = J + I*.
Let w be a local L-orientation of I®. Then (I®, w) = 0in E(A, L).

Proof. Let 6(0,1) = a. Then I = J + (a) and hence I?® = J + (a?).
Therefore there exists a surjective map 8 : F @ A — I® such that
B(p) =6(p); p € F and B(0, 1) = a*. The surjection B defines a global L-
orientation wo on I®. Hence there exists # € A such that (u)+1® = A and
fiwy = w where 7 denotes the image of u in A/1®. Since J+(a®)+(u) = A,
adding a suitable multiple of a? to u if necessary, we assume that J+(u) = I
is an ideal of height n. Let « : F & A — I, be the surjection such that
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a(p) = B(p) for p € F and «(0, 1) = u. The surjection « defines a global
L—orieng}tion wy on 1.

Let a? denotes the image of a*in A/I,. Note that a is a unit rrlodulo 1.
Since J + (ua*) = I N1y, itis easy to see that (I'?, wwy) + (I}, a>w;) = 0
in E(A, L). But, by (2.6), (I}, a*w;) = (I}, wy) and we have (I}, w;) = 0in
E(A, L). Therefore it follows that (/®, w) = (I'®, wwy) = 0in E(A, L).
This proves the lemma. m|

In the next couple of lemmas we deal with /®®. One interesting property
of 1? is that, any two local L-orientations of /® induce the same image in
E(A, L), as the following lemma shows.

Lemma 3.4. Let A be a ring of dimension n > 2 and L be a projective A-
module of rank 1. Let I be an ideal of A of height n such that 1/1 is generated
by n elements and w; be a local L-orientation of I. Let F = L @ A"?
and let o : F/IF @ AJI — I/1? be a surjection corresponding to w;. Let
0:F® A — I bealift of o such that O(F) = J is an ideal of height n — 1
(which exists by (2.1)) and let I = J + I*. Let w and ' be two local
L-orientations of 1'¥. Then, (I®, w) = (I?, o) in E(A, L).

Proof. Recall that w; is given by the equality I = J + (a) + I°. It is easy
to see that there exists an ideal I; of A of height n such that / + I, = A and
J+@=InI.Ifweset;® =J+ 1 then J + (a®) = I® N1,

Note that I® + I;'® = A. Let us write I’ = J + (4?) and fix a local
L-orientation & of I;'¥. This @, together with the local L-orientation w of
1® will induce a local L-orientation, say, wy of I’. By (3.3), (I', wy) =0
and hence

U2, o)+ (L?, &) =0
in E(A, L). By a similar argument we obtain

I?, o)+ (1?, &) =0
in E(A, L). Therefore, (I'®, w) = (I'®, ') in E(A, L). O
Remark 3.5. In view of the above lemma, in what follows, we will not
specify any local L-orientation of 1 and denote by (I¥, %) an element of
E(A, L) supported on I,
Lemma 3.6. Let A be a ring of dimension n > 2 and L be a projective
A-module of rank 1. Let I, w;, J, 1 @ be as in the above lemma. Then
(I?, %) = (I, w;) + (I, —wy) in E(A, L). As a consequence, if ) is any

other local L-orientation of I, then (I, w;) + (I, —w;) = (I, o))+ (I, —))
in E(A, L).
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Proof. Recall that w; is given by the equality I = J + (a) + I?, where
a € I and J is an ideal of height n — 1 such that J is a surjective image of
L@ A2

Let B = A/J,1 = I/J. Note that B is a ring of dimension 1, I is an
ideal of B of height 1 and (k) + 1~ = T where / denotes the image of a
in B.

Then, since J + (a) + 1> = I, we have (h) = 1N K, where K, is
an ideal of B which is comaximal with I and of height > 1. If height of
K, > 1then Ky = B.Inthatcase I = J + (a), {,w;) = (I, —w;) =0
and I® = J + (4*) and hence we are 2throggh. So we assumgzthat K, is
an ideal o_f B of height 1. Since (h) + I = I, there exists e € I such that
(h,e) = I. Itis easy to see that K| + (e¢) = B.

Claim. There exists w € B such that K; + (w) = B and ht(h 4+ w?e?) = 1.

Proof of the claim. Note that, since ht(7) = 1, if a minimal prime ideal N
of B contains /& 4 z for some z € 72, then I + N = B. Since K| is a proper
ideal of B and K + (e) = B, e is not nilpotent and hence can not belong to
all minimal prime ideals of B. Let {N'1, - - - , N,} be the set of all minimal
prime ideals of B which do not contain e and let T = {i|N; + K; = B}.
Then it is easy to see that there exists w € N;erN; such that K| + (w) = B.
Now we show that ht(h + w?e?) = 1.

Let A" be a minimal prime ideal of B. If w?e? € N then, since ht(h) = 1,
h+w?e* ¢ N.Ifw?e> & Nthen N € {N,---,N,}andisnot comaximal
with K. Therefore if & + w?e* € N then K| + (h + w?e?) is a proper ideal
of B which contains 4 and hence w?¢”. But this is a contradiction since
K\ + (w?e*) = B.

The above argument shows that /2 4+ w?e? does not belong to any minimal
prime ideal of B and hence ht(h + w?e?) = 1. Thus the claim is proved.

Let i’ = h + w?e®. Since ht(h + w?e?) = 1 we have (W) = I N K,
where K is an ideal of B of height > 1. If K, = B then as before we
conclude that (1, w;) + (I, —w;) = (I?®, %) in E(A, L). So we assume that
K, is an ideal of height 1. Note that 7, K, K, are pairwise comaximal and
(i) =T N Ky N K.

Letx, y € A be preimages of w, e respectively and let b = a+x?y?. Let
I, and I, be inverse images of K| and K, in A respectively. The equalities

W =TNnK,, (W)=INK, Gh)=TNK NK,
give rise to following equalities

i J+(@=InlI,
() J+ ) =IN1,,
(i) J 4 (ab) =1 N1 N
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Let wy,, w;, be the local L-orientations of I; and I, obtained from
J + (a) and J + (b) respectively. Since w; is obtained from J + (a) and
b =a+x*y*, xy € I, w; is also obtained from J + (b). Therefore we have
the following equations in E(A, L).

(1) (I,Cl)[)+(]],w]l)20,
(i) (I, w)) + (I, 0p,) =0,
(iii) (I, —w;) + (I, —wp,) = 0.

Since ab = a®>+ (xy)*a = b*> — (xy)*b, by (2.6), we see that (I, wy,) and
(I, —wy,) are obtained from J + (ab). Since J + (ab) = I® NI} N I, we
have (iv) (I, %) + (I}, wy,) + (I, —w,) = 0in E(A, L). Therefore, using
equations (i), (ii), (iii) and (iv), we get that (I, w;) + (I, —w;) = (I, %)
in E(A, L), as desired.

For the last part of the lemma, let @), be another local L-orientation of /.
Recall that w; is given by the equality / = J + (a) + I%. Therefore, there
exists u € A such that u is a unit modulo / and w/ is given by the equality
I =J+ (ua) + I

Now we can apply the same arguments as in the first part of this lemma
to obtain that (I, }) + (I, —w}) = (I®, %) in E(A, L). Therefore (I, w;) +
(I, —wr) = (I, ®)) + (I, —w)) in E(A, L). Thus the proof is complete. O

Proposition 3.7. There is a group homomorphism Eg(A, L) — E(A, L)
which sends (I) to (I, w;) + (I, —wy). As a consequence, if (I) = 0 in
Ey(A, L) then the element (I, w;) + (I, —w;) = 0in E(A, L).

Proof. Recall that Ey(A, L) = F/K, where F is the free abelian group on
the set S of ideals &' C A such that &' C A is an M-primary ideal for some
maximal ideal M of height n and N /AN? is generated by n elements.

Let & € S be arbitrary. Take any local L-orientation w, of N . Then, by
(3.6), the association (N) > (N, wy )+ (N, —w) does not depend on the
choice of wy and it is easy to see that it extends to a group homomorphism
Y F — E(A, L).

Now K is the subgroup of F generated by elements (/) where / is an
ideal of height n such that there exists a surjection o : L @ A"~! — I. Then
« induces a global L-orientation, say, w} of I. Therefore, (I, »)) = 0 =
(I, —w)) in E(A, L) and clearly ¥'((/)) = 0. Hence ¥/ induces a group
homomorphism ¢ : E¢(A, L) — E(A, L).

Last statement of the proposition is now obvious. m|

Remark 3.8. The last conclusion of the above proposition was earlier proved
in [B-RS 2, Corollary 7.9] in the case L = A.

Let A, I be asin (3.3). Further assume that / is a local complete intersec-
tion ideal (of height n). In this situation it is easy to see that for any choice
of 1, the ideal I is also a local complete intersection ideal. Moreover,
for a suitable choice of I we have [A/I"] = r[A/I] in Ky(A). This can
be proved as follows. Since 1/1? is generated by n elements, using standard
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arguments about avoidance of prime ideals, one can show that there exists
an A-regular sequence {ay, - -- , a,—} such thatif J = (ay, --- , a,—1) then
J C 1, 1/J is a local complete intersection ideal of A/J of height 1 and
1/(J + I?) is a free A/I-module of rank 1. Now ) = J + I” will do the
job. Moreover, in this case, if » = (n — 1)! then, by [Mu, Theorem 2.2],
there exists a projective A-module P of rank n such that I?) is a surjective
image of P and [P] —[A"] = —[A/I]in K((A). In what follows we tacitly
assume that for a local complete intersection ideal / (of height n) our choice
of 1" is such that [A/I"] = r[A/I] in Ky(A).

Theorem 3.9. Let A be a ring of dimension n > 2 containing the field
Q of rational numbers and let J be a local complete intersection ideal of
height n. If the element [A/J] € Ko(A) is torsion then J is set theoretically
generated by n elements.

Proof. Let t be a positive integer such that f{{A/J] = 0 and let J” be the
ideal as constructed above. Hence [A/J?] = t[A/J] in Ko(A). Since the
ideals J®, J have the same radical, replacing J by J we assume that
[A/J] = 0in Ko(A). Let I = J@®= DY Then, by [Mu, Theorem 2.2], there
exists a projective A-module P of rank n such that [ is a surjective image of
P and [P] — [A"] = —[A/J] in Ky(A). Since [A/J] = 0, P is stably free
and hence, as I being a surjective image of P, (I) = 0in Ey(A). Therefore,
by (3.7), (I, w;) + (I, —w;) = 0 in E(A) for a local orientation w; of 1.
But then, by (3.6), (¥, ¥) = 0in E(A). Hence, by (2.5), I® is a complete
intersection ideal. Since I, I, J have the same radical, J is a set theoretic
complete intersection ideal. O

Remark 3.10. In the case J is not a local complete intersection ideal, J will
be still set theoretically generated by n elements if we assume that (J) is
a torsion element of Ey(A). The following example shows that even if A
is a smooth affine domain over an algebraically closed field, an ideal J can
be set theoretically complete intersection without [A/J] being torsion in
Ko(A).

Example 3.11. Let A = C[X|, X2, X31/(X\* + Xo* + X5* — 1) and let
F?Ky(A) denote the subgroup of K(A) generated by elements of the type
[A/M] where M is a maximal ideal of A.

Claim. F?K,(A) is a nonzero torsion-free group.

Proof. Since dim(A) = 2, F?Ky(A) is precisely the kernel SK(A) of

the group homomorphism IZ)(A) E: Pic(A). Moreover the canonical map
CHy(Spec(A)) — F?Ky(A) sending [M] to [A/M] is an isomorphism.
Let Y be the smooth hypersurface in P3(C) defined by the equation
U*+V* 4+ W*—T* = 0. Then Spec(A) is an affine open subset of Y. Since
pe(Y) # 0, by a result of Mumford [M], the group Ay (Y) of zero cycles
of Y of degree zero modulo rational equivalence is not finite dimensional.
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Hence, by [Mu-S, Theorem 2], F2 K((A) # 0. Since F? K((A) is isomorphic
to CHy(Spec(A)), by [BI-M-S, Proposition 2.1], it is torsion-free. Thus the
claim is proved.

Since F?Ky(A) # O there exists a maximal ideal M of A such that
[A/M] # 0in Ky(A). By (2.2), there exists a prime element f in A such
that A/(f) is a smooth affine domain of dimension 1 over C. Therefore
Pic(A/(f)) is a divisible group. Since [A/M] # 0, m = M/(f) can not
be a principal ideal. Putting these facts together we see that there exists
an invertible ideal K of A/(f) comaximal with m such that m N K is not
principal but m N K? is a principal ideal. Let I be the inverse image of K in
A and let I® = (f) + I?. Then it is easy to see that M N I® is generated
by 2 elements. This shows that the ideal M N I is set theoretically generated
by 2 elements. Since F?>K((A) is torsion-free, if [A/(M N I)] is a torsion
element of Ky(A) then [A/(M NI)] =0.

Claim. [A/(M N )] # 0.

Proof. Since M and [ are comaximal, [A/(M N I)] = [A/M] + [A/I].
By similar argument, we see that [A/(M N I®)] = [A/M] + [A/1P] =
[A/M] + 2[A/I]. Since M N 1P is generated by 2 elements we see that
[A/M] + [A/I®P] = 0 in Ky(A). But [A/M] # 0. Putting these facts
together we see that [A/(M N 1)] # 0. m]

In the rest of this section we discuss some interesting applications of the
results proved above.

Let A be a ring of dimension 7 and let P be a projective A-module of
rank n with A"(P) ~ A. Itis known that if P ~ A & Q for some projective
A-module Q and if an ideal J of height n is a surjective image of P, then
J is generated by n elements (see [MK]). In this context, the following
converse question is natural.

Question. Let A be a ring of dimension n and let P be a projective A-
module of rank n with A"(P) >~ A. Let J C A be an ideal of height n such
that J is generated by n elements. Assume that there is a surjective map
o: P — J. Then,is P>~ Q ¢ A?

The question has an affirmative answer when A is an affine algebra
over an algebraically closed field (see [MK]). However, it does not have an
affirmative answer in general as can be seen by the following example.

Example 3.12. Let A =R[Xg, -, X,,]/(Z?I0 X;? - 1) be the coordinate
ring of the real n-sphere S”. Assume that n is an even integer. Let n = 2d.
Let x; denote the image of X; in A. Let v be the unimodular row [xg, - - - , X, ]
of A"*! and let P be the projective A-module A"*!/Av. Let J denote the
ideal (xy, xp, --- , x,,) of A. It is easy to see that ht(J) = n. The surjection
A" —— J defined by

eo > 0, esii > —xpi, esi > X2, 1 i <d
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induces a surjectiona : P —> J.Since A"*! ~ P®A wehave A" (P) ~ A.
However, since P corresponds to the tangent bundle of S” and n (= 2d) is
even, it follows that P % Q @ A.

The following theorem shows that the above question has an affirmative
answer if one of the generators of J is a square. Interestingly, in this case
we do not need to assume that A" (P) ~ A.

Theorem 3.13. Let A be a ring containing Q and let J C A be an ideal
of height n such that J = (fi, -, fu_1, f?). Let P be a projective
A-module of rank n. Assume that there is a surjective map ¢ : P — J.
Then P >~ Q @& A for some projective A-module Q.

Proof. Let A"(P) >~ L andlet x : L = A" P be an isomorphism. The pair
(¢, x) induces a local L-orientation, say w; of J and therefore in terms of
Euler class we have e(P, x) = (J, wy) in E(A, L). By (2.5), it is enough to
prove that (J, w;) = 0in E(A, L).

Letl = (f1,--, fu_1, fn). We first show that with respect to L, J can
be realised as 1'¥. Let K = (f1, f», -+, fa—1). We can clearly assume that
K has height n — 1 and K/IK is generated by n — 1 elements. Therefore,
there exists a surjection g : L @ A""2 — K/IK (note that dim A/I = 0
and hence L/IL is free). Let o : L @ A"> — K be a lift of 8 and let
K = a(L @ A"?). We can clearly assume that height of K| isn — 1. Now
Ki+ P =K +IK+I?=K~+1*=(fi, o+ fu1, f}) = J and
I = K, + (f,) + I*. This shows that J = I® with respect to L.

Since [ is generated by n elements, (/) = 0 in Ey(A). Since, by (2.9),
Eo(A) = Ey(A, L) it follows that (I); = 0in Ey(A, L). Consequently, by
(3.6) and (3.7) it follows that

(J’ Cl)]) = (1(2)’ *) = (I$ Cl)[) + (I$ —(,()]) =0
in E(A, L). This is what we wanted to prove. O

Theorem 3.14. Let A be a ring of dimension n > 2 containing Q and
I be an ideal of A of height n such that I = (fi,---, fa1, fn) + 1%
Let J = (fi,-++ , fu_1) + I* Let P be a projective A-module of rank n.
Assume that there is a surjective map ¢ : P — J. Then any surjection
W : P — J/J? can be lifted to a surjection  : P —» J.

Proof. Let K = (fi,---, fu—1). Then J = I® with respect to K. Let
L = A"(P). Following the same arguments as in (3.13), it follows that
there exists an ideal K; C J of height n — 1 such that K, is a surjective
image of L @ A" 2 and J = K, + I?. This means J = I® with respect
to K. Therefore, by Lemma 3.4, (J, w) = (J, @) in E(A, L) for any two
local L-orientations of J.

Let x : L = A" P be an isomorphism. The pair (x, ¢) induces a local
L-orientation, say w, of J, and hence e(P, x) = (J, wy) in E(A, L).
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Now consider the surjective map W : P —» J/J?. It is easy to see that
there exists a surjection 6 : P — J N Jy, where : (i) J; C A is an ideal
of height at least n; (ii)) J + J; = A; (iii) 0 ® A/J = W. Computing the
Euler class of P using (x, 6) we will have e(P, x) = (J, @) + (Ji, wy,)
in E(A, L), where ', w,, are local L-orientations of J, J; respectively, in-
duced by (x, 6). To show that W lifts to a surjection ¥ : P — J, by [B-RS 2,
Corollary 4.3], it is enough to show that e(P, x) = (J, ;) in E(A, L). But
as mentioned above, by (3.4) it follows that e(P, x) = (J, w;) = (J, @) in
E(A, L). This proves the theorem. m]

4. The main theorem

In this section we prove our main theorem (4.30).
We first set up some notations which will be used throughout this section
unless otherwise specified.

Notations. In what follows, varieties are assumed to be irreducible.

X = Spec (A) will always denote a smooth affine variety over the field R
of real numbers, X (R) will denote the set of real points of X and R(X) will
denote the localization Ag of A with respect to the multiplicatively closed
subset S of A consisting of all elements which do not belong to any real
maximal ideal. The group of zero cycles of X modulo rational equivalence
will be denoted by CHy(X).

Throughout this section we assume that A has at least one real maximal
ideal and dim(A) = n > 2.

Let L be a projective A-module of rank one. We denote, by abuse of
notation, the Euler class group of R(X) with respect to L ®4 R(X) by
ER(X), L).

Remark 4.1. X(R) is a real smooth manifold (C*°-manifold) of dimension
n with finitely many connected components. Since X(R) # ¥, R(X) has
dimension n. It is easy to deduce from well known topological results that
the group Pic(R(X)) of rank 1 projective R(X)-modules is a 2-torsion

group.

To begin with we derive a structure theorem for E(R(X), L) which
plays a major role in our proof of the main theorem. The following lemma
is crucial for this structure theorem.

Lemma 4.2. Let L be a projective R(X)-module of rank 1. Let m be
a maximal ideal of R(X) and w,, be a local Li-orientation of m. Then
(m, wy) + (m, —w,) = 0 in E(R(X), L). Moreover, if @, is another
local Li-orientation of m then either (m, ®,) = (m, w,) or (m, @,) =
(m, —w,,) in ER(X), L).

Proof. For simplicity of notation we write B = R(X). Since B is a lo-
calization of the regular ring A, L; is a projective B-module of rank 1,
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and B/m = R, there exists a projective A-module L of rank 1 and a real
maximal ideal M of A suchthat L =L ® 4 Band MB = m.

Let F = L @ A"2. Then, by Swan’s Bertini theorem (2.2), it is easy
to see that there exists an A-linear map ¢ : F — A such that if J = ¢(F)
then / C M and A/J is a smooth affine domain of dimension 1 over R. Let
K = JB. Then, m = m/K is an invertible ideal of the Dedekind domain
B/K.

Let X = Spec(A/J). Then it is easy to see that R(X) = B/K and
hence every rank one projective B/ K-module is 2-torsion. This implies that
the invertible ideal 7° is a principal ideal. Therefore m® = K + m? is
a surjective image of F ® 4, B@® B = L; @ B"~'. Now the result follows
from (3.6).

Let @,, be another local orientation of m. Then, since R(X)/m = R, it
follows (from definition of orientation ) that there exists A € R* such that
Oy = Awy,. If & > 0 then there exists § € R such that A = 8> and hence,
by (2.6), (m, @,) = (m, w,). If A < 0, by similar argument we see that
(m’ E;m) = (m’ —(,()m) o

To deduce a structure theorem for E(R(X), L) we need to set up some
machinery.

Let € be a rank 1 projective A-module. Let D = @ &' and let

—00<i<00

Z = Spec(D). Itis easy to see that Z is a smooth affine variety of dimension
n + 1 over R and hence the set Z(R) of all real points of Z is a real
manifold of dimension n + 1. Moreover the canonical map Z — X induces
the map I1 : Z(R) — X(R) which is surjective, open and continuous
in the Euclidean topology. Note that the projective module & gives rise
to a topological line bundle over the manifold X (R) (which, by abuse of
notation, we still denote by &) and Z(R) is the complement of the zero
section of &. Let C be a connected component of X(R) and let §- denote
the restriction of & to C. Then it is easy to see that [1~!(C) is nothing but
the complement of the zero section of &c. Hence, if & >~ C x R, then
I1~-'(C) is a disjoint union (C x R*) | J (C x R7).

It is a well known topological fact that if C is compact and & 2 C x R,
then the complement I1~!(C) is connected.

Let N be a real maximal ideal of D and let M = N N A. Then the
canonical map §/M& — D/N(= R) is an isomorphism of vector spaces.
Hence there exists a unique non-zero element e of &/M& which goes to 1
under this isomorphism. Let us consider the following set:

T'={(M,e)M € X(R),e € §/ME& — (0)}.

It is easy to see that the correspondence N — (M, e) gives a bijective map
from Z(R) to T".

Hence onward we work in the following set up.

Let L be a projective A-module of rank 1 and let § = L ® 4 K4 where
K4 denotes the canonical module A"(Q24/r). Let D, Z, T’ be as defined
above.
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Now consider the set T of pairs (M, wy) where M is a real maximal
ideal of A and w), is a local L-orientation of M. The next lemma shows that
there exists a bijection between 7" and Z(R). Before proceeding to prove
this lemma, we make the following remark.

Remark 4.3. Since maximal ideals of R(X) are in one to one correspon-
dence with real maximal ideals of A, we identify T with the set of pairs
(m, w,,) where m is a maximal ideal of R(X) and w,, is alocal L ® 4 R(X)-
orientation of m. This identification remains intact even if we replace A by
A, for g € A which does not belong to any real maximal ideal. Hence we
can (and will) replace A by A, whenever necessary.

Since Pic(R(X)) is a 2-torsion group, there exists g € A such that g
does not belong to any real maximal ideal of A and L> ®4 A ¢ = A, where
L? = L ®y4 L. Therefore, replacing A by A ¢ 1f necessary, we always assume
that L2 ~ A. In what follows, we fix a generator « of L?.

Lemma 4.4. There exists a bijection (of sets) ® : Z(R) — T.

Proof. We have already seen that there is a bijective map between the sets
Z(R) and T'. Therefore it is enough to show that there is a bijection from T
to 7.
Let M be a real maximal ideal. Then the differential map d : A — Q4/r
gives rise to an isomorphism
AYd) : NN (M/M?) S Ky /MK .

Recall that a local L-orientation wy; on M can be thought of as an isomorph-
ism

oy L/ML = A" (M/M?).
Composing wy with A"(d), we get an isomorphism, say,

oy L/ML = Ko/MK,.

LetA,, : L/MLQL/ML(= L*/ML?*) > L/MLQK /MK (= &/ME)
be the isomorphism defined as:

Apy (1 Q1) =1® ¢y, (I): 1,1 € L/ML.

Let ¥ denote the image of « in L?/ML? and let A,,,,(K) = e. It is easy to
see that (M, wy) — (M, e) defines a bijection from T to T'. m|

Using the bijection ®, we now define a relation ~ on Z(R) as follows:

Definition 4.5. Letz;,z; € Z(R) andlet O(z;) = (M;, wpy;), i =1,2. We
say z; ~ zp if image of (M;, wy,) = image of (M,, wy,) in E(R(X), L).
Obviously ~ is an equivalence relation on Z(R).

Our aim is to show that ~ is an open relation on the manifold Z(RR). For
this we need some preliminaries.



Projective modules over smooth real affine varieties 17

For the sake of simplicity of notation, from now on we will denote K 4
by K. Suppose f € A be such that Ly >~ Ay >~ K. Let us fix generators
T and p of L, and K respectively. Then &€ is generated by T ® p and
therefore Dy = DRy Ay = Ay[T, T7'; T=(0®p).LetZ = Spec(Dy).
With respect to the pair (z, p), we assign to every z € Z'(R) an element of
the group {1, —1} (and call it the signature of z) as follows.

Let sgn denote the group homomorphism from R* to {1, —1} defined as
sgn(u) = 1if u > 0and sgn(n) = —1if u < 0.

Definition 4.6. Let (M, ¢) be an element of 7’ associated to z. Then f ¢ M
and hence e = AT ® p for some A € R*. We define the signature of z to be
sgn(A) and denote it by sgn(z, p)(2).

Let ®(z) = (M, wy) where M is a real maximal ideal of A such that
f & M and w) is a local L-orientation of M. We call sgn;,,(z) to be the
signature of (M, wy) and denote it sgn ., ,) (M, wpr).

Remark 4.7. Let M be a real maximal ideal of A and let wy,, @) be two
local L-orientations of M. Then there exists @ € R* such that @y, = awy,. If
f & M then it is easy to see that sgn,, ,) (M, &y) = sgn(a)sgnz p (M, ).

Every z € Z'(R) corresponds to a real maximal ideal N of A¢[T, T -1,
T = (t®p).Itiseasytoseethat,if N = (M, T—6); § € R*and (M, e) € T’
is associated to z, then e = §~!'T ® p. Hence sgn(8) = S8N (7, p)(2).

Let X' = Spec(Ay). Then Z'(R) = IT~'(X’(R)) can be thought of as
a disjoint union (X' (R) x R") [J(X'(R) x R7) where z € X'(R) x RT if
58N(z,p)(2) = 1 otherwise it belongs to X'(R) x R™.

To show that ~ is an open relation on Z(RR), we need couple of lemmas.
The following lemma is standard and hence we omit the proof.

Lemma 4.8. Let A be a smooth affine domain of dimension n over R and
let M be a real maximal ideal of A. Let L be a rank 1 projective A-module.
Assume that A is a surjective image of RU where R denotes a polynomial

algebra in | variables. Then there exists a set of variables {Ty, - -- , T;} (i.e.
RU = R[Ty,---,Tj]) and f & M such that A is a finite module over
R[Ty, -+, Tu], Qa;rizy... 1,0 =0and Ly >~ Ay.

The following lemma, which plays a very important role in our proof, is
essentially proved in ([B-RS 1], Lemma 4.6).

Lemma4.9. LetF = (fi(1),--- , fi(®) : (a, b) — R bea C® embedding.
Assume that for everyt € (a,b), (fi'(t),---, fi'(©)) % (0, --- ,0). Then for
every ty € (a, b) and a Euclidean neighbourhood W C R! of F(ty), there
exists a neighbourhood (c, d) of ty contained in (a, b), such that:

1. Foranypointt, € (c, d), the distance (square) function G : (¢,d) — R
given by G(t) = ||F(t) — F(t,)||* has the property that G'(t) > 0 for
t>thand G'(t) < O0fort < t,.
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2. As a consequence, for any two points ti, t3 € (c,d) with t; < t3, there
exists a sphere S'™' in R! contained in W having center F(t,) where
1 < ty < t3, which intersects F(a, b) in precisely two points F(t;) and
F(t3). Moreover, the intersections are transversal.

Now we are ready to prove that the relation ~ defined in (4.5) is an
open equivalence relation. Before doing so we summarize the set up for the
convenience of a reader.

1. X = Spec(A) is a smooth affine variety of dimension n > 2 over R.

2. L is a projective A-module of rank one. We assume that L> = L ®, L
~ A. We fix a generator « of L.

3. K denotes the canonical module A"Q4 /. Let & = L ®4 K. Let D =

@ &' and Z = Spec(D).

—00<i<00

4. There is a bijection ® from the set Z(R) of real points of Z to the set
of pairs (M, wy) where M is a real maximal ideal and w), is a local
L-orientation of M.

5. For two elements z,7 € Z(R), we say z ~ 7 if ©(z) = O() in
E(R(X), L). Clearly ~ is an equivalence relation on Z(R).

Proposition 4.10. With set up as above, the relation ~ is an open equiva-
lence relation on Z(R).

Proof. Let z € Z(R) and let ®(z) = (M, wy;) where M is a real maximal
ideal of A and wy, is a local L-orientation of M. Let x € X (R) be the point
corresponding to M.

Since X is affine, we can assume that X is a closed subvariety of the
affine space R'. Then, by (4.8), there exists a suitable choice of a coordinate
system of R/, such that the projection map 7 : R — R”" when restricted
to X(R) has finite fibers. Moreover, there exists f € A such that f ¢ M,
L; >~ Ay and Qa,/r is generated by dTi, --- ,dT,. Therefore, by the
Inverse Function Theorem, there exists a Euclidean neighbourhood U of x
contained in the Zariski neighbourhood Spec(A f) such that the restriction
of the projection map m to U is a C*° diffeomorphism onto an open ball B
in R” with center 7(x).

We fix a generator T of L. Note that the canonical module K; =
K ®4 Ay is generated by p =dT) A --- AN dT,.

Since, f ¢ M, z corresponds to a real maximal ideal of Dy = D®4 Ay.
Since Dy = Af[T,T7'], T = (r ® p) we can assign to z its signature
58N (1) (2)-

Recall thatif Z" = Spec(D) and X" = Spec(A f) then Z'(R) = X'(R) x
RTUXR) xR,

Without loss of generality we may assume sgn ., ) (z) is positive. Then
7z € X'(R) x R* and hence z € U x R*. To prove the proposition it is
enough to prove that, z ~ 7’ for every 77 € U x RT. In what follows, we
detail the proof in steps.
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Step 1. Let I1(z') = x’. Note that x" € U.

If x = x’ then 7’ corresponds to a local L-orientation @y of M. Let
A € R* be such that @), = Awy. Since z,7 € U x R™, it follows that
A is a positive real number and hence is a square. Therefore, by (2.6),
(M, ®y) = (M,wy) in E(A, L) and hence in E(R(X), L). Therefore
z~7.

Step 2. So we assume that x # x’. Let W be an open subset of R’ such that
WNX(MR) = U. Since x # x/, m(x) # w(x"). Without loss of generality

we assume that 7w(x) = (0,---,0) and 7(x") = (y1, -+, ¥»). Moreover,
without loss of generality, we assume that ,, # 0. The line £ joining the
two points (x) = (0,---,0) and w(x") = (y1, -+, yu) is given by n — 1
equations:

H;: T, =Ty, &G=vi/vn, 1 <i<n—1.

Let /£ be the segment of £ contained in w(U) = B. Then there exists
an open interval (a, b) and a C* function from (a, b) to /L given by:

= (Clt’ §2t’ B é‘n—lt’ t)'

Composing the above function with 77 ~! we obtain a C* embedding F(f) =
(fi@®), -, fu®),---, fi(®)) from (a, b) to 7' (L) C U C R.. It is easy
to see that fi(t) = ¢t fori = 1,---,n— 1, f,( =t and f;(1) =
g]({l(t)v ) {nfl(t)’ t) forj =n+ 1’ o ’l‘

Let 1y € (a, b), Since f,'(t) = 1, by (4.9), there exists a neighbourhood
(c, d) of ty contained in (a, b) such that for ¢ < #; < t3 < d there exists
a sphere S=!in R! contained in W having center F(t,) where t| < 1, < t3,
which intersects F(a, b) in precisely two points F(¢;) and F(t3). Moreover,
the intersections are transversal.

Suppose that the sphere S'~! centered at the point F(1,) =
(f1(t2), - -+, fi(ty)) has radius r = ||F(t;) — F()|| = [[F(t3) — F(2)].
Then its defining equation is H : Z§=1 (T, — fi(t))?> — 1.

Step 3. Let My, M3 be real maximal ideals of A corresponding to F(t;),
F(13) respectively. In this step we show that, replacing A by A, (g € A be-
longs to only complex maximal ideals) if necessary, there exists a surjection
B:L@ A" = M N M.

Since S""! ¢ W, §"~!' N X(R) C U. Therefore, if h denotes the image
of H in A, then the ideal (f, i) of A is contained in only complex maximal
ideals of A. Since we are interested in only real maximal ideals and their
local L-orientations, inverting f2 + h% we assume that (f) + (h) = A.

Recall that the line £ is given by n — 1 equations H; : T; — T, i =
I,---,n — 1. Let h; denote image of H; in A. Then, since S intersects
F(a, b) in precisely two points F(#;) and F(f3) and the intersections are
transversal, we get that (hy, hy, - -+, h,_1, h) = M{NM3N 1 where My, M3
are real maximal ideals of A corresponding to F(t;), F(t3) € U respectively
and [ is an ideal of A not contained in any real maximal ideal of A. Let

M If possible,
please
reformulate the
sentence so that it
fits the linebreak
more properly.
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b € I be such that b does not belong to any real maximal ideal of A. So,
inverting b if necessary, we assume that (h, hy, -+ , h,—1, h) = M1 N Mj3.

Let J = M, N Mj3. Since (f) + (h) = A, we have L/hL = Ly/hLy.
Recall that Ly ~ Ay and 7 is a generator of L ;. Therefore there exists
[ € L such that [ = t mod (h). We write h, for 1. Now using the fact
that L/h,L ~ A/(h,) and J = (hy,--- , h,_1, h,) we see that there exists
a surjection B : L @ A"~! — J such that (/) — h; € (h,) and B(e;) = h;;
2 <i < n where (ey, - - - , e,) denotes a basis of A"~

Step 4. The surjection B : L @ A"! — M, N Mj gives rise to local L-
orientations wy, and wyy, on M;, M5 respectively. This step is devoted to
prove the following claim about the signatures of (M, wy,) and (M3, wy;)
(for definition of signature, see (4.6)).

Claim. 58N (1 o) (M, 0p1,) F 58N (1 ) (M3, 0pr3).

Proof of the claim. Since Q4 7/R is generated by dTy, - - - , dT,, it follows
that

dhl/\dhz--'/\dhn=UdT1/\dT2-"/\dTn=U,O

for some v € Ay. So v defines a continuous function from U to R. Let
t € (a,b). Then F(t) € U. It is easy to see that v(F(f)) = G'(t) where
G(1) = | F(t) — F(t2)||*. Therefore, by (4.9), u(F(t;)) < 0and u(F(t3)) > 0
asc<ti<h<t<d.

Let “bar” denote reduction modulo M;. Recall that « is a generator of
L? and 7 is a generator of L ;. Therefore k = u(t ® 1) for some u € A*.
Hence u defines a continuous function from U to R*. Since U is connected,
u(U) € (0,00) oru(U) C (—00,0). Note thatin L/M; L, we have [ = T.
_Since iy Afg A Ay =Ry ARy A+ AT, in AY(My/M,?) where
hy = B(1), it clearly follows that under the isomorphism wyy, : L/ ML = A"
(Ml/Mlz), we have T — h; A ha A --- A hy,. Further, A"(d)(h; A hy A
oo Ahy) =dhy Adha A - ANdh, =T pand T = G'(1;).

Now the above discussion shows that A,,,, (k) = G'(t))u (T®p) where

def .

Aw, Zid® A (dwy, 1 L/ML ® L/M{L —> L/M,L ® K/MK.

My
Therefore sgn, , (M1, wy,) = sgn(G'(t;)u). Note that u = u(F(t;))

By similar argument, we see that sgn, , (M3, wy,) = sgn(G'(1)u(F(t3)).

Since G'(t)) < 0 < G'(t3) and u(F(t1))u(F(t3)) > 0, we are through.

Step 5. Let M{R(X) = m; and M3R(X) = mj3. Local L-orientations
oy, , @y, Induce local L-orientations w,y,, , @y, onm;, m3 respectively. Then
we have (my, wy,) + (m3, w,;) = 0 in E(R(X), L). Since, by (4.2), we
have (m;, w,,) + (m, —w,,) = 0 we see that (m;, —w,,) = (M3, Wy;)
in E(R(X), L). Thus image of (M;, —wy,) = image of (M3, wy;) in
E(R(X), L). Moreover,

58N, ) (M1, —wp1,) = =S8N p) (M1, wp1,) = 8N, p) (M3, wpr3).
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Since 11, t3 are arbitrary elements of (c,d), we get that if z;,z3 €
F(c,d) x R" then z; ~ z3.

Step 6. We define a relation on (a, b) as follows: We define two points
y,w € (a, b) to be related, if there exists an open interval / contained in
(a, b) and containing the points y, w, such that for every z;, z; € F(I) x R,
Zi ™~ Zj.

Thé: above discussion shows that the above relation is reflexive. By
definition this relation is symmetric. It is easy to see that this relation is
also transitive. Thus (a, b) is a disjoint union of equivalence classes. Each
equivalence class is open in (a, b). Since (a, b) is connected, it follows
that there is only one equivalence class viz (a, b). Therefore, since z, 7' €
F(a,b) x Rt, 7 ~ 7.

Thus we have proved that ~ is an open equivalence relation on Z(R). O

Now we proceed to prove series of lemmas needed to obtain a structure
theorem for E(R(X), L). We first state a result.

Theorem 4.11. Let Y be a complete smooth curve over R and let I?(]R) be
the set of real points of Y. Let C be a connected component of Y (R) in the
Euclidean topology. Let f be a nonzero rational function on Y. Then the
number of points of C at which f has odd order is even.

Remark 4.12. The referee brought to our attention that this theorem can be
proved very easily using simple results from calculus (modulo the result
that any real smooth compact connected manifold of dimension 1 is diffeo-
morphic to the circle S'). However, as far as we know, an algebraic proof
of this theorem is due to Knebusch [Kn, Theorem 3.4] and his proof works
for any real closed field.

As a consequence of above theorem, we prove the following lemma
which is a generalization of ([B-RS 1], Lemma 4.2).

Lemma 4.13. Let L be a projective A-module of rank 1. Let J C A be
a reduced ideal of height n which is a surjective image of L & A"~'. Then
A/ J is supported on an even number of points on each compact connected
component of X(R).

Proof. Let F =L ® A" ?andlet B: F@® A — J be asurjection. Let C be
a compact connected component of X (R), such that A/J is supported on at
least one point of C. Since J is reduced, we may assume (by Swan’s Bertini
theorem (2.2)), that if / = B(F) then [ is a prime ideal and B = A/I is
smooth of dimension 1. Let (0, 1) = a.

Let Y = Spec(B) and let C' = C N Y(R). Let C}, - - - , C; be connected
components of C’. Note that since C is compact, C; are compact, 1 <i <.
Let Y denote the smooth projective completion of Y. Then it is easy to see
that C! is also a compact connected component of Y (R), for each i. Let a’

B Please check,
we added a "
between “R*”
and “z; ~ z;7.
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denote the image of a in B. By (4.11), the number of points of C; at which
@' has odd order is even. Hence the lemma follows. m|

Lemma 4.14. Assume that X (R) is compact. Let K be the canonical module
N'(Qa/r) and L be a projective A-module of rank one. Let & = L ®4
K, D= @ & and Z = Spec(D). Let T1 : Z(R) — X(R) be the

—00<i<00
canonical map. Then for every equivalence class U (with respect to the
relation ~ ), the projection I1(U) is contained in some connected component
of X(R) (in the Euclidean topology).

Proof. Let U C Z(R) be an equivalence class and let C be a connected
component of X(R). In order to prove the lemma it is enough to show that
either IT(U) C Cor IT(U) N C = .

If X(R) is connected then there is nothing to prove. So assume that
X(R) is not connected. Let C be a connected component of X(R) such
that IT(U) N C # @. If TI(U) ¢ C then there exists another connected
component Cy of X(R) such that [T(U)NC # @. Let z, z; € U be such that
[T(z) € Cand [1(z;) € Cy. Let ©(z) = (M, wy) and O(z1) = (M, wy,).
Let m = MR(X) and m; = MR(X). Let w, w; be local L ®4 R(X)-
orientations on m, m; induced by wy, wy, respectively. Since z,z; € U
z ~ z1 and hence (m, w) = (my, w;) in E(R(X), L). Therefore, by (4.2),
(m, w) + (my, —w1) = 0in E(R(X), L). Therefore, by (2.5), there exists
g € A such that g does not belong to any real maximal ideal of A and
a surjection B : F, @& A, — (M N M;), where F = L @& A"~ Since A,
is smooth, by (2.2), we assume that B = Ag/J is a smooth affine domajg
of dimension 1 where J denotes the ideal B(F,). Let Y = Spec(B) and Y
be a smooth completion of Y. Since g does not belong to any real maximal
ideal of A, it is easy to see that Y(RR) is a closed subset of X (R) and hence
compact. This implies that Y(R) = ?(R).

Let x,x; € Y(R) be points corresponding to maximal ideals M,/J,
M, /J. Since x € C N Y(R) and x; € C; N Y(R), x, x; belong to different
connected components of Y(R). It is easy to see that b € B vanishes at
only two points of Y(R) viz. x and x; and it has order 1 at these points,
where b is the image of B(0, 1) in B. But this is a contradiction by (4.11) as
Y(R) = Y(R). This completes the proof. m]

Let X,A,L,K,&,Z be as above. Let z € Z(R) and let ®(z) =
(M, wy). Let m = MR(X) and let w,, be the induced local L ® 4 R(X)-
orientation of m. In what follows, depending upon context, we regard
(m, wy,) as O(2).

Lemma4.15. Let X, A, L, K, &, Z, C be as in above lemma. Let x, y € C
and let my, m, be corresponding maximal ideals of R(X). Let w, and w,
be local L-orientations of m, and m, respectively. Let K¢ and Lc de-
note restriction of (induced) line bundles on X(R) to C. If K¢ % L¢
then (my, w,) = (my, w,) in E(R(X), L). As a consequence, in this case,
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2(my, wy) = 0in E(R(X), L). If Kc ~ Lc¢, then either (m,,w,) =
(my, U)y) or (mx, wx) = (my, _U)y) in E(R(X), L)

Proof. Let z,w € Z(R) be such that ®(z) = (m,, w,) and O(w) =
(my, wy) respectively. Since I1(z) = x, [T(w) = y, wehavez, w € n-'(o).
If Kc # L¢ then & # C x R. Therefore I17'(C) is connected and
hence contained in an equivalence class (w.r.t. ~). Hence z ~ w, implying
(my, wy) = (my, wy) in E(R(X), L). Now suppose w’ € Z(R) be such that
O(w') = (m,, —wy). Then IT(w’) € C and hence w' € I1~1(C). There-
fore, as before we conclude that z ~ w’. Hence (my, ,) = (m,, —w,) in
ER(X), L). Since, by (4.2), (m,, w,) + (my, —w,) = 0in E(R(X), L),
we have 2(m,, w,) = (my, wy) + (m,, —w,) = 0in E(R(X), L).

If K¢ >~ L¢, then & ~ C x R. Therefore I1~!(C) can be thought of
as a disjoint union (C x RT) [ J(C x R™). Without loss of generality we
assume that z € C x R™. Since y € C, there exists w’ € C x R* such that
[T(w') = y. Since C x R* is a connected component of Z(R), as before
we see that it is contained in an equivalence class. Therefore z ~ w’. This
means that if ©@(w') = (m,, @,) then (m,, ;) = (my, @) in E(R(X), L).

Since, by 4.2, (my, ®y) = (my, ®,) or (my, ®,) = (m,, —w,) we are
through. O

As a consequence of above lemma we deduce the following result.

Lemma 4.16. Assume that X (R) is not compact and let C be a noncompact
connected component of X(R). Let L be a rank 1 projective module over A.
Let x € C and let m be the corresponding maximal ideal of R(X). Let w,
be a local L-orientation of m. Then (m, w,) = 0in E(R(X), L).

Proof. Let X be the smooth projective completion of X. It is easy to see
that there exists an affine open subset X; = Spec(A;) of X such that
Xi(R) = X(R). Therefore (X N X;)(R) = X(R). Since X N X is an affine
open subset of X; and Pic(R(X)) is a 2-torsion group, it is easy to see that
R(X N X) is a localization of R(X;). Now since X N X is an open subset
of X and (X N X{)(R) = X(R), we have R(X N X;) = R(X). Let L; be
arank 1 projective over A; such that L and L define the same projective
module over R(X). Note that since X is projective, X;(R) is compact.

Since X N X1 (R) = X(R), we regard C as a connected subset of X (R).
Therefore there exists a connected component C; of X;(R) such that
C C C;. Since C; is compact but C is not compact, there exists y € C;
such that y ¢ C. Note that C; ¢ X(R) (otherwise C; being connected,
Cy C C). Therefore we can assume that y ¢ X (R).

Let m, denote the corresponding maximal ideal of R(X/). Since y ¢
X(R), we have m,R(X) = R(X). Let w, be a local L-orientation of m,.
Since x,y € Cy, by (4.15), either (m,, w,) = (m,, wy) or (m,, w,) =
(my, —wy) in E(R(Xy, Ly). Since R(X) = R(X N X)) is a localization of
R(X1), there exists a (surjective) group homomorphism from E(R(X1), L1)
to E(R(X), L). Since, under this group homomorphism, (m,, ®,) +— 0 in
E(R(X), L) we are through. O
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Lemma 4.17. Let {Cy, --- , C,} denote the set of all compact connected
components of X(R) in the Euclidean topology. Let L be a projective
A-module of rank 1. Then, E(R(X), L) is generated by t elements.

Proof. Let x; € C;, 1 < i < t and let m; be a maximal ideal of R(X)
corresponding to x;. Let w,, be a local L-orientation of m; for 1 <i <1,
Let F be a free abelian group with a basis (ey,--- ,¢;). Let A : F —
E(R(X), L) be a group homomorphism defined by A(e;) = (m;, w;); 1 <
i <t. We show that A is surjective.

Since E(R(X), L) is generated by elements of the type (m, w,,) where
m is a maximal ideal of R(X) and w,, is a local L-orientation of m, it is
enough to show that (m, w,,) is in the image of A.

Let x € X(R) be the corresponding element. If x & C;,Vi, 1 <i <t
then x belongs to a noncompact component of X (R) and hence, by (4.16),
(m, wy) =0.

Now assume that x € C;. Let K denote the canonical module of A and let
& =L®sK.If & # C;xRthen,by (4.15), (m, w,) = (m;, wy,) = A(e;).
If &, ~ C; x R, then, again by 4.15, (m, w,) = (m;, wy,) = A(e;) or

(mv Cl)m) = (miv _wx,-) = _(mi’ wx,-) = _A(ei)'
Thus, in any case, (m, w,,) belongs to the image of A and hence we are
through. m|

Lemma 4.18. Let C be a compact connected component of X(R). Let R(C)
be the ring obtained by inverting all elements of A which do not vanish
at any point x € C. Let & be a projective A-module of rank 1. Then
& ®4 R(C) =~ R(C) if and only if the restriction &|c of (induced) line
bundle on X(R) to C is trivial.

Proof. Let C(C, R) denote the ring of real valued continuous functions
on C. Then, since there is a ring homomorphism R(C) — C(C, R), it is
easy to see thatif § ® 4 R(C) >~ R(C), then &|¢ is a trivial line bundle on C.

Now suppose &|¢ is a trivial line bundle on C. To prove that §® 4 R(C) =~
R(C) we can assume without loss of generality that X (R) is compact. This
can be seen as follows.

If X(R) is not compact then (taking a smooth projective completion
of X), we see as in (4.16) that there exists a smooth affine variety X, =
Spec(A) birational to X such that X;(R) is compact and X (R) is its open
subset. Since C is a compact connected component of X(R) it follows
that C is a connected component of X;(R) also. Note also that R(X) is
a localization of R(X;) and R(C) is a localization of R(X). In fact it is
easy to see that R(C) is obtained by inverting all elements of A; which
do not vanish at any point of C. Moreover, there exists a rank 1 projective
Aj-module &; such that & ®4, R(C) = & ®4 R(C). Therefore, replacing
X by X if necessary, we can assume that X (R) is compact.

Since C is a connected component of X(R) and &|¢ is trivial, there
exists a continuous section o : X(R) — & such that o(x) = 1 Vx € C and
o(y) =0Vy ¢ C.Let U be an open neighbourhood of o(X(R)) such that
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UN(&|c) = Cx (0, 00). Then, by ([Bo-C-R], Theorem 12.3.1), there exists
an algebraic section s : X(R) — & such that s(X(R)) C U. This means
that there exists e € & such that if x € C and M, is the corresponding real
maximal ideal of A then e ¢ M,&. Therefore & ® 4 R(C) is generated by
e® 1.

Thus & ®4 R(C) ~ R(C). O

Let X = Spec(A) be a smooth affine variety of dimension n > 2 over
the field R of real numbers. Let K be the canonical module of A. Let M
be a real maximal ideal of A and let wy; : K/MK ~ A*(M/M?) be a local
K -orientation of M. Recall that the differential map d : A — Qg gives
rise to an isomorphism A" (d) : N"(M/M?) = K/MK and hence composing
wy with A"(d), we get an isomorphism, say, ¢,,, : K/MK = K/MK.
Therefore A € R* such that ¢,,, is multiplication by A. We denote by
sgn((M, wy)) the signature sgn(A). Recall that sgn()) takes value in the
multiplicative group {1, —1}. This assignment is very similar to one we have
already stated in the case K ® 4 K >~ A.

Though a proof of the following lemma is implicit in [B-RS 1, Proposi-
tion 4.12] for the sake of completeness we prove it.

Lemma 4.19. Let A, X, K be as above. Let C be a compact connected
component of X(R). Let I = NM;; 1 < i <[ where for Vi, M; is a real
maximal ideal of A corresponding to x; € C. Let B : K ® A"™' — I be
a surjection and w; be a local K-orientation of M; induced by B. Then

Zﬁ:l sgn((Mi’ CL),)) = 0.

Proof. Let {es, e3,--- ,e,} be a basis of A”~! and let B(e;) = a;, 2 <
i < n. By (2.2), we can assume that if J = (B(L), az, - ,a,—1) then
Y = Spec(A/J) is a smooth a affine curve. Let “tilde” denote reduction
modulo the ideal J. Then we have the following exact sequence

0— J/J? Ld(a)) Qar/J(Qar) — Qzpr — 0.

Let F = K @ A" 2. Then, since B(F) = J we get an isomorphism
,8 F/JF ~ J/J?. Slnce A is smooth, Q7 A/r 1 a projective A- module of
rank one. Hence QA/R/J(QA/R)N F/JF & QA/R Since A"I(F) =
A" (24/r) We get that Qir >~ A.

Let ©® be a generator of Q23 /R and let v be its preimage in £ 4/r / J(£24 /R)

Now itis easy to see that the map K/JK — K/JK given by T d(ﬂ(l)) A
a’(az) -A d(an,z) A v is an isomorphism and hence multiplication by & for
some invertible element b of A/J.

Replacing v by b~ 'v and © by b™'®, we can assume that b =
Letd : A / J — Q7 be the differential map for the smooth affine curve Y
and let d(an) = u® where u € A/J. Then, since (a,) = N(M;/J),
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1 <i <land A/M; = R, we see that there exists A; € R* such that
A; is the image of u in A/ M,;.

Let “bar” denote reduction modulo /. The surjection 8 : L @ A"™! — [
induces a local K-orientation w; : K/IK ~ A"(I/I%) and hence an iso-
morphism K/IK ~ K/IK defined as [ — d(B(])) A d(a)--- . A d(ay)
which is nothing but multiplication by u. If w; is the induced local K-
orientation on M; then it is easy to see that sgn(M;, w;) = sgn(X;). So we
want to show that Zf: ,sgn(x;) = 0.

Let Y denote the smooth projective completion of ¥ = Spec(A/J).
Since C is compact, C N Y(R) is also compact (though not necessarily
connected). As Y(R) is an open subset (in the Euclidean topology) of Y (R)
and CNY(R) is a compact and open subset of Y(R) (note that C is a connected
component of X(R) ), C N Y(R) is a finite union of (compact) connected

components of Y(R). Therefore, by applying ([Kn],Theorem 3.3) to the
differential form ®/a,, we see that

Z res,(©/a,) = 0.

yeCNY(R)
Let yi, -+, y; be points of C N Y(R) corresponding to the maximal ideals
M, --- , M,. Then a, is a uniformising parameter precisely at these points

and at any other point y of C N Y(R), a, is a unit. Now, since d (a,) = u®
(where u € A/J), we have

!
Z resy(®/a,) = Z (sgn()xfl)).
i=1

yeCNY(R)
Since sgn(i) = sgn(r~"), we are through. O

Lemma 4.20. Let L be a projective A-module of rank 1 and let K be the
canonical module of A. Let C be a compact connected component of X (R)
and let R(C) be the ring obtained by inverting all elements of A which do
not vanish at any point x € C. Suppose that L @4 R(C) =~ K ®4 R(C).
Then E(R(C), L) =Z.

Proof. First note that, by abuse of notation, we have written E(R(C), L)
for E(R(C), L ®4 R(C)). Since L ®4 R(C) ~ K ®4 R(C), we have
ER(C), L) = ER(C), K).

Let m be amaximal ideal of R(C) and w,, be alocal K-orientation (more
precisely local K ® 4 R(C)-orientation) of m. Let M = m N A and let wy, be
a local K-orientation of M which gives rise to w,,. We call sgn((M, wy))
to be the signature of (m, w,,) and denote it by sgn((m, w,,)).

Let G be a free abelian group on the set of pairs (m, w,,), where m
is a maximal ideal of R(C) and w,, is a local K-orientation. Let H be the
subgroup of G generated by the set of pairs (1, w; ) where [ is the intersection
of finitely many maximal ideals and wjy is a global K-orientation of /. Since
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R(C) is a localization of A (a smooth affine domain), it is easy to see that
the canonical map G/H — E(R(C), K) is an isomorphism.

Now consider the map Sgn : G — Z; (m,w,) — sgn((m, w,)).
Applying (4.19), we see that Sgn(H) = 0. Hence we get a surjection
E(R(C), K) — Z. Therefore, since E(R(C), L) = E(R(C), K), we get
a surjection E(R(C), L) — Z.

Since R(C) is a localization of R(X) we get a surjection E(R(X), L) —»
ER(C),L). Let C = Cy,---, C, be the compact connected components
of X(R) and let A : F — E(R(X), L) be the surjective map defined
in (4.17). Composing A with the surjection E(R(X), L) — E(R(C), L)
we get a surjection A¢c : F — E(R(C), L). Let x € X(R) and let m,
be the corresponding maximal ideal of R(X). If x € C then m,R(C) =
R(C). Hence Ac(e;) = 0 for 2 < i < t. This shows that E(R(C), L) is
a cyclic group. Since Z is a surjective image of E(R(C), L) we get that
ER(C), L) ="7.

Thus the proof is complete. O

Now we prove a structure theorem for E(R(X), L).

Theorem 4.21. Let X = Spec(A) be a smooth affine variety of dimension
n > 2 over the field R of real numbers and let K = A"(Q24r) be the
canonical module of A. Let L be a projective A-module of rank 1. Let
C,--,C,,Cry1, -+, C; be the compact connected components of X(R)
in the Euclidean topology. Let K¢, and L¢, denote restriction of (induced)
line bundles on X(R) to C;. Assume that L¢, ~ K¢, for 1 < i < r and
Le, # Kc, forr +1 <i <t Then,

ERX),L)=6G1®---8G, G110 Gy,
where Gi =Z for 1 <i <rand G;=7Z/Q2) forr+1<i <t

Proof. Let x; € C;, 1 <i < t and let m; be a maximal ideal of R(X)
corresponding to x;. Let w; be a local L-orientation of m; for 1 <i <1t. Let
F be afree abelian group with basis (e, - -+ , ¢;).Let A : F — E(R(X), L)
be a group homomorphism defined by A(e;) = (m;, w;); 1 <i < t. Recall
that, by (4.17), A is surjective.

Recall that R(C;) denotes the ring obtained by inverting all elements of
A which do not vanish at any point x € C;. Since R(C;) is a localization of
R(X) we have a surjection E(R(X), L) - E(R(C;), L). Composing this
surjection with A we get a surjection A¢, : F' — E(R(C;), L). Note that
Ac;(ej) =0if j #i. If 1 <i < r, then, since K¢; > L¢,, by (4.18) and
(4.20), E(R(C;), L) = Z. Hence Ac,(e;) = sgn(m;, w;) = £1.

Let nj € Z, 1 < j <t be such that A(}__ nje;) = 0. Then
Ac,(X5_ njej) = niAc,(e;) = 0. Therefore, if 1 < i < r, then n; = 0.

Ifr+1 < j <t,then, since L, * K¢, by (4.15), 2(m , w;) = 0 and
hence 2A(e;) = 0. Therefore to complete the proof, it is enough to show
thatn;isevenforVj, r+1<j <t.
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If n; is odd for some j, then without loss of generality we can assume
that 3/,r +1 <[ < tsuchthatn;isodd forr +1 < j </ and n; is even

for j > I. Then, 0 = A(Y'_, . nje;)) = A(Y\_,. ;). This implies that
if  =NMm;j, r+1 < j <Iand wy is the local L-orientation of / induced
by w;, r+1 =< j <lthen (I, w;) = 0in E(R(X), L). Hence, by (2.5), 1
is a surjective image of L ® 4 R(X) & R(X)" .

Let J = 1IN A. Then J C A is areduced ideal of height n. Moreover,
since / is a surjective image of L ®4 R(X) @ R(X)""!, replacing A by
A, (g € A does not belong to any real maximal ideal of A) if necessary,
we see that J is a surjective image of L @ A"~!. But, by (4.13), this is
a contradiction as A/J is supported only at points x; € Cj; r+1 < j < 1.

Thus we have shown that n; is even for Vj, r +1 < j < t and hence
we are through. m|

Remark 4.22. A special case of the above theorem viz L = K, has been
already proved by Ian Robertson (see [Ro, Theorem 12.6]).

Let W = S! x S'[JS! x S! be a disjoint union where S! denotes
(real) circle. Then the orientable manifold W has two compact connected
components C;, C, each isomorphic to S' x S'. It is easy to see that there
exists a topological line bundle L on W such that L|c, = C; x R but
Llc, # C, x R. The following example shows that a similar situation can
be realised algebraically also.

Example 4.23. Let f(Z) = Z(Z—1)(Z—2)(Z—-3) € R[Z] be a polynomial
in one variable and let B = R[W, Z]/(W* + f(Z)). It is easy to see that
if A € R then f(A) < 0 if and only if A € [0, 1] U [2, 3]. Therefore if
Y = Spec(B) then Y(R) is compact and has only two connected components
Cy, Cy.Infact,if F(Z, T) = Z(Z—T)(Z—2T)(Z—3T) then W*+F(Z, T)
defines a smooth curye Y in the projective plane P?>(R) and Y(R) is the set
of all real points of Y.

Let x = (0,0) and y = (0, 3) be elements of Y(R) and let M, =
(w, z), M, = (w, z — 3) be corresponding real maximal ideals of B. We
assume thatx € C;andhence y € C,. Note thatPic(R(Y)) = Z/(2)DZ/(2)
generated by M, and M,.

Let A = B[U, V]/(U?> 4+ V?> — 1) and let X = Spec(A). Then X is
a smooth affine variety of dimension 2 and the canonical module K4 ~ A.
Moreover the orientable manifold X (R) = C; x S'|J C, x S'.

Let L = M, A. Then L is a projective A-module of rank 1 such that the
induced line bundle on X (R) when restricted to C; x S' is non-trivial but
trivial when restricted to C, x S'.

Recall that for a smooth affine variety X = Spec(A) of dimension
n > 2 over R and a rank 1 projective A-module L, we denote by Ey(A, L)
the weak Euler class group of A with respect to L and by CHy(X) the
group of zero cycles of X modulo rational equivalence. If L = A, we
write Ey(A) for Ey(A, A). Moreover, if J is an ideal of A of height n



Projective modules over smooth real affine varieties 29

such that J/J? is generated by n elements, then we denote by (J), the
element in Ey(A, L) associated to the ideal J and by [J] the image in
CHy(X) of the zero cycle associated to A/J. By (2.9) and (2.10), there exists
an isomorphism W; : Eg(A, L) = CHy(X) such that W, ((J);) = [J]
(viz ¥, = Wf;). Moreover, composing W; with the canonical surjection
E(A,L) - Ey(A, L), we get a surjection @ : E(A, L) - CHy(X).

Having proved a structure theorem for E(R(X), L), our next aim is to
study the surjection ®; .

Since R(X) is a localization of A and of dimension #, it is easy to see that
there exists a canonical surjective group homomorphisms I'; : E(A, L) —»
ER(X), L). Let ES(L) denote the kernel of T';.

Remark 4.24. Let Ac = A ®g Cand Y = Spec(Ac). Then Ac is a smooth
affine ring of dimension n over the field C of complex numbers and hence
CHy(Y) is a divisible group. Let ¥ : ¥ — X be the canonical map.
Note that 7 is a finite morphism and it induces group homomorphisms
1 CHy(X) > CHy(Y) and m, : CHy(Y) — CHy(X) such that the
composition mr,7r* is multiplication by 2. Let G = m,(CHy(Y)).

Lemma 4.25. G = n,.(CHy(Y)) is a divisible group and if n > 2 then it is
torsion-free.

Proof. Since G is a surjective image of the divisible group CHy(Y), G is
divisible. Now we assume thatn > 2. We want to show that G is torsion-free.

Since n > 2, by [BI-M-S, Proposition 2.1], CHy(Y) is torsion-free.
Now let z € CHy(X) be a torsion element, say, rz = 0. Then, n*(rz) =
rr*(z) = 0. But 7%(z) € CHy(Y) and CHy(Y) is torsion-free, which
implies that 7*(z) = 0. Therefore, m,7*(z) = 2z = 0. So any torsion
element of CHy(X) is a 2-torsion and hence every torsion element of G is
2-torsion. But G is divisible. Putting these two facts together we see that G
is torsion-free. O

Lemma 4.26. ©;(E®(L)) = G.

Proof. G is generated by m,[IN] where N is a maximal ideal of A¢ and [N]
denotes the zero cycle in CHy(Y) associated to Ac/N.

Let M = AN N. Note that if M is a complex maximal ideal of A then
[M] = 7, [N] and if M is a real maximal ideal then 2[M] = 7.[N] ([M]
denotes the zero cycle associated to A/M in CHy(X)). This shows that if /
is an ideal of A of height n such that /17 is generated by n elements and
I is contained in only complex maximal ideals then [/] € G. Therefore,
since, by (2.7), every element of E€(L) is of the form (I, w;), where I is
a an ideal of height n (with I/I* generated by n elements) contained only
in complex maximal ideals and w; is a local L-orientation of I, we see that
OL(ES(L)) C G.

Now to complete the proof it is enough to show that if M isreal a maximal
ideal of A then 2[M] € ©;(E(L)).
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Let wy, be a local L-orientation of M. Then 2[M] = O (M, wy) +
(M, —wy)). By (4.2), (M, wy) + (M, —wy) € E®(L). Hence we are

through.
The assertion that 2[M] € G still holds even in the case dimension of A
is 1 as M?R(X) is a principal ideal. m|

Remark 4.27. Assume that X (R) has precisely r compact connected com-
ponents. Colliot-Thélene and Scheiderer have proved in ([CT-S], Theo-
rem 1.3(d)) that CHy(X)/G is a vector space of dimension ¢ over the
field Z/(2).

Lemma 4.28. Let B be an affine ring of dimension 1 over R such that B
does not have any real maximal ideal. Let L be a projective B- module of
rank 1 and let J be an invertible ideal of B. Then for any positive integer r
there exists an invertible ideal J, of B suchthat J+J, = Band L ~ JNJ;".

Proof. Since B does not have any real maximal ideal, the group Pic(B) of
rank 1 projective B-modules is divisible. This can be seen as follows:

We can assume without loss of generahty that B is reduced. Let B be the
normalization of B in the total quotient ring of B. Then B is a smooth affine
ring of dimension 1 over R without any real maximal ideal and hence Pic(B)
is divisible. Let K be the conductor ideal of B over B. Then since B does
not have any real maximal ideal it is easy to see that the group (B /K)" of
invertible elements of B /K is divisible. Now divisibility of Pic(B) follows
from the following exact sequence:

(B/K)" — Pic(B) — Pic(B) — 0.

Let E = L ®p J~!'. Then, since E € Pic(B) and Pic(B)is divisible,
there exists a rank 1 projective module E| over B such that E >~ E ", Since
dim(B) =1, E,;/JE, >~ A/J. Therefore there exists an invertible ideal J,
such that J + J; = B and E; ~ J;. Therefore L >~ J ®p J\" = JJ;" =
JNJ". O

Let A be a smooth affine domain of dimension n > 2 and L be a rank 1
projective A-module. Let / be an ideal of height n such that I/ is generated
by n elements. Suppose [ is contained in only complex maximal ideals. Let
wy be alocal L-orientation of / and let » € J be such that b does not belong
to any real maximal ideal. Then with the help of above (moving) lemma
it is easy to see that there exists an ideal I; of height n with properties
MHL+Wb)=A,02) L)/I s generated by n elements, (3) [ is contained
in only complex maximal ideals (4) (1, w;) = (I}, ;) in E(A, L) for some
local L-orientation w;, of I;.

Proposition 4.29. Let X = Spec(A) be a smooth affine variety of dimen-
sion n > 2 over the field R of real numbers and let K = N"(Q4/r) be
the canonical module of A. Let L be a projective A-module of rank 1. Let
Cy, - ,C,,Cry1, -+, C; be the compact connected components of X(R)
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in the Euclidean topology. Let K¢, and L, denote restriction of (induced)
line bundles on X(R) to C;. Assume that L¢, = K¢, for 1 < i < r and
Le, 2 K¢, forr+1 < i <t Let ©p : E(A,L) — CHy(X) be the
canonical surjection. Then, ker(®,) is a free abelian group of rank r.

Proof. Recall that if E©(L) denotes the kernel of the surjection I'; :
E(A,L) — E@R(X), L) then, by (4.26), ®;(E®(L)) = G. Therefore
we get a surjection ®'; : E(R(X), L) - CHy(X)/G. Since, by (4.27),
CHy(X)/G is a vector space of dimension ¢ over the field Z/(2) it follows
from (4.21) that ker(®';) = 2E(R(X), L) which is a free abelian group of
rank r.

Note that I'; (ker(®;)) = ker(®',). So if we show that the restriction
of I'y, to ker(®,) is injective then we are through. But this is equivalent to
showing that the restriction @y |gc () is injective. We now proceed to prove
this.

Let x € ES(L)). Then x = (I, w;) where I is an ideal of A of height n
contained in only complex maximal ideals. Suppose that &((/, w;)) = O.
First note that since [ is contained in only complex maximal ideals, every
unit of A/I is a square. Therefore, in view of (2.6), in order to prove that
(I,w;) = 0in E(A, L) it is enough to show that there is a surjection
a: L@ A 1.

Since [ is contained in only complex maximal ideals there exists b € [
which is contained in only complex maximal ideals. Let A = A/(b?), and
I =1/b%.Leta : L/IL® A/I"™" — I/I? be a surjection. Then since
dim(A) = n — 1, using (2.1), we see that ' can be lifted to a surjection
o : L/P’L® A" & T Hence it @ : L ® A" — [ is a lift then
A(LDA" Y+ B*) =I.Leta(L)=KThenI =K+ (a,--- ,an_;, b?).
By [B-RS 1, Lemma 5.1], there exists ¢ € A such that the element a; + cb?
does not belong to any real maximal ideal of A. So, replacing a; by a; + cb?
if necessary, we can assume that a; does not belong to any real maximal
ideal of A. Moreover, adding suitable multiples of 5> to a,, - - - , a,_; we
assume that the ideal (ay, - - - a,—) has height n — 1.

Let B=A/(a1,---a,_1)and J = I/(a;, - -a,_1). Then B is an affine
ring of dimension 1 over R which does not have any real maximal ideal and
J is an invertible ideal of B. Hence, by (4.28), there exists an invertible ideal
Jyof Bsuchthat J+J, = Band JNJ,%isa surjective image of L ®4 B. Let
I be an ideal of A such that (a;, ---a,_1) C I; and I,/(ay, ---a,_1) = J;.
Let ,® = (ay, - - - a,_;) + I,%. From construction it is clear that there exists
asurjection B : L@ A"~' — IN1,®. So if we show that I, is a surjective
image of L ® A"~!, we are through.

First note that /; is contained in only complex maximal ideals and hence
the zero cycle [I;] € G. The surjection B shows that [I] + [[; D1 =0
in CHy(X). Since, by assumption, [/] = 0 in CHy(X), we have 2[[;] =
[1,*Y]1 = 0. Since [1,] € G and G is torsion-free, [I;] = 0in CHy(X). Since
W, : Eg(A, L) — CHy(X) is an isomorphism, (I;); = 0in Ey(A, L).
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LetK = (ay,--- ,a,_1).Since I; /K is an invertible ideal of A/K = B,
there exists a € I; such that K + (a) + I, = I,. Since K/I,K is free
over A/l of rank n — 1, There exists a surjection y’ : F/L1F — K/, K
where F = L @ A" 2. Lety : F — K be alift. Then y(F) + K = K.
Since ht(K) = n — 1 = rank(F'), by (2.1), there exists c € I; K and é €
Homy (F, A) such that y +c8(F) is an ideal of height of n — 1. So, replacing
y by y + ¢4 if necessary, we assume that K| = y(F’) has height n — 1. Since
K=K +0LKCI,wehave K, +1,> = K, + 1 K+1)> = K+1,> = ¥
and Il = Kl + ((l) + 112

Since (I;) = 0in Ey(A, L), if w is a local L-orientation of [, then, by
(3.6), we have (I,®, %) = (I}, w) + (I;, —w) = 0in E(A, L). Hence, by
(2.5), I;? is a surjective image of L ® A"~! = F @ A.

Thus the proposition is proved. m|

Now we prove our main theorem.

Theorem 4.30. Let X = Spec(A) be a smooth affine variety of dimension
n > 2 over the field R of real numbers. Let K denote the canonical module
N'(24/r). Let P be a projective A-module of rank n and let \"(P) = L.
Assume that C,(P) = 0 in CHy(X). Then P >~ A & Q in the following
cases:

1. X(R) has no compact connected component.

2. For every compact connected component C of X(R), Lc % K¢ where
K¢ and L denote restriction of (induced) line bundles on X(R) to C.

3. nisodd.

Moreover, if n is even and L is a rank 1 projective A-module such that
there exists a compact connected component C of X(R) with the property
that Lc >~ K¢, then there exists a projective A-module P of rank n such
that P® A~ L® A" ' @ A (hence C,(P) = 0) but P does not have a free
summand of rank 1.

Proof. Let x : L = A" P be an isomorphism and e(P, x) € E(A, L) be
the Euler class of P. The image of e(P, x) under the canonical surjection
Op:E(A, L) » CHy(X) is C,(P).

Proof of (1) and (2). Under the assumption of either (1) or (2), by (4.29),
®, is an isomorphism and hence C, (P) = 0 implies that e(P, x) = 0 in
E(A, L). Therefore, by (2.5), P ~ A & Q for some projective A-module
Q of rank n — 1. This proves (1) and (2).

Proof of (3). Since n is odd, there is an automorphism A of P with de-
terminant —1. Let « : P — [ be a surjection where I C A is an ideal
of height n and let w; be the local L-orientation of of / induced by «.
Then, by definition, e(P, x) = (I, w;) in E(A, L). Clearly (a¢A, x) will
induce (I, —w;) and hence e(P, x) = (I, —w;) in E(A, L). Therefore
2€(P, X) = (1’ (,()1) + (1’ —Cl)[).
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Now since C,,(P) = 0, [I] = 0 in CHy(X). Since ¥ : Ey(A, L) —
CHy(X) is an isomorphism and W ((/)) = [I/] = 0, we get that (/) = 0
in Eo(A, L). But then, by (3.7), (I, w;) + (I, —w;) = 01in E(A, L). Thus
2¢(P, x) = 0in E(A, L). Since C,(P) = 0, e(P, x) is in the kernel of the
surjection ®; : E(A, L) — CHy(X) which, by (4.29), is a free abelian
group. Hence e(P, x) = 0 in E(A, L). Therefore as before we see that
P~A® Q.

For the last part of the theorem we now suppose that n is even and there
exists a compact connected component C of X(R) with the property that
Lec >~ K.

In this case, by (4.29), ker(®,) is a free abelian group of rank > 1.
This shows that, since W, : Eg(A, L) >~ CHy(X) and ® factors through
the canonical surjection E(A, L) — Ey(A, L), this surjection is not an
isomorphism. As in [B-RS 1, Lemma 3.3] we can show that the kernel of
the canonical surjection E(A, L) — Ey(A, L) is generated by all elements
of the type (J, w;), where J is an ideal of A of height n which is a surjective
image of L ® A"! and w; is local L-orientation of J. Since E(A, L) is
not isomorphic to Ey(A, L), there exists an ideal I of height n which is
a surjective image of L @ A"~! and a local L-orientation w; such that
(I, w;) # 01in E(A, L). Since n is even, adapting the proof of [B-RS 1,
Lemma 3.6], we see that there exists a projective A-module P of rank n
which is stably isomorphic to L& A" ~! and anisomorphism x : L — A"(P)
such that e(P, x) = (I, w;) #0in E(A, L).

Since e(P, x) # 0, P does not have a free summand of rank 1. On
the other hand, since P is stably isomorphic to L @ A"~! it is clear that
C,(P) = 0in CHy(X). This completes the proof. O

Remark 4.31. Let X = Spec(A) be a smooth affine surface over R such
that X(IR) is compact and connected and the canonical module Kp ) is not
trivial. In this set up, (4.30) says that every stably free A-module of rank 2
has a free summand of rank 1 and hence all stably free A-modules are free.
This yields an affirmative answer to Question 6.5 of [B-RS 1].

Remark 4.32. Let A, X, P be as in the theorem. Assume that X (R) has at
least one compact connected component, dim(A) is even and C,,(P) = O.
The above theorem says that, in this set up, we can not always conclude
that P >~ A @ Q. However, by [B-RS 2, Proposition 6.3], we always have
ADP =~ A®AD Q. Moreover, if X(R) is connected, then the only possible
obstruction for P to split off a free summand of rank 1 is purely topological
viz. the associated topological vector bundle and the manifold X (R) have
the same orientation.

Statements (1) and (3) of the theorem have been already proved in
[B-RS 1] in the special case K ® 4 R(X) >~ R(X) =~ A"(P) ®4 R(X).

We end this paper by posing the following question.

Question. Let X = Spec(A) be a smooth affine variety of dimension n > 2
over a field k of characteristic 0. Let P be a projective A-module of rank
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n such that C,(P) = 0 in CHy(X). Then, does there exist a projective
A-module Q ofrankn — 1 suchthat PG A >~ Q0 P AP A?
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