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Abstract.

In this article, we give basic concepts of semialgebraic varieties which are improvement
of real algebraic varieties. A semialgebraic variety is a locally ringed space whose topological
space is a certain semialgebraic subset of a real algebraic variety and whose structure sheaf
is defined similarly as the case of real algebraic varieties. We show that the category of
semialgebraic varieties has more natural properties than the category of real algebraic vari-
eties in the sense of Bochnak, Coste and Roy, which is not R-scheme. For example, images
of semialgebraic varieties by regular maps are also semialgebraic varieties. We also study
relations with semialgebraic varieties and complex algebraic varieties. Some properties are
similar, but some are completely different. For example, all semialgebraic varieties are affine,
and higher cohomologies of their quasi-coherent sheaves vanish. The real projective surface
PZ is not minimal as semialgebraic varieties, but semialgebraic surfaces with non-negative
Kodaira dimensions have minimal models.

Section 0. Introduction.

For example, as is well known, P¢/6,+1 = Pc(1,2,3,...,n + 1), here the right hand
side is a weighted projective space. But if n > 2, the set P§/S,41 is a proper closed
semialgebraic subset of real weighted projective space Pr(1,2,3,...,n+4 1), and is not a real
algebraic variety. We want to extend a theory of real algebraic varieties so that Pg/&,,41
and many other useful semialgebraic sets can be treated as certain kind of generalized
abstract algebraic variety with a coherent structure sheaf. Otherwise, we can’t study even
the singularities of Pg/&,,41. One of such ideas is theory of semialgebraic varieties.

An algebraic variety X over R often means a R-scheme which can be identified with a
self-conjugate complex algebraic variety. On the set of R-valued points V' := X (R), we can
define a sheaf of rings Ry such that every maximal ideal of Ry corresponds to a point of
V, and that Ry p = Ox p(R) for all P € V. This locally ringed space (V, Ry ) is called a
real algebraic variety (see §1 and [4]). Note that for a given real algebraic variety (V, Ry),
there exists infinitely many algebraic varieties X over R such that X(R) =V, if dimV > 2.
So, the notion of a R-scheme X is not always useful to study the set V itself.
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In this article, algebraic curves or algebraic surfaces always mean real algebraic varieties
with Ry, not R-schemes. Please do not confuse with many results in other articles in which
real algebraic varieties are R-schemes.

The word ‘semialgebraic variety’ was used in many articles without an exact defini-
tion. Most of them are semialgebraic sets of R™ with C'*°*-manifold structure which have
boundaries. In this article, we define a semialgebraic variety A as an irreducible reduced
semialgebraic subset of a real algebraic variety V with a structure sheaf R 4 such that every
maximal ideal of R4 corresponds to a point of A. If dim A = dim V/, then R4 p = Ry, p for
all P € A. Of course, a real algebraic variety is a semialgebraic variety. Note that for a given
semialgebraic variety A, there may exist infinitely many complete real algebraic varieties V'
such that A C V and dim A = dim V, if dim A > 2.

As the notions of ‘algebraic variety over R’ and ‘real algebraic varieties’ are completely
different, the notions of ‘semialgebraic sets’ and ‘semialgebraic varieties’ are different. In
the category of semialgebraic sets, a morphism is a semialgebraic map. On the other hand,
in the category of semialgebraic varieties, a morphism is a regular map.

There are some merits, to consider semialgebraic varieties. We shall explain an example.
It is well known that Py is affine as a real algebraic variety. Similarly, we can prove that
any semialgebraic variety A is affine as a semialgebraic variety (Theorem 1.12). This implies
that H"(A, F) = 0 for any n > 1 and for any quasi-coherent R4-module F (Proposition
4.1). As a collorary, for any real algebraic variety (V. Ry ), we conclude that the structure
sheaf Ry is the sheafification of the coordinate ring Ry (V).

Originally, the notion of semialgebraic varieties are introduced in [1], to study PSD
(=Positive SemiDefinite) cones on Py or P’} (see also [2]). By virtue of notion of semi-
algebraic varieties, we could apply theorems and ideas of algebraic geometry to theory of
algebraic inequalities. In this sense, the notion of semialgebraic varieties already provided
useful results.

On the other hand, we also aware the notion of semialgebraic varieties is also useful for
studies of real algebraic varieties. As is well known, an image of a real algebraic variety by
a regular map is not always a real algebraic variety. But it is a semialgebraic variety. When
a finite group G acts on a real algebraic variety V, the quotient V/G is not always a real
algebraic variety, but V/G is a semialgebraic variety (see Proposition 2.11). As is mentioned
in the above, any real semialgebraic variety is an affine semialgebraic variety, though it is
not always an affine real algebraic variety.

In some special cases, complex algebraic geometry is useful to study semialgebraic vari-
eties. For example, consider non-singular semialgebraic surfaces A whose Kodaira dimension
k(A) is non-negative. Then, there exists a unique non-singular complete self-conjugate com-
plex algebraic surface X D A which is ‘relatively minimal’. Using this X, we can define
a sheaf O4 = Oxl|a, O4-modules, divisors, and the intersection number on A. Hi(A,
F)erC = H(X, F®o, Ox) holds for a coherent O 4 module F. We can also define Weil

divisors and their intersection numbers in this case.

We didn’t yet find so many applications of theory of semialgebraic varieties, but the
notion of semialgebraic varieties must be useful for study of real algebraic geometry. Note
that the category of semialgebraic varieties has more natural properties than the category
of real algebraic varieties.



Section 1. Basic definitions.

A standard definition of real algebraic varieties is given in [4]. Real algebraic varieties
defined in [4]are reduced but may not be irreducible. Moreover, the separability condition is
omitted as is commented in [4]. We need nore exact definition. Here we give a generalized
definition of real algebraic varieties including non-reduced case. In this article, R is any real
closed field and C = R[T]/(T? +1). R or its elements are called ‘real’, and C or its elements
are called ‘complex’. A complex algebraic variety is an integral separated scheme of finite
type over Spec(C), and a complex algebraic quasi-variety is a separated scheme of finite type
over Spec(C) which is possibly reducible or non-reduced.

Definition 1.1. (Real algebraic quasi-variety) (I) A locally ringed space (X, Rx) is
called a real algebraic quasi-variety, if there exists a separated scheme (Y, Oy) of finite type
over Spec R which satisfies the following:

(1) There exists an injective morphism ¢: (X, Rx) — (Y, Oy) as locally ringed spaces,
and ¢ induces a homeomorphism X — Y (R) as toplogical spaces.

(2) Take any affine open subset V' C Y. Let np be the maximal ideal of Oy (V) corre-
sponding to a closed point P € Y. For an arbitral non-empty subset U C V N ¢(X), we
put

SU = m (Oy(V) *np).
pPeU

Then, t* : S;'Oy (V) — Rx(:~1(U)) is an isomorphism of R-algebra. Thus, each

maximal ideal m C Ry (:71(V)) corresponds to a pount P € .~1(V) C X.

(3) Take an arbitral affine open subset V' C Y. Then

{feOy (V)| f(P)=0foral PeV(R)}

is a nilpotent ideal of Oy (V).

In this case, Y is sayed to be a R-scheme represents X.

(IT) Let X and Y be the same as the above. U C X is called an affine open subset of
X, if there exists a affine open subset Uy C Y such that U = Uy (R). Zariski open (resp.
closed) subsets are defied similarly. The Fucledean topology of X is the topology induded
from the analytic topology of Y¢. Y(R) is also denoted as Y¢(R). When V' C Y is an affine
open subset and B C V(R) is any subset, we put

SB = ﬂ (Oy(V) — I‘lp),
PcB
and Rx (17H(B)) := ¢* (Sgl(‘)y(V)). By this definition, (X, Rx) can be also regarded as a
locally ringed space with respect to the Euclidean topology.

A morphism between real algebraic quasi-varieties is defined as a morphism of locally
ringed spaces. A morphism is also called a holomorphic map or a reqular map. A rational
map and so on between real algebraic quasi-varieties are defined similarly with complex
schemes.

If X is irreducible and reduced, X is called a real algebraic variety.

(IIT) We regard R™ and P{ to be real algebraic varieties as natural way. Let X be a
real algebraic quasi-variety. If there exists n € N and a closed immersion ¢: X — R™, then
X is sayed to be an affine.

Note 1.2. (1) Y is not unique for a given X.
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(2) Let R = R[X1,..., X,]/(f2 + -+ f2) and Y := Spec R where f1,..., f, are
algebraically independent polynomials with n > 2. Then X := Y (R) and Y does not satisfy
the above definition.

(3) In (3) of (I), S;;'Oy (V) is a Noetherian ring. Thus, Ry (:7*(U)) is a Noetherian
ring.

(4) Tt is well known that there exists an immersion ¢: P — R2?"*! as real algebraic
varieties. Thus every projective real algebraic quasi-variety is affine.

(5) Hironake gave a complete complex non-sigular algebraic variety Z which is not
projective. But Z(R) is affine. The auther knows no real complete algebraic variety which
is not affine.

Definition 1.3.(Semialgebraic quasi-variety) A locally ringed space (A, Ry) is called
semialgebraic quasi-variety, if there exists a real algebraic quase-variety (X, Rx) and a finite
affine open covering {V;}7_; of X which satisfies the following:

(1) There exists an injective morphism ¢: (A, R4) — (X, Rx) as locally ringed spaces,
and ¢ induces a homeomorphism A — ((A) as toplogical spaces. Moreover, ((A) is a
semialgebraic subset of X, i.e. t(A)NV; is a semialgebraic suvset of V; for eachi =1,.. .,
r.

(2) Zarx(A) = X. Here Zarx (A) is the minimal closed Zariski subset of X which contains
A, and is called the Zariski closure of A.

(3) Take an arbitral i € {1, 2,..., r}, and take any Euclidian open subset U C ¢=1(V}). Put
R; := Ry, (V;). For a point P € «(U), let mp be the maximal ideal of R; corresponding
to P, and let

Sy = ﬂ (Rz — mp) C R;.
PeU

Then t* : S;' R; — Ra(U) is an isomorphism of R-algebra.

Moreover, if X is a real algebraic variety, then A is said to be an semialgebraic variety.
In this case, the field of fractions Q(R4(U;)) is called the field of rational functions, and is
denoted by Rat(4) := Q(Ra(U5)).

The Zariski topology and the Euclidean topology on A are defined naturally. A semi-
algebraic quasi-variety A is called irreducible if it is irreducible with respect to the Zariski
topology. A is said to be reduced if R4 p has no nilpotent elements except 0 for each

P € A. dim A is defined by dim A = r}glai‘( Krull dim R4 p. A is called connected if it is
€

connected with respect to Eucledean topology. Note that A may not be connected even if
A is irreducible. A is called affine, if we can choose X to be affine.

A semialgebraic variety A is called normal, if R4 p is an integrally closed for each
P ¢ A. A semialgebraic variety A is called non-singular, if R p is a regular local ring for
each P € A.

A regular map or holomorphic map (resp. isomorphism) between semialgebraic quasi-
varieties is defined as a morphism (resp. isomorphism) of locally ringed space.

For a subset B C A, the minimum Zariski closed subset of A which includes B is called
the Zariski closure of B in A and is denoted by Zar4(B) or Zar(B).

We can choose X to be complete. Then the interior of B with respect to the Euclidian
topology of X is denoted as Int(B). 0B := B — Int(B) is called the absolute boundary of
B (see also Definition 2.7). Note that Int(B) and 0B do not depend on the choice of a
complete X (see Proposition 2.3). A is called open if A = (. A is called closed if A is
compact with respect to the Eucledean topology.
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Definition 1.4.(Image of a regular map) Let A, B be semialgebraic quasi-varieties,
and ¢: A — B be a regular map. Let C' := ¢(B). By Tarski-Seidenberg theorem, C' is a
semialgebraic subset of B. We define R as the following:

We may assume A and B are affine, since definition of R¢ is local. Let R4 := R4 (A),
Rp := Rp(B), and ¢p*: Rg — R4 be the homomorphism induced by ¢. We put R :=
Rp/Kerp*. (Note that R defines Zarg(C).) For a point P € C, there exists the unique
maximal ideal mp C R corresponding to P. Put S := ﬂ (R —mp), and Rc := S™'R.

pPeC
Note that R¢ is a Rg-module. The structure sheaf of C' is defined by R¢ := RNC which is
the coherent Rg-module defined by R¢.

(C, Re) is called the image of ¢, and simply denoted by C = p(A).

Definition 1.5.(Semialgebraic quasi-subvariety) Let A, B be semialgebraic quasi-
varieties. A morphism ¢ : (B, Rp) — (A, R4) is called an immersion, if ¢ induces an
isomorphism B — ¢(B).

If B is a semialgebraic subset of A, and the inclusion map B — A is an immersion,
then B is called a semialgebraic quasi-subvariety of A.

Definition 1.6.(Fibre product) Let A, B, C be semialgebraic quasi-varieties, and
fiA— C, g: B— C be regular maps. The fiber product A X B is a semialgebraic set

AxcB={(a,b) e Ax B f(a) =g(b)}
with a structure sheaf R4y @x, Rp.

Definition 1.7.(Inverse image) Let A, B be semialgebraic quasi-varieties, and ¢: A —
B be a regular map. Let C' C B be a semialgebraic quasi-subvariety. The inverse image
o~ 1(C) is defined as the fiber product ¢~ (C) := A xp C.

Definition 1.8.(Birational map) Let A, B be semialgebraic quasi-varieties. If there
exists dense Zariski open subsets U C A and W C B, and there exists a regular map
p:U — W, then we say that there exists a rational map p: A--- — B. Moreover, if
p:U — W is an isomorphism, we say that ¢: A--- — B is a birational map, and A and B
are birational equivalent.

Definition 1.9. Let A be a semialgebraic quasi-variety. A point P € A is said to be a
non-singular point of A if Ry p is a regular local ring. We denote

Sing(A) := {P €A ‘ P is a singular point of A.},
Reg(A) := Int(A) — Sing(A).

Remark 1.10. (1) Reg(A4) # 0 if A is reduced.

(2) Reg(A) is not always dense in A with respect to the Euclidean topology. For
example, consider the case that A has an isolated singularity as a connected component.

(3) If P € Reg(A) NInt(A) and dim A = n, then there exists an Euclidean open
neighborhood P € U C A such that U is homeomorphic to an open subset of R™.

(4) By our definition, an isolated singular locus of A is included in Int(A). If you want
to exclude such points from Int(A), you have better to discuss Int(A) N Reg(A). Sing(A)
sometimes acts as if it is a boundary.



Definition 1.11. Let A be a non-singular semialgebraic variety with dim A = n, and
P € A. Then, there exists an Euclidean open set P € U C A such that U has an algebraic
coordinate system (z1,..., x,). n-formes fi dz1+---+ f, dz,, (fx € Ra(U)) determine a
locally free R4-module Y. Wedge this n times, we obtain R-module Q7. This can be
identified with the real line bundle det T'y.

Note that R4 (U) can be defined for any (may bo non-open) subset U C A as a local-
ization.

Theorem 1.12. Every semialgebraic quasi-variety is affine.

Proof. Let A be a semialgebraic quasi-variety. There exists a real algebraic quasi-variety
X D A as Definition 1.3. Take an affine opne covering {V,..., V,.} of X. Fixa 1 <j <r.
We may assume V; is a closed subset of R”. Let (x1,. .., ,,) be the coordinate system of R",
and s; := 1/(z? + 1), t; :== x;/(z2 + 1). For P € X —V;, we put s;(P) = 0 and ¢;(P) = 0.
Then s; and ¢; are regular functions on X. The set of functions Fj := {si, t; ‘ 1<i< n}
defines a map ®;: X — R?". This ®; is a regular map as semialgebraic quasi-varieties,
and ®;|y,:V; — R*" is an immersion. Note that ®;(X) is a semialgebraic quasi-variety
but is not always algebraic quasi-variety. Put F := Fy U---U F,. and N := #F. F defines
a regular map ®: X — RY, and F is an immersion as semialgebraic quasi-varieties. O

Remark 1.13. (1) The above proof does not prove that a real algebraic quasi-variety
is a real affine quasi-variety, because Zargny (®(X)) # ®(X).

(2) The structure sheaf R4 can be obttained from the coordinate ring R4(A) as it’s
sheafification.

In a complete complex algebraic varieties, exceptional subsets are special subsets. This
is not true for complete semialgebraic varieties. (See also Proposition 6.2.)

Theorem 1.14. Let A be a semialgebraic quasi-variety, I C A be a closed semialge-
braic subset such that E = Zara(E) & A. Then there exists a semialgebraic quasi-variety
B and a regurar surjective morphism ¢: A — B such that P := ¢(F) is a point and that
Yla—g: (A— E) — (B — P) is an isomorphism, e.g. ¢ is a contraction of E to a point P.

Proof. We may assume A C R™. Let f1,..., f, be defining polynomials of Zargn (F) in
R[x1,. .., zp]. Consider a map ®:R™ — R defined by linear system with the base {:L‘Z fi ‘
1<i<n,1<j< r}. ® is a regular map. Put B := ®(A) and ¢ := ®|4: A — B. Then, B
and ¢ satisfy the conclusion of the Proposition. O

Section 2. Complex envelope.

A semialgebraic quasi-variety is a subset of certain complex complete quasi-varieties.
In this section, we study such complex quasi-varieties.

Definition 2.1.(Conjugate) (1) Let X be a complex algebraic quasi-variety. If there
exists a R-scheme Y such that X =2 Y Xg,ecr SpecC as R-schemes, then X is called self-
conjugate. In this case, Y (R) is also denoted by X(R). The anti-holomorphic involution
map J: X — X with J|y = idy is also called the conjugate map.
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(2) Let X and Z be self-conjugate complex algebraic quasi-varieties, and Yx, Yz be
R-schemes such that X = Yx Xgpecr SpecC and Z = Yz Xgpecr Spec C. If a C-morphism
p: X — Z is induced from a R-morphism pgr: Yz — Yz, then we say that ¢: X — Z is real.
Similarly, we define a real rational map ¢: X --- — Z.

Definition 2.2.(Faithful embedding) Let A be a semialgebraic quasi-variety, and Z
be a self-conjugate complex algebraic quasi-variety. A map ¢: A — Z is called a faithful
embedding if:

(1) There exists a real algebraic quasi-variety X, and an immesion i: A — X such that

Zarx(i(A)) = X.

(2) There exists a R-scheme Y which represents X.
(3) There exists a R-isomorphism :Y Xgpecr SpecC — Z which induces a continious

map j: X =Y(R) — Z.

(4) p=joi.

Note that Z(R) C Z(C) is not always faithful embedding. For example, when Z =
SpecC[X,Y]/(X2+Y?), Z(R) = {(0,0)} C Z is not faithful embedding.

Proposition 2.3. Let A be a semialgebraic quasi-variety, t.x: A — X and ty: A — Y
be faithful embeddings to complex algebraic quasi-varieties. Then, X and Y are birational
equivalent.

Proof. We may assume that X and Y are complete. Define §: A — X x Y by 0(P) =
(tx(P), vy (P)) (P € A), and put A := Zarxxy (6(A)) C X x Y. Clearly, § is an immersion.
mx:A — X indeuces an isomorphism 7:6(A) — A. Since 7% : Rap — Rja),s(p) Is
an isomorphism, 7% : Ox p — Oa 5p) is also an isomorphism. Thus the projections
mx: /A — X is a birational regular map. Similarly, my: A — Y is also a birational regular
map. Thus, we have the conclusion. (]

Definition 2.4. Let A be a semialgebraic quasi-variety, and X be a self-conjugate
complete complex algebraic quasi-variety with a faithful embedding ¢: A — X. Then, we
say X is a complex envelope of A. If A and X are normal (resp. non-singular), we say X is
a normal (resp. non-singular) complex envelope of A.

Proposition 2.5. Let A be a semialgebraic quasi-variety. Then, there exists a complex
envelope X of A. If A is norml (resp. non-singular), we can chooes X to be normal (non-
singular).

Proof. Clear (]

Definition 2.6. Let A be a normal semialgebraic variety, and X, Y be normal com-
plex envelopes of A. Since dim¢c H* (X, Ox) = dimc H (Y, Oy), we can define h'(A) :=
dimc HY(X, Ox). When dimA = 1, g(A) := h'(A) is called the genus of A. When
dim A = 2, p,(A) := h?(A) is called the geometric genus of A, and g(A) := h'(A) is called
the irregularity of A.

Since dim¢ H°(X, Ox(mKx)) = dimc H (Y, Oy (mKy)) for m € N, we can define
P, (A) :=dimec H*(X, Ox(mKx)). Pyn(A) is called the m-genus of A,

Using P,,,(A), we can define the Kodaira dimension k(A). Note that k(A) = x(X).
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Definition 2.7. Let A be a closed semialgebraic quasi-variety, and let X be a real
algebraic quasi-variety with a faithful embedding A C X. Put B := 0A. For an arbitral
affine open subset U C X such that U N B # 0, let

Iy :={f €Rx(U) | f(P)=0forall P € B},

and put Rp(U N B) := Rx(U)/Iy. This defines a coherent sheaf Rp of commutative rings
on B. We call the semialgebraic quasi-variety (B, Rp) to be the boundary of A.

Similarly, we can define Rging(4). Thus, Sing(A) can be regarded as a semialgebraic
quasi-variety.

Remark 2.8. (1) In the above definition, dim B < dim A — 1, but it may happen that
dim B < dim A — 1 if B C Sing(X).

(2) Using the above dfenition, we can define the critical decomposition of A, similarly
as Definition 1.5 of [1].

Definition 2.9.(Blowing up) Let A be a semialgebraic variety, X be a complex envelope
of A, and I be an ideal sheaf of R4. There exists an ideal J of Ox such that JO x| ®Ox|a
R4 = 1. Let J be the set of all the ideals J of Ox which satisfy the above condition. If Ji,
Jo € g, then Jy+ Jo € J. Thus, there exists the unique maximal element of J. Take such the
maximal J € J. Let m: Y — X be the blowing up of X by the ideal J, and B =7"1(A) C Y.
B is a semialgebraic quasi-variety as Definition 1.6. We say that 7|g: B — A is the blowing
up of A by I.

If I is a defining ideal of a closed semialgebraic subvariety C' C A, then 7|g: B — A is
also called to be the blowing up of A with/along/at the center C. By Proposition 2.3, B
does not depend on choice of X. Let £ C Y be the exceptional set of w. Then,

By :=Clsy (r7'(A— (n(E)N0A))) C B

is called the strict transform of A.

Proposition 2.10. Let A, B be semialgebraic varieties, and p: A — B be a regular
map. Then there exists complex envelopes ix: A — X, iy:B — Y and a regular map
®: X — Y such that iy op = ®Poix.

Proof. Take complete real algebraic varieties X, Y and complex envelopes X¢, Y¢ with

faithful embeddings A % X € X¢, B 2% Y C Yc. Take a point P € Int(A) such that
Q := ¢(P) € Int(B), and take an affine open subset W C Yg such that @ € W C Yg.
Since Rx,p = Ra,p and Ry o = Rp,q, the homomorphism ¢}:Rp g — Ra p induces
Yw: Oyvely (W) — Ra p.

Since Oy, |y (W) is a finitely generated R-algebra, we can choose fi,..., fr € Ry g C
Rat(B) = Rat(Y) C Rat(Yc) such that Oy.|y (W) = R[f1,..., fr]. Put g; := Yw(f;) €
Ra,p C Rat(A) = Rat(X) C Rat(Xc). We can find an affine open subset U C X¢ such that
g1, - -» gr are holomorphic (regular) on U, and that U N X is dense in X and U N A is dense
in A. Then, ¥y induces ¥y : Oy, (W) — Ox (U). ¥y induces regular maps ®y: U — W,
Pynx  (UNX) — (WNY), and rational maps &¢c: X¢g--- — Yo, &: X -+ > Y.

By the Hironaka’s theorem of a resolution of the indeterminacy, there exists a composit
of blowing ups m: X — X and a regular map ®: X — Y such that ® = ® o 7. Since there
exists no indeterminacy of ¥ on A, we can choose m so that the exceptional set E of m
satisfies 7(E) N A = (). Thus X and @ satisfy the conditions of X and ® in the theorem. [
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Proposition 2.11. Let A be a semialgebraic variety, and assume that a finite group
G acts on A faithfully. Then, A/G is a semialgebraic variety.

Proof. Let X be a complex envelope of A. Since G acts on R4 and Oy is a subring
of Ra ®gr C, the action of G on A can be extended to X. It is well known that X/G is
complex algebraic variety, Let m: X — X/G be the natural surjection. Then A/G = w(A).
Thus, A/G is a semialgebraic subset of X/G. The invariant sheaf RS is the structure sheaf
of X/A. Thus, X/G is a semialgebraic variety. O

As mentioned in the Introduction, A quotient of real algebraic variety may not be real
algebraic variety. If X is an algebraic variety over R which is a R-scheme, X (R)/G may not
agree with (X/G)(R). We shall explain the example which we presented the first part of the
Introduction.

Example 2.12.(Discriminant of cubic equation) Let A = Pi = { To:x1:w2) € PZ ‘
zix; > 0forall0 <7 <j< 2} Consider functions o1 := xg + x1 + T2, 09 := Tox1 + T1T2 +
xoxo and o3 = xoxr122 on A. Define a regular map ¢: A — Pgr(1,2,3) by ¢(P) = (01(P),
o2(P), 03(P)), where Pg(1,2,3) is defined as the set of real points of the weighted projective
space Pc(1,2,3). Then B := ¢(A) is just P4 /S3. We can choose a fundamental domains of
pas Ag = {(s (t:1) € IP’?F ‘ 0<s<t< 1} Since ¢: Ag — B is birational, we know that
B is the semialgebraic subset of Pg(1,2,3) defined by

27@?) — 18aia2a3 + 4a?a3 + 4a2 a1a2 <0, a9 >0, a3z>0,
where (ay, ag, ag) is the homogeneous coordinate system of Pg(1,2,3). Now, consider the
cubic polynomial f(t) = t3 — a1t? + aot — a3, where ay, as, az € R. The condition that the

all roots of f(t) = 0 are non-negative real numbers, is equivalent to (ai, as, ag) € B.
Please try this for an algebraic equation of higher degree.

Section 3. Maximal extension and proper extension.
Definition 3.1. (1) Let A be a semialgebraic quasi-variety, X be a complex envelope
of A, and U C A be a Zariski open subset. Let W be the set of all the Zariski open subsets

W of X such that WNA=U. Put Uy := U W. Then, U¥ is the maximal Zariski open

wew
subset of X which satisfies Uy N A = U. We call this UY to be the mazimal extension of U

to X.
(2) Let A be a semialgebraic variety, and X be a complex envelope of A. For f € Rat(A)
(or for a homogeneous function f), we denote

Va(f):="Zary ({P€ A ‘ f(P)=0}),
Vi (f) = Zarx ({P € X | f(P) =0}),

Da(f) :=A—=Va(f), and Dx(f) := X — Vx(f).
(3) Let A be a normal semialgebraic variety and X be a normal complex envelope of

A. Take an affine open subset U C A. Then UY := {Da(f) | f € R(A)} is a base of the
Zariski topology on A. For D4(f) € WY, we put

F(f):={g € R(A) | Dalg) = Da(f)}, Da(f)%:= |J Dxl(g)
geF(f)



For an arbitral Zariski open subset U = Da(f1) U --- U Da(f,) of A, we put Uy :=
(Da(f1))% U---U(Da(fr))s. We say U% is the proper extension of U to X.

Remark 3.2. (1) UY and U% are self-conjugate.

(2) U and U may not be affine, even if U is an affine open subset of A.

(3) (X(R)—A) cU% CcUR.

(4) Let B C A be normal semialgebraic varieties, B C Y, A C X be complex envelopes
with Y C X. Take a Zariski open subset U C X. It is easy to see that (UNB)}, D UL NY
and (UNB)Y D UY NY. But they will not agree.

For example, let X = P2 with the coordinate system (x, y, 2). Let Y = PL C X be the
line defined by y = 0. Take B=P, C Y and A =P2 C X as the natural way. Consider an
affine open subset U = D4 (y?z —x(2? +2?)) C A. Then Uy} = UY = Dx (y*z—z(2?+2%)).
But, since U N B = Dp(z), we have (UNB)}, = (UNB)Y = Dy. Thus (UNB)y # UL NY
and (UNB)Y #U¥¢NY.

Proposition 3.3. Let A be a normal semialgebraic variety, and X be a normal complex

envelope of A.

(1) Let f € Rat(A) —C, and U = Da(f). If Vx(f) is an irreducible subvariety of X and
dim(Vx(f) N A) =dim A — 1, then Uy = Dx(f).

(2) Let f1,..., fr € Rat(A)—C, andU = Dy (f1--- fr). If Vx(f:) are irreducible subvarieties
of X and dim(Vx (f;) N A) =dimA —1 for all i = 1,..., r, then Uy = Dx(f1--- fr)-

Proof. (1) Take g € F(f). Then Va(g) = Va(f) = Vx(f) N A. Since Vx(f) is
irreducible, we have Vx(g) D Vx(f). This implies UY C Dx(f). Since Dx(f) C U%, we
have Uy = Dx(f).

(2) follows from (1). O

Example 3.4. We present an example such that Uy # UY. Let A =P% C X, = P2,
Pr=0:1:y/-1),P=(0:1:—/-1) € Xy, and ¢: X — Xg be the blowing up at Py
and P,. Then, A C X is also a complex envelope. Let (zg : #1 : x2) be the homogeneous
coordinate system of Xg. Consider U := Da(xg). Put Lo := Vx, (7o), E; := ¢~ (P;), and
let L be the strict transform of Ly by ¢. Note that p~!(Lg) = LU E; U E5. By the above
proposition, we have Uy = X — (LU E; U E3). On the other hand, UY = X — L.

Remark 3.5. Ox(U¥) and Ox (U%) depend on the complex envelope X. We shall
give an example.

(1) Let X :=P% D> A := P2 with the homogeneous coordinate system (zo : 21 : Z2),
and U = Da(xo) C A. For z € C—R, put f, := 23/(2? + 2zz3). Note that f, € R4(A4) and
U=Du(f.) Put L:=Vx(29) CX,P:=(0:1:y/=1)€X,and P, :=(0:1:—/-1) €
X. Let ¢:Y — X be the blowing up at P; and P». Put E; = ¢~ 1(P;)) CY,and L' CY be
the strict transform of L. Then UY = UQ =X — L and Uy = Uj» =Y — L'. For example,
xl/CE() € Ox(U;(n) but 1’1/3}0 ¢ Oy(U{f‘) Thus Ox(Ug?) = Ox(Ug}) 2 Oy(U{/n) e Oy(U@)

(2) Let X :=P2 D> A:=P2, 2€ C—-R, P :=(1:1:2),Ph:=(:1:7%),
Py:=(1:2:2), P,:=(1:2:%). and U := Da(x9) C A. Let ¢:Y — X be the blowing up
at P, P», P3, Py, and let L;; C Y be the strict transform of the line P; P; in X. Note that L;;
are (—1)-curves (1 <i < j <4). Let ¥,: Y — V, be the contraction of L3 and Los. Then
X, Y, V, are complex envelopes of A. Note that ¢;1(Dy,) = Dy (U#) — (L13 U Las), and
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U.ec_r @@z (Dy,)) = UU{Pi,..., Py}. This implies that we cannot find the ‘standard’

Definition 3.6. Let A be a semialgebraic quasi-variety, X be a complex envelope of
A, and Y be a R-scheme such that X =Y Xgpecr Spec C. When we discuss about Uff, we
assume that A and X are normal. Let F be a quasi-coherent O x-module.
(1) We say F is a real, if there exists Oy-mofule G such that F = G ®g C.
(2) Assume that F is a real quasi-coherent O x-module. For an affine open subset U C A,
let U and U% be the maximal and the proper extension of U to X. We define the
sheaf F|"} and F|', on A by

(FID)U) =FUR)R) = {f € FUX) | J(f) = [},
(FILO) =FURR) = {f € FUK) | J(f) = f},
here J(f) = f is the complex conjulate. Then, F|} is a Ox|F-module. Similarly, F|%
is a Ox [ -module.
(3) Let (Ux, |a) = (U¥, |'¥) or (U, ). Assume that F is a real quasi-coherent O x-
module. If (F|4) ®o |, Ox = F, then we say F is an A-sheaf with respect to |4.
(4) F is called an A-pure locally free sheaf with respect to |4, if F is a locally free Ox-
module of rank r, and if for any point P € A, there exists an affine open neighborhood
PeUCcCAande,..., e € FUx)R) such that F|ly, =Oxl|v, -e1PB---BOx|uy - €r.

Assumption 3.7. The maximal extension and the proper extension have some similar
properties. Thus we shall discuss them together. We use one of the following assumptions:
(1) Ais a semialgebraic quasi-variety, and X is a complex envelope of A. For a Zariski open
subset U C A, Ux := U¥ is the maximal extension of U to X. For a real quasi-coherent
Ox-module F, F|4 = F|'}.
(2) A is a normal semialgebraic variety and X is a normal complex envelope of A, For a
Zariski open subset U C A, Ux := U% is the proper extension of U to X. For a real
quasi-coherent O x-module F, F|4 := F|).

Remark 3.8. We use the same notation with Definition 3.6 and Assumption 3.7. Then:

(1) Ry is a Ox|}-algebra, and is a O x|%-algebra.

(2) HO(U, Fla) ®r C = H°(Ux, F) for (Ux, |a) = (UL, |}) and (U%, %), if F is a real
quasi-coherent O x-module.

(3) F|a may not be a locally free O x|4-module, even if F is a real locally free O x-module.

(4) Even if F|4 = Ox|4, it may happen that F ¥ Ox.

(5) Let F and G be real quasi-coherent Oy-modules. It may happen F(Ux) Qo (vy)
S(Ux) & (F®oy G)(Ux). Thus, Fla ®0e |, Gla may not agree with (F @0, G)|a.
Similarly, Homg |, (H’\A, Q\A) may not agree with (Homox (F, 9))|A.

(6) The stalk (Ox|a)p is not always a local ring for P € A.

Proposition 3.9. Under each of assumption (1) and (2) in Assumption 3.7, let (Ux,
la) = (U, |'}) or (US, |%). Assume that F is an A-pure locally free O x-modules of the
rank r, and G is a real quasi-coherent O x-module. Then,

(1) An A-pure locally free sheaf F is an A-sheaf.

(2) Fla ®ox(s Gla = (FRox G)la
(3) Homo |, (Fla, Gla) = Homo (F, G)|a.
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(4) IfF = OX and ?‘A = OX|A; then F = Ox.

(5) If 0 - L — M — N is an exact sequence of real quasi-coherent O x-modules. Then
0 — L]a — M|s — NJ|a is an exact sequence of Ox|s-modules, and 0 — L|4(U) —
M|4(U) — N|a(U) is an exact sequence of O x|4(U)-modules.

Proof. Let U be an affine open subset of A. Assume that Fly, = ®]_1O0x|vy - €.
(1) Take any affine open subset W C Ux. Then

Fla(U) @ox|a@w) Ox (W) = (@i, Ox(Ux) - &) ®o wx) Ox (W)
= @::1OX(W) e, = F(W)
Thus, (F|a) POx|a Ox=TF.
(2) Let I be the presheaf defined by
H(U) = Fla(U) @ox|aw) GlaU) = (F(Ux) ®oxwx) $(Ux))(R)

for each Zariski open subset U C A. Then, F|4 ®o |, G|a is the sheafication of H. For any
sufficiently small U C A,

F(Ux) ®oxwx) G(Ux) = (@j=; Ox(Ux) - ;) ®ox(wx) S(Ux)
~al GUx) e = (( ®i_, Ox - 61‘) R0 x 9)(UX) = (Fooy §)(Ux).

Thus, we have (2).
(3) Let H be the presheaf defined by

}C(U) = Homoxlux (?|UX7 SIUX)(R)

for each Zariski open subset U C A. Then Home, |, (F|a, G|a) is the sheafication of H.
Since F is A-pure locally free, for any sufficiently small U C A, F|ly, = Ox|u, 1D+ D
0X|UX c Ep. Then,

H(U) = ®j_ Homo |, (Oxlux - i, Gluy)(R)
= ©j_y Homo |, (Ox|uy, Slux - (1/e))(R)
= ®;_1Glux (R) - (1/e;)
= @j_1 Homo , vx) (Ox(Ux) - ei, §(Ux))(R)
= Homo, wy) (F(Ux), §(Ux))(R)
= Homeo . (F, G)|a(U)
Thus we have (3).
(4) Let h: Ox — F be an isomorphism. Put e = h(1) € F(X), here 1 € Ox(X). Then
F=0x e Fla=0Ox|a implies e and 1/e are regular on X. This implies e is a non-zero

constant function. Thus F = Ox.
(5) is clear. 0

Section 4. Cohomology.

To begin with, we confirm that R4-modules do not have higher cohomologies.

Proposition 4.1. Let A be a semialgebraic quasi-variety and F be a quasi-coherent
R 4-module. Then, H' (A, F) =0 for all i > 0.

Proof. There exists a faithful embedding 7: A — X into an affine real algebraic quasi-
variety X. There also exists a closed immersion ¢: X — R™ as real algebraic varieties for a
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certain m € N. Let Ry := Rx(X) and Ry := R4(A). We can present as Ry = SZIRX.
Since R4 is an Rx-module, F is an quasi-coherent R x-module. Thus, F is an quasi-coherent
Rrm-module. Thus we have

H'(A, F) = H'(R™, F) =0
(see [6] Chap.III, Theorem 3.5). O
If F is a sheaf of Abelian group on A, H* (A, F) # 0 may happen.

Proposition 4.2.(Grothendieck)  Let A be a semialgebraic quasi-variety, and F be
any sheaf of Abelian group on A. Then, H' (A, F) = 0 for all i > dim A.

Proof. See [6] Chap.III, Theorem 2.7. O

Next, we consider O x |"f-modules and O x |%)-modules. These have similar cohomological
properties. For example,

H'(A, Ox|!) @ C= H' (A, Ox|}) ®r C = H'(X, Ox).

Thus, throughout the left part of this section, we use the any of assumptions (1) or (2) in
Assumption 3.7. Let (Ux, |a) = (U, |'}) or (U%, |%)-

Theorem 4.3. Let F be a quasi-coherent O x| a-module and U C A be a Zariski open
subset. Then,

H'(Ux, F®oy, Ox) 2 H' (U, F)@r C for alli € Z.

Proof. (1) Temporary, put O := Ox|a. Since Ox(Ux) = O(U) ®r C, Ox(Ux) is a
free O(U)-module of rank 2. Thus Ox is a locally free O-module of rank 2. Its dual sheaf
H := Home(Ox, O) is also a locally free O-module of rank 2. This implies that 3 is an
invertible O x-module. Especially, H is a flat O x-module.

(2) Let R be a commutative ring, S be a R-commutative algebra, and E be an injective
R-module. If P is a R-module and a S-flat module, then Hompg (P, E) is an injective
S-module by injective producing lemma. Moreover, if M is a R-module and S is finite
representative R-module, then L ® g Homp (M, N) = Hompr(Homp(L, M), N). Thus, if J is
an injective O-module, then Ox ®o J =2 Ox ®o Home (0,J) = Home (I, J) is an injective
O x-module.

(3) Take an injective resolution 0 — F — 3% — J! — ... as O-modules. Let I% :=
J' ®e Ox. Since Ox is a flat O-module, 0 - FRo Ox — Jg{ — .‘]_1X — ... is exact. Since
9% is an injective O x-module, this is an injective resolution of F ®9 Ox. Since H°(Ux,
Fx) = HU, F) ®r C, we have the conclusion. 0

Corollary 4.4. Let U C A be a Zariski open subset, and F be a quasi-coherent
O x-module which is an A-sheaf with respect to |4. Then,

H'(Ux, F) 2 H'(U, F|la) @ C for all i € Z.
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Proposition 4.5. (Serre duality) Let A be a non-singular real algebraic variety with
dim A = n. Assume that there exists a complex envelope X of A such that X is projective.
Put Oy =Oxl|a andwa = Ox(Kx)|a. Let £ be an invertible O ,-module. Then

dimg H'(A, L) = dimg H" (A, ws ®e, L)
for all i € Z. Here L1 := Home , (£, O4),

Proof. This follows H*(A, £) @g C = HY (X, Lx) and H" (A4, ws ®9, L) @ C =
H (X, wx @0y L3 O

Remark 4.6. Cech cohomology may not work well for semialgebraic varieties, because
H*(U, %) may not be 0 for ¢ > 1 and for an affine open subset U C A. Note that U} may
include an imaginal complete subvariety of a higher genus.

Section 5. Semialgebraic curves.

As is well known, a complete real algebraic curve can be identified with a self-conjugate
complete complex algebraic curve. This is similar for semialgebraic curves.

Definition 5.1. (1) A semialgebraic variety A with dim A = 1 is called a semialgebraic
curve.

(2) If A is a non-singular semialgebraic curve, then a non-singular complex envelope X
of A is unique up to isomorphisms. Thus, we denote the complex envelope X by E¢(A).
The set of real points of Ec(A) is denoted by Er(A). We regard Er(A) to be a real algebraic
variety.

(3) If A is a non-singular semialgebraic curve, and X := E¢(A). We define a sheaf
04 by O4 := Ox|} = Ox|". The dualizing sheaf wa is defined by wy := Ox(Kx)|} =
Ox (Kx)[4-

Note that if A is a non-singular semialgebraic curve, then
g(A) = dimR HO<A, wA) = dimR Hl(A, OA)

Since Ec(A) is unique, many konwn results for algebraic curves over R are valid in our
theory. For example, see [7], [11] and its references.

Proposition 5.2. Let A be a non-singular semialgebraic curve, and X = E¢(A).

(1) Take points Pi,..., P, € Int(A), and let U := A — {Py,..., P.}. Then, U} = Uy =
X —{P.,..., P}

(2) Let L be an invertible O x-module which is real on A. Then, L|4 is an invertible
O 4-module.

Proof. (1) Since Ux :=U¥ = X — {P1,..., P,} is the maximal open Zariski subset of
X such that Ux N A = U, we have UY = Ux. Since there exists a f € Rat(A) whose zeros
are {P,..., P} and whose poles are in X — A. Thus, we have U§ = Ux.

(2) For any point P € A, there exists an affine open neighborhood P € U C A and
e € L(Ux)(R) such that L]y, = Ox|uy e =04 - e, where Ux := U% = U, Thus L], is
an invertible O 4-module. O
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Proposition 5.3. Let A be a non-singular semialgebraic curve, and X = E¢(A). Take
points P,..., P. € Int(A), and ky,..., k. € Z. Put D :=_ k; P, as a divisor on X. Then,
there exists the unique invertible O 4-module £ such that £L ®9, Ox = Ox (D).

We say D is a Weil divisor on A, and denote £ = O 4(D). We denote deg D := > k; €
Z.

Proof. £ := Ox(D)|a satisfies the above conditions. O

Proposition 5.4. Let A is a non-singular semialgebraic curve, and D, D’ be Weil
divisors on A. If O 4(D) =2 O4(D’), then deg D = deg D'.

When O4(D) =2 O4(D’), we denote D ~ D' and say that D and D’ are linearly
equivalent.

Proof. We regards D and D’ to be divisors on X = E¢(A). Note that all components
of D and D' are points in Int(A4), and D — D" = div(f) by a certain f € Rat’ (X). Thus,
the result is trivial. 0

Proposition 5.5. Let A be a non-singular semialgebraic curve. Then w4 is an invert-
ible O g-module.

Proof. Take X = Ec(A) and Kx. There exists a real divisor D on X such that
KxND. Then wA%’OA(D). O

Proposition 5.6. Let A be a non-singular semialgebraic curve.

(1) If g(A) = 0, then A is isomorphic to a certain semialgebraic subset of P. Moreover, if
A is connected, then A is isomorphic to one of [0, 1], (0, 1), (0, 1], R or PL.

(2) If g(A) = 1, then Ec(A) is isomorphic to a certain non-singular cubic curve in P%4, and
A is isomorphic to a certain semialgebraic subset of a real cubic curve Eg(A) C P%.

Proof. Trivial. (]

Definition 5.7.(Normalization) Let A be a semialgebraic curve and X be a complex
closure of A. Let II: Y — X be the normalization of X. For any self-conjugate affine open
subset U C X, Oy(II71(U)) is the integral closure of Ox(U) in Rat(X). The complex
conjugate map J: Ox (U) — Ox (U) can be extended to J: Oy (II71(U)) — Oy (II71(V)).
Thus, Y is also self-conjugate. Let II(R):Y(R) — X(R) be the restriction of II. For
y € Y(R), Ry ),y ®r C = Oy,. Thus Y(R) is also normal. Let B := (II(R))"!(A) as
semialgebraic variety, and m: B — A be the restriction of II(R). For y € B, Rp , = Ry ),y
is a normal ring. We say m: B — A is the normalization of A. Since Y is non-singular
complex algebraic curve, B is non-singular semialgebraic curve and Y = E¢(B).

Section 6. Semialgebraic surfaces.

Definition 6.1. (1) Let A be a non-singular semialgebraic surface, and C' be a closed
semialgebraic curve C' C A. If there exists a non-singular semialgebraic surface B, and a
surjective regular map 7: A — B such that 7(C) is a point and that m: (A—C) — (B—n(C))
is an isomorphism, then m: A — B is called a smooth contraction of C.
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(2) Let A be a non-singular semialgebraic surface. A is called minimal, if there does
not exist any closed semialgebraic curve C C A which has a smooth contraction 7: A — B

of C.

(3) Let A be a non-singular semialgebraic surface, and X be a non-singular complex
envelope of A. X is called a minimal complex envelope of A, if for any non-singular complex
envelope Y of A there exists a regular birational map ¢: Y — X such that ¢|4 = id4, then
 is an isomorphism.

Proposition 6.2. Let A be a non-singular semialgebraic surface, and X be a non-
singular complex envelope of A. Take a closed semialgebraic curve C C A with Zar(C) = C,
and let Cx = Zarx(C). If Cx = PL and (C%)x is a positive odd integer, then C has a
smooth contraction m: A — B.

Proof. Put (C%)x = 2n — 1 (n € N). Take imaginal points Pi,..., P, € Cx such that
Pi,..., P,, Pi,..., P, are distinct points, here P, is the complex conjugate point of P. Let
m:Y — X be the blowing up at Pi,..., P,, Pi,..., P,. Y is also a non-singular complex
envelope of A. Put Cy := Zary (C). Then (C%)y = —1. Since Cy is a (—1)-curve, Cy has
a smooth contraction. 0

Corollary 6.3. If A is a non-singular semialgebraic surface with k(A) = —oo, then A
is not minimal.

This result does not conflict with [8], [9], [10] and so on, because definitions of real
algebraic surface are completely different. Note that any rational semialgebraic surface
contains a curve which is isomorphic to P}. In fact, A contains a domain which is isomorphic
to a disc, and a disc contains circles.

Lemma 6.4. Let A be a non-singular semialgebraic surface, and X be a non-singular
complex envelope of A. Assume that £ C X be a (—1)-curve. Let E be the complex
conjugate of E. Moreover, we assume that (E - E)x > 1. Then, k(X) = —oc.

Proof. Let m: X — Y be the contraction of E, m := (E - E)x, Cx = E, and Cy :=
7T(Cx) cY.

(1) We consider the case m = 1. Then Cy is a smooth rational curve with (C%)y = 0.
Then, Y is a ruled surface. Thus x(X) = k(Y) = —oo. (See [3] Cap. V, Prop. 4.3.)

(2) We consider the case m > 2. Then Cy is a singular rational curve with (C%)y =
m—1 Z 1. Note that (Cy . Ky)y = (CX . W*Ky)X = (CX . (KX — E))X = —1—m. Take
non-singular points Pi,..., Pp,_1 € L. Let ¢: Z — Y be the blowing up at Pi,..., Ppn_1,
and let Cz C Z be the proper transform of Cy. Then (C%)z = 0. Put E; = ¢~ !(P;). Then

m—1

(Cz-Kz)z =(Cz-1m"Ky)z + Z (Cz-Ei)z
—(Cy Ky)y +(m—1) = (—1—m) + (m—1) = 2.

(2-1) Consider the case H*(Z, Oz) = 0. Then, since 0 — H(Oz) — H°(Oz(Cy))
— H%(O¢,(Cz)) — 0 is exact, we have h°(Qz(Cz)) = 2. The divisor Cz define a regular
map ®: Z — PL.
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Since Z is non-singular, general fibres of ® are smooth curves. Let F := ®71(Q) be a
smooth fibre. If F = P!, then Z is rational surface and x(X) = x(Z) = —oo. Assume that
g(F) Z 1. Since F ~ C’Z7 we have —2 = (CZ : Kz)z = (F Kz)z = (F (KZ +F))Z =
deg Kr > 0. A contradiction.

(2-2) Consider the case q := h'(Z, Oz) > 1. Let S be the Albanese variety of Z and

a:Z — S be the Albanese map. Take the Stein factorization a: Z AN N S. Note that
q(T) = q(S) = ¢. Since any complex torus does not include a rational curve, and since
g:T — S is a finite map, we have f(Cy) is a point. If T is a surface, then (C%)z < 0. Thus,
dim T = 1. Since general fibres of f: Z — T are smooth curves, Cy is included in a singular
fibre f~1(P). Put F := f*P as a divisor. Since (Cz - F)z =0 and (C%)z = 0, F must be
irreducible. Thus F' = rCy for a certain r € N. Take a general fibre Fy := f~1(Q). Then

—QTZT(Cz-Kz)Z = (FKz)Z = (Fl 'KZ)Z :dengl Z —2.

Thus, 7 = 1 and Fy & PL. Since f: Z — T is a ruled surface, we have x(X) = k(Z) = —oc0.

O

Proposition 6.5. Let A be a non-singular semialgebraic surface with k(A) > 0, and
X be a non-singular complex envelope of A. Then, there exists a non-singular self-conjugate
surface Y and a real birational morphism ¢: X — Y such that Y is a minimal surface. In
this case, B := ¢(A) is minimal semialgebraic surface.

Proof. Assume that C' C X be a (—1)-curve, and C be the complex conjugate of C.
Then (1) CNC =0, or (2) C = C, by Lemma 6.4.

(1) Assume that C N C = (). Then, there exists the smooth contraction m: X — X; of
C and C. X, is also a non-singular envelope of A. Note that 7 is real morphism.

(2) Assume that C = C. Let m: X — X; be the smooth contraction of C. Note that 7
is real morphism, and B := m(A) is a non-singular semialgebraic surface such that X; is a
complex envelope of B.

We can obtain a minimal model of X by a composite of contractions of types (1) and

(2). 0

Proposition 6.6. Let A be a non-singular semialgebraic surface with k(A) > 0. Then
there exists a minimal complex envelope X of A. Moreover X is unique up to isomorphism.

Proof. Let Xy be a non-singular complex envelope of A. Assume that Xy includes a
(=1)-curve C such that dim(C' N A) < 0. If C = C, then let my: Xo — X1 be the smooth
contraction of C. If C' # C, then let my: Xo — X; be the smooth contraction of C' and C.
Inductively, we repeat this process. After some contractions, we obtain a minimal complex
envelope X of A.

We shall show that X is unique. Let ¢: X — Y be the minimal model of X. It is
well known that Y is unique. ¢ can be decomposed as a composite of contractions of a
(—=1)-curve: X = X , X LN X5 LN X, =Y. Consider f;: Xg — X which is
the contraction of Cy. Note that dim(Cp N A) = 1. Let C; C X3 be a (—1)-curve, and let
C1 be the strict transform of C; to Xo. If C1 N A = 0, then Cf is a (—1)-curve such that
dim(C7 N A) < 0. This is impossible for X is a minimal complex envelope X of A. Thus
CiNA#(. Then C} = C| by Lemma 6.4.
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So, every f;: X;_1 — X, is the contraction of a (—1)-curve C;_1 C X;_1 such that
Ci_1 =C;_1 and dim(C’,-_l N A) =1.
This implies that X is unique. (]

Definition 6.7. Let A be a non-singular semialgebraic surface with x(A) > 0, and let
X be the minimal complex envelope of A. We define O4 := Ox|% and wa := Ox(Kx)[%.
w4 is called the dualizing sheaf of A.

Remark 6.8. Let A be a non-singular semialgebraic surface with x(A) > 0, and let X
be the minimal complex envelope of A.
(1) Tt is easy to see that wa ®e, Ra = 0%, here Q% is defined in Definition 1.11.
(2) Let F be a quasi-coherent O 4-module, and let F¢ := F®¢, Ox. Then

H'(U, F) @r C = H'(UY, Fc)

for i € Z and any Zariski open subset U C A.

(3) X is real K3 surface in the sense of [8], if and only if V' := X(R) is minimal with
k(V) =0, wy 20Oy and ¢(V) = 0. Thus, the traditional definition of real K3 surfaces
and real Enriques surfaces (see [5]) are valid for real algebraic surfaces (V, Ry ) in our
sense, under the assumption dim X (R) = 2.

Remember that even if £ is a real invertible O x-module, O 4-module £|4 may not be
invertible.

Proposition 6.9. Let A be a non-singular semialgebraic surface with x(A) = 2. Then
w4 Is an invertible O 4-module.

Proof. Let X be the minimal complex envelope of A, and ¢: X — Y be the minimal
model as the above proposition. Put B = ¢(A).

We shall show that wg = Op(Ky)|p is an invertible @ g-module. Put P, := dim¢ H®(
Y, Oy (mKy)). There exists m € N such that P,, > 2, P,41 > 2, Bs|mKy| = 0, and
Bs|(m + 1)Ky| = 0. Put £,, :== Oy (mKy)|g, We may assume mKy > 0. Let N := hO(Y,
L,)—1>1,and ®:Y — P¥ be a regular map defined by |[mKy|. There exists a linear
function f; on PY such that mKy = @*Vpév(fl). For any Zariski open subset ) # U C B.
Lmlor = Oylyz - @*(f1). Thus, Ly, is an invertible O g-module.

Similarly, £,,41 is an invertible O g-module. Then wp = Home , (L, Lmy1) is also
an invertible O g-module.

Take an arbitral point P € A. There exists an affine open set ¢(P) € U C B such
that wp|y = Oply - e for a certain e € Rat(B). Take P € W C ¢ }(U). Then walw =
Oalu - ¢*(e). Thus wy is an invertible O 4-module. 0

Definition 6.10.(Intersection number) Let A be a non-singular semialgebraic surface
with k(A) > 0, X be the minimal complex envelope of A, and Y be any non-singular complex
envelope of A,

(1) Take closed semialgebraic curves C1, Co C A. Put (Cp - Co)y := (Zary(Cl) .
Zary(Cg))Y. Then (Cy - C3)y < (Cy - C3)x. Thus, we define the intersection number of Cy
and 02 on A by (Cl . CQ)A = (Cl . CQ)X.
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(2) When all C}, are closed semialgebraic curves on A, D = Z mCy (my, € Z) is called
k=1
a Weil divisor on A. Using Dx = ka Zarx (C}), some theories can be constructed for

k=1
Weil divisors on A.

On the other hand, we cannot define the intersection number on rational semialgebraic
surfaces. As is mentioned in [8], on a non-singular complete rational real algebraic surface
A, (Cy-C5) 4 has a sense only in Z/27Z. If A is non-complete, this parity is not an invariant.

Example 6.11.

(1) Let A =P2 and L C A be a line. Then, for any n € Z, there exists a non-singular
complex envelope X of A such that (Zarx (L)Z)X =2n+1.

(2) Let A C P% be a non-complete semialgebraic surface, and L C A be a non-complete
line. Then, for any n € Z, there exists a non-singular complex envelope X of A such
that (ZarX(L)Q)X =n.

Proof. Consider blowing ups and smooth contractions. O

If dim(C7 N Cy) < 1, we can define the local intersection numver Ip(Cy, Co) at P €
C1 N Cy. But, as the above example, we cannot define the self intersection number (C?) 4.

Section 7. Aspects of theory of semialgebraic varieties.

We intoduced a basic concept of semialgebraic quasi-varieties, and studied their ba-
sic properties. In view of theory of algebraic inequalities, the following concepts are also
important:

(1) The critical decomposition of semialgebraic variety.
(2) Signed linear systems.

About these topics, please see [1] and [2]. The following proposition is also one of basic
theorems about semialgebraic varieties.

Proposition 7.1. Let V', W be complete real algebraic varieties and ¢:V — W be a
regular map. Let A C V be a closed semialgebraic variety with Zary (A) = V. Then,

d(p(A)) C ¢(Sing(p) U Sing(A) UDA).

This is proved in § 2 of [2].

Someone may say they “There are not enough applications of semialgebraic varieties.
So, I think it is uncertain, unreliable object.” But please consider the fact that since V/G
is not always real algebraic variety, moduli or many other important notions in theory of
complex algebraic varieties cannot be introduced to real algebraic varieties.
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