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Introduction

At the turn of the 19th to 20th century David Hilbert presented a list of 23 problems
that he considered to be the most important problems left from the old century to
be solved in the new one. The 17th problem, in simple form, is as follows:

Suppose f € R[X},...,X,] is a real polynomial and f(x) > O for all x € R".
Does there exist a representation of f in the form

f=.r

for finitely many r; from the field R(X1, ..., X, of rational functions in X{, ..., X,?

In 1926, E.Artin presentNed a solution to the problem. Artin proved a theorem
answering the question in positive for all real closed fields. This solution gave rise
to develop methods focusing on “reality” and “positivity”. In a way we can say
that Artin’s solution is the beginning of real algebra.

The German term “nullstellensatz” means “theorem of zeros”. Both Real Null-
stellensatz and Hilbert’s Nullstellensatz relate algebraic sets (simply the zeros of
sets of polynomials) to ideals. We may consider Real Nullstellensatz as the ana-
logue of Hilbert’s Nullstellensatz for real closed fields.

Krivine, in 1964, proved the Real Nullstellensatz but Krivine’s paper remained
unknown until 1970’s. All his results got rediscovered later in 1969 by Dubois and
Risler. They reproved the Real Nullstellensatz for A = R[X](polynomial ring over
a real closed field). Later using different methods Stengle[1974] and Prestel[1975]
also proved Real Nullstellensatz.

The main part of this work is to present a model theoretic proof of the Real
Nullstellensatz as an analogue of the model theoretic proof of Hilbert Nullstellen-
satz.

First chapter contains the theory of real closed fields. First we give definitions

of ordered and real fields. Defining a real field to be a field in which —1 cannot



be expressed as a sum of squares, we obtain the result that a real field has at least
one ordering. We also give an alternative definition of real fields as follows. A
field is real if and only if }}7 al.2 = 0 implies a; = O withaq; e Rfori = 1,...,n.
After that, we define real closed field as a real field, maximal with respect to the
property of reality in an algebraic closure and show that real closed fields have a
unique order. Finally we arrive at the following result; every real field embeds into
areal closed field, i.e. has a real closure, moreover this real closure is unique up to
isomorphism. To prove this result, we use Sturm’s Theorem that counts the roots
of a polynomial over a real field and the important result that real closed fields
have intermediate value property. All the theory developed in chapter 1 is due to
Artin-Schreier. We followed [SL] and [PG] for Chapter 1. The results we achieve
in Chapter 1 are used in Chapter 3 for proving some properties of real ideals and
in the proof of Real Nullstellensatz.

In Chapter 2, we give model theoretic facts which are necessary to give a model
theoretic proof of nullstellensatz. As the model theoretic part of the proof of null-
stellensatz uses the fact that ACF and RCOF are model complete, after giving basic
facts and some theorems about quantifier elimination. We showed, in Chapter 2,
that ACF and RCF admit quantifier elimination and from that we conclude that
ACF and RCF are model complete.

Last chapter finally consists of a model theoretic proof of Hilbert’s Nullstellen-
satz and Real Nullstellensatz using the same methods as to emphasize the analogy.
In the beginning, we give some definitions from algebraic geometry; affine vari-
ety and ideal of a variety in order to understand the statements of both Hilbert’s
and Real Nullstellensatz. Before giving the proof of Hilbert’s Nullstellensatz We
visited some algebraic facts from field theory. Also before the proof of Real Null-
stellensatz we define the notion of real ideal and study some of its properties. Since
the real closure of a real field and algebraic closure of a field has analogous prop-
erties, we use the same method for both of the proofs. Real ideals for a real field
took the place of radical ideals.

The historical comments in the preface are mostly due to Prestel and Delzell
[PD].



Chapter 1

Real Fields

Ordered Fields

Definition 1. A field F is called ordered field if it has a order relation < such that
(1) x<yimpliesx+z<y+zforzeF,

(i) If z > 0and x < ythen xz < yz

Proposition 1.1. In any ordered field, if x <y and 7 < w then;
(a) x+z<z+w
(b) xz<wyif0<x,z
Proof. (a) Wehavex+z<y+zandy+z<y+wby (i). Hence, x+z<y+w.

(b) Since 0 < x,z0 < x < yand 0 < z < w. By (ii), we have xz < yz and

zy < wy. Hence, xz < wy.

Definition 2. Let F be a field. A subset P of F with thr following properties is

called an ordering F.
(i) P is closed under addition and multiplication,

(il)) F = PU—-P U {0} is a disjoint union, where —P = {—x : x € P}



Proposition 1.2. A field is ordered if and only if it has an ordering.

Proof. (<) Let F be a field and let P an ordering of F. Define the relation, x < y
ify—xePandx<ytomean x <yorx =y.

Clearly, < is an order relation; reflexivity is clear from the definition. If x <y
and y < xthismeans x < yandy < xor x = y.

x<ymeansy—x € P.

y<xmeans x —y € Phencey —x € —P.

Since P and —P are disjoint sets, x < y and y < x implies x = y.

Now, assume x < y and y < x. Trivially, we may say x < z, if we have any

of the equalities x = yory = z. So, assume x < yory < z. x < y means

y—x € Pandy < zmeans z —y € P. Using the fact that P is closed under addition
y—Xx+z—-y=z- xisan element of P. Hence x < z.

We also need to check (i) and (i) in the definition of ordered fields, as to check
that the ordering is compatible with the field operations. Again the equalities can

be ignored.
(i) x<ymeansy—xe€ P,soy+z—(z+x) € Pwhichmeans x +y <y + z.

@i1) If z > 0Othenz—0 =z € P. Given x < y, thatis y — x € P, the fact that P
is closed under multiplication implies that z(y — x) = zy — zx is in P. Hence

X < 2y.

(=) Let F be an ordered field. Consider the set P = {x € F : x > 0}. Clearly,
P is closed under addition and multiplication and F is disjoint union of P and
—P={x€ F:x<0}and {0}. m|

Note that, Proposition 1.2 is reformulation of the definition of ordered fields.
The ordering P of an ordered field F, is called the set of positive elements of F and
the set —P is called the set of negative elements. We also use the expression “F is
ordered by P “for an ordered field F and it’s ordering P.

Now, we will continue with some properties of ordered fields.

Proposition 1.3. An ordered field has characteristic 0.

Proof. Let F be an ordered by P.
If1 € —Pthen—-1¢€ P. So,—1-—-1 =1 € Psince P is closed under multiplica-

tion. This gives a contradiction since P and —P are disjoint.



Also, 1 # 0, hence 1 € P. P is closed under addition so, 1 +... + 1 € P. Since
O¢Pand1+1+...+1=%0, F has characteristic zero. m]

Proposition 1.4. Let F be an ordered field x> > 0 for all x € F.

Proof. Let F be a field ordered by P. Let x be any element of F. x is an element of
one of the sets P, —P or {0}. The proof is trivial if x = 0 or x € P. Assuming x € —P

we have —x € P, but P is closed under multiplication so, (—x)(—x) = x> € P. ]

Corollary 1.5. A sum of squares is positive or O in ordered fields.

Proof. Immediate consequence of Proposition 1.4 and the fact that P is closed

under addition. m]

Proposition 1.6. Let F be field ordered by P. P is closed under taking inverses.

Proof. Let P be the ordering of F. Assume x € P but x™' ¢ P. Then x~! €

—P, so —x~! € P. Since P is closed under multiplication x - —x1l=-1€epP a
contradiction. O
Proposition 1.7. Let F be ordered by P, x1,...,x, € F. Ifx% + x% +...+x2=0

then x; =0 foralli=1,2,...,n

Proof. Since x* > 0 forallx,0 < x> < xj+...+x; =0foralli=1,...,n. So,

xl.2:0andhencex,~:0foralli:1,...,n. m]

Proposition 1.8. A field F' can be ordered if —1 cannot be expressed as a sum of

squares of the elements of F.

Proof. Let P be a set of nonzero finite sums of squares of the elements of F. It is

clear from the definition of P that P is closed under addition.
As (Z a?J . [Z b? = (a;b j)z, P is closed under multiplication. Since for
i F i

a # 0 we have a™! = a - (a™")?, P is closed under taking inverses. So by Zorn’s



Lemma there is a maximal subset M of F that contains P such that it is maximal
with respect to closedness under addition, multiplication and taking inverses.

It follows that M N —M = 0; otherwise for some a,b € M we would have
a=-bandso-1=a-b"' e M.

Assume thata # 0,a ¢ —M. If x,y € M then x + ay # 0. If x,y € M U {0} then
X +ay =0implies x =y = 0.

Definetheset T = {x+ay : x,y € M U {0}} \ {0}

So we have, P C M C T. One can easily check that M is closed under multi-
olication and taking inverses. Hence M = T by maximality of M. Thus a € M.

Hence F is disjoint union of M, —M, {0}. |

Real Closed Fields

In this part we will give definitions of real and real closed fields. We will prove
that every ordered field has a real closure and the ordering of a real closed field is

unique.

Definition 3. A field F is said to be a real field if —1 is not a sum of squares in F.

Using Corollary 1.5 and Proposition 1.8 we can give the definition of a real
field as “A field is real if and only if it is orderable ”. Important examples of real
fields are R and Q which have unique ordering but we have to be careful because in
general, a real field has more than one ordering. For example, the field of rational
functions, Q(X) has 280 orderings [DM1 pg.93].

The following proposition allows us to give an alternative definition for Real
fields.

n

Proposition 1.9. R is a real field if and only lfz alg = 0 implies a; = 0 for a; €
i=1

Ri=1,... n

Proof. (=) Follows from Proposition 1.8 and Proposition 1.7.
n

n

(=)Let—1 = Z(a,-)z,a,- €Ri=1,...,nthen0=-1+1= Z(ai)2 + 1% and by
i=1 i=1

assumption we have 0 = 1, a contradiction. m|



Proposition 1.10. Let F be a real field, o ¢ F and K = F(«) be a simple extension

of F. If & is a sum of squares in F then K is real.

Proof. Assume that K is not real, then we may write
n
—1= ) (i +ab)’
i=1

where a; and b; are in F.

-1+ 0a = Zn:a% + i&wibi + Zn:azbiz
i=1 i=1

i=1
hence
n n
=)@+ Y a2
i=1 i=1
and this contradicts with the definition of real field.
Hence K = F(«) is a real field. ]

Corollary 1.11. If K is real, a € K then K(~a) or K(V-a) is real.

Proof. Follows from Proposition 1.10 because for any ordering P of K eithera € P

or —a € P. O

Proposition 1.12. Let F be a real field. Let f be an irreducible polynomial of odd
degree nin F[X]. If a is a root of f then F(a) is real.

Proof. We proceed by induction on n. If n = 1, this is clear. Let f(X) be an
irreducable polynomial of F[X] with degree n>1 and has a root @. AssumeF' () is
not a real field, then —1 is expressed as a sum of squares in F(a). Elements of F (@)
can be expressed as g(a) where g € F[X] and degree of g is less then degree of f.
Now, we may write;
m
-1 = Z(gi(a))2 for some g; € F[X] fori = 1,2,...,m. Then there exists a

i=1

polynomial h in F[X] such that

—1= > (@) + h(0)f(x) (*)
i=1



n

the degree of » (gi(x))? is even and it is not equal to zero. Because in that case
g 8 q
=

1
gi(a) will be in F and —1 will be expressed as a sum of squares of elements of F

which is impossible since F is real.
n
As mentioned, deg(g;) <n—1foralli=1,2,...,m, then deg(Z(gi(x))z) <

i=1
2n—2. Now we can conclude that 4(x) has odd degree and deg(h(x)) < 2n—-2-n =
n-—2. .
Let 8 be aroot of 4. Then (%) implies —1 = Z(gi(ﬁ))z. Since, deg(h) < deg(g)

i=1
by induction hypothesis F(B) is real, a contradiction. O

Definition 4. A field R is real closed if it is real and any proper algebraic extension

of R is not real

We can give the field of real numbers as an example since it is real and the only
proper algebraic extension of R is C; the field of complex numbers is not a real
field.

Proposition 1.13. Let R be a real closed field ordered by P. Any element of P is a

square in R.

Proof. Let a be an element of P which is not a square. Then the polynomial x*> — a
is irreducible in R[X]. Let & ¢ R be a root of this polynomial, so o> = a. The
algebraic extension R(a) of R is real by Proposition 1.10. R(a) # R since a ¢ R.
Hence, we get a contradiction; R is real closed so any algebraic extension of R

which is real must be equal to R. m|

Corollary 1.14. If R is a real closed field then for any a € R, either a or —a is a

square.

Proof. Immediate consequence of Proposition 1.13 and the fact that for any order-

ing Pof R, aor —aisin P. O

Corollary 1.15. A real closed field has a unique ordering.



Proof. Any real closed field is real, so orderable. By Corollary 1.13, any order-
ing of a real closed field is the set of all nonzero squares and hence is uniquely

determined. O

Proposition 1.16. Let R be a real closed field. Every polynomial of odd degree in
R[X] has a root in R.

Proof. Let f(x) € R[X] be an irreducible polynomial and has an odd degree. Let a
be aroot of f. R(a) is real by Proposition 1.12, but since R is real closed R(a) = R,
hence @ € R. O

Theorem 1.17. Let K be a field and f(x) € K[x] an irreducible polynomial if K
has characteristic 0, then f is separable. ([PG], 7.2.5)

Proof. Let @ € K be a root of f. Then « is algebraic over K and irreducible
polynomial of @ over K is f. If @ is a multiple root of f then f’(a) = 0, f divides
f" and f’ = O since deg f’< deg f. This cannot happen if K has characteristic 0. O

Theorem 1.18. [PG, 7.2.10] (Primitive Element) Every finite seperable extension

is simple.

Theorem 1.19. If R is real closed field, then R = R(V-1).

Proof. V-1 is the root of the polynomial x> + 1. V=1 ¢ R otherwise —1 is ex-
pressed as a square. R(V—1) is an algebraic extension of R. Since R is real closed
R( V=1) is not real.

Let @ = ¢ + d V=1 be an element of R( \/—_1), so c¢,d € R. We have

(a+bV-12=c+dV-1

242 —c+ V2442 .
where a® = % and b* = ”T‘*d. Clearly, a,b € R. So every element in

R(V-1) has a square root in R( V—1). R has characteristic zero so by Theorem 1.17
every finite extension of R( V—1) is contained in an extension K which is finite and

Galois over R. Let G be the Galois group over R and H be a 2-Sylow subgroup of

10



G. Let F be its fixed field. Counting degrees and orders we find that the degree of
F over R is odd. By Theorem 1.18 there exists an element in F' such that F' = R(a).
Then a is the root of an irreducible polynomial in R[X] of odd degree. So the
degree is 1 by Proposition 1.16. Hence G = H is a 2-group. So K is Galois over
R(V-1). Let G| be its Galois group. Since G| is a 2-group, if G| is not the trivial
group, then G| has a subgroup G, of index 2. Let F’ be the fixed field of G,. Then
F’ is of degree 2 because every element has a square root. Thus G is the trivial
group and K = R(V-1). [SL] O

Corollary 1.20. A field R is real closed if and only if R(V-1) is algebraically
closed and V-1 ¢ R.

Proof. (=) Proved as Theorem 1.19.

(&) Let P be the set of nonzero squares of R. Let a® and b? be squares in R.
a+bV-1=c+dV-1 for some c,d € R because R( V-1) is algebraically closed.

We have a + b V=1 = ¢ — d? + 2¢d V—1. Using linear independency of 1 and
V=1 we get a®> = ¢ — d* and b = 2¢d. Then a® + b* = ¢* - 2¢2d* + d* + 42d? =
(c? + d*)?. So sum of squares is also a square in R. Hence P is closed under
addition. It is clear that it is also closed under multiplication. Leta € R\ P be a
nonzero element then the root of x> —a is algebraic over R. Let a be the root of that
polynomial, since R(V-1) is the algebraic closure of R, & = ¢ + d V-1 for some
c,d € R. % = ¢ — d* + 2cd V-1. Again using linear independency of 1 and V-1.
We have, a = @® = —d?. So —a is a square in R and is an element of P. So disjoint
union of P, —P and {0} gives R. Hence R is ordered by P.

Any orderable field is real, hence R is real. Clearly, R may have no other
algebraic extension then R(V—-1) since it is algebraically closed. In the proof of
Theorem 1.19 we proved that R( V-1 ) is not real. Hence R is real closed. O

Corollary 1.21. Let R be a real field. R is real closed if and only if
1. Every polynomial of odd degree in R[X] has a root in R.
2. For any nonzero a € R either a or —a is a square in R.

Proof. (=) Proved as Proposition 1.13 and 1.16.

(&) Proved in the proof of 1.20 m|

11



By areal closure of ordered field F, we mean an algebraic extension of F which

is real closed.

Theorem 1.22. Every ordered field F has a real closure that has an ordering in-

cluding the given ordering of F.

Proof. An ordered field F is not algebraically closed because by Proposition 1.4
the polynomial x? + 1 is irreducible over F. Consider the ordered set . = {Fy =
F,Fy, F;,...} such that F;;; is a real extension of F; for any natural number i.
This set is nonempty since F is real. It is ordered by inclusion and union of any
chain from .¥ is again an element of .’ Thus, .¥ is an inductive set and by Zorn’s
Lemma it has a maximal element, say R. R is a real field contained in F. R has no
algebraic extension which is real since it is maximal. Hence R is real closed.

Let a be a positive element of F. By Prob 1.13 a is a square in R. Hence a is

positive in R. Hence the ordering of F is induced by the unique ordering of R. O

Now, we are going to prove that, the real closure of an ordered field is unique
up to isomorphism. We will use Sturm’s Theorem that provides an algorithm for
counting the number of roots of a polynomial on a given interval.

First, we have a theorem which will be useful in proving Sturm’s Theorem.
The following theorem says that real closed fields satisfy the intermediate value

theorem.

Theorem 1.23. Let R be a real closed field and f(x) € R[X]. Let a,b € R be such
that f(a) < 0 and f(b) > 0, then there exists ¢ € R between a and b such that
fle)=0

Proof. R(V-1) is algebraically closed by Theorem 1.19. So f has irreducible
factors of degree 1 or 2.

Any even factor can be expressed as a sum of squares; let x> + cx + d be
irreducible ¢,d € R; X +cx+d = (x = $)* + (d - §). Since, x* + cx +d is
irreducible we have 4d > 2.

So even factors, are always positive when they are evaluated at any element of
R. This means that f changes sign if a factor with degree one changes sign. Let
¢ be the root of this factor thena —c < Oand b —c > 0,s0a < cand b > c.
Clearly, c is an element of R. As a result there exists ¢ € R between a and b such
that f(c) = 0. ]

12



Lemma 1.24. Let K be a subfield of an ordered field F. Let a € F be algebraic
over K. Let f(x) = X" + a1 X"~' + - -+ + ag be a polynomial in K[X] such that « is
a root of f(x). Then |a| < 1+ |a—1| + -+ + |ax]

Proof. There is nothing to prove if || < 1. So assume |a| > 1.
fl@=a"+a,_1a" ' +...+ay=0,s0
| = a1 + ...+ agl = @] < lanp_1lla™ ! + ... +laol =

la"~1| > 1 since || > 1. So we get;

"] < lan-1lla" ™+ ... + laol
|a,n—1| - |a,n—1|

thus,
la| < |ap—1| + |lan—z| + ...+ |agl. m]

Definition 5. Let R be areal closed field, f(x) € R[X] which does not have multiple
roots in R, [u,v] C R. A sequence of polynomials fi(x) € R[X],i = 0,1,...,m

satisfying the following properties is called a Sturm sequence of f over [u,v].
STL. fo=fifi=f

ST2. f,, is nonzero constant

ST3. There is no point x € [u, v] such that f;(x) = f;+1(x) = Oforany 0 < j < m—1

ST4. If x € [u,v] and fj(x) = O for some j=1,...,m — 1 then f;_1(x) and fj;1(x)
have opposite signs.

STS. fj(u) # 0and f;(v) # 0for j=0,1,...,m

In an ordered field, the number of sign changes of a sequence xo, x1, ..., xx of
nonzero elements is the number of indices 0 < i such that x;x;_; < 0. Let fy, ..., fin
be a Sturm sequence of f over [u, v]. Let x € [u, v] such that x is not a root of any
polynomial f; fori =0, 1,...,m. Vg(x) denotes the number of sign changes in the
sequence f,(x), ..., fm(X).

Theorem 1.25. (Sturm’s Theorem) Let R be a real closed field and S be a Sturm
sequence of f(x) € R[X] over [u,v]. The number of roots of f in [u,v] is equal to
Vs() — Vs (v).

13



Proof. LetS = {fo, fi,-.-., fr} be the Sturm sequence of f over [u, v].

Letu <r; <...<r, <vwherery,...,r, are all roots of the polynomials in
the Strum sequence. Let a,b € Rsuchthatu <a <b <.

First, we will show that if there are no roots between a and b, then Vg (a) = Vg (b).
Assume not. Without loss of generality we may assume that Vs(a) < Vs(b).
Then there exist f;, fiy1 € S such that fi(b), fi+1(b) have different signs where
fi(a), fi+1(a) does not. Then fi(a), fi(b) or fiy1(a), fir1(b) have different signs.
Hence by Theorem 1.23 f; or fi;1 has a root between a and b.

Secondly, we will show that Vg(a) = Vs (b) if there is one root of any poly-
nomial fi,..., fi between a and b. So we will conclude that roots of fi,..., fi
does not effect Vs(a) and Vs(b). Let rj be a root of f; for i = 1,...,k. By
ST4, fi-1(r;) and fi;1(r;j) has different signs. Since there is only one root be-
tween a and b, by Theorem 1.23 fi,1(a), fi+1(r)), fi+1(b) have the same sign and
fi-1(@), fi-1(r)), fi-1(b) have the same sign. Then f;_i(a) and f;;1(a) have different
signs and f;_;(b) and f;;1(b) have different signs. As a result, the number of sign
changes in the sequences f;_1(a), fi(a), fi+1(a) and fi_1(D), f;(b), fi+1(b) are equal to
2. Hence Vg (a) = Vg (b).

Finally, we will show that if there is one root of the polynomial f between a
and b, then Vg(a) = Vs(b) + 1. Leta < rj < b with f(r;) = 0 and there is no other
root in (a, b). Since r; is a root of f, f(x) = (x — rj)g(x) for some g(x) € R[X], r;
is not a root of g(x) because f does not have multiple roots. Any root of g(x) is a
root of f(x) so g(x) has no other root in (a, b). By Theorem 1.23 g(a), g(r;), g(b)
have the same sign. The polynomial f’(x) = g(x) + (x — r;)g’(x) does not have a
root in (a, b) since g(x) does not have a root. Also, r; is a root of f’. Similarly,
f'(@), f'(r)), f'(b) have the same sign.

Now, a < rj < bimplies a~r; < 0 and b—r; > 0. Evaluating f(x) = (x—r;)g(x)
at a and b we get f(a) and g(a) have different signs and f(b) and g(b) have same
sign.As we know that g(a) and g(b) have the same sign, we can say that f(a) and
f(b) have different signs.

Recall, f'(a) and f’(b) have the same sign. Then, f(a)f’'(a) < 0 < f(b)f' ().
So, the sequence fy(a), f'(a) has a sign change, but f(b), f'(b) does not. Hence
Vs(a) = Vs(b) + 1.

Now, assume u < r| < ... < r; < v be the roots of f where t < m. We showed
that for any two elements x, y in the interval (rj, rj1) for some j = 0,1...,7 with
ro = u and r,11 = v we have Vg(x) = Vg(y). Take arbitrary elements x;’s in the

intervals (7}, 7j;+1). Then,

14



Vs(u) = VS(X()) = Vs(xl) +1= Vs(xZ) +2=...= Vg(xt) +1= VS(V) + 1.
Hence, Vs(u) — Vg(v) = t. ]

Corollary 1.26. Let K be an ordered field and f be an irreducible polynomial in
K[X] which has degree > 1. Let Ry and R, be two real closures of K inducing the

given ordering on K. The number of roots of f in Ry and R, are the same.

Proof. Let R| and R; be two real closures of K. So, f is a polynomial in R{[X] and
R>[X] and we may conclude that f has no multiple roots using Theorem 1.23 since

ordered fields have characteristic 0 by Lemma 1.17.

By Lemma 1.24, any root @ of f in R; or in R; is bounded. Let a4, ..., @, be
all the roots of fin Ry , and |o;| < ¢; fori = 1,...,m where ¢; € R;.
Let ¢; = max{cy,...,cp}. This maximality is preserved both in Ry and R;,

because both R; and R, induce the given ordering of K. So, [—cj, ¢;] contains all
roots; a1, ..., @y.

Hence by Sturm’s Theorem, number of roots of f in both R; and R; is
Vs(=cj) = Vs(c)). O

Corollary 1.27. A real field has a unique real closure up to isomorphism

Proof. Let K be a real field and R, R, be it’s two real closures. Let f be an
irreducible polynomial over K. Leta; <apy < ... <@y, and ) < B < ... < B, be
the distinct roots of f in R; and R, respectively. By Corollary 1.26 we have n = m.

There is an isomorphism between K(a) and K(5,) which takes @ to 8>. So,
K(a)) embeds into R,. Similarly, there is an embedding ¢ : K(a1,...,a,) = R
where ¢(a;) = B; fori=1,2,...,n.

Let a be a positive element in K(ay, ..., a,) then yaisin R;.

K(ay,...,a,, Va)isreal since a € K(ay, ..., a,) by Proposition 1.10. We have
an embedding y : K(a1,...,a,, Va) — R, which extens ¢.

p(a) = y(a) - y(Na - Va) = y(Vay(Va)

Hence y/(a) is a square, so positive. As a result, ¢ is order preserving.

We have seen that there are subextensions of R; over K which are real and
embeds in R,, moreover preserves the ordering. By Zorn’s Lemma, there is a
maximal real field and because of its maximality it is real closed. So it is R;.
Hence there is an embedding of R; into R, preserving the order. Hence R; and R»

are isomorphic. O
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Chapter 2

Some Facts From Model Theory

We do not give all basic definitions of Model theory. For the further definitions and
background see Chang and Keisler[CK].

Proposition 2.1. [DM1, 1.1.8] Let M be a substructure of N, a € M and ¢(a) is

a quantifier-free formula. Then,
M ¢(a) if and only if N [ ¢(a)

Proof. First, we will show that if #(¥) is a term and b € M then M©b) = N(b) using

induction on terms.

M N

If ¢ is a constant symbol c, then ¢

If 7 is a variable v;, then tM(b) = b; = V(D)

If ¢ is equal to f(t1,...,t,) where f is an n-ary function symbol, #1,...,t, are
terms and th(l_o = th(l_)) fori=1,...,n. Since, MC N, fM = fN. Thus,

=C

M) = D), D)
= NEN®). ...\ B))
= N ®),....1) ®B))
= N )

Now, we prove the proposition by inducton on formulas.
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If ¢ is t; = 1, then

M E ¢@) = @) = 1))
= M@ =14 @

— N E 6@
If ¢ is R(t1,...,t,) where R is a n-ary relation symbol, then

ME ¢@) = tM@),...,t)"a@) e RM
= tM@),...,1)'a) e RN
= (N @,....tN@) e R

— N E ¢(@)

Thus, the proposition is true for atomic formulas.

Suppose that the proposition is true for ¢ and that ¢ is -, then

ME ¢(@) = M ¢(a)
= N I ¢@)
= NE ¢@)

Suppose that the proposition is true for g and ¢ and that ¢ is ¥ A Y1, then

ME ¥(@a) = M yo(a) and M | ¢1(a)
= N E yo(a) and N [ ¢1(a)
— N E ¢(a)

The set of quantifier-free formulas is the smallest set of formulas containing the
atomic formulas and closed under negation and conjunction. The proposition is

true for all quantifier-free formulas. m|

Definition 6. A theory 7 is said to have quantifier elimination if for every formula

¢ there exists a quantifier-free formula ¥ such that 7 = ¢ < .

Definition 7. Let M and N be two L-structures. We say that M is an elementary
substructure of A and denote it by M < N, if M € N and for any L-formula ¢(¥)
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and for any a € M,
ME o) = N [ ¢a)

Definition 8. An L-theory 7 is model complete if M < N for any models M and
N of 7" where M C N

Theorem 2.2. IfT has quantifier elimination then T~ is model complete.

Proof. Assume M, N =7 and M € N. We show, M is elementary submodel.
Let ¢(v) be a formula, since 7 has quantifier elimination, there exists a quanti-
fier free formula (¥) such that both

MEVY () & ¢¥()
and
NE YV (¢() < ¥(()
Also, quantifier-free formulas are preserved under extensions. These facts im-

ply that; for a € M,

ME ¢@) &= ME @)
= N Ey@
= N E ¢(@).

Hence M is an elementary submodel of N.

Hence 7 is model complete. O

Theorem 2.3. ([DM1, Theorem 3.1.4]) For an L-theory T the following are equiv-

alent
(i) T admits quantifier-elimination;

(ii) For any models M and N of T~ and their common substructure A, for any
quantifier-free L-formula ¢(i,v) and a € A, if M E Avp(a,v) then N E
v (@, v)
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Proof. (i) = (ii) : Suppose that 7 = Vii(¢(it, v) <> (i, v)) where i is quantifier-
free. Let the structures M and N be models of 7~ and ‘A is a common substructure.
Let a € A. In Proposition 2.1, we saw that quantifier-free formulas are preserved

under substructure and extension. Thus,

ME ¢@,v) = MEy@,v)
= AEyY@,v)
= N Ey@,v)
= N Ey@,v)

(if) = (i): We may assume that both 7" U{¢(¥)} and 7 U {—¢(V)} are satisfiable
because if, 7 E Vi¢d(¥) then T E Vi(p(V) & ¢ = ¢) and if T E Vi—¢(¥) then
T E V(@) & ¢ # c¢). If there are no constant symbols in the langtuage then
there are no quantifier-free sentences. But then for each sentence we can find a
quantifier free formula (v;) such that 7 | ¢ < y(vy).

LetI'(¥) = {y(¥) : ¥ is a quantifier-free and 7 = Vi(p(V) — Y(V))}

Let di,...,d, be new constant symbols. We will show that 7~ U I'(d) & ¢(d).
Then by compactness, there are ¢/, ..., i, € I' such that

Tk vv( J\ wi®) - ¢<v>]
i=1

Thus,
Tk vv( J\ i) o ¢<v>]
i=1
and A, ¥i(?) is quantifier-free. So it is enough to prove that 7~ U I'(d) E ¢(d).
Suppose not. Let M = 7~ UT(d) U {—¢(d)}.
Let A be the structure of M generated by d.

Let Y = 7 U Diag(A)Up(d). If 3 is unsatisfiable then there are quantifier-free
formulas /1(d), . .., Yn(d) € Diag(A) such that

T kv ( N\ wi) - wﬁ(ﬁ))
i=1
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but then .
T Vo [¢(v) -\/ ﬂw))
i=1

n

SO, \/ (V) €T and Ak VI, —i(d), a contradiction. Thus Y is satisfiable.
i=1
Let N E 3. We have N | ¢(d) [DM1Lemma2.3.3]. But M E —¢(d), using

our assumption (ii), we have N'-¢(d), a contradiction. m|

Definition 9. A model M of a theory 7 is called algebraically prime over its sub-
structure A is any embedding of A into a model N of 7~ extends to an embedding
of Minto N.

Definition 10. A theory 7 is said to has algebraically prime models if for any
substructure A of a model of 7 there is a model of 7 which is algebaically prime

over A.

Definition 11. A substructure M of a structure N is called simply closed in N
(in symbols M <; N) if for every quantifier-free formula (&, v) and a € M, if
N E vy(a,v) then M E Avy(a,v)

Theorem 2.4. Let T be an L-theory such that T has algebraically prime mod-
els and M <3 N whenever M C N are models of T. Then T has quantifier-

elimination.

Proof. We will check the condition (ii) of Theorem 2.3. Let A be a model of 7~
algebraically prime over A. Then we may assume that A is a common substructure
of M and N. Moreover, A is simply closed in M and N. So, M E Aveé(a,v)
implies A | 3v ¢(a,v) and hence N E v ¢(a, v). O

Model Theory of ACF

Our aim now is to show that theory of algebraically closed fields (ACF) has
quantifier elimination and hence is model complete. We will show that it admits

quantifier elimination for our purpose.
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The theory of algebraically closed fields is formulated in the language of rings
Lr = {+9 T 05 1}

The axioms for algebraically closed fields are given by;

o The axioms for additive commutative rings;

VaVyVz(x—y=ze x=y+2)
Vx(x-0=0)

VYxVywWz(x-(y-z2)=(x-y)-z

Vx(x-1=xA1l-x=x)

YaVyVz(x- (0 +2) = (x-y)+ (x-2)

VYaVywWz(x+y)-z=(x-2)+ (- 2)

Vx(x+0=0+x=x)
e The axioms of fields;

- Vax¥y(x-y=y-x)
- Vx(x#0—->dy(x-y=1))

o Finally, the axioms for algebraically closedness;

n—1
- Yay,...,Ya,_13x [x” +Za,~xi = O]forn =1,2,...
i=0

We denote the axioms of algebraically closed fields ACF for short.

Lemma 2.5. ACF has algebraically prime models.

Proof. Let D be a substructure of an algebraically closed field then D is an integral
domain. The algebraic closure F of the field of fractions F of D is a model of ACF
which is algebraically prime over 9. Indeed, any embedding of O into an alge-
braically closed field K extends to an embedding of F into K, and any embedding
of F into K extends to an embedding of F into K. m|

Theorem 2.6. ACF has quantifier elimination.
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Proof. We will use Theorem 2.4 One of the assumptions of Theorem 2.4 is satisfied
by the previous lemma. It remains to show that whenever F and K algebraically
closed fields with F' C K, F is simply closed in K.

Let ¢(x, y) be any quantifier free formula and @ € F.

Let b € K such that K E ¢(a,b). We want to show that there is b’ € F such
that ¥ | ¢(a, b’)

We may assume that ¢(v, x) is a conjunction of atomic and negated atomic

formulas. Indeed, we may assume that ¢(¥, x) is in disjunctive normal form, that is

B, X) is.

n m

\/ N\ 6,0

i=1 j=1
for some atomic or negated atomic formulas ;;
Since K E ¢(a, b),

n m

FE\/ @b

i=1 j=1
So,
m
FE /\6ij@b)
j=1
for some i.
In the language of rings, atomic formulas are of the form p(¥) = O where
p € Z[x1,...,x,). If p(¥,x) € Z[Y,X] we can view p(a, x) as a polynomial in
F[X].
Thus, ¢(a, v) is equivalent to

/n\p,-(v> =0 A gi(v) # 0
i=1 i=1

for some polynomials py,..., pu, q1,-..,9m € FIX].
If one of the polynomials p; is nonzero,assume, then b is algebraic over F' and
since F is algebraically closed b is in F. So assume n = 0.
And so, .
KE /\aib)#0
i=1
Now ¢g;(x) = 0 has finitely many solutions for each i = 1, ..., m and consequently
m

there exists finitely many elements that satisfy \/’Z, gi(x) = 0. Since F' is alge-

braically closed field, it is infinite. There are remaining elements on F, say b’, that
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does not satisfy A2, ¢;(v) = 0. Hence
m
FE\ at)#0
i=1

in other words,

F E ¢a,b")

This completes the proof. |

Corollary 2.7. ACF is model complete

Proof. Immediate consequence of the previous theorem and Theorem 2.2 |

Model Theory of Real Closed Fields

Proposition 2.8. The class of real closed fields is axiomatizable

Proof. The axioms for the class of real closed fields are the following axioms to-

gether with the field axioms in £,;
e Foreachn > 1,Yx;...¥x, (X3 +...+x2+ 1 #0)
o VxIdy(? =xVy?+x=0)

e Foreachn >0, Vxg...Vxp,dy 0> + 21.2;’0 xiy' =0)

We will denote the theory of real closed fields in language of rings as RCF.

Proposition 2.9. RCF does not admit quantifier elimination.

Proof. The formula dy (x = y?) is not equivalent to any quantifier free formula
¢(x) relative to the theory of real closed fields. Suppose not. We know that R |=
Iy (V2 = y?) we have R E ¢(V2) and so Q(V2) E ¢(V2). Since there is an
automorphism of Q( \/E) taking V2 to — V2, we have Q( \/5) E o(— \/E). Then
R E o(- \/5) and soR E dy (- V2 = y?), whch is not true. m|
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Proposition 2.10. The class of real closed ordered fields is axiomatizable.

Proof. The axioms of real closed ordered fields are the axioms of RCF plus the

axioms of ordered fields. O

The class of ordered fields is axiomatized by the axioms of the fields together

with the axioms for linear order;
o Vx—(x<x)
o VxVyWz(x<yAy<z) > x<72)
o VxVy(x<yVx=yVy<x)
and the axioms
o Va¥yWz(x <y > x+z2<y+2)
o Ya¥VyWz(x<yAz>0)> x-z<y-2)
e 0<1

We denote the axioms of real closed ordered fields, RCOF for short.
Now we will prove RCOF admits quantifier elimination. We will use the same

theorem in the case of ACF. So we need the following lemma.

Lemma 2.11. RCOF has algebraically prime models.

Proof. Let D be a substructure of a real closed field ordered field. Then D is
an ordered integral domain. The ordering of O uniquely extends to the field of
fractions F of 9. Then the real closure F of the ordered field F is algebraically
prime over D. Indeed, let K be a real closed ordered field containing 9. Then F
embeds to K over D, so we may assume F C K. Then F embeds to K over F, and

so over D. O

Lemma 2.12. Let ¢(v, w) be a quantifier-free formula in the language of ordered
rings, F is a field and a € F. Then

p n m
Figwa) o \/| \pei)=0a A qeo)>0
k=1 \i=1 J=1

where p1,...,Pnsq15---,qm € F[X]
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Proof. Atomic formulas in £, are of the forms

p(») =0,
p) >0,
p(» <0

and negated atomic formulas are of the forms

p@) # 0,
p(@) £ 0,
p(@) #0

where p € Z[X]

Since,

p») <0 —p@») >0

p») 0o pP) >0V -—p@) >0
p») £0o p@) =0V p®») >0
pM #0eo p@) =0V —p@) >0

any atomic formula can be expressed as p(¥) > 0V g(¥) = 0.

So,
p (n m
FE g o \/ [ N\ Pei® >0 A /\ qi i) = 0]
j=1

k=1 \i=1

Now, if p(v,w) € Z[X, Y] for @ € F" we can view p(x,a) as a polynomial in

F[X].
Hence,
p n m
Figwa) o \/| \pu® >0 A q®=0
k=1 \i=1 =1
for privqrj€ FIXl,k=1,...,p,[=1,...,nand j=1,...,m. O

Theorem 2.13. RCOF has quantifier elimination.

Proof. In order to use Theorem 2.4, we already proved in Lemma 2.11 that RCOF
has algebraically prime models. It remains to show that for any ¥, K E RCF with
F C K, F is simply closed in ‘K.
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Let ¢(v, m) be any quantifier-free formula and @ € ¥. Let b € K such that
K E ¢(a, b). We will show that there is b’ € ¥ such that ¥ = ¢(a, b’)
By Lemma 2.12 and K E ¢(a, b), we may write;

p n m
%hVL&m@»ﬂA/mmm=ﬂ
k=1 \i=1 j=1
SO,
n m
KE| N\ pei®) >0 A N a0 =0
i=1 j=1
for some k.
If some of g j(x) is nonzero then this means b is a root of a polynomial in

F[X]. Hence b is algebraic over F and since F is real closed, b is in F. So, we

choose b’ to be b. Thus, we may assume that
m
6(v,a) & /\ 4,7 >0
j=1

Denote by .7 the set of roots in F of the polynomials ¢, ..., gn; then . is
finite. First suppose, that a < b for all a € F. Since .¥ is finite, there is ¢ € F
such that (c,b) N . = (. Then for any b’ € F with ¢ < b’, we have b’ < b and
qi(b") > 0 for all i. Otherwise by intermadiate value property for K, there is ¢ € K
with gi(e) = 0, b’ < e < b. Since ¢g; € F[X], e is algebraic over F and sois e € F.
Then e € (c,b) N ¥, a contradiction.

The case, when b < a for all a € F is similar. Now, suppose a; < b < ay
for some ay,ar € F. As .7 is finite, there are ¢,d € F with ¢ < b < d such that
(c,dyn.? = 0. As above, for any b’ € F with ¢ < b’ < d we have g;(b") > 0 for all
i

So we can find ¢;,d; € F such that ¢; < b < d; and g;(x) > O for all x € (¢;, d;).

Choose ¢ = max{c; : i = 1,...,m}and d = min{d; : i = 1,...,m}. Now,
/\T:1 gi(x) >0forc < x<d.

Hence, we can find b’ € (¢, d) such that ¥ E ¢(b, a).

Hence, the theory RCOF admits elimination of quantifiers in £,,.

Corollary 2.14. RCF is model complete.

Proof. Let F and K be real closed fields and F' C K. There is an ordering < of K
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such that (K, <) is a model of RCOF. Restricting < on F, we get a substructure
(F, <) of (K, <) which is a model of RCOF as well. Since RCOF admits quantifier-
elimination and so is model complete, we have (F, <) < (K, <) and in particular
F <K. O
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Chapter 3

Hilbert’s Nullstellensatz and Real
Nullstellensatz

An algebraic variety is the set of solutions of a system of polynomial equations.

Algebraic varieties are the fundamental object of algebraic geometry to study.

Definition 12. Let K be a field, S be a set of polynomials in K[X]. Define
V(S)={aeK": f(a)=0forall feS}

V(S) is called the affine algebraic variety defined by S'.

Definition 13. Let V be a subset of K" where K is a field. Define
I(V) ={f € K[X]: f(¥) =0 forall ¥ € V}

Clearly, I(V) is an ideal of K[X].

As it is seen from the definitions there exists a relation between varieties which
are geometric objects and ideals which are algebraic objects. The correspondence
between algebraic and geometric objects are obtained by the functions / and V
where V maps ideals to affine varieties and / maps affine varieties to ideals.

A natural question is whether this correspondence is one-to-one. On this point
Hilbert Nullstellensatz states that there is a one-to-one correspondence between
affine varieties and radical ideals when the ground field is algebraically closed.

And finally for the real case it is stated by Real Nullstellensatz that the bijective
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correspondence occurs between varieties and real ideals when the ground field is
real closed.
In this part I will give a model theoretic proof of Real Nullstellensatz as an

analogue of the model theoretic proof of Hilbert’s Nullstellensatz.

Theorem 3.1. (Hilbert Basis Theorem) [SL (4.1)] If K is field, then the polynomial
ring K[X1,...,X,] is a Noetherian ring. In particular, every ideal of K[ X1, ..., X;]
is finitely generated.

Lemma 3.2. Let R be a unital ring which is not trivial. Let I be a proper ideal of

R. Then there exists a maximal ideal R containing 1.

Proof. Let S be the set of all proper ideals of R containing /. S is the nonempty
since [ is in §. For any chain T of S, let J be the union of ideals in 7. J is also an
ideal containing /. Assuming 1 € J implies that one of the ideals of 7" contains 1
which is not possible. So J is a proper ideal.

By Zorn’s Lemma, S has a maximal element. m|

Lemma 3.3. Let R be a ring and P be a prime ideal of R, then R/ P is a domain.

Proof. Let f,g € R/P such that f.g = 0, then fg = 0 which means f.g is an

element of P. Since P is prime either f or g is in P. Hence either f or g is 0. |
Definition 14. Let R be a commutative ring and I be a deal of R. Define radical of
the ideal I;

Rad(I) = { r € R : ¥" € I for some positive integer n}

Anideal I of R is called radical ideal if it’s radical is equal to itself.

Lemma 3.4. (Primary Decomposition) If I C K[X] is a radical ideal, then there
are prime ideals Py, ..., P, containing I such thatl = PyN...N Py,. [SL, 10.3.3]
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Theorem 3.5. (Hilbert’s Nullstellensatz) Let K be an algebraically closed field, 1
be an ideal in K[X]. Then I = I(V(I)) if and only if I is a radical ideal.

Proof. (=) Letm € N, f € K[X] and f™ € I = I(V(I)). So for all @ €
V), f™(@) = 0. Since K has no non-zero nilpotent elements, f(@) = 0 and this
implies that f € I(V(I)). Hence f € I.

(<) Assume / is a radical ideal in K[X]. The inclusion I C I(V(])) is true for
any ideal; let f € I, for any @ € V(I), f(@) = 0, hence f € I(V(I)). For I(V(I)) C I
we will use some model theory.

First, by Hilbert Basis Theorem, K[X] is a Noetherian ring and ideals of it are
finitely generated. Let {g, ..., g} be a set of generators of /.

V) ={xeK": f(x)=0, forall f €I}
={xeK":gi(x)=0foralli=1,...,r}

(V) ={ge K[X]: g(x) =0 for all x € V(I)}
={g € K[X] : g(X) = 0 for all ¥ € K" such that g;(x) =0 fori=1,...,r}

Thus, g € I(V(])) if and only if
KEVE| N gi(®=0- g® =0 (%)
i=1

By using Lemma 3.4 there are P, ..., P prime ideals such that ﬂile Pi=1
Letus fix j € {1,...,k}. Itis enough to show that g € P;.
Lemma 3.3 states that K[X] /Pj is a domain. So we can take the algebraic

closure of the field of fractions of K[X]/P j and call it L;. The composition
K cC K[X] — K[X]/Pj C Lj

is an embedding, so we can consider it as an inclusion: K C L;. By model com-

pleteness of ACF and (%) we conclude:

LYz |\ gi(®=0-g®=0 (%)
i=1
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‘We also have

Lk N giCei/Pj,....xa/P)) =0 (% % %)
i=1

since g1,..., g, € P;. Using (x*) and (* * %), we get;
LikE gx1/Pj,...,x,/Pj)=0

So, K[x1/P; E g(x1/Pj,...,x,/Pj) =0
And, this means that g € P;. Hence g € I. O

Definition 15. Let A be a commutative ring. An ideal I of A is said to be real if,

2 2 . .
+...,a, € Iimplies a; € 1

for every sequence ay, ..., a, of elements of A, a% +a;+.

foralli=1,...,p.

Lemma 3.6. Let A be a commutative ring. Every real ideal of A is a radical ideal.

Proof. Let I be areal ideal. Let b € A and n € N such that b" € I. I want to show
that b € I. If n is even then b2 € I. If nis odd then b" - b € I and b"> € I.

Continuing this way we have b € I. |

Lemma 3.7. Let A be a commutative Noetherian ring. Let I be a real ideal of A.

n
IfI = ﬂ P; where P;’s are prime ideals containing I then P;’s are real.
i=1
Proof. We show that P is real. Suppose a% +- 4 a% € P1. Now choose b]s from
each P;\ Py fori=2,--- ,nandputb = by - b3 -...b,. As Py is prime, b ¢ P;.
n n
Clearly, b € ﬂ P;. Consider the sum (a15)>+(axb)* +- - -+(axh)* € ﬂ P;. This
i=2 i=2

n

sum is equal to (a3 +- - +a2)b? € Py. So, (a1b)? +(azb)* +- - -+ (ayb)’ € ﬂ p;i=1
i=1

Since [ isreal a;b € I C Py, for all i. As Py is prime and b ¢ Py, we have a; € P

for all i O

Lemma 3.8. Let A be a commutative ring and I be a real prime ideal of A. Then
the field of fractions of A/I is real.
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Proof. 1 will use the fact that, R is a real field if and only if for a1, ...,a, € R the
n
sum Z a/l-z =0 implies@; =0

i=1
Let F be the field of fractions of A/I. Fora € A, leta denotea+1 € A/I. We
n

take aq, ..., a, € F such that a? = 0. There are a;, by, ..., ay,, b, € R such that
i=1
n —
a; . a2
a; = ;{ foreachi=1,...,n Hence we have; Z — = 0.
' i-1 bi

Here note that, b;’s can not be 0. So b;’s are not in 1.
Foreachi =1,...,n, define B; as bln bj,

J#
n I
Zdizéiz =0= Zazthz =0
i=1 i=1
n
= Za%BiZ €l.Soa;B; e Ifori=1,...,n,since [ is real.

i=1
I is a prime ideal so a; € I or B; € I, but assuming B; € I contradicts the fact

that b;’s are not in /, hence a; € 1.

Then, a; = 0 = a;/b; = 0. Hence F is real. ]

Corollary 3.9. Let R be a real closed ordered field and I be a real and prime ideal
of R[X]. Then the field of fractions of R[X]/1 is an ordered field whose ordering

induce the ordering on R.

Proof. Since R is real closed, it has a unique ordering and it may be considered
as a subfield of feld of fractons of R[x]/I. So it is enough to show that the field
of fractions of R[x]/I is real. And this follows from Lemma 3.8, since R[X] is a

commutative Noetherian ring and / is real and prime. |

Theorem 3.10. (Dubois-Reisler) Let R be a real closed field and let I be an ideal
in R[X), then I = I(V(])) if and only if I is real.

Proof. (&):
1CI(V()):

Let f € I. For any X € V(I), f(x) = 0. Hence f € I(V(])).
IV cl

Since the ring of polynomials of finitely many variables over a field is a Noetherian
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ring and ideals of Noetherian rings are finitely generated, there is {g;,...,g,} a

finite set of generators of /.

V(D)= (€ R": f(X) = Oforall f el
={xeR":g(x)=0foralli=1,...,r}

and

I(V(I)) = {g € R[X] : g(¥) = 0 for all x € V(I)}
= {g € R[X] : g(¥) = 0 for all x € R" such that g;(X) =0fori=1,...,r}

So, if g € I(V(I)), then

RE VA [\ 80 = 0> g(x) = 0] (%)
i=1

R[X] is Noetherian. So using Lemma 3.6 and Lemma 3.4, we may conclude
that there are Py, ..., Py prime ideals containing / such that ﬂf.‘: Pi=L

We want to show that g € 1, so it is enough to show that g € P; for a fixed ;.

Let us look at the ring R[)_(]/Pj. Pj is areal ideal by 3.7. So, by 3.8, the field
of fractions of R[X]/P ;j is a real field. Let us call the real closure of this field L;.
Again we can assume that R is a subfield fo L;. By 3.9, the ordering on L; extends
the ordering of R. The theory of real closed fields is model complete so from (%)

we conclude;

LiEVEL/\ () =0 - g(0) = 0] (%)
i=1

For any g € R[X], g € P is equivalent to the condition that;

R[X1/P; E g(x1/Pj ..., x,/P}) =0

Since we know that g1,...,g, € P}, we get
r
Lk N giCei/Pj,....xu/P) =0 (% % %)
i=1
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Finally take x to be (x{/P;j, ..., x,/P}) in (¥x%), by (x*) and (* * *) we have

Lj I:g(xl/Pj,...,xn/Pj)=O

Hence g € P;j,and g € I.
m

m
(=) Let » a? elforay,...,a, € R[X]. By our assumption Z a? e I(V(D)).

i=1 i=1
m

So, > a}(%) = 0 forall € V(I).
i=1
Since R is real and a;(X) € R, a;(X) =0 foralli =1,...,m and for all x € V(I).

So, we can conclude that a; € I.
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