Course notes for PMATH 930

Christa Hawthorne

Lectures by Rahim N. Moosa

Contents
1 Introduction 1
1.1 Algebraically closed fields . . . . . . . . . . . . 2
1.2 Differential fields . . . . . . . . . 2
1.3 Some motivation: algebraic vector fields . . . . . . . . . ... ... .. 5
2 Logic of differential rings 8
2.1 Axiomatizability . . . . . . . . e e 12
3 Chapter 2: basic model theory of DCF, 12
4 Interlude on types and saturation 17
5 Back to model theory of DCF| 21
5.1 Back to D-varieties . . . . . . . . L e 25
5.2 Kolchin topology . . . . . . . e 28
5.3 Constants . . . . . . .. e 30
6 Zilber dichotomy 32
6.1 Elimination of imaginaries . . . . . . . . .. L L e 33
6.2 Minimal types. . . . . . . . e 34
6.3 1-based . . . . . . e 38
6.4 Internality (again?) . . . . . . . . . L 38
6.5 The proof of CBP in detail . . . . . .. .. ... 39
6.6 ...and back to the Zilber Dichotomy in DCFq. . . . . .. .. .. ... ... ... ... 43

1 Introduction

Some recent work in algebraic geometry can be understood as equipping a field with an operator (with some
additional conditions), and attempting to do algebraic geometry in the context of that operator. (So looking
at solutions to polynomials that also involve the operator.) Model theory seems to be the correct framework
for studying this.

No overall textbook, though individual sections may have references. He may periodically post notes. A
few assignments, maybe every other week, and perhaps a short oral final.

All rings are commutative with unity. (So ring morphisms preserve identity, subrings are assumed to be
unital, etc.) After Section 1.3 we assume that all fields are of characteristic zero.

Rahim is numbering the theorems etc. in class; I’ll put those numbers in parentheses after the automatic
theorem numbering LaTeX does.

I use the convention of conflating L with the L-formulas; so “¢ € L” means ¢ is an L-formula, and
“p € L(A)” means ¢ is an L-formula with parameters from A.



1.1 Algebraically closed fields

We view fields as structures in the language L = {0,1,+, —, X } of rings. (Throughout this course L will
always denote the language of rings.) Consider the L-theory T of integral domains; note that T is a universal
theory. (In fact it is the universal theory of the theory of fields: the integral domains are precisely the subrings
of fields.)

We are interested in the existentially closed (e.c.) models of T i.e. the models M = T satisfying the
following:
Suppose ¢(x) is a conjunction of literals (i.e. atomic or negated atomic, so in this case a system of polynomial
equations and inequations) with parameters from M, where x = (x1,...,,) is a tuple of variables; suppose
further that ¢ has a solution in some extension M C N = T. Then ¢ has a solution in M.

Remark 1.1. If M is an existentially closed integral domain then it is a field. Indeed, if a € M is non-zero,
then xa = 1 has a solution in Frac(M), and thus in M. It is also algebraically closed: if P € M|z] is
non-constant then P(x) = 0 has a solution in M?# and thus in M.

The converse is a form of Hilbert’s Nullstellensatz: every algebraically closed field is an existentially closed
integral domain. We use model-completeness of the theory ACF of algebraically closed fields:

Proof. Suppose K is an algebraically closed field; suppose ¢(x) is some conjunction of literals over K with
a solution in some integral domain R O K. Then K C R C Frac(R) C Frac(R)*# with L an algebraically
——

L
closed field; so by model completeness we have K < L. But L | Jxp(x); so K = Jzp(z), and ¢ is solved in
K. O

So the existentially closed integral domains are exactly the algebraically closed fields. Note also that the
class of algebraically closed fields are axiomatizable (namely by ACF). We say ACF is a model companion of
T: the theory of the existentially closed models of T'. (Note that for general theories the class of existentially
closed models may not be axiomatizable; these have no model companion.)

Fact 1.2. A model of T always has an extension that is existentially closed.

The above is proven by iteratively adding solutions.

1.2 Differential fields

Our language is Ls = {0,1,+, —, X, 6 } with § a unary function symbol.

Definition 1.3. A differential ring is a ring R equipped with a derivation; i.e. 6: R — R satisfying
e d(a+b) =da+ db.
e )(ab) = a(db) + (0a)b (the Leibniz rule).

FEzxzample 1.4.
1. Any ring with the trivial derivation §(a) = 0 for all a € R is a differential ring.
2. If A is any ring we can consider R = A[t] with 6 = %.
3. The ring of smooth functions on R with the usual differentiation.

4. The field of germs of meromorphic functions (functions with isolated singularities) on some open U C C
equipped with the usual complex differentiation.

FExercise 1.5.

1. Suppose R is an integral domain and §: R — R is a derivation. Then § extends uniquely to a derivation
0: Frac(R) — Frac(R) given by
a\ _ (6a)b—b(da)
5(5) B b2



2. Suppose (R, 9) is a differential ring and I C R is an ideal. We say [ is a differential ideal if da € I for all
a € I. In this case ¢ induces a unique derivation §: R/I — R/I given by é(r + 1) = (r) + I for r € R.

3. Determine the differential ideals of A[t] as in the previous example.

Suppose R C S is a ring extension. A derivation §: R — S is an additive map satisfying the Leibniz rule
d(ab) = a(db) + (da)b.

FEzxercise 1.6.

1. Suppose §: R — F' is a derivation where R C F' is a field. Then § extends uniquely to a derivation
Frac(R) — F.

2. Suppose §: R — S is a derivation; suppose we have ideals I C R and J C S such that JA R =1 (so
R/I C S/J). If §(I) C J then ¢ extends uniquely to a derivation §: R/I — S/J via §(a+1) = 6(a)+ J.

3. Suppose 0: R — S is a derivation and we are given a ring homomorphism ¢: S — S’ such that
¢ | R: R — R’ is an isomorphism. Then podo (¢ | R)™!': R’ — S’ is a derivation.

Remark 1.7. §(1) =6(1-1) =1-6(1)4+46(1) -1 =26(1), so 6(1) is always 0. Hence §(n) = 0 for n € Z.

Proposition 1.8 (1). Suppose 6: R — S is a deriation (so R C S). Suppose P € R[x1,...,x,] and
a=(a,...,a,) € R™. Then

where P?(x) € S[xy,...,x,] is obtained from P by applying & to the coefficients.

az +P6()

Proof. We let x = (z1,...,2p).
Claim 1.9. If P(x) is a monomial (which for us means no leading coefficient) then

n

Proof. We induct on the total degree. If deg(P) =0 then P =1, and indeed 6(P(a)) = 0.
Suppose deg(P) > 0. Then P(z) = z;Q(x) for some 1 <4 < n with  a monomial. Then

5(P(a)) = 6(a:Q(a))
= (6a:)Q(a) (@)

+a;0(Q
= (da;)Q(a) Z Q
Q

= (0a;)Q(a) + az

0
: ( Yoa; + a; Z 87?(&)6%
J#i
8( a)da; + Z l"zQ
3 J#i

as desired. O Claim 1.9



Now, suppose P(x) = bQ(x) where b € R an dQ(z) a monomial. Then

The general P is a sum of such; the result follows because

* (P +Q)(a)) = d(P(a)) +6(Q(a))

IP+Q), . 0P 90
o T(a) = 9z (a) + afxi(a)

o (P+Q)°(a) = P°(a) + Q°(a). O Proposition 1.8

This proposition is why differential algebra works out as nicely as it does. Note in particular that §(a;)
always shows up as a linear term, regardless of the degree of the polynomial; so we can solve for it.

Corollary 1.10 (2). A derivation is determined by its values on generators.

Proof. Suppose we have a derivation §: R — S and A C R generates R as a ring. Then if a € R then
a = P(}) for some A = (A1,...,A,) € A" and P € Z[z1,...,2,]. Then

Sa = 5(P(\)) = Zn: OF \ox

- 8:10,

?

(Note that P? is 0 since the coefficients of P are integers.) So d(a) is determined by d(A1),...,5(\n).
O Corollary 1.10

Lemma 1.11 (3). Suppose 6: R — S is a derivation. Consider the extension of rings R[t] C S[t]. Given
f € S[t] there is a unique extension of § to a derivation R[t] — S[t] such that 6(t) = f.

Proof. Uniqueness is by corollary (2), since R[t] is generated by RU {t}.

For existence, we define 6: R[t] — S[t] by 0(P(t)) = P'(t)f + P°(t). Taking P € R a constant polynomial
shows that this extends the original §: R — S. Taking P = t shows that §(¢) = f. One checks that this
defines a derivation R[t] — S[t]. O Lemma 1.11

Corollary 1.12 (4). Suppose F C K is an extension of fields of characteristic 0. Suppose §: F — K is a
derivation; suppose a € K.

1. If a € F®# then there is a unique extension of § to a derivation §: F(a) — K.

2. If a ¢ F*# then for any b € K there is a unique extension of § to a derivation 6: F(a) — K such that
da =b.

In particular, § extends to a differential field (K,0) and then uniquely to a differential field (K2,5).

Proof.



1. Let P(t) € F[t] be the minimal polynomial of a over F. Note that P’(a) # 0 since deg(P) is minimal
and char(F') = 0. Extend §: F — K to ¢: F[t] — K[t] by
—P’(a)
t -~ 7
TP

by lemma (3). Then

§(P(t)) = P'(t)6t + P°(t) (by proposition 1)
_Pi(a
= P’(t)( ]5(5))) + P°(t)

So 0(P(t))(a) =0, and 6(P(t)) € (t — a)K[t]; i.e. : F[t] — K|[t] takes the ideal PF[t] to (t — a)K][t].
Also (t —a)K[t]N F[t] = PFt] (since P is the minimal polynomial for a over K). By Exercise 1.6 we
get an induced derivation ¢: F[t]/(P) — KJt]/(t — a) extending .

So we have the following picture:

where ¢ is evalation at a, an isomorphism. So we get a derivation pép~1: F(a) — K.

For uniqueness: suppose 0: F'(a) — K extends 6: F' — K. Then since 0 = P(a) we get 0 = §(P(a)) =
P'(a)éa + P%(a); so
—P’(a)

%= Pia)

So ¢ is determined on a, and hence on Fla] (by corollary (2)), and hence on F'(a) by the quotient rule.

2. Suppose a € K \ F#; suppose b € K. We wish to show that there is a unique extension of § to
Fla] = K such that §(a) = .

Use lemma (3) to extend 0: F — K to §: F[t] — K[t] with §(t) = b. Then we have the following

picture:

Flt] —— Kt]

oI Fl] ja

Fla) K
where ¢ is the K-algebra homomorphism given by evaluation at a. In particular ¢ | F[t] is an
isomorphism; so by Exercise 1.6 we get a derivation pd(p | F[t])~!: Fla] — K; so again by Exercise 1.6

we can extend to a derivation F(a) — K. But (pd(¢ | F[t])~1)(a) = b; so this is our desired derivation.
Uniqueness is by corollary (2).

For the “in particular”, suppose §: F' — K is a derivation. Let B be a transcendence basis for K over F'; so
K C F(B)¥&. Extend to §: F(B) — K by repeated use of part 2; then extend to §: K — K be repeated
application of part 1. By a similar argument using repeated applications of part 1, we can further extend this
uniquely to (K2 ). O Corollary 1.12

1.3 Some motivation: algebraic vector fields

We are actually interested in differential fields of characteristic zero. (From now on we assume that all fields
have characteristic zero.) We are thus interested in differential integral domains.



Ezxample 1.13. Fix a field k and a finitely generated integral k-algebra R. We are interested in derivations
§: R — R which are k-linear: i.e. k C R?. (Here R® = {r € R:6r =0} is the subring of constants.) In this
case we have d(ar) = ad(r) for a € k and r € R.

From algebraic geometry we have a bijective correspondence between finitely generated integral k-algebras
R and irreducible affine algebraic varieties V' over k. Indeed, given R we can write R & k[z1,...,2,]/I where
I C k[zy,...,2,) is a prime ideal; we then consider V (I) the zero set of I in K™ where K D k is algebraically
closed. Conversely, given such V' C K" we consider k[V] = k[x1,...,2,]/I(V) where I(V) is the polynomials
in k[z1,...,z,] that vanish on V.

What is the geometric content of a derivation 6 on R? What structure is this on V7

Let V' C A" be an irreducible affine variety over k. We let k[V] be the coordinate ring of V' as above;
so k[V] is a finitely generated integral k-algebra and V = Spec(k[V]). In coordinates, take z1,...,z, as
coordinates for A™; then k[V] = k[z1,...,z,]/I(V) for some prime ideal I(V) C k[z1,...,z,] and

1+ I(V),...,zn + I(V) € E[V]
are generators.
TODO 1. Is this an elaboration of the above?

If you prefer to avoid spectra, it works to fix a large algebraically closed field K O k and identify V
with K™ D V(K) = {(a1,...,a,) € K™ : P(ay,...,ay,) for all P € I(V)}. So work with the irreducible
Zariski-closed subsets of K™. (All our varieties will be affine.)

We define the tangent bundle TV C A%" of V to be the affine algebraic variety defined as the solution set
to the follow: for each P(z1,...,zy,) € I(V) C k[z1,...,2y]

o P(xy,...,2,) =0

" 9P
—(z1, ..., zn)y; = 0.
) =1 6331(:1;1 ’ )y

So the elements of T'V consist of points in V' together with vectors orthogonal to the gradients of all elements
of I(V).
Ezercise 1.14. Tt suffices to consider generators of I(V).

We have a projection map 7: TV — V. If a € V, we use T,V to denote the fibre of m over a: this is
{veA”: (a,v) € TV }. We call T,V the tangent space of V at a.

Lemma 1.15 (5). Suppose (K,0) is a differential field with k C K°. Suppose a € V(K) (here V(K) C K™ is
the set of tuple from K™ satisfying the equations of V). Then V, = (a,6a) = (a1, ..., an,da1,...,0a,) € K*"
lies in TV (K). So V: V(K) — TV (K) defines a section of m: TV (K) — V(K).

Proof. Suppose a € V(K) and P € I(V); then P(a) = 0. Then

0=46(P(a) = Z -(a)da; + P’(a)
i=1 Oz T

(since P € k[z1,...,7,) and k C K?). So (a1, ...,an,0a1,...,0a,) € TV(K), as desired. O Lemma 1.15

So in particular da € T, V.
Note this V is not an algebraic section (i.e. is not a morphism of varieties): it involves J, not just
polynomial maps.

Definition 1.16. An affine algebraic vector field over k is a variety V' C A™ over k equipped with an algebraic
section s: V- — TV over k of 7w (so s = idy ).

In particular, since V-C A™ and TV C A™, we are demanding that s take the form s(a) = (a, s1(a), ..., sn(a))
for some polynomials s1,...,8, € k[z1,...,2,]; 50 (s1(a),...,s,(a)) € T,V. (We're being a bit vague about
where a lives here; the reader should interpret it as lying in V(L) for some large algebraically closed L if they
prefer naive algebraic geometry, or as lying in V(L’) with L” any extension of k if they prefer the Grothendieck
approach.)



Proposition 1.17 (6). There is a bijective correspondence between
e finitely generated integral k-algebras R equipped with a k-linear derivation 6, and

e affine algebraic vector fields (V,s) over k.

Proof. Given (R,d) we choose x1,...,z, € R generating R over k. Then
R=klxy,...,zp] = E[X1,..., Xp]/I(V) = Ek[V]

where the X; are variables, z; = X; + I(V), and V C A™.
TODO 2. Presumably we’re taking V.=V (I)?

For each i € {1,...,n} we have dz; = s;(21,...,7,) for some s; € k[X1,...,X,]. Define s: A" — A%"
by a = (avsl(a)a o ~a5n(a))'

Claim 1.18. s [V:V - TV.
Proof. In R = k[V], for any P € I(V) C k[X1,...,X,] we have

n
=1

since P = 0 and P(zy,...,7,) = P(X1,...,X,) + (V) = I(V) = Og since P € I(V). Soin R =
k[ X1,...,Xn)/I(V) = Ek[zy,...,x,] we have

(@1, @n)si(T1, - T0) = ——(z1,...,2p)0x; = 6(P(x1,...,2,)) =0

oP
0X;

0= —(xl,...7mn)si(x1,...,gcn):Z

where X = (X1q,...,X,). So

So for all a € V' we have

and thus (a, s1(a),...,s,(a)) € TV. O Claim 1.18

Suppose for the other direction we are given (V,s). Let R = k[V] = k[X1,...,X,]/I(V). Define ¢ on
k[X1,...,X,] as follows: write s: V — TV as a — (a, s1(a),...,sp(a) with s1,...,s, € k[X1,...,X,]. We
define § on k[X7,...,X,] by ¢ [ k=0 and §(X;) = s;; this is by iterative application of lemma (3).

In order for ¢ to induce a derivation on R we need that I(V) C k[X] is a differential ideal. Suppose then
that P € I(V). Then

=~ oP

5P =

i=1

X)oX; + P’(z) =
R

oP
e (X)si(X)

since § | K = 0; it then suffices to check that this lies in I(V'). But for a € V' we have

Z g)]; (a)si(a) =0

since (a,s1(a),...,sn(a)) = (a,s(a)) € TV. So 0P € I(V). We thus induce a k-linear derivation on
R =Ek[X]/I(V).
One checks that this is a bijective correspondence (up to isomorphism?). 0 Proposition 1.17



A morphism of affine algebraic vector fields (V,s) — (W, t) is a morphism of varieties ¢: V' — W such
that the following diagram commutes:

v -2 Tw
ST tT
V"W
Remark 1.19. If we fix R and V then the above gives a bijection between derivations on R and affine algebraic
vector fields on V.
We can extend this correspondence to the case when the base field k has a non-trivial derivation (k, ).
Definition 1.20. Fix a derivation § on k. Given an affine variety V' C A™ over k we define the prolongation

of V is the affine algebraic variety 7V C A" as the solution set of following polynomial equations: for each
P e I(V) C k[X] with X = (X1,...,X,) we demand

e P(X)=0

" 9P

L pi(x) —
laXi(X)Y’+P(X) 0

in coordinates (X,Y) = (X1,...,Xn, Y1,...,Y5).

We have the projection 7V — V onto the first n coordinates.
Remark 1.21. If § =0 on k then 7V =TV.

Fix a € V, and consider 7,V = {b € A" : (a,b) € 7V } the prolongation space of V at a. Then 7,V is

defined by the equations
oP

- 0X;

(a)Y; + P°(a) =0

for P € I(V'). This is an inhomogeneous linear equation, which then defines an affine subspace.
Remark 1.22. The linear space T,V acts on the affine space 7,V; this is a torsor.

Again, given (K,8) D k, ) we get a projection 7V (K) = V(K) and a section V: V(K) — 7V (K) given
by Vo = (a,0a) € TV(K) for a = (a1, ...,an) € V(K). As before we have a bijective correspondence between
derivations on k[V] extending (k,d) and algebraic sections s: V' — 7V to 7 over k (i.e. s = (idy, s1,...,85)).

Definition 1.23. Given (k,¢) an (affine) D-variety over k is an (affine) algebraic variety V over k equipped
with an algebraic section s: V' — 7V (so w o s = idy).

Indeed, given R = k[V] and a derivation § on R we write k[V] = k[X]|/I(V). Write dz; = s;(x) for some
s; € k[X] (here x; = X; + I); set s = (idy, S1,- .., Sn). One checks that this works.

Conversely, given s: V. — 7V we define § on k[X] by 6X; = s;(X) and extending (k,d) where s =
(id, 1, ..., S$n). One checks that I(V) is a d-ideal. So this induces ¢ on k[X]/I(V) = R extending (k, ).

(This is a literal bijective correspondence, not “up to isomorphism”.)

Unfortunately being finitely generated isn’t first-order; so to do model theory we instead look at all
differential integral k-algebras and hope to recover the finitely generated ones later.

2 Logic of differential rings

We study differential integral domains of characteristic zero. This is first-order axiomatizable in the language
Ls = LU{0} where L is (as always) the language of rings and ¢ is a unary function symbol; furthermore the
axiomatization is universal. Call this theory T. We wish to study the existentially closed models of T": for
example, are they axiomatizable?

We'll need to study differential polynomials: the “free object” in differential algebra. Given (R,4) =T
we construct an extension R{X} where X is a single differential indeterminate. As a ring we define
R{X} = R[X© XM ] the polynomial ring over R in algebraic indeterminates X(©), X(1) . This is still



an integral domain of characteristic 0; it then suffices to equip it with a derivation. We use the derivation §
extending (R, §) such that X = X+ Then (R{X},0) = T and extends (R, §).

We call this the ring of differential polynomials over R. Given f € R{X} there is a minimal n > 0 such
that f € R[X©, ... X(]: this is the order of f, denoted ord(f). Notationally we identify X = X(©); so
X () = §°X is just & applied 7 times to X. So any f € R{X} of order n can be expressed uniquely as

> aa X0 (6X)™ - (6" X)n

a=(ag,...,an)Ewntl

where each a, € R and cofinitely many are zero.
Each f € R{X} and (S,9) 2 (R, ) we get a map S — S denoted b — f(b) given by

FO) =3 aab™(8b) - (57b)%

acwntl
Tterating we get R{X1,...,X,} in differential indeterminates X1, ..., X,.

Proposition 2.1 (7). Every atomic Ls-formula is T-equivalent to one of the form f(x1,...,x,) = 0 where
fez{xy,....X,}.

(We distinguish between the algebraic variables X1, ..., X,, and the logical variables 1, ..., x,.)
What are the existentially closed models of T'7?

Lemma 2.2 (8). If (R,0) is an existentially closed model of T, then R is an algebraically closed field.

Proof. Let F = Frac(R), and extend § (uniquely) to (F,d) 2D (R,9); then (F,0) =T. Fixa€ R\ {0}, and
consider the Ls-atomic formula over R given by ax = 1. This is solved in (F,d) by a~!, and hence in (R, )
by existential closedness. So a is invertible in R; so R = F' is a field.

Fix non-constant P(t) € F[t], and consider the atomic formula over F' given by P(z) = 0. We have seen
that (F,8) extends to (F2!8,§) |= T, and there is a root of P in F2!8; so there is one in I by existential
closedness. So F' is algebraically closed. 0 Lemma 2.2

Being algebraically closed is certainly not sufficient.

Example 2.3. Consider C with the derivation 6 = 0. This is an algebraically closed field, but is not existentially
closed: the equation dz = 1 is solved in (C[t], &) |= T by t, but has no solution in C.

An algebraic characterization of which systems of §-polynomial equations and inequations need to be
solved to be existentially closed was given by Lenore Blum in the 70s. She showed that (K,d) = T is
existentially closed if and only if for all f, g € K{X} with ord(f) > ord(g) we have that (f(z) = 0)A(g(z) #0

has a solution in K. (Here X is a singleton variable.)

TODO 3. Really? What about
f=0%c—20c+x,9g=0r—=x

The proof is somewhat technical; we instead present the geometric axioms of Pierce-Pillay (90s).
Theorem 2.4 (9). (K,0) =T is existentially closed if and only if K is an algebraically closed field and

(*) Suppose V is an irreducible affine algebraic variety over K and W C 7V an irreducible subvariety over
K such that m(W) is Zariski-dense in V. Then there is a € V(K) such that V, € W. (In fact we will
have V, € W(K).)

Remark 2.5.



1. Write

K[V] = K[X]/I(V)
IV)=(Py,...,P)
K[W] = K[X,Y]/I(W)

I(W) = (Q1a~"7QT) (fOl" QZ € K[va])

So I(tV) C I(W). (Here X = (X1,...,X,) and Y = (Y1,...,Y,,) are tuples.) Then there is a € V(K)
such that V, € W if and only if there is a € K™ such that

14

N\ Pia) = OA/\Qj(a,éa) =0

i=1

2. Suppose (V, s) is a D-variety over (K, J). Then W = s(V) is a subvariety of 7V and projects dominantly
onto V. So (*) says that there is a € V(K) such that V, € W; ie. s(a) = V(a). ((*) is actually
stronger; this is merely a consequence.)

Definition 2.6. If (V,s) is a D-variety over (K,J) then we define the D-points over K to be (V,s)(K) =
{a e V(K):V,=s(a)}.
If a = (ai,...,a,) and s = (idy, s1,...,8,) for s1,...,8, € K[x1,...,2,] then V, = s(a) if and only if

n

/\ 5(@,‘) = si(al, e ,an)

i=1
TODO 4. Label with Rahim’s numbering?
Proof of Theorem 2.4.

(=) Suppose (K,0) is existentially closed. Then K is an algebraically closed field by (8). Given V
and W C 7V as in (*). Then n(W) is Zariski-dense in V if and only if K[V] C K[W] (recall
K[W]=K[X,Y]/I(W) and K[V] = K[X]/I(V)); this is in turn equivalent to (W) N K[X] = I(V).
Extend (K,d) to §: K[X] — K[X,Y] by X; = Y; forie{1,...,n}. If P € I(V) then

oP

S(PX)) = ) 5 (OYi+ P(X) € I(V) C I(W)

(since W C 7V). So we get an induced §: K[V] — K[W]; extend this to §: K(V) — K(W), and in
turn extend this to 6: K (W) — K(W). Then (K,6) C (K(W),0) =T.

Let L = K(W); we show that (*) holds in L. For each i € {1,...,n}let b; = X; + (V) € K[V] C
KW)=L

TODO 5. port the preceding convention to earlier?

Then b; = X; + I(W) € K[W] C L. Then db; = §(X; + I(V)) = 6(X;) + I(W) = Y; + I(W). Let
b= (br,...,by) € L™ then b € V(L). But Vi = (bi,-..,bn,0b1s...,0bp) = (X1 X, Vis.oo Yo) +
I(W) € W(L). So there is b € V(L) such that Vb € W (L); then by existential closedness of (K, 0)
there is a € V(K) such that V, € W(K).

TODO 6. Check

(<= Suppose p(z) with = (z1,...,2z,) be a conjunction of Ls-literals with parameters from K with a
realization in some extension (R, d) =T of (K,4). We wish to find a solution to ¢(z) in K.
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Note that if ¢ = ¢(x) is a term over K then t(z) # 0 has a solution in (S, §) if and only if ¢(z)y = 1 has
a solution in (Frac(S),d); applied to S = K, we get that t(z) # 0 has a solution in K if and only if
t(x)y = 1 does. So we may assume that () is a conjunction of atomic Ls-formulas over K; say

where f; € K{X} where X = (X1,...,X,).

Let L = Frac(R); so (L,¢) E T extends (K,d). Let b € L realize p(x). Let r = max{ord(f;) :
i€ {1,...,0}}. (Here ord(f;) is the maximum of its orders with respect to any one variable.)
Consider b = (b,6b,...,6""1b) € L™. Let V = loc(b/K) be the locus of b over K, that is the
smallest affine subvariety of A" defined over K and containing b. Phrased differently: I(V) = { f €
K[XO . X0=D]: f(b)=0}.

TODO 7. Should this ideal be over a bigger ring of polynomials?

Then Vi € 7V(L); let W = loc(Vb/K) C 7V C A?™. Let m: 7V — V be the projection. Then
b=n(b,0b) = 7Vb; so b € m(W) C m(W) (Zariski closure) and thus V C w(W). So V = 7(W). By (*)
we then get @ € V(K) such that Va € W(K). Write @ = (ag, ..., ar—1).

TODO 8. Intuitively, G is an element of K that “looks like” b over K
We will show that ag realizes p(x).
Claim 2.7. §‘ag = a; fori <r.
Proof. Well
Va = (ag,a1,...,a,-1,0a9,0a1,...,0a._1)
Vb = (b,6b,...,0""'b,6b,6%b,...,6"b)
We use the 2nr coordinates (X, ..., X(=1 y©) 'y (=) Then Vb satisfies
x@ — y(0)
x? —y@

x (=1 — y(r=2)
But these are polynomial equations, and hence are entailed by W. So they hold of Va € W. So

a1 = 5(10
a9 = (5@1
= (520,0

ar_1 = 6G,_2
r—1
=0 ap

as desired. O Claim 2.7

So @ = (ag, dag, . ..,6 tap).

Write fi(x) = Pi(x,0z,...,6" 'z) in (r 4+ 1)n variables where P; € K[X© . . xt=D yr-1] For
eachi € {1,...,0} write 0 = fi(b) = P;(b,6b,...,0"b). So Vb is a root of P,(X©) .  Xxr-1 y(-1
(using the coordinates in the claim). So this is entailed by W, and is thus true of

va:(ao ,5&0,...,57"71&0,6&0,..., 0" ag
~— —— ~—
X x(1) X -1) yoo1)
So fi(ao) = Py(ag,daq,...,6" tag,6"ag) = 0. O Theorem 2.4
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Morally speaking for the right-to-left direction we converted the order-n equation to an order-1 equation,
at which point we can apply (*) (since per Remark 2.5 we can view (*) as guaranteeing the existence of
solutions to certain order-1 equations).

2.1 Axiomatizability
If (K, §) is a differential field with K algebraically closed, we can rephrase property (*) as:

(*) For every irreducible Zariski-closed V' C K™ and irreducible Zariski-closed W C 7V C K?" such that
(W) C V is Zariski-dense (where m: K2" — K™ is the projection onto the first n coordinates) there is
a € V such that V, = (a,da) € W.

Note that any such V. C K™ takes the foom V =V, = {d € K" : (¢,d) € V} where V C K™ x K" is
Zariski-closed over Z and c € K™.

Fact 2.8. Fiz V C K™ x K". Since K is algebraically closed, we get that {c € K™ :V, is irreducible } is
L-definable.

Roughly speaking, one proves this by showing that if there is a bound on the degree of the generators of
some ideal I then there is a bound on the smallest degree pair (f,g) with fg € I but f,g ¢ I.

Ezercise 2.9. If V.=V, then 7(V,) = 7(Vy,). (Note that 7V C 7(K™ x K™) = 7K™ x 7K™ (check). So for
c € K™ we get that V. = (¢, dc) € TK™; so the assertion is well-typed.)

Similarly W = W, for some W C K™ x K?" and ¢ € K™. Also m: K?* — K" satisfies the following
commuting diagram:

id X7

WC K™ x K K™ xK"2V

\/

Km

So if c € K™ then 7: K?" — K"
TODO 9. Something about sending W, to V. ?
Fact 2.10. If K is algebraically closed then {c € K™ : #(W,) C V. is Zariski-dense } is L-definable.

For each m,n and ¥V C K™ x K™ Zariski-closed and each W C K™ x K?" Zariski-closed, consider the
condition

(*)n,m,vw Forall c € K™ such that V, is irreducible and W, is irreducible and W, C 7(V,) (i.e. W, C (7V)v,)
and m(W,) C V. is Zariski-dense, there is a € V, such that V, € W,.

Then (*) is equivalent to { (*)n m,vw | R, M, V, W }.

Remark 2.11. As ACF admits quantifier elimination we get that the above axioms are universal-existential.

Corollary 2.12. The existentially closed models of T form an elementary class. We let DCFq be the
Lg-theory of existentially closed models of T'; we call them differentially closed fields of characteristic zero.

Remark 2.13. (DCFy)y = T' (the universal theory entailed by DCFy).

3 Chapter 2: basic model theory of DCF|

Remark 3.1. From general nonsense it follows that DCF( is model complete. (In general if the class of
existentially closed models is axiomatizable then the corresponding theory is model complete.)

Some characterizations of model-completeness:

1. Every Ls is DCFg-equivalent to an existential Ls-formula (and hence also a universal Ls-formula by
looking at negations).
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2. If (K, 6) C (L, ) are models of DCF then (K,d) < (L,9).
3. Every model of DCFy is an existentially closed model of DCFy,.

The above hold generally, though they are above stated for DCF(; see Hodges 8.3.1. The remark follows
from the third condition.
We will prove that DCF( admits quantifier-elimination.

Proposition 3.2 (11). DCFy has AP (amalgamation property) over arbitrary substructures; i.e. if
(K,9),(L,d) = DCFq with a common substructure (R,0) then there is (M, d) = DCFy and Ls-embeddings
(K,90) <= (M,9),(L,d) — (M,d) such that the embeddings agree on (R,0); i.e. the following diagram
commutes:

(M, )

(R, 9)

Proof. Since § on R has a unique extension to Frac(R)*® we may assume that (K,§) and (L,d) share a
common substructure that is an algebraically closed field; i.e. we may assume (R, ) = (F,¢) for F |= ACF.
Since ACF has AP we can embed K and L as fields in some algebraically closed field U.

Claim 3.3. Taking trdeg(U/F') big enough we may assume that K and L are algebraically disjoint over F':
i.e. there is a transcendence basis B C K for K over F then B remains transcendental over L. Equivalently,
for all finite by,...,by € K we have trdeg(by,...,bs/F) = trdeg(by,...,be/L).

Proof. Choose B’ C U transcendental over L with |B’| = | B| (here we’re using that U is large enough to find
such B’). Then K = F(B)*2 = F(B’)*® is algebraically disjoint from L over F.
————

K/
We can then pull 6 on K to §' on K'; so (K,d) = (K',d"). O Claim 3.3

Fact 3.4. If K is algebraically disjoint from L over F in U and F = F®# then K is linearly disjoint from

L over F': i.e. there is a linear basis for K over F that is linearly independent from L. FEquivalently if
bi,...,bs € K then dimp(span{ by,..., by }) = dimy (span{ by,...,b¢ }).

Fact 3.5. If we have fields
U
c
SN
K L
C
c
F

with K linearly disjoint from L over F then letting R = K[L] be the subring of U generated by K and L we
have that K @ L = R as rings via the map a @ b— ab. (In fact the converse holds as well.)

A proof that doesn’t use the above facts: fix a transcendence basis B for K over F that is transcendental
over L. Say the derivation on K is é; and the derivation on L is . Define § on L(B) by 6 | L = 62
and db = 61b for b € B; there is a unique further extension to § on L(B)*8. Then (L(B)#,6) extends
(L,02) by definition. Also § [ F =46; | Fand 6 | B =061 | B; so ¢ | F[B] = §; | F[B], and thus
§ | F(B)Ye =4, | F(B)¥s. So (L(B)8,4) extends (K, ;). We can then further extend to a model of DCFj.

Alternate proof using the above facts: we can define § on K ®p L by d(a ® b) = a ® J2(b) + d1(a) ® b.
Then pass to Frac(K ®r L)*8, then to an existentially closed model. O Proposition 3.2
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Corollary 3.6 (12). If (K,4),(L,d) E DCFy with a common differential subfield (F,d) then (K,0) = (L,9).
(i.e. (K,0,a)qer = (L,0,0)qer; t.e. (K,0) and (L, ) satisfy the same Ls-sentences with parameters from F.
) In particular, taking F = (Q,0) we get that all models of DCFy are elementarily equivalent; i.e. DCFy is
complete.

Proof. By AP we can find (M, ) = DCFy and embeddings

(M, )

( X))

K,5) (L,5
(£,9)

Then by model-completeness we get that (K,d) < (M,0) and (L, d) < (M, ). So of o is an Ls-sentence over
F then
(K,)))Eo «— (M,0))Fo < (L)) o

as o is over F' and hence over both K and L. O Corollary 3.6

Corollary 3.7 (13). DCFq admits quantifier elimination; i.e. every Ls-formula is DCFg-equivalent to a
quantifier-free Lg-formula.

Proof. Given ¢(x) an Ls-formula with = (21, ..., z,), recall that ¢ is DCFg-equivalent to a quantifier-free
one if and only if whenever (K,0), (L, ) = DCFy with (F,J) a common substructure and a € F™ we must

have (K, ) k= p(a) <= (L,8) = p(a).
But ¢(a) is an Ls-formula over F'; so this follows since (K, 9) = (L, 9). O Corollary 3.7

Recall: given a general model of a theory M =T and A C M and b € M™, we define
tp(b/A) = {¢(x1,...,2,) : ¢ an L-formula over A, M = p(b) }

Note that if M < N and A C M,b € M™ then tp™ (b/A) = tp™ (b/A).
In DCF, we will consider the following situation: we have (K, ) = DCFy, (F,d) C (K,J), and a € K".
We have tp(a/F) as above and tpy (a,da,6%a, ... /F); these will be equal by quantifier elimination. (Recall L
—_———

Vea
is the language of rings.) In general

tp(ag, a1,.../F) =|Jtplao,...,an/F) = {(z0,...,2n) € L: M = p(a,...,an) }

Proposition 3.8 (14). Suppose (K, ) = DCFq and (F,d) C (K, ) is a substructure that is a field. Suppose
a,b e K™. Then the following are equivalent:

1. tp(a/F) =tp(b/F).

2. Is(a/F) = I5(b/F) where Is(a/F) ={P € F{X}: P(a) =0} (where X = (X1,...,X,)). Thisis a
differential ideal.
Ezercise 3.9. This is prime. Is it maximal?

3. dftpy(a,da,.../F) = aftp;(b,6b,.../F). (Here qftp;(co,c1,.../F) = {p(xo,...,x0) : L < w,p €
L(F) quantifier-free, K |= ¢(co,...,c¢) } and L is as usual the language of rings.)

4. There is an isomorphism of differential fields f: F{a) — F(b) such that f(a) =b and f | F = idp.
(Here F{a} is the §-subring of (K,0) generated by F' and a; this coincides with { P(a) : P € F{X}} =
Fla,da,...]. We then define F{a) = Frac(F{a}) = F(a,da,...).)
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Proof.
(1) = (2) Immediate.
(2) = (3) It suffices to show that if P € F[xy, ..., x| then P(a,da,...,6%) = 0if and only if P(b, b, ..., ) =

0. But we can write P(a,da,...d%) = Q(a) for some Q € F{X}; we then wish to show that Q(a) = 0
if and only if Q(b) = 0 for all Q € F{X}. But this is just the hypothesis.

(3) = (4) As F-algebras we have
Fla,éa,...,0%) = Flxo, ...,z /I(a,da,...,6%/F) = Flzg,...,x/I(b,db,... 6%/F) = F[b,db,..., 5]

(by the hypothesis). So we get an isomorphism of F-algebras f: Fl[a,éa,...,5%a] — F[b,db,...,5)]
that fixes F' and sends 6°a — 6°b.

Exzxercise 3.10. This implies f is in fact an isomorphism of differential rings.
Then extend f to the fraction fields.
(4) = (1) Consider the diagram

Then corollary (12) implies that (K, ) = ©(a) <= (K,0) = O( fa )forall© € Ls(F). O Proposition 3.8
N~
=b
Corollary 3.11 (15). Suppose (K,0) = DCFg and A C K. Then acl(A) = Q(A)*8, the field-theoretic
algebraic closure of the differential field generated by A. (Recall acl(A) consists of the b such that (K,0) = o(b)
for some p(x) € Ls(A) such that p(x) has finitely many realizations in (K, J).)
Note by quantifier elimination for ACFy that acly(A4) = Q(A)e.

Ezample 3.12. 6X = 0 defines K° = {a € K : 6a = 0}; in for example (C(t), &) this defines C, which is
unfortunately infinite. So the argument from ACFy won’t work here.

Proof of Corollary 3.11.

(2) Suppose b € Q(A)¥#; say P(b) = 0 for some P € Q(A)[z]. Then P(z) = 0 has finitely many solutions
over A.
Ezercise 3.13. Convert this to an Ls-formula over A.

(C) Let F = Q(A)*#; we wish to show that acl(A) C F. Suppose for contradiction that b € acl(A) \ F;
suppose ¢(z) is an Ls-formula over A with finitely many realizations in (K, J) with (K,0) = ¢(b).
As usual write (K) = {V € K : (K,0) = o) }. Write |p(K)| = n < w. In some algebraically

closed field FF C U DO K we can find Ko C U algebraically disjoint from K over F' and an isomorphism
f: K1 := K — K, of fields preserving F'.

TODO 10. Reference earlier proof?

We can use f to define d; on K3 so we have the following picture:

U
N~

U

K

IR| =

Fé

(since F' is algebraically closed). By the earlier proof
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TODO 11. ref. Of AP?

we get o)
K K,
(F.5)

But in fact the proof showed K - Ko C M C U. But since (K, d) | ¢(b) we get (M, 0) | ¢(b); following
the isomorphism we also separately get (K3,02) = ¢(f(b)), and thus (M,d) = ¢(f(b)). Also b # f(b)
since f(b) € K3 is transcendental over F' in U and hence transcendental over K in U by algebraic
disjointness, whereas b € K.

So in (M, §) = DCF( we get that ¢(z) has at least 2 solutions, namely b and f(b). Iterating we get
(N,d) = (K,¢) in which ¢(z) has n 4 1 distinct solutions; hence (N,d) = I>,112¢(z), and so (K, 6)
does as well, a contradiction. O Corollary 3.11

Note that once we do types and saturation the C direction will follow more easily.
Proposition 3.14 (16). dcl(A) = Q(A). (Recall dcl(A) is the set of b € K such that {b} is A-definable.)
Proof.

(2) Suppose b € Q(A). Then b = gg;; for some P,Q € Q{X1,...,Xs}, { < w, and a € A’. Then

Q(a)x = P(a) is our desired formula.

(C) Suppose b € dcl(A) \ Q(A). If b ¢ Q(A) then by corollary (15) we get b ¢ acl(A4), a contradiction. We
may thus assume b € Q(A)*8\ Q(A). So there is b’ # b in Q(A)*& a conjugate of b over Q(A) (i.e. b, b’
share a minimal polynomial over Q(A)).

TODO 12. I guess this is because irreducible polynomials are separable in characteristic zero?

Ezercise 3.15. Suppose (L, d) is a differential field with a differential subfield (F,d) C (L, d). Suppose
we have an intermediate field FF C K C L with K algebraic over F. Then K is a differential subfield of
L;ie 0(K) C K.

Then we have the following picture:

(K, 3)
(Q(A)(b), 5) ! (Q(A)(H), )

where f is the field-theoretic isomorphism given by conjugacy of b,b’. By the exercise the intermediate
fields are differential subfields of (K, d); then by uniqueness of extensions of d to algebraic extensions of
Q(A) we get that f is an isomorphism of differential fields.

Let () be an Ls-formula over A such that ¢(K) = {b}. By quantifier elimination we may assume
©(x) is quantifier-free. Then

(K, 0) = (b)
= (Q(A)(b),d) E ©(b) (since ¢ is quantifier-free)
= (Q(A)(V),9) (V)
= (K,0) F o(V)
a contradiction since b # b'. O Proposition 3.14



4 Interlude on types and saturation

Chapter 7 of the set theory and model theory notes. For this section L will denote an arbitrary first-order
language and T' an arbitrary L-theory. We use the numbering from the aforementioned notes.

Proposition 4.1 (7.2). Suppose ®(x) is a set of L-formulas in free variables x = (x1,...,%,) (without
parameters). Then the following are equivalent:

1. ®(x) is realized in some model of T.
2. Every finite subset of ®(x) is realized in a model of T.
3. There is M =T in which aoll finite subsets of ®(x) are realized.

Proof.
(1) = (2) Immediate.
(1) = (3) Immediate.

(3) = (2) Immediate

(2) = (1) Consider L' = LU {e¢1,...,c, } with ¢1,...,¢, new constant symbols; let ¢ = (e1,...,¢n).
Consider the L'-theory T'U ®(c¢). Then by hypothesis every finite subset of this is consistent, so by
compactness there is a model of T in which ®(x) is realized. O Proposition 4.1

Definition 4.2. Any such ®(z) is called a (partial) n-type in T. We say a partial type ®(z) is complete if for
all p(x) € L either p(z) € ®(z) or —p(z) € ®(x). We write S, (T') for the set of complete n-types of T.

Remark 4.3. If T is a complete theory and M = T then ®(z) is a type in T if and only if every finite subset
of T has a realization in M; this is the third condition plus completeness of T

Ezample 4.4. Suppose p(z) is an n-type in T. Then p(z) is complete if and only if p(z) is a maximal n-type
inT.

Definition 4.5. Suppose M is an L-structure and A C M. By a (partial or complete) n-type in M over A
we mean a (complete or partial, respectively) n-type in the L(A)-theory Th(M4). We write SM (A) for the
set of complete n-types in M over A.

Remark 4.6. If p € SM(A) then every finite subset of p is realized in M.

Erercise 4.7. If AC M < N then SM(A) = SV (A).

Ezample 4.8. Suppose A C M and b € M™. Then the set tp(b/A) of L(A)-formulas true of b in M has
tp(b/A) € SM(A). These are precisely the elements of S (A) realized in M.

Proposition 4.9 (7.12). Suppose p € SM(A). Then there is M < N and b € N™ such that p = tp(b/A) €
Sy (A) = ST (A).

Proof. Consider X(z) = Th(My) U p(x) (with 2 = (x1,...,2,)); this is a set of L(M)-formulas. One
checks that this is a type in Th(My). So there is N = Th(M)y) in which ¥(x) is realized; then N = M.
[0 Proposition 4.9

In fact if M is infinite and |M| > |L| then we can take |N| = |M|; we simply apply Lowenheim-Skolem.

Definition 4.10. Suppose « is an infinite cardinal and M is an L-structure. We say M is k-saturated if for
all A C M with |A| < k we have that every type in S (A) is realized in M.

Remark 4.11. If M is k-saturated then |M| > k; one sees this by considering {z # m : m € M} and
extending to an element of S} (M).
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FEzercise 4.12 ((Done in the notes)). Let L ={0,1,+,—, x } and M = ACF. Then M is k-saturated if and
only if trdeg(M/F) > x where
. {@ if char(M) =0
F, if char(M)=p

is the prime subfield of F.

Proposition 4.13 (7.26). M is k-saturated if and only if every p(x) € SM(A) is realized for all A C M
with |A] < k.

Proof. One proves by induction on n that p(z) € SM(A) with = (z1,...,7,) is realized in M. Indeed,
q=7p] (x1,...,2,) is realized by b € M"~! by the induction hypothesis; we then set r(z,) = { ¢(b,2,) :
o(z1,...,2n) € p(x1,...,2,) }. One then shows that r(z,) € SM(AU {b1,...,b,_1}), at which point it is
realized by hypothesis, say by b, € M. Then (by,...,b,) is the desired tuple. OO0 Proposition 4.13

Proposition 4.14 (7.28). Every infinite L-structure has a k-saturated elementary extension.

Proof. Given M we consider an elementary extension M = My < Mj such that every type over M is realized in
M. Indeed, enumerate SM (M) = { po(z) : @ < A'}; then find elementary extensions M < M) < M3 <...
such that M(®) realizes p, by transfinite recursion, and set

My = | M@
a<

Note that we can take |M©+D| = [M(@)|. If A = |SM(M)| < |M| then |M,| = |M|.
Iterate this xT-many times to get (M, : @ < k1) (taking unions at limit ordinals). So in M, every
1-type over M, is realized. Let
N = U M, = M

a<kt
Then this is xT-saturated: if A C N with |A| < & then since kT is a regular cardinal we get that A C M,
for some o < k™ so types over A are realized in M, 1 < M. [0 Proposition 4.14

Erratum for question 3: we may assume that the P; generate I(V).
Definition 4.15. We say T is w-stable if whenever M =T and A C M we have |S1(A4)| < |A] + No.
TODO 13. Does this require a countable language to be equivalent to the usual definition?

Note that in a countable language we always have |S;(A)| < 2141+¥o,
If T is w-stable and M = T is infinite then there is N = M that is saturated (i.e. |N|-saturated);
this follows from the proof of 7.28 and the remarks made therein. Indeed, if x = |M| then we built a

kT-sized k-saturated model using chains of models M = M, < Mél) =< .- of length |S;(M)]|. Following the
cardinalities through we get our desired saturated model.

Proposition 4.16 (7.37). Saturation implies strong homogeneity. (Definition to follow.)

Definition 4.17. If M, N are L-structures with A C M and f: A — N we say [ is elementary (or a partial
elementary map) if for all p(z1,...,2,) € L and aq,...,a, € A we have M = ¢(a1,...,a,) < N

(p(f(al)a AR f(an))

Remark 4.18. If f: A — N is elementary and b € M,b’ € N, then f extends to a partial elementary map
AU{b} — N with b — ¥ if and only if b’ realizes f(tp(b/A)) = { p(z, f(a1),..., f(an)) : o(x,a1,...,ay,) €
tp(b/A) }.

Definition 4.19. We say M is strongly homogeneous if whenever A C M with |A| < |M| and f: A — M is
a partial elementary map, then f extends to an L-automorphism f: M — M.

Proof of Proposition 4.16. Suppose we are given a partial elementary map fo: A — M; let kK = |M|. Enu-
merate M = {b, : @ < k}. Define a chain of partial elementary maps with domains having size < k as
follows:
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e Given f, define f/, as follows: if b, € dom(f,) we set f. = f,. Else consider f,(tp(bs/dom(fs)));
since |dom(f,)| < & then by k-saturation this has a realization ¢ € M. We then extend f, to f, by
bo — c.

e Given f/ we define f,1 as follows: if b, € Ran(f,) thenset fo+1 = f/,. Else consider (f)~*(tp(ba/ Ran(f.)));
since |[Ran(f})| < k then by k-saturation this has a realization ¢ € M. We then extend f/, to fo+1 by
¢+ by.

e At limit ordinals 8 we let

fﬂ:Ufa

a<f

This is a partial elementary map, and its domain will have cardinality < k.

So B
f= far M= M

a<k

is an automorphism. OO0 Proposition 4.16

Corollary 4.20. Suppose M is saturated, a,b € M™, and A C M with |A| < |M|. Then tp(a/A) = tp(b/A)
if and only if there is an automorphism f € Aut (M) (i.e. f | A=ida) such that f(a) =b.

Proof. The right-to-left direction is generally true. For the left-to-right, if tp(a/A) = tp(b/A) then g: AU
{a} — M given by g | A =1id4 and g(a) = b is a partial elementary map; then by strong homogeneity this
extends to an automorphism. OO0 Corollary 4.20

Corollary 4.21. Suppose M is saturated and D C M™ is a definable set (by which we generally mean
with parameters). Suppose A C M with |A| < |M|. Then D is A-definable if and only if f(D) = D for all
feAuta(M).

Proof. The left-to-right direction is easy. For the right-to-left suppose f(D) = D for all f € Aut(M); let D
be defined by ¢(x,b) with z = (z1,...,2y,), b € M™, and p(z,y) € L. Let

@(.’L‘,Z) = {¢($) A w('z) HRUNS L(A) } U {(p($7b),ﬁtp(z7b)}
(for z = (z1,...,2,)); then ® C L(AU {b1,...,b, }).
Claim 4.22. ® is not a 2n-type.

Proof. Otherwise by saturation of M (and since |AU {b1,...,b, }| < |M|) there would be (a,a’) € M*"
realizing ®; i.e. tp(a/A) = tp(a’/A) and a € D,a’ ¢ D. But by previous corollary we get f € Aut (M) such
that f(a) = a; so f(D) # D, contradicting the hypothesis. O Claim 4.22

So some finite subset of ®(z, 2) is not realized in M; i.e. there are ¢1,...,9p € L(A) such that

L
M Vv ( A Wi(@) & () = (o(a,b) & so(z,b»)

i=1

Now for each 7: {1,...,¢} — {0,1} let
T(i)=1 7(2)=0

Then these are finitely many L(A)-formulas, and if 7 # o then 6,(M) N 6,(M) = . Furthermore by our
earlier work we get 6.(M) C D or 6, (M)ND = 0. Also |J, 0,(M) = M". So D is defined by

and is thus definable over A. O Corollary 4.21
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Corollary 4.23. Suppose M is saturated and A C M with |A| < |M|; suppose b € M.
1. The following are equivalent:
(a) b e dcl(A)
(b) f(b)=0b for all f € Auts(M)
(c) b is the only realization of tp(b/A) in M.
2. The following are equivalent:
(a) b € acl(A).
(b) The orbit of b under Aut (M) is finite.
(¢) There are finitely many realizations of tp(b/A) in M.

Proof.
1. (b) <= (c) We have seen since M is saturated and |A| < |M| that the set of realizations of tp(b/A) is
the orbit of b under Aut4(M).
(a) = (b) Clear.
(b) = (a) D = {b} is definable by = b; by (b) we get f(D) = D for all f € Auts(M). So by
previous corollary we get that D is A-definable; i.e. b € dcl(A).
2. (b) <= (c) As above.

(a) = (b) If b € acl(A) then b € D for some finite A-definable D. So if f € Aut,(M) then f(b) € D;
so the orbit of b is contained in D, and is thus finite.

(b) = (a) Let D be the orbit of b under Aut4(M); then by hypothesis D is finite, and thus definable.
But f(D) = D for f € Aut4(M); so by previous corollary we get that D is A-definable, and
b € acl(4). O Corollary 4.23

Proposition 4.24. Saturation implies universality. i.e. If M is saturated and N = M with |N| < |M| then
there is an elementary embedding N — M.

Proof. Let fo: ) — M be the empty function; since N = M we get that fy is a partial elementary map
N — M. Enumerate N = {aq : o < A} with A = |N| < |M|. Recursively build a chain of partial elementary
maps f, such that

o |dom(fy)| <A
e a, € dom(fot1).

Given f, if a, € dom(f,) we set fo11 = fa; else use saturation of M to find b realizing f, (tp(aq/dom(fy))),
and set fot+1 = fo U{(aq,d) }. At limits we take unions.

So we get a partial elementary map N — M whose domain is all of N; this is then an elementary
embedding. 0 Proposition 4.24

Definition 4.25. Suppose « is an infinite cardinal. We say T is k-stable if for all M =T and all A C M
with |A] < k we have |S,(A4)| < & for all n < w.

Fact 4.26. It suffices to consider n = 1.
Fact 4.27. If T is countable and T is w-stable then T is k-stable for all k.

(See Tent and Ziegler for proofs of these.)
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5 Back to model theory of DCF|

Theorem 5.1 (17). DCFy is w-stable.

Proof. Fix a model (K,9) = DCF( and countable A C K; we wish to show that S;(A) is countable. Let
F =dcl(A) = Q(A); then every type in S1(A) extends uniquely to a type in S;(F). Also since A is countable
so too is F, and F is a differential subfield of (K, ¢). By replacing (K, ) with an N;-saturated elementary
extension we may assume all types in S;(A) are realized in (X, 9).

Consider b € K differentially transcendental over F': that is, (b, 5b, 62b, .. .) is algebraically independent over
F. Then tpy, (b, db,.../F) in variables g, x1, ... is completely determined: it is entailed by { P(xo,...,2¢) #
0:0+# P € Flxg,...,24),¢ < w}. Furthermore by quantifier elimination for DCFq this determines tp(b/F).
So there is a unique type of a J-transcendental element over F'.

It remains to count tp(b/F) where b is differentially algebraic over F' (i.e. not differentially tran-
scendental over F). Fix such b € K. Let £ < w be least such that 6° € F(b,db,...,5 1b)¥8; let
P(t) € F(b,6b,...,5° 1)[t] be the minimal polynomial of 6*b. Then 0 = P(§°b); differentiating we find

0 = 8(P(5°)) = P'(6°D)6“ b + P°(5°b)

So
—P2(5%)
£+1 — F ¢
5T o) € F(b,6b,...,8°)
Iterating we get that §“*"b € F(b,db,...,8%) for all r > 0.
We have thus shown:

Claim 5.2. F(b) = F(b,db,...,5').

Claim 5.3. Write P(t) = Q(b,6b,...,871b,t) with Q € F(Xo,...,Xe_1)[t]. Suppose ¢ € K is such that
(¢,dc,...,8Lc) is algebraically independent over F but Q(c, ¢, ..., 6 e, d%) = 0. Then tp(c/F) = tp(b/F).

Proof. The map a: F(b,db,...,5*71b) — F(c,éc,...,6' tc) given by fixing F and sending §'b + d'c is
an isomorphism of fields by algebraic independence over F. We then get a map F(b,...,6 'b)[t] —
F(c,éc,...,6' " c) which we denote f +— f. Then

P(5%) = Q(a(b), a(db), ..., a(671), 6%) = Q(c, dc, ..., 671, 6%) =0

But P is monic and irreducible; so it is the minimal polynomial of §‘c over F(c,éc, ..., c). Hence we can
extend o to an isomorphism F(b, db, ..., d°) — F(c,éc, ..., 8%) sending §°b + 6°c. This is then by previous
claim an isomorphism F(b) — F{c).

But these are isomorphisms of fields; what about 67 Well ad | FF' =9 = da [ F, and for ¢ < £ — 1 we have

ad(6°b) = ad™ b = e = 5(0%c) = 5(a(5'D))

Transport 6 on F(b) to 6’ on F(c) using a; then § and &’ agree on F,b,db,...,6 1, and hence as maps
F(b,6b,...,6 7). By corollary (4) since §°b is algebraic over F(b,...,6'7'b), we get that § = &’. So
« is an isomorphism of differential fields (F'(b),d) — (F(c),d) that sends b — ¢; so tp(¢/F) = tp(b/F).

O Claim 5.3

So if b is differentially algebraic then tp(b/F) is determined by (¢, Q) with ¢ < w and Q € F(Xo, ..., X¢—1)[t]-
So |S1(F)| < No. O Theorem 5.1

Corollary 5.4. DCFq has saturated models. If (K,d) = DCFy and k > | K| is an infinite regular cardinal
then (K, 96) has a saturated elementary extension of size k.

Proof. Do the construction producing a k-saturated elementary extension of (K, ), and use s-stability to make
sure the extension is of size . (Here one uses that w-stability implies k-stable for all «.) O Corollary 5.4

Our convention: we fix a sufficiently large x for our purposes, and fix (U, d) = DCFq saturated with
|U| = k. We say (U,0) is sufficiently saturated. More conventions:
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e A model is an elementary substructure of Y.

o A parameter set is some A C U with |A| < |U| unless stated otherwise.
e A type is a type in (U, d) over some A C U with |A| < |U|.

e A global type is an element of Sy, ().

Definition 5.5. Suppose A, B, C are subsets of U. We say A is independent of B over C, denoted A | , B if
acl(CUA) = Q(C, A)*8 is algebraically disjoint from acl(C'UB) = Q(C, B)*# over acl(C) = Q(C)*#. (Recall
this means that if a is a finite tuple from acl(C'A) then trdeg(a/ acl(C)) = trdeg(a/ acl(C'B)). Equivalently for
some (equivalently any) transcendence basis Ay for acl(C'A) over acl(C') we have that Ay remains algebraically
independent over acl(C'B).)

Notation 5.6. If a is a tuple with a = (aq,...,a,) then we say a LCB if{ay,...,an} LC B.

Definition 5.7. If C' C B, p(z) € S,(C), and p(z) C q(z) € Sp(B), we say ¢ is a free extension of p if for
some (equivalently any) a |= ¢ we have a |, B.

Proposition 5.8 (18).
(Symmetry) A | , B implies B |, A.
(Transitivity) Suppose A C B C C and a is a tuple. Then a J_/A C if and only if a \LB C and a LA B.

(Invariance) If a € Aut(U) then A |, B implies a(A) | a(B).

a(C)

(Finite character) A | . B if and only if Ay |, Bo for all finite Ay C A and By C B.

(Non-triviality) A | , A if and only if A C acl(C).

(Superstability) If a is a finite tuple and B a set then A LBO B for some finite By C B.

(Extension) Suppose C C B. Then every p(x) € S,(C) has a free extension to S, (B).

(Stationarity) Suppose C C B and C = acl(C) = F. Then every p € S,,(C) has a unique free extension to
Sn(C).

Proof.

(Symmetry) Let F = Q(C)*# = acl(C); let Ay be a transcendence basis for acl(AC)/F and By a
transcendence basis for acl(BC)/F. Then since A | , B we get that Ao is algebraically independent
over acl(BC') D F(By); then since By is algebraically independent over F' we get that Ay U By is

algebraically independent over F. So By is algebraically independent over F'(Ag), and thus over
F(Ap)¥8 = acl(AC); so B LA

(Transitivity) (=) Suppose a | , C, and let A be a transcendence basis for acl(da) = acl(4 U
{ai,...,an}) (where a = (ai,...,a,)). Then since a | , C we get that Ay is algebraically

independent over Q(C)*#, and hence a | 4 B- We defer the proof that a | , C
TODO 14. And I guess the converse?

(Invariance) « preserves acl; so a(acl(X)) = acl(a(X)). Also « is a field automorphism of U = ACFy; so
K algebraically disjoint from L over F implies a(K) is algebraically disjoint from «(L) over «(F).

(Finite character) (=) By symmetry and transitivity we get
ALCB = Ay J,CB == BJ,CAO = By J_,CAO == Ay J,CB()

(=) AY o B then it is witnessed by some algebraic dependence, which can only involve finite
subsets of A and B; so Ag \,j//c By for some finite A9 C A and By C B.
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(Non-triviality) We have that acl(AC) is algebraically disjoint from acl(AC) over acl(C) if and only if
acl(AC) = acl(C), which occurs if and only if A C acl(C).

(Superstability)

(Step 1) Reduce to a a singleton. If we assume the case where a is a singleton, and want to do say

the case a = (a1, az), then there is finite 31 C B such that a; \L B for some finite B; C B, and
there is By C B finite such that as J/BQ o . One then shows that (a1, as) J/B B, B; one uses

transitivity and symmetry, and instead shows that B | By Bya, @2 and B | BB,
(Step 2) Let F = acl(B) = Q(B)*#. If a is é-transcendental over F then A | ) B. Indeed, in this case
{8% i < w} is algebraically independent over F' (and hence also over Q*2), and acl(a) = Q{a)™®;
so {8% : i < w} is a transcendence basis for acl(a) over acl()), and it is independent from
acl(B) = F'. So acl(a) is algebraically disjoint from acl(B) over acl(0), and a | , B
Suppose then that a is §-algebraic over F; let £ < w be least such that §‘a € F(a,...,6  ta)™8;
let P(t) = Q(a,...,5 ta,t) be the minimal polynomial of §‘a over F(a,...,5* 'a) (so Q €
F(X© . .., X®1)[t]). Then Q involves finitely many parameters from F = Q(B)#; let
By C B be finite such that if Fy = Q(Bo)*# then Q € Fp(X®, ..., XU D)[f]. Then since
= P(6%a) = Q(a,...,0* ta,6%) we get that 6‘a € Fy(a,...,d 1a)*8, and hence Fy(a)?!e =
Fo(a,...,0" )8, (Actually Fyla) = Fy(a,...,6%) C Fyola,...,8 1a)*8.) So {fa:i<l}isa
transcendence basis for Fy(a)*® = acl(Bya) over Fy = acl(By) which remains independent over
F =acl(B); so a J/BO B.

(Extension) Write

So F' C L. Let K’ be a field-isomorphic (over F') copy of K that is algebraically disjoint from L over F.

TODO 15. Ref to earlier instance of this?

Let §’ be a derivation on K’ such that (K’,4") = (K, §) over F. Then we have the diagram

(K’(L)alg, 5/)

(K',d")

/ X(

We can then extend (K'(L)*#,4") to (M,d") = DCFy. By universality there is an elementary embedding
2 (M,6) =U

TODO 16. Fixing L?

Then K := p(K') is a differential subfield of /. Then K = F(b)# for some b, and the map F(a) — F(b)
given by a +— b is an isomorphism of differential fields. So by (14) we get tp(a/F) = tp(b/F’), and
hence that p(z) = tp(a/C) = tp(b/C). Since K’ is algebraically disjoint from L over F we get
acl(Ch) = K = p(K') is algebraically disjoint from acl(B) = L = p(L) over acl(C) = F = p(F). So
b L, B, and tp(b/B) € S,(B) is a free extension of tp(b/C) = p € S,(C).



(Stationarity) We again reduce to the case n = 1; we do this reduction in the case n = 2 to illustrate.
Suppose we have (a1,a2) | . B and (b1,b2) |, B, and that tp(aiaz/F) = tp(bib2/F); we wish to
show that tp(aijas/B) = tp(b1ba/B). By the case of 1-types we get that tp(a;/B) = tp(b1/B); so by
strong homogeneity there is o € Autp(U) such that o(a;) = by. Also by strong homogeneity there is
7 € Autp(U) such that 7(a;) = b;. Then o071 € Autpy, (U), so tp(be/ acl(Fby)) = tp(o(az)/ acl(Fby)).
By symmetry and transitivity we get as J/Fal B; so applying o we get that o(a2) J/Fbl B, and
hence o(az) J/acl(Fbl) B. Also by J/Fbl B, so by Lacl(Fbl) B. So by the case of 1-types we get
tp(o(az)/Bby) = tp(ba/Bby); let p € Aut(Bby) such that p(o(az)) = ba. Then p o o sends a; to b;, and
p,o both fix B. So tp(aiaz/B) = tp(b1ba/B).

We now do the case of 1-types. Suppose a,b € U with a LF B and b J_/F B and tp(a/F) = tp(b/F)
(and F' = acl(F)). We want tp(a/L) = tp(b/L) where L = acl(B) D F. Then if a is §-transcendental
over F then a is d-transcendental over L (since a | P L), and also b is d-transcendental over L; so

tp(a/L) = tp(b/L). Assume then that a is d-algebraic over F; let (£,,Q,) determine tp(a/F) (so 6a €
F(a,...,6 'a)* and Q,(a, . ..,0" 'a,t) is its minimal polynomial, with Q, € F(X(©), ... X‘=D)[]).

Claim 5.9. Since a J/F L, we get that ({,,Q,) determine tp(a/L) in the same way.

We need that P(t) € F(a,...,5% ta)[t] is still irreducible over L(a,...,d%1a)[t]. Since F C L is an
algebraically closed field, we get that {a1,...,6%a} is algebraically independent over L.

TODO 17. Transition word?

F(x)¥& N L(z) = F(x), so irreducible over F(x) implies irreducible over L(z).

But now the same is true of b: if (¢, Q) determine tp(b/F) then they also determine tp(b/L). But
tp(a/F) = tp(b/F); so £, = ¥, and Q, = Qp. So tp(b/L) = tp(a/L), as desired. O Proposition 5.8

Definition 5.10. Suppose p(z) = tp(a/B) € S, (B). We define dim(p) = dim(a/B) to be
(trdeg(F(Vea)/F) : £ < w)

where F' = acl(B) and Vyz = (z,6x,...,6z); we put the lexicographic ordering on these.

Remark 5.11.

1. This doesn’t depend on a = p(z): by homogeneity if o’ |= p(z) there is 0 € Autp(U) such that o(a) = d';
so trdeg(F(Vea')/F) = trdeg(F(Vya)/F) for all ¢ since o(F) = F and o(Vya) = Vd'.

2. This is in some sense the wrong definition: it isn’t invariant under definable bijections. Consider
for example B = ), so F' = Q& and consider a € U differentially transcendental over Q. Then
trdeg(F(Vea)/F) = £+ 1; so dim(a) = (1,2,3,...). But V: U — U x U given by & — (z,dx) is
a definable injection, and a and V, are interdefinable (i.e. a € dcl(Va) and Va € dcl(a)). But
Vi(Va) = ((a,0a), (da,d%),...) so dim(V,) = (2,3,4,...).

3. Even more wrongness: using the Blum axioms and saturation we can find an algebraically independent
pair of elements over Q such that §b = d¢ = 0; then V,(b,c) = ((b,¢,),(0,0),...), and so dim(b,¢) =
(2,2,2,...). Then if a is as above we have dim(a) < dim(b, ¢), which is weird: note for example that
trdeg(F'(a)/F) is infinite, whereas trdeg(F'(b,c)/F) = 2, so in this sense the first extension is much
larger.

We are interested in how dimension behaves with extensions of types, rather than comparing arbitrary pairs
of types.

Proposition 5.12 (19). Suppose C C B and a is a tuple.
1. dim(a/C) > dim(a/B).
2. dim(a/C) = dim(a/B) if and only if a |, B.
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Proof.
1. If F =acl(C) and K = acl(B) then F C K; so trdeg(F(V,a)/F) > trdeg(K(Via)/K).

2. We have a | oB if and only if F'(a)?® is algebraically disjoint from K over F'; this occurs if and only if
trdeg(F(Vea)/F) = trdeg(K(Vya)/K) for all £ < w, i.e. dim(a/C) = dim(a/B). O Proposition 5.12

Definition 5.13. Suppose p(z) = tp(a/B) € S,(B). We say p is finite-dimensional if dim(p) is eventually
constant. In this case we write dim(p) = d.

Remark 5.14. In this case d = trdeg(F(a)/F).

5.1 Back to D-varieties

Suppose k is a differential field. Then an affine algebraic variety over k will be some Zariski-closed k-irreducible
V CU™, and a regular section on V will be some s: V' — 7V given by s(x) = (z, s1(x),. .., sp(z)) with
~— =~
cun cuzn
si € klz].

Definition 5.15. A D-subvariety of (V,s) over k is a subvariety W C V such that s(W) C 7W.

(Note that since W CV we have TW C 7Viso s [ W: W — 7V always.)
Recall that if § = 0 on k then 7V = TV is the tangent bundle. So we get a definition of sub-vector-field
as well.
Let
Y(a)={zeV,V(z)=s(x) }U{z ¢ W: W SV aproper D-subvariety over k }

(The second formula is equivalent to 6(z;) = s;(x).)
Claim 5.16. X(x) is a type; i.e. every finite subset has a realization.

Proof. Take proper D-subvarieties Wy, ..., Wy, and let

Then S(V) C 7V is a subvariety that projects onto V; so by the geometric axiom there is @ € V' such that
V(a) € 5(V), and thus V(a) = s(a). We want a ¢ W. Note that s(W) G s(V) is a proper Zariski-closed
subset; so U = s(V) \ s(W) is non-empty Zariski-open (and proper by k-irreducibility of V') and by remark

following the geometric axiom we can take a ¢ W. O Claim 5.16
Claim 5.17. X(x) determines a unique complete n-type over k.

Proof. Suppose a = X(z); we show that tp(a/k) is determined. By quantifier elimination it suffices to show
that tpy (a,da, 0%, ... /k) is determined. Since s(a) = V(a), if we write a = (a1,...,a,) and s = (id, $1, ..., Sn)
then s;(a) = 6(a;). Differentiating we get that §(a;) is a polynomial for all £ < w. So tp; (a,da, 8%, ... /k) is
determined by tp; (a/k).

By quantifier elimination in ACF we get that tp; (a/k) is determined by loc(a/k) (the smallest Zariski-
closed subset of U™ containing a). (See Aside 5.18.) It then suffices to show that loc(a/k) = V. Let
W = loc(a/k) C V; so W is Zariski closed over k. Is it a D-subvariety? Well s(a) = V(a) € 7,W, and
“s(x) € T,W” is a Zariski-closed condition over k; i.e. {b € W :s(b) € ,W } C W is Zariski-closed over k. So
by definition of W we get W = {b e W : s(b) € ,W }. So W is a D-subvariety containing a, and thus since
a |= X(x) we get that W is not a proper D-subvariety, and W = V, as desired. O Claim 5.17

Aside 5.18 (Types in ACF are determined by their loci). Let W = loc(a/k).
1. k(W) = k(a).
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Proof. Consider the k-algebra homomorphism ¢: k[z1, ..., x,] — k[a] given by z; — a;. Then ker(p) D
I(W) since a € W; so W D V(ker(y)) 3 a, and V(ker(¢)) is a subvariety over k, and by definition of
locus we get that W = V(ker(p)), and ker(p) = I(W). So k[W] = k[z]/I(W) = kla], and k(W) = k(a).

O

2. Suppose loc(b/k) = W. Then we get k-algebra isomorphisms
kla) = k[z]/I(W) = k[b]
a— x+I(W) —b
So k(a) = k(b) over k via a map sending a +— b; so by quantifier elimination in ACF we get tp; (a/k) =
tpy (0/k).
Definition 5.19. The complete type over k determined by X(x) is called the generic type of (V,s) over k. If
a = X(z) we say that a is a generic D-point of (V,s) over k.
Remark 5.20.

1. A generic D-point of (V| s) over k is algebro-gemoetrically a generic point of V over k. i.e. if a is a
generic D-point then loc(a/k) =V (by the proof).

TODO 18. ref

i.e. the generic D-points coincide with the D-points that are algebraically generic.

2. The Zariski-closure of (V, s)? is all of V. (The Zariski closure is taken over all varieties, not just those
over k.) So “generically” on V our points are D-points.

Proof. Let W be the Zariski closure of (V, s)%; so W C V. In principle W may not be over k. But if
o € Auty(U) then o((V,s)?) = (V,s)f since o | k = id and o is an Ls-automorphism; so o(W) = W.
So W is Ls-definable over k.

Fact 5.21. Being L-definable with arbitrary parameters and Ls-definable over k implies being L-definable
over k.

So W is a subvariety of V over k. But a € (V,5)! C W;so W =V by (a). O

3. If b € (V,s)* then loc(b/k) is a D-subvariety of V over k.
Proposition 5.22 (20). The generic type of a D-variety (V,s) over a differential field k is finite-dimensional.
In fact it is of dimension dim(V') (say the Krull dimension of the algebraic variety V).

Proof. Let a be a generic D-point of (V,s) over k. Then
trdeg(k(Vea)/k) = trdeg(k(a, da, . ..,6%)/k) = trdeg(k(a)/k) = dim(V)

(since V(a) = s(a) and since loc(a/k) = V (or alternatively by Aside 5.18)). (One notes that dim(V) =
trdeg(k(V)/k) in general.) O Proposition 5.22

We now prove part of
TODO 19. ref
the previous remark.

Proposition 5.23 (21). Suppose (V,s) is a D-variety over a differential field k. Then (V, s)* is Zariski-dense
mn V.
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Proof. Let W be the Zariski-closure of (V, s)%; so W C V C Y™ is Zariski-closed (with arbitrary parameters,
not necessarily from k).

Fact 5.24 (Weil). Every Zariski-closed set has a minimal field of definition F'; i.e.
1. F is a field of definition of W; i.e. I(W) C U[z] is generated by some Py,..., P, € F[x].
2. For any L-automorphism o € Aut(U) if c(W) =W then o [p=idp.
Note that this implies that F' is the intersection of all fields of definition of W.
Suppose o € Auty(U) is an Ls-automorphism. Then o(V, s)f = (V, s)%; so (W) = W) and by minimality

we get o [p=1id. So by homogeneity we get that F' C dcl(k) = k; so W is over k.
Let a be a generic D-point of (V,s)!. By earlier remark

TODO 20. ref
we have loc(a/k) =V and a € (V,s) CW. SoVCW,and V = W. O Proposition 5.23

Theorem 5.25 (22). Suppose k is a differential field and p = tp(a/k) € S, (k) is finite-dimensional. Then
there is a D-variety (V, s) over k and a generic D-point b of (V,s) over k such that dcl(ka) = dcl(kb).

Remark 5.26. The following are equivalent:
1. dcl(ka) = del(kd).
2. k{a) = k(b).

3. There are k-definable sets a € X CU™ and b € Y C U™ (where n = |z| and m = |b|) and a bijective
k-definable map f: X — Y such that a — b.

Remark 5.27. ¢ = tp(b/k) is the generic type of (V,s) over k.

Proof of Theorem 5.25. Write a = (ay, ..., a,). By finite-dimensionality there is £ > 0 such that 6*(a) €
k(a,da,...,0° ta)® (since trdeg(k(a)/k) is finite). Now d*tla € k(a,da,...,d8%), and more generally
k(a) = k(a,...,6%). Let b= (a,da,...,5%) € UTV™; let V = loc(b/k) CUUHD™ Fori€ {1,...,n} write

o1 Filb)
) az_Qi(b)

for Py, Q; € K[X(©, ..., X®] where X is an n-tuple of variables.
A simplifying assumption: assume @Q; =1 for all i € {1,...,n}. So 6*tla; = P;(b) foralli € {1,...,n}.
Now define s: V — VxtdOn: if g = (20, .. 2®) then wesend x — (z, 2™, ..., 2O Pi(z),..., P,(z)).
So s is a regular polynomial map. Also

s(b) = (a,da,...,6%,6%,68%...,6%,0 ay,. .., 0 a,) = V(a,da, ..., 6%) = V(b)

§ttla

In particular s(b) € 7,V; but this is a Zariski-closed condition and V' = loc(b/k), so s(z) € 7,V for all z € V.
So s: V — 7V is a regular section and (V, s) is a D-variety over k. So b € (V,s)* and loc(b/k) = V;s0 b is a
generic D-point of (V,s). Also k(b) = k{(a); so a,b are interdefinable over k.

It remains to do the case where some @); # 1. Write

Q=[] ekx®, .. .x

=1

(Note we assume Q;(b) # 0.)
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Claim 5.28.

for some P € k[X© ... X©)].
Proof. Indeed, we know §(Q(b)) is a polynomial in V(b) = (b, §b), and

6b = (da, ..., 0%,
( QD) Q)
6ttlg
with b only appearing linearly. O Claim 5.28
Then
5( 1 )_ —P(b)
Q(b) Q(b)?
Let )
b= (b ——
(" aw)
and

V =loc(b/k) C y+hn+t
In coordinates (z,y) we have that V says € V and Q(x)y = 1. Also k(a) = k(b). Then

5V =V xyltntt

P, P,
(1.7 y) = <x7 y? x(1)7 M 7x(6)7 y@(x)7 M 7yQ ((IJ)7 _y?)P(:L.)>
Ql Qn
(where z = (z(©,... 2())). Then 5 is a regular section with 3(b) = V(b), and as before we’re done.

0 Theorem 5.25

Essentially what we’re doing with V is writing V' \ V(Q) as a closed subvariety by adding an extra variable.

5.2 Kolchin topology
Fix a differential field k.

Definition 5.29. Suppose A C k{X} with X = (X1,...,X,). We define V(A) = {a € U™ : P(a) =
0 for all P € A}. We call these the Kolchin-closed subsets of U™ over k; these form the closed sets of the
Kolchin topology on U™ over k.

Remark 5.30. This refines the Zariski topology on U™ over k since k[X]| C k{X}; i.e. Zariski-closed sets are
Kolchin closed.

Ezample 5.31. Consider the case n = 1. There are many Kolchin closed sets that are proper and infinite; we
have for example that §X = 0 defines the constants C in U, and C = (U,0)* is Zariski-dense in /. Alternatively
note by universality that (C(t), &) C (U, d), and consider §z = p(z) for p € k[X].

Aside 5.32. In fact C is an algebraically closed subfield of U.

Definition 5.33. Given V C U™ we define I(V/k) ={f € k{X}: f(a)=0foralla eV }.

Remark 5.34. This is then a radical differential ideal of k{X}. In for example the case n = 1 if f(X) =
P(X,0X,...,0°X) € I(V/k) then

14
or 74 i+1 5 74
5f:§m(X,...,5X)5 X+ P(X,...,0'X)

So (0f)(a) = 6(f(a)), and thus 6 f € I(V/k).
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Fact 5.35 (Differential Nullstellensatz). Suppose A C k{X}. Then I(V(A)) = /[A] where [A] is the
differential ideal of k{X} generated by A.

Fact 5.36. Note that this coincides with the smallest radical differential ideal containing A; this is simply
because if I is a differential ideal then so is \/I. This last seems hard to see though.

Fact 5.37 (Ritt-Raudenbush basis theorem). Every radical differential ideal is finitely generated as a radical
differential ideal. (i.e. if I is a radical differential then I = /[A] for some finite A C k{X}.)

Note though that not every differential ideal (even if we assume it’s prime) is finitely generated as a
differential ideal.

Corollary 5.38. The Kolchin topology on U™ over k is Noetherian.

Definition 5.39. V is an irreducible Kolchin-closed set over k if whenever V' = W; U W5 with W, Kolchin-
closed over k we must have V = W7 or V= Whs.

Corollary 5.40. FEvery Kolchin closed set over k can be written uniquely as an irredundant finite union of
wrreducible Kolchin closed sets over k, called its irreducible components.

The proof is just topology. Here “irredundant” means that no component is contained in the union of the
others, and “unique” means up to reordering.

Theorem 5.41 (23). There are natural bijective correspondences

d-spec(k{X}) < Snlk) «—— { TS f U e

N
I, 3 P Vb

where I, = { f € k{X} : p(z) F f(x) =0} (so ® is injective by quantifier elimination) and V,, = V (I,).
Proof.

(Correct codomains) Fix a = p(z) (so p(x) = tp(a/k)). Then I, = I({a}/k) = I(a/k) is a radical
differential ideal and is prime.

Claim 5.42. V), is the Kolchin-locus of a over k, the smallest Kolchin-closed subset of U™ over k

containing a.

Proof. Suppose V(A) 3 a with A C k{X}. Then A C I,, and thus V(A) D V(I,) = V,.
O Claim 5.42

So V,, is irreducible. So the claimed codomains of ®, ¥ are correct.

(U injective) If V, = V, then V(I,) = V(I,), and thus I(V(I,)) = I(V(I;)). So by the differential
Nullstellensatz we get that I, = I, and thus p = ¢ by injectivity of ®.

(® surjective) Suppose I C k{X} is a prime differential ideal. Then k C k{X}/I C Frac(k{X}/I) C K =
DCFy, so by universality we can embed K into U over k. Let a be the image of (X14+1,..., X, +1I) € K"
in U under this embedding; let p = tp(a/k). Then for f € k{X} we have

fel < fe)+I=0ink{X}/] <= f(X1+1,....X,+1)=0in k{X}/I < f(a) =0
by the embedding. So I = I,.

(¥ surjective) Suppose V C U™ is irreducible Kolchin-closed over k. Let p(z) be the complete type over
k determined by x € V and « ¢ W for any proper Kolchin-closed W C V over k. (This p is the
generic type of V over k.) Then irreducibility of V' implies p is a type, which by quantifier elimination
determines a complete type. One then shows that V =V (I,) = V,,. O Theorem 5.41
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The map from irreducible Kolchin-closed subsets of U™ over k to S, (k) sends X to the Kolchin-generic
type of V over k: the type that says € X and « ¢ Y for any proper Kolchin-closed Y C X over k.

Remark 5.43. Quantifier elimination implies that every definable set is Kolchin-constructible (i.e. a Boolean
combination of Kolchin-closed sets).

Suppose (V, s) is a D-variety over k with s = (id, s, ..., ,). Then (V,s)? is Kolchin-closed: if A = {p €
E[X]:p(a) =0 for all a € V' } then (V,s)f = Vs(A). (So A is the algebraic ideal of V; I think from now on
we use I(X) and V(I) to denote the algebraic operations and Is, V5 to denote the differential ones.)

Proposition 5.44 (24). Suppose (V,s) is a D-variety over k and W C V is a subvariety over k. Then W is
a D-subvariety if and only if W N (V, )t is Zariski dense in W.

Proof.
(=) We have that (W,s | W)* = W N (V, s)? and we have seen that the former is Zariski-dense in .

( <) We have a Zariski-dense set of points in W such that s(a) = V(a) € (TW),, and this is a Zariski-closed
condition; so s(x) € (TW), for all z € W, and W is a D-subvariety. O Proposition 5.44

Corollary 5.45 (25). (V,s) is irreducible over k.

Proof. Suppose X C (V,s)* CU™ is Kolchin-closed over k; say X = Vs(A) for Avmk{X}. For P € A write
P Q(X,0X,. .,6'X); consider P € k[X] obtained from P by replacing 6.X; by s;(X) everywhere. Let

= {P P e A} Then X = V(A) N (V,s)!. Now X = V(A) NV is a Zariski-closed subset of V, and
X = XN (V,s).

What we have shown is that the Kolchin topology on (V,s)* is the topology induced by the Zariski
topology. Suppose now that (V s)¥ = X UY with X,Y Kolchin-closed over k; let a € (V,s)* be a generic
D-point. Say a € X; then X = X N (V, ), s0 a € X, and thus X = V (since loc(a/k) = V). So X = (V, s)*.

O Corollary 5.45

Remark 5.46. We remarked in the above proof that the Kolchin topology on (V) is induced by the Zariski
topology; it follows from this that a € (V, s*) is D-generic in (V, s) over k if and only if a is Kolchin-generic
n (V, s)! over k.

Indeed, suppose a is a D-generic point of (V,s)* over k. If a € X C (V, s)? is Kolchin-closed over k then
X = X N (V,s)! for some Zariski-closed X. But loc(a/k) = V, so X =V, and X = (V,s)!. Conversely
suppose a € (V,s)* is Kolchin-generic over k. Let W = loc(a/k) C V; then a € W N (V, s)*, and the latter is
a Kolchin-closed subset of (V,s)* over k. So V = (V,s)! C W, and W is Zariski-dense in V, and is thus all of
V.

Fact 5.47 (Kolchin irreducibility theorem). In a D-variety (V,s) we have that V is irreducible as a Kolchin-
closed set.

Remark 5.48. (V,s)* CV C U™ can be quite far apart. Indeed if a € (V,s)* then trdeg(k(a)/k) < dim(V)
(since k{(a) = k(a)) in particular is finite, whereas the geometric axioms for DCF show that there is b € V
such that V(b) € 7V is generic (taking W = 7V in the geometric axiom). But dim(7V) = 2dim(V); so
trdeg(k(b)/k) > 2dim(V'). In fact for each ¢ we can iterate to find b € V' such that V,(b) has transcendence
degree ¢ dim(V') over k. Iterating, we get b € V such that trdeg(k(b)/k) is infinite.

5.3 Constants
Remark 5.49.

1. We have C = {a €U : da =0} = (U,0)*. So C is an irreducible Kolchin closed set over Q with generic
type of dimension 1.

2. C C U is a subfield.
3. C is algebraically closed. Indeed, if a € C?!2, say with minimal polynomial P € C[z], then 0 = §(P(a)) =
P'(a)da; so 6a =0 and a € C.
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4. The full induced structure on C is that of a pure field; i.e. if D C U™ is definable in ¢ (with parameters)
then D NC™ is a definable set in (C,0,1,+, —, X).

Proof. By quantifier elimination it suffices to do this when D is Kolchin-closed over k C U a subfield.
Note that C™ = (U™, 0)*. Then X = D NC" is Kolchin-closed in (U™, 0)% implies that X = X NC™ with
X C U™ Zariski-closed over k.

TODO 21. By earlier stuff?

Say X =V(Py,...,P)). So X ={aeC": Pya)=---= Py(a) =0}. So we're almost done except that
Pi,...,Prek[X]and k £ C.

How do we get that k C C?

Fact 5.50 (Definability of types in stable theories). Suppose we have a type p(x) € S, (C) (note that
C is not small; indeed |C| = |U|). Suppose ¢(x,y) is a formula over ). Then there is a formula

¥(y) = dpzp(x,y) such that for all b € C" we have p(x,b) € p(x) if and only if = dyzp(z,y); we call
this the p-definition of p.

Question 5.51. Can this be proven differential-algebraically?

We now have D C U™ definable over k, say defined by ¢(a,y) with a € U™. Let p = tp(a/C). Then by
definability of types we get ¢(a,y) A (0y = 0) = dpxp(x,y) A (0y = 0)); but the former defines D NC™,
and the latter has parameters in C. So we can take D C U™ defined over C and show that D NC™ is
definable in C,0,1,+, —, X); but we have already done this. O

So algebraic geometry lives on C in Y. Given V C U™ Zariski-closed, V' should be viewed as an
infinite-dimensional Kolchin-closed set; this is not algebraic geometry in C. To do algebraic geometry in
U: if V CU™ is a variety over k C C we consider V(C) = (V,0)%; this is finite dimensional (of dimension
dim(V)).

Ezample 5.52. Consider the set X defined by dz = 1; then 7/ = TV = U x U, so X = (U,1)*. Then
X NC =0, and moreover X is weakly orthogonal to C: for any a € X and b € C™ we have a | b. Indeed if
F = acl(b) = Q(b)*& C C then a ¢ F. Then

dim(a/F) = (1,1,1,...)
dim(a/Q) = (1,1,1,...)
So by
TODO 22. ref

a J/Q Fanda | b
But if we fix a € X we get a map X — C given by b — b — a; this is a definable bijection. (Since

d(b—a)=06b—3da=1—1=0.) The point is this bijection is definable over {a }.

Definition 5.53. Suppose X is a definable set. We say X is internal to C if there is a definable bijection
f: X — D CC™ (Note that f is allowed to use parameters not used by X.)

We say X is almost internal to C if there is D C C" definable and a definable finite-to-one surjection
f+ X — D (over some parameters). (Here finite-to-one means each fibre is finite.)

Question 5.54.
1. What are the dimension 1 almost C-internal sets? We know dx =t is, and C is as well.

2. What do the dimension 1 sets that are not almost C-internal look like?

Up to interdefinability the dimension 1 sets are (V, s)* with dim(V) = 1; that is, the D-points of D-curves.
We restrict our attention to V' = U; so equations of the form §(x) = f(z) where f € k[X]. Let’s allow
f € k(X). We restrict to k C C.
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Fact 5.55 (Kolchin). Suppose X C U is defined by éx = f(x) where f € k(X) and k CC. Then X is almost
C-internal if and only if one of the following holds:

1. f=0
2. % =g'(z) = L(g) for some g € k(X)

xT

=@ for some g € k(X) and c € k.

3. o)

e

Ezample 5.56. Consider éx = x; so f(x) = z and

d
L _1_@&*
f =z T

So it defines an almost C-internal set. We can also see this directly: fix 0 # a € X (where X is defined by

dx = x). Consider the map X — C given by x — £. Then 6(%) = %2(&) + %r =—-2+2=0.

Example 5.57. Consider f(z) = 23 — x2. Then the fractional decomposition of f is

f z—1 =z 22

So
dzfl

1_ & 41
foo=l D de\x

One then checks that this doesn’t fit into the cases of Kolchin’s theorem; so X defined by dz = 2% — 22 is not
almost C-internal.

What do the dimension 1 sets that are not almost C-internal look like?

Theorem 5.58 (Hrushovski). In this case X is w-categorical; i.e. the theory of the full induced structure on
X is. In this case this means that if A is a finite set then acl(A) N X is finite; this is equivalent to saying
that in X? there are only finitely many Kolchin-closed subsets over k that project cofinitely onto X in both
coordinates.

Ideas: suppose k C C and X over k has dimension 1 is not almost C-internal; write X = (V, s)*. Suppose
a is a finite tuple. Then acl(ka) = k{a)®.

TODO 23. Transition word?

There are no non-constant differential-rational maps X — C over k(a)*8. So there are no dominant

D-rational morphisms (V,s) — (U,0). For general D-varieties (V,s), if there were such F': (V,s) — (U,0)
and ¢ € k then we would have FF~!(c) a D-subvariety of (V, s) of codimension 1.

The converse (for vector fields) is a theorem of Joanolou. Hrushovski generalized this to our setting of
D-varieties over the algebraic closure of a finitely generated differential field over k.

So there are only finitely many D-points in (V, s) over k(a)™8; so acl(ka) N X is finite.

6 Zilber dichotomy

We have discussed a strong dichotomy for 1-dimensional Kolchin-closed sets (in fact in one variable): namely
X is almost C-internal (“has much to do with algebraic geometry in C”) or w-categorical (“very little induced
structure on X?7).

The Zilber dichotomy generalizes this to n-dimensional Kolchin-closed sets at the cost of weakening
“w-categorical”. We work towards a proof of this.

Definition 6.1. We say an infinite definable set X is strongly minimal if every definable subset of X is
either finite or cofinite. (Here “definable” means with parameters.)
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This is intended to generalize curves in ACF.
At this point we give up on numbering theorems.

Proposition 6.2. Suppose (V, s) is a D-variety over an algebraically closed differential field k. Let X = (V, s)F.
Then X is strongly minimal if and only if (V,s) has no proper infinite D-subvarieties over any differential
field L O k.

Proof. First note that (V,s) is a D-variety over L; i.e. V is still irreducible as a Zariski-closed set over L
(since k is algebraically closed).

By quantifier elimination X is strongly minimal if and only if for any L O k and Y C X Kolchin closed
over L we have that Y is finite or all of X. Write Y = W N X with W the Zariski closure of Y in V; so W is
a D-subvariety of V over L.

TODO 24. ref

Then Y is finite if and only if W is, and Y = X if and only if W = X. So X is strongly minimal if and
only if any such W is all of V or finite. [0 Proposition 6.2

Ezample 6.3. (V,s)* with dim(V') = 1 satisfies the hypothesis of the proposition since V has no proper infinite
subvarieties at all. There are also many strongly minimal (V, s)* with dim(V') > 1.

(Marker) Consider (6%z = 92) A (62 # 0). Why does this take the desired form? Roughly speaking, we

x
introduce a variable y for §z, and to express that dx # 0 we introduce a variable z for ngy Formally

speaking our variety is V' C U? given by xyz = 1, and our section is s(z,y, z) = (z,, 2, ¥, yéz, —(zy?z +
y%)22). One then checks that s: V — TV (our variety is over Q¥ so this coincides with the prolongation)
and that (V,s)* = { (z,02, —+-) : 2 € X } (which in particular is in 0-definable bijection with X). Also

' xdx
dim(V) = 2 and (V, s)# is strongly minimal. (This is also w-categorical.)

(Painlevé I) Consider the equation 6%z = 622 +t over k = C(t)*® with § = . This is (in definable
bijection with) (U2, s)* where s(z,y) = (z,y,y, 622 +t). It is strongly minimal: this is due to Kolchin,

Nishioka, and Umemura. (This is also w-categorical.)

(j-function) Satisfies an important order-3 differential equation of the form 63z = f(z,dz,§%x) where f is
rational. This gives rise to some (V, s)* with dim(V') = 3; this was recently (2000s, 2010s) shown to
be strongly minimal by Freitag-Scanlon using work of Pila. (This is not w-categorical but is locally
modular, which we’ll define soon.)

(Manin Kernels) Use the theory of abelian varieties. (These aren’t constructed by explicit equations,
though.) These were studied by Buium and Hrushovski in the 90s, 80s. (This is not w-categorical.)

The Zilber dichotomy in DCFy: if X = (V,s)? is strongly minimal then X is almost C-internal or X is
locally modular.

6.1 Elimination of imaginaries

Definition 6.4. Suppose X is a definable set. A canonical parameter or code for X is a tuple ¢ such that for
all 0 € Aut(U) we have o(X) = X if and only if o(c) = c.

FEzample 6.5. In ACFy with V' C U™ Zariski-closed, we have that ¢ is a code for V in (U,0,1,+, —, x) if and
only if Q(c) is the minimal field of definition for V. (Note o(c) = ¢ if and only if o [ Q(c) = id.)

Ezample 6.6. Every finite set has a code (in any expansion of the theory of fields). Indeed, if X = {a1,...,a¢}
then (x —a1) - (z —ag) = 2" + o121+ -+ 12 + co for some cg,...,co1; then ¢ = (cg,...,co 1) is a
code for X.

Lemma 6.7. c is a code for X if and only if there is (x,y) € Ls such that ¢(x,c) defines X and if d # ¢
then @(x,d) does not define X.

Proof.
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(<) Suppose o € Aut(U). Then since o(X) = X we have ¢(z,0(c)) = ¢(x,c), and thus o(c) = ¢ by
hypothesis.

(=) By saturation X is defined over ¢; say by ¥ (x,c) with ¢ € Ls.

Suppose d = p(y) where p(y) = tp(c), and that ¢(x,d) defines X; then there is ¢ € Aut(i) such
that o(c) = d. But then o(X) is defined by ¥ (z,0(c)) = ¥(z,d), and is thus X; so by hypothesis
c=o(c) =d.

Consider now the type p(y) U {Va(¢(z,y) < ¥(x,c)) } over {c}; we have just shown that this type
entails y = ¢ (by saturation). So by compactness there is 6 € p such that

U Evy0y) A (Vo(y(z,y) < P(z,c)) =y =c)

Let o(x,y) = ¥(x,y) A 0(y). Then this is our desired formula: ¢(z,c) defines X, and if p(z, d) defines
X then 6(d) holds and ¥ (z,d) = ¢ (z, c), so by above observation we have ¢ = d. O Lemma 6.7

We write ¢ = [X] to mean that ¢ is a canonical parameter for X.
TODO 25. Corners?
Remark 6.8. It follows that for o € Aut(U) we have o([X]) = [o(X)].
Proposition 6.9. Kolchin-closed sets have codes.

Proof. We use the Ritt-Raudenbush basis theorem. Suppose Z C U™ is Kolchin-closed over k. Recall by
Ritt-Raudenbush basis theorem that Is(Z) ={f € k{X}: f(a) =0foralla € Z} (with X = (X1,..., X))
is radically differentially generated by some f1,..., f¢r € k{X}. (Since I;(Z) is a radical differential ideal.)
Let N = max(ord(f1),...,ord(fe)); let J = I5(Z) N k[X©, XD X)) Then J is a radical ideal in the
polynomial ring over k in (N + 1)n variables. Then V = V(J) is Zariski closed in UN+D7; let F be the
minimal field of definition of V. Then for o € Aut(Y) we have o | F' =1id if and only if o(V) = V if and only
if J7 =J (where J° ={f°: f€ J} and f? is f with o applied to the coefficients). But note that J° = J if
and only if I5(Z)? = I5(Z), since Is(Z) is radically differentially generated by J. Since I5(Z)7 = I5(Z) if
and only if 0(Z) = Z, if we write F' = Q(c) then c is a code for Z. O Proposition 6.9

Corollary 6.10. Every definable set has a code. (i.e. DCFq has elimination of imaginaries.)

Proof. By quantifier elimination any definable set takes the form X = A1\ ByU---U A, \ By with Ay,..., Ay
(absolutely) irreducible Kolchin closed sets with B; g A; proper Kolchin-closed subsets with

AN\B ¢ | J 45\ B
J#i
and this expression is unique up to reordering. Let a; = [A4;] and b; = [B;]. Then for o € Aut(U) we have
o(A;\B;) = A;\ B; implies 0(A;) = A; since A;\ B; is Kolchin-dense in A;. But also 0(A;\B;) = o(4;)\o(B;);
so in this case we have o(a;) = a; and o(b;) = b;. So (a;,b;) = [A;\B;]. Then [{(a1,b1),...,(as,be) }| = [X].
(The former exists as finite sets have codes.) This uses that o([A;\B;]) = [0(4;)\o(B;)]. O Corollary 6.10

6.2 Minimal types
(These definitions work in any stable theory, though our attention is of course on DCFy.)

Definition 6.11. Suppose p € S,,(A). We say p € S,,(A) is minimal if it is non-algebraic and stationary and
for all B D A every non-algebraic extension of p to B is free.

Recall that p(x) is algebraic if it has finitely many realizations in U/; equivalently, if a = p then a € acl(A).
Recall further that p € S,,(A) is stationary if for all B O A there is a unique free extension of p to B. In
particular, all types over acl(A) are stationary.

So for p non-algebraic and stationary, p is minimal if and only if whenever a |= p with a } 4 B then
a € acl(B). (Note that algebraic extensions of p are certainly not free.)

General note: this coincides with types of U-rank 1.

The following proposition is again specific to DCFy:
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Proposition 6.12. If p is minimal then dim(p) < co.
We first prove:

Lemma 6.13. If p(z,y) = tp(ab/A) is minimal (where |a| = n and |b] = m) then tp(a/A) is minimal or
algebraic.

Proof. Let r(z) = tp(a/A).

(Stationarity) Suppose ai,as =7 witha; | , B fori € {1,2} and some B 2 A. Extend a; to (a;,b;) [~ p:
pick o; € Aut4(U) such that o;(a) = a; (since a;,a = ), and set b; = 0;(b). By existence of free
extensions there is b} = tp(b;/Aa;) with b} J/Aai B. Then (a;, b;) still realizes p and (a;,b;) | , B by
transitivity. Since p is stationary we get that tp((a1,b])/B) = tp((ag,b})/B); so tp(a1/B) = tp(az/B).

(Algebraic or minimal) Suppose r is non-algebraic; we show that r is minimal. Suppose B D A, o' |=
r =tp(a/A), and a’ [ , B. Let o € Auta(U) be such that o(a) = a'; let ' = o(b). Then (a',V')
p(z,y), and (a’,0') £ , B; so by minimality of p we get that (a’,0") € acl(B), and in particular that
a’ € acl(B). O Lemma 6.13

Proof of Proposition 6.12. Suppose p = tp(ai,...,a,/k) is not finite-dimensional with k a differential field.
Let m < n be least such that tp(a,...,am/k) is not finite-dimensional. Let L = k{ai,...,am—1). Then
trdeg(L/k) is finite, by minimality of m. We must then have that a,, is differentially transcendental over
L; else we would have trdeg(L{an,)/L) finite, and thus trdeg(k(a,...,am)/k) < oo, contradicting our

assumption that tp(ai,...,an/k) is not finite-dimensional.

S0 @y & L(0am, 6%, ...) "8 = L{6a,,)*® = acl(Lda,). So tp(ai,...,am/kda,,) is non-algebraic. So
(a1, am) j/k dam, since da,, € acl(kai,...,an) \ acl(k). i.e. tp(ai,...,amn/kda,,) is a non-free non-
algebraic extension tp(ai,...,an,/k). So tp(ai,...,an,/k) is not minimal non-algebraic. So by previous
lemma we get tp(ay,...,a,/k) is not minimal. 0 Proposition 6.12

So we can focus on D-varieties to study minimal types.

Proposition 6.14. Suppose (V,s) is a D-variety over a differential field k = k™&; suppose X = (V,s)* is
strongly minimal. Then the generic type of X over k is minimal.

Proof. Let p be the generic type of X over k. (Recall that this says z € (V,s)? and the Zariski-locus
loc(a/k) = V.) Then since X is infinite we get that p is non-algebraic. Since k = k*® we get that p is
stationary. Let K D k be a differential field and ¢ € S,(K) a non-free extension of p. Let a =¢g;soa [, K.
So by assignment we get X = Kloc(a/k) # Kloc(a/K) (Kolchin loci); let Y = Kloc(a/K). Then Y C X is
a proper Kolchin-closed subset, and is thus finite since X is strongly minimal; so ¢ = tp(a/K) is algebraic.

(1 Proposition 6.14

Definition 6.15. We say (V, s) is minimal (or (V,s)? is minimal) if the generic type of (V,s)* is minimal.
More generally:

Definition 6.16. If X is an irreducible Kolchin-closed set over k we say X is minimal if its generic type
over k is minimal.

We say (essentially) that strongly minimal implies minimal.

Recall: if & = k*8 and (V, s) is a D-variety over k, then (V, s)? is strongly minimal if and only if (V, s)
has no proper infinite D-subvarieties (over any parameters).

What of minimality? The characterization should be: for any differential field K O k, there does not exist
a proper infinite D-subvariety W C V over K with some a € W generic in (V, s)? over k. (One checks that
this equivalence follows from the above.)

Terminology note: this notion of minimality appears to be unrelated to the notion in Tent and Ziegler
(and in fact came after the definition of strongly minimal).

An exercise (that maybe should have gone in the elimination of imaginaries section):

FEzxercise 6.17. Suppose X is a Kolchin-closed set over a differential field k. Let L D k be a differential field
extension. Let X, be an irreducible component of X over L. Then Xy is defined over L N k.
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One uses elimination of imaginaries: we see that [X,] € k%! as it has a finite orbit under Aut (i) (by
the decomposition of X into finitely many irreducible components over L).

Corollary 6.18. If X is irreducible over k and k = k& then X is irreducible over any L D k (i.e. absolutely
irreducible).
(The proof is also an exercise.)

FEzercise 6.19. Show that p € S, (k) is stationary if and only if for any a |= p the Kolchin-locus Kloc(a/k) is
absolutely irreducible.

We want to adapt the notion of “almost C-internal” to types, rather than definable sets.

Definition 6.20. Suppose p € S,,(A) is stationary. We say p is orthogonal to C if for any B O A and any
apwitha |, B (ie tp(a/B) is a free extension of p) and any finite tuple ¢ from C, we have a | , c.
(Equivalently, any free extension of p is weakly orthogonal to the constants.) This is denoted p L C.

Lemma 6.21. Suppose p is minimal. Then p L C if and only if there is B 2 A and a |= p such that a J/A B
and a € acl(Bc) for some finite tuple ¢ from C.

Proof.

(=) By hypothesis there is B 2 A and c from C such that a = p, a | , B, and a [ ,c. So by transitivity
we get a J , Be. So tp(a/Bc) is a non-free extension of tp(a/A) = p. So a € acl(Bc) by minimality.

(<) Given such a, B, c we see that a ¢ acl(B) since a | , B and a ¢ acl(A) since p is non-algebraic. So
aj/Bc; sop L C. 0 Lemma 6.21

(In general (without assuming minimality), the right-hand-side condition is the correct generalization of
“almost C-internal” to types; “C-internal” should be the same thing but with dcl replacing acl. The lemma
then says that for p minimal non-orthogonality coincides with almost internality.)

We restrict our attention to minimal types; since we know these are finite-dimensional, we restrict our
attention to sets of the form (V s)*.

TODO 26. The next proposition is a better version of this.

Proposition 6.22. Consider a D-variety (V,s) over k = k¥8; let p be the generic type of (V,s)t. Suppose
p is minimal. Then p L C if and only if there is K = K& D k an extension of differential fields and
f € K(V)\ K such that 6f =0. (i.e. (K(V))° 2 K°).

(Such an f gives a “D-rational” dominant map (V,s) — (U*,0).)
Proof.

(<=) Let a € V be a D-generic point of (V,s) over K; so Kloc(a/K) = (V,s)* Also Kloc(a/k) = (V, s)*
(since a is then generic over k). So by assignment we have a | , K; also a = p. Note that a f . f(a)
since f ¢ K implies f(a) ¢ K = acl(K) but f(a) € acl(Ka). Also

6(f(a)) = (6f)(a) =0
(since V, = s(a); one should check this). So f(a) € C. Sop L C.

(=) Suppose a = p, L D k a differential field, and ¢ from C satisfy a \Lk L and a \X/L c. Write
¢ = (e1,...,¢,) € C" Let m < n be least such that a J’/Lclmc L Cm (applying transitivity to

L C Ley € Lejes € --- C Le). So ¢ ¢ acl(Ley -+ ¢m—1). So ¢, is a generic point of C over
K =acl(Ley -+ em-1) = L(cy,..., ™ ). But C is minimal and a L ¢ €m; 80 e € acl(Ka).

TODO 27. Word?
Since tp(c,/Ka) is a non-free extension of tp(c,,/K), we get that the orbit D of ¢, over Autg,(U) is

finite. Let d = [D]. Then d € dcl(Ka) and ¢, € acl(d); so d ¢ K. Write d = (di, ...,ds) € C*. Then
d € C* since D C C by stable embeddedness.
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TODO 28. ¢

Say di ¢ K. Then dy € dcl(Ka) = K{a) = K(a) = K(V). But a ¢ acl(K); so by minimality we get
a |, K. SoKloc(a/K) = (V, s)%; so a is generic in (V,s) over K. So a is Zariski-generic in V over K.
So K(a) = K(V). Sody € K(V)\ K and 6(dy) = 0. So we can take f = d;. O Proposition 6.22

An improvement of the previous theorem:

Proposition 6.23. Suppose p is stationary over k; so p is the generic type of some Kolchin-closed absolutely
irreducible X over k. Then p Y C if and only if there is a §-rational dominant map f: X — C over some
L D k. (Here “dominant” means Kolchin-dominant, which coincides with Zariski-dominant because the
induced structure on C is the pure field structure. But this is a one-dimensional set; so dominant just means
infinite. So this is equivalent to f(a) ¢ acl(L). Note that f is not assumed to be total on X.)

Proof.

(=) By non-orthogonality there is K D k with a = p and ¢ = (c1,...,¢;) € C* such that a L, K and
a J//K c. Let m be least such that a LKC ey, Cms let L = Ke¢q---¢pm—1. Then since C is minimal

we get that ¢, € acl(La) \ acl(L). Let D be the orbit of ¢,,, under Autp,(U); let d = [D]. Then
d € dcl(La), and

TODO 29. I guess since it’s definable over the set of orbits of ¢,,, which are all constants.

d e CN. Alsod ¢ acl(L). So for some coordinate of d, say d;, we have d; € dcl(La)\acl(L) and d; € C. So
dy = f(a) for some d-rational function f over L. But now a € {a’ € dom(f): f(a’) € C} =dom(f)NY
where Y is Kolchin-closed over L. Soa € Y, and X C Y. So f(X Ndom(f)) C C; so we have a
o-rational f: X — C, which is dominant since f(a) = dy ¢ acl(L).

(<= ) Suppose we have L O k and f: X — C dominant over L. By existence of free extensions there is
af=psuchthat a |, L;so f(a) € C. Then since f is dominant we get that f(a) ¢ acl(L); so f(a) £, a
since f(a) € del(La). Soa [, f(a), and p £ C. O Proposition 6.23

Remark 6.24.

1. If (X = (V,s)* then f given on the right-hand side extends to f € L(V) a (non-differential) rational
function on V', and we have df =0 (since (6f)(b) = §(f(b)) = 0 for any b € X). This is

TODO 30. ref, proposition before last

2. If p is minimal then the f in the right-hand side is finite-to-one on a Kolchin-dense definable subset.
More generally, we have the following:

Lemma 6.25. Say we have Kolchin-closed X over k that is minimal. Then for any L O k and any
d-rational f: X =Y over L to any Kolchin-closed Y, either f is (constant or f is finite-to-one (onto
its image)) on a Kolchin-dense definable set of X.

(Note that definable D C X is Kolchin-dense if and only if there is U C D C X such that U is non-empty
and Kolchin-open.)

Proof. Take a € X generic over L; let Z be the absolute Kolchin-closure of f~1(f(a)), which is defined
over L(f(a))#. By minimality

TODO 31. ref

we get that Z is not proper and infinite. If Z = X we get that f is constant; if Z is finite then f is
finite-to-one on a Kolchin-dense definable set.

TODO 32. Generically?
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0 Lemma 6.25

TODO 33. Couldn’t we just note that any element of any fibre forks over
uh

the generic type? I guess if it’s not a generic element then it’s already algebraic over L.

6.3 1-based

Definition 6.26. Suppose p € S, (k) is stationary. We say p is 1-based if for any aq, ..., a, realizing p and
any d € dcl(kay,...,a,) and L = L8 D k we have

TODO 34. algebraically closed necessary?
[Kloc(d/L)] € acl(kd). (Equivalently for any d € decl(p(Uf), k).)

(In the general case we would replace “Kolchin locus” with “canonical base”.) For some intuition: write
X =Kloc(d/k) and Y = Kloc(d/L). Let e = [Y]; then Kloc(d/k(e)) = Kloc(d/L) =Y, so we may assume
L = k(e). Then 1-basedness is saying that e € acl(kd); i.e. there are only finitely many conjugates of Y over
kd. The idea is that there are no “rich” families of Kolchin-closed subsets of X passing through the generic
point d.

If p is minimal and d = p this is vacuous. However we still have to check the case for say d = (a1, az)
where ai,as = p. Let Z = Kloc(a1/k) = Kloc(az/k) with a1 |, as. Then X = Kloc(d/k) = Z%. But
Y = Kloc(d/(a1)) & X via 1 = a;. This is not a counterexample to 1-basedness since the conjugates of Y
don’t go through d.

Exzample 6.27. Let p be the generic type of C over k; so p says 6z = 0 and z ¢ k8. Then p is not 1-based.
Let m, b € C be algebraically independent. Let Y C C? be defined by y = mx + b (and dz = éy = 0). Then
let d € Y be generic over L := k(mb). (So in terms of the above example our X = C2.)

First note that ai, as realize p. Indeed we have trdeg(k(m, b, a1, a2)/k) = 3; so if for some i € {1,2} we
had a; € k*# then since az = ma; +b we would have trdeg(k(m, b, a1, as)/k) = 2, a contradiction. Note as well
that [Y] = (m,b). Finally we remark that (m,b) ¢ acl(kd) = k(ay, az)™® since trdeg(k(ay, az, m,b)/k) = 3.

In general one can show that for a minimal type one only needs to check the case of two realizations.

Theorem 6.28 (The Zilber dichotomoy for DCFy). If p is a minimal type then either p is 1-based orp } C.

This theorem was done in an unpublished manuscript by Hrushovski-Sokolovich in 1992; it was used to
show the Mordell-Lang conjecture for function fields.

Fact 6.29. For p minimal 1-basedness is equivalent to a separate notion called local modularity.

We will do the proof of Pillay and Pillay-Ziegler from circa 2004. Our proof goes via the canonical base
property.
6.4 Internality (again?)

Definition 6.30. If p € S(k) is stationary we say p is almost C-internal if for some a = p and L D k with
a |, L we have a € acl(LC).

Note the previous definition of almost internality was for strongly minimal definable sets
TODO 35. really?

whereas this is for types.

Exercise 6.31. p is almost C-internal if and only if its Kolchin locus X over k admits a generically finite-to-one
d-rational map f: X — C™ (over possibly additional parameters).
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Further recall that p / C if and only if there is a dominant §-rational function f: X — C.
TODO 36. ref

Hence if p is non-algebraic and almost C-internal then p X C. (Just compose the J-rational map witnessing
almost-internality with a projection.)

Remark 6.32. If p is algebraic then p is almost C-internal, but p L C.

We have seen
TODO 37. ref
that if p is minimal then p is almost C-internal if and only if p f C.

Theorem 6.33 (Canonical base property for DCFg). Suppose p € S(k) is stationary and finite-dimensional.
Suppose a =p and L D k; let e = [Kloc(a/L)]. Then tp(e/ acl(ka)) is almost C-internal.

Idea of statement: let X = Kloc(a/k) and Y = Kloc(a/L). As before we may assume L = k(e) where
e = [Y]. Then the theorem says that the set of k-conjugates of Y passing through a, while not necessarily
finite as in 1-basedness, does admit a finite-to-one map to C™. (Here we identify the k-conjugates of Y with
their codes (which coincide with the k-conjugates of e, I guess).)

Note that Y = Z., where

Z = Kloc((e,a)/k)
E =Kloc(e/k)

and we take fibres of the projection Z — FE. Note these are all Kolchin-closed over k. So Z — E is a
family of Kolchin-closed subsets of X parametrized by E, and Y is the generic member of this family. Let
E, = Kloc(e/ acl(ka)) C E. Essentially, E, is {¢/ € E:a € Z. }. (The C containment is clear; this will be
good enough for our purposes.) Then the theorem says there is a generically finite-to-one d-rational map
fi Eq — C™; i.e. up to finite noise we can distinguish between the Z./ passing through a by f.

Idea of proof: suppose we have Z, and Z., that are different. One way to show they’re distinct is to show
they have different “tangent spaces at a”. (These will be Kolchin-tangent spaces; to be defined later. For the
purposes of this idea, denote this T'(Z.)q # T(Ze')a.) Consider the map ® sending e — T'(Z,)q; note T'(Ze),
is a linear subspace of T'(X),. Because our type is finite-dimensional

TODO 38. Over k, not C? Is that enough?

these tangent spaces will be finite-dimensional C-vector spaces. So we can view ® as a map from FE,
to the Grassmannian of T'(X),; roughly speaking, this is the set of all C-linear subspaces. Of course since
T(X)q = C™ we can view this as the Grassmannian of C™, which is a subvariety of CV.

So if Z, and Z. have different tangents at a then our ® suffices. What if they share a tangent at a? We
use the “higher Kolchin tangent spaces”. We can similarly get ®()(e) = 7" (Z,), € T (X),, which we
can view as living in the Grassmanian of T(")(X),), which can be viewed as living in C* for large M.

Because all the Z, are from the same family Z, there is some n such that if Z. and Z. share an n-tangent
space then they are equal; so ®(™ is injective. (Much as given a family of polynomials there is a bound on
their degree; hence if the n'" derivatives of two elements of the family agree for n less than the degree bound,
then they are equal.)

6.5 The proof of CBP in detail

What are the “higher-order Kolchin tangent spaces”?

Since our types are finite-dimensional we consider X = (V,s)? for some D-variety (V,s) over k. If
a€ X welet my, ={felU[V]: fla) =0} CU[V] = U[z]/I(V) be the maximal ideal of a in V; so
mv,a = (.’171 —Q1,...,Tp —an).

Claim 6.34. my,, is a differential ideal of U[V].
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Proof. If o € my, then o = P(x) + I(V) for some P € U[z] such that P(a) = 0. Then

= ‘ g:(x)sj(:c) + P‘s(ac) +I(V)

Q(z)

(where s = (id, s1,...,85)). This is by the definition of § (induced from s) on U[V]. We wish to show
Q(a) = 0. Since 0 = P(a) we get

0= 3(P(a)) = g‘P (@)a; + PPla) = 3 gimmmwp‘s(a) Qo)
O Claim 6.34

Also m(}tjl is a differential ideal of U[V] for > 0. (Indeed in the case m = 1 if o, 8 € my, we have
§(aB) = d(a)B + ad(B) € mi,,.) So d on U[V] induces a morphism of additive grapes §: mVa/mm+1 —
mvd/mm—i-l

Claim 6.35. For all A\ € U we have 6(Aa) = 0(N)a + Ad(a).

Note that my,,/m{*! is a U-vector space.

(This is some kind of Leibniz rule for U-scalar multiplication; such structures are called §-modules.)

Proof. For o = P(xz) + m(’}“ we have
§(Aa) = SAP+my ) = 6(AP)+mtH = (6(A)-PHAS(P))+mi it = §(A) (P+my ) +A6(P+mi i) = 6(A)a+Aé(a)
as desired. 0 Claim 6.35

Definition 6.36. The dual to t'nVa/mm"'1 is called the m*™ Jet space of V at a:

Jet(M vy .= homu(m‘/a/mv+1 U)
(Note this is a U-vector space.)

In particular Jetfll) V=T,V.
Specializing to X = (V, s)%:

Definition 6.37. Jet(™ (X) = {f € Jet™ V : 6(f(a)) = f(da) for all a € mVa/mV 11 is the mt
differential Jet space of X at a.

Claim 6.38. Jet™ X is a C-vector space.
Proof. Suppose f,g € Jet'™ X:so f,g: mvta/mef;l — U. Then
6((f +9)(a)) = 6(f(e) + g(@)) = 0f(a) + dg(e) = f(da) + g(6er) = (f + g)(6c)

Also if ¢ € C then
§((ef)(@) =é(cf(a)) = cb(f(a)) = cf(dva) = (cf)(da)
0 Claim 6.38

Claim 6.39. Jet(™ X is a finite-dimensional vector space over C. In fact dime(Jet{™ X) = dimg (Jet{™ V).
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(Note the latter is finite since my 4 /m?}’:l is spanned by things of the form

where 1 <3 r; <m. So in fact there is a C-basis for Jetém) X that is a U-basis for Jet((lm) V)
So in fact we get the stronger statement:

Proposition 6.40. There is a finite C-basis for Jetflm) X which is also a U-basis for Jetflm) V.

Proof. 1dentify Jetflm) V = U’ for some £. Then Jetflm) X C U* is the set of solutions to a system of linear
d-equations

Y1

(*) 0y = Ay where y = | : | and A € M,(U).
Ye

(One checks this.)

Subclaim 6.41. If yV) ... y") are C-linearly independent solutions to (*) then they are U-linearly indepen-
dent.
Proof. Suppose y) = agy® + ... 4+ a,y") for as,...,a, € U. Then

T s

0=2d(yM) — Ay = Z(ciaiy(i) + a;6y) — Z a; Ayl = Z(éaiy(i) + a; Ay — Z a; Ay = Z da;y
i=2 i=2 i=2

=2 i=2
By induction hypothesis we may assume y®), ... y(") are Y-linearly independent; so da; = 0 for i € {2,...,r}.
So as,...,a, € C, and y™M, ..., y(") are C-linearly dependent, a contradiction. [0 Subclaim 6.41
So dime (Jet™ X)) < dimy, (Jet(™ V).
But by the Blum axioms in ¢ we can find /~-many U-linearly independent solutions to (*); let y o y®
be such, and so form a basis for J etgm) V over U. Hence by subclaim they also form a basis for Jetflm) X over
C. [0 Proposition 6.40

Let W be a D-subvariety of (V,s) over k. Let Y = (W, s)* C X; suppose a € Y. We get an embedding

Jet{™ W — Jet!™ V via the restriction map U[V] — U[W] = U[V]/I(W), which sends my,, — my., (and

hence mv,a/mi;fﬁl —» mW,a/m%;l).

This induces an inclusion Jet{™ Y C Jet{™ X; in fact Jet!™ Y = Jet(™ X N Jet{™ W. In diagram, the
following is a pullback:

Jetim W —— Jet™ v

J J

Jet™my 5 Jeti™ X

We wish to show that [Y] is C-internal over acl(ka); i.e. [Y] € dcl(acl(ka),C,b) and [Y] |, b. Let
by be a C-basis for Jet{™ X that is also a U-basis for Jet(™ V. Then we get a definable over (k,a,by,)
isomorphism ®: Jet((lm) V — U*; furthermore ® | Jet((lm) X yields an isomorphism Jet((lm) X — ¢ Also
Jeti™'y C Jet!™ X; so @ restricts to an isomorphism Jet{™ Y — L where L is the image.

For ease of thinking, we identify

Jetm v =yt
Jet{m x = ¢*
Jet™y = L

Let ¢,,, be a C-basis for Jet((lm) Y'; so we view ¢, as a tuple from C*. We will argue that [Y] € dcl(k, a, by, Cm )m<cw-
It suffices to show:
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Proposition 6.42. Suppose k = k& and L = L™8. Suppose (V,s) is a D-variety; suppose W1, Wo are
D-subvarieties of V' (all absolutely irreducible) and Y; := (W;,s)* C X = (V,s)*; suppose a € Y1 NYs. If
Jet(™ Y, = JetU™ Y, for all m then Y; = Y.

This suffices because then any o € Aut(U) that fixes k, a, by, ¢, for all m will fix Y setwise, and hence
will fix [Y] pointwise.
We also need that by, |, [Y']; but we can retroactively have chosen by, to satisfy this. (All we require

of the by, is that it be a C-basis for Jet{™ V. So given any choice of b, we can choose by L, Y] with
tp(bm /ka) = tp(g;/ka); then by, is also a C-basis for Jet{™ X and a U-basis for Jet™ V. So we can replace
b by bin.)

Proof. First observe the following;:

Claim 6.43. If Jetl(lm) Wi = Jetl(lm) Way for all m then W1 = Wy, (Note W1, Wy are absolutely irreducible as
varieties over k = k%18.)

Proof. Work in U[V] D I(Wy), I(W3). Tt suffices to show that T(W7) C I(Ws) (by symmetry). Suppose then
that P € I(Wy) CU[V]. If f € Jet"™ Wy, so f: le’a/m%ﬂl — U, then f(P) = 0 since f is viewed in
Jet{™ V by fou* (where t: U[V] — U[W1] is induced by the inclusion map ¢: Wy < V).

Suppose P ¢ I(W5); then by Noetherianity we have

(myat = (0)

and likewise with Wy, Ws5. So
(myit + 1(Wy) = I(W2)

(by the map U[V] — U[V]/I(W3) = U[W3]). So P ¢ mgf,:;l + I(Ws) for some m; so there is f € Jet(™ W,
such that f(P) # 0. O Claim 6.43

Lemma 6.44. If (V,s) is a D-variety and a € (V,s)! = X. Then Jet'™ X is Zariski-dense in Jet(™ V.
(Here Zariski-dense means over any set of parameters.)

Proof. Let b be a U-basis for Jet!™ V and a C-basis for Jet™ X. Then we get an isomorphism ®; as follows:

Jet(™ vV —2es yt

QT QT

Jetm x = ¢t

Then C* = (U*,0)* and hence is Zariski-dense in U*. O Lemma 6.44

We now prove our proposition. Taking Zariski closures in Jetflm) V, we get Jetgm) Wi = Jetgm) Ws for all
m. So by claim we get W1 = W5, and hence Y; = Y5. [0 Proposition 6.42

We are now ready to state and prove the canonical base property.

Theorem 6.45 (CBP). Suppose k = k¥8; suppose p € S(k) is finite-dimensional and a = p. Then for any
L D k with L*# = L we have tp([Kloc(a/L)]/ acl(ka)) is C-internal.

Proof. We may assume Kloc(a/k) = (V,s)* =: X and Kloc(a/L) = (W, s) =: Y.

TODO 39. Something about finite-dimensionality implying it’s the generic type of a Kolchin-closed set?
Maybe up to definable bijection? Maybe Proposition (20) or Theorem (22).

Let e = [Y]. For each m let b, be
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(*) a U-basis for Jet{™ V that is also a C-basis for Jet(™ X

such that (b1,...,bm) L, €. (Possible since (*) is part of tp(by - - - bim/ka).)
Let ¢, be a U-basis for Jet!™ W that is also a C-basis for Jet{™ Y. We get

Jeti™ W —S Jet(™ v 2imy g4tm

QT QT ET

Jet™y —S Jett™ x —= ¢tm

where £, = dim(Jet(™ V). Note ®;, () lies in C.
Claim 6.46. e € dcl(ka, by, @b, (Cm))m>1-

Proof. Fix o € Aut(U) such that o | (k, a, by, Pp,, (¢m))m>1. Then (V,5)7 = (V?,57) = (V, s) since V, s are
over k; so X7 = X. Also W7 C V is a D-subvariety (over o(L)), and Y7 = (W?,s)%.
(Jet{™ X)o7 = Jet(™ X is also preserved, whereas (Jet(™ )7 = JetffTa)) Y = Jet!™ Y. But o(®y,, (c)) =
By, () and o(by) = by 80 0(Cn) = Cm. But ¢, is a C-basis for Jet(™ Y so (Jet!™ v)7 = Jet(™ V.
So Jet!™ye = Jet!™ Y for all m. So by above we get Y7 = Y. But e = [YV7]; s0 o(e) = e.
O Claim 6.46

So there is m > 1 such that e € dcl(k,a,b1,...,bm, @y, (c1),..., Py, (cm)). But each ®p,(c;) € C and
e l,, b1 bm. Sotp(e/acl(ka)) is C-internal.

TODO 40. See remark after 6.21
0 Theorem 6.45

6.6 ...and back to the Zilber Dichotomy in DCF,

Aside 6.47. There is some kind of “analysis” of finite-dimensional types that “decomposes” a finite-dimensional
type in some way into a finite set of minimal types. This is the usual motivation for studying minimal types.

Theorem 6.48. Suppose k = k& and p € S(k) is minimal. Then either p is 1-based or p f C.
Proof. Suppose p is not 1-based; so there are

® ay,...,an ED

e dedcl(kay---ap)

e L=LDk
such that [Kloc(d/L)] ¢ acl(kd).

Note that p minimal implies p is finite-dimensional.

TODO 41. ref

Hence ¢ = tp(d/k) is also finite-dimensional (since k(d) C k(ai,...,aq) and each k(a;) has finite
transcendence degree over k as a; = p). So we can apply CBP to ¢: we get that tp(e/acl(kd)) is C-internal
(but non-algebraic).

Claim 6.49. e € dcl(k,by,...,by) for some by,..., by = p.

Proof. We use the following general proposition:

Proposition 6.50. Suppose q € S(k) and d = q; suppose L = L& D k. Suppose Kloc(d/k) = (V, s)t and
Kloc(d/L) = (W, s)* where W CV is a subvariety. Let e = [(W,s)*]. Then
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1. k{e) = k(minimal field of definition of W).
2. e e dcl(kdy,...,dl) where d1,...,ds = q.

Proof. 1. Done orally.

2. Consider W N ¢q(U4) (the generic points of W), which is relatively definable in ¢(i/); then by stable
embeddedness (or stable definability, if you want) it is relatively definable using some parameters
dy,...,d¢ € qUU). Then e € dcl(kdy - - - dp).

[0 Proposition 6.50

O Claim 6.49

By internality there is B D acl(kd) and e | , , B and ¢ € C such that e € dcl(Bc). Since e ¢ acl(kd),
e ¢ acl(B), we get e f ,c. So (b1,....be)p [ c. Let (bi,....b;,) be a subtuple of (by,...,b) that is
independent over B (i.e. for all j we have b;; |, Bb;, -~ b;; ,) and acl(Bb;, ---b;,) = acl(Bby - - - b). (Note
that since p is minimal we get that b;; |, Bb;, ---b;;_, if and only if b;; ¢ acl(Bb;, ---b;;_,).)
By transitivity and symmetry, for some j we get that b;; LBbil---biv ) c. But b;, J/k Bb;, -+ -b;,_,; so
i

p LC. [0 Theorem 6.48

kd
C.

44



	Introduction
	Algebraically closed fields
	Differential fields
	Some motivation: algebraic vector fields

	Logic of differential rings
	Axiomatizability

	Chapter 2: basic model theory of DCF0
	Interlude on types and saturation
	Back to model theory of DCF0
	Back to D-varieties
	Kolchin topology
	Constants

	Zilber dichotomy
	Elimination of imaginaries
	Minimal types
	1-based
	Internality (again?)
	The proof of CBP in detail
	…and back to the Zilber Dichotomy in DCF0


