GENERIC DIFFERENTIAL EQUATIONS ARE STRONGLY MINIMAL

MATTHEW DEVILBISS AND JAMES FREITAG

ABSTRACT. In this manuscript we develop a new technique for showing that a nonlinear algebraic
differential equation is strongly minimal based on the recently developed notion of the degree of
nonminimality of Freitag and Moosa. Our techniques are sufficient to show that generic order h
differential equations with nonconstant coefficients are strongly minimal, answering a question of
Poizat (1980).

1. INTRODUCTION

Let f(x) = 0 be an algebraic differential equation of in a single indeterminant = with coefficients
in a differential field (X, §) of characteristic zero. In this manuscript, we are particularly interested
in the case that f(x) is nonlinear and of order > 2. The central property we study is the strong
minimality of the solution set of f(z) = 0. The notion of strong minimality comes from model
theory; in general, a definable set X is strongly minimal if every definable subset is finite or cofinite,
uniformly in parameters. In our setting, we are interested in the situation X = {x ¢ U | f(z) = 0}
is the set of solutions to an algebraic differential equation where I/ is a differentially closed field.
Let h be the order of f — that is, the highest derivative of x appearing in f. The strong minimality
of X is equivalent to:

e fisirreducible as a (multivariate) polynomial over K9 and given any a € U with f(a) =
0, and any differential field K, < U with K < Kj, the transcendence degree of K (a)
over K is either O or h.

Strong minimality is an intensively studied property of definable sets, and has been at the center
of many important number theoretic applications of model theory and differential algebra [?, ?, ?,
?]. Despite this, there are relatively few (classes of) equations which have been shown to satisfy
the property - so few, that we are in fact able to give below what we believe to be a (at the moment)
comprehensive list of those equations which have been shown to be strongly minimal. Showing
the strong minimality of a given equation is itself sometimes a motivational goal, but often it is
an important piece of a more elaborate application, since it allows one to use powerful tools from
geometric stability theory. The existing strategies to prove strong minimality are widely disparate
but apply only to very special cases. In roughly chronological order:
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(1) Poizat established that the set of non-constant solutions of z - z’/ = 2/ is strongly minimal
(see [?] for an explanation). Poizat’s arguments were generalized by Brestovski [?] to a
class of very specifically chosen order two differential equations with constant coefficients.

(2) Hrushovski’s work [?] around the Mordell-Lang conjecture proved the strong minimality of
Manin kernels of nonisotrivial simple abelian varieties. It uses specific properties of abelian
varieties as well as model-theoretic techniques around modularity of strongly minimal sets.

(3) Nagloo and Pillay [?] show that results of the Japanese school of differential algebra
[2,2,2,2,2,2,72,?, 7] imply that Painlevé equations with generic coefficients are strongly
minimal. The techniques employed are differential algebraic and valuation theoretic, rely-
ing on very specific properties of the equations.

(4) Work of Freitag and Scanlon [?] for the differential equation satisfied by the j-function
ultimately relies on point-counting and o-minimality via the Pila-Wilkie theorem as applied
in [?, ?]; the argument there is very specific to the third order nonlinear differential equation
satisfied by the j-function. Later, Aslanyan [?] produced another proof, ultimately relying
on similar (stronger) inputs of [?].

(5) Casale, Freitag and Nagloo [?] show that equations satisfied by I'-automorphic functions
on the upper half-plane for I' a Fuchsian group of the first kind are strongly minimal. The
arguments use differential galois theory with some additional analytic geometry, and the
techniques again are very specific to the third order equations of this specific form.

(6) Jaoui shows that generic planar vector fields over the constants give rise to strongly minimal
order two differential varieties [?]. The techniques rely on various sophisticated techniques
including o-minimality and results from foliation theory, some of which are particular to
the specific class of equations considered.

(7) Blazquez-Sanz, Casale, Freitag, and Nagloo [?] prove the strong minimality of certain
general Schwarzian differential equations.

We should also mention that strong minimality in this context was perhaps first studied by

Painlevé using different language in [?]. Painlevé conjectured the strong minimality of various
classes of differential equations, where the notion is equivalent to Umemura’s Condition (J). See
[?] for a discussion of these connections. We believe that the above list, together with a specific
example of [?] constitutes the entire list of differential equations (of order at least two) which have
been proven to be strongly minimal. Most of the techniques in the above listed results apply only
to specific equations or narrow classes of equations and rely on specific properties of those classes
in proving strong minimality. Our goal in this article will be to develop a rather more general
approach which applies widely to equations with nonconstant coefficients.

1.1. Our approach and results. Let f € k{z}. Generally speaking, when attempting to prove
strong minimality' of some differential variety

V=2(f) ={aclU]f(a) =0},

there are two phenomena which make the task difficult:

lEquivalently, there are no infinite differential subvarieties.
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(1) There is no a priori upper bound on the degree of the differential polynomials which define
a differential subvariety of V.

(2) The differential polynomials used to define a differential subvariety might (necessarily)
have coefficients from a differential field extension of the field of k.

There are structure theorems related to (1) but only in special cases. See for instance [?] when the
subvarieties are co-order one in V. Controlling the field extension in (2) is a key step in various
recent works [?, ?, ?]. This is most often accomplished by noting that stable embeddedness of
the generic type of V implies that the generators of the field of definition of a forking extension
can be assumed to themselves realize the generic type of V — see explanations in [?, ?]. In recent
work, Freitag and Moosa [?] introduce a new invariant of a type, which more closely controls the
structure over which the forking extension of a type is defined:

Definition 1.1. Suppose p € S(A) is a stationary type of U-rank > 1. By the degree of non-
minimality of p, denoted by nmdeg(p), we mean the least positive integer & such that for some
sequence of realizations of p of length &, say (a1, ..., ax), p has a nonalgebraic forking extension
over A,aq,...,ax. f U(p) < 1 then we set nmdeg(p) = 0.

In the theory of differentially closed fields of characteristic zero, Freitag and Moosa [?] give an
upper bound for the degree of nonminimality in terms of Morley rank:

Theorem 1.2. Let p € S(k) have finite rank. Then nmdeg(p) < RU (p) + 1.

Let a |= p, we will call the transcendence degree of the differential field k(a)/k the order of p.
When p is the generic type of a differential variety V', we also call this the order of V. The order
of p is an upper bound for the Morley rank of p. The Morley rank of p is a bound for the Lascar
rank of p. For proofs of these facts, see [?]. It follows that if the type p of a generic solution of
an order n differential equation over k has a nonalgebraic forking extension over some differential
field extension, then already p has such a forking extension over k{aq, ..., a,+1) where the a; are
from a Morley sequence in the type of p over k. This consequence of Theorem 1.2 will be essential
to our approach to handling issue (2) above.

Our approach to issue (1) follows a familiar general strategy of reducing certain problems for
nonlinear differential equations to related problems for associated linear differential equations. For
instance, [?] applies a strategy of this nature to establish results around the Zilber trichotomy, while
[?, ?] use this strategy to establish irreducibility of solutions to automorphic and Painlevé equations
using certain associated Riccati equations. Our technique fits into this general framework and relies
on Kolchin’s differential tangent space, which will provide the linear equations associated with the
original nonlinear differential variety V. Our approach to the associated linear equations has been
under development in the thesis of Wolf [?] and the forthcoming thesis of DeVilbiss which gives an
approach to calculating the Lascar rank of underdetermined systems of linear differential equations.

Our main theorem is:

Theorem 1.3. Let f(x) be a generic differential polynomial of order h > 1 and degree d. Let p be
the type of a generic solution to Z(f). If d > 2 - (nmdeg(p) + 1), then Z(f) is strongly minimal.
In particular, if d > 2 - (h + 2), then Z(f) is strongly minimal.

This answers Question 7 of [?] for sufficiently large degree, any order, and nonconstant coeffi-
cients. As described above, Jaoui [?] has recently answered the order two case of Question 7 of [?]
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for constant coefficients. In this paper, our techniques are applied to equations with differentially
transcendental coefficients, but this is not an inherent restriction of the methods. For instance,
in forthcoming work using these techniques joint with Casale and Nagloo, we give a fundamen-
tally new proof of the main theorem of [?], proving that the equation satisfied by the j-function is
strongly minimal. There we also establish new results for several other equations of Schwarzian

type.

1.2. Organization. In section 2, we set up the notation and background results we require. Section
3 gives a new sufficient condition for the strong minimality of a differential variety. Section 4
applies this condition to show that generic differential equations are strongly minimal. Section 5
shows how one can establish a weaker condition than strong minimality in a more computationally
straightforward manner and gives some open problems.

2. NOTATION

Let U be a countably saturated differentially closed field of characteristic zero. All of the fields
we consider will be subfields of ¢/. An affine differential variety is the zero set of a (finite) system
of differential polynomial equations over (a finitely generated subfield of) ¢/. If X is a differential
variety, we denote the differential tangent space of X at point a € X by T>(X) as defined in [?,
pg 198].

Let a € U, and F' a differential subfield of /. Then w(a/F’) denotes the Kolchin polynomial of
a over F' (see [?, Theorem 6, pg 115]). When X is a differential variety, that is, a closed irreducible
set in the Kolchin topology, w(X/F') := w(a/F') where a is a generic point on X over F.

Let (y1,-..yn) be a finite set of differential indeterminants over ¢/ and let © denote the set of
derivative operators on {{. Since we are interested in differential fields with a single derivation,
© = {6* : k > 0}. A ranking on (y1,...yy) is a total ordering on the derivatives {fy; : 0 €
©,1 < j < n} such that for all such derivatives u, v, and all § € ©, we have

u<Ou, u<v=0u<iv.

A ranking is orderly if whenever the order of ¢; is lower than the order of 0>, we have 01y; < 6by;
for any 4, j. An elimination ranking is a ranking in which y; < y; implies 1y; < 62y, for any
61,02 € ©. For a -polynomial f(y1,...,yn), the highest ranking 6y; appearing in f is the leader
of f, denoted uy. If uy has degree d in f, we can rewrite f as a polynomial in uy, f = Z?:o Iz-ujc,
where the initial of f, I;, is not zero. The separant of f is the formal derivative ngf. A detailed
treatment of these definitions can be found in [?, pg 75].

3. A GENERAL SUFFICIENT CRITERION FOR STRONG MINIMALITY

Let f(x) be an order n > 1 non-linear differential polynomial in one variable without a constant
term. Let & denote the coefficients of f and let g be differentially transcendental over &. Let V'
be the differential variety corresponding to f(z) = . Our goal in this section is to find sufficient
conditions under which such a variety V' is strongly minimal. The following lemma is a corollary
of [?, Theorem 1, pg 199].
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Lemma 3.1. Let F be a differential field, X a differential variety defined over F', and a a generic
point of X over F. Thenw (X/F) = w (T2 (X)/F(a)).

Our next proposition shows that when &, a are independent and differentially transcendental,
there are no proper subvarieties of V' which are defined over the field Q(@, ag). Though the ar-
gument is simple, an elaboration of the technique in the proof will be used in the more difficult
general case where one extends the field of coefficients.

Proposition 3.2. Let f and V be as above. Then V has no infinite subvarieties that are defined
over Q(a, ayp).

Proof. Suppose towards a contradiction that W is an infinite proper subvariety of V' defined over
Q{@, ag). Then W is given by some positive order §-polynomial g(z) € Q(a, a){x}. By clearing
the denominators of o, we can write g(x, ) € Q(@){z, ap}. For ease of notation, let k = Q(a).

Let V,, be the d-variety given by f(z) = y and let W, be given by g(z,y) = 0 so that each
instance of « is replaced with the variable y. These varieties are now defined by J-polynomials in
two variables with coefficients in k£ and W,, C V,,. Let a = (a1, az) be a generic point of W, over
k. Since «y is differentially transcendental over & the locus of y over k is Al, so it follows that
W, is an infinite rank (proper) subvariety of V. Consider the orderly ranking with z ranked higher
than y.

We claim that the generic point a of W, lies outside the locus on V), where the separant of
f(z) — y vanishes (we will call this the singular locus of V;)). This follows because the locus
of the separant of f inside of V}, is finite rank (to see this, note that the separant is a differential
polynomial in k{x} so its generic solution has z-coordinate differentially algebraic over k). From
the fact that a lies outside the singular locus of V, and the singular locus of W, (since a is generic
on W,), it follows that the Kolchin polynomials of 7.2 (W) and T2 (V) are equal to W,, and V,
respectively, and so T2 (W) € T2 (V).

For 0 < i <mn,let of
denote the formal derivative of f with respect to the ith derivative of x. Using this notation, the
differential tangent space T'2(V},) is the set of (w, z) satisfying the linear differential equation

z= Z Bi(ar)w®.
=0

From this equation, we can see that z is determined by our choice of w, but w may be chosen freely.
This gives a definable bijection between 7.2(V,) and Al. Further, it follows that 7 (V) has no
infinite rank subspaces over k(a), since if it did, we could consider the image of this subvariety
under the definable bijection to A'. However, A! has no infinite rank subsets, so the image must
have finite rank. Therefore, w(T>(W,,)/k{a)) is finite, a contradiction. O

Remark 3.3. The previous result shows that under very general circumstances, for instance when
any single coefficient is differentially transcendental over the others, the equation has no subvari-
eties over the coefficients of the equation itself. We state the following result, but omit its proof, as
it is analogous to the previous proof and will not be used later in this paper.
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Proposition 3.4. Let f be a differential polynomial in one variable and V' the zero set of f. Let
a denote the tuple of coefficients in f. If a has some element ai such that ay is differentially
transcendental over Q(a_1),> then V' has no differential subvarieties over Q(a) except perhaps the
zero set given by the monomial of which ay is a coefficient.

The previous proposition works in such generality, in part because we have restricted the co-
efficient field. In various situations, identifying differential subvarieties defined over the field of
definition of a variety V' is a much easier problem than identifying differential subvarieties of V'
defined over differential field extensions. For instance, in [?], Nishioka shows that the equations
corresponding to automorphic functions of dense subgroups of S L2 have to differential subvari-
eties over C. In the special case of genus zero Fuchsian functions, a much more difficult argument
was required to extend the result to differential subvarieties over differential field extensions [?],
answering a long-standing open problem of Painlevé.

There is one general purpose model theoretic tool which restricts the field extensions one needs
to consider. We will use a principle in stability theory, generally related to stable embeddedness
(see for instance see [?] where this general type of result is referred to as the Shelah reflection
principle). For the following result see Lemma 2.28 [?]:

Lemma 3.5. In a stable theory, let A C B and p € S(B) which forks over A. Then there is an
indiscernible sequence (a; : i € N) in p, such that there is a finite initial segment {ay,...,aq}
such that the canonical base of p is contained in the definable closure of A, a1, ..., aq.

Let f and V be as before and let d € N. Consider V¢, the set of d-tuples so that each coordinate
x; satisfies f(x;) = ap. As before, we can replace each instance of a( with a new variable y,
resulting in a differential variety (Vd)y defined by the system of equations:

flx1) =y
flz2) =y
flza) = y

Proposition 3.6. Suppose that for all d € N and indiscernible sequences a in the generic type of
V, the differential tangent space T, ELA ( (Vd)y) has no definable proper infinite rank subspaces over
Q(a, a). Then V is strongly minimal.

Proof. Suppose V' is not strongly minimal and let p(x) € S1 (Q(&, agp)) be the type of a generic
solution of V. By Proposition 3.2, V' does not have any infinite subvarieties defined over Q{a, ay),
so p has a forking extension ¢ over a differential field extension KX > Q(a, ap). By Lemma
3.5, there is some finite d and a Morley sequence (a1, ...,aq) for ¢ such that (aq,...,aq) is
not Q(a, ap)-independent. Consider the minimal such d. Then tp (a1/Q(@, ag, az,as, ..., aq))
forks over Q(a, ap). Since these are types over differential fields, this happens exactly when the
Kolchin polynomial of (a1/Q{&, v, az,as, .. .,aq)) is strictly less than the Kolchin polynomial

of (al/@<d, Oéo>).

2By a—_1, we mean the tuple a excluding a;.



Thus, there is a differential polynomial g(z) € Q(&, ap, ag, . ..,aq){z} sothat g(a;) = 0and g
has order strictly less than the order of f. By clearing denominators, we can write g(x1,...,24) €
Q(a, ap){x1,..., 24} suchthatg(ay,...,aq) = 0. Let U C V%be the vanishing setof g(x1, ..., zq).
Just as with V, we can replace oy with a new variable y after clearing denominators again,
giving a Q(a)-polynomial g(x1,...,74,y) and the corresponding variety U, C (V%),. The
Kolchin polynomial w (U,/Q(&)) is nonconstant. Let a = (a1, ..., aq, o) and notice that a is
a generic point of U, over Q(a). By Lemma 3.1, the Kolchin polynomial of the differential tan-
gent space w (T2 (Uy)/Q(a, a)) is also nonconstant, so 72 ((V'9),)) has an infinite rank subspace
over Q(a,a), a contradiction to our assumption. O

Remark 3.7. Using Lemma 3.5 together with Proposition 3.6 gives a strategy for establishing the
strong minimality of nonlinear differential equations with generic coefficients, but only if one can
verify the hypothesis of Proposition 3.6. A priori, this looks quite hard since it would require
the analysis of systems of linear differential equations in n variables for all n € N. This may be
possible via a clever inductive argument for specially selected classes of equations, but Theorem
1.2 gives a bound for the number of variables we need to consider.

Theorem 3.8. Let p be the generic type of V. Suppose that for d < nmdeg p+1 < ord(V')+2 and
any indiscernible sequence a = (ay, ..., aq) in the generic type of V, the differential tangent space
A ((Vd)y) has no definable proper infinite rank subspaces over Q(a,a). Then V is strongly
minimal.

Proof. By Proposition 3.2, there are no subvarieties of V' defined over the differential field gener-
ated by the coefficients of f. So, we need only consider forking extensions of the generic type of
V. By Theorem 1.2, if there is an infinite proper differential subvariety of V, then it is defined over
(the algebraic closure of) a Morley sequence of length at most nmdeg(p) which is at most h + 1.
Thus, there is a proper subvariety of W C V¢ which surjects onto the first d — 1 coordinates such
that the fiber over a generic point in the first d — 1 coordinates is a forking extension of the generic
type of V. But then by the argument of Proposition 3.6, there is a definable proper infinite rank
subspace of T2* ((V'9),) over Q(&, a). O

4. STRONG MINIMALITY OF GENERIC EQUATIONS

4.1. A first example.
Theorem 4.1. Let X be the differential variety given by

n
(1) 2+ it =a
i=1
for some n > 8, where (o, v, . . ., a,) is a tuple of independent differential transcendentals over

Q. Then X is strongly minimal.

Proof. To show that equation 1 is strongly minimal, by the explanation following Theorem 1.2, we

need only show that given any solutions a1, . .., a4 to equation 1, we cannot have that the transcen-
dence degree of Q(a1, a, aq,...,ap,a2,...,a4) over Q(a, aq, ..., ap,a9,...,a4) is one. With-
out loss of generality, assume that a1, . . ., a4 are algebraically independent over Q{c, a1, . . ., cvy)

(that is, they satisfy no polynomial relation over Q(«, aq, . . ., ap)).
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Observe that the differential tangent space TELA ((X 4)y) after eliminating y is given by the sys-
tem:

+(h i=1 ml O‘i) uo = vy + (i m?l i) Vo
( i=1 Zal ai) up = w(l)l + (Zz 1 ’LCL3 1041) Wo
Uo + (X0 dal” 10@) ug = 25+ (X0 da  ey) %
Forj=1,....,4,welet3; =>" i zaj ~Lo;. We argue that 1, . . ., 34 are independent differential
transcendentals. Note that
nal™' (n—1)a?? 2a01 1 Qn b1
nay ™t (n—1ay? ... 2ay 1 An-1| | B2
nay~t (n—1)ay > 2a3 1 : | B3
nal~t (n—1)a}? 2a4 1 aq Ba

We claim that any four columns of the matrix of a;’s are linearly independent. To see this,
note that if not then the vanishing of the corresponding determinant shows that there is a nontrivial
polynomial relation which holds of a1, ..., a4.

This contradicts the fact that a; satisfies an order one equation over as, ..., aq4. By the inde-
pendence of aj, ..., a, there are at least four of the a; which are independent differential tran-
scendentals over the other o; and aq,...,as. Without loss of generality, assume «q, ..., a4 are
independent differential transcendentals over Q(as, . .., ap,a1,...,aq). Then since the last four
columns of the above matrix of a; are linearly independent, it follows that oy, . .., a4 are interal-
gebraic with 51, ..., B4 over Q(a1, ..., a4,as,...,ap). It follows that 31, . . ., 54 are independent
differential transcendentals over Q(ay, ..., a4, s, ..., Q).

Lemma 4.2. A linear system of the form

ug + Brug = Ug + Bovg
(2) ug + Bruo = wy + Pawo
ug + Brug = Zg + B4z
with (1, ..., B4 independent differential transcendentals has no infinite rank subvarieties.

Proof. We will prove that this system has no infinite rank subvarieties by proving that the solution
set is in definable bijection with A'. This is constructed by composing a series of linear substitu-
tions.

First, we substitute u; for ug where w9 = u; + vg. This reduces the order of vy in the top
equation, resulting in the system

I+ Biw = (B2 — PB1)vo
ulll + Brur + Ug + vy = ’LU[/)/ + B3wy
uf + frur + v + frvo = 2 + Bazo

To reduce the order vy in the lower equations we substitute wy, 21 for wg, 29 where wg = wy +
V9, 20 = 21 + vg. Then we have

U+ prug (B2 — B1)vo
u] 4+ Brur + (B1 — B3)vo w! + Bawy
uf + Brur + (61 — Ba)vo = 2 + Baza
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Solving the top equation for vy in terms of u; and plugging this in for vy allows us to eliminate vg
from lower equations, resulting in the system

Agouf + Agpur = wi + fzwy
Cooui +Coour = 2z + faz
where (after some simplification)
B2 — B3
Agg = ———=, Ao := P1dl2p
k] /82 _ /81 ) )
B2 — B
Cop = ———, Copo:=B1C2p0.
k] /82 _ /81 k] )

We again reduce the order of the variable in the top equation by substituting uo for u; defined by
Uy = ug + ﬁwl resulting in the system

" /
Az gusy + Agou = DBjjwj + Bojw:
" " / "
CQ@UQ + Co,ouz + D271’Ul + D171U1 + D071U1 = 2 + B4Z1

where

/ "
o 1 R 1 Aoy
Bl,l = 2A270 (AQ,()) s BO,l = 53 A2,0 (Az,o) Aao
. Cao — 1 — 1\ | Coo
Doy = 35, Diii=2Cag (A2,0> v Dopi=0Co0 (x5 ) + 45,

We next reduce the order of w; in lower equations with the substitution 29 for z; defined by z; =
29 + Dg 1w1. Now we have the system

1/ !

Az gusy + Agou = DBjjwj + Bojw:
1 / 1!

Coouy + Coouz + Erjw) + Eg w1 = 25 + Bazo

where
/ 1!
Ei11:=D11— Dy, FEoi:=Do1—Dsyy—B4D21.

A0 1
Bi1 Uz

Next we reduce the order of us in the top equation by substituting ws for w; with w; = wa+
resulting in the system

Aq quly 4+ Apus = Bjwh + Boijws
Couly + Crauby + Couz + Eyjwh + Egjwe = 25 + Bazo
where
Asg’ Ao
A112=—B11< ’>—Bo1 =, Ap1:= Aop
) bl B]_7]_ bl ‘B]-7 ’ k)
Az Az Az
Co1:=Cro+ E11 ’,CllizEll( =) +Eo15—, Co1:=Cop.
bl bl bl Bl} bl bl B:[,l bl B171 Iy ’

The reduction in order of the top equation continues with the replacement of us with u3 given by

B . .
Uy = u3 + Ai’i wo. This results in the system

/
Aqus + Apus = DBgows
" ! 1 ! 1!
Cy1us + Criuz + Couz + Do gwy + Dygwy + Dopws = 25 + [a20
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where

B1,1>I_A B

By := Bo1 — A1 (ALl 1 A1

B Bi1)’ B
2= 01—, D12—E11+2021< +C11——,
A1q Al 1 A
Bi1\” B B
Dy := Ep1+ Ca1 ( ’ > +Chi ~ ) +Co1——.
A A A
Next we replace z9 with z3 given by 29 = 23 + Do 2w» to arrive at
A uf+ Agus = Boows
nglug + Clvlué + C()JU;), + ELQ'U)/Q + E()gwg = Zg + Byz3

where
E1p:=Dig— Dyy, Eop:=Dos— Djyy— f4Dsp.
Now we can solve the top equation for ws in terms of u3 and plug the resulting expression into the
lower equations:
Coouly + Cy 2uly + Coous = 25 + Baz3
where
Ca2 = Co) +E12B02’
A A A
Ci2:=Ci1+ E12 <Blé) +E0,2B;:; + Eagss
Ao,1 Aot
Coz2 = Co1+ E12 (B 12) + Eoagy,-
Next we perform analagous substitutions to eliminate z3 from the top equation, beginning with
substituting u,4 for uz defined by uz = ugq + ﬁz;g, so we have

{ Copulf + Crpul+ Coous = Frizh+ Fozs

where
1Y\ Cis 1\ 1Y\ Coo
Fia 2—2022( )— =, Fo1:=p01—Cop2 —Cio| 5| — =

Ca2 Cap ’ Caa T\ O Cao

Next, substitute z4 for z3 where z3 = z4 + @M This will result in the equation
Cyauy + Cogus = Fy 12 + Fo 124

where

C (s
Ci3:=C12—Fia (5?) + Fon 7 f, Co,3 = Cop2.

Replace uy with us defined by ug = us + %24, giving us the equation

3) Ch 3us + Cogus = Fyazs

where .
Fiq Fi1
Fyo:=Fy1—C : F =,
0,2 0,1 1,3 (Cl,?)) + £o,1 Cr s
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Any solution to Equation 3 is determined by the value of us, so the solution set is in definable
bijeciton with A'. Each of these linear substitutions gives rise to a definable bijection between
systems so long as the substitutions are well-defined, i.e., that the denominators of the coefficients
are all non-zero. For this procedure to give a definable bijection from the original system 2 to A',
we must verify that the following expressions are not zero:

B2 — B1,A2,0,B1,1,A1,1,Bog2, Co2, F11,C1 3, and Fp .

The expression 5 — (31 is non-zero because 31, 82, 53, f4 are all distinct. Each of these coefficients
can be considered as a differential rational function in terms of 31, 82, 53, 54, and so they can be
analyzed according to a ranking on /3. We will show that these coefficients are nonzero by showing
that the initials of each are nonzero in some elimination ranking. It then follows that the coefficients
themselves are non-zero because (51, B2, 83, 54 are independent differential transcendentals.

Consider the terms of these expressions ordered by some elimination ranking on 3 with f33
ranked highest. The leading term in this ranking of each expression can be calculated using the
definitions of previous coefficients. The following table shows that these leading terms are non-
Zero:

Az, 52%23153
B —= 34
L1 | By—p53
A —2 %4
L1 (52—51)31,1 3
Bo,2 (B2— ,31)141 153

We turn our attention to an elimination ranking with 84 ranked highest to prove that the remaining
coefficients are nonzero. The following table shows that the leading terms of these coefficients are
also non-zero:

Cop | BrpBesli

Fia (B2—P1) 302702254
Cus mﬂzx
Foz | Gmteaciabs

We have shown that each substitution is well-defined, and therefore we have constructed a de-
finable bijection between system 2 and A'. Since A! has no infinite rank subspaces, neither does
our original system, completing the proof of the proposition. (|

We now finish the proof of Theorem 4.1. Since the differential tangent space 7> ((X 4)y)
satisfies the conditions of Lemma 4.2, it has no infinite rank subspaces over Q(&, a). Therefore, X
is strongly minimal by Theorem 3.8. 0

4.2. Generic higher order equations. The technique used in the previous example can be applied
to more general classes of equations. In this section, we use analogous techniques to show that
generic equations with high enough degree have differential tangent spaces cut out by generic
linear equations and that the generic tangent spaces have no infinite rank subvariety.
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Let

—a—i—Zaolx + Z arjmj (z,a) +- + Z QM (x,x’,...,x(h)>

JEM; keMy,

where M, indexes the set of all order n monomials of degree at most d and the entire collection
of coefficients «, o; ; are independent differential transcendentals over Q. Let V' be the zero set of
f(z) and let m be the degree of nonmininality of f. Following the notation of Section 3, we let

(V™), be the following system of equations in 1, ..., Ty, ¥:
( —h (i)

> izo ZjeMi QMg (L1505 T =Y
h i

o S jens, Cigmy (22,,28) =y

h
Dm0 2uje, Qi (ﬂfm 3352)) =y

Leta = (aq,...,an) be an indiscernible sequence in V' such that a,,, forks over ay, ..., am,—1
and tp(am/Q (o, a5, a1, ..., @m-1)i=0,... h,jeM; has rank between 1 and h — 1. That is, a,, satis-
fies a differential equation of order at least 1 but no more than h—1 over Q(av, o; j, a1, . . ., @m—1)i=0.... h, JeM;-
Crucially for this proof, we note that ay, . . ., a,, are algebraically independent over Q(a Q).
Let T (a o) ((V™),) denote the differential tangent space of (V") over (a, cv). Then T, (a o) (V™))
is given by

Zz 051121) =Yy
Yo Biesy) =y

Z?:O Bz mz7(7%b) = Yy

where f3; ; = 8‘9{” (a;) as used in previous sections.

Lemma 4.3. Ifa = (a1, ...,ay) is an indiscernible sequence such that a,, satisfies an order k
equation over ai, . . . , a., and the coefficients of f with 1 < k < h, then the variety T% o) (V™))
has coefficients which are independent differential transcendentals over QQ whenever d > 2m.

Proof. We proceed by induction on the order, beginning with 8.1, 80,2, - - ., Bo,m. Since d > 2m,
there are ji,..., jm such that agj,,..., 0, are independent differential transcendentals over
Q <.Aoa1 v am> where Ay = {OJZ'J :0<i< h,j€e Ml} \ {ao,jl, R 7a0,jm}' Note that

- J1—1 j2—1 Jm—1
e Joay L Jmay™ i Qo j; Bo,1 Iy
o g1— 2— : )
]1“% ]2aj2 e ]ma%m 0, jo Bo,2 la
. . = . + . )
1 1 1 .
jla% Jo a27t ]ma%’{‘ QO Bo,m I,

where [; € Q (Agaq - - - am).



The above matrix is invertible, as the vanishing of its determinant imposes a nontrivial algebraic
relation among ay, ..., a.;,, which are, by assumption, algebraically independent. It follows that
Bo1;- -, Bo,m are interdefinable with ag j,, . . ., g 5,, over Q (Agpaq - - - an,) . Thus, By 1, ..., Bom
are independent and differentially transcendental over Q (Apa; - - - a,,) . Note that the coefficients
{Bij :1 <1< h,1<j < m} are contained in the field Q (Apa1 - - - ar,) , SO we’ve shown that
Bo1,- -, Bo,m are independent differential transcendentals over Q(3; ; : 1 <i < h,1 < j < m).

Suppose we have already shown that 3, 1, . .., By, are independent differential transcendentals
over Q(3;; :n+1<i < h,1<j<m)forsomen < h.Let M index the collection of order
n + 1 monomials of order no more than d excluding the monomials of the form {z("*Dz" : 0 <
r < d — 1}. Assume the order n + 1 terms in f(x) are ordered so that

d—1
/ +1)y _ +1),.k / +1
g a1 pmg(z, o, ... g )) = E an+17kx(” )k 4 g Qpg1,;Mj (ac,x A )> )
k=0

kEMp 41 JEM

Since d > 2m, there are ki,...,k;, < d such that a1, .., 41k, are independent and
differentially transcendental over Q(A,41a1 - - - am) Where A1 = {oyj :n+1<i < h,je
MZ} \ {an-i—l,k:p ey an_;,_l,km}. Note that

k k km
ap' a4y Qn+1,k Brt1,1 1
k1 ko km
as' as® ... as Opt1,ky Bri1,2 o
. = . +1 . |,
aﬁ% aﬁf - alfnm An+-1,km BnJrl,m T'm
where r; € Q(A, 4101 - - - any). The above matrix is invertible, since we are assuming thatay, . . ., ap,
are algebraically independent. Thus, v, 41 &, 5 - - -, Op41,k,, are interdefinable with 8,111, .., Bnt1,m
over Q(Anqi1a1---ap). Since {B;; : n+1 < i < h,1 < j < m} are contained in the field
Q(Apt1a1 - - - am), it follows that B,41.1, . - ., Bn+1,m are independent and differentially transcen-

dental over {f3; j :n+1<i<h,1<j<m}

Putting together the above analysis, we have proved that the collection of coefficients {£3; ; :
0 <i < h,1 <j <m} are independent and differentially transcendental over Q(a, ..., a,,) and
thus over Q. O

Eliminating the variable y from T(%,a) ((V™),) results in a system of m — 1 linear equations in
m variables with generic coefficients.

Theorem 4.4. The solution set of any system of m — 1 generic linear equations of order h in m
variables has no infinite rank subspaces for h > 1 and m > 1.

Using the notation from the previous proposition, this system of generic linear equations will be
written as follows:

SroBinz) = ioBiazy
@ Sh Bz’ = Yo Biszy)

S 5i,12’§i) = >, 5i,mzr(7?-
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As in Proposition 4.2, we show that such a system has no infinite rank subspaces by constructing a
definable bijection to A!. This is accomplished by applying the following lemma repeatedly:

Lemma 4.5. Let S be the solution set of a linear system of equations®

Zz oAzWo, = Zz 03102(())

5) Zi:oci,l,ou[()) = I8 l&

Z?:o C@m,oué") Z?:o ﬁi,m”g},o
satisfying two properties:

e Foreachl < j < m, the h + 1-tuples (A;o : 0 < i < h)and (Cijo : 0 < i < h)are
inter-differentially algebraic over Q(B) where B = {B;,3;; : 0 <1 < h,l < j < m},
and

o The coefficients {A; o : 0 < i < h} U B are independent differential transcendentals over
Q, and likewise for each | < j < m, {CM’O : 0 <i < h} U B are independent differential
transendentals.

Then there is a definable bijection S — T where T is the solution set of a system of linear equations
with one fewer variable and one fewer equation satisfying the same two conditions.

Before proceeding, note that the original system 4 of Theorem 4.4 satisfies the two conditions
listed in Lemma 4.5. That means we can iterate the application of this lemma until all variables
have been solved in terms of only the u variable, thereby giving a definable bijection to A

Proof. The definable bijection to from S to 7 will be defined by a series of linear substitutions
which will eliminate one of the variables in the system. The proof will consist of three parts:
First, we will define the necessary substitutions to arrive at 7. Second, we must verify that each
substitution is well-defined, and hence gives rise to a definable bijection. Third, we verify that the
two conditions hold for 7.

_ . . B .
The first substitution replaces the variable ug with u; where ug = u; + ( A:ﬁ) zo which reduces

the order of zj in the top equation by one. This results in the new system:

St Avoul) = Y i Bias

St Crgoul) + 30 Dz

h i
> ico ﬁi,j”;(',())

h Bpo\W B
Ducssn = (3)an (F2)+ o Gneaso (325)

) )

where

3Here we use A and B to refer only to the coefficients in the top equation. The lower equations will be indexed by j
with the second equation having index ! and the last equation index m. In the case of system 4, [ = 2 and [ will increase
as we eliminate variables from the system.

14



for0 < k < hand

h B (k) B
o= () (35) e (5)

forl <k <h.
To reduce the order of z in lower equations we replace v;o with v;; where vjo = v;1 +

D
( ﬁ’: = 1) 20, resulting in the system
2%

St Ao’ = ') Biaz)

h—1
S OCJOU’l + 2 0 E,J,lz(()l) = YL Oﬁ”vjl)

Dh () Dh .
7] ,]

Next we substitute z; for zg, defined by zp = z; + ( B’:i’i)l) u}. This resulting in the system of

where

equations
S Aiug” = YilB; Y
h h—1 h .
20 Ci,y,lul + 2o Ei JJZ(() )= > im0 5@]‘”3(}?
where
C — C + h—1 E Ah,O (k) n N P Ah,()
h—kj1 = Ch—k 0 i h—1,5,1 Bris k141 ey
Co,j1 = Co 0
for0<k<h-—1and
h—1 Ay, (k) A,
Anona = Ao = ( k )Bhl’l (Bhi) ~ T Bhkna Bhff,l
Ao = Aop

forl<k<h-1.

Now we have reduced the order of the the top equation by one without increasing the order of
the lower equations. In order to eliminate the z variable in the top equation, we apply a trio of
analogous substitutions recursively to lower the order in the top equation to zero. After this has
already been performed n times, the system of equations will be

ZZ Ocmjn +Z§L OlEvjn ’E"l) = ZZ 0/817.71}1)
15



First we replace the variable u,, with u,,41 where u,, = u,4+1 + ( 1

Sig' Attt

S o Cigantutt) + 300 Dy 2t

where

L Bhfn,n
Dh,jm,—l—l = Ch,j,n A )
h—n,n

)

h Brnn\® By,
DhikJ’nJ’»l = Eh*k,],n + < >C’h,j,’n ( 7’1771) + ... —|— Ch*k,],ﬂ n,n
k Ah n,n Ah—n n

forl < k < h, and

By
M) Zn, SO We have
h—n,n

h—n—1 ()
Zi:(] Bi,n—i—lzn

S 5@]’%(2

)

h—n Bh—n n (k=n) Bh_” n
B B — B _ _ A - ) R — A _ ’
h—k,nt1 h—k,n (k —n) h—n,n <Ahnn> h—kn Ap—nn

forn+1<k<h.

. . Dy,
The next substitution replaces v; ,, with v, 1, defined by v, = vj, 1+ (%) zp, for all

lower equations j. This results in the system of equations
h—n (@)
> im0 Ainlini

St Cigntt) + S0 Bzt

where

h Dy in (k)
Eh—tkjn+1 = Dhpjn+1 — (k‘) Bh.j ( hﬁi A+1> -
7-]

forl < k <h.

h,j

h—n—1 i
Zi:(? Bi7n+12’7(z)

Z 0/817] ]n+1

Dp jnt1
— Bh—k,j <ﬁ2n+ > .
J

Ah—n,n

To complete the trio, we substitute z,,1 for z, defined by 2z, = 2,11 + (W) Uy q-

Now we have the system
h—n—1 (4)
Dico Ainitn gy

h (1) h—1 (2)
Zi:O Ci,j,n+1“n+1 + Zi:() Ei,j,n+1zn+1
16

h—n—1 ()
Zz 0 Bln+1zn+l

Zz 0 62»] 7, n+l



where

h—1 Ap_ (k)
Ch—k,j,n+1 = Ch—k:,j,n + ( )Eh—l,j,n+1 <”7"> .
k Bh—n—l,n+1

Ah—n,n
—En gk ajnii | 57—
Bh—n—l,n+1

Cojn+1 = Cojm
for 0 < k < h and

h—n-—1 A, (k—n)
Ah—k,n—l—l = Ah—k,n — ( 1 >Bh—n—1,n+1 <hn,n> .
-n Bh—n—l,n—l—l

B Ah—n,n
— Ph—k—-1,n+1 37
h—n—1,n+1

Ao 1 = Ao

forn+1<k<h-1.
Completing this procedure by performing this trio / times results in the system

Ao pun = Bynzn

h (i) , yh1 () _ h 0
>oico Cigpwy,” + 2220 Eignz,’ = Yo BijVh
Now we can solve for 2, in terms of uy, and plug the resulting expression in to the lower equations.
After eliminating the top equation and simplifying, we have

h ; A .
Yo Cignnuy) = TitoBigvl
(6) 3
Z?ZO Civmvhﬂug) = Z?:o Bz‘,mvgh
where, for k& > 0,

Chvjvh“!‘l = Ch,j,h

h—1 A\ A
Ch—k,jht+1 = Ch—kjh + Enorgn (522 ) 4+ Baewgn 522 ).
k BO h BO h

)

)

Let 7 denote the solution set to system 6. The desired variable has been eliminated, so now
we must show that these substitutions are well-defined. It suffices to show that the coefficients
appearing in the denominator of each is non-zero.

First, 3;, ; # 0 for all j by assumption, so the substitutions which decrease the order in the lower
equations are all well-defined.

Claim 4.6. The tuple (Bh—_pnn, Ap—nn : 0 < n < h) is interdefinable with (B; g, A;o : 0 < i <
h).
17



Proof. We prove that for each n < h, (Ap—; i, Bh—iis Ah—kn> Bh—kn 1 < n,k > n) is inter-
definable (Ap—; i, Bh—ii, Ah—km+1, Bh—knt1 : © < n,k > n), proving the claim by induction.
Fix n < h. It is clear from the definition of B; 1 that (B,_p, : n+ 1 < k < h) is inter-
definable with (Bj_gpnt+1 : n+1 < k < h) over B,_p,, and {Ap_,, : n < k < h}. By
adding the parameters themselves, we have (By_ n, Ap—kn : 7 < k < h) is interdefinable with
(Bh—nns Bh—tnt1:; An—in : n+1 <k < h). If n > 0, interdefinability is preserved after adding
{Bh—ii,An—ii : 0 < i < n} to each tuple. It is also clear from the definition of A;,; that
(Ap—gn : n+1 < k < h) is interdefinable with (A,_j 41 : n+1 < k < h) over A, , and
{Bh—kmn+1 :n+1 <k < h}. Combining these two facts, we conclude that the desired tuples are
interdefinable. Il

It follows from this claim that the coefficients {Ap_p, 5, Bh—nn : 0 < n < h} are indepen-
dent differential transcendentals over Q(B*) where B* = B\ {B;o : 0 < i < h}. Hence, all
substitutions used to eliminate the variable in the top equation are well-defined.

Finally, we prove the two conditions that hold for S also hold for 7. In fact, inter-differential
algebricity preserves differential transendence degree, so proving the first condition implies the
second. Therefore, it suffices to show inductively that, for each n and j, (Ci’j7n+l :0<i<h)
is inter-differentially algebraic with (C; j, : 0 < ¢ < h) over Q(B). Assume, (4,0 : i < h) is
inter-differentially algebraic with (C; j, : 0 < i < h) over Q(B). By Claim 4.6, this is equivalent
to showing that these tuples of C’s are inter-differentially algebraic over {Ap_; ;, Bp—i; : 0 <1 <
h} U B*.

We begin by proving this for n = 0. It is clear from the definitions that (C;j ;1 : 0 < i < h) is
differentially algebraic over (C; jo : 0 < i < h). To prove the other direction, observe that in the
definitions of Cj ;1 for any ¢ > 0, C}, ;0 appears with order at least one, but any other C}, ; o must
be linear and order zero (over { Ay, o, B o, Ah—1.1, Bh—1,1}). We can represent this situation with
the following matrix equation:

[ M My 0 0 0 0 07 [Cho1,0] [Ch-1,j1] [Lp—1T
Mo My My o 0 0 0 Ch—2,5,0 Ch—2,1 Ly
Ms3 Mo M, o 0 0 0 Ch-3,5,0 Ch—3,1 Ly 3
Mh,3 Mh,4 Mh,5 s M1 MO 0 0 C37j70 C3,j,1 L3
Mh,Q Mh,3 Mh,4 s MQ M1 M() 0 C27j70 CQ,j,l LQ
Mn_1 Mu_o My_3 --- Ms My M; M, Ci o Ch,j1 Ly
L0 0 0 - 0 0 0 1)Lyl Lol Lol



where L; € Q(Ch 0, Ano, Bho, An—1,1, Br—1,1,B*) and the matrix entries can be computed as
follows:

B
My = —"—
Bp_1:1

Buo\' [ Ano B o Ano '
My=h <Ah,o> <Bh—1,1> =1 <Ah,0> <Bh—1,1>
= (N0 G )+ (D G Ge)
’ 0 i) \Ano Bp-11 1 i—1) \Anpo Bp-11
)G )
i i—i) \Ano) \Brh-11)

Using Gaussian elimination, we can make this matrix lower triangular:

(M1 p—1 0 0 e 0 0 0 07
Moo Mip_o 0 cee 0 0 0 0
Mzp_3 Mop-3 Myp—g -+ 0 0 0 0
M — : : : - : : : :
Mp_33 Mp_43 My_53 -+ Mz 0 0 0
Mp_29 Mp_39 Mp_42 -+ Moo Mo 0 0
My 1y Mp_o2y Mp31 -+ Mszz May Mg 0
| 0 0 0 e 0 0 0 1]

where the new matrix entries are defined recursively for2 < j < h—land1 <i<h—j

M,
My = M;, M= M; — (M - ) Mity1j-1-
1,51

Claim 4.7. Forall1 < j<h—1land1 <i < h — j, M;; # 0, and therefore, the determinant of
M* is non-zero.

Proof. We prove this by showing that M; ; is order i+ j — 1 in Ay, o using induction on j. It follows
from the independence of the A’s and B’s that M; ; is order 7 in Ay, o for each 7. Now suppose the

claim holds for j. Since M; ;11 = M; — (Ajy—lo) M; 1,5, we can see that M; ;1 is order 7 + j
»J

since M; 1 j is order ¢ + j by assumption, and all other terms in the definition have strictly smaller
order. Thus the determinant is non-zero. UJ

As a consequence of the claim, we see that (C; j0:0<i<h—1)and (C;;1:0<i<h—1)
are interdefinable over {CY, j.0, An0, Bh,0, Ah—1,1, Bh—1,1} U B*. Now we can solve the equation
resulting from the top row of M* for C},_1 ;o in terms of (C; ;1 : 0 <3 < h —1) and C},_jo. We
can plug the resulting expression in for C},_1 ;o in the following definition of C, ; 1, resulting in a
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differential relation between C, o and (C; ;1 : 0 < i < h):

B hBho
Chj1 = (Bh—l 1) Ch-140 — <Bh—11 Ch.jo

14 hBh <Bh,0>,_ By n hBh,o(AneBr,;)"  Br-1,Bno -
Ano Bn11 Bro11An0Bn;  BriBr-11 ’

Thus, C}, ;0 is differentially algebraic over (C; ;1 : 0 < ¢ < h). It follows that (C; jo : 0 < i <
h — 1) is differentially algebraic over { Ay, o, By 0, An—1,1, Bh—1,1} UB*, and (C; j1 : 0 <i < h).
Hence, (Cjj o : 0 < i < h)and (C; ;1 : 0 < i < h) are inter-differentially algebraic over B,
proving the desired result for n = 0.

Proving that (C; jn+1 : 0 < ¢ < h) is inter-differentially algebraic with (C;;, : 0 < i < h)
over {Ah_i,i, Bp_i; :0<1 < h} U B* for positive n is similar to the case where n = 0. As
before, one direction is clear from the definitions. The only difference with the previous case is the
inclusion of the Ej,_j, j,, term in the definition of Dy,_j, j 41 for k > 1.

Claim 4.8. For eachn, (E; j, : 0 < i < h — 1) is differentially algebraic over (C; jn—1 : 0 <
1 < h) and {Ah,m', Bh,m’ 0<1 < h} U B*.

Proof. The claim holds for n = 1 by examination of the definitions. Now suppose the claim holds
for n. E/L'7j’n+1 is defined by (C'L',j,n : 0 < ) < h), (E’i,j,n : 0 < 7 < h — 1), and {Ah—i,ia Bh—i,i :
0 < i < h} U B*. It follows from the inductive hypothesis that (E; ;, : 0 < i < h — 1) is
differentially algebraic over (C; jn—1:0 <3 < h), (Csjn:0 <9< h),and {Ap_;;, Br—i; 10 <
i < h}UB*. By assumption, (Cj j,—1 :0 < i < h)and (Cj j : 0 < ¢ < h) are inter-differentially
algebraic, so (E; j, : 0 < i < h — 1) is differentially algebraic over (C; j, : 0 < i < h), and
{Ah—i,i7 Bh—i,i :0<e < h} U B*. Il

By this claim, it suffices to show that (C; j n4+1 : 0 <@ < h) is inter-differentially algebraic with
(Cijm:0<i<h)over{Ap_;;,Bp—i;i:0<i<hfUB*U{E;;nt1:0<i<h—1}. Thiscan
be shown using the argument from the n = 0 case, although we will not present the details here.

It follows from the definition that (C; ;5 : 0 < i < h) is interdefinable with (C; j 41 : 0 <7 <
h) over {Ap_i;, Bp—i; :0<i < h,}UB*U{E;;:0<i<h—1}. ByClaim 4.8, the desired
differential algebricity follows.

We have shown that for all j, (Cjjnt1 @ 0 < @ < h) is inter-differentially algebraic with
(Ci,j,0 : 0 < i < h)over B* and thus with (A4; 9 : 0 <4 < h). It follows that for distinct jo and j1,
both (C; jon+1 : 0 < i < h) and (Cy 5, py1 0 0 < i < h) are inter-differentially algebraic over B*.
Finally, since each (Cj jo : 0 < ¢ < h) is independent over 5*, it follows from inter-differential
algebricity that {C; j 41 : 0 < ¢ < h} U B* is differentially independent. O

Combining the results of Lemma 4.3, Theorem 4.4, and Theorem 3.8 results in a proof of the
main result, Theorem 1.3.
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5. ORTHOGONALITY TO THE CONSTANTS

We’ve seen that bounds of [?] on the degree of nonminimality can be used in conjunction with
linearization techniques to establish the strong minimality of general classes of differential equa-
tions. There are two main obstacles to the wide application of these techniques for establishing
strong minimality of many classical nonlinear equations.

(1) The methods developed in the previous subsection seems to require at least one coefficient
of the equation in question to be differentially transcendental.

(2) For a given equation, even of small order, the computations required to verify strong mini-
mality are quite involved.

In this section, we will show how the computational demands can be significantly reduced if a
weaker condition than strong minimality is the goal. Consider the following (weaker) condition:
that V' is either strongly minimal or almost internal to the constants. In [?], it is shown that if
nmdeg(p) > 1, then p is an isolated type which is almost internal to a non-locally modular type.
In differentially closed fields, this means that p is almost internal to the constant field whenever
nmdeg(p) > 1. Thus, the computations required to show our weaker condition will be much
simpler, for instance, involving only two variables.

Example 5.1. We will show the equation
"+ 2?2 —a=0,

where « is a differential transcendental, is either strongly minimal or internal to the constants. If
the equation is not internal to the constants and not strongly minimal, then by the results of [?]
there is an indiscernible sequence of length two (z1, x2), which would satisfy the system

" 2
{ xy - 7 = o
x2 + xz == (0]
such that x5 satisfies an order one equation over x;. Using the same strategy as in the previous

sections, we replace « with a variable y in both equations, and then compute the differential tangent
space:

<

u" 4+ 2xu =
v+ 2m0v = y.

Eliminating y, we are left with the single equation
u 4+ 2z1u = v + 2z90.

Consider the definable bijection given by the substitution (u, v) — (w,v) where u = w + v. This
transforms the above equation into

w” + 2z1w = 2(x9 — 21V

which can be solved for v since 1 # x5. Therefore the differential tangent space has no infinite
rank subvarieties, a contradiction, so 2" + 22 — o = 0 is either strongly minimal or almost internal
to the constants.
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5.1. Questions and conjectures.

Question 5.2. Varieties which are internal to the constants have certain stronger properties that
may, in general, allow one show via some additional argument the strong minimality of specific
equations. For instance, by [?], if X is nonorthogonal to the constants, then there are infinitely
many co-order one subvarieties of X. Thus, in this setting, showing strong minimality (after an
argument like that of the example above) is equivalent to ruling out co-order one subvarieties. Are
there interesting classes of equations in which one can successfully employ this strategy?

Question 5.3. Can the techniques of this paper be adapted to situations with non-generic coeffi-
cients?

Conjecture 5.4. Generic differential equations of fixed order and degree greater than one are
strongly minimal.

Conjecture 5.5. Any two solutions of a generic differential equation of fixed order and degree
greater than one are (differentially) algebraically independent.

After the completion of this work, the authors, together with Guy Casale and Joel Nagloo, were
able to give affirmative answers to questions above, which we describe next. We have left the
questions as stated above, since we feel pursuing these directions for other classes of equations is
an important direction for future research. In the forthcoming work, joint with Casale and Nagloo,
the techniques of this paper are part of a new proof of the main theorem of [?]: the differential
equation satisfied by the j-function,

v\ 1 (y'\? o y®— 1968y + 2654208
(z/) 2 (y’> R P Vo R
is strongly minimal. We also employ the strategy to establish the strong minimality of several new
equations.

0
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