6 CHAPTER 1. BASIC NOTIONS OF DIFFERENTIAL ALGEBRA

Recall: o A differential ring (R, ¢): (1) R is a commutative ring with unity 1 and
(2) 6 : R — R is a derivation (i.e., additive and leibniz rule.)
(If R is a domain, § can be extended uniquely to Frac(R) and (Frac(R),d)) is a differential field.
e A differential ideal Z C R: an ideal with §(Z) C Z.
e Notation: Given S C R, (9), [S], {S} are respectively the ideal, differential ideal and radical
differential ideal generated by S in R.
e In general, {S} # \/E and a maximal differential ideal may not be prime.

But if Q C R, {S} = /[S] always hold:

Theorem 1.2.3 Let (R, d) be a differential ring, Q@ C R and let I C (R, ) be a differential ideal.
Then, VT is a radical differential ideal.

Proof. It suffices to show /T is a differential ideal. For this purpose, for each a € /T (i.e., Ja €
N,a™ € I), to show §(a) € v/I. Claim: For each k,1 < k < n, a” *(6(a))**~ € I. We show the
claim by induction on k and §(a) € v/I will follow by allowing k = n ((6(a))**~! € I = §(a) € VI).
If k=1, 6(a") = na"'6(a) € I. Since Q C R, a"'6(a) € I. Suppose a™*(§(a))? ! € I for some
1 < k < n. Then, 6(a" *(5(a)®* 1) = (n — k)a™ **tD(5(a)® + a" *(2k — 1)6(a)?26%(a) € 1.
Multiply the above by &(a), we get a®~*+1)(§(a))?*+! € T and we are done. O

For simplicity, from Section 1.3 to Chapte 5, we shall focus on the ordinary differential case.

1.3 Decomposition of radical differential ideals

In computational algebraic geometry, we have studied decompositions of radical ideals. In differential
algebra, we have analogous arguments (Theorem 1.3.5).

Lemma 1.3.1. Let (R,§) be a differential ring and I a radical differential ideal of R. If ab € I,
then ad(b) € I and §(a)b € 1.

Proof. ab € I = §(ab) = 6(a)b+ad(b) € I = ad(b)-6(ab) = (ad(b))?+abd(a)d(b) € I = (ad(b))? € I.
Since [ is radical, ad(b) € I and 6(a)b € I follows. O

Lemma 1.3.2. Let I be a radical differential ideal of the differential ring R and S C R be any
subset. Then I:S ={a€ R|aS C I} isa radical differential ideal.

Proof. eVabel:S;reR aSClandbSCI= (a+b)SCIandraSCI
=a+bel:Sracl:S Sol:S§S isan ideal

e Vael:S aSCI. ByLemma 1.3.1,0(a)S CI=06(a)e:S. Sol:S is a differential ideal.

n—1
e Va € R, suppose 3n € N,a” € I : S. Then a"S C I. Sofor Vs € S, a"s € I == aq"s" € I =
as€lforVse S=acl:S.

Thus, I : S is a radical differential ideal.

Lemma 1.3.3. Let S,T C R. Then we have {SHT} C {ST} and {S} N{T} ={ST}.

Proof. For each a € S, by Lemma 1.3.2, {aT'} : a is a radical differnetial ideal. Since T' C {aT} :
a,{T} C {aT} : a. So a{T} C {aT} C {ST}. Thus, S C {ST} : {T'}. Again by Lemma 1.3.2,
{S} c {ST} : {T}, and {S}{T} C {ST} follows.

The assertion {S} N{T} = {ST'} follows from i) and ii):
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i) ST C{S}{T} = {ST} C{S}n{T}
ii) Va € {S}N{T},a® € {S}-{T} C{ST}. So a € {ST}.

O
We now use the above lemmas to show the following result.

Lemma 1.3.4. Let T C R be a subset closed under multiplication and let P be mazximal among
radical differential ideals that do not intersect T'. Then P is prime.

Proof. Suppose the contrary, i.e., P is not prime. Let a,b € R be such that ab € P but a ¢ P and
b¢ P. Hence P G {P,a},P G {P,b}. Thus, 3t; € {P,a} NT, Ity € {P,b} NT. So tits € T but
tito € {P,a} - {P,b} C {P,ab} = P, a contradiction to PNT = (. O

In a commutative ring R, the nilradical {/(0) of R is the intersection of all the prime ideals of
R and every radical ideal of R is the intersection of all prime ideals containing it. In differential
algebra, we have a similar result which is our main theorem of this section.

Theorem 1.3.5. Let I ; R be a radical differential ideal. Then I can be represented as an inter-
section of prime differential ideals.

Proof. We first construct for each z ¢ I a prime differential ideal P, such that P, O I and x ¢ P,. Let

T ={2" | n € N}. Theset U ={P C R| P is aradical differential ideal of R,I C P,P N T = 0}

is nonempty since I € U. By Zorn’s Lemma, 3 a maximal element P, in U. P, is prime by Lemma

1.3.5, and since P, NT =0, z ¢ P,. Clearly, I = QIPI is an intersection of prime differential ideals.
€T

O

In Section 1.2, we gave an example showing a maximal differential ideal might not be prime. But
if Q C R, then a maximal differential ideal in R is always prime.

Corollary 1.3.6. Let Q C (R,0) and M be mazimal among proper differential ideals. Then M is
prime.

Proof. Consider {M} = /[M]=+vM. If VM =R, then 1 € VM = 1 € M, which contradicts M

being proper. Therefore, v M = M, M is a radical differential ideal. By Theorem 1.3.6, M = QMPQ
(63
where P, is a prime differential ideal. Therefore, for all a ¢ M, M = P, and thus, M is prime.

O
Remark: A differential ring R with Q C R is called a Ritt Algebra. We have shown in Section 1.2
and Section 1.3, in a Ritt Algebra:
1) The radical differential ideal {S} = /[S];
2) A maximal differential ideal is a prime differential ideal;

3) Even in a Ritt Algebra R, the quotient R/M (M is a maximal differential ideal) might not be
a differential field.
Example: Let R = Q[z] with d(x) = 1. Then [0] is the unique maximal differential ideal.
R/[0] = R is not a differential field.



Chapter 2

Differential polynomial rings and the
basis theorem

2.1 The ring of differential polynomials

Let (K, d) be a fixed differential field of characteristic 0. We hope to develop an algebraic structure
and algebraic theory for ordinary differential equations.

Definition 2.1.1. Let (L,0) be a differential field extension of (K,0). A subset S of L is said to
be differentially dependent over K if the set (6%(s))renses is algebraically dependent over K. In
the contrary case, S is said to be d-independent over K, or a family of differential indeterminates
over K. In the case S = {a}, we say that « is differentially algebraic over K or differentially
transcendental over K respectively.

Example: Let (K,9) = (Q(x), %) and (L,d) = (C(z,e"), %). Clearly, each ¢ € C and o = €* are
differentially algebraic over K.

Now suppose Y = {y1,...,yn} is a set of differential indeterminates over K.

Definition 2.1.2. The ring of differential polynomials in y1, ..., yn over K is the ring of polynomials
K[5kyj |keN,j=1,.. .,n]l, denoted by K{y1,...,Yn}-

Its elements are called differential polynomials. Note that K{yi,...,yn} is a differential ring with
the derivation operator § extending 8 |k and 6(8%y;) = 6 1 (y;).

Example:
1) Upy = Vg < 62y1 — Oyo = 0.

2) (4)2 = 4ud™y s (6y1)? — 49162 (1) = 0.
Definition 2.1.3. Let (R1,91) and (Ra,02) be two differential rings. A differential homomor-
phism from (Ry,01) to (Ra,02) is a ring homomorphism ¢ : Ry — Ry such that ¢ 0 d1 = 3 0 .
If Ry is a common differential subring of R1 and Ra, and ¢ |g,= idR,, ¢ is called a differential
homomorphism over Ry.

mo(

'When there is no confusion, we also write v}, y5, y} ,yj”) for 6(y;),0%(y;), 6% (y;),™y; (n > 3).

9
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a —— ¢(a)

b

81(a) —— ¢(d1(a))
We give two examples of differential homomorphisms:

1) Let (K,d) C (L,d) be two differential fields. Then idg : (K,d) — (L,d) is a differential
homomorphism.

2) (Evaluation homomorphism) Take an element n = (n1,...,n,) € L™, then the map

@U:K{ylv“'ayn} — L
" (i) — 6k (m)

with oy, = f(m,... 1) = flsk(y,)=sk(n,)k>0 18 a differential homomorphism over K. Note
that the evaluation homomorphism is uniquely determined by the value ¢(y;).

Proposition 2.1.4. Let (R1,0) and (R, d) be two differential rings and ¢ : Ry — Ra be a differential
homomorphism. Then Ker(y) is a differential ideal.

Proof. Ker(yp) is an ideal of R, since ¢ is a homomorphism of rings. For each r € Ker(p), p(r) =0,
50 0(p(r)) =0=(d(r)) = d(r) € Ker(p). O

Corollary 2.1.5. Let (R,0) be a differential ring and I be an ideal of R. Then I is a differential
ideal of R <= (R/I,6) is a differential ring).

Proof. “=" Let r +1 € R/I. Define
o(r+1)=46(r)+1. (%)

To show (x) is well-defined, let 71 + I = ro + I, we need to show 6(ry) +1 = §(r2) + I. Since
r1 —rgo € I and I is a differential ideal, §(ry — r2) = 0(r1) — d(r2) € I. So §(r1) + 1 = 6(re) + 1.

To show (%) is a derivation on R/I. Let mi+1,ro+1 € R/I, then §(ri+I1+ro+1) =6(ri+re+1) =
(r1)+d(ro)+I=0(r1+1)+6(re+1)and 6((ri+1)(re+1)) = d(rira+1) = 6(ri)re+rid(re) +1 =
S(ri+1) - (ro+ 1)+ (r1+ 1) -6(ra+1).

“<” Let ¢ : R — R/I be defined by ¢(r) = r + I for each r € R. Then Vr € R, p(d(r)) =
d(r)+1 =9(r+1)=3(p(r)), so ¢ is a differential homomorphism. By Proposition 2.0.4, I = Ker(yp)
is a differential ideal of R. O

Definition 2.1.6. Let ¥ C K{y1,...,yn} and n = (n1,...,nn) be a point from a differential exten-
sion field (L,6) of (K,d). We call n a differential zero of ¥ if for each f € X, f(n) = 0, (that is,
% C Ker(py : K{y1,...,yn} = L))

The point 7 is called a generic zero of a differential ideal I C K{yi,...,yn} if for each
fGK{y17"'ay’fL}7 f(771’-~,77n):0<:>f€[-

Example: In the algebraic case, I = (2% +y? — 1) C Q[z, y] has a generic point (1_?152, i;g ). Also,
(cos(#),sin(f)) is another generic point. So generic points are not unique.

Lemma 2.1.7. Let P C K{yi,...,yn} be a differential ideal. Then P has a generic zero if and only
if P is prime.
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Proof. “=" Suppose 7 is a generic zero of P. For any f,g € K{y1,...,yn}, if fg € P, then
f(m)g(n) = 0 which implies f € P or g € P. So P is a prime differential ideal.
“<” Suppose P is a prime differential ideal. Then K{y1,...,y,}/P is a differential domain. Let
L = Frac(K{y1,...,yn}/P) and y; = y; + P. Then (g1,...,4n) € L™ is a generic zero of P. Indeed,
Ve P f(y,-- Un) = f(y1,--syn) + P =0¢€ L and Vf € K{yla---7yn}a if f(g177gn) =0,
then f(y1,...,yn) € P.

O

Definition 2.1.8. Let (R,0) be a differential ring. An element ¢ € R is said to be a constant if
d(c) = 0. The set of all constants of R is a differential subring of R, called the ring of constants
of R, denoted by Cr. If R is a differential field, C'r is a field, called the field of constants of R.

Examples:
1) R=Qlz], d(z) =1.Cr = Q.
2) R=Zy(aP), (x) = 1. Then Cr = R.

Lemma 2.1.9. Let (F,d) be a differential field of characteristic 0 and Cr = F. Let L O F be a
differential field extension and L be algebraic over F. Then Cp, = L.

Proof. Let a € L. Suppose p(x) = apz™ + -+ + a1z + ag € Flz] is the minimal polynomial of a.
Then 6(p(a)) = %(a) 28(a) + 30 o 8(ai)at = %(a) -d(a) = 0. Since char(F) = 0 and g—g(a) # 0.
Thus 6(a) = 0. O

Remark: Let L O F D Q and a € L. If a is algebraic over C'r, then §(a) = 0.



