CENTER-FOCUS PROBLEM.E
We consider a planar line field of the form:
(z+ P(z,y) dz + (y + Q(z,y)) dy = 0 (1)
where P, () are analytic with quadratic leading terms, i.e., we may write:
P=P+P3+.., Q=Q2+Q3+ ...

where Py(x,y), Qx(x,y) are homogeneous polynomials of degree k in x,y.
When P = 0, @ = 0 vanish identically the integral curves of are all circles

centered at the origin. We will outline here an approach to examine whether the

integral curves of all remain closed when P and @) do not vanish identically.
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1 Poincaré return map (1st term of expansion).

To test whether the perturbed center retains all closed integral curves near
the origin, or is destroyed into a focus (spirals) we propose to follow an integral
curve emitted say from the positive z-axis once around (counter-clockwise) and
compute its next intersection point with the positive x-axis.

T

Lo

If this next intersection point is always the same as where we started (x, =
x1) then we have still a center-like picture with all closed integral curves (oth-
erwise, as it turns out, there is a focus like picture).

Proposition 1. An integral curve of with initial condition (z,,0) and z, >
0 followed counterclockwise will, for x, sufficiently small, intersect again the
positive x-axis at

T =X, (1 + 02933 + )

where, explicitly,
2m 1
Cy = / sin O Ps — cos 0Q3 + cos(20) P,Qo — B sin(20)(P$ — Q3) do
0

the integrands evaluated along the unit circle: Py(cos®,sin®), Qx(cosf,sinb).

Proof. We first transform to polar coordinates, © = rcosf,y = rsinf, to
have:

2
ra(r,6)
dr/df = ————
/ 1+7rB(r,0)
where @ = Sin0P-cosbQ = g5 _ cosOPFsinbQ = Ginee, by assumption, P,Q are

T ™
analytic with quadratic leading terms we may write:

a = ag(0) +rai(8) +r2as(0) + ..., B=Po(8) +rBi(0) +12() + ...

where «a;, 8; are some homogeneous degree j + 3 polynomials in cosf,sin 6. To
zoom in close to the origin r = 0, we set = eR for € > 0 a (small) parameter
so that:

R%a %)
1+ €eRp (
where o = >"(eR)?a;(0) and B = >_(eR)’B;(0). Since the ode is analytic (as
well in the parameter) there exists a power series solution

R(0,€) = Ro(0) + €R1(0) + €2Ry(0) + ...

dR/df = e



convergent for all § € [0,27] and 0 < ¢ sufficiently small. For initial condition
R(0,¢) = R, we have Ry(0) = R,, R1(0) = 0,R3(0) = 0,... and the next
intersection (Poincaré return map) of z, = €R, is at

r1 = €(Ro(2m) 4+ eR1 (27) + 2Ry (27) + ...)

so that our task is to compute R;(27). Setting € = 0 in yields: R{; =0, so
that Ry = cst., and at next order we find

6
R} = R2ay = R;(0) :Rg/ ao(s)ds.
0

So that R;(2m) = 0 (since ap(s) is homogeneous degree 3 in coss,sins). Our
series now reads:

_ R«
" 1+e€RB
differentiating both sides wrt ¢ we have:

Ry +2€eRs + ... = (R*a) (1 — eRB + ...) — R*a((eRpB). — 2(¢RB)(eRB), + ...)

and evaluating at € = 0 yields the next order term:

R2ag + eR) + ... = R?a(1 — eRB + (eRB)* — ...

R5(0) = R} (a1 (0) — ao(0)B0(0)) + w
0
— I(0) = RE/O (a1(s) — ao(s)Bo(s)) ds + %f))z

(where we have used R} = R2ag). So, over one period, we have:

2m
Ry (2m) = Rg/o a1(s) — ao(s)Bo(s) ds

where a(s) is homogeneous degree 4 and ag(s)Bo(s) is homogeneous degree 6
in cos s,sin s (in particular they may have non-zero average). Returning to the
original variables, we have the announced formula above. O

Remark. It should be clear from the last proof that it is possible in principle to
compute as many higher order terms in the expansion

xr1 = J?O(l + 02.133 + Cgl‘g + 04333 + )

as mecessary, but in practice the formulas for these higher order terms will, in
general, become quite complicated rather quickly.

This last proposition we can summarize as the following test for deciding
how the solutions to look near the singular point. Namely, given P,Q we
compute the integrals in prop. [I] to find the coefficient Cs. If C5 # 0 then, near
the origin, the return map acts as a contraction/expansion (depending if Co > 0
or Cy < 0 resp.), and so we see the form of spiral integral curves emitting from
the origin. If Co = 0 then the fate of the integral curves is still undecided: they
might remain closed, but it is necessary to check also whether the remaining
coefficients Cj3, Cy, ... of the higher order terms also vanish (in general, a task
which involves infinite work!).



2 Quadratic case.

To be more explicit, we will consider the first non-trivial case when the line field
(1) is not just analytic but determined by two quadratic polynomials:

P = Py = paox® + 2p112y + po2y®

Q = Q2 = q207* + 2112y + qo2y>

for some coefficients pjx, ¢;x € R. In this case prop. [I| reads as:

Corollary 1. For a quadratic line field, P = P>,Q = Q2, the return map,
11 = 2o(1 + Cox? + ...), from prop. |1| has coefficient

™
Cy = 5 (P20420 — Po2qo2 + q11(q20 + qo2) — P11(P20 + Po2))

Proof. This as an excuse to practice some trig integrals. From prop. [1f our task
is to compute:

27
Cy = / cos(20) P2 Qs + %sin(%)(@% — P2) df
0

where
PyQs = pa0gaor® + 2012y + asz?y? + 2a3zy> + po2qooy’

for a1 = paoqi1 + P11920, a2 = P20q02 + 4p11q11 + Po2420, a3 = P11go2 + Po2qi1
and in the integrand, we evaluate at x = cosf,y = sinf. Using the double
angle formulas, cos 20 = 2cos?6 — 1 = 1 — 2sin? 6, sin 20 = 2sin @ cos #, the first
integrand, cos 20 Po()5 consists of the terms:

1 + cos 260)2 1 — cos 260)2
DP20420 % cos 20, po2qoz % cos 20
1+ cos26 . sin® 26 1 — cos 20

a1# sin 26 cos 20, as cos 20, agf sin 26 cos 26.

The integrals with a; coefficients from 0 to 27 all vanish while the remaining
integrate to yield:

X

9 P20q20 — ponoz)-

27
/ cos 20 P,(Qodf =
0

Similarly for 1 fo% sin 20(Q2 — P2)(Q2 + P»)df we get:

™

2
/ 1sin(29)(Q§ —P?)df =
0 2 2

(q11(g20 + qo2) — P11 (P20 + P02))



The same remarks after prop. [1] apply here. Namely if Co # 0 then near
the singular point, the integral curves will have the form of spirals (a focus).
If C5 = 0 the integral curves might still be closed but to be sure will require
checking as well the coefficients of the higher order terms (which also must all
vanish). For the present quadratic case, these remaining conditions are all some
algebraic equations in the 6 variables p;x, g;z.

The study of the quadratic case appears to have been started by Dula(E|
and continued for example by Frommerﬂ and Saharnikovﬂ Some of these older
references are hard to find. From [P} [f] the quadratic case’s complete answer can
be summarized as:

Theorem 1. For a quadratic line field of the form:
(z + Az? + (2B + a)xy + Cy?) dx + (y + Ba® 4+ (2C + B)zy + Dy?) dy =0

then the integral curves near the origin are all closed iff one of the following
three conditions is satisfied:

1. A+C=B+D=0,
2. a(A+C) = B(B+ D), and Aa® — (3B+a)a?B+ (3C + B)af?— DB =0
3. a+5(B+D)=B+5A+C)=AC + BD +2(A? + D?) = 0.

Remark. The condition we found in Corollary[1] above is the 1st condition in
item 2 above (under the notation change: A = pag, B = ¢20,C = po2, D =

qo2, @ = 2(p11 — q20), B = 2(q11 — Po2))-

Remark (higher degree polynomials). One can ask for an analogue of theorem
[1] for degree d polynomials, ie line fields of the form:

(x+ P+ P+ ...+ Pde+ (y+ Q2+ Q3 + ... + Qq)dy = 0.

As it turns out, for d > 2, very little is known. About the only thing one can
say in general is that for d > 2 there exists a finite number, N(d), of conditions
to determine whether the integral curves all remain closed near the origin (this
is a consequence of Hilbert’s basis theorem from algebraic geometry). However,
already for d = 3 even just this number N(3) of conditions is unknown!
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Remark (Hilbert’s 16th problem (1900)). While we are at it mentioning old
open problems related to differential equations defined by polynomials there is
the famous Hilbert’s 16th problem: for a planar vector field

(¥) da/dt = p(x,y), dy/dt = q(z,y)

with p,q some polynomials, say of degree d, in x,y, does there exist a number
H(d) € N such that (x) has at most H(d) isolated periodic orbits (limit cycles).
It is known that for p,q of degree d then (%) always has a finite number of limit
cycleﬂ although already for d = 2 (quadratic vector fields) still nothing is known
about H(2).

Remark (Poincaré-Dulac normal forms). Another approach that is more adapt-
able to situations with more than two variables is, instead of trying to compute
an expansion for a return map, to seek a series of changes of coordinates which
succesively simplify the form of the line field.

"This result was originally announced in:

*) H. Dulac. Sur les cycles limites. Bulletin de la Société Mathématique de France,
51:45-188, (1923).

However, there were gaps in Dulac’s article pointed out in:

*) Yu. I'yashenko. Dulac’s memoir “on limit cycles” and related problems of the local
theory of differential equations. Russian Mathematical Surveys, 40(6):1-49, dec (1985).

Full proofs were given in:

*) Yu. Ilyashenko. Finiteness theorems for limit cycles, American Mathematical Society,
Providence, RI, (1991).

*) J. Ecalle. Introduction auz fonctions analysables et preuve constructive de la conjecture
de Dulac, Hermann, Paris, (1992).
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