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TRIGONOMETRIC POLYNOMIAL SOLUTIONS OF
EQUIVARIANT TRIGONOMETRIC POLYNOMIAL ABEL
DIFFERENTIAL EQUATIONS
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ABSTRACT. Let A(f) non-constant and B;(#) for j = 0,1,2,3 be real trigono-
metric polynomials of degree at most n > 1 in the variable x. Then the
real equivariant trigonometric polynomial Abel differential equations A(0)y’ =
B1(0)y+ Bs(0)y> with B3(6) # 0, and the real polynomial equivariant trigono-
metric polynomial Abel differential equations of second kind A(0)yy’ = Bo(0)+
B3 (0)y? with B2(0) # 0 have at most 7 real trigonometric polynomial solu-
tions. Moreover there are real trigonometric polynomial equations of these
type having these maximum number of trigonometric polynomial solutions.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS
Abel differential equations of first kind
a(z)y = bo(x) + b1 (x)y + ba(a)y? + bs(w)y’® (1.1)

with bs(z) # 0 appear in many textbooks of ordinary differential equations as one
of first non-trivial examples of nonlinear differential equations, see for instance [11].
Here the dot denotes the derivative with respect to the independent variable z. If
bs(z) = bo(z) = 0 or ba(z) = bo(x) = 0 the Abel differential equation reduces to
a Bernoulli differential equation, while if b3(z) = 0 the Abel differential equation
reduces to a Riccati differential equation.

The Abel differential equations have been studied intensively, either calcu-
lating their solutions (see for instance [8, 12, [I5] [16]), or classifying their centers
(see [2, B, []), and recently in [7, @, [10, [13] the authors studied the polynomial
solutions of the differential equations y' = Y. a;(x)y’, or similar.

The analysis of particular solutions (as polynomial or rational solutions) of the
differential equations is important for understanding the set of solutions of a differ-
ential equation. In 1936 Rainville [I7] characterized the Riccati differential equa-
tions ¢ = bg(x) + by (x)y + y2, with by(x) and by (x) polynomials in the variable z,
having polynomial solutions.

In 1954, Campbell and Golomb [5] provided an algorithm for determining the
polynomial solutions of the Riccati differential equation a(z)y’ = bo(z) + b1 (z)y +
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ba(x)y?, where a,bg, by, by are polynomials in the variable z. In 2006, Behloul
and Cheng [I] gave a different algorithm for finding the rational solutions of the
differential equations a(z)y’ = Y.I b;(z)y’, where a,b; are polynomials in the
variable x.

The case in which the Abel differential equations (1.2)) where a(z) € Rlz] \ {0},
bi(xz) € Rlz], i = 0,1,2,3 with b3(z) # 0, where F = R,C, and F[z] := Rz] is
the ring of polynomials in the variable x with coefficients in F, being either a(z)
constant or not and with the equivariant symmetry (see below) were studied in [14].

Here we go a step beyond and we consider the Abel differential equations (|1.1))
for real trigonometric polynomials, that is

A(O)Y' = Bo(0) + B1(0)Y + B2(0)Y? + B3(0)Y?, (1.2)

where the prime denotes derivative with respect to 6 and where A(6) € R,(6)\ {0},
Bi(0) € R¢(0), i = 0,1,2,3, B3(0) # 0, being R[] := R[cos b, sinf] the ring of
trigonometric polynomials in the variables cos,sin 6 with coefficients in R. We
also assume that A(#) is not constant. The case A(f) constant has been studied in
[10]. We also have n := max{«, Bo, 51, 2, B3}, where « is the degree of A(8), f; is
the degree of B;(0) for i = 0,1,2,3. We say that the Abel trigonometric polynomial
differential equation has degree 7.

Equation is reversible with respect to the change of variables (0,Y) —
(0, —Y) if the equation

—A0)Y' = —(Bo(0) — B1(0)Y + Bo(0)Y? — B3(0)Y?)

coincides with equation (L.2). In particular this implies By(6) = B3(#) = 0, and
since B3(#) = 0 we do not consider these reversible differential equations.

The Abel differential equation is equivariant with respect to the change of
variables (0,Y) — (0, —Y) if the following equation

—A(0)Y' = By(0) — B1(0)Y + B2(0)Y? — B3(9)Y?

coincides with equation (1.2). This implies By(#) = Bz(6) = 0. In this paper
first we focus our study in these kind of equivariant trigonometric polynomial Abel
equations, i.e. in the equations

AO)Y' = B1(0)Y + B3()Y?. (1.3)

Theorem 1.1. Real equivariant trigonometric polynomial Abel differential equa-
tions with B3(0) # 0 and A(0) non-constant, have at most 7 trigonometric poly-
nomaal solutions. Moreover there are equations of this type having these maximum
number of trigonometric polynomial solutions.

The proof of Theorem [I.1]is given in section [3|
Our second objective in this paper is on the Abel trigonometric polynomial
differential equations of second kind, i.e. on the equations of the form

AM0)YY' = By(0) + B1(0)Y + B2(0)Y?, (1.4)

where again the prime denotes derivative in the variable 6, A(6), B;(0) € R(9)
for i = 0,1,2, with A(f) and Bs(f) non-zero. We also consider the ones that
are equivariant with respect to the change (6,Y) — (0, —Y). Then we have that
B1(0) = 0 and so equation becomes

AO)YY' = By(0) + B2(0)Y?. (1.5)
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We also assume that B(6) # 0 (otherwise would be linear) and A(f) is not
constant, because the case A(f) constant has been studied in [7]. We say that
system is an equivariant trigonometric polynomial Abel differential equation
of second kind. The study of the number of polynomial solutions of equivariant
Abel polynomial differential equations of the second kind

a(z)yy = bo(x) + ba(z)y?

where the dot means derivative with respect to z, a(z),bo(z),bs(z) € R[z] with
a(x) non constant and by (z)b2(z) # 0 was done in [14].

Theorem 1.2. Real equivariant trigonometric polynomial Abel differential equa-
tions of second kind with B2(0) # 0 and A(0) non-constant, have at most 7 trigono-
metric polynomial solutions. Moreover there are equations of this type having these
mazimum number of trigonometric polynomial solutions.

The proof of Theorem is given in section

2. PRELIMINARY RESULTS

As we will see the proof of Theorems and are based on divisibility ar-
guments in the ring of polynomials. In the ring of trigonometric polynomials we
do not have a Unique Factorization Domain. This can be seen for instance using
the identity cos? @ + sin? = (1 — sin 0)(1 + sin ). So, cos @ divides the right hand
expression but it does not divide the left hand expression. This difficulty can be
overcome by using the isomorphism ®: R;(f) — R(x) given by
1—22 22
1+22" 1+ a:2)
between the fields R;(0) = R(cos 0,sin§) and R(x) being R(x) the ring of rational
functions. In fact we have the following well-known result.

Lemma 2.1. Let P(0) € R;[0] with deg(P) =n. Then

(cosb,sinf) — (

B(P(0) = 20

where ged(p(x), 1+ 22) = 1 and deg(p(x)) < 2n. Conversely, any rational function

g(x)/(1+22)" with g(x) an arbitrary polynomial of degree at most 2n can be written
as a trigonometric polynomial through the inverse change ®1.

Another result that we will us is the following theorem proved in [6].
Theorem 2.2. Let p,q € R[z] be polynomials satisfying ged(p,q) =1 and
P+ =1 pP+aif=5¢ (2.1)
where r,s € R[z] and o € R. Then either « =0 or o* = 1.

Now we write how equation (1.3) can be written in terms of a(z), b1 (x), bs(x) €
Rlx].

Lemma 2.3. If Y(0) is a nonconstant real trigonometric polynomial solution of

, set

Y(9) = (1—1(—(2)’70’ A(9) = (11(;2)"1’ (2.2)
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bi(z) bs(z)
(1+x2)772’ (1_|_q;2)?73

with deg(y) < 2ng, deg(a) < 211, deg(by) < 219, deg(bz) < 213 and ged(y, 1+22) =
ged(a, 1+ 2?) = ged(by, 1 +22) = ged(bs, 1 +22) = 1. Then equation (1.3)) becomes

Bi(0) = Bs(0) =

a(x) .
m(y(@(l +a?) = 2nozy(x))
by () ba(a) 23
. 1 3 3
- (1 + x2)772 y(l‘) + (1 + .’L‘2>773+2170 y('r) ’
where the dot denotes derivative with respect to x.
Proof. From the diffeomorphism ® we have that
o dz 1+ x?
do 2
and so
v gy — B@T %) — may(r)
2(1 + 22)mo ’
where the dot and the prime denote the derivative with respect to x and @, respec-
tively. So, equation (1.3]) becomes (2.3)). O

In the same manner as in the proof of Lemma we can see how equation (|1.5])
can be written in terms of a(x), bo(x), ba(z) € Rlz].

Lemma 2.4. If Y(0) is a nonconstant real trigonometric polynomial solution of
[, set Y(6), A(6) as in 22) and

Bo(0) = @Z(f)) By(0) =

bQ(J?)
(]_ + (E2)713

with deg(y) < 2no, deg(a) < 21, deg(bo) < 212, deg(bs) < 213, and ged(y, 1+a?) =
ged(a, 1+22) = ged(b, 1 +22) = ged(ba, 1 +22) = 1. Then equation (1.5) becomes

2(161?2)”1(3/(”7)9(3”)(1 +a?) = 2nory(x)?)

_ bo(x) ba(2) 5
= O—y(ff) + QjT)nsy(x) )

(1 + x2)n=2—2m0
where the dot denotes derivative with respect to x.

(2.4)

3. PROOF OF THEOREM [I.1]

First we recall that if Y(6) # 0 is a solution of (1.3]), then —Y(0) is also a
solution of equation (1.3 which is different from Y'(6).

Lemma 3.1. Let Yy(6) # 0, Y1(0),Y2(0) be polynomial solutions of equation
such that Y1(0) £ 0, Y2(0) £ 0 and Y2(0) # —Y1(0). Set

yi(x) .
vi(o) = 200,12
©) (14 22)m =0
where n; = deg(Y;) and deg(y;) < 21;, n1 < 2 and ged(y;, 1+2%) =1 fori =0,1,2.
We write y1(z) = g(x)g1(x) and ya(z) = g(x)g2(x) where g = ged(y1,y2). Then,
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except the solution Y = 0, all the other polynomial solutions of equation (1.3|) can
be expressed as

71(2)72(x)g(x)
(c? () (1 + 22)2m2=m) + (1 — )g5(x))

Yo(b;c) = £ (3.1)

1/2°

where c is a constant and (cj3(z)(1+22)21=2=m) + (1 —c)§3 (z))1/2 is a polynomial.

Proof. Let Y be a nonzero trigonometric polynomial solution of (L.3)). The func-
tions Zy = 1/Y2, Z; = 1/Y? and Zy = 1/Y3 are solutions of a linear differential
equation and satisfy

—A(0)Z;(0) =2B1(0)Z; +2B3(0), i=0,1,2.

Therefore we have
20(0) — Z:1(0)" _ Z(0) — Z:1(0)

Zo(0) — Z1(0)  Za(0) — Z1(6)
Integrating this equality we obtain
Zo(0) = Z1(0) + c(Z2(0) — Z1(0)),
with ¢ an arbitrary constant. So the general solution of equation (|1.3) is

9 1 1
Yo l0) = Zo(0) — Z1(0) + c(Z2(0) — Z1(6))
_ Y (0)YZ(0)
YP(0) + (1 - )YF(0)
In other words,
yo(z)? 9(@)* ()73 (x)

= . 3.2
A+ e ol PR + (- gBE )
Since the right-hand side of equation (3.2)) is not divisible by 1 + 22 we must have
that ng > n1. However, if 1y > 11 since neither g, nor yo (and when 1; = 75 then
also ¢;1) do not divide 1 + 22, we get a contradiction with (3.2). In short we must
have 19 = n1. Then equation (3.2)) becomes
- 9@ (@) ()
c(1+ 22)2tmm)gE (z) + (1 = o) g3 (x)
with ¢ an arbitrary constant. O

Yo()

In view of Lemma if ¥1(0),Y>2(0) are trigonometric polynomial solutions of
equation such that Y1(0) # 0, Y2(0) # 0, Y5(0) # Yi(0), then any other
trigonometric polynomial solution different from them is of the form given in
for some appropriate constant ¢ such that ¢ ¢ {0,1}. In particular, cgf(z)(1 +
22)200 1)+ (1) (x), or G3 () +(1—)j3(x) /e, where f(x) = (1+2%) 7, (z)
is a square of a polynomial p and p divides g. In view of Theorem there is at
most one constant ¢ ¢ {0, 1} such that cg?(1 + 22)2"2=m) 4 (1 — ¢)§3 is a square of
a polynomial meaning that equation has at most seven different trigonometric
polynomial solutions 0, £Y7, £Y5 and Yj.

Example 3.2. Note that in view of Lemma the polynomial solutions 1,y
and yo can always be taken of the form

rs(r? + s?) rs(r? — s?) (r? +52)(r? — s?)

y2 = j: =

SN oe—1 = " 4/ —1

y1 ==
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with 72 — s? and 72 + s2 coprime. For instance one can take r = 1, s = 2z, ¢ = 2,
and then

1
Y= i(2\/§m3 + +(x —42%), yo = i(— - 2\/51‘4).

%)’ Y2 = 4\/5

We recall that these are polynomial solutions of the equation

a(x)y = by (x)y + bs(x)y?,

with
a(x) = —2x + 48z% — 768x" + 51227,
bi(z) = 2(—1 4 962" — 153625 + 7682%),

bs(z) = 64.

Therefore, in view of Lemmas [2.3] and 2] if we set
A(6) = 2a(z) _ —2x+48z% — 76827 + 512359,
(1 +22)° 1+ 22)5
Bo(6) = bo(z)(1 + x2) — 4za(z) _ 2+ 622 — 288025 + 15362° — 54()x10’
(14 22)° (14 22)5
ba(z) 64

BZ(Q) = (1+1‘2)2 = (1+l’2)27

then, the seven solutions
y1(x) Y2(x) Yo(x)
i) =t—7————, L0)=+—"——, Yy0)=+—"—2—=, Y3(0)=
1( ) (1+$2)2, 2( ) (1+$2)2’ 0( ) (1+J32)2’ 3( ) 0
are trigonometric polynomial solutions of equation (|1.5]).

4. PROOF OF THEOREM [I.2]

First we recall that if Y(¢) # 0 is a solution of (1.5, then —Y(0) is also a
solution of (|1.5)) which is different from Y (6).

Lemma 4.1. Let Yy(6) # 0, Y1(0),Y2(0) be polynomial solutions of equation (|1.5)
such that Y1(0) # 0, Y2(6) # 0 and Y2(0) # —Y1(0). Set

Yi(z)
Yi(0) = ——5v—
( ) <1+$L‘2)m
where 1; = deg(Y;) and deg(y;) < 20, m < 02 and ged(y;, 1+ 22) = 1 for i =
1,2. We write y1(x) = g(z)1(x) and y2(x) = g(x)g2(x) where g = ged(y1,y2)-
Then, except the solution Y = 0, all the other trigonometric polynomial solutions
of equation (1.5 can be expressed as

1=1,2

)

Yo (05 ¢) = +g(2) (e (@) (1 + 22)2==m) 4 (1 — )3 (2)) /2, (4.1)

where ¢ 1s a constant.

Proof. Let Y be a nonzero trigonometric polynomial solution of equation (|1.3)).
The functions Zy = Y, Z; = Y and Zy = Y3 are solutions of a linear differential
equation and satisfy

A(0)Z] = 2Bo(0) + 2B2(0)Z;, i =0,1,2.
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Therefore
Zo(0) — Z1(0)  Zy(0) — Z1(0)

Zo(0) = Z1(0) — Za2(0) — Z:(9)
Integrating this equality we obtain
Zo(0) = Z1(0) + c(Z2(0) — Z1(0)),
with ¢ an arbitrary constant. So the general solution of equation is
Y3 (0) = Zo(0) = Z1(60) + c(Z2(0) — Z1(6)) = (1 — ) Y2(8) + cYZ(6),
where c is an arbitrary constant. Hence, we have

v _ (—cyi(x) cy3(x)
(14 22)2m0  (1+22)2m (1 +22)2n
(L= g (@)(1 + %)% ) + ey (o)

(1 + %)

In other words,
90(33)2 _ 2 ~ 2 2\ (2(n2—m) ~ 2
5 222 m) 9(x)*((1 = )71 (z)"(1 + z7) + cf2(2)7). (4.2)

Since the right-hand side of equation is a polynomial and yo(z) does not divide
1 + x2, we must have that ny < n,. However, if 19 < 72 since §» does not divide
1 + 22 we get a contradiction with . In short we must have 79 = n2. Then
equation becomes

yo(2)? = g(2)* (1 = ) (2)* (1 + 227 4 cja(x)?)
with ¢ an arbitrary constant. O

In view of Lemma if Y1(0),Y>2(0) are trigonometric polynomial solutions of
equation such that Y1(0) # 0, Y2(0) # 0 and Y2(0) # —Y1(6) then any other
trigonometric polynomial solution is of the form as in for some appropriate
constant ¢. In particular, ¢j?(z)(1 + 22)2"2=m) 4 (1 — ¢)g3(x) is a square of a
polynomial pP. In view of Theorem this ¢ is unique and we conclude that
has at most seven different trigonometric polynomial solutions 0, +Y7, £Y5 and Yj.

Example 4.2. Note that in view of Lemma the polynomial solutions 1,y

and yo can always be taken of the form

r2 4 g2 P2 g2

= y2 = ii?
Ve ve—1

with 72 — s2 and 2 + s? coprime. For instance one can take

1
7“:\/5:107 s=—,
V2

Y1 = + Yo = +2rs

c=2,

and then
1 1
:i(\/ix2+—), :j:(2:c277>, -
Y1 92 Y2 2 Yo
We recall that these are polynomial solutions of the equation
a(x)yy = bo(z)y + ba(2)y?,
with

1
a(r) = 22" — 322 + 3’
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bo(x) = g — 815,

bo(x) = 42® — 3.

Therefore, in view of Lemmas 2.4 and 2.1} if we set

2a(z) 4zt — 622 +1/4

AO) = Gy = aray
_bo(@)(1+2%) — 2za(z)  x(1 + 2627 — 48x* — 322)
Bo(®) = ==y = T :
Ba(0) = bo(x) _ 4x3 — 32

1+22)2  (1+a2)2

then, the solutions

2z

vio)= 20 vie) = 29 v - 1422’

T 1422 T 1422

Y3(0) =0

are trigonometric polynomial solutions of equation (|1.5)).
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