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POLYNOMIAL FIRST INTEGRALS
OF QUADRATIC SYSTEMS

JAUME LLIBRE AND XIANG ZHANG

ABSTRACT. The main purpose of this paper is to give
the classification and the topological phase portraits of all
quadratic systems having minimal polynomial first integrals
of degree less than 5, and to prove the existence of minimal
polynomial first integrals of any degree for quadratic systems.
Moreover, we prove that quadratic systems with minimal
polynomial first integrals of degree larger than 1 have at
most three invariant straight lines, and under convenient
assumptions we give the greatest degree of the irreducible
polynomial first integrals.

1. Introduction. By definition, a polynomial system is a differential
system of the form

() X i=Pey), ==y

where the dependent variables = and y and the independent variable
(the time) t are all real, and P, @ € Rz, y], as usual Rz, y] denotes the
ring of polynomials in the variables x and y with real coefficients. In
what follows, all mentioned functions are in Rz, y] and all constants
are real. We say that m = max{deg P,deg @} is the degree of the
polynomial system. The polynomial systems of degree 2 will be called
quadratic systems.

Quadratic systems have been investigated intensively, and nearly 1000
papers have been published about these systems (see, for instance,
[23], [26] and [27]). But it is an open problem to know what are
the integrable quadratic systems. We must define what it means that
a polynomial system is integrable because this notation changes with
the authors, see, for instance, [8].

Key words and phrases. Polynomial differential system, minimal polynomial first

integral, Xhase portrait.
2000 AMS Mathematics Subject Classification. 34C05, 58F14.
Received by the editors on October 20, 1999, and in revised form on July 25,

2000.
Copyright ©2001 Rocky Mountain Mathematics Consortium

1317



1318 J. LLIBRE AND X. ZHANG

The search of first integrals is a classical tool in the classification
of all trajectories of a polynomial system. In 1878, Darboux [10]
showed how the first integrals of planar polynomial systems possessing
sufficient invariant algebraic curves can be constructed. The best
improvements to Darboux’s results for planar polynomial systems are
due to Jouanolou [13] in 1979, to Prelle and Singer [22] in 1983, and
to Singer [25] in 1992. Some recent interesting results related with
Darboux theory of integrability have been made by many authors (see,
for instance, Kooij and Christopher [14], Zholadek [29], Chavarriga,
Giacomini, Gine and Llibre [8], etc.). In fact, the Darboux theory
of integrability extends to polynomial differential systems in arbitrary
finite dimension, see, for instance, Christopher and Llibre [9].

This work investigates the existence of polynomial first integrals for
quadratic systems (1) and gives the corresponding topological phase
portraits.

Moulin-Ollagnier [19] and Labrunie [16] have characterized the poly-
nomial first integrals of a special three-dimensional Lotka-Volterra sys-
tem, the so-called abc system, i.e.,

z=2x(cy + z), Uy =y(z+ az), z2=z(bx+y).

Cairé and Llibre [7] gave the polynomial first integrals of any degree
for the two-dimensional Lotka-Volterra quadratic system of the form

& = x(a1 + buiz + bi2y), ¥ = y(ag + ba1x + baay).

The paper is organized as follows. In Section 2 we give some basic
definitions that we will need later on. In Section 3 we state our
seven main theorems, in which Theorems A, B, C and F characterize
all topological phase portraits of quadratic systems having minimal
polynomial first integrals of degree 1, 2, 3 and 4, respectively. Theorems
D and E give the classification of quadratic systems having a minimal
polynomial first integral of degree 4. Theorem G shows that quadratic
systems having more than three invariant straight lines have no minimal
polynomial first integrals of degree larger than 1. In Section 4 we
prove that there are quadratic systems having minimal polynomial first
integrals of any degree, and that if a quadratic system has a polynomial
first integral H(x,y) such that H(x,y) + ¢ is irreducible in R[z,y] for
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all ¢ € R, then deg H = 3. Furthermore, we give some other basic
results about polynomial first integrals that we will need in the proofs
of our main theorems. Sections 5-11 establish the proofs of our seven
theorems stated in Section 3.

2. Preliminary definitions. In this section we introduce some
basic definitions and notations for the investigation of integrability, and
for the analysis of topological phase portraits of polynomial systems (1).

2.1 First integral. For convenience, we denote by
0] 0
2 X=P— —
(2) 5 @ 9

the vector field associated with the system (1). An invariant algebraic
curve of the system (1) is an algebraic curve f(z,y) = 0 with f €
Rz, y| satisfying X f = kf for some polynomial k € R|z,y] called the
cofactor of the invariant algebraic curve f = 0.

Here we say that a polynomial H € Rz, y] \ R is a first integral of
system (1) on R?, if it is constant on all solution curves (x(t),y(t)) of
system (1) on R?, i.e., H(x(t),y(t)) = constant for all values of t for
which the solution (z(t),y(t)) is defined on R?. Obviously H is a first
integral if and only if XH = 0 on R2.

We say that a polynomial first integral H of system (1) is minimal
if every other polynomial first integral F' of system (1) satisfies that
deg F' > deg H.

Let R : R? — R be a function which is not constant. The function R
is an integrating factor of system (1) if the following three equivalent
conditions hold

O(rRP)  O(RQ)
(3) or Oy
XP = —Rdiv (P,Q).

div (RP, RQ) = 0,

The first integral H associated to the integrating factor R is given by

H(,y) = / R(x,y)P(x,y) dy + h(x),
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satisfying (0H/0xz) = — RQ. Then

OH OH
r — P = — ) = = — —.
=R 3y 1y = RQ o

Conversely, given a first integral H of system (1), we always can find
an integrating factor R for which these last two equations hold.

2.2 Singular points. Let X be the vector field given in (2). A point
q € R? is a singular point of the vector field X if P(q) = Q(q) = 0.

If D = Pu(q)Qy(q) — Py(q)Qu(q) and T = Pp(q) + @y(q), then a
singular point ¢ is nondegenerate if D # 0. Then the singular point
must be isolated. Furthermore, ¢ is a saddle if D < 0, a node if
T? > 4D > 0 (stable if T < 0, unstable if T > 0), a focus if T? < 4D
and T # 0 (stable if T < 0, unstable if T > 0), and either a weak focus
or a center if T =0 < D; for more details, see [5, p. 183].

A singular point q is elementary if D = 0 and T # 0, and then ¢ is
also isolated in the set of all singular points. The results on elementary
singular points are summarized in Theorem 65 of [5]( see also Theorem
7.1 of [28]).

A singular point q is nilpotent if D =T = 0 and the Jacobian matrix
at ¢ is not the zero matrix and q is isolated in the set of all singular
points. Theorems 66 and 67 of [5] summarize the results on nilpotent
singular points (see also [1], and Theorems 7.2 and 7.3 of [28]).

If the Jacobian matrix at the singular point ¢ is identically zero and ¢
is isolated in the set of all singular points, we say that ¢ is linearly zero.
Then the study of its local phase portraits needs a particular treatment
(directional blow-ups), see [2] and [24] for more details.

We denote by P,(R?) the set of all planar real vector fields of
degree n. For X € P, (R?) the Poincaré compactified vector field p(X)
corresponding to X is a vector field induced on S? as follows (see, for
instance, [11] and [5]). Let S* = {y = (y1,y2,y3) € R® 1 yf +y3 +y3 =
1} (called the Poincaré sphere) and T, S? be the tangent space to S? at
point y. Consider the central projections f; : T(07071)S2 — Si ={ye
S?:ys>0}and f_ : T(g0,1)S* — S% = {y € S? : y3 < 0}. These maps
define two copies of X, one in the northern hemisphere and the other in
the southern hemisphere. Denote by X’ the vector fields D f o X and
Df_ o X defined on S? except on its equator St = {y € S? : y3 = 0}.
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Obviously S! is identified with the circle at infinity S of R2. In order to
extend X' to an analytic vector field on S? (including S') it is necessary
that X satisfy suitable hypotheses. In the case that X € P, (R?), the
Poincaré compactification p(X) is the only analytic extension of y;f—lX’
to S2. The set of all compactified vector fields p(X) with X € P,,(R?)
is denoted by P, (S?). For the flow of the compactified vector field
p(X), the equator S! is invariant. On S?\ S! there are two symmetric
copies of X, and knowing the behavior of p(X) around S!, we know
the behavior of X near infinity. The projection of the closed northern
hemisphere of S? on y3 = 0 under (y1,v2,¥3) — (y1,y2) is called the
Poincaré disc and it is denoted by D?.

As 82 is a differentiable manifold, for computing the expression of
p(X), we can consider the six local charts U; = {y € S? : y; > 0} and
Vi = {y € S? : y; < 0} where i = 1,2,3, and the diffeomorphisms
F, : U — R? and G; : V; — R? defined as the inverses of the
central projections from the planes tangent at the points (1,0,0),
(-1,0,0), (0,1,0), (0,—1,0), (0,0,1) and (0,0,—1), respectively. If
we denote by z = (z1, 22) the value of F;(y) or G;(y) for any i = 1,2, 3,
then z represents different things according to the local charts under
consideration. Some straightforward calculations give for p(X) the
following expressions:

zé‘A(z)[Q(i,ﬁ>—21P<i,z—1),—22p<i,ﬁ>} in Uy,
29 29 29 29 z2 22

ZSA(Z) |:P(ﬂ7i) _ZIQ<ﬂai)a_22Q<ﬁai>:| in U27
29 Zo 29" 29 z9 22

A(2)[P(21, 22), Q(21, 22) in Us,

where A(z) = (22 + 23 + 1)~ (®=1/2 The expression for V; is the
same as that for U; except for a multiplicative factor (—1)"~!. In these
coordinates for i = 1,2, 2o = 0 always denotes the points of S'. In what
follows we omit the factor A(z) by rescaling the vector field p(X). Thus
we obtain a polynomial vector field in each local chart.

2.3 Topological equivalence. In the rest of this paper, we say that
polynomial vector fields X and Y on R? are topologically equivalent
if a homeomorphism on S? exists preserving the circle at infinity S*
carrying orbits of the flow induced by p(X) into orbits of the flow
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induced by p(Y), preserving or reversing simultaneously the sense of
all orbits. The definition of topological equivalence is not the usual one,
but it is very convenient for study of the phase portraits of polynomial
vector fields.

A separatriz of p(X) is an orbit which is a singular point, or a limit
cycle, or a trajectory which lies in the boundary of a hyperbolic sector at
a singular point. If a quadratic system has a polynomial first integral,
then it has no limit cycles. This follows easily from the fact that a
polynomial first integral is a continuous function defined in the whole
plane.

We denote by S(p(X)) the set formed by all separatrices of p(X).
Neumann [20] proved that the set S(p(X)) is closed. Each open
connected component of S \ S(p(X)) is called a canonical region of
p(X). A separatriz configuration is defined as a union of S(p(X)) plus
one representative solution chosen from each canonical region. We say
that S(p(X)) and S(p(Y)) are equivalent if a homeomorphism on S?
exists preserving the infinity S! carrying orbits of S(p(X)) into orbits of
S(p(Y)), preserving or reversing simultaneously the sense of all orbits.

The next lemma due to Neumann [20] states the characterization of
two topologically equivalent Poincaré compactified vector fields. We
shall need it later on for the analysis of the global phase portraits of
quadratic system (1) having a polynomial first integral.

Neumann’s Lemma. Suppose that p(X) and p(Y) are two contin-
uous flows on S? with isolated singular points. Then p(X) and p(Y)
are topologically equivalent if and only if their separatriz configurations
are equivalent.

Neumann’s Lemma implies that, in order to obtain the global phase
portraits of a vector field p(X) with isolated singular points, we essen-
tially need to determine the a- and S-limit sets of all separatrices of
p(X).

Neumann’s Lemma was obtained under the additional assumption
that the flow has no limit separatrices by Markus [18]. But this
assumption is redundant.
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3. Statement of the main results. Our first intention was to find
all possible polynomial first integrals of quadratic systems. But, as is
shown in Proposition 7 of Section 4 or in [7], quadratic systems may
have minimal polynomial first integrals of any degree. So we cannot
investigate them one by one according to the degree of polynomial first
integrals. In the following we will give the necessary and sufficient
conditions, and all topological phase portraits, for quadratic systems
(1) having polynomial first integrals of degree less than 5. As P?(x,y)+
Q*(x,y) # 0 in (1), without loss of generality, let Q(z,y) # O.
Furthermore, we also denote by X = (P, Q) : R? — R? the quadratic
vector fields associated to system (1).

Our first result gives the classification and the topological phase
portraits of quadratic systems (1) having a polynomial first integral
of degree 1.

Theorem A. A quadratic vector field X has a polynomial first in-
tegral of degree 1 if and only if X is topologically equivalent to the
vector field X! = (aQ, Q), where a is a constant and Q is an arbitrary
quadratic polynomial. The phase portrait of X' is topologically equiva-
lent to one of the 14 phase portraits given in Figure 1. Moreover, each
phase portrait of Figure 1 is realizable by some X*.

We remark that, for any given positive integer m, the quadratic
vector field X! has a polynomial first integral of the form H(z,y) =
ci(x —ay) +ca(x —ay)® + -+ cp(x — ay)”, where ¢;, i = 1,2,... ,n,
is an arbitrary constant.

The next theorem characterizes the classification and the topological
phase portraits of quadratic systems (1) having a minimal polynomial
first integral of degree 2.

Theorem B. A quadratic vector field x having a minimal polynomial
first integral of degree 2 is topologically equivalent to one of the following
three quadratic vector fields:

X? = (—y(ax + by + ¢), z(azx + by + ¢)),
X% = (—z(azx + by + ¢),y(azx + by + ¢)),
X2 = (ax + by + ¢, 2z(ax + by + ¢)),
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FIGURE 1. Phase portraits of quadratic systems having a polynomial first
integral of degree 1.

where a® + b2 # 0. Furthermore, the corresponding phase portraits
are topologically equivalent to one of the 8 phase portraits given in
Figure 2. Every phase portrait of Figure 2 is realized by some X3 with
i€{1,2,3}.

We remark that each quadratic system having a minimal polynomial
first integral of degree 2 has a unique straight line formed by singular
points.

Our third result characterizes the classification and the topological
phase portraits of quadratic systems (1) having a minimal polynomial
first integral of degree 3.

Theorem C. A quadratic vector field X having a minimal polynomial
first integral of degree 3 is topologically equivalent to one of the following
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FIGURE 2. Phase portraits of quadratic systems having a minimal polynomial
first integral of degree 2.

four quadratic vector fields:

X3 =(a+br+cy,f—ar—by—2%), o®+b*+c*#£0,

X3 = (a+bx+cy+a® B3 —ar—by —2axy), o+ p>+b>+c*#0,
X3 = (a4 bx + cy — 2xy, B — ax — by — 32% + y?),

X3 = (a+bx+cy+y? B —ax — by — ).

The phase portrait of X is topologically equivalent to one of the 25
phase portraits given in Figure 3, that is, those in Figure 1.1 of [3]
except for the phase portraits 14,15 and 16. Moreover, each of these
phase portraits is realizable by some X3 with i € {1,2,3,4}.

The next two results give the classification of quadratic systems (1)
having a minimal polynomial first integral of degree 4.

Theorem D. Assume that P and Q are relatively prime. Then
a quadratic system (1) having a minimal polynomial first integral of
degree 4 can be written (after a linear change of variables) into one of
the following siz systems:

& = ago + (bozc — 2bo1)x + ap1y — b112? — 3boazy + agey?,

(A) . 2
Y = boo + bi1cx + bo1y + b1y + bo2y”,
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FIGURE 3. Phase portraits of quadratic systems having a minimal polynomial
first integral of degree 3.

with a minimal first integral
1 2,2
H(z,y) = — boocr + agocy — §b110 x” — (borc + boo)zy

1
+ =(ap1c + ago)y* — biicx®y — (bo2c + bo1 )xy

=N

1 1
+ —(agec+ 001)213 — 517111321/2 — bozﬂvy3 + 1002y47

w
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where ¢ satisfies the equation: byac? — bgic + bog = 0.

(B) & = ago + a0 + ap1y + azpr? — 3boaxy,
= boo + biox + bo1y — 3azxzy + bo2y?,

with a minimal first integral

1 b
I{(:E7 y) = bookx + aooky - = (blok — %)IQ — (b01k + boo)l‘y

+ %(aoﬂi‘ + ao)y” + %blgoéfo + ago (kﬁ - ﬁ)ﬂﬁzy
+(2a10— %) Y’ + ;)amy - Kﬂf y+2a007%y* — boazy”,
where
azoboz # 0,

(4)  biobgy + ao1a3y — 3(a1o + bo1)azeboz = 0,

boob3s — aooazoboz + (a10bo2 — agiazo + 2bo1bo2)(aio + bo1) = 0,
with k = (bio/az0) — (bo1 + 2a10)/(bo2) = kp

(©) & = ago + a107 + ao1y + a0 — b — 022y + ag2y?,

¥y = boo + bro + bo1y + baox® — azory + bo2y?,

with a minimal first integral

bood
H(z,y) = = bookz + aooky — 5 ( brok — 2M>x2

ap2

Hl\.’)lb—*

— (bo1k + boo)zy + = (ao1k + ano)y?

1 (bzok B 2510502) < _ 2a10bo2 ) 2y
3 aop2

1 2b b
(bOQk —|— b(n)Iy —|— §(LL01 + a20k) 20702 1‘4

l\J

ap2

1 [/ 2as90b 1 b2
— [ 2 by )Py + 5 (20 +2-2 )a?y?
3 an2 2 an2

1
— boazy® + 10023/47
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where

ag2bo2 # 0,

dazoboz — agzb = 0,

ag2bio — 2bo2(bo1 + 2a10) + azgap2k = 0,
ao2boo — 2agoboz + (a10 + bo1)agzk = 0,

(5)

with k = (2@01/(102) — (a1o + 2b01)/(b02) = kc

. 2 2
T = apo + @102 + ap1y + a202” + a112Y + ap2y”,

(D) o 5
7 = boo + b10x + bo1y — 3az0xy + bo2y”,

with a minimal first integral

1 b b
H(z,y) = — bookx + aooky — 3 <b10/€ - M>$2

ao2
1
— (b()lk -+ boo).’by =+ 5(0401]{3 -+ aoo)y2
b b b
n 10(a11 +3 02)333 + (agok B aro(a11 +3 02>x2y
3ap2 ap2
1
+ (bogk -+ b01)xy2 -+ g(aogk =+ a01)y3

_ago(an + 3boz)x3y n l(boz(an + 3bo2)

+ 3a20) z*y?
ap2 2

02

1
— boazy® + 10023/47

where

az0ao02(a11 + boz)(a11 + 3bo2) # 0,

afl + 4aq11bg2 + 3b(2)2 + 2as0ag2 = 0,

(@10 + bo1)ao2k + ao2boo — aoo(a11 + 3bo2) = 0,

(@11 + 2bo2)ao2k + ao2(aio + 2bo1) — ao1 (a1 + 3bo2) = 0,

with k = (b1o/az20) — (bo1 + 2a10)(a11 + 3boz)/(azea02) = kp.
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(E) System (1) with conditions

aoz2(ao + bo1) # 0,
b3, + dasgbii + 3a3y — a11b20 — baoboz = 0,
(7)  a11b11 + 3ar1a20 + 3b11bo2 + azobo2 — agzbzo = 0,
(b11 + 2ag0)ao2k + ag2bio — (bo1 + 2a10)(a11 + 3bo2) = 0,
(@11 + 2bo2)ao2k + ap2(aio + 2bo1) — ap1(air + 3boz) = 0,

where k = (aoo(au + 3b02) — aogboo)/(aog(alo + 501)) = kg, has a
minimal first integral

1 b
H(z,y) = — bookx + agoky — 5 (blok — boom>x2

ap2
1
— (bo1k + boo)xy + 5(6101/6 + apo)y?

1 b b
-3 <b20k‘ - b104a11+ ’ 02>$3 + (azok - alo—a11+ i 02>x2y
3 ap2 ao2

1
— (bogk + bo1)zy® + 5(6102/C + ao1)y®
1 b 1 b02
a1 +3 02$4+ <b11a11+3 0

~b
+ 7020 P

1 a1 + 3b
4= <b02 11 02
02

- b20>x3y

1
- bl1>$2y2 — boawy® + Za02y4~

ap2

2

(F) System (1) with conditions

ao2(b11 + 2az9) # 0,

b3, + dagoby1 + 3a3y — a11bao — bagboz = 0,

a11b11 + 3airaz + 3b11bo2 + Yaz0boz — ag2b2e = 0,
ao2bo0 — ago(a11 + 3bo2) + aoz (a0 + bo1)k = 0,

(@11 + 2bo2)ao2k + ag2(aio + 2bo1) — ap1(air + 3boz) = 0,

where

(9) k= (bo1 + 2a10)(a11 + 3bo2) — ao2b10

ap2(b11 + 2a20) r
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has a minimal first integral given by (8) with k = kp.

Theorem E. Assume that P and QQ have a common factor A of
degree 1, and set P = A(a1x +biy+c1), Q = A(asx +boy + ¢2). Then
quadratic system (1) has a minimal polynomial first integral H(x,y) of
degree 4 if and only if one of the following four statements holds.

(a) If aa #0, a1 + by # 0 and 4asb; — (a1 + 3b2)(3a1 + be) =0, then
the minimal first integral is of the form

1
H(z,y) = — coaz + cray — i(aga + cob)z? + (ar1a + c1b)zy

1 1
+ §(b1a +cre)y? — g(agb + col)x® + (arb + c1l)x?y

(10) 1 1
— (byc + con)wy® + g(blc +cn)y® — Zaglac4
1 1
+ arlzdy + §(a1m + bil)x?y? — bonay® + Zb1ny4,
with
b bo)?
=1, m=-Sutb . Gutb)
az das
K2 2K
g B, 2K Btk
(a1 +b2)? ar + by az(a1 + bs)
where 5 .
K =2, — (11—_’_202,
a

(b) If aa = 0, by # 0 and a1 = —3b2 # 0, then the minimal first
integral is of the form (10) with
c2 2¢co
l=m—-0, n=1, a=-—=2, b=0, c=—.
b3 bo
(¢) If ag = 0, by # 0 and by = —3ay # 0, then the minimal first
integral is of the form (10) with

1642 8aq 4cq C2 2
l = 1 = — = 1 = —_— —_—
b% 9 m b1 9 n 9 a < b1 + ay 9
b= 32&161 802 - 861 262

2 T o ta
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(d) If aa = by = 0 and by = —3aq # 0, then the minimal first integral
is of the form (10) with
o 201

l=1, m=n=0, a=—, b=—, c=0.
ai ay

Our next theorem gives all topological phase portraits of quadratic
systems (1) with a minimal polynomial first integral of degree 4.

Theorem F. Assume that P and @ have no common factor of
degree 2. Then the phase portrait of a quadratic system (1) having a
minimal polynomial first integral of degree 4 is topologically equivalent
to one of the 28 phase portraits in Figure 4. Moreover, each of the
phase portraits in Figure 4 is realizable by a quadratic system (1) with
a manimal polynomial first integral of degree 4.

Since every quadratic system with a common factor of degree 2 has
a minimal polynomial first integral of degree 1, we avoid these systems
in the statement of Theorem F.

Finally, the following theorem shows that quadratic systems with
more than three invariant straight lines have no minimal polynomial
first integrals of degree larger than 1.

Theorem G. Quadratic systems having a minimal polynomial first
integral of degree larger than 1 cannot have more than three invariant
straight lines.

We remark that, while Theorem G shows that quadratic systems
having a polynomial first integral of degree larger than one have at
most three invariant straight lines, Theorem F shows that there are
quadratic systems having a minimal polynomial first integral of degree 4
and three invariant straight lines.

We note that quadratic systems with more than three invariant
straight lines may have a Darboux first integral, see, for instance,
Theorem 26(b) of [6], and that the quadratic vector field (0, Q) has a
minimal polynomial first integral H(x,y) = = of degree 1 and infinitely
many invariant straight lines x = constant.
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POORG

(3) 4) (5)

DYIOD
GO
YOG

DY

(26

(24) (25)

(28)

FIGURE 4. Phase portraits of quadratic systems having a minimal polynomial
first integral of degree 4.
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4. Some basic properties of polynomial first integrals. The
next proposition gives the relationship between a polynomial first
integral and its integrating factor.

Proposition 1. Assume that P and Q are relatively prime. Then
a quadratic system (1) with a polynomial first integral H(x,y) satisfies
that deg H > 3 and that if deg H > 3, then system (1) has a polynomial
integrating factor.

Proof. Let H(z,y) be a polynomial first integral of degree n. Then
we have
dH O0H .,k OH.
—_— = —X —
dt Ox Oy y="5

that is,
(0H/0y) dx P

(0H[ox) ~ dy @

Since P and @ are relatively prime, it is easy to see that max{deg (0H/
0y),deg (0H/0x)} = n — 1 > 2. Hence, deg H > 3 and a polynomial
denoted by R(z,y) of degree n — 3 exists such that

0OH OH

— = PR — =—-QR.

Ay ’ Oz @
If deg H > 3, then R(z,y) is a polynomial integrating factor. When
deg H = 3, then R is a constant, and consequently R is not an
integrating factor. O

We remark that if R(z,y) is a polynomial integrating factor, then R =
0 is an invariant algebraic curve with cofactor k(z,y) = —div (P, Q).
Moreover, if P and @ have a common factor, then deg H may be less
than 3, and R(z,y) can be non-polynomial. For instance, if P = ¢Q
with ¢ a constant, then H(x,y) = ¢ — cy and R(x,y) = 1/Q are a
polynomial first integral and a rational integrating factor of system
(1), respectively.

The next theorem gives the necessary and sufficient conditions in
order that a quadratic system (1) has a polynomial first integral.
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Theorem 2. Assume that P and Q are relatively prime, and that

2 2

i+5=0 i+5=0

(11) ’ o
H(z,y) = Z 'y’ R(z,y) = Z dijz'y’,

itj=1 i+5=0

where n > 3, and a;j, b;j, c;; and d;; are real constants. Then H(x,y) is
a first integral of system (1) with integrating factor R(x,y) if and only
if the coefficients of R satisfy the following linear algebraic equations

My,_1-Dp_3= 07

Mn—2 . Dn—4 + Nn—2 : Dn—S = 07
Mj'Dj,Q—f—Nj'Dj,l—f—Tj:O, fO’f’j:2,3,...,7’L—3
(@10 + bo1)doo + agodio + boodor = 0,

where the dot represents the product of a matriz and a vector, and

where
Jago + bi1 b2o 0
(j—1)ar1 +2bo2  (j—1)ago + 2b11 2byg
(j—2)aoz (j—2)ai1 +3boz  (j—2)aso + 3b11
Ml _ O (j—3)a02 (j_?’)all + 4b02
i 0 0 (j—4)ao2 ’
0 0 0
0 0 0
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0
0
3bao

(j—3)a20+4b11
(j—4)a11+5bo2

M2 — (j—5)aoz
J
0
0
0
0
0
0
M3 = (j—4)b20

’ dazo+(j—3)b11
3a11+(5—2)bo2
2&02
0

0
0
0

4bog
(j —4)azo+5b11
(j—5)a11+6boz
(j—6)aoz

(j—6)bao

6ago+(j—5)b11
5a11 + (j—4)bo2

daga
0
0
0

0
0
(j—3)b20o
3ago+(j—2)b11
2a11+(j—1)bo2
ao2

o

0
(j—5)b2o
Sag0+(j—4)b11
4ayy+(j—3)bo2
3&02
0
0

0

0

0

0
(J—2)b2o

2a0+(j —1)b11
a1 +35bo2
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jaio+bo1 b1o 0
(j—1Dao1 (j—1)ai0-+2bo1 2b10
0 (j—2)am (j—2)a10+3bo1
le = 0 0 (j—3)a01 ,
0 0 0
0 0 0
0 0
0 0
3b1g 0
(j—3)a10+4b01 4b10
(j—4)ao1 (j—4)a10+5bo1
N2 = .
J 0 (j—5)ao1
0
0
0
0
0
0
(j—5)b1o 0
5a10—|—(j—4)b()1 (j—4)b01
4ap1 4a10+(j—3)bo1
0 3a01
0 0

0 0
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0 0 0
X 0 0 0
Ny = (5—3)b1o 0 0 ;
3a10+(j—2)bo1 (—2)b1o 0
2a0; 2a10+(j—1)bor  (F—1)b1o
0 ao1 aio + jbo1
Jaood;0+bood;—1,1 d;o
(j—Dagodj—1,1+2bood;—2.2 di—11
T, = (j—2)aoodj—2,2+3bood;j—3,3 ’ D; = dj—22 ,
2a00d2,j—2+(j — 1)bood1,j—1 di,5-1
apod1 j—1+Jjboodo ; do,;

where M; and Nj are j x (j — 1) and j x j matrices, respectively, Mjl,
Mj2 and MJP’ are j X 3, 7 x (j —7) and j x 3 matrices, respectively;
le,NjQ and Nj‘?’ are j x 3, j X (j — 6) and j X 3 matrices, respectively;
and T; and D; are vectors of R and R/, respectively. Furthermore,
under conditions (12) we have

1

Gio = ;[boodFLo + b1odi—2,0 + b2odi—30],
1

Coj = j[aoodo,jq + ag1do j—2 + ao2do j—3),
1

Cij = j[aoodi,jfl + a1odi—1,j—1 + ao1d; j—2

+ agodi—2,j—1 + anidi—1 j—2 + agad; j_3],
1
- g[boodiq,j + biodi—2,; +bordi—1,j—1

+ boodi—3,; +biidi—2 j—1 + boadi—1 2],
where 1,5 € {1,2,... ,n} and d;; = 0 when i < 0 or j < 0 or
t+7>n—3.

Proof. From Proposition 1 and its proof we know that

o _
oy

oOH
(13) PR, - =-QR
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Substituting (11) into (13), we have

n n—1 2
. 7 —1 7 y
E Jeijr'y’ T = E ( E akzdi—m—z)xlyja
i+j=1 i+j=0 > k+1=0
j>0
n n—1 2
) 1 o
E ZCijl‘Z yJ = — E < E bkldi_k7j_l)xly3,
i+j=1 i+j=0 >k+1=0
>0

where dj_p ;1 = 0if i —k <0 or j —1 < 0. Equating the coefficients
of x'y7~" and of "'y in these last two equations, respectively, we
obtain

2
Jeij = Z agdi—g,j—1-1 for j >0,
k+1=0
2
’iCij = - Z bkldiflfkyj,l for i > 0,
k+1=0

where i +j = 1,2,... ,n. Hence, system (1) has a polynomial first
integral H(xz,y) if and only if the following equations hold

2 2
i E apdi—g j—1-1 = —J E bridi—1—k j—1,

k-+1=0 k+1=0

for all ¢ and j withé,7 >0and i+ j=2,3,... ,n.

These last equations can be rewritten as

Z ltaridi—g j—1—1 + Jbridi—1—k,j—1]
kti=2

+ Z liakidi—k,j—1—1 + jbridi—1—r, ;1]
k=1
+ iapod;,j—1 + jboodi—1,; = 0,

with 4,57 € {1,2,...,n — 1}, and i + j = 2,3,... ,n, we recall that
d;; =0ifi+j >n—3. Foreach K € {1,2,... ,n—1} and i+j = K+1,
this last equation is equivalent to equations (12) with j = K where
the first and second components in this last equation correspond to
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Mg Do and Ng - Dk 1 in (12), respectively. So Theorem 2 follows.
O

The following lemma, due to Gasull, Sheng and Llibre [12], will be
used later on, it gives a general classification of quadratic systems.

Lemma 3. A quadratic differential system (1) is affine equivalent,
scaling the variable t, if necessary, to one of the following ten systems

@ & =1+ ay, ¥ =Q(z,y),
(II) &=y, J=Q(z,y)
(I1I) & =y+a’ y=Q(z,y),
(Iv) &=y, ¥ =Q(z,y),
(V) & =—1+a? ¥ =Q(z,y),
(VI) & =1+a y=Q(,y),
(VII) i = a2, ¥ =Q(x,y),
(VIIL) &=, ¥ =Q(z,y),
(IX) =1, ¥ =Q(z,y),
(X) & =0, y=Q(z,y).

The next proposition characterizes the degree of irreducible polyno-
mial first integrals of quadratic systems (1).

Proposition 4. Assume that P and Q are relatively prime and
that H(xz,y) is a polynomial first integral of a quadratic system (1). If
H(z,y) + c is irreducible in Rz, y] for all c € R, then deg H = 3.

Proof. By Proposition 1 and its proof we know that deg H > 3, and
that if deg H > 3 then a polynomial integrating factor R(x,y) exists
associated to the first integral H(z,y) such that deg R = deg H — 3.
Moreover, R(x,y) = 0 is an invariant algebraic curve. If R(z,y) can be
factorized in R][z,y], i.e., R(x,y) = Hk r"(z,y) with irreducible

i=1"1

r; € Rlz,y], then ri(x,y) = 0 for i = 1,2,...,k, are invariant
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algebraic curves. By the definitions of invariant algebraic curves and
polynomial first integrals, a real constant ¢ exists such that r;(z,y)
divides H(z,y) + ¢ (we note that if R(x,y) is irreducible, then k = 1,
my = 1 and rp = R(x,y)). Since H(x,y) + c is irreducible in R[z, y]
for all ¢ € R, it follows that deg R = 0, in contradiction with the fact
that deg R = deg H — 3 > 0. Hence, deg H = 3. ]

Similar to the proof of Propositions 1 and 4, we can easily get the
following corollary.

Corollary 5. Assume that P and Q are two relatively prime
polynomials of degree m and n, respectively, and that H(xz,y) is a
polynomial first integral of the vector field (P,Q). If H(xz,y) + ¢ is
irreducible in R[z,y] for all ¢ € R, then deg H = max{deg P,degQ}
+1.

The next result gives the existence of minimal irreducible polynomial
first integrals of polynomial systems of any degree.

Proposition 6. For any positive integer n a polynomial system
of degree n exists with a polynomial first integral H(x,y) such that
H(z,y) + c is irreducible in Rz, y] for all c € R.

Proof. The following system

x:(n+1)yn, ?JZ—L

has the polynomial first integral H(z,y) = x +y"*!. But o +y" ! +¢
is irreducible in Rz, y] for all ¢ € R. O

Proposition 7. There are quadratic systems (1) having a minimal
polynomial first integral of any degree.

Proof. Theorems A, B and C show that there are quadratic systems
having minimal polynomial first integrals of degree 1, 2 and 3. For any



POLYNOMIAL FIRST INTEGRALS 1341

positive integer m > 3, the polynomial function

P =am2| (5 - m‘zx)Q -2y,

2 2 m

is a first integral of degree m for the system

3 2 -1 2 -2 -2

8 4 8 2

Obviously the two functions in this last system are relatively prime.
By Theorems A, B and C, or by straightforward calculations we know
that this last system has no polynomial first integrals of degree less
than or equal to 3. If the above system has another polynomial first
integral, denoted by H(x,y), of degree n > 3, then by Theorem 2 its
integrating factor R(z,y) must satisfy the linear algebraic equations
in [13]. Corresponding to this last quadratic system, the coefficient

matrix M; in [13] for j = 2,3,...,n — 1, can be written as
M;
* 0 0
j+1l—-m * * 0 0
0 j+l——m *
I 0 jH1—2m . « 0
. —1
0 0 0 .. j+1—]Tm *
0 0 0 0 j+1—%m

where the stars denote the possibly nonzero constants.

Ifn <m. Asj < n—1, then j < m — 2. So we have that
j+1—(km/2) <0 for k=2,3,...,7. Then it follows easily that the
linear algebraic equations in (12) only have zero solutions. Therefore,
by Theorem 2 the above system has no polynomial first integrals of
degree less than m. That is to say, the polynomial first integral F' is
minimal. ]
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We note that Cairé and Llibre [7] recently obtained the necessary and
sufficient conditions in order that the two-dimensional Lotka-Volterra
quadratic systems has a polynomial first integral of degree n+ 3 for any
given nonnegative integer n and gave the expression for this integral
(for details, see [7]).

We remark that quadratic systems have infinitely many minimal poly-
nomial first integrals, and that quadratic systems having a polynomial
first integral have finitely many different topological phase portraits.
The first statement is obvious by Proposition 7. The second statement
follows from Neumann’s lemma. First assume that the compactified
quadratic system has finitely many singular points. Thus the quadratic
vector field with a polynomial first integral has at most seven singular
points (in the finite plane and at infinity), and finitely many separa-
trices, but has no limit cycles, so the topologically different separatrix
configurations of quadratic vector field are also finite. If the compact-
ified quadratic system has infinitely many singular points. we remove
such points changing the time variable, and the proof follows as in the
previous case.

Finally, we give necessary and sufficient conditions for a quadratic
system (1), with P and @ having a common factor of degree 1, to have
a polynomial first integral of degree 4.

Proposition 8. Assume that P and Q have a common factor A of
degree 1, and set P = A(a1xz +biy+c1), Q = A(asx +bay + ¢2). Then
H(z,y) is a polynomial first integral of degree 4 for quadratic systems
(1) such that

f(x,y) = a+bx + cy + l2* + my* + ny?,

is the greatest common factor of 0H /0y and 0H /Ox if and only if the
following conditions hold:

(3a1 + b))l + agm = 0,
(14) bll + ((11 + bg)m + agn = 0,
blm + (CLl + 3b2)n = O,
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and

(a1 +ba)a+ c1b+ coc =0,
(15) (2a1 + b2)b + asc + 2¢1l + com = 0,
b1b + (a1 + 2by)c + cym + 2¢an = 0.

Under these conditions, the polynomial first integral H(x,y) is of the
form (10).

Proof. Since H is a first integral, we have

0H oOH

Consequently,

(0H/0y) P  aiz+biy+ac

(0H/0x) Q  agx+byy+co

Therefore, if f(x,y) is the greatest common factor of 9H/dy and
OH/0x, we have that

OH OH
£ (@17 + by + c1) f(z,y), i (a2w + boy + c2) f(z,y).

Similar to the proof of Theorem 2, by substituting H(z,y) and f(z,y)
into these last two equations and equating the coefficients of z?y’, the
proposition follows. i

We note that in the proof of Proposition 8 the integrating factor is

J/A.

5. Proof of Theorem A. Assume that the quadratic vector field
X has a polynomial first integral, denoted by H(z,y) of degree 1. Set

H(z,y) = Az + By.

We have, by the definition of the first integral, that AP + BQ = 0. As
we can assume without loss of generality that Q(x,y) # 0, then A # 0,
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otherwise A = B = 0, which contradicts the fact of deg H = 1. Hence,
the first part of the theorem follows taking a = —B/A.

The quadratic curve @ = 0 is a conic. The conics in R?, after a
suitable affine change of coordinates (if necessary), have equations:

22492 —-1=0, 224+4°+1=0, 22—y>—-1=0, 22+4y>=0,
zy=0, y—az2=0, 2°-1=0, 224+1=0, 22=0.

In what follows, since (,9) = (aQ, @), without loss of generality, we
can consider the topological phase portraits of the vector field X! with
Q@ one of the nine functions in the last equations. The compactified
vector field is (—az3Q((1/22), (21/22)), 23Q((1/22), (21/22))(1 — az1))
and (—23Q((21/22), (1/22)), 23Q((21/22), (1/22))(a — z1)) in the local
charts U; and Us, respectively.

When @Q = 22 4 y? — 1, the vector field X! has the unit circle formed
by finite singular points and a unique pair of infinite singular points
(a,0) € U% Outside the unit circle all the trajectories of X! are
contained in parallel straight lines. So the topological phase portrait
of X! with @ = 2% + 32 — 1 is given in Figure 1(1).

The fact that the vector field X! with Q = 22 +y?>+1or Q =22 +1
has a unique pair of infinite singular points, and no finite singular points
guarantees that X! has topological phase portrait given in Figure 1(2).

When Q = 22 —y? — 1, the vector field X! has a hyperbola formed by
singular points, and three pairs of infinite singular points (1,0), (—1,0)
and (a,0) in Uy if |a| # 1, or two pairs (1,0) and (—1,0) in Us if
la| = 1. Outside the hyperbola the vector field X! is equivalent to the
vector field (a,1). So all trajectories of X! are contained in parallel
straight lines passing through the infinite singular point (a,0) in Us.
Therefore, the vector field X! has topological phase portraits shown in
Figures 1(3), 1(4) and 1(5) depending on |a| =1, |a| > 1 and |a| < 1,
respectively.

When Q = 22 + y2, the vector field X! has a unique finite singular
point (0,0) and a unique pair of infinite singular points (a,0) in Us.
Similar to the above analysis, we have the topological phase portrait
given in Figure 1(6).

The vector field X' with @ = 2y has two straight lines z = 0 and
y = 0 formed by singular points, and two pairs of infinite singular
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points (0,0) in Uz if a = 0 and (0,0) in U or three pairs (a,0) and (0,0)
in Uy if a # 0 and (0,0) in U;. Moreover, all trajectories of X! are
contained in parallel straight lines passing through the infinite singular
points (a,0) in Us. Hence we have Figures 1(7) and 1(8) showing the
topological phase portraits of the vector field X! for a # 0 and a = 0,
respectively.

The vector field X! with Q = y—2? has a parabola formed by singular
points. Similar to the previous analysis, we can get that the topological
phase portrait is equivalent to Figure 1(9), respectively Figure 1(10),
if a # 0, respectively a = 0.

The vector field X! with Q = 22 — 1 has two straight lines z = +1
formed by singular points. All the trajectories of X! outside the lines
x = £1 are contained in straight lines, which are all parallel to the line
x = ay. Therefore, we have the topological phase portraits given in
Figures 1(11) and 1(12) if @ # 0 and a = 0, respectively.

When Q = 22, by using the similar analysis as that for Q = z2 — 1,
we obtain that the topological phase portrait of X! is equivalent to
Figure 1(13), respectively Figure 1(14), if a # 0, respectively a = 0.
This completes the proof of the theorem. o

6. Proof of Theorem B. Let H(z,y) be a polynomial first
integral of degree 2. As H(x,y) = 0 is a conic, by using some linear
changes of coordinates H (z,y) is equivalent to one of the following four
polynomials: 22 + y2, 2y, y — 2 and x2; for more details, see the proof
of Theorem A, in which by changing x + y to Z and = — y to g, then
22 —1? is transformed to Zy. If H = 22 is a first integral, then H = z is
also a first integral. Thus «? is not a minimal polynomial first integral.

Therefore, if H(z,y) is minimal, then it must be either 22 + 32, xy or

y — 2.

By using
OH oH
ie.,
_OH/0y _ P
0H/ox Q@

we have that there exists a function A(z,y) = ax+by+c with a®+b? # 0
such that if H = 2% + 42, then P = —yA and Q = zA; and that if
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H = zy, then P = —zA and Q = yA; and that if H = y — 22,
then P = A and Q = 2xA. Hence, we get the three vector fields
X2 for i = 1,2,3, of Theorem B. From Theorem A we know that the
vector field X?, i = 1,2, 3, has no polynomial first integrals of degree 1.
Otherwise, P and @ would have a common factor of degree 2 which will
contradict the above facts. Therefore, the functions z2 + y2, zy and
y — 2 are minimal polynomial first integrals of degree 2 for the vector
fields X%, X3 and X3, respectively. So the first part of Theorem B is

proved.

For the vector field X2, if ¢ = 0, all its finite singular points coincide
with the points of the straight line ax + by + ¢ = 0 denoted by [. If
¢ # 0, the vector field X2 has a unique isolated finite singular point
(0,0) outside the finite singular points of I. The compactified vector
field is (z122(a+bz1 +c22), (a+bz1 +cz2)(1+2%)) and (—z122(az1 +b+
c23), —(az1+b+cze)(142%)) in the local charts Uy and Us, respectively,
and so has a unique pair of infinite singular points [—(a/b),0] in Uy if
b+ 0or [—(b/a),0] in Uy if a # 0. Moreover, the vector field X? outside
the straight line ! is equivalent to the vector field (—y, «) for which all
the trajectories are circles with same center (0,0). So, by distinguishing
whether the straight line [ passes through the center or not, we get the
topological phase portraits given in Figures 2(1) and 2(2).

The vector field X3 has the straight line ax + by + ¢ = 0 denoted by
[, which is full of singular points, and a unique isolated finite singular
point (0,0) (which is a saddle) if ¢ # 0. The compactified vector field is
(z2(a+bz1+c22),221(a+bz1 +c22)) and (—22(az; +b+c22), —221(az1 +
b+ cz3)) in the local charts U; and Us, respectively. So the infinite
singular points are (0,0), [—(a/b),0] € Uy and (0,0) € Uz if a # 0 and
b#0or (0,0) € Uy and (0,0) € Uy if a = 0 or b = 0. Moreover, all the
orbits of the vector field X3 are contained in the hyperbolas: xy = k,
k # 0, except for the two invariant straight lines: z = 0 and y = 0, and
the straight line /.

Assume that a = 0 or b = 0. Then when ¢ = 0, the straight line [
coincides with one invariant straight line, we get the topological phase
portrait given in Figure 2(3). When ¢ # 0, the straight line [ is parallel
to one invariant straight line but does not coincide with it, we get the
topological phase portrait given in Figure 2(4).

Assume that a # 0 and b # 0. Then, when ¢ = 0, the straight line [
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passes through the intersection point of the two invariant straight lines,
the topological phase portrait is equivalent to Figure 2(5). When ¢ # 0,
the straight line [ does not pass through the intersection point, i.e., the
unique isolated finite saddle, of the two invariant straight lines, so the
topological phase portrait is equivalent to Figure 2(6).

For the vector field X2, the straight line [ is full of singular points, and
there are no other finite singular points. The compactified vector field
is (—22(a+bz1 + cz2), (2 — 2122)(a + bz + c22)) and (—22122(az; + b+
c22), (20—22%)(az1 +b+c23)) in the local charts Uy and Us, respectively.
So the infinite singular points are [0, —(a/b)] € Uy and (0,0) € Us if
b#0,or (0,0) € Us if b = 0. Moreover, except the singular points on [,
all other trajectories of X2 are contained in parabolas: y = 2% + ¢,
¢ € R. Therefore, the topological phase portrait is equivalent to
Figure 2(7) if b = 0 or Figure 2(8) if b # 0.

This completes the proof of Theorem B. a

7. Proof of Theorem C. By Lemma 4.1 of [3], a quadratic system
having a polynomial first integral of degree 3 is topologically equivalent
to one of the four vector fields X3 for i = 1,2, 3 and 4 of Theorem C. We
know from Theorem A that the vector field X3 for i = 2,3 and 4, has
no polynomial first integrals of degree 1, and that the vector field X3
has a polynomial first integral of degree 1 if and only if « = b= c=0.
Under the condition a? + b? + ¢ # 0, by Theorems 5.1 and 5.10 of
[3], the vector field X3 has no topological phase portraits 15 and 16 in
Figure 1.1 of [3].

We now check the conditions in order that the vector field X3,
i € {1,2,3,4} has no minimal polynomial first integrals of degree 2.
By Theorem B we know that if a quadratic vector field has a minimal
polynomial first integral of degree 2, then it has a unique straight line
formed by singular points. The following proof depends on this fact.

For the vector field X3, it cannot be equivalent to any one of the
vector fields X? for i = 1,2,3 and 4. It is due to Neumann’s lemma
and the fact that the vector field X3 has no straight lines formed by
singular points. So the vector field X3 has no polynomial first integrals
of degree 2.

For the vector field X3, it has a straight line formed by singular points
if and only if « = 3 = b= c = 0. So the vector field X3 has a minimal
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polynomial first integral of degree 3 if and only if o + 3%+ b2 +c% # 0.
Furthermore, by Theorem 5.2 of [3], the vector field X3 has no phase
portrait 14 in Figure 1.1 of [3] under this last condition.

The vector fields X3 and X} have no straight lines formed by singular
points for any selection of their parameters, so the degree of their
minimal polynomial first integrals is three.

This completes the proof of Theorem C. mi

8. Proof of Theorem D. Let H(x,y) be a polynomial first integral
of degree 4 for system (1). Assume that P,Q and H have the forms
given in (11) with n = 4. By Proposition 1, it follows that

H H
(16) %—y = P(ax + by + ¢), %—xz—Q(ax—Fby—l-c),
where a,b and ¢ are real constants with a? + b% # 0.

By Theorem 2 and equations (16) we know that if H(z,y) is a
polynomial first integral, then (a, b, ¢) must satisfy the following linear
algebraic equations

(b11 + 3@20)0, 4+ bogb =0,
(17) (a11 + bo2)a + (azo + b11)b =0,
ag2a + (a11 + 3bog)b =0,

and

(b1 + 2as0)c + (bo1 + 2a10)a + bigh = 0,
(18) (@11 + 2bo2)c + agra + (a19 + 2bp1)b = 0,
(alo + bOl)C + agoa + bgob = 0.

In what follows, we distinguish three different cases.

Case 1. a = 0, b # 0. Without loss of generality, let b = 1.
It follows from equations (17) and (18) that byg = 0, asg = —b11,
a1 = —31)027 blO = bnc, ajp = bOQC - 2b01 and b0202 - b01C + boo =0.
Hence, quadratic system (1) has the form (A). Furthermore, by using
the expressions of ¢;; in Theorem 2, the expression for first integral
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H(z,y) follows. Moreover, by straightforward calculations, we know
that quadratic system (A) has no polynomial first integrals of degree
less than 4. This means that the polynomial H(z,y) is a minimal first
integral of degree 4.

Case 2. a # 0 and b = 0. By changing the variables (z,y) to (v, z),
we get that this class of systems is equivalent to the class a = 0 and

b+ 0.

Case 3. a # 0 and b # 0. Since system (1) is quadratic, we have
that a3y + a3, + a3y + b3y + b3, + b3y # 0, so all the coefficients of the
linear algebraic equations with respect to a and b in (17) cannot be
zero simultaneously. The rest of the proof of the theorem is divided
into six subcases.

Subcase 1. Assume that only the coefficients of the first and third
equations in (17) are all equal to zero. Then
beo =0, b1 =—3az, ap =0,
a20
ay = —3boz, a2 #0, b #0, a=-—=b,
02
and b # 0. Without loss of generality, let b = 1. From (18) we get that
b bor + 2a10

a2 bo2

and conditions (4) hold. By Theorem 2 we know that quadratic system
(1) has the form (B), and the corresponding first integral H(z,y).
Straightforward calculations also show that the polynomial first integral
H(x,y) is minimal.

Subcase 2. Assume that only the coefficients of the first and second
equations in (17) are all equal to zero. Working a similar way to the
previous subcase, we obtain that qudratic system (1) has the form (C)
with asg = byp = 0, and the corresponding minimal polynomial first
integral H(x,y) of degree 4.

Subcase 3. If only the coeflicients of the second and third equations
in (17) are all equal to zero, by interchanging the variables x and y, we
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get system (C) and the corresponding minimal polynomial first integral
of degree 4 as in subcase 2.

Subcase 4. Assume that only the coefficients of the first equation in
(17) are all equal to zero. Then we have that by = 0 and by; = —3agp.
Since ab # 0, it follows that aspape # 0 and ai1 + 3bg2 # 0. By (17) we
get that

a=— @b, a%l + 4aq1bga + 3b82 + 2a90ag2 = 0.
02
By using equations (18), we get that ¢ = kpb and the last two
conditions in (6) hold. Theorem 2 guarantees that quadratic system
(1) is of the form (D) and has the corresponding first integral H(z,y).
By straightforward calculations it is easy to see that the polynomial
first integral is also minimal.

Subcase 5. If only the coefficients of the second, respectively third,
equation in (17) are all equal to zero, then working in a similar way
to the previous subcases, we can also obtain system (C), respectively
system (D), interchanging the variables z and y, and the corresponding
minimal polynomial first integrals H(z,y) of degree 4.

Subcase 6. Finally, we assume that all the coefficients of system (17)
are not equal to zero. Then equations (17) has nonzero solutions if and
only if the second and third conditions in (7) hold. Moreover, we have

_ _ au+3boa,

@02

Substituting a into (18) gives

aoz2(ai0 + bo1)c + [ap2boo — ago(ar1 + 3bo2)]b = 0,
(19) ao2(b11 + 2a20)c + [ap2bio — (bo1 + 2a10)(a11 + 3bo2)]b =0,
ag2(a11 + 2bo2)c + [ap2 (a0 + 2bo1) — ao1(a11 + 3bo2)]b = 0.

If all the coefficients of ¢ in (19) are zero, then we have (since b # 0)

a0 = —bo1, b1 =—2az, a1 =—2bo,

I bo2 b — bo2 ber — bo2
00 = @00 10 = a10— 01 = Gp1—-
ap2 ap2 ap2
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Under these last conditions, the second and third conditions in (7)
reduce to agobga = agabe and asggage = ng. So the vector field
associated to system (1) is of the form [P, (bg2/ap2)P]. By Theorem 1
it has a minimal polynomial first integral bgox — agoy of degree 1.

Assume that the coefficients of ¢ in (19) are not all equal to zero. If
a1 + bo1 # 0, then ¢ = kgb. Substituting c into the last two equations
in (19) yields the last two conditions in (7). Therefore, it follows from
Theorem 2 that quadratic system (1) has the polynomial first integral
(8). Moreover, straightforward calculation shows that the polynomial
first integral (8) is also minimal.

Similarly, if b11 4+ 2a29 # 0, we can prove that when quadratic system
(1) satisfies the conditions in (F), then it has a polynomial first integral
of the form (8) with & satisfying (9). Furthermore, by straightforward
calculations, we can obtain that the corresponding first integral is also
minimal.

When ay; + 2bga # 0, by the symmetry of a and b in (17) and (18)
and interchanging x and y, we obtain that this class is equivalent to
the class (F).

This completes the proof of Theorem D. a

9. Proof of Theorem E. By the assumptions and Proposition 8,
we know that quadratic system (1) has a polynomial first integral of
degree 4 if and only if the linear algebraic equations (14) have a nonzero
solution (I,m,n) and a, b and c satisfy equations (15). We separate the
proof into three cases.

Case 1. ag # 0. Solving the first and second equations in (14) gives

3@1 + bQ (a1 + b2)(3a1 + bg) bl
m=— 172 . -
as ay a2

l.

Substituting m and n into the third equation in (14), we have

(20) l(a1 + bg)[4a2b1 — (a1 + 3b2)(3a1 + bg)] =0.

If { = 0, then m = n = 0. By (10) quadratic system (1) has no
polynomial first integral of degree 4. So [ # 0 and, without loss of
generality, we can assume that [ = 1.
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If a14+bo # 0, then 4ash; —(a14+3b2)(3a1+b2) = 0. As the determinant
of the coefficients with respect to b and ¢ in the second and third
equations of (15) is

2a1 + by as ~ 5(ag + by)? 20
by a; +2ba | 4 ’

equations (15) have a solution (a,b, ¢) as shown in Theorem E(a). By
Proposition 8, quadratic system (1) has a polynomial first integral of
the form (10). By straightforward calculations, we know that under the
conditions of Theorem E(a), quadratic system (1) has no polynomial
first integrals of degree less than 4. So statement (a) in Theorem E
follows.

If a3 + by = 0, equations (15) can be written as

c1b+ coc =0,
(21) a1b + asc + 2¢1l 4+ com = 0,
b1b + bac + c1m + 2con = 0.

When a1by — asby # 0, then we have

20,1 b1 202
m=—-— n—=—— b:—7 Cc = ,

as as’ as as

261

and a an arbitrary constant. Therefore, quadratic system (1) has the
minimal polynomial first integral

H(z,y) = by + 2a13y — asz® + 2c1y — 2co1,

when a1by — agby = —b3 — asby = 0. If by = 0, equations (21) reduce
to ¢ = —(2¢1/az2) and c1[b — (2¢2/a2)] = 0. As ¢; # 0 (otherwise,
P(z,y) =0), we have

2 2
=1, m=n=0, bzﬂ, c:—ﬂ.
as a9

Moreover, under these last conditions, quadratic system (1) has the
minimal polynomial first integral H(z,y) = asz? — 2c1y + 2ca.
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If by # 0, equations (21) reduce to

2 2 2
b:%c—l-i—l-ﬂ, (agcr + bacs) P
be by a a

Since agcy + baca # 0 (otherwise, P and () have a common factor of
degree 2), so we have

2b2 bl 262 201
m=— n=-——, b=— c¢=-—-—.

=1, ,
a2 ag ag a2

Moreover, under these last conditions, quadratic system (1) has the
minimal polynomial first integral

H(z,y) = b3y? + 2asbyxy + asx® — 2a2¢1y + 2a2c02.

Case 2. ag =0, by # 0. Solving equations (14), we obtain

ay + 3by (a1 + bg)(al + 3b2)
=———"n, l= n,
by b%
and
(22) TL(CL1 + bg)(a1 + 3b2)(3a1 + bg) =0.

In what follows, without loss of generality, we can assume that n = 1.
By using conditions (15) and by distinguishing the two cases a; =

—by =0 and a; = —by # 0, we have respectively
262 261
l=m=0, n=1, b=-"", c="=,
m , n s bl c bl
2bs
) m bl 3 3
2b202 2b202 2[)261 262
b = s = 3 — _
a1b1 ai a1b1 aq

Correspondingly, quadratic system (1) has the minimal polynomial first
integrals H(z,y) = biy? + 2c1y — 2cox and H(z,y) = biy? — 2bszy +
2c1y — 2cox, respectively.
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Moreover, under the condition a; = —3bs # 0, respectively, by =
—3a; # 0, from the equations (14) and (15) we can get the values of
I,m,n,a,b and c. It follows that the statement (b), respectively (c),
holds.

Case 3. ap = by = 0. Since ag = by =0orl =m =n = 0,
by (10) quadratic system (1) has no polynomial first integrals of
degree 4. So we know from (14) and (15) that quadratic system (1)
has a polynomial first integral of degree 4 if and only if one of the
following three conditions holds: by = —3a; # 0, a1 = —by # 0 or
a; = —3by # 0. Under the first condition, the statement (d) follows.
Under the second condition, quadratic system (1) has the minimal
polynomial first integral H(x,y) = ajxy — cox + c1y of degree 2. The
third condition is equivalent, by changing the variables (x,y) — (y, )
to the first one. This completes the proof of Theorem E. ]

10. Proof of Theorem F. We will start from the classification
given by Gasull, Liren and Llibre (see Lemma 3) of quadratic systems
(1). In the following we assume that P/Q # constant, and that @ is of
the form given in (11). System (X) is equivalent to the quadratic vector
field a(Q, Q) with a € R, and has a minimal polynomial first integral
of degree 1. Hence, in the following we will prove our conclusions for
systems (I)—(IX). Since the complete proof is very long, in the following
we only give the main idea to prove our theorem. If some reader is
interested in its complete proof, he can find it in the research report
[17].

Lemma 9. Quadratic system (I): & =1+ 2y, y = Q(x,y) with a
minimal polynomial first integral of degree 4, has one of the eight phase
portraits given in Figures 4(1)—4(8).

Proof. By some computations and Theorem D, we get that system
(I) with a minimal polynomial first integral of degree 4 is equivalent to
one of the following two systems:

1 1 1
(Il) T =1+uy, Y= 602 - gcy - nga
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with the minimal polynomial first integral of degree 4

1 1 1 1
(23) H(z,y)=— Ecg’m +cy+ §y2 + Ecny + gacyg.

=1+ 2y,
(I2)

.3 15 3 1
Y= §b11 + 6b81 + ?bOIblll' + bory + ib%ﬁz + by — §y2a

where b1; # 0 and its minimal polynomial first integral of degree 4 is

2
H(x,y) = — 6bpy (1 +4bﬂ)m+4zﬂy— 3(61931 + bj)xz +ay

b1t 11 4
1 5 9 2b_1 3 1 2
o ——b b 3, =27—1 2__b2 4, -,2.2 < 3.
Bby, Y T g ormE g Y g gy Y

For system (I7), the compactified vector field is (— 25 —z1 29, (1/6)c?23 —

(1/6)cz120 — 2122 — (4/3)23) and (—(1/6)c?25 + (1/6)cz2 4+ (1/3) 20, 22 —
(1/6)c?21235 + (1/6)cz122 + (4/3)21) in the local charts U; and Us, re-
spectively. The polynomial first integral can be rewritten as

H(z,y)+ %CQ =(y+o)? [éx@y —o)+ %]

5 1 1
H(z,y) — gCQ = (y - g) {gx(y +e)? + Z(2y + 50)].
From these expressions of the first integral, and by studying the singular
points, we obtain that the phase portrait of system (I;) is topologically
equivalent to Figure 4(1) if ¢ # 0 or to Figure 4(2) if ¢ = 0.

For system (I), the local phase portrait of this system at all singular
points in the Poincaré disc is topologically equivalent to

3

Figure 5(1) if - 1bgl < by <6b3, and b3 > 0;
Figure 5(2) if - %bgl <b;; <603, and by <O0;
Figure 5(3) if by = 6b3, > 0;
Figure 5(4) if by > 6b3;;

3
Figure 5(5) if by = — Zbgl <0;
Figure 5(6) if by < — §b31.

4
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BHHH
DO

FIGURE 5. The local phase portraits at singular points in the Poincaré disc
for some quadratic systems having minimal polynomial first integrals, where
the hyperbolas are vertical isoclines in Figures 5(1)-5(6).

So, by Neumann’s lemma, we can get the global phase portraits given
in Figures 4(3)-4(8). Hence, the lemma follows. o

Lemma 10. Quadratic system (1I). © = xy, ¥y = Q(z,y), with a
minimal polynomial first integral of degree 4, has one of the 22 phase
portraits given in Figures 4(4)—4(25).

Proof. From Theorems D and E we get that system (II) having a
minimal polynomial first integral of degree 4 is equivalent to one of the
following seven systems:

1 1 1
I P = = e~ Zey— —1°
(ITy) =y, §= ey -y
with the minimal polynomial first integral
1 1 1
H _ _ 3 - 2 - 3.
(I1,) (z,y) = — g’z + geay” + zay’;

T =Ty, = boo + b1oT + bagz® — y?,

with the minimal polynomial first integral

(HB) 1 1 1 1
H(z,y)=— 55009'32 - 5510333 - 1520334 + §x2y2;

11/2,

. . 15 3
T = xy, y= 6b31 + 760161133 + bo1y + 51)%1:2 + by — 3
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where b1; # 0 and its minimal polynomial first integral is

b3
H(I, y) = — 24%,1 - 18b(2)1I2 - gb()lbll.fg

2bo1 3 1 2 .
1I 2001 2 22 04 Zo202 L 3
(IL4) + by Ty 3 1T+ zx Y gbllxy

3
‘t:xy7 y:x<1b%x+b2y+62)7

where by # 0, its minimal polynomial first integral is

10 13¢2 5¢2 2 2c
o 2 3. 9% 2 2,2 42 3, %292 2
(z,9) 0 2T T o™ TV T 3T g
(H5) 10ca 4 394, 1 55 4 3
_ V23 9y 2 _ = A
oY T 162" TtV T, TopY
T = zy, ¥y = ylasx — 3y + c2),

with the minimal polynomial first integral

1 1
H(z,y) = —cpx® — —aga® + 23y;
3 4
(IIG) 1
T =y, y=y<a2x—§y+c2),

with the minimal polynomial first integral

16 12¢3 16¢3 8
H(z,y) = - —cdz — i %xy — 3coz® + ﬂny
as 2 as a9
1662 as : 4
1 _16ce o 02 4 5 4 20 o
(ifr) 3a2 Vogr try 3a5" Y * 27a3 v

. . 1
r =2y, y—y<—§y+02)7

with the minimal polynomial first integral

1
H(I7y) = — 90%1’ + gchy — 302$y2 + §Iy3
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For system (II;), it is easy to prove that the global phase portrait
is topologically equivalent to Figure 4(9) if ¢ # 0 or to Figure 4(10) if
c=0.

For system (IIp), without loss of generality, we can assume that
b10 Z 0. The compactiﬁed vector field is (—Zl 22, bOQZ%—Fbl()ZQ —|—bgo—22%)
and (—boozg - blozlzg — bgoz%ZQ + 22, —boozlz% — bloz%ZQ - bgoZ:l)’ + 22’1)
in the local charts U; and Us, respectively.

Case 1. bgg > 0. System (II3) has two finite singular points
O = (0,v/bgo) and R = (0,—+/boo) on the y-axis, which are both
saddles.

Subcase 1. bag > 0 and b3, — 4baobgo > 0. The local phase portrait
at all singular points is given in Figure 5(7). Moreover, by some
computations we get that the global phase portrait is topologically
equivalent to Figure 4(11) if 203, = 9bagboy or to Figure 4(4) if
2b%0 7& 9bo0bog-

Subcase 2. byy > 0 and b1y — 4bogbgg = 0. The unique finite singular
point on the x-axis is a cusp. The global phase portrait is topologically
equivalent to Figure 4(7).

Subcase 3. byg > 0 and byg — 4bygbgy < 0. Then O and R are two
unique finite singular points and the phase portrait is topologically
equivalent to Figure 4(8).

Subcase 4. bsg = 0. Then in U; the unique infinite singular point
(0,0) is nilpotent if bjp # 0 or linearly if b1g = 0. We get that the
topological phase portrait is equivalent to Figure 4(12) if by # 0 or to
Figure 4(9) if b1g = 0.

Subcase 5. bag < 0. System (IIz) has a unique pair of infinite singular
points. The phase portrait is topologically equivalent to Figure 4(13).

Case 2. byg = 0. The unique finite singular point on the z-axis is
degenerate.
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Subcase 1. byg > 0. Since the polynomial first integral can be written

as
P 1 %i0\>  2v?
H = |y2— b =10 =710
(:Evy) 9 |:y 2 20 <£L' + 3b20> + 9b20 9

we can get that the phase portrait is topologically equivalent to Figure
4(5) if by > 0 or to Figure 4(14) if byp = 0.

Subcase 2. bgy = 0. By the polynomial first integral H(z,y) =
22(y? /2 —b1ox/3), we can prove that the phase portrait is topologically
equivalent to Figure 4(15) if b9 > 0 or to Figure 4(10) if ;o = 0.

Subcase 3. byy < 0. If byg > 0, the invariant ellipse y?/2 —
boox?/4 — baoz /3 = 0 is formed by the coincidence of two separatrices
of the nilpotent singular point (0,0) and that no other trajectories pass
through this singular point. We can obtain that the phase portrait is
topologically equivalent to Figure 4(16).

If b9 = 0, by it polynomial first integral it follows that the phase
portrait is topologically equivalent to Figure 4(17).

Case 3. bypg < 0. Then the possible finite singular points are located
on the z-axis.

Subcase 1. byg > 0. We can obtain that the phase portrait is also
topologically equivalent to Figure 4(6).

Subcase 2. If byg > 0, the invariant parabola 2 /2—b1gx/3—bgo/2 = 0
passes through the finite saddle (—bgo/b10,0) and the infinite singular
point in U;. We can get that the phase portrait is topologically
equivalent to Figure 4(18). If by = 0, it is easy to prove that the
phase portrait is topologically equivalent to Figure 4(19).

Subcase 3. bag < 0. Let D = b3, — 4bagbgg. From the properties of
the singular points, we can obtain that the topological phase portrait
is equivalent to Figure 4(20) if D > 0, to Figure 4(21) if D = 0 or to
Figure 4(22) if D < 0.
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For system (II5), we can prove that the phase portrait is topologically
equivalent to Figure 4(11) if b9 > 0 or to Figure 4(14) if b;o = 0.

For system (Ily), by its polynomial first integral H(z,y), we can
obtain that the phase portrait is topologically equivalent to Figure
4(23) if ¢o # 0 or to Figure 4(24) if co = 0.

System (II5) for as # 0 can be transformed into system (I1;) with
by = —2. When ay = 0, we can prove that the phase portrait is
topologically equivalent to Figure 4(25), respectively Figure 4(10), if
co # 0, respectively ¢ = 0.

System (IIg) has the topological phase portrait given in Figure 4(23)
if co # 0 or in Figure 4(24) if ¢ = 0.

System (II7) has the topological phase portrait given in Figure 4(25)
if ¢ # 0 or in Figure 4(10) if ¢ = 0.

Summing up the above arguments, the proof of the lemma is com-
pleted. o

Lemma 11. Quadratic system (111): & = y + 22, y = Q(z,y) with a
minimal polynomial first integral of degree 4, has one of the three phase
portraits given in Figures 4(15), 4(18) and 4(26).

Proof. System (III) with a minimal polynomial first integral of
degree 4 is equivalent to one of the following two forms

(I114) &=y + Y= —cr— Y,

with the minimal first integral
(I1L,)

1 1 1 1
H(z,y) = 502172 + §cy2 + cx’y + gyS + §$2y2;
T=y+ 1’2, 9 = bigbo1 — 2bgl + biox + bory + 4()011'2 —zy,
where bp1 # 0 and, having the minimal first integral,

N (blO — 2b(2)1)2$ _ b%o - 4b31 2 b — 25(2)1 2

H =
(2.y) 2 by ¢ Aboy
3b1g — 4b§1 3 bip— 2(7(2)1 9 1,
3 x Sbos Ty + ny

I 3 4 3 I 59
— —y° —b - )
6b01y 01X~ + 7Y 4b01$ Y
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The phase portrait of system (III;) is topologically equivalent to
Figure 4(26) if ¢ > 0, to Figure 4(15) if ¢ = 0 or Figure 4(18) if ¢ < 0.

For system (IIl), let D = 3b%; — bio > 0. We can prove that the
topological phase portrait is equivalent to Figure 4(15), respectively
4(18) or 4(26), when D = 0, respectively D < 0 or D > 0. This
completes the proof of the lemma. O

Lemma 12. Quadratic system (IV): & = y, y = Q(x,y) has no
minimal polynomaal first integral of degree 4.

Proof. By following the steps in the proof of Theorems D and E, it
is easy to check the statement of the lemma. o

Lemma 13. Quadratic system (V): & = —1+22, y = Q(x,y) with a
minimal polynomial first integral of degree 4, has one of the 3 topological
phase portraits given in Figures 4(1), 4(9) and 4(25).

Proof. From Theorems D and E, system (V) having a minimal
polynomial first integral of degree 4 is topologically equivalent to

(V1) b=—142°  §=—cx—ay,

with the minimal first integral

1 12 1
H(z,y) = —cy+ =c*a® — = + ca’y + —a%y>;
(V2) (#:3) 2 Y 2
i=-1+2a" § = boo + broz + y + bagz® — 3y,

with the minimal first integral

1
H((E,y) = —bgoT — Yy — 5(()10 + boo)x2 — Ty

1 1
- g(bzo + byo)z® + 2%y — 15200134 + 2%y;
i=—1+a" = boo + biox — 2bgoz® — Yy, boo # 0,
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with the minimal first integral

H(z,y) = biox + —bloy — —bgo — b%O % — Ty — —1 y2 — bioz®
’ bo() 2b00 2bOO
(Va) bio » 1 4, .3 I 59
_ Z10 bt = .
boox Y+ 500 +x7y + 2b00$ Yo

i=—1+22 ¥y = (z+ 1)(azz — 3y + ¢2),

with the minimal first integral
1 ) 1 s
H(z,y) = —cor —y — 5(02 —2c9)x” + 3zy + §(2a2 —co)x
1
(Vs) — 322y — Zagx‘l + 23y

1
i:_1+X27 y:($+1)(a2x_§y+02>7

with ag # 0 and the minimal first integral

a 4 A
H(m,y):—z(ac—l)<—y—m—3——2) ;
4 a
(Ve) )
i=—1+a7 y=($+1)(—§y+02>7

with the minimal first integral

H(w.y) = 3 = Dy - 3e2)"

System (V1) has the unique topological phase portrait given in Figure
4(9).

For system (V3), let D = 3bgg + b1g + bap. We can prove that the
global phase portrait is topologically equivalent to Figure 4(9) or 4(1)
if D=0 or D # 0, respectively.

System (V3) with the polynomial first integral rewritten as

H(.’[, y) = [(y + bool’ - blO)z(x2 - 1) + b%o},

2boo
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has the unique topological phase portrait given in Figure 4(9).

For systems (V4)—(Vg) we can obtain that the topological phase
portrait is equivalent to Figure 4(25). This completes the proof of
the lemma. O

Lemma 14. Quadratic system (VI): & =1+ 22, § = Q(x,y) with a
minimal polynomial first integral of degree 4, has a unique topological
phase portrait given in Figure 4(19).

Proof. System (VI) having a minimal polynomial first integral of
degree 4 has one of the following two forms:
(VL) i=14+2% y = —cx — xy,

with a minimal first integral

1 1 1
H(z,y) =cy+ 502372 + 5@/2 +cx’y + 5:621/2;

i=1+2?% = boo + biox + 2bgox® — wy, boo # 0,

(Vp)

with the minimal first integral

bio b+ 05 o L oo
H =-b - =0 -
(#9) = = 00T+ 5508 = " L T T 3y
— bioz® + bﬁmQy — 1b at  ady — szgf
10 boo 5000 b0 :
System (VIy) is equivalent to system (IIy) with by = —1 and

b1o = byp = 0; the phase portrait is topologically equivalent to Figure
4(19).

System (VI) with the polynomial first integral rewritten as

1
H(z,y) = — %[(252 + 1)(b10 + booz — y)* — b3,

also has the topological phase portrait given in Figure 4(19). O
Lemma 15. Quadratic system (VII): & = 22, § = Q(x,y) with

a minimal polynomial first integral of degree 4, has one of the two
topological phase portraits given in Figures 4(10) and 4(27).
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Proof. System (VII) having a minimal polynomial first integral of
degree 4 is equivalent to

(VIIl) T = 1‘2, ¥ = boo + brox + b201‘2 — 3zy,

with a minimal polynomial first integral

1 1 1
H(z,y) = - 51700332 - gbmac3 — Zbgoyc‘1 + 23y;
(VII)

R G )
T =x°, Yy=ux agm—§y+02 R

with ag # 0, and the minimal first integral
(VL)

with the minimal first integral
3 2 2 1 3
H(z,y) = —9cyz + 932y — 3caxy” + 3%y

System (VII;) has the topological phase portrait given in Figure 4(27)
if bop # 0 or in Figure 4(10) if byy = 0.

Systems (VIIz) and (VII3) have the unique topological phase portrait
given in Figure 4(10). O

Lemma 16. Quadratic system (VIII): & = z, § = Q(x,y) with a
minimal polynomial first integral of degree 4, has a unique topological
phase portrait given in Figure 4(28).

Proof. System (VIII) having a minimal polynomial first integral of
degree 4 is topologically equivalent to the following system:

T =, § = boo + bioT — 2y + bagz®,  bag # 0,
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with the minimal polynomial first integral
1 1 1
H(l‘y) = — 5[)001‘2 — §b10x3 + l‘2y - Zb20I4.

Its phase portrait is topologically equivalent to Figure 4(28). O

Lemma 17. Quadratic system (IX): 2 = 1, § = Q(z,y) has no
polynomial first integral of degree 4.

Proof. Following the steps of the proof of Theorem D, it is easy to
verify the argument of the lemma. O

Summarizing the above nine lemmas, we complete the proof of
Theorem F.

11. Proof of Theorem G. We claim that for a polynomial
differential system (1), there cannot coexist infinitely many invariant
straight lines and minimal polynomial first integrals of degree larger
than 1.

Now we prove the claim. If the system has infinitely many invariant
straight lines, then by Darboux theory of integrability (see, for instance,
[13], [9]) the system has a rational first integral. Therefore, from the
work of Poincaré on rational first integrals [21] we know that there
exists a rational first integral f/g = f(z,y)/g(z,y) of the system such
that f — cg with ¢ € R factorizes only for finitely many values of c.
So if there are infinitely many invariant straight lines, the degrees of
the polynomials f and g must be 1. Consequently, all the trajectories
of the system are contained on invariant straight lines. But this is in
contradiction with the fact that the system has a minimal polynomial
first integral of degree larger than 1. In short, the claim is proved.

We now assume that system (1) has finitely many invariant straight
lines. By Theorem A and the claim it follows that the quadratic
functions P and @ of system (1) have no common factors of degree 2.
Otherwise, the quadratic vector field (P, @) has a minimal polynomial
first integral of degree 1 and infinitely many invariant straight lines.

If P and @ have a common factor of degree 1, then the quadratic
vector field (P, Q) has a singular straight line, denoted by A = 0.
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Outside the line A = 0, the quadratic vector field (P, Q) is equivalent,
scaling the variable ¢ to a linear system. By Proposition 3(b) of [4], it
has at most two invariant straight lines. So the result follows.

We now assume that P and @) are relatively prime. Then it is
well known that a quadratic system (1) has at most five invariant
straight lines (for instance, see Corollary 5(a) of [4] or [26]). From
the proof of Proposition 1, we know that deg H > 3. From the
proofs of Theorems C and F, we know that quadratic systems having a
minimal polynomial first integral of degree 3 and 4 have at most three
invariant straight lines. In the following we will use Lemma 3 to prove
that quadratic systems with more than three invariant straight lines
have no polynomial first integrals of degree larger than 4. Since only
systems (IT), (VII) and (VIII) have a unique vertical invariant straight
line, system (V) has two unique vertical invariant straight lines and
system (X) has infinitely many invariant straight lines, without loss of
generality, we need only to study the invariant straight lines of the form
(24) y=kzx+c,

for the first nine systems of Lemma 3. In what follows we prove our
results for the nine systems one by one.

For system (I) the straight line (24) is invariant if and only if the
following condition holds

Q(z,kx + c) = k[1 + z(kx + ¢)].
This condition is verified if and only if the following three conditions
hold:
k = boo + boic + boac?,
(25) blO + buc + (b01 —c+ 2b020)k = 0,
bao + biik + (bo2 — 1)k? = 0.
Substituting k from the first equation of (25) into the second and third
equations of (25) yields

(26)
boobo1 + b1o + (—boo + b1 + 2booboz + bi1)c
+ (=bo1 + 3bo1boz)c? + (—boa + 2b2,)c* =0,
— b3y + b2obo2 + boob11 + bag + (—2boobor + 2b0obo1boz + bo1bi1)c
+ (=b3; — 2booboz + b31bo2 + 2bogb3s + b11bog)c?
+ (=2bo1boz + 2b01b55)¢” + (b3, + bip)e! = 0.
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Therefore, we know from the first equation of (26) that the necessary
conditions for system (I) to have more than three invariant straight
lines are
bo2(2bo2 — 1) =0,  bo1(3bo2 — 1) =0,
biy — boo + 2booboz + b1 =0, boobor + bio = 0,

which are equivalent to one of the following two conditions:

(27) boo =0, bo1 =0, boo=0bi1, bio=0,
1

(28) bo2 = > bor =0, b1 =0, bip=0.

If the condition (27) holds, by the second equation of (26) system (I)
has either infinitely many invariant straight lines if b9 = 0 or none if

bao # 0.

If the condition (28) holds, the second equation of (26) can be written
as
(62 + 2b00)2 = 8b20.

So the necessary and sufficient conditions in order that system (I) has
more than three invariant straight lines are:

1
bi1 =bio =bo1 =0, bo2 = 2 bao >0, boo < —+/2b2o.
Thus the matrix M; in (12), j =2,3,... ,n — 3, is of the form

0 by O 0 - 0 0
i 0 2 0 .- 0 0

1
0 j5j—= 0 3b
J B 20

0 0 j-1 0 0 0
3
Mj=10 o0 0 j-3 (j—3)bso 0
0 (j—2)bao
j—1
O 0 0 0 2+ 1= 0
0 0 0 0 0 142
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Since j—k+1+4(k/2) # 0for k = 2,3, ..., 7, by omitting the first line of
M we get a (j—1)x(j—1) matrix of rank j—1. By recurrence, it follows
that the linear algebraic equations in D; in (12) for j € {2,3,... ,n—1}
only have the zero solution. From Proposition 1 and Theorem 2 we
know that system (I) has no polynomial first integrals of degree larger
than 4. Hence, for system (I), Theorem G follows.

For system (II) in a similar way to the previous proof, the straight
line (24) is invariant if and only if the following three conditions hold:

boo + o1 ¢ + boac® = 0,
(29) b1o + bi1c+ (bo1 — ¢ + 2bgac)k = 0,
boo + biik + (b2 — 1)k? = 0.

If bpo = 1, we can easily prove that equation (29) has at most two
solutions (k,¢). It follows that system (IT) has at most three invariant
straight lines, including the vertical line x = 0.

If bpa # 1. We rearrange the second equation of (29) into
bio + bo1k + (b11 — k + 2bgak)c = 0.

This implies that the necessary conditions for equation (29) to have
more than two solutions (k,¢) are

bio = bo1 = b11 =0, bos = 3

By a similar way to the proof of system (1), it follows that under these
conditions system (IT) has no polynomial first integrals of degree larger
than 4.

For systems (IIT) and (IV) using similar arguments to the previous
two systems, we know that they have at most three and two invariant
straight lines, respectively.

System (V) has invariant straight lines of the form (24) if and only if
the following three conditions hold:

k = —boo — borc — boac?,
(30) blO + bllc + (b01 + 2b02C)]€ = 0,
bgo + (b11 — 1)I€ + b02k2 =0.
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Substituting &k from the first equation of (30) into the other two
equations gives

— b00b01 + b10 + (_b(2)1 — 2b00b02 + bll)c
— 3b01b0202 — 2b2_263 = 0,

— boo + b2gbo2 — boobi1 + bao + (bor + 2booborboz — borbii)c
+ (bog + b2 bo2 + 2bo0b3e — b11bo2)c?
+ 2001 b2,¢ + b3yt = 0.

For bgpos = 0, these two equations give that equation (30) has at
most one solution (k,c). It follows that system (V) has at most three
invariant straight lines, which include two vertical ones.

If b2 # 0, the matrix M; in (12) can be written as

« % 0 . 0 0
2b02 * * e 0 0
0 3bpy ; :
Mj = 0 0 4b02 * 0 )
0 0 0 . (] — 1)b02 *
o 0 0 - 0 bos

where the stars represent the elements which are probably nonzero. In
a similar way as the proof of system (I), we can get that system (V)
has no polynomial first integrals of degree larger than 4.

For system (VI)—(IX), by making use of the same method as that for
dealing with system (V), we can prove the following conclusions:

e Systems (VI) and (IX) have at most one invariant straight line if
bg2 = 0 and no polynomial first integrals of degree larger than 4 if
boz # 0.

e Systems (VII) and (VIII) have at most two invariant straight lines
if bpo = 0 and no polynomial first integrals of degree larger than 4 if
bo2 # 0.

Summing up the above results, Theorem G follows. o
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