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We study in this paper the qualitative classification of isolated singular
points of analytic differential equations in the plane. Two singular points
are said to be qualitatively equivalent if they are topologically equivalent and
furthermore, two orbits start or end in the same direction at one singular point
if and only if the equivalent two orbits start or end in the same direction at the
other singular point. The degree of the leading terms in the Taylor expansion
of a differential equation at a singular point will be called the degree of this
singular point. The qualitative equivalence divides the set of singular points
of degree m into equivalence classes. The main problems studied here are the
characterization of all qualitative equivalence classes and then, to determine
to which class a singular point will belong to. We remark that up to now these
problems have been solved only in the case m = 1 before.

The difficulty for this classification problem is that the number of blowing-
ups necessary for the analysis of a singular point is unbounded (although it is
finite) when this singular point varies in the set of singular points of degree
m. To overcome this difficulty, we associate an oriented tree to the blowing-up
process of any singular point such that each vertex represents some singular
point. Then we prove that: (i) the above unboundedness comes exactly from
the arbitrary length of an equidegree path; and (ii) the local phase portraits of
the starting and the ending singular points in such a path are closely related
by a simple rule which depends on the parity of the length of the path, but not
on the length itself. Thus we obtain a successful method for this classification
which can be applied in principle to the general m-degree case.

As application of our method, we get the precise list of qualitative equiv-
alence classes of singular points of degree 2 (Theorem D). Further, we prove
(Theorem F) that there are finitely many qualitative equivalence classes in the
set of singular points of degree m, and there are a finite set of quantities, which
are computed by a bounded number of operations, such that they determine
to which class a given singular point belongs.
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As a by-product we obtain the topological classification of singular points
of degree 2. A topological equivalence class is determined by the number of
elliptic, hyperbolic and parabolic sectors (denoted by e, h and p respectively) of
the local phase portraits and their arrangement. The precise conditions for the
tripe (e, h,p) have been given by Sagalovich. But this result is not sufficient
for the topological classification problem. In fact, according to Sagalovich’s
theorem, there are 15 possible topological equivalence classes in the set of
all singular points of degree 2; our result (Corollary E) shows that there are
exactly 14 classes.

Key Words: Singular points, blowing-up, local phase portrait

1. INTRODUCTION
1.1. The problem of classifying singular points

Let (P, Q) be a C!' mapping from R? into itself. Instead of giving explicit
solutions of the differential system

Tobey, Yoguy  @yer 1)
the qualitative theory of ordinary differential equations in the plane tries to
provide a qualitative description of the behavior of each orbit (i.e., a planar
curve represented by a solution of system (1)). More exactly, if (z(t), y(t))
is an orbit of (1) with maximal interval of definition («, w), one of the main
objectives is to describe its behavior when t — o and ¢t — w; i.e., the a-
and w-limit sets of this orbit. To this end, it suffices (see, for instance, [13]
or [11]): (i) to describe the local phase portraits of singular points; (ii) to
determine the number and the location of limit cycles; (iii) to determine
the a- and w-limit sets of all separatrices of the differential system. This
paper deals with the first one. First we recall some concepts and basic facts
of the qualitative theory, for some details see, for example, [2, 18].

By definition a point p = (z0,y0) is called a singular point of system
(1) if P(xo,y0) = Q(x0,y0) = 0. Its local phase portrait is a picture which
describes the configuration of the orbits of system (1) in some neighborhood
of this point. As one can see from the pictures in Figure 1, the local phase
portrait of a singular point consists of this singular point and several orbits
around it. As usual the study of the local phase portraits of singular points
can be treated as a classification problem; i.e., we must classify some specific
set of singular points according to some equivalence relation which will be
defined below.

Two singular points p; and py (possibly of different differential systems)
are called C"-equivalent if and only if p; has a neighborhood U; for i = 1,2,
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and there is a homeomorphism V¥ : U; — Us; mapping orbits to orbits, where
U Ul are C", and r € {0,1,2,--- ,00,w} (C¥ means real analytic). The
CP-equivalence is also called the topological equivalence. We say p, and py
are qualitatively equivalent if (i) they are topologically equivalent through
a homeomorphism ¥; and (ii) two orbits are tangent to the same straight
line at py if and only if the corresponding two orbits through ¥ are tangent
to the same straight line at py. If two singular points are equivalent in some
of the sense defined above, we also say that their local phase portraits are
equivalent in the same sense.

Only the qualitative equivalence and the topological equivalence will be
considered in the rest of this paper. Evidently the qualitative equivalence
is strictly finer than the topological equivalence. On the other hand, as it
is shown in Lemma 25, it is strictly coarser than the C'-equivalence.

The qualitative equivalence tells us not only when the local phase por-
traits of two singular points are topologically the same, but the information
on the directions along which orbits enter the singular point. This kind of
information is important in the qualitative analysis of system (1). As an
example, one can find in [10] applications of our results to polynomial fo-
liations in the plane.

Now we specify the set of singular points which we will study. The sin-
gular point p = (z, yo) of system (1) is called analytic and isolated if there
is a neighborhood of (zg, yo) in which P and @ are analytic and system (1)
has no other singular points. This kind of singular points have some good
properties as we will see later. In what follows a singular point means an
analytic and isolated singular point except in the Desingularization Theo-
rem.

To study an arbitrary singular point of system (1), we move it to the
origin. Then we consider the Taylor expansion of P and Q. Thus we
obtain a system of the form

& = Pp(z,y) + Pog1(z,y) + Prga(z,y) +---

5= Qunl.9) + Qs (5,9) + Quusale, ) + -+ 2
where P2 (x,y) + Q2 (z,y) # 0, Pi(x,y) and Q;(x,y) are homogeneous
polynomials of degree i. The integer m is called the degree of the singular
point O = (0,0). This concept provides a natural partition to the set of all
singular points. We consider the set of all singular points of a fixed degree
m. The topological equivalence or qualitative equivalence divides this set
into equivalence classes. The classification problem for degree m is just a
solution to the following two questions:

(A) How to characterize each equivalence class?

(B) Given a singular point of degree m, how to determine its equivalence
class?
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To answer (A) we simply assign a local phase portrait to each equivalence
class. Thus, to obtain all equivalence classes, it suffices to give the precise
list of all topologically or qualitatively different local phase portraits. In
particular, we have two classes which exist if and only if m is odd (see
Lemma 26 for a proof): the class of all centers and the class of all foci.
Their union is just the set of all singular points without any characteristic
orbit. We recall that an orbit is a characteristic orbit of a singular point if
it is tangent to some straight line at this point (for more details see [3, 8]).
The problem of distinguishing between the center class and the focus class
is not easy. Since here we are not interested in this problem, as usual we
will not consider these two classes separately in the rest of this paper, and
take their union as a single class in the above classification problem. This
class is called the center-focus class.

By the Desingularization Theorem (§1.4), we know that the local phase
portrait of any given singular point can be determined by doing finitely
many blowing-ups (recall that we do not distinguish between centers and
foci). So question (B) can always be solved by using the blowing-up
method. From this point of view, no further consideration is needed for
(B). But, in fact, if we look into the case of degree 1, we find that a solution
to the following question is useful:

(B’) How to find a finite set of quantities which will effectively solve (B)
and can be easily computed?

In the 1-degree case, there are 9 quantities which satisfy the requirement
of (B’) (see Theorem A below). The computation of these quantities is
usually easier than doing repeated blowing-ups.

1.2. Background

Until now m = 1 is the only case in which the classification problem
stated above has been completely solved. This result will be summarized
in Theorem A.

Assume that O is a singular point of the following real analytic system

&t =ax+by+ Po(x,y) + Ps(z,y) + -,

3
J = co+dy+ Qa,y) + Qslw,y) + - )

where a, b, c and d are real numbers such that a® +b%+c?+d? # 0, P;(z,y)
and Q;(x,y) are homogeneous polynomials of degree 7. For convenience,
we introduce two analytic functions F(z,y) and G(z,y) defined by

F(l’,y) = PQ(I7y) +P3(I,y) + e 3 G('ray) = QQ(xay) +Q3(:17,y) + e
Let A1 and A2 be the two roots of the equation

N — (a+d)X\ + (ad — be) = 0.
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If exactly one of the roots A\; and Ag is non-zero, then it is easy to see that
with an affine change of coordinates and a rescaling of the time variable (if
necessary), we can write the linear part of system (3) in the form a = b =
¢=0and d =1. Similarly we can take a = c¢=d =0, b =1 in system (3)
if A1 = A2 = 0. In the case \; = A\g # 0, an affine change of coordinates
will reduce the linear part of system (3) into the Jordan canonical form,
ie,c=0,a=d= X = Xa,b=7, where y =0 or 1.

In the case that a = b = ¢ = 0 and d = 1, we can find the solution
y = f1(z) of the equation y+G(x,y) = 0 by the Implicit Function Theorem.
Let

F(z, fi(z)) = ama™ + -+, am #0.

If a =c=d=0and b =1, we have an analytic function y = f(z) such
that fo(z) + F(x, fa(z)) = 0. Suppose that

Gz, folz)) = az®+ -, a#0; d(z)= (g: =+ ?93) (z, fa(z)) = bl

Theorem A states that the above quantities A1, A2, ¥, m, @y, @, a, b, 3 can
successfully determine the qualitative class of the local phase portrait of
system (3) at the singular point =y = 0.

Theorem A. The following statements provide a complete description of
the qualitative equivalence class of the local phase portrait of system (3) at
the origin.

(i) If A1 - Ay # 0, the local phase portrait is determined by A1, A2 and 7.
More precisely, the local phase portrait is qualitatively equivalent to
(a) the saddle of Figure 1(1) if MA2 <0,
(b) the node of Figure 1(2) if A2 > 0 and A1 # Ag,
(c) the starlike node of Figure 1(3) if \1 = Ao #0, v =0,
(d) the node of Figure 1(4) if M1 =X o #0, v #0,

(e) either the center (Figure 1(5)) or the focus (Figure 1(6)) if the
imaginary parts of A1 and Ay are non-zero.

(i) If a =b=c=0 and d = 1, then the local phase portrait is deter-
mined by m and a,,. More concretely, the local phase portrait is qualita-
tively equivalent to

(a) the node of Figure 1(2) if m is odd and a,, > 0,
(b) the saddle of Figure 1(1) if m is odd and a,, <0,
(c) the saddle-node of Figure 1(7) if m is even.
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FIG. 1. The qualitatively different local phase portraits of singular points of
degree 1.

(i) If a = ¢ = d = 0 and b = 1, then the local phase portrait is deter-
mined by a,a,b, 3. More precisely, the local phase portrait is qualitatively
equivalent to

(a) the saddle-node of Figure 1(8) if « is even and o > 203 + 1,

(b) the cusp of Figure 1(9) if «a is even and either a < 23 + 1 or
d(x) =0,

(c) the saddle of Figure 1(10) if o is odd and @ > 0,

(d) the node of Figure 1(4) if a is odd, 3 is even and a < 0, and
further, either a > 23+ 1, or a =23+ 1 and b* + 4a(3+1) > 0,

(e) Figure 1(11) if both a and 3 are odd and a < 0, and, moreover,
either a > 2B+ 1, or a =23+ 1 and b*> +4a(B3+1) > 0,

(e) the center (Figure 1(5)) or the focus (Figure 1(6)) if o is odd and
a < 0, and either o = 23+ 1 and b* +4a(B+1) <0, or a < 28+ 1, or
o(z) =0.
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Theorem A is due to several authors. Part (i) was known to Poincaré;
part (ii) was shown by Bendixson [5]; and part (iii) was proved by Andreev
[1]. For a proof of Theorem A see, for instance, [1, 2, 18].

When the degree m > 1 there are no works devoted to the qualitative
classification problem, but some results are available for the topological
classification. We account for this below.

It is well-known that the local phase portrait of a singular point that is
different from a center or a focus, can be decomposed into a finite union
of elliptic, hyperbolic and parabolic sectors (for precise definition and a
proof see, for example, [2]). And the topological equivalence classes are
characterized by the number of elliptic, hyperbolic and parabolic sectors
(denoted by e, h, p respectively) and the arrangement of these sectors. Thus
in order to give the precise list of topological equivalence classes of degree
m, it suffices to determine which triple of non-negative integers can be
taken as the triple (e, h, p) and which arrangement can be realized for each
of these triples. Although there are no results available for the second part
of this question, the first part has been completely solved.

Theorem B. Assume that (e, h,p) is a triple of non-negative integers such
that e + h + p > 0. Then, there is a singular point of degree m such that
its local phase portrait has e elliptic sectors, h hyperbolic sectors and p
parabolic sectors if and only if

(i) e+h=0 (mod 2);

(ii) e<2m —1 and e+ h < 2m + 2;

(iii) if e # 0, then e + h < 2m;

() if h =2m + 2, then p = 0;

(v) if h=2m, then p < 1;

(vi) ife=1 and h = 2m — 1, then p is even;
(vii) e +sgn(e-h) <p<e+h+1—sgn(e+h).

The “only if” part of this theorem is due to several authors. Condition
(i) was obtained by Bendixson [5]; (ii) and (iii) were proved by Berlinskii
[6, 7]; (iv), (v) and (vi) are Sagalovich’s results [14, 15]; whereas (vii) is
obvious and can be seen from the definition of the number p. The “if” part
was proved in [15].

We remark that Theorem B does not give any information about centers
or foci, i.e., the case e + h + p = 0. But we have the well-known fact that
the center-focus class is non-empty if and only if m is odd (see Lemma 26
for a proof).

By using Theorem B, we can easily get a finite list of pictures for any
given m such that the local phase portrait of a singular point of degree m
is topologically equivalent to one of them. To do this, it suffices to draw all
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FIG. 2. The topologically different local phase portraits of singular points of
degree 2.

possible topologically different local phase portraits for any triple (e, h, p)
satisfying Theorem B. Notice that this list may contain some pictures which
cannot be realized. As an example, we consider the case m = 2.

Corollary C. The local phase portrait of a singular point of degree 2 is
topologically equivalent to one of the pictures in Figure 2.

In Figure 2, all pictures except B(7) and B(8) bijectively correspond to
the triples (e, h,p). Whereas B(7) and B(8) correspond to the same triple
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(e, h,p) = (2,2,4). As we have pointed out, in order to solve the topological
classification problem, we should determine which arrangements can be
realized for any given triple (e, h, p). In our particular case, we know from
Theorem B that at most one picture in Figure 2 cannot be realized, and
that if one picture of Figure 2 cannot be realized, it must be B(7) or B(8).
If we check the proof of Theorem B in [15], then it is easy to find that
B(8) can be realized. So in order to complete the topological classification
of the singular points of degree 2, it is necessary to answer the following
question: Can Figure 2(7) be realised? As far as we know, there were no
results which can answer this question.

1.3. Owur Results

Since the qualitative classification is finer than the topological classi-
fication, we will only study the qualitative classification problem in the
following. As it is explained in §1.1, this problem is divided into two parts,
i.e., the questions (A) and (B’). The answer to the first part is the following
theorem.

Theorem D. The set of all singular points of degree 2 has 65 qualitative
equivalence classes given in Figure 3.

As an easy corollary we get the topological classification of singular points
of degree 2.

Corollary E. The set of singular points of degree 2 has 14 topological
equivalence classes given in Figure 2 except Figure 2(7).

To prove Corollary E it is sufficient to check the pictures in Figure 3.
On the other hand, it is interesting to note that Corollary E strictly shows
that Theorem B is not sufficient for solving the topological classification
problem even in the 2-degree case.

In order to prove Theorem D we develop a method in §3 which can be
applied to obtain the qualitative classification of singular points of any
given degree m. Here only the case m = 2 is treated, because there are too
many computations involved when m increases.

The following theorem answers the second question of the qualitative
classification problem (question (B’) of §1.1). As a motivation we consider
the 1-degree case (Theorem A). There the question is solved by giving 9
quantities (A1, Az, , M, @m,a,a,b, 3), which are obtained by applying to
system (3) a bounded number of operations of the following types: (A)
linear change of variables; (B1) solving a polynomial equation of degree 2;
(C) finding the leading term of the function G(z, f(z)) in which y = f(z)
is the solution of the equation y+ F(x,y) = 0, whearg F and G are analytic

functions without linear part; (D) computing %"'(’Ty for analytic functions

F(z,y) and G(z,y). On the other hand, these 9 quantities are also the
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FIG. 3. The qualitative classification of smgular points of degree 2. Each

picture here represents a qualitative equivalence class such that the local phase
portraits of singular points in this class are qualitatively equivalent to this picture.

results of a series of additions and multiplications of real numbers. For any
given singular point of degree 1, the number of such elementary operations
is finite since any analytic singular point is finitely determined [8], i.e., it is
determined by a finite jet of the vector field at the singular point. However
this number is unbounded.

The situation for the m-degree case is similar. But more types of opera-
tions are needed: (B,,) solving a polynomial equation of degree not higher
than m + 1; (E) moving a singular point to the origin; (F) the blowing-up
transformation (see §2); (G) a special kind of change of variables which is
defined below.



IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

%%%%
TR A

ATty
e
e
TR




Alaaia
-
O H
:\4%%%
MR
>c<>c<>><%<




QUALITATIVE CLASSIFICATION OF SINGULAR POINTS 99

Definition 1. Assume that in system (2), Pm(z,y) = z[ay™ ! + -],
Qm(0,y) = by™, a® +b> # 0. Let

) = Pu(z,y) + Pnyi(z,y) +-- -,
) = Qm(z,y) + Qmi1(z,y) + -
Pi(x;80,61, -+ ,0;—1) = P(x,007 + 612% + -+ 4+ 6;_127),
) = Q(z,007 + 612% + -+ + 0127 + da ) —
[00 + 2012+ - - - —|—j6j,1xj_1 + joat] -
P(z, 80z + 012 + -+ 6,127 4 27 T1),

where j is a positive integer; 6o, 01, -+ ,0;-1,0 are real parameters. Then
the operation of type (G) is applied to system (2) if and only if there exists
a real number dy such that x'=*™ . P%(x;dy,8) and z~*™E(x;dy; ) are
analytic at © = 0 for any 6. If this condition is satisfied, then the operation
of type (G) is an operation with the following two steps: (i) we inductively
find the longest sequence dg,dy, - ,d._1; and (ii) we apply the change of
variables (x,y,t) — (x,u,T) defined by

Y= x"u + dox + dl-TQ + o+ dp_q2”, dr = Jfr(m_l)dt

to system (2), where t is the time variable of system (2), and T is the new
time variable. The induction is described as follows. Assume that we have
found do,dy,--- ,d;j_1, then d; is a real number such that

x(j-‘r?)(l—m)—lpj-‘rQ(x; d07 d17 e 7dja 6)7 x_m(j+2)Ej+1($; dOa dla e 7d]a 6)

are both analytic at + = 0 for all 0. If such a number d; does not exist,
thenr=j.

Lemma 13 will explain how the operation of type (G) appears. Now we
can state the following result.

Theorem F. For any positive integer m the set of singular points of degree
m is divided into finitely many qualitative equivalence classes. Moreover,
there is a finite set of quantities, which can be computed by applying to sys-
tem (2) a bounded number of operations of types (A),(Bm),(C),(D),(E),(F)
and (G), such that they determine the class to which a given singular point
belongs.

No explicit list of the quantities in Theorem F will be given in this paper
in order that this paper is not too long. We remark that there are no
essential difficulties for doing this. The method developed in §3 is sufficient.

As in the 1-degree case there are finitely many additions and multiplica-
tions among real numbers involved in the computation of those quantities
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in Theorem F for a fixed singular point of degree m, since any analytic sin-
gular point is determined by a finite jet of the vector field at this singular
point. Also the number of such elementary operations is unbounded.

1.4. Various Remarks

We first summarize briefly the contents of the following sections.

In §2, we review the concept “blowing-up”. This classical construction
is one of the most powerful tools in the local study of singular points since
according to the following Desingularization Theorem, any fixed isolated
analytic singular point can be successfully analyzed if we ignore the problem
of distinguishing between centers and foci.

Desingularization Theorem. Assume that x =y = 0 is a singular point
of the system

¢:X1($7y)7 y:XQ(mvy)

Then in the following three cases, after applying finitely many blowing-ups
to the above system, we get only singular points with at least one non-zero
etgenvalue. The cases are

(i) (X1, X32) is analytic at x =y =0, (z,y) € R?;

(ii) (X1, X5) is C, (x,y) € R2, and satisfies a Lojasiewicz inequality,
i.e., there exist k,c,d > 0 such that X? + X2 > c(x® +y?)* for 22 +y? < 0;

(iii) (X1, X2) is a formal power series in x and y with coefficients in
some field, e.g., the field C.

The case (i) was due to Bendixson [5]; (ii) was shown by Dumortier [8];
(iil) was proved by Seidenberg [17].

Due to its importance, the blowing-up concept has several treatments in
the literature (see, for instance, [4, 8, 12]), but there are some differences
among them. In fact, sometimes the same thing receives several different
names. In order to fix terminology and make the material of the following
sections readable, it seems necessary to treat it here since it is also the
technical basis of our method.

As we note in §3 the number of blowing-ups necessary for the analy-
sis of singular points of fixed degree m is unbounded. To overcome this
unboundedness, we investigate carefully the blowing-up process of a singu-
lar point in §3. Our analysis shows that the above unboundedness comes
from the arbitrary length of an equidegree path (Lemma 10), whereas this
length is not important since there is a simple relation between the local
phase portrait of the beginning singular point and the local phase portrait
of the ending singular point. Thus we get the right method for solving the
qualitative classification problem. In the end of §3, there is also a proof of
Theorem F.
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In the rest of the sections we prove Theorem D which gives the qualitative
classification of the 2-degree singular points. In §4 we divide our analysis
into seven cases according to the blowing-up process. The following sections
(8§85-9) are devoted to the case-by-case analysis.

At the end of the paper there is an appendix (§10) which contains the
proof of three facts used in the main body of this paper.

Finally there are some remarks about the notations. We denote by P;
and Q; (possibly with some superscript) homogeneous polynomials of de-
gree i in many places. In different places the same symbol may denote
things without any relation. This remark is also applied to lower-case let-
ters (possibly with some subscript or superscript) which denote some real
constants or parameters.

We always use C to denote the derivation of ¢ with respect to a time
variable in a differential equation, where ( stands for a lower-case letter.
But when we apply a change of variables to a system of differential equa-
tions, we often want to change the time variable. In this case, the time
variables need to be mentioned explicitly. In order to simplify the notions
in this case, we make the convention that if we do not say any other thing
explicitly, we always use dr = *dt to denote the change of the time vari-
ables, where dt is the differential of the original time variable ¢, whereas dr
denote the differential of the new time variable 7, and * is some expression.

Usually we use “+- -7 to denote all the higher order terms in a formula.

2. THE BLOWING UP OF A SINGULAR POINT

The concept blowing-up of a singular point is classical. Several treat-
ments (with some differences) of this concept are available in the literature
(e.g. [8,12]). We review it here since it is the basis of our method developed
in §3.

2.1. Blowing up a disc at its center

Blowing up a manifold at a point is a well-known geometric construction
(see, for example, [9]). Shortly speaking, blowing up an n-dimensional
manifold at a point p is just replacing p by the (n—1)-dimensional projective
space. For our later use, we look carefully at the following special case, that
is, blowing up an open disc at the center. Let

U={(z,y) € R?| 2® +y* <12}, U={(z,y) e R 0 < 2®+1? <12},

with 79 > 0. Then the blowing-up of U at O = (0,0) is just the pair
(Uo,7), where Up is an analytic manifold, 7 : Up — U is an analytic
map. Both of them are defined as follows.
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Let

Uy = {(z,y) € U| z # 0} U{[z,y] € PR'| = # 0},
Uy = {(z,y) €Ul y #0}U{[z,y] € PR'| y # 0},

where [z,y] denotes the homogeneous coordinate in the projective line
PR!. The maps 7; : U; — R2, i = 1,2, are defined as

ot T1lprinw, ¢ [1,u] — (0, u);

Tlga, + (@ y) — (z,u),u =
U= Tolprinw, © [V, 1] — (v, 0);

Talgny, © (2,Y) — (v,9)

NGETS

These two pairs (Us, m;), i = 1,2, generate an analytic manifold structure
on the set U UPR!. This manifold is just Up. The map 7 : Up — U is
defined as

Ty =id,  w(PR') = {(0,0)}.

Via 7, U will be taken as an open subset of Up.

The manifold Up can be thought of in a more intuitive way. Consider the
annulus 7 = {(z,y) € R?| 1 < 22 + y? < (1 +r9)?}. We identify antipodal
points on the unit circle {(z,y) € R?| 22 + y? = 1} of T, and denote the
corresponding quotient space by T. There is a bijection QNS : T — Up which
is defined by the map ¢ : T — Up:

(@D, (22 +y? - 1)y) if 2?4y > 1
¢(I,y) - { [X7y] if 22 + y2 =1.

Evidently ¢ and ¢ are continuous maps. Thus we have a unique analytic
structure on 7 such that ¢ is an analytic diffeomorphism. That is, we can
say Up is just T. With this identification, we investigate 7; more carefully.

The y-axis cuts T into two parts: {(z,y) € T| z > 0}, {(z,y) € T| z <
0}. We call them as the right part and the left part respectively. Simi-
larly, we use the z-axis to cut T into the upper part and the lower part.
The composition w1 o ¢ maps the right (left) part of T' onto the right (re-
spectively, left) part of 71 (Uy), i.e., the set m(Uy) N {(z,u) € R?| = > 0}
(respectively, m1(Uy) N {(z,u) € R?| = < 0}); the points of T on a line of
slope ug through O are mapped to the points of 71 (Uy) on the line u = uy.
Similarly, The map 75 0 ¢ maps the upper (lower) part of T' onto the upper
(respectively, lower) part of mo(Uz), i.e., the set mo(Usz) N {(v,y) € R?| y >
0 (respectively, y < 0)}; the points of T on a line of slope % through O
are mapped to the points of mo(Us) on the line v = vg. Notice that if
restricted to one of these four parts, m o ¢ or w9 o ¢ is a homeomorphism.
We also identify the open annulus {(z,y)| 1 < 22 +y? < (1+r¢)?} with U
which has been looked as an common open subset of U and Up. We remark
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that the above correspondence and identification will be important in the
following discussion. Special attention shall be paid to the behavior of the
map 71 o ¢ on the left part of 7" and the map w2 o ¢ on the lower part of T

2.2. The foliation induced by a blowing-up

Now assume that the analytic system (2) is defined on U with O being
its unique singular point in U (and we will keep this assumption till the
end of this section). Since U is the common open subset of U and Up, the
system (4) has defined a flow on an open subset of Up (here we mean by the
word “flow” just a foliation (with singularity) by oriented curves, but we
can make it a flow in the usual sense by rescaling the time variable). The
problem is how to extend it to the whole manifold Up. Certainly, we can
define a vector field on Up by taking its value on PR! to be zero. But for
our purpose, this way is not useful since all points on PR! would be singular
points. In the following, we will show that there is a natural foliation (in
the usual sense, but with singularity) on Up, which is generated by the two
vector fields on the charts (U;,7;), ¢ = 1,2, and coincides with system (2)
if we restrict it to U. To do this, we distinguish two cases: the dicritical
case (D(z,y) = 2Qm(z,y) — yPn(z,y) = 0) and the non-dicritical case
(D(x,y) # 0).

In the dicritical case, we apply the following two changes of variables
Yy = TU, dr = _q;mdt, xr = vy, dr = ymdt
to system (2). We obtain the following two systems respectively:

&= Pu(1,u) + 2Ppi1(1,u) + 22 Pryo(l,u) + - - -,
U= Qm+1(1, U) — qu+1(1,u) + QS‘[Qm+2(1,U) — ’U,Pm_‘_g(l,u)} + - N
(4)
and
y = Qm(vv 1) + me-‘rl(va 1) + ysz-l-Q(Uv 1) +ey

0= Pp+1(v,1) —vQm+1(v,1) + y[Pry2(v,1) — vQmyo(v,1)] + - - - (5)

These two systems induce two foliations on U; and Us respectively. If we
restrict them to U, then they coincide with the one induced by system (2).
Thus we get a foliation globally defined on Up.

In the non-dicritical case, we apply the following two changes of variables

y = zu, dr = x™ dt; r=wy, dr =y™ dt
to system (2). The resulting systems are

T = :er(l,u) +m2Pm+1(17U) +o,
U= D(lvu) +=’E[Qm+1(1,’u) 7’U,Pm+1(1,u)] + .- ;
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and

Yy :me(le) +y2Qm+1(U7 1) +ee (7>

U= —D(’U, 1) + y[Perl(vv 1) - va+1(va 1)] e
By the same reason as in the dicritical case, these two systems determine
a global foliation on Up.

2.3. The flow induced by a blowing-up

Generally speaking, the foliation on Up which we have constructed above
need not be a flow. But there is a flow naturally defined on 7. We show
this below.

To start, we consider the dicritical case. Firstly, since m; o ¢ is a home-
omorphism on the right part and the left part of T, so we get two flows
on these two parts of T from system (4) through the map m o ¢. Similarly
we can obtain two flows on the upper part and the lower part of T from
system (5) through the map m5 o ¢. Our next step is a modification of
the orientations of these flows. This is done according to the time rescal-
ing dr = z™dt or dT = y™dt which we have made when system (2) is
changed into system (4) or (5). For the flows on the right and upper part
of T, the orientations keeps unchanged. For the flows on the left and lower
part of T, the orientations depend on the parity of m : keeping unchanged
if m is even; being reversed if m is odd. Now these four flows will pro-
duce a global flow on T because, if we restrict them to the open annulus
{(z,y)] 1 < 2% +y? < (1+710)?}, each of them coincides with the flow given
by (2) (recall that this open annulus is identified with U).

In the non-dicritical case, the flow on T can be constructed similarly.
Firstly, in each of the four parts of T" there is a flow on it which is determined
by systems (6) and (7). Secondly, we modify the orientation for each of
these four flows. The rule is similar: for the flows on the right and the
upper parts, the orientation keeps unchanged; for the flows on the left
and the lower parts, the orientation is reversed if m — 1 is odd, and keeps
unchanged if m — 1 is even. Finally, by the same reason as in the dicritical
case, we get a global flow on T from these four flows.

Now we can determine when the foliation on Up (= T) is a flow, that
is, finding conditions under which we still get a flow from the flow on T
after identifying the antipodal points on the unit circle of 7. To do this,
it suffices to check the orbits on the unit circle (which is invariant) in the
non-dicritical case and the orbits passing through the unit circle in the
dicritical case. We can see easily that if m is odd in the non-dicritical case
and m is even in the dicritical case, we get a flow on T from the flow on T’
if “even” is interchanged with “odd”, we get only a foliation on T which is
not a flow.
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2.4. Definitions

The construction from the flow on U to the foliation on Uy described in
§2.2 is called a blowing-up. The foliation on Uy is called the blowing-up
of the flow on U defined by system (2) at O, or simply the blowing-up of
the singular point O. But when we blow up a singular point in practice, we
just write down the systems (4) and (5) in the dicritical case, or (6) and
(7) in the non-dicritical case, since these systems determine the foliation
on Up. The corresponding changes of variables are called as the blowing-up
transformations. But for simplicity, we shall call a blowing-up transforma-
tion as a blowing-up. (Here there is an abuse of terminology: a blowing-up
may stand for a particular kind of changes of variables; it may also denote
the construction in §2.2. The authors apologize for this and hope that no
confusion will appear.) The phase portrait of the flow on T is called the
phase portrait of O on the unit circle, from which we get the local phase
portrait of system (2) in a neighborhood of O just by contracting the unit
circle to O. The polynomial D(x,y) will be called the characteristic poly-
nomial of the singular point O of system (2). A characteristic direction of
the singular point O of system (2) is just a ray starting at O and satisfying
D(z,y) =0.

The blowing-up defined here is called o-process in Russian literature (e.g.
[3, 4]), and directional blowing-up by Dumortier [8].

2.5. Singular points after a blowing-up

Notice that if D(z,y) = 0, there is a homogeneous polynomial f(x,y) of
degree m — 1 such that

Pm(ﬂﬁ,y) :xf(a:,y), Qm(‘r?y) ny(x,y)- (8>

Let S be the set of singular points of the foliation on Uy obtained by
applying a blowing-up to system (2). Recall that O is the unique singular
point of system (2) in U. We have the following lemma.

LEMMA 1. The following statements hold.

(i)Assume D(x,y) Z 0. Then S = {[x,y] € PR'| D(x,y) = 0}. Further-
more for any point py = [To, yo] € S, the degree of py is not larger than the
multiplicity of the linear factor yox — xoy in the factorization of D(z,y).

(ii)Assume D(x,y) = 0, and the polynomial f(x,y) is defined by (8).
Then

S ={[z,y] € PR'| f(z,y) =0 and 2Qm11(2,y) — yPrmy1(z,y) = 0}.

Moreover the degree of the point py = [xo,y0] € S is not larger than the
multiplicity of yox — xoy in the greatest common factor of f(x,y) and

TQm+1(7,y) — yPry1(z,y).
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Proof. Tt is clear that S C PR! because we have assumed that O is
the unique singular point of system (2) in U. Therefore the points in S
correspond to the singular points of system (4) or (6) on the u-axis, and to
the singular points of system (5) or (7) on the v-axis. Thus the statements
of Lemma 1 are obtained by directly checking these four systems. |

Since O is the unique singular point of system (2) in U, all the singular
points of the flow on T are on the unit circle. We know that each singular
point [xg,yo] of the foliation on Up corresponds to a pair of antipodal
singular points (i.e., (2o, o) and (—xq, —yo) with 22 + y2 = 1) of the flow
on T. Furthermore, if 2o > 0 and 23492 = 1, then the local phase portrait
of (zg,yo) is the same as the right part of the local phase portrait of the
singular point z = u — g—z = 0 divided by the w-axis (more exactly, these
two phase portraits are analytically equivalent via the map 7 0 ¢); and the
local phase portrait of (—zg, —yo) is obtained by the map m; o ¢ from the
left part of the local phase portrait of the singular point z = u — z—g =
and a suitable choice of orientation of orbits (i.e., reversing when m — 1 is
odd in the non-dicritical case and m is odd in the dicritical case; keeping
unchanged in all other cases). In the case yo > 0 and 2% +y2 = 1, the local
phase portraits of (zg,y0) and (—zo, —yo) are obtained similarly from the
local phase portrait of the singular point y = v — I—g =0 via m 0 ¢.

The local phase portrait of a singular point of the flow on T is different
from the usual one. It is just one half of the local phase portrait of a
usual singular point. In the following sense, we say a singular point of
the flow on T is a saddle, or a node, or a saddle-node if its local phase
portrait is composed by two hyperbolic sectors, or one parabolic sector, or

one hyperbolic sector and one parabolic sector respectively.

2.6. The blowing-up technique

Since we are interested only in the local phase portrait at the singular
point = y = 0 of system (2), the positive number ry can be chosen so
small that the foliation on Up and the flow on T are all determined by
the local phase portrait of its singular points. In the above description, we
have shown that if we know the local phase portraits of the singular points
of system (4) or (6) on w-axis and those of the singular points of system
(5) or (7) on v-axis, then the phase portrait of the flow on T' can also be
obtained according to the rule described above. By contracting the unit
circle to the point £ = y = 0, we obtain the local phase portrait of system
(2) at = y = 0. Hence instead of studying the singular point O, we study
the singular points of system (4) or (6) on w-axis and the singular points
of system (5) or (7) on v-axis, or equivalently, we study the singular points
obtained by applying a blowing-up to O. Generally speaking, the later
ones are simpler than the original singular point. Thus it is reasonable to
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use repeated blowing-ups for the qualitative analysis of a singular point.
Actually this is a successful way. We explain this in the rest of this section.

We first divide the set of all singular points (recall that they are assumed
to be analytic and isolated) into two classes according to certain conditions
which will be specified below. One of these two classes contains all simple
singular points to which we shall not apply blowing-ups. Singular points
in the other class will be the complex ones, and blowing-ups will be needed
in order to analyze them.

Now consider the singular point O of system (2). After applying a
blowing-up to it, we get a foliation on Up. The manifold Up is more
complex than U. But the foliation is simpler in the sense that the singular
points on Up will be simpler than the original one. Assume that these
singular points are pi,p?,---,pj'. Among these singular points, some are
simple singular points, the others are complex. Assume that p{, 1 <3 <1y,
are all the complex ones. Now we apply a blowing-up to each singular point
p], 1 < j <. After this, the manifold Up is changed to be a more com-
plicated manifold (it is obtained from Ug by replacing ¢; distinct points
with ¢; projective lines). The original foliation is changed into a foliation
on this manifold. The singular points p], 1 < j < t;, do not exist. They
are changed into a new set of singular points, say, p,p3,--- ,p52. Among
them, some are simple, and the others, say, pi,p3,- - ,pgg, are complex.
We apply a blowing-up to each of these tp singular points p3,p3,--- , p5?.
Repeating this process, the manifold is changed to be more and more com-
plicated; the foliation on it will be simpler and simpler. At last, when the
foliation contains only simple singular points, this process is stopped. We
call the whole process described above as the blowing-up process associated
to the singular point O.

In order that the blowing-up process is useful, we must make a proper
choice of the class of simple singular points such that they are really sim-
ple and, furthermore, the blowing-up process is finite, i.e. containing only
finitely many blowing-ups. This is provided by the Desingularization The-
orem, which says the blowing-up process associated to any given singular
point is finite if we choose the class of simple singular points as singular
points with at least one non-zero eigenvalue. By Theorem A, we know any
singular point with at least one non-zero eigenvalue can be successfully an-
alyzed. As a corollary, any given singular point can be analyzed by a finite
blowing-up process (if we do not distinguish between a center and a focus).

In our following discussion the class of simple singular points is taken as
the set of all singular points of degree one plus those singular points from
which we will get no singular points when we apply a single blowing-up
to them. Once again the blowing-up process for a given singular point is
finite. The simple singular points in a blowing-up process are called the
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terminals of the blowing-up process since the blowing-up process will stop
at them.

3. THE BLOWING-UP PROCESS OF A SINGULAR POINT

We have seen in the last section that it suffices to apply repeated blowing-
ups in order to get the local phase portrait of a given isolated analytic
singular point. But if one wants to classify topologically or qualitatively all
singular points of degree m, it is not sufficient to apply repeated blowing-
ups to the general system (2) of singular points of degree m since the
number of blowing-ups necessary for the analysis of an m-degree singular
point is unbounded (although finite). This can be seen in the following
example.

EXAMPLE 2. The system @ = y™, 1 = ¥ k=1 needs k blowing-ups for

any k > 1, m > 1. These blowing-ups are y = xug, drg = ™ 'dt and
Uy = TUj—1, dry = 2"dTi—1 for 1 <i <k —1, where1;, 0<j < k-1, are
time variables, and t is the time variable of the original system.

In spite of this example the blowing-up method is still the successful way
to obtain the qualitative classification of all m-degree singular points. But
we must go further and study the blowing-up process associated to each
singular point, as we will do in this section.

We first show that the blowing-up process of a given singular point cor-
responds naturally to an oriented tree as was observed in [16]. This tree
grows at the given singular point (the initial vertex) where our blowing-up
process starts. We often call it the starting singular point. All other vertices
of this tree are just all the singular points obtained during the blowing-up
process. The edges of this oriented tree are some arrows. Assume that A
and B are two vertices. Then there is an arrow from A to B if and only if
B is one of the singular points obtained by applying just one blowing-up
to A. In this case, B is called a successor of A; whereas A is called the
predecessor of B. As in the last section, we take the set of terminals as
the set of all singular points of degree one plus those singular points from
which we will get no singular points when we apply blowing-ups to them.
In this way, we have defined an oriented tree, which, in the following, will
be called the blowing-up tree of our starting singular point. We know that
this tree is finite by the Desingularization Theorem in §1.4.

Since our tree is oriented, there is a natural partial ordering on the set of
vertices. The terminologies “predecessor” and “successor” just come from
this ordering. We are also interested in some oriented subgraphs of this
tree, which are formed by a subset of vertices and a subset of edges such
that (i) this subgraph is connected; (ii) any two vertices joined by an edge
from the edge set of this subgraph must belong to the set of vertices of this
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subgraph. A subgraph is called a path if the set of vertices of this subgraph
is a totally-ordered subset. A path is called complete if it is maximal,
i.e., it cannot be extended. The length of a path is just the number of
vertices in this path. An oriented subgraph is called an oriented subtree
if any nonterminal vertex in this subgraph is followed by the same set of
successors as in the original tree. Notice that the terminals of an oriented
subgraph need not be the terminals of the original blowing-up tree. Since
all our trees, subtrees, subgraphs are oriented, sometimes we will omit the
word “oriented” for simplicity.
In the following we shall show some properties of a blowing-up tree.

LEMMA 3. The following statements hold.

(i)If BY,B? ... B°% are successors of a wverter A, then
i deg(B") < deg(A)+1. Here deg(C) denotes the degree of the singular
point C'.

(i) For any path By — B — Bs, if deg(Bs) < deg(Bs), then deg(By) >
deg(Bs).

(iii)If the starting singular point is of degree m, then all the singular
points in its blowing-up tree are of degrees smaller than m + 2.

Proof. (i) This follows immediately from Lemma 1.

(ii) Without loss of generality, we assume that Bj is the singular point
x =y =0 of system (2). If the statement (ii) is not true, then deg(Bs) >
deg(B1) = m. Hence, by Lemma 1 there is a linear factor which is of degree
at least m in the factorization of D(z,y) = 2Qm(z,y) — yPn(z,y), i.e., we
have the following factorization

D(z,y) = 2Qum(x,y) — yPm(z,y) = (c1y + d12)" (c2y + d2),

where (¢ + d?) - (c3 + d3) # 0. Again without loss of generality, we can
assume ¢; = 1,d; = 0. Now apply the change of variables y = zu, dr =
2™~ 1dt to system (2). Then By is just the singular point x = u = 0 of the
following system

i =aPn(1,u) + 2? P (Lu) +---

i =u"(cou+dz) + z[Qm+1(1,u) — uPpi1(L,u)] + - ©)

If deg(Bs) = m + 1, then do = 0,¢0 # 0, P (1,u) = —cou™, and the

characteristic polynomial of By is z[2cou™! + --.], where “---” denotes

the terms containing the factor x. So, by Lemma 1, we cannot get a

singular point whose degree is larger than m + 1 = deg(Bs) when we apply
a blowing-up to Bs. This contradicts the assumption of (ii).
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If deg(B2) = m and deg(B3) > m+1, then the characteristic polynomial
of By must be not identically zero and of degree m + 1. In fact, it is clear
from system (9) that x is its factor; since deg(B3) > m+ 1, this polynomial
can be written as cgz™*! according to Lemma 1. But when we apply the
change of variables z = uv, dr = u™ ldt to system (9), we get only one
singular point whose degree is at most 2 because the term u™(cou + d2)
in system (9) will be changed into a non-zero 2-degree polynomial in the
new system. Since deg(Bs) < deg(Bs) by assumption, we get deg(Bs) < 2.
But Bs is not a terminal. Thus we get a contradiction, and the statement
(ii) is proved.

(iii) Let A; be the starting singular point. Suppose A7 — Ay —

- — Ay, is an arbitrary path. By assumption, deg(A4;) = m. To prove
(i), it is sufficient to show that deg(A;) < m + 1 for any ¢ < k. This is
proved in the following by induction on the degree m of the starting singular
point and the length k of the path. Notice that if & = 2, this statement
follows easily from (i). Thus it suffices to prove the case m = mg and
k = ko > 2 under the hypothesis that this statement is true if m < mg, or
m = mg but k < kg.

From (i), we know deg(Az) < mg + 1. If deg(A2) < myg, then take
Ay as the starting singular point, our assertion follows from the inductive
hypothesis. Hence we need only to consider the case deg(As) = mo+1. By
(ii), we know deg(As) < deg(Az2) = mo+1. Repeating the above argument,
it suffices to consider the case deg(As) = mo+1. Repeating this reasoning,
we know our assertion is true since kg is a fixed integer. |

Now we consider a fixed complete path A; — Ay — -+ — Ai. By
definition, A; is the starting singular point, Ay is a terminal. In this path,
a subpath

A — Ay — - — Ay (10)
such that
deg(A;) = deg(Ajt1) = -+ = deg(Ai+r) (11)
is important as we will show in the rest of this section.

LEMMA 4. Consider the path (10) which satisfies (11). Assume A;_1 is
the predecessor of A;, and deg(A;) > deg(Ai_1). Then there exist r saddles
B;,1 <7 <r, such that

it /P2 /B
Aig — A — Ai+1 e — Ai+r71 — AiJrr

is a subtree. Moreover, the local phase portrait of A;_1 is determined by
the local phase portrait of A;1, and the parity of r.
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Proof. Assume that A;_; is the singular point x = y = 0 of system
(2). From the hypothesis and Lemma 3, we have deg( i) =m+1=
deg(A;—1) + 1. By Lemma 1, it follows that

D(z,y) = 2Qum(z,y) — yPu(z,y) = co(cy + dx)™ !

for some real constants cg, ¢ and d such that co # 0, c? + d? # 0. Without
loss of generality, we can assume d = 0,cq - ¢! = —1, that is, D(z,y) =

y™*+1. This implies P,,(0,y) = y™. Now we apply the following change of
Varlables y = zuy, dry = 2™ 1dt to system (2). Then we get

i =aPW(x,up) —l—xP(l) 1(z,uy) + 2PV (T ur) e

(12)
i = =+ 2QW (0, w) + 2QN ) (2, w) + 0 Qo un) + -

where Pl(l)(z,m) and Ql(l)(x,ul) are homogeneous polynomials of degree
I, and Pé})(o,ul) = u}". The singular point x = u; = 0 is A4;, which is the
unique successor of A; 1. Since A;;1 is a singular point of degree m + 1,
the characteristic polynomial of A; must be

—ule,(nl)(x, up) + x[—uTH + foﬁL)(x, uy)] = —2x(uy — clzzc)m'*'1

according to Lemma 1, where ¢; is some real constant. Hence A; has two
successors which are obtained by applying the following two changes of
variables

uy = xug + c1x, dre = x"dry; x = vuy, dry =ul'dn
to system (12). The resulting systems are

i = xP? (z,up) + zP?) it (T, uz) + 2P| lQ(m ug) + -+,

dy = —2ul "+ 2QP) (w, u2) + 2QE) (2, u2) + 2QUh o (w,uz) +
and

ulz—u1+..., 1.):2’1)—’—...’

where, as before, Pl(Q) (z,u2) and Ql@)(x, ug) are homogeneous polynomial
of degree I. From these two systems, we know that A;.; is the singular
point = uy = 0, the singular point v = u; = 0 (denoted by Bj) is a
saddle. Repeating this process, we will find by induction on j that, for any
j <, A;y; is the singular point = u 41 = 0 of the system

& = 2P (2, u541) +$P(j+1)($ Ujy1) + P’r(rzi_Q)(‘r Ujpr) + e

Uiy = —( + Duih? +2QU T (z,uj41) +$Qm+1 (T, ujp1) + -0
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and Bj; is the singular point v = u; = 0 of the system
Uj = —juj+---, v=0G+Dv+---.

Moreover the singular points A;y; and B; are obtained from A;i;_; by
applying the following two changes of variables

Uj = TUj41 + ¢, dTj41 = " dTy; T =vuy, drjp, = uj'dr;

to the system for A;;;_1 respectively. Here 7;4; and TJ/- 41 are the time
variables of the systems for A;;; and Bj, c; is some real constant such
that the characteristic polynomial of A;;;_ is

—uj - 2P (@, u5) + 2[—jul T+ 2QF) (2, 45)] = = (F + Da(u; — ¢ja)™

This factorization follows from Lemma 1 and the fact deg(Ait;) = m + 1,
as we have seen in the case j = 1.

Obviously Bj is a saddle. Since deg(A;4;—1)+1 = deg(A;;) +deg(B,),
A, 1; and Bj are the only two successors of A;;;_1 by Lemma 3(i). Hence,
by definition, the subgraph in Lemma 4 is a subtree.

To prove the second part, we first see how to get the local portrait of
A1 from that of A;4,. Let us draw the local phase portrait of A;y, 1
on the unit circle (see §2.4). We know that there are four singular points
on the unit circle; that is, the top and the bottom (i.e., (z,u,) = (0,1) and

(x,u,) = (0,—1) respectively), plus (z,u,) = \/%(1,@) and (x,u,) =
C’V‘
=L_(1,¢,). The first two correspond to the saddle B,. The last two cor-

respond to A;4,. According to the rule of §2.3, the local phase portrait of
the top is the same as the upper part of the local phase portrait of B, (i.e.,
the part in the region u,+1 > 0). The local phase portrait of the point

Cr

1 .. . . ]
(7\/@, m) is just the right part of the local phase portrait of A,

(i.e., the part in the region = > 0). The local phase portraits at the bottom
and at (— \/11?2, — \/16373) come from the lower part of B, and the left
part of A;4, respectively. The rule is described in §2.3. Now we contract
the unit circle to the point x = u,, = 0. Since the top and the bottom
are two saddles, we find that the right part of A;;,_; and the right part
of A;, are the same; if we reflect the left part of the local phase portrait
of A;;, across the z-axis, then the resulting picture is just the left part of
the local phase portrait of A;;,_1 if m is even; if, furthermore, we reverse
the orientation of orbits, then the resulting picture is just the left part of
A;ir—1 in the case that m is odd. Now our conclusion is easily obtained
by repeating this process. More explicitly, we have the following rule:

(i) The local phase portrait of A,_; on the unit circle has only two
singular points, one is on the right semi-circle, the other is on the left
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semi-circle. The right one has the same phase portrait as the right part of
Aigr.

(ii) If (r +1)m — 1 is even, then the local phase portrait of the singular
point on the left semi-circle is obtained from the left part of the local phase
portrait of A;;, by r + 1 reflections across the z-axis.

(iii) If (r + 1)m — 1 is odd, then the local phase portrait of the singular
point on the left semi-circle is obtained from the left part of the local phase
portrait of A4, by r+ 1 reflections across the z-axis and a reversing of the
orientation of orbits.

Obviously this rule implies the second part of Lemma 4. The proof is
finished. |

LEMMA 5. In the path (10) we assume that A; is the singular point

r =1y = 0 of system (2) with Pp(x,y) = z[ay™ ' + -], Qm(0,y) =
by™, a®+b* # 0, and deg(A;) = m fori < j <i-+r, where “---” denotes
the terms containing the factor x. Then there exist By, Ba, -+, By such

that deg(B;) =1 for all 1 < j < r, and among them, there is at most one
anti-saddle, the others are saddles. Furthermore the following subgraph

B1 B2 Br
A — Aip1 — - — Aipr1 — Aigr
is a subtree. Moreover, the local phase portrait of A; is determined by the

local phase portrait of A;y., the parity of r and the values of a and b.

Remark 6. If a = 1,b = —1, Lemma 5 is just the case considered in
Lemma 4.

Proof. The proof is similar to the one of Lemma 4. Firstly we can in-
ductively find all the systems for A;,; and B;. For any 0 < j <, A;4; is
just the singular point = u; = 0 of the system

i = 2P (x,u5) + PP (x,u5) + 2 PY) (2,u5) + -

m

iy = (b— ja)yu + 2QY) | (x,uj) +2QY (x,uj) + 2QY),  (w,uy) + -,

(13)
where PI(J ) and QZ(J ) are homogeneous polynomials of degree [, Psf)_l (0,u;) =
au;n*l; and B; is the singular point v = u;_; = 0 of the system

i1 =0b—0G—-Dauj1+--,  o=(Ga—bv+--, (14

where we identify uy = y. We obtain A4, ; and B; by applying the following
two changes of variables

— _ ,.m—1 . — /1 . m—1
Uj—1 —iL"U,j-Fdj,l.’E, de =T d’ijl, T =vUj_1, dr; =u’;

j -1 de,1
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to the system for A;;;_1 respectively, where 7; is the time variable of

system (13), 7 is the time variable of system (14), and d;_; is a real

constant such that the characteristic polynomial of A;;_; is

—ujoy - wPYT (@ uim) Fa(b— (5 - Da)uly + Q7Y (x,uj-1))]
= .Z'(b — ja)(uj,l — dj,1$)7”

when j > 1; if j = 1, then dj is the real constant such that
Qm(2,y) — yPm(z,y) = bx(y — dox)™ = bx(uo — dox)™.

The claims in the last paragraph are proved by induction. Since all A;;
have the same form, it suffices to look at A; and see what will happen after
applying a blowing-up to it.

Since deg(A;+1) = m, by Lemma 1, the characteristic polynomial

D(z,y) = 2Qm(x,y) — yPm(z,y) = x[(b —a)y™ + - - -]

has a factor (az + By)™ with o + 3% # 0 if » > 1 in the path (10). There
are two possibilities: (i) b —a # 0 and D(z,y) = (b — a)x(y — doz)™; (ii)
b—a = 0, and consequently D(z,y) = 2™ (dx — vy). In the first case, we
get A;+1 and By by the above-mentioned two changes of variables. In the
second case, b = a # 0, and one can show by easy calculation that all the
successors of A; are singular points of degree 1. This is a contradiction.
Therefore in the case j = 1, the singular points A;;; and B; are described
by systems (13) and (14) respectively. Consequently this is true for general
j by induction on j.

As proved in the last paragraph for the case j = 1, we have b— ja # 0 for
j =1,2,...,r. Now the following conclusion for B; follows directly from
system (14):

(i) If b= 0, then a # 0, Ba,---, B, are all saddles, and B is a singular
point of degree 1. It can be a saddle, a node, or a saddle-node.

(ii) If b > 0, then Bj is a node if a € (%, jfl) for j > 1, and a € (b, +00)

for j = 1. Otherwise B; is a saddle. So if b > 0, then B; is the unique node
if and only if a > % and a # % fori=1,---,r.Ifa < %, then all B; are
saddles.

(iii) If b < 0, then B, is anode if a € (j%l, 3) for j > 1,and a € (—o0,b)
for j = 1. Otherwise B; is a saddle. So if b < 0, then B; is the unique node
if and only if a < & and a # % for [ = 1,--- ,7. If a > 2, then all B; are

saddles.

From these facts, we know that the subgraph in Lemma 5 is a subtree.
And the first part is proved.
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Using the proof of Lemma 4, we know that the second part of Lemma
5 is true in the cases that b = 0, or that all B; are saddles. So we need
only to consider the case that there is a unique node B;. We know that
the others are saddles.

Assume that Bj, is a node. The local phase portrait of A;;;, can be
obtained as follows. The right part (in the region = > 0) is the same as the
right part of the local phase portrait of A;, (in the region x > 0); the left
part is obtained from the same part of the local phase portrait of A;1, by
making r — jo changes of the following type: reflection across the x-axis if
m — 1 is even; the above reflection and reversing the orientation of orbits
if m — 1 is odd. Now we consider the local phase portrait of A;;;,—1 on
the unit circle. The top and the bottom are two nodes. On the right semi-
circle, there is a unique singular point whose phase portrait is the same
as the right part of A;1;,. On the left semi-circle, there is still a unique
singular point whose phase portrait is obtained from the left part of the
phase portrait of A;;, by the above change (i.e. the reflection across the
z-axis and the modification of the orientation of orbits). Now we make a
modification of this local phase portrait like the following. The singular
points on the left and right semi-circles keep unchanged, but the top and
the bottom are changed to be two saddles, and on each side of them we add
a node. The orientation of orbits near these saddles and nodes is chosen
so that we still get a flow. Note that after and before this modification,
the local phase portraits which we get by contracting the unit circle to a
point are topologically the same. So in the following, we use this modified
phase portrait on the unit circle to obtain the local phase portraits of
Aivjo—2, -, Aix1 and A;. According to the rule described in §2, we know
that the local phase portrait of A;;;,—2 on the unit circle is obtained from
that of A;;j,—1 by a certain change. Since Bj,_; is a saddle, the saddles
and nodes will keep unchanged, the other two singular points are changed
in the same way as in the case that all B; are saddles. Repeating this
process, we can obtain the local phase portrait of A; directly from that of
At The rule is described as follows:

(i) If b = 0, the local phase portrait of A; on the unit circle has four
singular points. The top and the bottom correspond to B; which can be
a saddle, a node or a saddle-node. On the right semi-circle, there is a
unique singular point whose phase portrait is the same as the right part of
A, On the left semi-circle, the local phase portrait of the unique singular
point is obtained from the left part of A;;, by r reflections across z-axis if
r(m — 1) is even, and by the above reflections and reversing orientation of
orbits if 7(m — 1) is odd.

(ii) If all B; are saddles, then the local phase portrait of A; on the unit
circle is the same as the case that b = 0 and B is saddle.
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(iii) If b # 0, and a unique Bj, is a node, then the local phase portrait of
A; comes from the following flow on T'. On the unit circle of T there are 8
singular points. The top and the bottom are two saddles. On each side of
them, there is a node. The remaining two singular points which are on the
right and left semi-circles are obtained from A, in the same way as in (i).
If jo = 1, we accumulate the saddle at the top and the two nodes around it
into one singular point located at the top, and do the same at the bottom.
Then we get a node at the top as well as at the bottom. The phase portrait
of the resulting flow is just the local phase portrait of A; on the unit circle.
If jo > 1, we accumulate all singular points on the right (or left) semi-circle

at the point ( 11+d%7 \/fj-idf) (respectively, (—\/ﬁ, _\/ﬁTf))' Then the

phase portrait of the resulting flow is just the local phase portrait of A; on
the unit circle.

Certainly this rule implies the second part of Lemma 5. The proof is
finished. |

DEFINITION 7. A path A; — A;11 — --- — A4, is called an equide-
gree path if deg(A;) = deg(Aiy1) = -+ = deg(A;i+r). It is called mazimal if
the degrees of all the predecessors of A; and all the successors of A;, are
different from deg(A;1,).

Assume that A; — A;41 — -+ — A;4, is a maximal equidegree
path such that deg(A;) = m and A; is described by system (2) with

Pm(IC,y) = agy™ + awymﬂ + o Fama™,
Qm(x,y) = boy™ + biwy™ L+ - + b a™.

We suppose 7 > 1 in the following. Since deg(A;y1) = deg(A4;), so, by
Lemma 1, the characteristic polynomial D(z,y) = 2Qm(z,y) — yPm(z,y)
has the following factorization

D(z,y) = (12 + d1y)™ (az + By),

where (c2 +d?) - (a?+3%) # 0. In the following we discuss when this occurs.
We have the following 3 cases:

(i) ap = 0, a? + b # 0. This is the case studied in Lemma 5.

(ii) ap = a1 = by = 0. Then d; = 0. Without loss of generality, we
can take ¢; = 1. Applying the change of variables x = yv,dr = y™ 'dt to
system (2), we have

Y= me('U, 1) + y2Qm+1(v7 1) +oe

0 =—D(v,1) + y[Prnt1(v,1) = vQpy1(v,1)] + - - (15)
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Since deg(A;1+1) = m, A,;+1 must be the singular point y = v = 0. In order
that this singular point is of degree m, we must have

bp=bi=-=bp2=0, ap=a1=--=ay,_1=0.
Hence
D(v,1) = by o™ ™ 4 (b1 — )™, Qum(v,1) = bypv™ + by 0™ L

Since D(x,y) # 0, there are 2 cases which allow that deg(A;y1) = m :
(1) b2, _; + a2, # 0; (2) am = bm—1 = 0 but b,, # 0. In the first case,
the path A;1; — -+ — A;4, is the one considered in Lemma 5. In
the second case, it follows from system (15) that y? is a factor of the
characteristic polynomial of the singular point y = v = 0. So, by Lemma
1, if one of the successors of the singular point y = v = 0 is of degree larger
than m — 1, this polynomial must have the following factorization

Y™ (60 +y).

To see what happens to this factorization, we apply the change of variables:
y = vy, dr = v"™ 1dt to system (15). The system we obtain has the
following form

0= vy Pm_1(1,y1) + v2[7bm +--1],

U1 =" (0 +vy1) + vy [2bn + -], 16)
where yP,,_1(v,y) is the m-degree part of © in system (15). By Lemma
1, we know v = y; = 0 in system (16) is the singular point corresponding
to the factor y™ of the characteristic polynomial of y = v = 0. But, since
b, # 0, this singular point is of degree at most 2. Consequently either all
the successors of A;;1 are of degree smaller than m, or m =2 (m =1 is
impossible since 1-degree singular points are the terminals of blowing-up
trees). In the first case, the length of our path is 2 (i.e., there are only
2 vertices in this path). In the second case we consider the characteristic
polynomial of v = y; = 0:

v[2bm vy +6y%] -1 [—bmvz—i—Pm,l (1,0)vy1] = 3bmv2y1+[6—Pm,1 (1, O)]vy%.

Since b, # 0, it must be the product of 3 different linear factors if & —
P,,_1(1,0) # 0. In this case, the length of our path is 3 since we obtain only
3 different singular points of degree 1 after applying a blowing-up to A; 2
(i.e., the singular point v = y; = 0 of system (16)). If § — P,,_1(1,0) = 0,

then the singular point A; 2, which is the point v = y; = 0 of system (16),
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is just the point A; considered in Lemma 5. One can see this by taking
(y1,v) in system (16) as (x,y) in Lemma 5.

(iii) ap # 0. In this case, dy - 8 # 0 since D(0,1) = ag # 0. Thus A,
is just the singular point © = u = 0 of system (6). We can easily check
that the path A;;; — -+ — A, is the one considered in the above two
cases. Thus we have proved:

LEMMA 8. For any equidegree path A; — A1 — -+ — Ay, there
exists an integer jo with 0 < jo < 3 such that the path Ajyjy — - —
A,y satisfies the assumptions of the path considered in Lemma 5.

Remark 9. Lemma 5 says that the length is not important for the paths
studied there. Now Lemma 8 generalizes this fact to arbitrary equidegree
paths.

We note that the above results provide a successful method for the qual-
itative classification of singular points of any given degree. We argue this
below.

First of all we note that the unboundedness of the number of blowing-ups
necessary for the analysis of a singular point of a fixed degree comes just
from the arbitrary length of equidegree paths. To see this, we need the
following definition: two blowing-up trees are said to be the same if there
are a bijection between their vertex sets and a bijection between their edge
sets such that (a) any edge connecting two vertices corresponds to the edge
connecting the corresponding pair of vertices; (b) the corresponding two
vertices have the same property, i.e., the same degrees, and the same local
phase portraits if their degrees are equal to 1. Now the above statement is
exactly shown in the following lemma.

LeEMmMA 10. There is a function A : N — N, N is the set of natural
numbers, such that there are at most A(m) different trees satisfying

(i)each represents the blowing-up process of a singular point of degree m;
(ii)the lengths of the mazimal equidegree paths are not larger than 4.

Proof. We use induction on m. That is, we assume that we have proved
that the number A(k) exists for k =2,3,--- ,m — 1.

Assume that A; is our starting singular point which is the singular point
x =y = 0 of system (2). In the following we divide our discussion into 3
cases according to the successors of Aj.

In the first case all the successors of A; are of degree smaller than m. By
the inductive hypothesis, it is clear that there are finitely many different
trees satisfying the conditions of this lemma in this case.

In the second case there is one successor of A; which has degree m. By
Lemma 3(i), we know that A; has at most 2 successors. The other, if exists,
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must be of degree 1. Let A denote the one of degree m. By Lemma 1,
we know that A; must be non-dicritical, i.e., its characteristic polynomial
D(z,y) # 0. Therefore Az is one of the singular points of system (6) on the
u-axis (here, without loss of generality, we assume D(0,y) # 0). Without
loss of generality, we assume that As is just z = v = 0. Now it is easy to
find that Ay can be taken as the singular point A4; studied in the case (i) or
(ii) of the proof of Lemma 8. In the case (i), we get the following subtree

By Bry—1
Ay Z o Ay TS Ay,

such that B; is of degree 1 for any 2 < j < ky — 1, deg(Az) = --- =
deg(Ag,—1) = deg(Ax,) = m, but all the successors of Ay, are of degree
smaller than m (see the proof of Lemma 5). We know k; < 4 from the
condition (ii) of this lemma. So, for trees in this lemma, the part before
Ay, has finitely many possibilities. According to the inductive hypothesis,
the part after A, has also finitely possibilities. Therefore in this case there
are finitely many different trees satisfying the conditions of our lemma. In
the case (ii), we know from the arguments of the proof of Lemma 8, that
this statement is still true.

In the third case A; has only one successor Ay which is of degree m + 1.
We know from system (6) that either all the successors of Ay are of degree
smaller than m + 1, or they are a saddle and a singular point of degree
m + 1, which is denoted by As. The same situation happens to As. So we
get generally a subtree like the following

B2 B3 Bry—1
Al — Ay — A3 — - — Ay 1" — A,

where ko < 4, deg(As) = -+ = deg(Ag,—1) = deg(Ag,) = m + 1 and
By, ,By,—1 are all saddles. Furthermore we require that all the suc-
cessors of A, are of degree smaller than m + 1. Two cases may happen.
The first case is that all the successors of Ay, are of degree smaller than
m. Again by the inductive hypothesis, we know in this case that there
are finitely many trees satisfying the conditions of this lemma. The second
case is that there is one successor of degree m which is denoted by Ag,41.
There are at most two other successors which must be of degree 1 (see the
system for the singular point A, in Lemma 4). The singular point A, 41
can be taken as the singular point A; studied in the case (i) of (ii) of the
proof of Lemma 8. As in the last paragraph we know by induction that
there are still finitely many such trees. The proof is finished. |

Remark 11. Lemma 10 is still true if the number 4 in the assumption
(ii) is replaced by any other fixed positive integer.
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In the following, any path satisfying Lemma 5 will be assumed to be
maximal in the sense that any extension will not be a path studied in
Lemma 5. The following corollary is a consequence of Lemma 10.

COROLLARY 12. The following statements hold.

(i)The number of essential terminals in a blowing-up tree of a singular
point of degree m is bounded by an integer which depends only on m. Here
a terminal is called essential if it is not a saddle which appears in a path
studied in Lemma 5.

(ii) The number of mazimal paths in a blowing-up tree of a singular point
of degree m is bounded by an integer depending only on m.

(43 )If we ignore the length of the paths studied in Lemma 5, then there
are finitely many blowing-up trees of singular points of degree m.

(iv) There are finitely many qualitative equivalence classes in the set of
all singular points of degree m.

Proof. The statements (i), (ii) and (iii) are immediate consequences of
Lemma 10. To prove (iv), we note that the local phase portrait of the
starting point of a blowing-up tree is determined by local phase portraits
of essential terminals and the parities of the lengths of the paths studied
in Lemma 5. They all have bounded number of possibilities. Therefore the
local phase portrait of the starting singular point has also finitely many
possibilities. That is, there are finitely many qualitatively different local
phase portraits for the set of singular points of degree m. |

The rest of this section is the proof of Theorem F, and is also a description
of our method for the qualitative classification problem. As a preparation,
we have the following lemma which can be directly verified.

LEMMA 13. Suppose that A; — A;y1 — -+ — A4, is an equidegree
path such that A; satisfies the conditions in Lemma 5, and the degrees of the
successors of Aiyr are smaller than deg(A;4,). Then we apply the operation
of type (G) to the singular point Ay if and only if r > 1; and if r > 1, the
system for A+, is obtained from the system for A; by applying the operation
of type (G) in Definition 1. Furthermore, the constants do,dy, - ,d.—1
which appear in the operation of type (G) are just those given in the proof
of Lemma 5.

In fact, if we have found the sequence dg, d1, ..., d;—1, then the existence
of the number d; is equivalent to that » > j + 1. The condition for d; in
Definition 1 is equivalent to the fact that deg(A;1;4+1) = m where A;4 ;41 is
the singular point x = u = 0 of the system obtained by applying the change
of variables y = uz? ™! + doz + d12? + - + d;@I Tt dr = 2UHDA=M gt to
system (2).
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Proof.  (Theorem F') Consider system (2) which is the general system
for singular points of degree m. Our aim is to determine the local phase
portrait of the singular point = y = 0 of system (2), which is denoted by
Aj. Let us proceed the first step, i.e. applying a single blowing-up or one
operation of type G to system (2).

If there is an equidegree path A; — Ay — -+ — A, studied in
Lemma 5 with r > 1, then we apply the operation of type (G) to 4;. We
know that the local phase portrait of A; is determined by the local phase
portrait of A, and the quantities 7, a, b (see the rules described in the proof
of Lemma 5).

In all other cases, we apply a blowing-up to A;. Then the number of
successors, their ordering in the unit circle of the annulus T, the degree of
each one and the local phase portraits of those terminals all have finitely
many possibilities. Consequently there are only finitely many possibilities
happening to the successors. In order to distinguish these possibilities, a
finite set of quantities are employed. These quantities can be computed
from system (2) by finitely many operations of type (A)—(F). And the local
phase portrait of A; is determined by this set of quantities and the local
phase portraits of the non-terminal successors of A;. But we have finitely
many cases in all to be considered separately.

Therefore after we finished the first step, we have finitely many cases
which are divided by a finite set of quantities. In some cases, there will be no
non-terminals and no further analysis is needed. In each of all other cases,
there are some non-terminals, and we should proceed further analysis. Let
us consider the collection of these cases and proceed the second step, i.e.,
for each case in this collection, applying the first step to each of those
non-terminals.

Similarly, after we finished the second step, we still get finitely many
cases which are distinguished by a finite set of quantities. In each case, the
local phase portrait of A; is still determined by the local phase portraits
of a finite set of non-terminals and a finite set of quantities. Moreover all
these quantities can be computed by applying a finite set of operations of
types (A)—(G) to system (2).

As we continue this process, by Corollary 12, we will eventually arrive
at the situation in which there are no non-terminals in each case after
finitely many steps. Our analysis is stopped here. At this endpoint, we
get finitely many cases which are distinguished by a finite set of quantities.
In each case, the local phase portrait of A; is determined by a finite set
of quantities. All these quantities can be computed by applying a finite
number of operations of types (A)—(G) to system (2). Since system (2) is
the general system for singular points of degree m, the above finiteness of
the amount of operations implies the boundedness in Theorem F. We have
finished the proof of Theorem F. |
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4. THE BLOWING-UP PROCESS OF SINGULAR POINTS
OF DEGREE 2

From this section onwards, we proceed the analysis of the singular points
of degree 2, which will provide a proof of Theorem D. By definition, a
singular point of degree 2 can be taken as the singular point O = (0,0) of
the system

&= Py(v,y) + Ps(2,y) + Pa(x,y) + -,
y: Q?(xay) +Q3($,y)+Q4(£€,y) +

where P?(z,y) + Q3(x,y) # 0, P; and Q; are homogeneous polynomials of
degree 7. Of course, O is assumed to be an isolated singular point.

Two possibilities should be distinguished when we apply a blowing-up to
system (17), namely,

(17)

2Qa(x,y) —yPa(z,y) =0 or xQ2(x,y) — yPa(z,y) #Z0.

In the second case, we can assume (after an affine change of the coordinate
system) that A(u) = Q2(1,u) — uPs(1,u) is a polynomial of degree 3.
According to the zeros of A(u), we have the following cases: (i) A(u) =0
has no multiple roots; (ii) A(u) = 0 has a double root; (iii) A(u) = 0 has
a triple root.

Evidently the dicritical case (i.e., zQ2(z,y) —yP2(z,y) = 0) and the case
(i) are very simple: their associated blowing-up process contains at most
one blowing-up.

Let us consider the case (iii). Evidently O has only one successor, say
Az, which corresponds to the unique triple root of A(u) = 0. By Lemma 1,
deg(A;) < 3. If deg(A;) = 3, we apply a blowing-up to Aj, then either all
successors of A are of degree less than 3, or they are one saddle B; and a
singular point of degree 3, say, As. If we apply a blowing-up to Ao, we still
have the above possibilities. As we continue this argument, we eventually
arrive at the following subtree

B1 Bi—1
O— AT — Ay A

where deg(A;) = -+ = deg(A;—1) = 3, Bi,...,B;—1 are all saddles, and
the integer [ is uniquely determined by the requirement that either (a)
A; is a singular point of degree less than 3 which corresponds to a triple
zero of the characteristic polynomial of A;_1; or (b) deg(A4;) = 3, and the
characteristic polynomial of A; has no triple zero (so, by Lemma 1, each
successor of A; is of degree less than 3). The existence of [ is an immediate
consequence of the Desingularization Theorem in §1.4. Notice that [ > 1.
More explicitly, let us apply Lemma 4 to this case. We first assume [ > 1.
Then we know that A;_; can be taken as the singular point = y = 0 of
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the system

Jj:ij2(.73,y)+$P3(33,2./)+$P4(33,y)+ )

.= = ~ (18)

Y= Qg(.’lﬁ,y) + Q4(l‘,y> + Q5<x7y) +oeey
where Q3(0,1) = —(I — 1)P,(0,1) = —a(l — 1), a = P»(0,1) # 0. The
characteristic polynomial of A;_; is just

2Qs(x,y) —y - 2Pz, y) = 2[Q3(x,y) — yPo(x,y)),

where the factor  corresponds to the singular point B;_;, the part [...]
must be the third power of some linear factor, which corresponds to the
singular point A;. Without loss of generality, we assume that this linear
factor is y (i.e., 2Q3(w,y) —y-wPy(x,y) = —laxy®). Now apply the blowing-
up y = xu, dr = x2dt to system (18), and we obtain

i =azPy(1,u) + a:2133(1,u) + 1:3134(1,u) R

i = —lau® + 2[Qs(1,u) — uP3(1,u)] + 2%[Q5(1,u) — uPy(1,u)] +--- .
(19)
The singular point x = v = 0 is just A;. By the requirement for [, either
deg(A;) <2 or deg(A;) = 3. In the second case, we rewrite (19) as

@ = 2 Py(z,u) + xP3(x,u) + xPy(x,u) + - -,

- - - 20

= Q3(z,u) + Qu(z,u) + Qs(z,u)) +--- . (20)
Let A(u) = Q3(1,u) —uPy(1,u) = —(I + 1)au® + - - - , where “---” is some
2-degree polynomial in u. Then by the requirement on [, we know that
A(u) = 0 either has only simple roots or has a unique double root.

In the case [ = 1, we apply a blowing-up to system (17). Then we find
that the resulting system is still described by system (19) if we set in (19)
P, = P,Qi11 = Q; for any i > 2 (here we keep the requirement that
the singular point z = u = 0 of system (19) is just A; = Ay). Thus the
discussion on A; in the last paragraph is still valid in the case [ = 1.

To sum up, we have the following classification. The notations here are
the same as those defined above, and will be used in the following sections

(§85-9).
PROPOSITION 14. The singular point O of system (17) must satisfy one

of the following conditions:

(1)xQ2(x,y) — yPa(x,y) = 0;
(15)A(u) = 0 has no multiple roots;
(i53)A(u) = 0 has a double root;
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(iw)A(u) = 0 has a triple root, deg(A;) = 1;

(v)A(u) = 0 has a triple root, deg(A;) = 2;

(vi)A(u) = 0 has a triple root, deg(A;) = 3; A(u) = 0 has only simple
T00tS;

(vii)A(u) = 0 has a triple root, deg(A;) = 3; A(u) = 0 has a double
r00t.

Based on this classification, our analysis of the singular point O of system
(17) in the following sections is divided into 7 cases, among which the cases
(1),(ii),(iii) are studied in §5,86,57 respectively; the cases (vi) and (vii) are
studied in §8, whereas §9 devotes to the cases (iv) and (v). Since the
constant a in systems (18) and (19) is different from zero, we can assume,
without loss of generality, that a = 1 in the following sections.

5. THE CASE XQ,(X,Y) — YP(X,Y) =0

In this case after a linear coordinate change and a rescaling of the time
variable if necessary, we can assume

Py(z,y) =2y,  Qa(r,y) =y
Applying the blowing-up y = zu, dr = x%dt to system (17), we get

i =u+2Ps(1,u) +2?Py(l,u) +---,

21
4= Qs3(1,u) —uP3(l,u) + z[Qa(1,u) — uPy(1,u)] +--- . )

For convenience we rewrite system (21) as
j;:a1x+u+a3x2+a2xu+~~, (22)

u="bg+box +bju+---.

The local phase portrait of system (17) at O is determined by the local
phase portrait of system (22) on the u-axis, where there is only one singular
point x = u = 0 if by = 0, and no singular point if by # 0. The details of
our analysis are given below according to the values of the parameters a;
and b;.

In system (22), if by # 0, then the local phase portrait of system (17)
at x = y = 0 is given in Figure 3(1). If bjp = 0 and z = u = 0 is a
saddle, then it is Figure 3(2). If x = u = 0 is a node, then we get Figure
3(4). If v = uw = 0 is a center or a focus, then we have Figure 3(3). If
x = u = 0 is a saddle-node, we obtain Figure 3(5). If z = u =0 is a
singular point with one hyperbolic sector and one elliptic sector, then the
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local phase portrait of system (17) at O is Figure 3(6). If t =u =01is a
union of two hyperbolic sectors, we still get Figure 3(1). From Theorem
A we know that we have considered all possibilities. The following two
examples realize these 6 pictures.

EXAMPLE 15. If we apply the change of variables y = zu, dr = 22dt to
the system

i =zy+ a2’ U =y> +box® + (a1 + b1)z’y + boz” + b3z®y,
we obtain
T =a1x+ u, u = bg + box + byu + bsxu.

If g = 1 and a1 = by = by = bg = 0, then the local phase portrait of
x =1y = 0 is Figure 3(1). Similarly, we obtain Figure 3(2) if bp = a1 =
by =bs =0 and by = 1; Figure 3(3) if by = ay = bg = b3 =0 and by = —1;
Figure 3(4) if b = by = b3 = 0 and a; = by = 1; and Figure 3(5) if
b():bl:bQ:O, alzbngl.

EXAMPLE 16. The local phase portait of the system @ = zy, 1 = y? +
23y —a® at x = y = 0 is Figure 3(6). In fact, if we apply the change of
variables y = xzu, dr = 22dt to this system, we obtain & = u, 1 = xu — z°.
According to Theorem A, the local phase portrait of the singular point x =
u = 0 is the union of one hyperbolic sector and one elliptic sector. Now
the assertion follows from the above analysis.

6. THE CASE A(U) =0 HAS NO MULTIPLE ROOTS

Making a linear change of variables if necessary, we can assume
Py(1,u) = u® + aju + as

in system (17). So, when applying the blowing-up y = uz, dr = xdt to it,
we obtain

i = z(u® + aru + az) + 2*P3(1,u) + 2* Py(L,u) + - -,

i = Au) + 2[Qs(1,u) — uPs(1,u)] + 2[Qa(1,u) — uPs(1,u)] + -,
(23)
where A(u) = Q2(1,u) — uPs(1,u) = —u3 + - -+ with “-..” being some 2-
degree polynomial in u. By the theory of blowing-ups (§2), the local phase
portrait of system (17) at = y = 0 is obtained from the phase portrait of
system (23) on the u-axis. But, instead of studying system (23), we prefer
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to discuss the following more general system which will be used in §8:

i = 2?4 a1u+ az) + 22 P3(1,u) + 23 Py(1,u) + -+ ,

i = B(u) + z[Q3(1,u) — uPs(1,u)] + 2?[Qa(1,u) — uPy(1,u)]--- , (24)
where P;(z,y) and Q;(x,y) are homogeneous polynomials of degree i, the
function B(u) = —(I+1)u+- - is a polynomial of degree 3, and the “---”
here is some 2-degree polynomial in u. We are interested in two cases for
system (24). The first is that [ = 0, B(u) = A(u), P; and @Q; are those
in system (23). The second is that [ > 0, B(u) = A(u), P; and Q; are
correspondingly the polynomials P;_; and Q; in system (20). We study
in §6 and §7 the phase portrait of system (24) on the u-axis. Then the
results in the first case are used in the same sections to obtain the local
phase portrait of system (17) at = y = 0 in the cases (ii) and (iii) of
Proposition 14. The results in the second case are used in §8 to analyze
the cases (vi) and (vii) in Proposition 14 by using the method developed
in §3.

In the rest of this section we will study the phase portrait of system (24)
near the u-axis in the case that B(u) = 0 has no multiple roots. We divide
our discussion into two cases, see §6.1 and §6.2. We first give all pictures
for the phase portrait of system (24) near the u-axis. And then we give
the corresponding pictures for the local phase portrait of system (17) at
x =y = 0 in the case [ = 0 by using the theory of blowing-ups (§2). For
the case [ > 0, see §8.2.

6.1. B(u) =0 has only one real root

In this situation we can write B(u) as
B(u) = —(+1)(u—0b1)[(u—b2)*+b3], by #0.

Here by,bs,b3 and aj,as in system (24) are all real constants, which have
nothing to do with those of the previous section. We know that on the
u-axis, system (24) has a unique singular point x = u — b; = 0, which
has at least one non-zero eigenvalue. Thus, by Theorem A, its local phase
portrait is either a saddle, or a node, or a saddle-node as is shown in Figure
6. These four pictures are realized in Example 17.

ExAMPLE 17. The phase portrait of the system
&= x(u? + a1u + ag), = —(4 Du(u® + 1) + azz®

on the u-axis is given in Figure 6(a) if we take as = 1,a7 = a3 = 0.
We obtain Figure 6(b) if aa = —1,a1 = ag = 0; we have Figure 6(c) if
as = 0,a1 = a3 = 1. Finally, to obtain Figure 6.d), we take az = 0,a1 =
1,0,3 =—1.
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a b c d

FIG. 6. The phase portrait of system (24) on the u-axis in the case that
B(u) = 0 has only one real root.

In the case [ = 0, by using the theory of blowing-ups (§2), we obtain 3
pictures (Figures 3(7), 3(8), 3(9)) for the local phase portrait of system (17)
at © = y = 0 from Figure 6. More accurately, from Figure 6(a) we obtain
Figure 3(7); from Figure 6(b) we get Figure 3(8); from Figures 6(c) and
6(d), we get Figure 3(9). These 3 pictures can be realized since the system
in Example 17 is obtained by applying the blowing-up y = ux, dr = zdt
to the system

i =y? + ayzy + asr?, ¥ = a1y® + (az — 1)zy + aza®

if [ = 0. The values for the parameters a1, as,az are: as = 1,a1 = a3z =0
for Figure (7); aa = —1,a; = ag = 0 for Figure (8); az = 0,a; = ag =1 for
Figure (9).

6.2. B(u) =0 has 3 different real roots
In this case we can assume that

B(u) = —(l + 1)(u — bol)(u — bog)(’u — bog)7 b01 < b02 < b03.

Then ¢; = Py(1,by;) is the eigenvalue in the a-direction for the singular
point (0, bg;). So the phase portrait of system (24) on the u-axis is deter-
mined by the signs of ¢;. The following pictures are drawn according to
the location of the two zeros of the polynomial P5(1,u) on the u-axis. If
no ¢; is zero for i = 1,2, 3, then both eigenvalues at (0,by;) are different
from zero. Consequently there are 7 possible pictures for the local phase
portrait of system (24) on the u-axis shown in Figure 7. They are realized
in Example 18.

EXAMPLE 18. In the system

z=2xz(u—a)(u—0), =—(~+Du(u—1)(u+1),
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FIG. 7. The phase portrait of system (24) on the u-axis where there are 3
hyperbolic singular points.

let a and b belong to some of the intervals (00, 1), (1,0), (0,—1), (=1, —c0).
All the combinations will give the T pictures of Figure 7, for example, if
a =b=2, we have Figure 7(a); if a = %,b = —%, we have Figure 7(b); if
a = %,b = —2, we get Figure 7(c); if a = ,%75 = —2, we obtain Figure
7(d); ifa=2,b= %, we get Figure 7(e); ifa = 2,b = —%, we obtain Figure
7(f); and if a = 2,b = —2, we have Figure 7(g).

Now let I = 0. We get 3 pictures (Figures 3(10), 3(11), 3(12)) for the local
phase portrait of system (17) at © = y = 0 from Figure 7. Figure 3(10)
corresponds to Figures 7(a),(c),(f); Figure 3(11) corresponds to Figures
7(d),(e),(g); and Figure 3(12) corresponds to Figure 7(b). The following
system realize these 3 pictures

&= (y — ax)(y — bx), y = —(a+0b)y*+ (1 + ab)zy,
since the system in Example 18 is obtained by applying the blowing-up
y =wuz, dr = zdt to it if [ = 0.

Now assume that one ¢; is zero. The only interesting case is when the
corresponding singular point (0, by;) is a saddle-node of system (24). By the
symmetry with respect to the u-axis, we can fix the direction of the orbits
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FIG. 8. The phase portrait of system (24) on the u-axis where there are two
hyperbolic singular points and one saddle-node.

FIG. 9. The phase portrait of system (24) on the u-axis where there are one
hyperbolic singular points and two saddle-node.

entering at this saddle-node along the characteristic direction which is not
the u-axis. As in Figure 7, we can get all possible pictures according to the
location of the two zeros of Py(1,u). This is Figure 8, which is realized by
Example 19 below. We keep in mind that Figure 8 contains all possibilities
modulo the symmetry with respect to the u-axis. Similarly Figures 9, 12,
17 below contain also all possibilities modulo this symmetry.

ExAMPLE 19. In the system
i =x(u—a)(u—Db)+ 2% =—(I4Du(u—1)(u+1),

if we choose a = 1, and b belongs to one of the intervals (0,00),(—1,0),
(—o0,—1), then we get Figures 8(a),(c),(b) respectively. Similarly if a = 0,
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FIG. 10. The phase portrait of system (25) on the w-axis in the case that
az = 0 and Qg(l,O) ;é 0.

e f

and b belongs to one of the intervals (—1,1), (1, 00), (—oo0, —1), we will get
Figures 8(d),(f),(e) respectively; if a = —1, and b belongs to one of the
intervals (—00,0), (0,1), (1,00), then we obtain Figures 8(g),(h),(i) corre-
spondingly.

In the case | = 0, there are 2 pictures (Figures 3(13), 3(14)) for the local
phase portrait of system (17) at z = y = 0. From Figures 8(a), (b), (e), (f),
(g), (i), we obtain Figure 3(13); the other 3 pictures correspond to Figure
(14). By the same reason, Figures 3(13) and 3(14) can be realized by the
following system

&= (y—ax)(y — bx) + 2, § = —(a+0b)y* + (ab+ 1)zy + z%y.

N

For example, we can choose a = 1,b = % for Figure 3(13), a = 1,b = —
for Figure 3(14).

Now assume two ¢; are zero. As in the above cases, Figure 9 shows all
the possibilities for the phase portrait of system (24) near the u-axis. They
can be realized by the following system

i =a(u—a)(u—"Db)+ (u—c)r? =—(~+Du(u—1)(u+1).
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The values of the parameters a,b and ¢ can be taken as: a = 1,0 =0,c =
—1; azl,sz,c:%; a=1,b=—-1,c=-2;,a=1,b=-1,¢c=0; a =
0,b=-1,c=-2;a=0,b=—1,c= —% for Figures 9(a),(b),(c),(d),(e),(f)
respectively.

In the case | = 0, we get Figure 3(15) from Figures 9(a),(c),(e); and
Figure 3(16) from Figures 9(b),(d),(f). By the same reason as in the above
cases, these two pictures are realized by the system

& = (y—az)(y—ba)+(y—ce)z®, §=—(a+b)y’*+(ab+1)ay+(y—cz)ay,

from which we obtain Figure 3(15) if we take a = 1,b = 0,¢ = —1; and
Figure 3(16) if a = 1,b = 0,c = 1.

We remark that at most two ¢; can be zero because P; is a polynomial
of degree 2. Thus we have considered all possibilities.

7. THE CASE A(U) =0 HAS A DOUBLE ROOT

In this case, we can assume
Au) = —u?(u —1).

To obtain all possible pictures for the local phase portrait of system (17)
at x = y = 0, we need to analyze the system (23) on the u-axis. As we
explained at the beginning of §6, we study the more general system (24),
which can be written as

:i’:a:(u2+a1u+a2)+;z:2P3(1,u)+... ,

~ 5,2 (25)

w=—(4+1Du’ +u’ +z[Q3(1,u) —uPs(1l,u)] + -,
after a rescaling of the variables x,u and ¢, since B(u) = 0 has a double
root. We divide the analysis of system (25) into several cases.

7.1. The case ay; # 0

In this case there are two singular points on the u-axis, namely, (0,0) and
(0, l-s%l) Each of them has at least one non-zero eigenvalue. Thus Figure
10 contains all the possible pictures for the phase portrait of system (25)

on the u-axis. They can be realized by the system
i =xz(u—a)(u—b) + az?, o =u?— (14 1)ud.

The values of the parameters o, a and b can be taken as: a =b =2, =0
for Figure 10(a); a = 2,b = o = 0 for Figure 10(b); a =b= 15,0 =1

1
1+27 I+
for Figure 10(c); a = b =

1.« = —1 for Figure 10(d); a = 5,b =
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= 0 for Figure 10(e); a = 2,b = —1,a = 0 for Figure 10(f); a =

«
l%;, = —1,a = —1 for Figure 10(g); @ = 77,b = —1,a = 1 for Figure
10

In the case | = 0 we obtain 3 pictures (Figures 3(17), 3(18), 3(19)) for
the phase portrait of system (17) at x = y = 0. We get Figure 3(17) from
Figures 10(b),(f). Figure 3(18) is obtained from Figures 10(c),(d),(g),(h).
Whereas Figure 3(19) corresponds to Figures 10(a),(e). These 3 pictures
can also be realized since the above system is obtained by applying the
blowing-up y = uz, dr = xdt to the system

i=(y—ax)(y—bx)+az®, §=(1-a—>by>+abry+ azr’y

Il = 0. The values of the parameters a,b and « can be taken as: a =
2,b H%,a = 0 for Figure 3(17); a = b = a =1 for Figure 3(18);
a="b=2,a =0 for Figure 3(19).

1
+1>

7.2. The case a; =0, Q3(1,0) #0

In this case we can always take @5(1,0) > 0 in system (25) by using
the rescaling: (x,u,t) — (—z,u,t). There are two singular points on the
u-axis for system (25). The singular point © = u — l-i%l = 0 has at least one
non-zero eigenvalue. So it is either a saddle, or a node, or a saddle-node.
The singular point x = u = 0 is just the one studied in §10.2 because, if the
variables z and u in system (25) are changed to y and x respectively, we
then get system (50) in §10.2. So Figure 32 has shown all possible pictures
for the local phase portrait of system (25) at * = «w = 0. Furthermore,
we must have in system (25) that a; > 0 if x = u = 0 is not a saddle.
Correspondingly, © = u — lJ%l = 0 must be a saddle. So Figure 11 contains
all possible pictures for the phase portrait of system (25) on the w-axis.

We use the following system to realize the pictures in Figure 11:

i = x(u® + aju) + aa?, i =u?— (I +1)u’ + 2.

To choose the values of the parameters « and a; for each picture in Figure
11, we can use the analysis in §10.2. For example, we can choose a; =
3,a = 0 for Figure 11(a); a; = 1, = 0 for Figure 11(b); a; = 0, = 2 for
Figure 11(c); a1 = a = 0 for Figure 11(d); « = 0,a1 = —H_% for Figure
11(e); & = 0,a; = —2 for Figure 11(f); « = 0,a1 = _l—i%l for Figure 11(g);
and a = —2,a; = —l_%l for Figure 11(h).

In the case | = 0 we get 6 pictures (Figures 3(20),(21),(22), (23), (24),(27))
for the local phase portrait of system (17) at x = y = 0, among which Fig-
ure 3(27) comes from Figure 11(a); Figure 3(24) corresponds to Figure
11(b); Figure 3(20) comes from Figures 11(c) and (d); Figure 3(21) comes

from Figure 11(e); Figure 3(22) corresponds to Figure 11(f); Figure 3(23)
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FIG. 11. Figure The phase portrait of system (25) on the u-axis in the case
az 7é 0.

corresponds to Figures 11(g) and (h). Since the above system is obtained
in the case | = 0 by applying the blowing-up y = uz, dr = zdt to the
System

i=y"+azy+ar®,  §=(1+a)y’ +ax’y+2°
these 6 pictures can be realized by this system. The corresponding values
for the parameters can be chosen as those for the realization of Figure 11

according to the above correspondence between these 6 pictures and those
in Figure 11.

7.3. The case a; = Q3(1,0) =0
Consider the following system

& = ayou + azx® + Py (z,u) + 2Py (z,u) + -,

g 2 2 * * (26)

U =u”+brxu+ baz” + Q3 (x,u) + Q4(r,u) + -+,
where P and QF are homogeneous polynomials of degree i, Py (0,u) = u?,
Q3(0,u) = —(I+ Du?; PF(0,u) = Q;,1(0,u) = 0 when i > 2. Notice that
system (26) is a rewritten form of system (25). We will use it to study
the singular point = u = 0 of system (25). The other singular point of
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a b c

FIG. 12. The phase portrait of system (25) on the u-axis in the case studied
in §7.3.1.

system (25) on w-axis is © = u — H% = 0. Its local phase portrait has 4
possibilities: it is a saddle if ((4+-1)a;+1 > 0; it is anode if (I+1)a1+1 < 0; if
(I+1)a;+1 =0, it is a saddle-node, but this time there are two possibilities
which are distinguished by the orientation of the characteristic orbits that
are not on the wu-axis.

Let

D*(z,u) = 2[(1 — ay)u® + (b1 — az)zu + byx?].

The singular point z = w = 0 will be studied in the rest of this section
according to the values of the parameters a; and b;.
7.3.1 The case 1 —a; = by —az3 =by =0

In this case D*(x,u) = 0. The singular point z = u— —+ = 0 is a saddle.

+1
According to §5, there are 3 topologically different pictures for the local

phase portrait of system (26) at & = u = 0. So there are 3 pictures for the
phase portrait of system (25) on the u-axis, which are shown in Figure 12,
and realized by Example 20.

ExaMPLE 20. Consider the system
& =ux + a2 + zu?, i =u? — (1+1)ud + (ay + by)x?u + bszPu + byt
Applying the blowing-up u = zuy, dr = 22dt to it, we obtain
&=y + a1z + zul, i1 = —(1 + 2)ud + byuy + box + bzwu;.

The point © = uy = 0 is a saddle if we choose by = bz =0,a; = 1,0y = —1;
a focus if a; = by = 1,bs = —1,b3 = 0; a saddle-node if a;y = bs = —1,b1 =
by = 0. The corresponding pictures for the phase portrait of system (25)
on the u-azis are Figures 12(a),(b) and (c) respectively.

In the case I = 0 we get 3 pictures (Figures 3(25),(26),(27)) for the phase
portrait of system (17) at # = y = 0. From Figure 12(a) we get Figure
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3(25); Figure 3(26) comes from Figure 12(b), and Figure 12(c) corresponds
to Figure 3(27). These 3 pictures can be realized by the system
& =y% + 2y + ar2?, 7 = 2y% + (2a1 + b1) 23y + boa® + bzzly,
since the system in Example 20 is obtained by applying the blowing-up

y = xu, dr = xdt to it when [ = 0. And the values of the parameters can
be chosen as those for the corresponding picture in Figure 12.

7.3.2 The case a; =1, D*(x,u) #0
Apply the following two changes of variables

r =us, dr = udt; u = zv, dr = xdt,

to system (26), we obtain the following two systems

= (14--)u, $= (a3 — by)s? — bas® +ul--], (27)

and
&= (v+az)r+ 2], 0= (by —az)v+ba +x[-], (28)
where [ -] is some analytic function. Now we use these two systems to

obtain all possible pictures for the phase portrait of system (25) at z =
u = 0 modulo the symmetry with respect to the u-axis. We note that we
can assume ag — b; > 0. To see this, we know that the above symmetry
is generated by the change (x,u,t) — (—x,u,t) in system (25). This is
equivalent to the transformation (u,s,7) — (u,—s,7) in system (27) and
(x,v,7) = (—x,—v,—7) in system (28). After these changes as — b; is
changed to by — a3. This implies that it is sufficient to consider the case
asz — bl Z 0.

Now we can show that the 6 pictures of Figure 13 are all the possibilities
for the phase portrait of system (25) at = u = 0. First we assume az —
by = 0. Then system (28) has no singular points on the v-axis. Moreover
u = s = 0 is a saddle if by > 0; a node if by < 0. Correspondingly the
phase portrait of system (25) at z = « = 0 is Figure 13(a) or (b). Now we
assume ag — by > 0. Then u = s = 0 is a saddle-node. System (28) has
a unique singular point x = v — a3b—2b1 = 0 on the v-axis. It is a saddle if
by + a§ —asby > 0; a node if by + ag —agb; < 0; a saddle-node, or a saddle,
or a node if by + a3 — azb; = 0. The first two cases correspond to Figures
13(c) and (d). In the third case, only the saddle-node is interesting since
we have considered the saddle and the node. This case has two possibilities
which are Figures 13(e) and (f).

Since the singular point z = u — l% = 0 is always a saddle in this case,
the corresponding pictures for the phase portrait of system (25) on the
u-axis are those in Figure 14.
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FIG. 13. The local phase portrait of system (25) at x = w = 0 in the case
studied in §7.3.2.
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FIG. 14. The phase portrait of system (25) on the u-axis in the case studied
in §7.3.2.
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ExaMPLE 21. Consider the following system
& = zu+ asx® + agx® + zu?, 0 = u? +byzu— (1+ 1)ud 4+ agzu + boa?.

If we apply a blowing-up to it, then the system corresponding to (28) is the
following
i = x(v+ a3) + agx? + 2202, 0 = (b1 — az)v + by — (I + 2)zv>.

From this system, we can easily find the values of the parameters a; and b; to
realize all the pictures in Figure 14. Thus we can choose by = a3 =a4 =0
and by = 1 for Figure 14(a); by = a3 = ag = 0,bs = —1 for Figure 14(b);
by = a4 =0,a3 = by = 1 for Figure 14(c); by = as =0,a3 = 1,bo = =2 for
Figure 15(d); by = 0,a3 = 1,bs = —1,a4 = —1 — 4 for Figure 1/(e); and
by = a4 =0,a3 = 1,by = —1 for Figure 1(f).

In the case [ = 0 we get four pictures for the phase portrait of system
(17) at x = y = 0. That is, we obtain Figure 3(7) from Figure 14(a); Figure
3(26) from Figures 14(b) and (d); Figure 3(28) from Figure 14(c); Figure
3(29) from Figures 14(e) and (f). To realize these pictures, we can use the
system

i = zy+ % + asx® + agat, U= 2% + (az + by)x?y + 2a423y + boa?,

since when applying the blowing-up y = zu, dr = xdt to it, we obtain the
system of Example 21 if [ = 0. The values of the parameters can be chosen
those for the corresponding pictures in Figure 14.

7.3.3 The case 1 —a; # 0, D*(1,u) has no real roots
Apply the following changes of variables

u = xv, dr = xdt; T =us, dr = udt,

to system (26), we obtain two systems

i =ax(av+a3) + 22 Py(1,0) +---, v =D"(1,v) + [ -] (29)
and

U=u+---, s$=(a1—Ds+---, (30)

where [ - -] denotes some analytic function. In the present case D*(1,v)

has no real zeros, so there are no singular points on the w-axis. When
a; > 1, the point w = s = 0 is a node and, correspondingly, the point
= u— 7 = 0 in system (25) is a saddle. If a; < 1, then u = 5 = 0

is a saddle. Correspondingly, the point z = u — = 0 can be a node,

1
I+1
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FIG. 15. The phase portrait of system (25) on the u-axis in the case studied
in §7.3.3.

a saddle or a saddle-node. So Figure 15 contains all possible pictures for
the phase portrait of system (25) on the u-axis, which are realized by the
following example.

ExXAMPLE 22. For the system

& = ayzu + azx? + xu?, =+ azzu+ (1 —ay)z® — (1 + 1)u?,
we have D*(1,u) = (1 — a1)(u?® + 1). We can choose a; = 2 and az = 0
for Figure 15(a); a1 = a3 = 0 for Figure 15(b); a1 = —H%,ag =1 for
Figure 15(c); a1 = as = —1 for Figure 15(d); and a1 = —2,a3 =0
for Figure 15(e).

_ 1
+1°

In the case | = 0 there are no new pictures for the phase portrait of
system (17) at x = y = 0. We get Figure 3(26) from Figure 15(a); Figure
3(7) from Figure 15(b); Figure 3(9) from Figures 15(c) and (d); and Figure
3(8) from Figure 15(e).

7.3.4 The case that 1 —a; # 0 and D*(1,u) = 0 has two different

roots
Let v3 > v} be the two roots of the equation D*(1,v) = 0. Then we have

D*(1,v) = (1 —a1)(v —v7)(v —v3).

Now we can completely analyze this case by using the systems (29) and
(30). The discussion is divided into 4 cases.

The case a; > 1. In this case the phase portrait of system (29) on the
v-axis has 7 possibilities which are shown in Figure 16. Correspondingly
Figure 17 contains all the possibilities for the phase portrait of system (25)
on the w-axis which are realized by the following example.

EXAMPLE 23. Applying the blowing-up u = xv, dr = xdt to the system

& = aqzutase’+ru4aqx’, i = u? —(I4+1)u+(az+ay — 1) zutasr?u,
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FIG. 16. The phase portrait of system (29) on the v-axis in the case studied
in §7.3.4.
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FIG. 17. The phase portrait of system (25) on the u-axis in the case studied
in §7.3.4 with a; > 0.
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FIG. 18. The phase portrait of system (29) on the v-axis in the case studied

in §7.3.4 with — 35 < a1 < L.

we get
i = x(a1v + a3) + 22 (v? + a4), v=(1—a))v(v—1)—(1+2)zv>

Let ay = 2. Then if a3 = —4, we obtain Figure 17(a); if a3 = 1, we have
Figure 17(b); if a3 = —1, we get Figure 17(c); if a3 = —2,a4 = 2l + 4,
we have Figure 17(d); if a3 = —2,a4 = 2l, we obtain Figure 17(e); if
ag = 0,a4 = 1, we get Figure 17(f); and if a3 = 0,a4 = —1, we have Figure
17(g)-

In the case | = 0 we get Figures 3(25),(26) and (27) from Figure 17 for
the phase portrait of system (17) at x = y = 0. More precisely, we get
Figure 3(26) from Figures 17(a) and (b); we get Figure 3(25) from Figure
17(c); and we get Figure 3(27) from Figures 17(d),(e),(f) and (g).

o

and z = u — 1-1%1 = 0 in system (25) is also a saddle. The phase portrait

of system (29) on the v-axis has 16 possibilities which are shown in Figure
18 among which (a)—(g) appear in the case a; > 0; whereas (a),(b),(h)—(1)
appear in the case a; < 0; (m)—(p) only appear in the case a; = az = 0.

The case — == < a; < 1. In this case u = s = 0 in system (30) is a saddle,
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FIG. 19. The phase portrait of system (25) on the u-axis in the case studied

in §7.3.4 with — 5 < a1 < 1.

Correspondingly we have 16 pictures for the phase portrait of system (25)
on the u-axis which are shown in Figure 19.

All the pictures in Figure 19 are realized by Example 23. We can choose
a1 = 0,a3 = —1,a4 = 0 for Figure 19(a); a; = 0,a3 = 1, a4 = 0 for Figure

19(b); a1 = %,ag = —i,a4 = 0 for Figure 19(c), a; = %,ag = —%,a4 =0
for Figure 19(d); a1 = %,a3 = —3,a4 = —1 — 4 for Figure 19(e); a; =
,a3 = 0,aq4 = 1 for Figure 19(f); a1 = §,a3 = 0,a4 = —1 for Figure 19(g);
a; = —H_%,ag = Ql—}%,aél = 0 for Figure 19(h); a1 = —Z_%Q,ag = I_%Q,azl =0
for Figure 19(i); a; = —H_%,Clg = H%Q,aé; = _l—%i% for Figure 19(j); a1 =
—Z_%Q,ag = 0,a4 = 1 for Figure 19(k); a1 = —H%Q,ag = 0,a4 = —1 for

Figure 19(1); a1 = a3 = 0,a4 = 1 for Figure 19(m); a1 = a3 = 0,a4 = —2
for Figure 19(n); a1 = a3 = 0,a4 = —3 for Figure 19(0). Figure 19(p) is
realized by the system

& = zu® + asz® + asz’u, 0 =u?— 1+ l)u3 — 2u + agx’u + aszu?,
if we choose ay = 1 and a5 = —3.

In the case | = 0 there are 7 pictures for the phase portrait of system
(17) at x = y = 0 corresponding to Figure 19, among which we have
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Figure 3(28) from Figures 19(a) and (b); Figure 3(26) comes from Figure
19(c); Figure 3(29) corresponds to Figures 19(d),(e),(f),(g); we get Figure
3(30) from Figure 19(h), and Figure 3(31) from Figures 19(i)—(1); we obtain
Figure 3(19) from Figures 19(m) and (n), and Figure 3(65) from Figures
19(o) and (p). There are 3 new among these 7 pictures, and all of them
can be realized by the system

T =a1xy + y2 + CL3£IJ3 + a4$4 + a5w2y,

U= (14a)y*+ (2a3 + a; — D2y + 2a42%y + 2a52y?,

Since the systems which realize Figure 19 are obtained by applying the
blowing-up y = zu, dr = zdt to it if [ = 0. So we have Figure 3(30) if
a) = —%,CL;), = i,a4 = a5 = 0; Figure 3(31) if a; = —%,ag = %7(14 =aqa5 =
0; and Figure 3(65) if a; = a5 =0,a4 = 1,a5 = —3.

[

—__ In this case the point = u — == = 0 of system

The case a1 = 7T 0T

(25) can be a saddle, a node or a saddle-node; and the pictures for the
phase portrait of system (29) on the v-axis are just Figures 18(a),(b),(h)—
(1). Thus the phase portrait of system (25) on the u-axis has been shown
in Figure 19 if the point = u— H—Ll = 0 is a saddle. If this point is a node,
then the corresponding pictures will appear in Figure 21 below. In the case
that x = u — lJ%l = 0 is a saddle-node, modulo the symmetry with respect
to the u-axis, Figure 20 contains all the possibilities for the phase portrait

of system (25) on the u-axis. They are realized by the next example.

ExXAMPLE 24. Applying the change of variables u = xzv, dr = xdt to the
system

1
i = —mxu + aga:Q +zu? + a4x3 + a5m2u,
. l+2
=u?— (I +1)u + (az — li—l)xu + agxu + aszu?,
we obtain
1 142
= —mxv+a3x+x2[v2 + a4+ asv), 0= l_—::—lv(v— 1) —(142)zv.

To realize the pictures of Figure 20, the values of the parameters should
be chosen such that the point x = u — l_%l = 0 is a saddle-node, and the
phase portrait of the last system on the v-azis is the corresponding picture
in Figure 18. Thus we can choose ag = —1,a4 = 0,a5 = [ + 3 for Figure
20(a); ag = %’M = a5 = 0 for Figure 20(b); as = %eraz; = 0,a5 =1
for Figure 20(c); as = H%7a4 =0,a5 =1 for Figure 20(d); a3 = H%,a;; =
—2,a5 = 1 for Figure 20(e); as = 0,a5 = 2,a4 = 1 for Figure 20(f); and
a3 = a5 = 0,a4 = =1 for Figure 20(g).
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FIG. 20. The phase portrait of system (25) on the u-axis in the case studied

in §7.3.4 with a1 = —H%l.

In the case | = 0 there are 5 pictures for the phase portrait of system
(17) at = y = 0. We obtain Figures 3(32), 3(32) and 3(34) from Figures
20(a),(b) and (c) respectively; we get Figure 3(35) from Figures 20(d) and
(e), and Figure 3(36) from Figures 20(f) and (g). These 5 pictures can all
be realized by the system

. 1 .
T = —mxy+y2+a3x3+a4x4+a5x2y, ¥ = (2a3—2)x*y+2a42°y+2as1y?,

because we can obtain the system of Example 14 by applying the blowing-
up y = xu, dr = xdt to it. The values of the parameters can be chosen as
those for the corresponding pictures in Figure 20.

1 1

The case a; < —37. In this case the point z = u — 77 =0 of system
(25) is a node. The pictures for the phase portrait of system (29) on the
v-axis are Figures 18(a),(b),(h)—(1). Correspondingly we obtain 7 pictures
for the phase portrait of system (25) on the wu-axis, which are shown in
Figure 21 and realized by Example 23. Let a; = —2. Then the values of
the other parameters in Example 23 can be chosen as a3 = —1,a4 = 0 for
Figure 21(a); ag = 4,a4 = 0 for Figure 21(b); az = 1,a4 = 0 for Figure
21(c); az = 2,as = 2£2 for Figure 21(d); a3 = 2,a4 = 0 for Figure 21(e);
a3 =0,a4 =1 for Figure 21(f); and a3 = 0,a4 = —1 for Figure 21(g).
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FIG. 21. The phase portrait of system (25) on the u-axis in the case studied

in §7.3.4 with a1 < — 5.

In the case | = 0 there are 3 pictures for the phase portrait of system
(17) at * = y = 0 corresponding to Figure 21. We get Figure 3(37) from
Figures 21(a) and (b); Figure 3(39) from Figure 21(c); Figure 3(38) from
Figures 21(d)—(g). By a reason similar to the above cases, we know that
all of them can be realized.

7.4. 1—a; #0and D*(1,u) has a double root

This case is similar to the one that we have seen in §4. We have in
general the following blowing-up tree

* B*
a5, S A
where A7 is the singular point x = u = 0 of system (26), deg(A}) =--- =
deg(A;_,) = 2, and Bj,---,B;_; are singular points of degree 1. This
tree is uniquely determined by the requirement on the singular point Aj.
Roughly speaking, Aj is a singular point that can be identified with the
singular point = u = 0 of system (25) analyzed in §§7.1-7.3.4. To make
this requirement precise, we apply Lemma 5 to the present case. As in
the proof of Lemma 5, we can inductively find the systems governing the
singular points in this tree. Let u = u;. We get the system for A] by
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replacing u with u;. For 2 <1 < k —1, we can inductively show that A7 is
the singular point x = u; = 0 of the system

i:alxui+z2[~~], ui:[lf(ifl)al]uera:ﬂu],

where [- - -] denotes some analytic function at = u; = 0. For any 1 < i <
k — 2, B is the singular point v = u; = 0 of the system

;= [1—(i—Dalug+---, 0= (iag—Lv+---. (31)

The points A7, ; and B} are obtained by applying the following changes of
variables to A}

w; = (uip1 + d;)x, dr = zdt; T = vu;, dT = u;dt,

where d; is a real constant such that for any 1 < i < k—2, the characteristic
polynomial of the singular point A} can be written as (1 —ia1)z(u; — d;x)?
with 1 —iaq # 0. Up to now all the statements follow directly from Lemma
5. Now we begin to formulate our requirement. We first need that the
characteristic polynomial of A}, can be written as [1 — (k—1)a1]x(ug—1—
di_1z)? such that 1 — (k — 1)a; # 0. Thus if we apply the above two
changes of variables (with ¢ = k — 1) to A} _,, then B} _, is still described
by system (31) with ¢ = k — 1, and Aj is the singular point = uj = 0 of
the system

& = ayruy+asr+2* Pz, uy), g = [1—(k—1)ai]ui +xQ(z,uy). (32)

The difference between (31) and (32) is that @ and @(0,0) need not be
zero. If a; = Q(0,0) = 0, then deg(Aj) = 2. In this case, we require that
the degrees of the successors are smaller than 2.

Now we begin the investigation of the local phase portrait of A}, which
is the unique 2-degree singular point of system (25) on the w-axis. For
this system, the u-axis is an invariant line on which the regular orbits can
be easily determined from system (26). But for convenience we prefer to
consider the following local phase portrait instead of studying A} directly:
the orbits on the wu-axis are the same as those of Aj; the left and right
parts are topologically (i.e., need not be qualitatively) the same as the
corresponding parts of the local phase portrait of Aj. It is easy to check
that both local phase portraits will produce the same local phase portrait
of system (17) at x = y = 0 in the case [ = 0 (the same is true for the case
I > 0 in system (25) which will be used in §8). Due to this fact we identify
these two local phase portraits below. And both of them are called as the
local phase portrait of Aj.
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Now we apply Lemma 5 to the present case. Then we can easily conclude
that the local phase portrait of A} can be obtained from that of A}, and
the rule is just the following (see the proof of Lemma 5):

(i) Since the present case is just the case m = 2 and b = 1 in Lemma
5, we conclude that some B; is a node if and only if a; belongs to one
of the following intervals: (1,+00),(3,1),(3,3),..., (75, 7=5)- We know
also from Lemma 5 that if one B} is an anti-saddle, then it must be a node
and all other BY, 1 <j <k —1, j# i, are saddles.

(ii) From system (32), we know that the local phase portrait of Aj is
represented by the pictures obtained in §7.3.1 and §7.3.2 if and only if
a1 = + and @y = Q(0,0) = 0 in system (32).

(iii) If all the By, 1 <4 < k — 1, are saddles, the rule to get the local
phase portrait of A} from that of A} is: (1) the invariant u-axis cuts the
local phase portrait of A} into two parts, i.e., the right part and the left
part; (2) the right part is the same as that of A}; (3) the left part has 2
possibilities, namely, it is the same as the left part of A} if k is odd; if & is
even, it is obtained by a reflection across the z-axis of the left part of A}
and then reversing the orientation of the orbits.

(iv) If one B is a node, we draw the local phase portrait of A} on the
unit circle (see §2.4). The top and the bottom are two nodes, the stability
is determined by the two regular orbits of system (26) on the u-axis. The
other 2 singular points on the unit circle are the intersection points of the
x-axis with this circle. The local phase portrait of the point on the right
semi-circle is the same as the right part of A;. The left one is either the
same as the left part of A} (in the case that k is odd), or obtained by a
reflection of the left part of Aj across the z-axis and then reversing the
directions of the orbits (in the case that k is even).

By our assumption that 1 — (k — 1)a; # 0, we apply the time rescaling
dr = [1 — (k —1)a1]dt to system (32). Then we obtain

a1 a9 1 2
_ P
-0 T TG —Da T TG Da® | @)

T

This system has the same form as system (25) at (0,0). Thus we conclude
that the local phase portrait of A} is qualitatively equivalent to the local
phase portrait of system (25) at x = u = 0 discussed in §§7.1-7.3.4. By the
above rule, it follows that the phase portrait of system (25) on the u-axis
in the present case can be obtained from those pictures in the previous
parts of this section (§§7.1-7.3.4) with a slight change. Therefore all we
need to do is to check these pictures, then to list by using the above rule all
pictures for the phase portrait of system (25) on the u-axis, and finally to
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realize them by examples. To do this, we first assume that A} is a singular
point of degree 2 (i.e., Q(0,0) = @z = 0 in system (32)). We should check
the pictures in §§7.3.1-7.3.4.

If a1 = %, then all B} are saddles, and Aj is the same as the singular
point & = u = 0 of system (25) analyzed in §7.3.1 and §7.3.2. The point
T=u- l% = 0 is also a saddle. If k is odd, then all pictures in Figures
12 and 14 keep unchanged. If k is even, Figure 14(c) is changed to Figure
7.1(a); modulo the symmetry with respect to the u-axis, Figures 14(e) and
(f) are interchanged; all other pictures in Figures 12 and 14 keep unchanged.

Corresponding to the situation considered in §7.3.3, the local phase por-
trait of Aj, is topologically either a union of 2 elliptic sectors or a union of
two hyperbolic sectors. The former appears exactly when a; € (%7 ﬁ) (see
system (32)). In this case all B} and the point x = u— HLI = 0 are saddles.
So the phase portrait of system (25) on the u-axis is given by Figure 30(a).
When a; > 71, then some B; is a node, but z = u — 1 = 0 is a saddle,
so we still get Figure 15(a). If a1 < %, then the phase portraits of A} and
A} are the same since all B} are saddles. The point = u— l-s%l = 0 can be
a saddle, a node or a saddle-node. Respectively we get Figures 15(b)—(e)
as the phase portrait of system (25) on the wu-axis.

Now we consider the situation corresponding to §7.3.4. If a1 € (%, ﬁ),
then the pictures for the local phase portrait of A} are just the same as the
pictures for the singular point x = v = 0 in Figure 17; if a; € (%, —l_%l),
ay = —l%l, or a; < _14%1’ then the phase portrait of A} is represented by
the pictures of Figures 19, 20 or 21 respectively (at x = v = 0). In these
cases, all B} are saddles, x = u — l% = 0 in system (25) is the same as in
the corresponding figures. So, to obtain the phase portrait of system (25)
on the u-axis in each case, it suffices to check the corresponding changes by
applying the point (iii) of our rule to the above pictures. More precisely, in
Figure 17, all pictures keep unchanged. In Figure 19, if k is even, (j) and
(k) are interchanged; modulo the symmetry with respect to the u-axis, (d)
and (g) will be changed to (e) and (f); (a) and (b) are interchanged with
(n) and (m) respectively; all other pictures keep unchanged. In Figure 20,
if k is even, (a) and (b) are changed to Figure 7.1(h) and (c); (e) and (f)
are interchanged; all other pictures keep unchanged. In Figure 21, if k is
even, (a) and (b) are changed to Figures 7.1 (f) and (b); (e¢) and (f) are
interchanged; all other pictures keep unchanged. In the case that a; > ﬁ,
we take u as uy in the changes of variables in §7.3.3, and apply these changes
of variables to system (32). Then we get two systems corresponding to
systems (29) and (30). The phase portrait of the first system on the v-axis
has the same possibilities as in Figure 16; corresponding to system (30),
we get a saddle. However there is a unique node B;. Thus the pictures we
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FIG. 22. The local phase portrait of A7 when @2 # 0 in system (32).

get for the phase portrait of system (25) on the u-axis in this case are the
same as those in Figure 17.

Now we assume Aj is of degree 1.

If ay # 0 in system (32), the local phase portrait of Aj has 5 possibilities
which are shown in Figure 22. Among these 5 pictures, we get Figures
22(a)—(d) if all B} are saddles (i.e., a1 < 127); we always obtain Figures
22(e) if one B is a node (namely, a; > 15). In the former case the

point x = u — 1-1%1 can be a saddle, a node or a saddle-node; in the later
case, this point must be a saddle. So, corresponding to Figure 22(a), the
pictures for the phase portrait of system (25) on the u-axis are Figures
7.1(a)—(d); corresponding to Figure 22(b), the pictures are Figures 7.1(e)-
(h); corresponding to Figure 22(c), the pictures are Figures 19(a), 20(a)
and 21(a); corresponding to Figure 22(d), the pictures are Figures 19(b),
20(b) and 21(b); corresponding to Figure 22(e), it is Figure 19(c).

Now we assume that a; = 0 but Q(0,0) # 0. If we compare systems
(32) and (50), and take x and wu in system (32) as y and z in system
(50) respectively, we find that (32) is equivalent to (50) with the condition
az = by = 0. We can assume that Q(0,0) > 0 in system (32). By the
remark on system (50), we can assume 1 — (k — 1)a; > 0. So all By
are saddles. According to the analysis in §10.2, we know that the phase
portrait of A} has 5 possibilities which are shown in Figure 32. But Figures
32(a),(b),(d) and (e) apppear only when a; > 0. So in this situation the
singular point z = u — H%l = 0 in system (25) is a saddle. The phase
portrait of A} is one of the 5 pictures in Figure 32. Actually, if the phase
portrait of A} is Figures 32(a),(b),(c),(d) and (e), then the phase portrait
of Aj is Figures 32(a),(b),(c),(e) and (d) respectively if k is even; if k is
odd, these two phase portraits are the same. So in the case that as = 0 and
Q(0,0) # 0, we still have Figure 11 as the pictures for the phase portrait
of system (25) on the u-axis.

To sum up, we have no new pictures for the phase portrait of system
(25) on the u-axis in this subsection in the sense that any picture obtained
in the present case corresponds to a picture obtained in the previous part
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such that the local phase portraits of the point x = u — Hil are the same;
whereas the local phase portraits of the point x = u = 0 are topologically
equivalent. As a corollary, it follows that no new pictures for the phase
portrait of the point = y = 0 of system (17) will be produced in this
case.

8. THE CASE A(U) =0 HAS A TRIPLE ROOT AND
deg(Ar) =3
In this case we have the following tree (see §4)

Bp—1

B
0(070) I Al /—1> cer —— Al—l /—> Al7
where deg(A;) = --- = deg(A4;) =3, By, Ba, -+ ,B;_1 are all saddles, and
A; is described by system (20). Recall that in system (20), Q3(0,y) =
—ly3, P2(0,y) = y2, A(u) = Q3(1,u) — uP(1,u) is a polynomial of degree
3. Now we apply the following two changes of variables

y=zu, dr = z2dt; T =vy, dr = y2dt,

to system (20), we obtain

i =aPy(1,u) + 22 Ps(1,u) + - -,
= Au) + ac(@4(1, u) — uﬁ’3(1, w)) + e,
and

y=—ly+---, o=(I0+1Dv+---.

By our requirement on A;, A(u) = 0 has either a simple real root and 2
complex roots, or 3 different real roots, or a double real root and a simple
real root. In the first 2 cases, system (33) is in fact system (24) with [ > 0.
In the third case, it is just system (25) with { > 0 (see §8.1 below). So
the pictures for the phase portrait of system (33) on the u-axis have been
shown in §6 and §7 in all these cases. All we need to do is to get the
pictures for the local phase portrait of system (17) at x = y = 0 from the
pictures in §6 and §7. We do this below.

8.1. The case A(u) = 0 has a double root

The unique double root can be assumed to be u = 0. So A(u) = u?(—(I+
1)u + ¢) for some real constant ¢ # 0. Without loss of generality, we
can take ¢ = 1 since c¢ is changed to be 1 after applying the change of
variables: (z,u,t) — (cx,cu,c2t) to system (33) (notice that such a kind
of rescaling is obtained by a rescaling of (z,y,t) in system (17) of the form
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(z,y,t) — (diz,day, dst), where dy, ds and ds are non-zero real constants).
Now (33) is system (25) with [ > 0, which has been studied in §7.

Applying Lemma 4 to the present case, we can easily conclude that the
local phase portrait of system (17) at © = y = 0 can be obtained from that
of system (33) on the u-axis, and the rule is the following:

(i) The phase portrait of system (33) on the u-axis contains two singular
points: x =u=0and x = u— H% = 0. The singular point z = u—H% =0
moves along the u-axis in such a way that these 2 singular points meet at
x =u = 0, and collapse into one singular point which is denoted by A;4;.
The invariant u-axis cuts the phase portrait into 2 parts, namely, the left
part and the right part.

(ii) The local phase portrait at z = y = 0 (of system (17)) on the unit
circle (see §2.4) has a pair of singular points which correspond to the unique
triple root of A(u) = 0.

(iii) The phase portrait at the singular point on the right semi-circle is
the same as the right part of A;y;.

(iv) If [ is odd, the phase portrait at the singular point on the left semi-
circle is the left part of the local phase portrait of A;11 but with an inverse
orientation. If [ is even, it is obtained from the left part of the local phase
portrait of A;11 by reversing the orientation and a reflection across the
Z-axis.

To prove this rule, we first note that the local phase portrait of A;; is
closely related to the phase portrait of A;. This relation is described by
the theory of blowing-ups in §2. Then this rule follows easily from the rule
described in the proof of Lemma 4.

Now all we need to do is to draw new pictures from the phase portrait
of system (33) on the w-axis according to the above rule, and then to find
examples to realize them. To this end, it is sufficient to consider the figures
in §7, since we have listed all possible pictures modulo the symmetry with
respect to the u-axis, but this symmetry is precisely the change of variables
(z,u,t) — (—x,u,t) in system (33), which is obtained by a rescaling of the
variables x,y and ¢ in system (17). For the realization problem, we note
that system (33) is obtained from system (17) by applying a change of
variables of the following form

y=ur't + diz + dox® + - + dp 2t dr = 22t

Conversely, this change of variables can also be used to obtain system (17)
from system (33). For example, we can take dy = dy =--- = dj11 = 0. We
see from the above change of variables that

dy _ aadu

— 3z+1dj dr _ 21+1dj_
dt dt

d d
& x3l+2£+(l+1)ux , — ==

!
(141
+at (I Du dr dr’ di dr
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The functions g—ﬁ and % are given in system (33). Thus system (17) is

obtained. Since we have realized all pictures in §7, there are only trivial
calculations left for the present realization problem. We omit the details,
just point out all the pictures can be realized. This remark is still true for
the realization problem in §8.2, and we will not touch it there.

Now we start to check the pictures in §7. First we assume that [ is even.
By the above rule, we obtain 22 new pictures (Figures 3(40)-3(61)). The
details are given in the rest of this paragraph: we get Figures 3(40), (41),
(42), (42), (43), (8), (44), (44) from Figures 10(a)—(h) respectively; from the
pictures in Figure 11, we get Figures 3(51), (48), (45), (49), (46), (44), (45),
(47); we obtain Figures 3(50), (41), (51) from Figure 12; corresponding to
the pictures in Figure 14, we obtain Figures 3(7), (41), (52), (41), (53), (42);
from Figure 15, we obtain Figures 3(41), (7), (9), (9), (8); from Figure 17,
we get Figures 3(41), (41), (50), (51), (51), (51), (51); from Figure 19, we
have Figures 3(52), (52), (41), (42), (53), (42), (53), (54), (55), (56), (55),
(56), (40), (43), (59), (59); from Figure 20, we obtain Figures 3(58), (57),
(56), (52), (47), (59), (60); and from Figure 21, we get Figures 3(61), (61),
(13), (53), (44), (53), (44).

Now assume that [ is odd. We get three new pictures (Figures 3(62),
(63), (64)). The details are the following. From Figure 10, we get Figures
3(40), (62), (42), (42), (60), (8), (44), (44); from Figure 11, we get Figures
3(64), (48), (45), (49), (46), (44), (45), (47); from Figure 12, we have
Figures 3(63), (62), (64); from Figure 14, we get Figures 3(7), (62), (52),
(62), (58), (42); from Figure 15, we obtain Figures 3(62), (7), (9), (9), (8);
from Figure 17, we have Figures 3(62), (62), (63), (64) ,(64), (64), (64);
from Figure 19, we get Figures 3(52), (52), (62), (42), (58), (42), (58),
(54), (55), (56), (55), (56), (40), (60), (59), (59); from Figure 20, we obtain
Figures 3(53), (57), (56), (52), (47), (59), (43); from Figure 21, we have
Figures 3(61), (61), (60), (58), (44), (58), (44).

8.2. The case A(u) = 0 has only simple roots

In this case we have a similar rule to obtain the phase portrait of system
(17) at £ = y = 0 from the phase portrait of system (33) on the u-axis.
The only change is the point (i). Here all singular points on the wu-axis
accumulate at one point, and form a new singular point A;11. By using
this rule and the results in §6, we can get all pictures for the phase portrait
of system (17) at x = y = 0. The details are given below.

If | is even, we get Figures 3(7), (8), (9), (9) from Figure 6; Figures
3(40), (54), (43), (41), (41), (43), (8) from Figure 7; Figures 3(42), (44),
(56), (55), (53), (53), (42), (56), (44) from Figure 8; and Figures 3(52),
(59), (47), (60), (52), (59) from Figure 9.

Assume [ is odd. We obtain Figures 3(7), (8), (9), (9) from Figure 6;
Figures 3(40), (54), (60), (62), (62), (60), (8) from Figure 7; Figures 3(42),
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(44), (56), (55), (58), (58), (42), (56), (44) from Figure 8; Figures 3(52),
(59), (47), (43), (52), (59) from Figure 9.

To sum up, no new pictures for the local phase portrait of system (17)
at z = y = 0 appear in this subsection.

9. THE CASE A(U) HAS A TRIPLE ROOT AND deg(Ay) < 2

Let us go back to §4. We know that A;_; is described by system (18), and
A; is just the singular point @ = u = 0 of system (19). Since deg(4;) < 2,
system (19) can be rewritten as

i = z[u? + a1u + as) + 23[as + -],

T e (34)
= —lu’ + z[by + byu + box + - - - ].

As in §8 we can obtain the local phase portrait of system (17) at x =y =0
directly from the local phase portrait of A;. To do this, we draw the phase
portrait of system (17) at © = y = 0 on the unit circle. The rule is the
following, which follows immediately from Lemma 4 and its proof.

(i) The phase portrait of system (17) at « = y = 0 on the unit circle
has a pair of singular points which correspond to the unique triple root of
A(u) =0 (see Lemma 1).

(ii) The local phase portrait at the singular point on the right semi-circle
is the same as the right part of A;.

(iii) If I is even, the local phase portrait at the singular point on the
left semi-circle is the left part of the local phase portrait of A; but with
inverse orientation. If [ is odd, it is obtained from the left part of the local
phase portrait of A; by a reflection across the z-axis and then reversing the
orientation of orbits.

In the following we will analyze the local phase portrait of system (34)
at © = u = 0, and then find the corresponding pictures for the local phase
portrait of system (17) at © = y = 0 by using the above rule, and finally
find examples to realize those new local phase portraits.

9.1. The case deg(4;) =1

By assumption, a3 + 138 # 0. If a3 # 0, then z = u = 0 is either a
saddle or a node (Figure 6(a) or (b) respectively). Correspondingly, the
local phase portrait of system (17) at x = y = 0 is Figure 3(7) or 3(8).
Now we assume dy = 0. Then by # 0. With the help of the transformation
(z,u,t) — (—x,u,t), we can even assume by > 0 in system (34). Now it is
easy to check that z = u = 0 is a saddle-node if a; # 0; and a saddle if
a1 = 0. The corresponding pictures for the local phase portrait of system
(17) at & = y = 0 are Figures 3(9) and 3(7).
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9.2. The case deg(A4;) =2
In this case g = by = 0. We rewrite system (34) as

& = ajou + azx® + o Py(x,u) + o Py(z,u) + - - -,

: 7 72 / / (35)

= bizu + box® + Q5(z,u) + Q) (z,u) + - .
Where, as before, P/(z,u) and Q}(z,u) are homogeneous of degree i, more-
over, Pj(0,u) = u?, Q4(0,u) = —lu?, and P/(0,u) = Q/,,(0,u) = 0 for
any @ > 2. Let

Az, u) = ac[i)la:u + ngz] —ulayru + azx?] = x[i)gxz + (51 — az)zu — aju?l.
Applying the following changes of variables

r = us, dr = udt; u = zv, dr = xdt,
to system (35), we obtain

U = 51U8+62u52 —|—u2(_l_|_...)’
32&18-"—(@3—61)82 —5283+us[(l+1)+...}

and

& =a(@v+ag)+a?(---), b= -a10’+ (b —as)v+ba+a(---), (37)

where (---) denotes some analytic function. The local phase portrait of
system (35) at x = u = 0 is obtained by studying systems (36) and (37).
We divide our discussion into 4 cases according to the form of A’.

9.2.1 The case a; # 0

Without loss of generality we can assume a; > 0 (see the remark on the
constant ¢ in the first paragraph of §8.1). From system (36), we know that
u = s = 0 is a saddle-node. The phase portrait of system (37) on the v-axis
is discussed according to the roots of A/(1,v) = —ayv2 4 (by —as)v+by = 0.

If A’(1,v) = 0 has no real roots, then z = u = 0 of system (35) is a node.
Correspondingly the phase portrait of system (17) at + = y = 0 is Figure
3(8).

If A’(1,v) = 0 has two different real roots, the possibilities for the phase
portrait of system (37) on the v-axis are shown in Figure 23. Correspond-
ingly, we have the pictures in Figure 24 as the local phase portrait of system
(35) at x = u =0.

By using the above rule, we can obtain the corresponding pictures for
the local phase portrait of system (17) at © = y = 0 from Figure 24. If [ is
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FIG. 23. The phase portrait of system (37) on the v-axis in §9.2.1.

even, we get Figures 3(61), (61), (60), (58), (44), (58), (44) respectively. If
[ is odd, we obtain Figures 3(61), (61), (43), (53), (44), (53), (44).

If A'(1,v) = 0 has a double root which is not equal to —%2, then system
(37) has a unique singular point on the v-axis, where the eigenvalue of the
linear part of system (37) in the a-direction is non-zero. So the local phase
portrait of system (35) at z = u = 0 is topologically either Figure 24(a) or
24(b). Consequently the local phase portrait of system (17) at z =y =0
is Figure 3(61).

Now we assume that the double root of A’(1,v) = 0 is equal to —Z—f.
Moving this double root to v = 0, then we can assume I;l = l~92 =a3z = 0.
If the degree of the singular point x = v = 0 is 1, it is easy to check that
it is a saddle. Correspondingly, the local phase portrait of system (17) at
x =y = 0 is Figure 3(44). If the singular point x = v = 0 of system (37) is
of degree 2, then it can be studied in a way similar to §7.3.5. Denote this
singular point by A] 4+1- We have in general the following subtree

/Bl+l0
—

, o SP AP A /
41— A — o —

/
I+lo l+lo+1"
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FIG. 24. The phase portrait of system (35) at x = v =0 in §9.2.1.

Here deg(A;_H-) =2 and By, is a saddle for 1 < i < ly. The singular point
A;—Ho-‘rl can be taken as the singular point z = y = 0 of the system

T = (d1y+d2)x—|—x2(d3+---),

S s (38)
§=—(lo+ 1)ary? + z(by + box + by + - --).

If a2 4 b2 # 0, then Al 1,41 s a singular point of degree 1. If g = by =0,
then A 41,41 18 a singular point of degree 2. In the second case we apply
the following changes of variables

y = xu, dr = xdt; T =yv, dr = ydt,
to system (38), we have

z = (a1u+ as)x + :172(~ R

- A 39
T'IJ:—(lo—|—2)€l1’l£2+(b3—d3)u+b2+l‘["~], ( )

and

The requirement for the above subtree is that —(lg +2)a;u? + (l;g —az)u+
by = 0 has two different (real or complex) roots. Using an argument sim-
ilar to that in §4, we can easily show that the above cases cover all the
possibilities for the singular point A4;_ ;.
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FIG. 25. The phase portrait of A; in §9.2.1.

The local phase portrait of Aj,; ., can always be determined by systems
(38), (39) and (40). To obtain the local phase portraits of A; and the point
x =1y =0 of system (17), we use Lemma 5 as in some previous cases. We
draw the local phase portrait of A; on the unit circle. Then the rule is as
follows.

(i) The top is a saddle, the bottom is a node. The orientation of orbits
at them is determined by system (36).

(ii) The other two singular points are the intersection points of the circle
with the z-axis. Their local phase portraits are obtained from the right
and the left parts of the local phase portrait of A +1o+1 Which are obtained
by cutting this phase portrait along the invariant y-axis.

(iii) The local phase portrait of the singular point on the right semi-circle
is just the right part of the the local phase portrait of A2+lo+1'

(iv) If Iy is odd, then the one on the left semi-circle is the same as the left
part of the local phase portrait of A] 4io+1- 1 lo is even, it is obtained from
the left part of the local phase portrait at A 41,41 DY a reflection across
the z-axis and then reversing the orientation of orbits.

In the case that as = 0 but by # 0, the singular point x = y = 0 of
system (38) is a saddle. So Aj ; is also a saddle, and Figure 3(44) is
the local phase portrait of system (17) at © = y = 0. In the case that
ay = by = 0 and —(ly + 2)a;u? + (bs — as)u + by = 0 has no real roots,
there are no singular points on the u-axis in system (39). So A; is a node.
Correspondingly the local phase portrait of system (17) at = y = 0 is
Figure 3(8). The case s # 0 is equivalent to (i.e., it will produce the same
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FIG. 26. The local phase portrait of system (37) at x = v +
§9.2.2.
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pictures for the local phase portrait of A; as) the case in which dy = 51 =0
and —(lg 4 2)au? + (bs — a3)u + by = 0 has 2 different real roots, and
the eigenvalues in the characteristic direction different from the u-axis at
the 2 singular points of system (39) on the w-axis have the same sign.
Therefore in the following it suffices to consider the case that as = ZA71 =0
and —(lg + 2)a;u?® + (33 —as)u + by = 0 has 2 different real roots.

The phase portrait of system (39) on the u-axis has the same possibilities
as the phase portrait of system (37) on the v-axis, which have been shown in
Figure 23. If [y is odd, then the corresponding pictures for the local phase
portrait of A; are shown in Figure 24. If [y is even, the corresponding
pictures are those of Figure 25.

Corresponding to Figure 25, we obtain Figures 3(8), (62), (60), (44),
(44), (58), (58) for the local phase portrait of system (17) at x =y =0 if [
is even; if [ is odd, then the corresponding pictures are Figures 3(8), (41),
(43), (44), (44), (53), (53).

To sum up, we have shown that if a; # 0, there are no new pictures for
the local phase portrait of system (17) at z =y = 0.

9.2.2 The case that d; = 0 and b; # as
In this case and the following two subsections (§§9.2.2-9.2.4), we can

assume ag > 0 in system (35) with the help of the transformation (z,u,t) —

(—z,u,t). The singular point x = v — —b2—
bl—ag

degree 1. Its phase portrait has 8 possibilities as shown in Figure 26. The

= 0 in system (37) is of
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condition on the parameters by and as for each picture of Figure 26 is as
follows: by < @3 and g > 0 for Figure 26(a); by > as > 0 for Figure 26(b);
by > as = 0 for Figures 26(c), (d) and (e); by < az = 0 for Figures 26(f),
(g) and (b).
To study the singular point v = s = 0, we apply the following two
changes of variables
u = sup, dr = sdt, s =usy, dr = udt,

to system (36), we have

$=(ag— b1)s—+ (1 + 1)suy + s2(=bo + -+ ),

Gy = (201 — as)uy — (204 )u? + uys(2by + - - - ), 4D

and
i = byusy — lu +u?[---], $1= (21 +1)s1 4 (as — 2b1)s> +uf-- -], (42)
where [---] is some analytic function. The singular point u = s; = 0 is a

saddle. The phase portrait of system (41) on the ui-axis is determined by
the values of the parameters. It is easy to know that there are two singular

points on the w;-axis, namely, vy = s = 0 and u; — 2bi—ds — g — (), At

20+1 )
u; = s = 0, the two eigenvalues are as — b; and 2by — as. At u; — 221“:?3 =
s = 0, the eigenvalue in the direction of the uj-axis is a3 — 251, the other

eigenvalue is l%‘;ii’l . So the pictures of Figure 27 cover all the possibilities
for the local phase portrait of system (36) at u = s = 0. The corresponding
condition on the parameters is listed below: ag > 2131 and l~)1 + las > 0 for
Figure 27(a); as > 20, and by + laz < 0 for Figure 27(b); as > 2b, and
él + laz = 0 for Figure 27(c) and (d); a3 < by < 2b; for Figure 27(e);
by < a3 < 2by for Figure 27(f); az = 2b; for Figure 27(g). In Figures 27(g)
and (a)—(d), we have az > b because az > 2b; and az > 0.

Corresponding to the pictures in Figure 27, we obtain 12 pictures (Figure
28) for the local phase portrait of system (35) at = u = 0. Among these
pictures, if az > 201 and by + las > 0, we get Figure 28(a); if az > 0 > by
and by +las < 0, then we get Figure 28(b); if a3 = 0 > by, we have Figures
28(b),(c),(d),(e); if a3 = —2 > 0, then we have Figures 28(f),(g),(a),(b); if
by > as = 0, we have Figures 28(i),(j),(k),(1); if 0 < @ < by, we get Figure
28(j); if 0 < by < dg < 2by, we have Figure 28(h); and if a5 = 2b; > 0,
we get Figure 28(a). The above analysis shows all the possibilities since
as > 0.

Corresponding to Figure 28, we still have no new pictures for the phase
portrait of system (17) at © = y = 0. Actually, if [ is even, we get Figures
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FIG. 27. The local phase portrait of system (36) at u = s =0 in §9.2.2.
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FIG. 28. The local phase portrait of system (35) at z =« = 0 in §9.2.2.
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3(9), (46), (49), (47), (57), (45), (45), (57), (46), (57), (49), (47). If I is
odd, we get the same.

9.2.3 The case d; =b; —dg =0, by 0

In this case there are no singular points on the v-axis in system (37).
So, in order to analyze the singular point 2 = u = 0 of system (35), it is
sufficient to analyze u = s = 0 in system (36). We first assume 2b; —as # 0
(this is equivalent to a3 = by # 0). Since as > 0 (see §9.2.2), it is easy
to see from systems (41) and (42) that the local phase portrait of system
(36) at u = s = 0 is Figure 29(a) or (b) according as by < 0or by > 0. If
a3 = by = 0, we apply the following changes of variables

Uy = Sug, dT = sdt; $ = u1S2, dT = updt,

to system (41) and obtain

$ = s[(1+ 1ug — by] + s2[-- -], 1y = 3byuy — (31 + 2)u2 + suy-- -],
and
Gy = uy 20950 — (2L + V)] +u3[---],  $o = (34 2)sy — 3bys +uy[-- -],
where [- - -] denotes some analytic function. From these two system, we get

Figures 29(c) (if b; > 0) and 29(d) (if b, < 0) as the local phase portrait of
system (41) at u; = s = 0. Correspondingly, we get Figures 29(e) and (f)
for the local phase portrait of system (35) at 2 = u = 0. By using our rule,
we get Figure 3(57) for the phase portrait of system (17) at © = y = 0 from
Figures 29(a) and (b). From Figures 29(e) and (f), we get Figure 3(7) for
the local phase portrait of system (17) at x =y = 0.

9.2.4 The case a; = §1 —az = 132 =0
We must have a3 = b; # 0. As before, we can assume az > 0. Applying
the transformation x = us, dr = u?dt to system (35), we have

= D15+ uQf(s, 1) + u2Qy(s,1) + - =b1s —lu+---,
§ = s[Py(s,1) = Q5(s, )] + su[Py(s,1)) = Q4(s, )] + - = (I + 1)s 4.

Evidently u = s = 0 is a saddle. Hence the local phase portrait of system
(35) at * = u = 0 is topologically Figure 28(h). Consequently the local
phase portrait of system (17) at z = y = 0 is Figure 3(57).

To sum up, we know from the above analysis that there are no new
pictures for the local phase portrait of system (17) at x = y = 0 in this
section.

Now the analysis of the singular point = y = 0 of system (17) is
finished. The pictures for its local phase portrait are exactly those in
Figure 3. Thus the proof of Theorem D is finished.
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FIG. 29. The local phase portraits obtained in §9.2.3.

10. APPENDIX: THREE FACTS USED IN THE MAIN TEXT

This section contains three facts used in the main body of this paper.
In §10.1, we prove two lemmas which are used in §1. In §10.2, we study a
special kind of 1-degree singular points. The material here is used in §7.2
and in the discussion of the case that a; = 0 and Q(0,0) # 0 in §7.3.5.

10.1. Two lemmas used in §1

LEMMA 25. Cl-equivalence is strictly finer than qualitative equivalence.

Proof. Tt suffices to find two singular points which are qualitatively equiv-
alent, but not C'-equivalent. To do this, we consider the following two
systems

i =—di® +ex’y + (c— Day?, §=cy’+eay® —da’y,  (43)

and
T =1z, iJ=—7, (44)

where d > 0,c > 0 and e are real constants. Let p; and ps denote the
singular points z = y = 0 and z = § = 0 respectively. It is easy to check
that these two singular points are saddles. Their separatrices coincide with
the coordinate axes. So they are qualitatively equivalent, and this lemma is
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proved by showing that they are not C'!'-equivalent for some suitable values
of the parameters d, ¢ and e.

We first observe that if p; and py are C'-equivalent through the diffeo-
morphism VU : (z,y) — (Z,%), and ' is any smooth closed curve around
p1, then the number of contact points of system (43) with ' is equal to
the number of contact points of system (44) with ¥(T'). Actually ¥ maps
contact points to contact points.

Consider the circle T',. : 22 4+ y? = r2. The contact points of system (43)
with I, are just the intersection points of I',. with the curve

x - [—do® + ex’y + (c — Vay?| +y - [cy® + exy?® — da’y] = 0. (45)
Let y = zu, then (45) is changed to
cut +eud + (c —d—1)u? +eu—d=0. (46)

Evidently the number of contact points of system (43) with T',. is not less
than twice the number of different real solutions of equation (46).
Let
1
e=3 +d—c (47)
Then u =1 is a root of (46). Inserting (47) to (46), we have

cu(u® +1)(u — 1)+ du? + 1) (u—1) + %u(u —1)?=0. (48)

From (48), we know that for some values of ¢ > 0 and d > 0, (46) has
a root u = ug such that 0 < ug < % (e.g., one can choose d > 0,¢ > 0
sufficiently small such that the values of the polynomial in (48) at u = 0 and
u = 1 have different signs). Since ¢-d > 0, (46) has at least one negative
root. Therefore we have shown that for some values of the parameters
¢ > 0,d > 0 and e, system (43) has at least six contact points with T';.
In the following, we prove that p; and p» cannot be C'-equivalent in this
case.

Assume this is not the case, the map ¥ : (z,y) — (Z,9) = ¥U(z,y)
realizes the C''-equivalence between p; and p,. Without loss of generality,
we assume that ¥ keeps orientation of orbits. Since W sends orbits of
system (43) to orbits of system (44), and separatrices to separatrices, ¥
must have the following form:

V(z,y) = (azx+o(r)), By +o(r)) asr=+/2?+y>—0,
where « - 8 # 0. Hence ¥(T',.) is described by

o) (Bl

)2 =r?as ¥ =+/22 + 2 — 0 (or equivalently, r — 0).

(
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The contact points (Z,y) of system (44) with ¥(T',.) must satisfy

2:5—1—20(77))_27.(2@4—0(77)

z-( 7 )=0 as7—0. (49)

«

Let Z = 7cosf, § = 7sinf. Applying the Implicit Function Theorem to
(49) at 7 = 0, we obtain exactly four functions

0,(T) = 6p; +0o(F) as7— 0,
where i = 1,2,3,4, 0 < 0y; < 27 satisfies

cos26y;  sin? Oy, 0
o2 72 :

Thus we have proved that there are exactly 4 contact points of system (44)
with U(T',). This contradicts the fact that the number of contact points
of system (43) with I', must be equal to the number of contact points of
system (44) with U(T,.). So p; and py cannot be Cl-equivalent. The proof
is finished. ||

LEMMA 26. The center-focus class is non-empty in the set of singular
points of degree m if and only if m is odd.

Proof. Consider the singular point = y = 0 of system (2). We first show
that it cannot be a center or a focus if m is even. To do this, let us consider
its local phase portrait on the unit circle (see §2.4). If x =y = 0 is a center
or a focus, the unit circle should be invariant, and all its regular orbits
(i.e., those which are not singular points) must have the same orientation
(i.e., either clockwise or counter-clockwise). Now consider the characteristic
polynomial D(x,y) of this singular point. It is either identically zero, or
homogeneous of odd degree. In the first case, the unit circle is not invariant.
In the second case, there is a real linear homogeneous polynomial ax + Gy
whose multiplicity is odd in the factorization of D(x,y). This linear factor
corresponds to a singular point on the unit circle around which the two
regular orbits have different orientations, namely, one is clockwise, and the
other is counter-clockwise. So in both cases, x = y = 0 cannot be a center
or a focus.

If m is odd, we show that there are singular points which are centers or
foci. To do this, we consider the following system

:'csz(a:,y), ysz($7y)~

Here, as before, P, (z,y), Qm(z,y) are homogeneous of degree m. The
polynomial D(z,y) = 2Qm(z,y) — yPm(x,y) is of even degree. So one can
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find P, and @, such that D(z,y) has no real linear factors. In this case,
x =1y =0 is a center or a focus. |

10.2. Local phase portraits of a special kind of singular points
of degree 1
In this subsection, we will study the local phase portrait of the system

&= ayy + azz? + axa® + y[P1(z,y) + Po(z,y) + -],

. o | 2 (50)
g =bizy +bzz”y +y° [ba + Q1(z,y) + Q2(z,y) + -]
at = y = 0, where P; and @; are homogeneous polynomials of degree
i, ay, as,as, by, ba, by are real constants. We assume a; is positive, az # 0
in the following analysis. In this case we can take az > 0 by using the
rescaling (x,y) — (—x, —y) in system (50) which keeps a; unchanged and
changes a3 to —as.
To start, we apply the blowing-up y = zu to system (50). Then we have

& =a1zu + azx® + asx® + z2u[P1(1,u) +aP(1,u) + -],
0= —ayu® + (b — as)wu + (by — az)x’u (51)
+ zu? by — Pi(1,u) + z[Q1(1,u) — Po(1,u)] +---].

Now we apply the following two changes of variables
u = xuy, dr = xdt; r =uv, dr = udt
to (51), and we obtain the following two systems

& = ayruy + a3z + asx® + xuy [Pr(1, zuy) + 2 Po(1,2uy) + -+ -],

. ) ) (52)
i1 = —2ayu] + (b1 — 2a3)us + (bs — 2a2)xu; + zui[ - -],

and
U=—-au+---, v =2aqv+--,

where [---] is some analytic function. The singular point v = v = 0 is
a saddle. On the uj-axis system (52) has only singular points with at
least one non-zero eigenvalue. Thus, by Theorem A, it is easy to get all
possible pictures for the phase portrait of system (52) on the u;-axis. They
are shown in Figure 30. According to the theory of blowing-ups (§2), we
obtain Figure 31 as the corresponding pictures for the phase portrait of
system (51) on the w-axis, where £ = u = 0 is the unique singular point.
Finally Figure 32 shows all the possibilities of the local phase portrait of
system (50) at © = y = 0. The details are given in the following analysis.
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a b c d 8 f

FIG. 31. The phase portrait of system (51) on the u-axis.

If by = 2as, system (52) has only one singular point on the u;-axis. We
have Figure 30(a) for the phase portrait of system (52) on the u;-axis.
Correspondingly, we obtain Figure 31(a) for the local phase portrait of
system (51) at = u = 0, and Figure 32(a) for the local phase portrait of
system (50) at z =y = 0.

If by > 2ag, system (52) has two singular points on the u;-axis: (0,0) and

. . . 1
(0, 512:31‘“ ), where the matrix of the linear part is ( ¢ bl_()2a3 ) , ( 251 2%0_[)1 )

respectively. Figure 30(b) is the phase portrait of system (52) on the us-
axis. We obtain Figures 31(b) and 32(b) for the local phase portraits of
x =wu =0 and z = y = 0 respectively.

Now assume b; < 2a3. There are 2 singular points on the u;-axis: x =
up =0 and z = uy — % = 0. The point x = u; = 0 is a saddle. The
point = u; — bl;% = 0 has four possibilities. If b3 > 0 we obtain Figures
30(c), 31(c) and 32(a). If b1 < 0, we obtain Figures 30(d), 31(d) and 32(c).
If by = 0, the point x = uy— ”127% can be a saddle, a node or a saddle-node.
But new pictures are produced only when it is a saddle-node, and the new
pictures which we will obtain are Figures 30(e) and 30(f). Correspondingly
we obtain Figures 31(e) and 31(f) for the local phase portrait of system
(51) at * = v = 0; and Figures 32(d) and 32(e) for the local phase portrait
of system (50) at x =y = 0.
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FIG. 32. The local phase portrait of system (50) at x =y = 0.
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