TAIWANESE JOURNAL OF MATHEMATICS
Vol. 15, No. 6, pp. 2609-2646, December 2011
This paper is available online at http://tjm.math.ntu.edu.tw

ABSENCE OF POSITIVE ROOTS OF SEXTIC POLYNOMIALS
Shao Yuan Huang and Sui Sun Cheng*

Abstract. Given a general monic sextic polynomial with six real coefficients,
necessary and sufficient conditions are found such that the polynomial does not
have any positive roots. This ‘nonlinear eigenvalue problem’ is a relatively
difficult one since we have 6 real parameters. Fortunately, we succeed in
applying the Cheng-Lin envelope method in [ 1] together with several new ideas
and techniques to express our criteria in terms of roots of quartic polynomials
and explicit parametric curves and therefore our problem is completely solved.
Several specific examples are also included to illustrate various applications
including the seeking of periodic solutions of the logistic equation studied in
chaos theory.

1. INTRODUCTION

It is well known that the real quadratic polynomial
N 4+al+3, AeR,

has no real roots if, and only if, the discriminant a® — 443 is less than 0. This
condition is the same as requiring (a, 3) to lie in the region strictly above the
parabola y = x?/4. Similar conditions have been obtained for the real cubic,
quartic and quintic polynomials (see [1]). In this paper, we intend to consider the
much more difficult general real sextic polynomial

(1) Q(Na, b e, d,ar, B) = X0+ aX® + DA + eX® + d\2 4+ o) + 6,

and to find the exact geometric region containing the parameters a, b, ¢, d, o, 3 such
that () does not have any positive roots. We remark that although a corresponding
discriminant theory is available for arbitrary polynomials, an examination of the
discriminants of the cubic and the quartic polynomials will reveal extremely difficult
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manipulations of multivariate symmetric polynomials or determinants of Sylvester’s
matrices. Hence our investigations are meaningful and may lead to new results in
algebraic number theory and others.

The sextic polynomial was studied in great detail by Felix Klein and Robert
Fricke in the 19th century and is directly related to the algebraic aspect of Hilbert’s
13th Problem. There are now several approaches towards the solutions of sextic
equations (see e.g. [2-5, 7, 8] and the references therein).

Sextic polynomials also appear in recent studies of chaos, anisotropic elastic
materials, and others. For instance, in [6], the authors look for 3-periodic solutions
of the logistic equation

Tpt1 = pxn(l—2,), n=0,1,2,...,

under the initial condition zg = A. If we let g, () = pa(1 — x), then it suffices to
solve the octic equation

' (gu (gu()‘))) - A=0.

In case © = —1, we may consider the equivalent sextic equation (see Example 1 in
the last section)
9(g(g(V)) = A
A(A—2)

While in [9], the analysis of two-dimensional deformation of linear anisotropic
elastic materials is reduced to the computation of certain eigenvalues that are the
roots of a sextic algebraic equation whose coefficients depend only on the elastic
constants.

In this paper, we are not directly involved in the location of the roots of sextic
equations. Instead we are treating the sextic equation as one containing 6 real
parameters. In such a context, our problem stated above is similar to the ‘eigenvalue
problem’ in matrix theory, and therefore it is natural to call the set containing
the required parameters the ‘characteristic region’ such that all roots fall outside
the positive axis. More generally, given a function G(\) = G(May, ag, ..., ay)
depending on n real parameters, the subset of all (aq, ..., a,) € R" such that none
of the roots of the corresponding function G are positive is called the C\ (0, +00)-
characteristic region of G.

The problem posed above is a relatively difficult one since we have 6 real
parameters. Fortunately, an envelope method for handling the existence of real
roots of functions involving finitely many real parameters is developed recently by
Cheng and Lin. This method is used several times successfully (see e.g. [10]) and
formalized recently in a book [1]. We will apply this method together with several
new ideas and techniques to tackle our problem. Necessary as well as sufficient
conditions are obtained. These conditions are expressed in terms of roots of quartic

=0.
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polynomials and explicit parametric curves, and therefore our problem is completely
solved.
For a sample corollary of our main results, we show that the sextic polynomial

N +al+13, XeR,

has no positive roots if, and only if, & > 0 and 3 > 0, or, & < 0 and 8 > 5(%)%/5.

Some of the materials in this paper are, although elementary, quite technical.
It is therefore advisable to first look at the other examples in the last section for
further motivation.

2. PREPARATORY RESULTS

To facilitate discussions, we first recall a few basic concepts and tools explained
in [1]. Let R, R™ and C be respectively the set of real, positive real and complex
numbers and let the function O be the null function, that is ©¢(z) = 0 for z € R.
Given an interval I in R, the chi-function x; : I — R is defined by

xr(z) =1,z el

The restriction of a real function f defined over an interval J, which is not disjoint
from I, will be written as fx, so that fy; is now defined on I N J and

(fx1)(x) = f(z), x€INJ

Let S be a plane curve and L be a plane straight line. Let d(A, B) denote the
distance of two points A and B, and let d(A, L) be the distance between the point
A and the straight line L. Assume S and L have a common point P. According to
the theory of contact (due to Langrange), the straight line L is called the tangent of
the curve S at the point P if

d(A, L)

lim ) g,
APhesaa,p) "V

(2)
In case S is described by a pair of parametric functions, we have the following
relatively easy result (see also [11]).

Lemma 1. Let the plane curve S be described by the parametric functions
x(t) and y(t) on an interval I. Given ty € I such that x(t) # x(to) for all
t € I\{to}. For any m € R, let the straight line L,, be defined by L, (x) =
m(z — z(tg)) + y(to) for © € R.. Suppose the limit

) (i)
M= t1—>to x(t) — z(to)

exists. Then the straight line Lyi(x) is the unique tangent of the curve S at

(2(t0), y(to))-
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We remark that the above definition is compatible with the concept of ‘tangent
lines’ associated with the graph of a real smooth function y = f(x) of a real variable.
Indeed, let S be the curve which is also described by the graph of a smooth function
f passing through P = (x0,y0). By Lemma 1, it is easy to see that (2) holds if,
and only if, the straight line L is the tangent of the graph of the function f.

A point in the plane is said to be a dual point of order m of the plane curve S,
where m is a nonnegative integer, if there exist exactly m mutually distinct tangents
of S that also pass through it. The set of all dual points of order m of S in the
plane is called the dual set of order m of S. We remark that m = 0 is allowed. In
this case, there are no tangents of S that pass through the point in consideration.

Let {Cy: X € I}, where I is a real interval, be a family of plane curves. With
each C), suppose we can associate just one point Py in each C) such that the
totality of these points form a curve S. Then S is called an envelope of the family
{Cx| A € I'} if the curves C and S share a common tangent line at the common
point Py. Suppose we have a family of curves in the z, y-plane implicitly defined
by

F(z,y,A\)=0, A e I,

where [ is an interval of R. Then it is well known that the envelope S is described
by a pair of parametric functions (¢)(\), ¢(\)) that satisfy

for A\ € I, provided some “good conditions” are satisfied. In particular, let f, g, h:
I — R. Then for each fixed A € I, the equation

€) Ly: fA)z+ 9Ny = h(A), (f(A), g(N)) # 0,

defines a straight line L) in the z, y-plane, and we have a collection {L) : A € I}
of straight lines. For such a collection, we have the following result.

Theorem 1. (See [1, Theorems 2.3 and 2.5]). Let f, g, h be real differentiable
functions defined on the interval I such that f(\)g'(\) — f'(N)g(\) # 0 and
g(\) # 0 for X € I. Let ® be the family of straight lines of the form (3). Let the
curve S be defined by the functions x = Y (\),y = ¢(N):

g MhA) = g(M)H' (V) SR A) = F/(N)(N)
FNGN) = F/(N)g(A) FNGN) = F(Ng(N)’
Suppose 1 and ¢ are smooth functions over I and one of the following cases
holds: (i) ¥'(\) # 0 for X € I; (ii) ¥'(\) # 0 for I\{d} where d € I and
limy _4- &' (N)/W'(N\) as well as limy_, g+ ¢'(X) /() exist and are equal. Then
S is the envelope of the family ®.

Ael.

#) »(A) = P(A) =
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Theorem 2. (See [1, Theorem 2.6]). Let A be an interval in R, and f, g, h be
real differentiable functions defined on A such that f(\)g'(\) — f'(N)g(X) # 0 for
A € A. Let © be the family of straight lines of the form (3), where \ € A, and let
the curve S be the envelope of the family ®. Then the point (o, 3) in the plane is
a dual point of order m of S, if, and only if, the function f(\)a+ g(\)B — h(\),
as a function of X\, has exactly m mutually distinct roots in A.

The above result states roughly that the roots of the function F(A|a, 3) =
FN)a+ g(A)B — h(A) in the interval A ‘match’ the tangents connecting the point
(a, B) to the envelope of the family {Ly|A € A} of straight lines, where L) is the
straight line defined by F'(A|z,y) for x,y € R. Therefore we only need to count
the number of such tangents for different pairs of («, 3), that is, to classify dual
points of envelopes.

Plane curves can take on complicated forms. Fortunately, for some plane curves,
their dual points can be described precisely. Indeed, a complete list of distribution
maps of dual points of strictly convex and smooth (i.e. continuously differentiable)
graphs of real functions of one variable defined on real intervals can be found in [1,
Theorems 3.3-3.20.]. Based on such distribution maps, a partial list of distributions
of dual points of piecewise convex-concave and smooth graphs is also available (see
[1, Appendix A]). In this paper, we will need some of these distribution maps (see
Lemmas 3, 4 and 5 below) and will build some new ones (see Lemmas 6 and 7
below) for use in later discussions.

In deriving the complete list of distribution maps in [1], strictly convex and
smooth functions are classified by their monotonicity and behaviors near the bound-
ary points of their domains. Some of these classifications are standard. A less
familiar one is recalled here as follows. Let g be a function defined on an interval 1
with ¢ = inf I and d = sup I. Note that ¢ or d may be infinite, or may be outside the
interval I, and that g(c™), g(d™), ¢’(ct) or ¢’(d~) may not exist. For A € (c,d),
let

(%) Lop(x) =g'N(@ = A) +9(A), = € R.
In case d is finite and g(d~), ¢’(d ™) exist, we let

(6) Lgq(z) =g'(d")(x—d)+g(d”), v € R,
and in case c is finite and g(c™), g'(¢™) exist, we let

(7) Lye(x) = g'(c")(@—c) +g(c?), z € R.

When d is finite, we say g ~ Hg- if limy_4- Lgz(a) = —oo for any a < d;
and similarly when c is finite, g ~ H+ if limy_ .+ Lgx(a) = —oo for any a > c.
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In case d is infinite, we say g ~ H oo if limy— 100 L\ (o) = —oc for any a € R;
and similarly, when c is infinite, we say g ~ H_o if limy .o Lgz(a) = —oo0 for
any o € R.

There is a convenient criteria for the determination of functions with the above
stated properties.

Lemma 2. ([1, Lemmas 3.1 and 3.5]). Let g : (¢,d) — R is a smooth and
strictly convex function. (i) Assume d < +o0o. If g'(d™) = +oo, then g ~ Hy—. (ii)
Assume d = +oo. If ¢'(+00) = +00, or, g'(+00) = 0 and g(+00) = —o0, then
g~ Hi.

The description of the distribution of dual points of a plane curve can be cum-
bersome. For this reason, it is convenient to introduce several notations. We say that
a point (a, b) in the plane is strictly above (above, strictly below, below) the graph
of a function g if a belongs to the domain of g and g(a) < b (respectively g(a) < b,
g(a) > b and g(a) > b). The notation is (a,b) € V(g) (respectively (a,b) € V(g),
(a,b) € A(g) and (a,b) € A(g)). Suppose we now have two real functions g; and g
defined on real subsets I; and I5 respectively. We say that (a, b) € V(g1) ®V(g2) if
a€l1Nlyandb > gi(a)and b > ga(a), or,a € I1\Iz and b > gi(a), or, a € 2\ I3
and b > ga(a). The notations (a,b) € V(g1) ® V(92), (a,b) € V(g1) & A(g2), etc.
are similarly defined. If we now have n real functions g1, ..., g, defined on in-
tervals I, ..., I,, respectively, we write (a,b) € V(g1) ® V(g2) ® --- @& V(gy) if
aelUlLbU---UlI,, and if

aGIil UIZ‘QU- . 'UIim :>b>gz~1 (a), b>gz~2(a), cees b>gz~m(a), L1y eeey by € {1, cers n}

The notations (a,b) €V(g1)®V(g2) ® - - - D V(gyn), etc. are similarly defined.

Equipped with the functions L defined by (5)-(7) and the ordering of points
and graphs in the plane, we may now state the following distribution results for
dual points.

Lemma 3. ([1, Theorem 3.20], see Figure 1). Let g : R — R be a strictly
convex and smooth function such that g ~ H_, and g ~ Hi . Then (o, 3) is a
dual point of order 0,1 or 2 of g if, and only if, respectively > g(a), 5 = g(«)
or B < g(a).

Lemma 4. ([1, Theorem 3.3], see Figure 2). Let g : (¢,d) — R be a strictly
convex and smooth function such that g(a™), g(d~), ¢'(a™) and ¢'(d™) exist.
Then («, B) in the plane is a dual point of order 0 of g if, and only if, (a, 3) €
\/(g) D v(Lg|c) D v(Lg|d) or (Oé, ﬁ) € A(Lg|c) D A(Lg|d)'

Lemma 5. ([1, Theorem 3.11], see Figure 3). Let g : (¢,+00) — R be a strictly
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Fig. 1. Fig. 2. Fig. 3.

convex and smooth function such that g(¢*) and g'(c") exist, and g ~ H . Then
the following statements hold.:
(1) Dual set of order 0 of g is V(g) © V(L)
(2) Dual set of order 1 of g is the union of N(Lg|cX(—sc,q]) D A(LgleX(cto0)) and
{(a,b) € R? :a > c and g(a) = b}.

(3) Dual set of order 2 of g is N(g) © V(Lg|cX(c,400))-
(4) Dual set of order greater than 2 of g is empty.

As explained in [1, Appendix A], dual sets of order O of plane curves that are
made up of several pieces of convex and concave functions can be obtained by
intersections. In particular, the following result is easily deduced from Theorems
3.4 and A3 in [1].

Lemma 6. (See Figure 4). Let a,b,c € R, g1 € C'(a,+), g2 € C[a,b)
and g3 € C'[c,b]. Suppose the following hold:
(i) g1 is strictly convex on (a, +00) such that g1 ~ Hioo;
(if) g2 is strictly concave on [a,b);

)
(iii) gg is strictly convex on [c, b];
(iv) g ( ):gév)(a’)andgg)(b)_gg( b)) forv=0,1.

Then the intersection of dual set of order 0 of g1,92 and g3 is V(g1) ® V(g3) ®

V(Lggle):

The following result is deduced from Lemma 4 and Theorem 3.3 in [1].

Lemma 7. (See Figure 5). Let a,b,c,d € R, g1 € C'(a,+c0), go € C'[a,b),
g3 € CYc,b], and g4 € C(c,d). Suppose the following hold:

(i) g1 is strictly convex on (a, +00) such that g1 ~ Hioo;

(if) g2 is strictly concave on [a,b);
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(iii) g3 is strictly convex on [c,b];
(iv) g4 is strictly concave on [c,d) such that g4(d™) and g)(d~) exist
() 01" (a*) =1gy” (a*). 65" (67) =" (b7) and g5 (c*) = 94" () for v=0.1.

Then the intersection of dual set of order 0 of g1, g2, g3 and g4 is V(g1) ® V(g3) ®
V(Lg,a) (see Figure 5).

®) ] ©

Fig. 4. Intersection of the dual sets of order 0 in (a) and (b) (see [1, Theorems 3.4 and
A.3]) to yield (c).

L - g
0 [;P\ (d,g«(d)) (a,g:(a)) @dax(d)

(@) (b) (©)

AN
X
X

Fig. 5. Intersection of the dual sets of order 0 in (a) and (b) (see [1, Lemma 4 and
Theorem 3.3]) to yield (c).

Given a pair of parametric functions x = () and y = () defined on an
interval 7. We may sometimes be able to solve for A from = = ¢(\) and then
substitute it into () to yield a function y = f(x). The following simple result can
be used to make sure that smooth graphs can be obtained from parametric curves
in this manner.

Lemma 8. (See [1, Theorem 2.1]). Let G be the curve described by a pair
of smooth functions () and ¢(\) on an interval I such that ¢¥'(\) > 0 (or
Y'(N) < 0) for t € I except at perhaps one point r. Suppose q is a continuous
Sunction defined on I such that ¢'(\) /' (N) = q(X) for X € I\{r}. Then G is also
the graph of a smooth function y = S(x) defined on 1 (I).
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For the sake of convenience, we will use the same notation to indicate a real
function of a real variable and its graph. Therefore, in the above result, we may
stay the conclusion in the form “Then the curve G is the graph of a smooth function
y = G(z) defined over ¢(I).”

3. PosITIVE ROOTS OF QUARTIC POLYNOMIALS

Before we can actually discuss the C\ (0, +00)-characteristic region of the poly-
nomial ) defined in (1), we need to first handle the positive roots of quartic poly-
nomials of the form

(8) P(Me,d) =5M +cA+d, c,d € R, A >0

and
2 2b d
) T(A\a,b,c,d):)\4+§A3+€A2+§A+E, a,b,c,de R, > 0.

We first consider the positive roots of P. To this end, we break (cf. [1, Section
5.3.1]) the zy-plane into four mutually disjoint parts 'y, I}, I'{ and I'y (see Figure
6)

o
yZ%(%)%x%E
H i FO
FZ\EJ i M X
0,0
]-'\lh
Fig. 6.
where
Lo = {(xvy)GRQ:xZOandyZO}U{(xjy)elﬁ:x<0
(10) s\ L
d B
a1 2)" ).
3 /9 1/3
(11) I = (xvy)€R2tx<0andy:§<§> 3%

(12) IV ={(z,y) e R? :z <0and y <0} U {(z,y) € R : x>0 and y < 0},

and

o\ 1/3
(13) FQ:{(m,y)GRQ:x<0and0<y<g<§> x4/3}.
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Lemma 9. Assume c¢,d € R. Let P(\|c,d) be defined by (8). The following
results hold:

(i) if (e,d) € Ty, then P(M|c,d) has no positive roots and P(\|c,d) > 0 for
A>0;

(ii) if (c,d) € T'g, then P(\|c,d) has exactly two positive roots s and S such
that 61 < 2, P(Ac,d) > 0 for A € R™\[¢1,%] and P(A|c,d) < 0 for
A€ (s1,%);

(iii) if (¢, d) € TYUTY, then P(\|c, d) has exactly one positive root s; furthermore,
if (c,d) € T, then P(\|c,d) > 0 for A € RT\{c}; while if (c,d) € T, then
P(\e,d) <0 for A € (0,5) and P(\|c,d) > 0 for X € (s, +00).

Proof. First note that P(0"|e,d) = d and P(+oc0|c,d) = +oo. Furthermore,
P'(A|e,d) = 20\ + ¢ and

(14) P"(Me,d) = 60X2 >0

for A > 0. Therefore P is a strictly convex function over (0, +00) and has a local
minimum at A = (—¢/20)*/3 > 0 when, and only when, ¢ < 0. To gain further
information related to P, we consider the family {L)| A > 0} of straight lines
defined by Ly : Ax+y = —5A%. Ly is of the form (3) and f'(A)g(\) —f(N)g'(A) =
—1 # 0 and g(\) = 1. By calculating the parametric functions %) and ¢ in (4), and
then renaming ¢ (\) and ¢(A) as ¢(\) and d(\) respectively, we see that

¢(\) = —4X and d(\) = \* for XA > 0.

Since ¢/(A) # 0 for A > 0, by Theorem 1, the curve W described by the parametric
functions ¢(\) and d(\) is the envelope of the family {Lx| A > 0}. Solving A from
¢(A\) = —4X and substituting A into d()), we see that the curve W is the graph of

the function
3 /9\1/3 A
yzw(x):—<§> a3, @ < 0.

It is easy to see that W is strictly decreasing, strictly convex and smooth function
such that W/(0~) = 0. Since W'(—o0) = —oo, W ~ H_,, by Lemma 2. Thus,
by Lemma 5, Ty is the dual set of order 0 of W, I} UTY is the dual set of order 1
of W and T'y is the dual set of order 2 of W.

Assume (¢, d) € T'y. Then by Theorem 2, P(\|c, d) has no positive roots. Since
d > 0, we see that P(A|c,d) > 0 for A > 0.

Assume (¢, d) € I'y. By Theorem 2, P(\|c, d) has exactly two positive roots ¢;
and ¢ such that ¢; < ¢. Since d > 0, and since P is strictly convex on (0, 00), we
see further that P(\|c, d) has exactly one local minimum at some point in (1, s2),
and P(\|c,d) > 0 for A € R1\[c1, s as well as P()\|c,d) < 0 for A € (1, 2).
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Assume (¢, d) € Iy UT/. By theorem 2, then P(\|c, d) has exactly one positive
root ¢. If (¢,d) € T}, then d > 0. Since P(\|c, d) is strictly convex on (0, 00) and
since P(+oo|c, d) = +00, ¢ must be the local minimal point and P(A|c, d) > 0 for
A€ RM\{c}. If (¢,d) € T, then d < 0. When d < 0, since P is strictly convex
on (0, 00) and since P(+oo|c,d) = 400), it is easy to see that P(\|c,d) < 0 for
A € (0,6) and P(A|e,d) > 0 for A € (¢, +00). When d = 0, since P is strictly
convex on (0,00) and since P has exactly one positive root ¢, P(A|c,d) < 0 for
A € (0,¢) and P(A|e,d) > 0 for A € (g, +00). The proof is complete.

We now turn to the polynomial T'(\A|a, b, ¢, d). We will treat (c,d) as a fixed
pair of points and consider the positive roots of T'(\|a, b, ¢, d) for different (a, b).
To this end, we first show that T'(A|a, b, ¢, d), when (¢, d) is fixed, has exactly m
distinct positive roots if, and only if, (a, b) is a dual point of order m of the plane
curve S described by the pair of parametric functions (¢/(A), ¢(\)) defined by

3c d 5 c d

1 = — 4+ — =N - i .
(15) P(N) 3)\—1—10)\2—1—5)\3 and p(\) 2)\ NEEIY or A\ >0
Before doing so, let us observe that i) and ¢ are smooth for A > 0, that

(16) Jlim (), 9() = (o0, +00).
and that

— 1

1 '\) = =P '\) = =P

( 7) w ()\) 5)\4 ()\‘67 d)? SO ()\) )\3 ()\‘67 d)7

where P(\|c, d) is the polynomial defined by (8), which, in view of Lemma 9, can
have at most two distinct positive roots. Therefore, for each A > 0 which is not a
root of P(\|c, d), we have

/ is&;(/\) A
(18) P 5y g @) 25) 1
YN 3 V(N 9 PN d)

Lemma 10. Let ¢, d be fixed real numbers. Let T'(\|a, b, ¢, d) be defined by (9)
and let S be the plane curve defined by (15). For any given a € R, let y = h(\|«)
be the function' defined by

(19) h(Aa) = —g)\(a — () + p(A) for A > 0.

The following results hold:

(i) (a,b) is a dual point of order m of S if, and only if, A(\|a) = b has exactly
m distinct positive solutions;

This function is called the sweeping function in [1, p.24].
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(ii) T'(M|a, b, c,d) has exactly m distinct positive roots if, and only if, Z(\|a) = b
has exactly m distinct positive solutions;

(iii) X is a positive root and an extremal point of T (\|a, b, ¢, d) if, and only if, A
is a positive solution of (¢/(A), ¢(\)) = (a, b) and

(20) (WA =8) =) (v(A+8) —v(N)) <0
for all sufficiently small positive number 6.
Proof. Since P(A|c,d) can have at most two positive roots by Lemma 9, we

see from (17) that for each Ao > 0, ¥(\) # ¥(\g) for all A € RT\{\o} which is
also sufficiently close to A\g. Since

e =) )
330 B — 6 (M)  Amho U(N)

by Lemma 1, the straight line

)
= ——A
3 0,

Laa(@) = 2 o(x = w(0)) + ¢(N), 2 € R,

is the tangent line of S at the point (¢)(\o), ¢(Ao)). So by (19),
h(Aa) = Ly(a) for any a € R.

In other words, /i(A|a) can be interpreted as the y-coordinate of the point of inter-
section of the vertical straight line x = a with the tangent line of S at the point
(¥(N), ©(A)). Therefore, if there is a tangent line of S at (¢/(\), (X)) that passes
through the point (a, b), then /i(A|a) = b. Conversely, if i(A|a) = b for some A > 0,
then there is a tangent line of the graph of S at (1)(\), p(A)) that passes through
the points (a, b). The proof of the statement (i) is complete.

Next, by substituting 1)(\) and () into (19), we may easily obtain
21 h(Aa) = b— QL)\ZT()\\a, be,d).
Clearly, if ) is a positive root of T'(A|a, b, c,d), then X is a positive solution of
h(A|a) = b. The converse is also true. The proof of statement (ii) is complete.

To prove statement (iii), we may assume without loss of generality that \ is
a positive root as well as a local minimal point of 7" (\|a, b, ¢,d). We first assert
that \ is a maximal point of A(\|a). Indeed, since T'(\ + §|a, b, c,d) > 0 for all
sufficiently small positive number 6, by (21), h(\|a) = b and

_ 5 _
h(A+dla) =b— 2—)\2T()\:t dla,b,c,d) < b= h(MNa)
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for all sufficiently small positive number . So ) is a local maximal point of i(\|a).
But since from (19), we have

(Q2)  BNa) = —2(a— 0 () + AO) + P () = e —v),

we see further from 0 = R (Ma) that ¢(X) = a. In addition, by (19) and (21), we
see that p(\) = b.

Next we need to show that (20) holds for all sufficiently small positive . To
this end, since ) is the positive root which is a local minimal point of the polynomial
T(\|a, b, c,d), we see that there is a natural number n such that T/@(X\a, b,c,d) =0

and T (Na, b, ¢,d) # 0 for i = 0,1, ..., 2n. By (1),

)
(23) My\(Aa) = —535G(Aa, b,c,d),

where
G(Ma,b,c,d) = \T\(\|a, b, c,d) — 2T (X|a, b, ¢, d).

Since

(G+1) ()

GV (Na,b,e,d) = AT (Ala, b, e, d) + (j — 2)T) (Aa, b, ¢, d) for j >0,

we see that GE\Z)(X\a, b,c,d) = 0 and GE\%)(X\CL, b,c,d) #0 fori =0,1,...,2n —
1. Thus, X is the positive root of G(\|a,b,c,d) with odd multiplicities. Since
G(M|a,b,c,d) is also a polynomial in X\, G(X + d|a, b, c,d)G(\ — §|a,b,c,d) < 0
for all sufficiently small positive number §. From (23), we may conclude that
B\ (X + 6la)hi (X — 8]a) < 0 for all sufficiently small positive number §. By (22),
the condition (20) holds for all sufficiently small positive §.

Conversely, assume \ is a positive solution of (1/(\), ¢(\)) = (a,b) and the
condition (20) holds for any sufficiently small positive §. By (19) and (21), it is
easy to see that )\ is a positive root of T'(\|a, b, ¢, d). We are going to prove that A
is an extremal point of T'(\|a, b, ¢, d). Without loss of generality we may assume
(XA —8) — (X)) > 0 and (X +6) — 1p(\) < 0 for all sufficiently small positive
number 6. By (22), h(\|a) is strictly increasing for A < X and \ is sufficiently close
to A, and h(\|a) is strictly decreasing for A > X and A is sufficiently close to \.
Thus, we see that ) is a local maximal point of /(\|a). Then

E(Na) = b > K(X £ dla),

and hence

_ 202 _ _
T(\+dla,b,c,d) = ?(b— RN+ dla)) > 0="T(MNa,b,c,d)
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for all sufficiently small positive number d. In other words, A is a local minimal
point of T'. The proof of statement (iii) is complete.

The statements (i) and (ii) in the above result asserts that 7" has exactly m
distinct positive roots if, and only if, (a, b) is a dual point of order m of the curve
S. The next thing we need to do is to investigate the distribution of dual points of .S.
To this end, for each fixed pair (c,d), let ,,,(c, d) be the set of all dual points
of order m of S.

As seen before, the behavior of S defined by (15) depends on the properties of
P(A|e, d), which, as seen in Lemma 4, in turn depends on the location of (c,d).
Therefore, we need to consider different but exhaustive cases:

(i) (e, d) € (' UT)\{(0,0)},
(11) (Cv d) = (07 0):
(iii) (¢,d) e T, and
(iv) (¢,d) € Ty.

Suppose (¢, d) € (I, UT0)\{(0,0)}. First, we assume that (¢, d) € T'x\{(0,0)}.
Then from (15), (1(0%), ¢(0%)) = (+00, —c0). By Lemma 9, P()|c,d) > 0 for
A > 0. Hence 9 (), in view of (17), is strictly decreasing on (0, c0) (see Figure
7(a)). Solving A from ¢ (\) = z and then substituting it into ¢(\), we may then
see from Lemma 8 that S is also the graph of a smooth function y = S(x) over
R (see Figure 7(b)). By the chain rule and other previously obtained information
related to ¢ and o, we may then see that S is strictly decreasing and strictly convex
on R, that S(+00) = —oo and that S’(—o0) = —oo as well as S'(400) = 0.
The latter two properties imply, by Lemma 2, that S ~ H o and S ~ H_.
Second, if (¢,d) € T}, then by Lemma 9, P(\|c, d) has exactly one positive root
¢ but P(\|e,d) > 0 for A € RT\{s}. Hence ® is strictly decreasing on (0, o0).
Furthermore, in view of (18), we may then infer from Lemma 8 that .S is again
the graph of a smooth function over R. By similar arguments in the previous case,
we may also see that S is a strictly convex function over R such that S ~ H
and S ~ H_,,. We may now invoke Lemma 3 to conclude that (see Figure 7(b)) if
(¢,d) € (T, UTH)\{(0,0)}, then

Qo(c,d) = {(a,b) € R*: b > S(a)},
Qi(c,d) = {(a,b) € R*: b= S(a)},
Qa(c,d) = {(a,b) € R* : b < S(a)}.

Note that since Qo(c, d), Q1(c, d) and Qs(c, d) together form a partition of the
a, b-plane, all other dual sets of S are empty. Furthermore, since ¥(\) is strictly
decreasing on R, we see that for each A > 0,

(24) (Y (A=0) =9(\) (W (A+0) —¢(N)) <0
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Y0 case (i) i (c,d) €T} UL, \ 0,0
Qulc,d)
A Qu(c.d)
0 \ Quc,d) S /
(a) ' )
Fig. 7.

holds for any sufficiently small positive number . By Lemma 10(iii), we may then
state the additional conclusion:

(P1) Suppose (¢,d) € (T} UT)\{(0,0)}. Then T'(A|a,b,c,d) has a (unique)
positive root which is also an extremal point if, and only if, (a,b) lies in
Ql(cv d)

Next, suppose (c,d) = (0,0). Then by (15), (¢(07),»(0T)) = (0,0). By
Lemma 9, P(\|c,d) > 0 for A > 0. Hence, by (17), ¥»(A) is strictly decreasing on
R™ (see Figure 8(a)). By (15)-(18), we may then see that the curve S is also the
graph (see Figure 8(b)) of a function y = S(x) which is strictly decreasing, strictly
convex and smooth over ( — 0o, 0) such that S’(07) =0 and S ~ H_,,. We may
now invoke Lemma 5 to conclude that (see Figure 8(b))

Q0(0,0) = {(a,b) € R%: (a,b) € V(S) & V(60y)},

21(0,0) = Q7(0,0) U £27%(0,0),
02(0,0) = {(a,b) € R*: (a,b) € A(S) ® V(O0X(-00,0))}:
where
05(0,0) = {(a,b) e R*: b= S(a)}
and
Q5¢(0,0) = {(a,b) e R*:a < 0and b < 0} U {(a,b) € R?* : @ >0 and b < 0}.

Note that since £24(0,0), 21(0,0) and 25(0, 0) together form a partition of the
a, b-plane, all other dual sets of S are empty. Furthermore, since ¥(\) is strictly
decreasing on R, we see that (24) holds for any sufficiently small positive number
0. By Lemma 10(iii), we may then state the additional conclusion:

Next suppose (¢, d) € I'/. Then from (15), (¢(07), ¢(0")) = (—o0,+0). By
Lemma 9, P()\|c,d) has exactly one positive root ¢. Furthermore, P(\|c,d) < 0



2624 Shao Yuan Huang and Sui Sun Cheng

w0 e N\ - Of00)!
- y \S ()
Q0,0) N X
(W] |0,0)
Q0,0)
(a) (b)
Fig. 8.
WO") case (iii)
S»
A Si (€7(9%1(9)!
7 N\
(a) (b)
Fig. 9.

(P2) Suppose (¢,d) = (0,0). Then T'(\|a, b, ¢, d) has a positive root which is also
a local extremal point if, and only if, (a, b) lies in ©5(0, 0).

for A € (0,¢) and P(\A|e,d) > 0 for A € (g, +00). Hence by (17), ¥(A) is strictly
increasing on (0,¢) and strictly decreasing on (g, +00) and () is the global
maximum of ¢ over (0,00). By means of these information together with (17)-
(18), we may easily check that the curve S is composed of two pieces S; and So
(see Figure 9(b)), the first piece Sy corresponds to the case where A € (0,¢| and
the second Sy corresponds to the case where A € (g, +00). Furthermore, S; is
the graph of a function y = S;(z) which is strictly decreasing, strictly concave,
and smooth over (—oo, 1 ()] such that —S; ~ H_.; and Sy is the graph of a
function y = So(x) which is strictly decreasing, strictly convex, and smooth over
(—00,1(s)) such that So ~ H_ .

As in the previous case, we may now invoke distribution maps for dual points
of plane curves to make conclusions about the dual sets of S. Unfortunately, such
maps are not available and we need to seek alternate means. To this end, recall the
sweeping function i(\|«) defined by (19) for any @ € R. By Lemma 10, we may
solve the equation i(A|a) = b for each pair (a,b) in order to determine whether
(a,b) is a dual point of order m. Let us therefore look into this mater. First, by

20,
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5 2 2
h(Na) = b — — <A4 + 208

2)\2 3 5

d
)‘2+§)‘+E>’ > 0.

Hence 1(0"]a) = +o00 and h(+o0la) = —o0.
Pick a pair (a, b) in the plane such that a < ¢ (<). By means of the properties

of 1 ()\) mentioned above, the equation ¥(\) = a has exactly two positive solutions
Amin € (0,¢) and Apax € (s, +00) (see Figure 10(a)) so that

a < 1h(A) for A € (Amin, Amax) and ¥(A) < a for A € R\ [Amins Amax]-

v case (iii) \hm a) a<y(g g b (a.b1) orer 1

i\ S3(a)

b

b

(a,bz2) order 2

* b_V \\//\\ N (a,b3) order 3

4 bs Si(a) \ (a,ba) order2 9.20)
0| / )Lmin Q )»mzu \ bs \ (a,bs) order 1

(@ (b) ©

Fig. 10.

By (22), we see that h(A|a) is strictly decreasing on R\ [Amin, Amax] and A(\|a)
is strictly increasing on (Amin, Amax)- SO Amin 1S @ local minimal point of & and
Amax 18 @ local maximal point of h. Furthermore,

h()‘min‘a) - (P()‘min) = Sl(w()‘mm)) = Sl(a)
and

h()\max‘a) = (P()‘max) = SQ(w()‘maX)) = SQ(G’)'
If b = b1 > Ss(a) (see Figure 10(b)), then A(A|a) = by has exactly one positive
solution. Therefore (a, by) is a dual point of order 1 of S. If b = by = Sy(a), then
h(A|a) = by has exactly two positive solutions. Therefore (a, by) is a dual point of
order 2. For similar reasons, (a, b3), where b3 € (S1(a), S2(a)), is a dual point of
order 3; (a,bs), where by = Si(a), is a dual point of order 2; and (a, b5), where
bs < Si(a), is a dual point of order 1 of S. See Figure 10(c).

Pick another point (a, b) in the plane such that a > (). By (22), we see that
h(A]a) is strictly decreasing on R (see Figures 11(a) and 11(d)). For the same
reason we have just explained, the equation i(\|a) = b has exactly one positive
solution. Hence (a, b) is a dual point of order 1 of S (see Figures 11(c) and 11(f)).

We may now conclude that (see Figure 12) if (¢, d) € T}, then

Ql(cv d) - (/\(Sl)((—oo,w(g))) D V(SQ)) U {(av b) € R2 ta > ¢(<)}7

Qa(c,d) = {(a,b) € R* : a < 4(s)
and b = S1(a)} U{(a,b) € R*:a < (s) and b = Sa(a)},
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and
Q3(c,d) = {(a,b) € R? : S1(a) < b < Sy(a)}.
I//OLZ[ case (iii) h(Ma) a>¥(©)
: & (a,be)
bs order 1
N Si
0 / ¢ \ WL
(a) (b) (©
7403 case (iii) h(kla) a="Y()
a
br \ SZ (2,b7) order 1
WE)
N N \ Si

¢ : [(Z(9X<(9)]
/ \ \ order 1 (a,bs) order 1

(d) O] ®

Fig. 12.

By means of the monotonic properties of 1)(\), the condition (24) is satisfied
for all positive A except A = ¢, we may make several additional conclusions:

(P3) Suppose (¢,d) € T/. Then T'(\|a, b, ¢, d) has a positive root which is also an
extremal point if, and only if, (a,b) € Qa(c, d). Furthermore, when a < (<)
and b = S1(a), the smallest positive root of T'(A|a, b, ¢, d) is a local extremal
point and the largest positive root of T'(\|a, b, ¢, d) is not; and when a < (<)
and b = Ss(a), the largest positive root of T'(A|a, b, ¢, d) is a local extremal
point and the smallest positive root of T'(\|a, b, ¢, d) is not.

Indeed, when a < ¥(s) and b = Si(a), then (a,b) € Qa(c, d) so that T'(A|a, b,
¢, d) has exactly two positive roots 71 and ry with 71 < ry. Furthermore, (a,b) =
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(¥(r1), ©(r1)) and (a, b) # (¥ (r2),¢(re)). Thus, r1 is a local extremal point and
ro is not by Lemma 10(iii). The other assertion is similarly proved.

Finally suppose (¢, d) € T's. Then by (15), (¢/(0%), p(0T)) = (400, —00). By
Lemma 9, P(\|c, d) has exactly two positive roots ¢; and o such that P(A|¢,d) > 0
for A € R1\[¢1, %] and P(\|e,d) < 0 for A € (¢1,52). By (17), ¥(\) is strictly
decreasing on R1\[c1, ¢o] and strictly increasing on (1, s2). See Figure 13(a).

v case (iv) 53

(¥@).2)

0
() (b)

Fig. 13.

By means of these information, we may easily see that the curve S defined
by (15) is composed of three pieces S1, So and S3 (see Figure 13(b)). The first
piece S; corresponds to the case where A € (0, ¢]; the second Sy corresponding
to the case where A € (¢1,<); and the third S3 corresponding to the case where
A € [62,+00). By the elementary properties of the functions () and (), it is
easy to see that S is the graph of a function y = S1(z) which is strictly decreasing,
strictly convex, and smooth over [¢)(c1), +00) such that S1 ~ H; So is the graph
of a function y = So(x) which is strictly decreasing, strictly concave, and smooth
over (¢(s1),1(s2)); and Ss is the graph of a function y = Ss(z) which is strictly
decreasing, strictly convex, and smooth over (—o0,1(s2)] such that S5 ~ H_..
By the properties of S, Sy and S5 just described, it is not difficult to see that there
is exactly one point (u, v) of intersection of S and Ss, such that

(25) Si(x) < S3(x) for z € (Y(a), 1)
and
(26) Si(xz) > S3(x) for x € (u,¥(s1)).

To find the dual sets of S, we again make use of the sweeping function A(A|«)
defined by (19) for any o € R. We first note, in view of (21), that A(0F|a) =
h(4o0la) = —c0.

Pick an arbitrary point (a, b) in the plane such that ¥ (1) < a < 1(s2). Then
by the monotonic properties of )(\) mentioned above, the equation ¥(\) = a
has exactly three positive solutions Aj, Ay and A3 in (0, 1), (¢1,¢2) and (c2, +00)
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respectively. Furthermore, a < ¢(X\) for A € (0, A1) U (A2, A3) and ¥ () < a for
A € (A1, A2) U (A3, +00). By (22), A(\|a) is strictly decreasing on (0, A1) U (Aa, A3)
and is strictly increasing on (A1, A2) U (A3, +00). So A1 and A3 are local maximal
points of A, Ao is a local minimal point of & and A(\;|a) = S;(a) for i = 1,2, 3.
See Figure 14.

(la) v @) [ Thaa) = n<a<y()

Ti(3la)

Fig. 14.

If a € (¢¥(s1), ), we see that S1(a) < Ss(a) by (25) (see Figure 14(a)).
Therefore, if b > S3(a), then /i(A|a) = b has no positive solutions; if b = S3(a),
then /i(A|la) = b has exactly one positive solution; if Si(a) < b < Ss(a) or
b < Ss(a), then h(A|a) = b has exactly two positive solutions; if b = Si(a) or
b = Sy(a), then h(A|a) = b has exactly three positive solutions; and if Sy(a) <
b < Si(a), then fi(A|a) = b has exactly four positive solutions. See Figure 15.

A similar situation, by symmetry considerations, can be established for the case
where a € (1, %(s2)) (see Figure 14(c)). As for the case where a = p, we have
Si(a) = S3(a) (see Figure 14(b)). Therefore, if b > Si(a), h(Ala) = b has no
positive solutions; if b = Si(a) or b < Sz(a), then hA(A|a) = b has exactly two
positive solutions; if b = Sa(a), then i(A|a) = b has exactly three positive solutions;
and if Se(a) < b < S1(a), then A(A|a) = b has exactly four positive solutions.

b Ti(3la) w>a>y() A (@b ot
b2 S:(a) (a,b3) order2
lt:} Si(a) //-\\ (a,bq) orders\‘ (a,b2) order 1
4
> [/\\/j \\ (V6.0 P (4 )
bs (a,bs) order4/'
b [ Sa(a) \ (a,b6) order 3 S]
' I \ (a,b7) order 2 ('/’(‘;3)~¢ (‘;2))

Fig. 15.

(b)

Pick another arbitrary point (a, b) such that a > 1 (¢c2). Then by the monotonic
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properties of ¢)(\) mentioned above, the equation ¢)(\) = a has a positive solutions
A5 < 1. We have a < ¢(A) for A € (0, 5) and ¢(\) < a for A € (A5, +00). By
(21), A(A]a) is strictly increasing on (0, A5) and is strictly decreasing on (A5, +00).
So A5 is a local extremal point of £ and h(A5|a) = S1(a). See Figure 16(b). If b =
b1 > Si(a), the equation /i(A|a) = b has no positive solutions; if b = by = Si(a),
h(A|a) = b has exactly one positive solution; and if b = by < Sy(a), A(Aa) = b
has exactly two positive solutions. See Figure 17.

fi(la) a sy Tihla) azv()

N
0
(b)
Fig. 16.
(2l >
ol azy() A
b2 2 (a,b1) order 0
(V@) @)\ (1,v)
bs (a,b2) order 1
—
S
(W(§Z)7¢(‘;Z)) (a,b3) order 2
(a) )

Fig. 17.

Finally if we pick an arbitrary point (a, b) such that a < ¢(s1). Then by sym-
metry considerations (see Figure 16(a)), we see that if b > Si(a) or b = Si(a)
or b < Si(a), then fi(A|la) = b has no positive solutions, or exactly one positive
solution or exactly two positive solutions respectively.

According to our previous discussions, we may now classify all the points in
the a, b-plane and conclude that (see Figure 18) if (¢, d) € 'y, then

Qo(c, d) = V(S1) ® V(S3),

Qi(c,d) = {(a,d) eR*:a < p
and b = S3(a)} U {(a,b) €R?:a > pand b= Si(a)},
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Sz
Daed)  Qu(c,d) ®

Fig. 18.

93(67 d) = {(av b) S R2 : ¢(<1) <a<p
and b = Sy (a)} U{(a,b) € R*: b= Sy(a)}
U{(a,b) € R?:pp<a <9(s) and b = S3(a)}

Qu(e, d) = NS1IX((e1)) B NMS3X[pu(s2))) D V(S2),

and
Qa(c,d) = RQ\{QQ(C, d)UQq(c,d)UQs(c,d)UQq(c,d)}.

Note that the set
Q5(c,d) = {(a,b) € R*: b= Si(a) and b = S3(a)}

is just the point set {(u, v)} which is a part of Qs(c, d).

By means of the monotonic properties of 1(\), the condition (20) holds for
every positive A except the points ¢; and . Therefore we may make the following
additional conclusion:

(P4) Suppose (¢, d) € T's. Then T'(\|a, b, ¢, d) has a positive root which is also a
local extremal point if, and only if, (a,b) € Q;(c,d) U Q5(c,d) U Q3(c, d).
Furthermore, if (a, b) € Q8(c, d), then both positive roots 1 and ro of T' are
local extremal points; and if (a,b) € Q3(c, d), then letting r1, 7o and r3 be
the three (distinct) positive roots of 1" such that r; < ro < r3, we see that
when b = S;(a) for some i € {1,2,3}, the root r; is a local extremal point
of T and the other two are not.

Indeed, if (a, b) € Q5(c, d), then T'(\|a, b, ¢, d) has exactly two positive roots 1
and 79 such that 7y < 7o and (a,b) = (¢¥(r;), ¢(ri)), ¢ = 1,2. By Lemma 10(iii),
r1 and ro are local extremal points. If (a,b) € Q3(c,d), when b = Si(a), then
(a,b) = (¥(r1),¢(r1)) and (a,b) # (¢ (r;), ¢(r;)) for j = 2,3. Thus, r; is a local
extremal point, and r5 and r3 are not by Lemma 10(iii). The cases when b = Sa(a)
and when b = S3(a) are similarly proved.
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We may infer from the previous discussions some of the usual properties of the
quartic polynomial 7' (such as the maximum number of positive roots) as well as
some new ones. In particular, the following result will be needed in the derivation
of our main results about our sextic polynomial Q.

Theorem 3. Given a fixed pair (c,d). Let T'(\|a, b, c,d) be defined by (9). Let
Lo, I}, I'Y and T'y be defined by (10), (11), (12) and (13), respectively.
(1) Suppose one of the following holds:

(a) (a,b) € Qo(c,d) where (¢,d) € T} UT g UTy;
(b) (a,b) € Qi(c,d) where (¢,d) € T UT o UT\{(0,0)};
(¢) (a,b) € Q7(0,0);

)

(d) (a,b) € Qb(c,d) where (c,d) € Ts.
Then T'(\|a,b,c,d) > 0 for all X > 0.

(2) Suppose one of the following holds:
(a) (a,b) € Qy(c, d) where (c,d) € TY;
(b) (a,b) € Q7%(0, 0);
(¢) (a,b) € Qa(c,d) where (c,d) € TY.
Then there is a positive roots r of T'(A|a, b, c¢,d) such that T'(\|a,b, c,d) <0
on (0,7) and T'(Ma,b,c,d) > 0 on [r, +00).
(3) Suppose one of the following holds:
(a) (a,b) € Qa(c,d) where (c,d) € Ty UT;
(b) (a,b) € Qa(c, d)\Q5(c, d) where (c,d) € Ty;
(¢) (a,b) € Qs(c,d) where (¢,d) € Ts.
Then there are two positive roots r1 and o of T'(\|a, b, ¢, d) with r1 < rq such

that T(M|a, b, c,d) > 0 on RT\(r1,72) and T(Na,b,c,d) <0 on (rg,r3).

(4) Suppose (a,b) € Qs(c,d) where (c,d) € T{. Then there are exactly three
positive roots 1 ,ro and r3 of T'(\|a, b, ¢,d) such that T(\|a,b, c,d) > 0 on
(r1,m2) U (13, +00) and T'(A|a, b, c,d) < 0 on (0,71) U (re,r3).

(5) Suppose (a,b) € Qu(c,d) where (c,d) € T'y. Then there are exactly four
positive roots r1, ro, T3 and r4 of T(\|a, b, ¢,d) such that T'(\|a,b, c,d) > 0
on (0,71) U (g, r3) U (rg, +00) and T'(Ma,b,c,d) <0 on (r1,r2) U (r3,r4).

Proof. First note that T'(+o0|a, b, ¢, d) = +o0, and T'(0"|a, b, ¢, d) = d/15.
In case (1)-(a), (a,b) is a dual point of order 0 and hence T'(\|a, b, ¢, d) does
not have any positive roots. Since d > 0, we see further that T'(\|a, b, c,d) > 0
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on R™. In cases (1)-(b) and (1)-(c), (a,b) is a dual point of order 1 and hence
T(M|a, b, c,d) has a unique positive root r and r is a local extremal point by (P1),
(P2) and (P4). Since d > 0, we see further that T'(A|a, b, c¢,d) > 0 on R™. In case
(1)-(d), (a,d) is a dual point of order 2 and hence T'(A|a, b, ¢, d) has exactly two
positive roots r; and ro, and they are local extremal points by (P4). Since d > 0, we
see further that T'(\|a, b, ¢,d) > 0 on R*. The proof of statement (1) is complete.

In cases (2)-(a) and (2)-(b), T'(\|a, b, ¢, d) has a unique positive root  and r is
not an extremal point by (P1), (P2), (P3) and (P4). Since d < 0, we see further that
T(Ma,b,c,d) < 0 on (0,7) and T'(\|a,b,c,d) > 0 on (r,400). In case (2)-(c),
we have d < 0 and T'(M|a, b, c,d) has exactly two positive roots r; and ry with
r1 < rg. By (P4) and (P5), either r; or r2 is a local extremal point but not both.
Assume 7 is a local extremal point. Then T'(A|a, b, c,d) < 0 on (0,72)\{r1} and
T(Ma,b,c,d) > 0 on (rg, +00). Take r = ry. So T'(A|a, b, ¢,d) < 0 on (0,7) and
T(Ma,b,c,d) > 0 on [r,+00). In a similar manner, we may prove the case where
ro is a local extremal point. The proof of statement (2) is complete.

In cases (3)-(a) and (3)-(b), we have d > 0 and T'(A|a, b, ¢, d) has exactly two
positive roots r; and ro and neither are extremal points by (P1), (P2), (P3) and
(P4). So T'(Ma,b,c,d) > 0 on R*\(r1,72) and T'(A|a, b, c,d) < 0 on (r1,r2). In
case (3)-(c), we have d > 0 and T'(\|a, b, ¢, d) has exactly three positive roots A1,
A9 and A3 with A\; < Ao < A3. By (P4), exactly one of A1, Ao and A3 is a local
extremal point. Assume \; is a local extremal point. Then T'(\|a, b, c,d) > 0 on
{(0, M)\ {A1}} U (A3, +00) and T'(A|a, b, ¢,d) < 0 on (A2, A3). Take 1 = A and
ro = A3. So T'(\|a, b, c,d) >0 on RT\(r1,r2) and T'(A|a,b,c,d) <0 on (rq,72).
The other two cases are similarly proved. The proof of statement (3) is complete.

In case (4), we have d < 0 and T'(\|a, b, ¢, d) has exactly three positive roots
r1,72 and 73, and none are not extremal points by (P3). So T'(A|a,b,c,d) > 0
on (r1,7r2) U (r3,+00) and T (A|a,b,c,d) < 0 on (0,71) U (12, r3). The proof of
statement (4) is complete.

In case (5), we have d > 0 and T'(\A|a, b, ¢, d) has exactly four positive roots
r1, ro, T3 and r4, and none are extremal points by (P4). So T'(A|a,b,c,d) > 0 on
(0,71)U(re,r3)U(ry, +00) and T'(A|a, b, ¢,d) < 0 on (r1,r2) U (rs, r4). The proof
of (5) is complete.

We remark that in the above result, all possible cases of the pairs (¢, d) and (a, b)
have been discussed. Indeed, either (c,d) € Ty UT\{(0,0)}, or, (¢,d) = (0,0),
or, (¢,d) e T, or (¢,d) € T's.

For (¢,d) € Tp UTI\{(0,0)}, the sets Qo(c,d), Qi(c,d) and Qa(c,d) are
considered in 3(1)(a), 3(1)(b) and 3(3)(a) respectively.

For (¢,d) = (0,0), the sets (0, 0), 25(0,0), 25¢(0,0) and Q2(0,0) are con-
sidered in 3(1)(a), 3(1)(c), 3(2)(b) and 3(3)(a) respectively.

For (c,d) € TY, the sets Q4(c,d), Qa(c,d) and Q3(c,d) are considered in
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3(2)(a), 3(2)(c), and 3(4) respectively.

For (¢, d) € T'g, the sets Qo(c, d), Q1 (¢, d), Qa(c, d)\Q(c, d), (e, d), Q3(c, d),
and Q4(c, d) are considered in 3(1)(a), 3(1)(b), 3(3)(b), 3(1)(d), 3(3)(c), and 3(5)
respectively.

4. CHARACTERISTIC REGIONS OF SEXTIC POLYNOMIALS

Consider the function Q(\|a, b, c,d, x,y) defined by (1). For each A > 0, let
L) be the straight line in the plane defined by

(27) Ly: Az 4y = —(A+aX’ + A+ cX\3 +d)\?).

Note that L) defined by (27) is of the form (3) and f'(A)g(A)—f(A)g'(A\) =1 # 0.
From (4), we let G be the curve defined by the parametric functions

o8 z(A) = —(6A° + 5ax? + 4bA* + 3cA? 4 2d))
28
and y(\) = 5A0 + 4a\® 4 3bA* + 2e\3 4 d\?

for A > 0. Then
(29) 2’ (N) = =30T(N), v'(\) = 30\T(\),

where T'(\) = T'(A|a, b, ¢, d) is given by (9). Let X = {A > 0: T'(A|a, b, c,d) = 0}.
According to our previous discussions about 7', the positive roots of T are finite in
number and isolated, hence ¥ is a finite set. Furthermore, 2/(\) = 0 if, and only
if, A € . We see that

ey .
— f 5
(30) 7O A<0for e R\
and
/ /
31) TAACY ST AC NI e )

Amd— 2 (N) a—d+ 2/ (N)

By Theorem 1, G is the envelope of the family {Ly : A > 0} where L) is defined
by (27). We have

lim (2(X), y(A) = (0,0), Lim (2(A),y(X)) = (~o0, +0),

A—0t A——400
and
d y’(M)
dx \ z'(\) 1
2 = for A e RT\X.
(32) 70 SoT(y or A € R
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In the following results, we will find the exact region containing the coefficients
a,b,c,d, o, B of @ such that it has no positive roots. To this end, we first consider
(¢, d) in different combinations of I'g, I'}, I') and I'y which are defined by (10), (11),
(12) and (13) respectively. Then given a fixed pair (¢, d) in such a combination, we
consider (a, b) in different ;(c, d), i = 0,1, 2, 3,4, where Q;(c, d) is the dual set of
order of ¢ of the curve S described by the parametric functions in (16). Finally, for
these fixed parameters a, b, ¢, d, we only need to find the C\ (0, +00)-characteristic
region of (1) containing (v, 3). In view of Theorem 2, the desired region is nothing
but the dual set of order 0 of the envelope GG described by (28).

Theorem 4. (See Figure 19). Assume a,b,c,d,a, 3 € R. Let the parametric
curve G be defined by (28). Suppose the hypothesis of Theorem 3(1) holds. Then
(a0, B) is a point of the C\(0, +oo)-characteristic region of (1) if, and only if,
(o, B) € V(G) @ V(o).

Q
T

<

=]

0,0)

Fig. 19.

Proof. By Theorem 3(1), T'(A|a, b,c,d) > 0 for A > 0. Since ¥ is finite and
2’/(\) <0 for A € RT\X by (29), G is the graph of a smooth function y = G(x)
over (—o0,0) by Lemma 8. By (30)-(32) and Lemma 2, we may then see that
G is strictly decreasing, strictly convex and G ~ H_o. Then Lg, = ©g by
G(07) =G'(07) = 0. By Lemma 5, the dual set of order 0 of G is V(G) & V().
The proof is complete.

Theorem 5. (See Figure 20). Assume a,b,c,d,a, 3 € R. Let the parametric
curve G be defined by (28). Suppose the hypothesis of Theorem 3(2) holds. Then
(a, B) is a point of the C\(0, +oo)-characteristic region of (1) if, and only if,
(a, B) € V(G2) DV(Oy), where Gy is the part of the parametric curve G restricted
to the interval [r,+o00) and r is a positive root of T'(\|a, b, ¢,d) which is not an
extremal point.

Proof. By Theorem 3(2), there is a positive root r of T'(A|a, b, ¢, d) such that
T(Ma,b,c,d) <0 on (0,7) and T'(Aa,b,c,d) > 0 on [r,+00). Since X is finite,
T(r+éla,b,c,d)T(r—dla,b,c,d) < 0 for all sufficiently small positive § and hence
r cannot be a local extremal point of T'(A|a, b, ¢,d). The curve G is composed of
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two pieces G1 and G restricted to the interval (0,r) and to the interval [r, +00),
respectively. By (29), 2/(A) > 0 on (0,7)\X and 2/(\) < 0 on [r, +00)\X. Then
the curve G is the graph of the smooth function y = G1(x) over (0,z(r)) and
the curve Go is the graph of the smooth function y = G(z) over (—oo, z(r)]| by
Lemma 8. By (30)-(32) and Lemma 2, we may see that (G; is strictly decreasing
and strictly concave such that G} (0%) = 0 and Lg, o = ©o; and Gy is strictly
decreasing and strictly convex such that Gy ~ H_,. Furthermore

G\ (ax(r)) = G (2(r)), v=0,1.

By Theorem A.3 in [1], the intersection of the dual sets of order 0 of G and G5 is
V(G2) @ V(0Oyp). So the dual set of order 0 of G is also V(G3) ® V(0Oq). The proof
is complete.

o Y
G2

Zmmmmm g ===

(0,0) G

Fig. 20.

Theorem 6. (See Figure 21). Assume a,b,c,d,a, 3 € R. Let the parametric
curve G be defined by (28). Suppose the hypothesis Theorem 3(3) holds. Then
(a, B) is a point of the C\(0,+o00)-characteristic region of (1) if, and only if,
(o, B) € V(G1) @ V(G3) ®V(Oy), where G is the part of the parametric curve G
restricted to the interval (0,71] and Gs is the part of the parametric curve G re-
stricted to the interval |ra, +00), and r1 < 19 are the positive roots of T'(\|a, b, ¢, d)
which are not extremal points.

1)
A

Fig. 21.
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Proof. By Theorem 3(3), there are two positive roots r; and 9 of T'(A|a, b, ¢, d)
with r; < 7o such that T'(\a,b,c,d) > 0 on RT\(r1,72) and T'(\a, b, c,d) <
0 on (r1,r2). Since ¥ is finite, 71 and ro are not local extremal points. The
curve G is composed of three pieces GG1, G2 and G restricted respectively to
(0,71], (r1,7r2) and [rg, +00). By (29), 2/(A) > 0 on (r1,r2)\X and 2/(A) < 0 on
(0, 71]\X U[ry, +00)\X. By (28)-(32), Lemma 2 and Lemma 8, the curve (i1 is the
graph of the function y = G1(x) which is a strictly decreasing, strictly convex, and
smooth function over [2(r1),0) such that G7(07) = 0 and L, o = Oo; the curve
G+ is the graph of the function y = G3(z) which is a strictly decreasing, strictly
concave, and smooth function over (z(r1), z(r2)); and the curve G5 is the graph of
the function y = G3(x) which is a strictly decreasing, strictly convex, and smooth
function over (—oo, z(r2)] such that G5 ~ H_,. Furthermore,

G (x(r)t) = G (a(r1) ™) and G (a(ra) ™) = GY(x(r2) "), v = 0, 1.

By Theorem A.13 in [1] (which describes essentially the same distribution maps in
Figure 21 and hence need not be repeated here), the intersection of the dual sets of
order 0 of G1, G2 and G3 is V(G1) @ V(G3) @ V(Oy). So the dual set of order 0
of G is also V(G1) @ V(G3) ® V(©y). The proof is complete.

Theorem 7. (See Figure 22). Assume a,b,c,d, o, € R and (a,b) € Q3(c, d)
where (c,d) € T, Let the parametric curve G be defined by (28). Then («, 3)
is a point of the C\ (0, +o00)-characteristic region of (1) if, and only if, (o, 3) €
V(G2)®V(Gy) ®V(Oy), where Gy is the part of the parametric curve G restricted
to the interval [r1,rs] and Gy is the part of the parametric curve G restricted to
the interval |rs, +00), and r1, 19 and r3 are the positive roots of T(\|a, b, c,d).

G\
0 0 0
HER Y E)
) R X
(05{]) Gl
G3
Fig. 22.

Proof. By Theorem 3(4), T'(\|a, b, ¢, d) has exactly three positive roots 71, 7o
and 73 with 71 < ro < r3 such that T'(A|a, b, ¢,d) > 0 on (r1,72) U (13, +00) and
T(Ma,b,c,d) < 0on (0,7r1)U(rg, r3); Then the curve G is composed of four pieces
G1, G2, G3 and Gy restricted to the intervals (0, 71), [r1, r2], (2, 73) and [rs, +00)
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respectively. By (28)-(32) Lemma 2 and Lemma 8, the curve G is the graph of
the function y = G1(x) which is a strictly decreasing, strictly concave, and smooth
function over (0, z(r1)) such that G} (0%) = 0 and L, g = Op; the curve Gy is
the graph of the function y = G(z) which is a strictly decreasing, strictly convex,
and smooth function over [z(r3), z(r1)]; the curve G5 is the graph of the function
y = Gs(z) which is a strictly decreasing, strictly concave, and smooth function
over (z(rg), z(rs)); and the curve G4 is the graph of the function y = G4(z) which
is a strictly decreasing, strictly convex, and smooth function over (—oo, z(r3)] such
that G4 ~ H_,. Furthermore,

G (w(r)7) = G (a(r)7), G (w(ra) ) = G (w(ro) ™),

and
G (w(rs) ™) = G (w(rs) ), v =0, 1.

By Lemma 7, the intersection of the dual sets of order 0 of G1, G2, Gs and G4 is
then the desired characteristic region which, in view of the distribution map Figure
22, is also easy to see and is V(G2) @ V(G4) @ V(BOg). So the dual set of order 0
of G is V(G2) @ V(G4) ® V(o). The proof is complete.

Theorem 8. (See Figure 23). Assume a,b,c,d, o, € R and (a,b) € Q4(c,d)
where (c,d) € T'g. Let the parametric curve G be defined by (28). Then (o, 3)
is a point of the C\ (0, +o00)-characteristic region of (1) if, and only if, (o, 3) €
V(G1) ®V(G3) ®V(G5) ®V(Oy), where G is the part of the parametric curve G
restricted to the interval (0,11], G3 is the part of the parametric curve G restricted
to the interval |ro,r3], and G5 is the part of the parametric curve G restricted to
the interval [r4, +00), and r1, v, 3 and r4 are the positive roots of T (N a, b, ¢, d).

Fig. 23.

Proof. By Theorem 3(5), T'(\A|a, b, c,d) has exactly four positive roots ry,
r9, r3 and r4 such that T'(A|a,b,c,d) > 0 on (0,r1) U (rg,73) U (r4, +00) and
T(Ma,b,c,d) < 0 on (ry,r2) U (r3,r4). Then the curve G is composed of five
pieces G1, G2, G3, G4 and G restricted to the intervals (0,71), [r1,72), [r2, r3),
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(r3,74) and [r4, +00), respectively. By (28)-(32), Lemma 2 and Lemma 8, then
the curve G is the graph of the function y = G1(z) which is a strictly decreasing,
strictly convex, and smooth function over (z(r;),0) such that G{(0~) = 0 and
L¢,j0 = ©o; the curve Go is the graph of the function y = G3(x) which is a
strictly decreasing, strictly concave, and smooth function over [z(r1),z(r2)); the
curve (i3 is the graph of the function y = G3(x) which is a strictly decreasing,
strictly convex, and smooth function over [z(r3), z(r2)]; the curve G4 is the graph
of the function y = G4(x) which is a strictly decreasing, strictly concave, and
smooth function over (z(r3).x(r4)); and the curve G5 is the graph of the function
y = G5(x) which is a strictly decreasing, strictly convex, and smooth function over
(—o00, x(r4)] such that G4 ~ H_,. Furthermore,

G (w(r) ) = G (a(r) "), G (w(ra)) = G (w(ra)7),

G (2(rs) ™) = G\ (x(ry) ™) and G (2(ra)7) = GL(2(ra) ), v =0, 1.

By Lemma 4, the dual set of order 0 of (1 is the union of V(G1) ®V(Lg, |x(r,)) ©
V(©9) and A(Lg,jo(ry)) © A(Op). By Lemma 7, the intersection of the dual sets
of order 0 of Ga,G3,G4 and G5 is V(G3) © V(G5) © V(Lgy|u(r,))- Hence, the
intersection of the dual sets of order 0 of G1, G, G3, G4 and G is then the desired
characteristic region which, in view of the distribution map Figure 23, is also easy
to see and is equal to V(G1) @ V(G3) ® V(G5) @ V(Oy). So the dual set of order
0 of G is V(G1) ® V(G3) ® V(G35) @ V(Og). The proof is complete.

As may be noted, our main results depend in part on the roots of the quartic
polynomial 7. However, the quartic is the highest order polynomial equation that
can be solved by radicals in the general case (i.e., one where the coefficients can
take any value). Indeed, there are now several commercial packages that can yield
symbolic roots of quartic polynomials. Hence our results, although they may depend
on the roots of quartic polynomials, are good enough to show absence of positive
roots of sextic polynomials. We will demonstrate our results in the following section.

5. EXAMPLES

We first consider the absence of 3-periodic solutions of a logistic equation men-
tioned in the Introduction.

Example 1. The logistic recurrence equation
(33) Tpy1 = Tp(rn —1),n=10,1,2, ...,

has no real periodic solutions with least period 3.
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Proof. Let g : R — R be defined by g(z) = x(z — 1), and let g2 = go g,
gl = gogog, etc. Given 2y = A € R, the unique (real) solution {an} 2 of (33)
is determined by z; = g(\), 2o = gl#()\), etc., which is 3-periodic if, and only if,
g(\) # X, gZ(N) # X and gPPl()\) = X. Since g()\) = X if, and only if A = 0 or 2;
and since

dAN) =2 A -1 AA=1)—1) =\

if, and only if, A = 0 or 2, we see that {z,,} is a real 3-periodic solution of (33)
if, and only if A is a real solution of ¢l¥/(\) = A which is different from 0 and
2. In other words, (33) does not have any real 3-periodic solutions if, and only if,
g[3]()\) = )\ does not have any real solutions other than 0 or 2. Since we may easily
check that the number 0 and 2 are simple roots of gl*/(z) — z, thus

g[g](x) —z=z(z—-1)Q(z),

where () is a polynomial with no roots equal to 0 nor 2. Hence g[3]()\) = A does
not have any real solutions other than 0 and 2 if, and only if Q(\) does not have
any real roots.

We now only need to show that the sextic polynomial

_glglgV)) = A
Q) = TA0—2)

has no real roots. By direct verification, Q(\) = A% —2A° +2)3 — A2 + 1. Clearly,
Q(0) # 0. Let Q1 () = Q(—=XA) = A6 +2)X% — 223 — A2 + 1. We see that Q()) has
no real roots if, and only if, Q(A) and Q1 (\) have no positive roots.

First, we claim that Q(\) has no positive roots. Take a = —2, b =0, ¢ = 2,
d=—1,a=0and 8 =1in(1). Let the curve S be defined by (15) and the curve
G be defined by (28) respectively. It is easy to see that (¢,d) € I/ (see Figure
24(a)). So P(\|2, —1) = 5A* 4+ 2\ — 1 has the unique positive root ¢ by Lemma 9.
By previous discussions for the case (¢, d) € T'{, the curve S is composed of two
pieces S and Sy (see Figure 24(b)), corresponding respectively to the case where
A € (0,¢] and to the case where A € (g, +00). Furthermore, the curve S is the
graph of the strictly concave function y = Sy (z) over (—oo, ¥ (s)] and the curve Sy
is the graph of the strictly convex function y = Sa(z) over (—o0, 1 (s)). We may
see that 0.42 < ¢ < 0.84 since P(0.42|2, —1)P(0.84|2,—1) < 0. So the points
(10(0.42), ©(0.42)) and ¥ (0.84), ©(0.84)) lie in the curve S; and So respectively.
Now we consider two tangent lines Lg, o.42 and Lg,|0.g4 defined by

Lg,j0.42(7) = —=0.7(x — 1(0.42)) + ¢(0.42)

and
L52|0.84(x) = —1.4(x —(0.84)) + ¢(0.84)



2640 Shao Yuan Huang and Sui Sun Cheng

for z € R. Then Lg,|9.42(—2) < 0 < Lg,j9.84(—2) (see Figure 24(b)). Since Sy
is strictly concave and S, is strictly convex, we see that the curve S lies below
the line Lg, o2 and the curve S lies above the line Lg,g g4 Then (—2,0) €
V(S1) @ A(S2) (see Figure 24(b)). Thus, (a,b) € Qs(c,d) where (¢,d) € TY.
By Lemma 10, T'(A| — 2,0,2, —1) has exactly three positive roots r1, 3 and rg
such that r; < ro < r3. By (numerical) computation, r3 = 1 and ro ~ 0.6795.
Furthermore, z(r3) = y(r3) = 0 and y(r3) =~ 0.1265. Let G2 be the part of
the parametric curve G restricted to the interval [ri,r3] and G4 the part of the
parametric curve G restricted to the interval [rs, +00). Then G is the graph of
the function y = Go(x) which is strictly decreasing over [z(r2), x(r1)]. We have
1> 0.1265 =~ y(rq) = Ga(z(rg)) and Ga(x(re)) > Go(x) for x € [x(re), z(r1)].
S0 (0,1) € V(G2)®V(Oy) (see Figure 24(c)). Since Gy is the graph of the function
y = G4(x) which is strictly decreasing over (—oo, 0] such that G4(0) = 0, we see
that (0,1) € V(G2) @ V(G4) ® V(Oy). By Theorem 7, Q(A) has no positive roots.

G fep-on
3214 o N
=% (3)Px3 @p=c20N ] A 0.1265
- Xy (r2)
x > \ (w(0).9(5) ~ N X
0,0) ) (0,0) P
T . WA Lsip.a
! (c,d):(Z,-l) LSz\l].84\\ \\.\ (x(r1),y(r1))
(@) (b) (©
4l 4 Y Y T(u,li)=(0,l)
y=3 33 S (OTDAOT)
1 X (x(0.76),y(0.76))
1_‘ " 0,0) (a,b)=(2,0) G: \\\ (x(M),y(®)
T (ed)X(21) >
) e ®
Fig. 24.
Second, we claim that 1 (\) has no positive roots. Take a = 2,b =0, c = —2,

d=—-1,a=0, 3 =1. Let the curve S be defined by (15) and the curve G be
defined by (28). It is easy to observe that (¢, d) € I'{ (see Figure 24(d)). In this
case

3 1
Y(A\) = —3\— —— — — <0 for A > 0.
5A2 5\

So the curve S lies in the left-half plane (see Figure 24(e)). Thus, (a,b) € Q1(c, d)
where (¢, d) € T'/. By Lemma 10, T'(A|2,0, —2, —1) has a unique positive root r.
Let G2 be the part of the parametric curve G restricted to the interval [r, 4+00).
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Then G+ is the graph of the function y = Ga(x) which is strictly decreasing and
strictly convex over (—oo, z(r)]. We have

4 4 3 2

7(0.76]2,0,—2,—1) = (0.76)" + 5(0.76) 5

(2(0.76), y(0.76)) = (0.1281, 0.6584),

(0.76) L ~0.5482
' 15 ’

and (2(0.77), y(0.77)) = (—0.042, 0.7885).

Then 0.76 > r and the point (0, 1) lies strictly above the line L which passes
through the points (x(0.76),y(0.76)) and (x(0.77),y(0.77)). Since G is strictly
convex, Go(z) < L(x) for x € ((0.77),2(0.76)). So (0,1) € V(G2) ®V(Oyq) (see
Figure ?2(f)). By Theorem 5, QQ1(\) has no positive roots. The proof is complete.

Example 2. Assume o, 3 € R, a > 0 and b > 0. Let the curve G be defined
by
z(\) = —6X° — 5ar? — 4bA% and y(\) = 5A° + 4a\® + 3bA?

for A > 0. Then the sextic polynomial
Q(Na, by, B) = A0 +aX> + Xt +a) + 6, A€ R,

has no positive roots if, and only if, @ > 0 and 5 > 0, or, @ < 0 and («, 3) lies
strictly above G. Furthermore, if a = b = 0, then Q(\|0, 0, «, 5) has no positive
roots if, and only if, « > 0 and 8> 0, or, & < 0 and 3 > 5(2)%/%.

Proof. 1t is easy to observe that (a, b) € Q(0,0). By Theorem 4, Q(\|a, b, «, 3)
has no positive roots if, and only if, (o, 5) € V(G) ® V(©y). If a = b= 0, then

() =5 (%) * and 2()) < 0 for A > 0.

Thus, («, 8) € V(G) @ V(Oy) if, and only if, « > 0 and § > 0, or « < 0 and
B > 5(2)5/5. The proof is complete.

Example 3. The real sextic polynomial
QAK) = A0 4+ kX% + kA + kA3 + kA2 + KA+ K, A ER,
with one real parameter x has no positive roots if, and only if, x > 0.

Proof.  Suppose k < 0. We have Q(0|x) = k < 0 and Q(+o0o|k) = +oc.
Then Q(A|k) has at least one positive root. Assume x > 0. If k = 0. Clearly,
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Q(A0) = A% has no positive roots. If x > 0, then it is easy to observe that
(k, k) € Ty (See Figure 25(a)). Take

a=b=c=d==&

in (1). Let the curve S be defined by (15) and the curve G by (28). We see that the
curve S is the graph of a strictly decreasing function y = S(z) over R. We observe
that when
0= p(X) = — (53" — 262 — k)
2\

for some A > 0, there follows

() = —= (9N +4) <0.
10

Then the z-coordinate of the point of intersection of the z-axis with the curve S

is negative, and the y-coordinate of the point of intersection of the y-axis with the

curve S is negative (see Figure 25(b)). Then (k, k) € V(S5). Thus (k, k) € Qo(k, K)

where (k, k) € I'y. Since G is the graph of the smooth function y = G(z) which is

strictly decreasing and strictly convex over (—o0,0), (k, k) € V(G) & V(0p) (see

Figure 25(c)). By Theorem 4, Q(A|x) has no positive roots. The proof is complete.

14 y
Y= % (%)3x 3 I S ‘ -
(k) s bk ¢ @bk
| A X
(0,0) (L), 9(1)) 0,0)

(a) (b) ©
Fig. 25.

Example 4. Let b,d, o, 3€ R and 3 > 0. Let Q(\|b, d, ar, B) = A + bA* +
d)\? 4+ a)+  for A € R and

5
—b+4/b? — 3d
5

r =
(1) Suppose either (a) d > 0 and b > —4/5d/3; or (b) d = 0 and b > 0. Then
Q(A|b, d, «, 5) has no positive roots if a > 0.

(2) Suppose either(a)d > 0and b < —4/5d/3; or (b) d < 0. Then Q(\|b, d, c, B)
has no positive roots if o > max{0, (—1.6)r(br?+ d)).
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Proof. Let the curve S be described by parametric functions

-1 1
¥(N) = 5 (15X = d) and p(\) = 35

for A > 0, and the curve G by parametric functions

(5M* — d)

z(N) = —2X(3A* 4 26A% + d) and y(N) = A2(5A1 + 3bA\% + d)

for A > 0. Observe that when d > 0, /() has the unique positive root (d/15)/4.
So ¢((d/15)1/%) = —/5d/3 < 0 is the y-coordinate of the point of intersection of
the vertical line z = 0 with the curve S.

Assume d > 0. Then (0,d) € 'y and the curve S is the graph of a strictly
decreasing function y = S(z) over R. If b = by > —+/5d/3, the point (0, by) lies
above the curve S. Thus, (0, b1) € Q(0,d)UQ4(0, d) where (0, d) € T'y (see Figure
26(a)). By the properties of the curve G in this case, (o, 3) € V(G) & V(0g) when
a > 0 (see Figure 26(d)). By Theorem 4, Q(\|b, d, «, 3) has no positive roots when
a > 0. So the proof under the assumption (1)(a) is completed. If b = by < —1/5d/3.
we see that (0, by) € Q2(0, d) where (0, d) € Ty (see Figure 26(a)). By Lemma 10,

d>0 ¥y d=0 y d<0
(a,b)=(0,b1) S 200 S
(a’b)=(0’b3) (a’b)=(09b5)
P(E)"=—Gam)
e X R
(0,0) 0,0)
(ab)=0,6) Q00 Yab)=0by oD
(a) (b) (©)
3  (0,B)
G O || @ (@) / c 4
4 Gi ' 4 LN e
/ YA, { 0,0) 0.0)
(00‘ e (x(r1),y(r1)) ’ (x(r1),y(r1))
(x(r2);y(r2) (x(r2).y(r2))
) O] ®
o) ’ (0,6)
0,0)
x(r),y(r))
(®

Fig. 26.
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T(A|b,d) = A* + 2b/5)\? + d/15 has exactly two positive roots 71 and 7o such
that r; < ro. We may solve the positive roots of the quartic 7'(A|b, d) and check
that ro = r. By Theorem 6, Q(\|b, d, v, 3) has no positive roots if, and only if,
(o, B) € V(G1) @ V(G3) ® V(Oq), where Gy is the part of the parametric curve G
restricted to the interval (0, r1] and G3 is the part of the parametric curve G restricted
to the interval [ry, +-00). We see that z(r) = —8r(br?+d) /5. If a > max{0, z(r)},
then (o, B) € V(G1) @ V(G3) @ V(Oq) (see Figures ??(e) and ??(f)). It follows
that Q(A|b, d, «, 3) has no positive roots. The proof under the assumption (2)(a) is
completed.

Assume d = 0. Then (0,d) = (0,0) € I’y and the curve S is the graph
of a strictly decreasing function y = S(x) over (—o0,0). If b = bg > 0, then
(0,b3) € Q0(0,0) (see Figure 26(b)). Similarly, by Theorem 4, Q(A|b, 0, cv, 3) has
no positive roots when a > 0 (see Figure 26(d)). The proof under the assumption
(1)(b) is completed. If b = by < 0, then (0, by) € ©2§°(0,0) (see Figure 26(b)). By
Lemma 10, T(A|b,d) = A* + 2b/5)? 4 d/15 has the unique positive root r. So
x(r) = —8br3/5 > 0. By Theorem 5, Q(\|b, 0, a, 3) has no positive roots if, and
only if, (c, 5) € V(G3) ® V(©y), where G5 is the part of the parametric curve G
restricted to the interval [r, +00). If & > z(r), then («, B) € V(G2) ® V(©y) (see
Figure 26(g)). It follows that Q(A|b, d, o, 3) has no positive roots. The proof under
the assumption (2)(a) is completed.

Assume d < 0. Then (0,d) € T'}. In this case, ¢»(\) < 0 and ¢(\) > 0 for
A€ RT. Forany b = b5 € R, (0,b5) € Q1(0,d) (see Figure 26(c)). By Theorem
5, Q(A|b, d, a, B) has no positive roots if, and only if, (o, 3) € V(G2) @ V(Oy),
where G is the part of the parametric curve G restricted to the interval [r, +00).
Similarly, if « > z(r), Q(A|b, d, o, 3) has no positive roots (see Figure 26(g)). The
proof under the assumption (2)(b) is complete.

We remark that in example 4, we can also get more precise conditions for
a and (8 such that Q(A|b, d, o, 3) has no positive roots. But this conditions are
cumbersome to state and do not add to further understanding.

Example 5. Our principal objective is to consider the absence of positive
roots of the sextic polynomial Q(A|a, b, ¢, d, «, 3). We have also seen in Example
1 that by a simple symmetry transformation, the absence of real roots can also be
handled. However, we like to mention that the same technique used to derive our
main Theorems can also be used to handle the absence of real roots. We illustrate
this by considering the simple sextic polynomial

Q\d,a,B) =X +d\2 +aX+ 3, A €R,

where the parameters d, «, 6 € R and d > 0. We may show that it has no real
roots if, and only if,(c, 3) lies strictly above the curve G, where G is defined by
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the parametric functions
z(A) = —2X(3A\* + d) and y(\) = A2(5A* + d) for A € R.
Indeed, we consider the family {L) : A € R} where
Ly: Az +y= -\ —dx\2
Since z/(\) = —30A\* — 2d < 0 and ¢/()\) = 30)\° + 2\d for A € R. We see that

¥y (A
¥y 7)1
0 A <0 and 70 30

>l
=

(A4+%)>Ofor)\eR.

By Theorem 1, G is the envelope of the family {L) : A € R}. We have
(2(=00), y(—00)) = (400, +00) and ((+00),y(+00)) = (=00, +-00).

It is easy to see that the curve G is the graph of a smooth function y = G(x) which
is strictly convex such that G ~ H,, and G ~ H_,, over R (see Figure 27). By
Lemma 3, («a, ) is a dual point of order 0 of G if, and only if («, 3) € V(G). By
Theorem 2, Q(A|d, «, 3) has no real roots if, and only if («, 5) € V(G), that is,
(a, B) lies strictly above the graph of G.

Fig. 27.
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