FOCI OF PLANE CURVES!
By Mo YEH

1. Introduction

A line whose slope is ¢ or —¢ will be called an isotropic line, or simply an
isotropic [1}. Two isotropics of the same kind are two isotropics whose slopes,
m, and ms, have the same value, 7 or —i; otherwise, they are of different kinds.
A tangent to a curve which is an isotropic is called an isotropic tangent to the
curve. The finite intersections of the isotropic tangents to a curve are called the
foci of the curve, and a chord of contact of any two isotropic tangents through a
given focus is called a directrix of the curve corresponding to the given focus [2].
According to these definitions a focus or a directrix of a curve may be real or
imaginary. _
2. Some Special Types of Curves

Given a line D as the y-axis and a point F (,0), a conic is the locus of a point
P (x,y) such that FP=eMP, where MP is the perpendicular distance from P to
the line D, and ¢ is a non-zero constant. Here F is the focus of the conic and D,

the corresponding directrix.
Now we consider the algebraic curve defined by
(1) | (FP*m=eMPr,
where m, n are positive integers such that #22, n>m, and (m, n)=1, that is,
m and #» are relatively prime. Equation (1) may be written as
@) (=) 5 m=ex.

If r=max (2m,n) then (2) represents an algebraic curve of order r.
Let us consider the isotropic

(3) y=i (x—p).
This line cuts x=0 at the point (0, —7p). The translation

!

x=x', y=y' —ip
carries (2) and (3) into

) {24y =2p (' +1y")jm=ex'"
and
(5) ' +1iy' =0

respectively. Since n22, n>m, the terms of lowest degree in (4) with respect to
%', ¥ are given by {—2p (x'+44y)}™ Hence (5) is a tangent to (4) at the new
origin, and consequently (3) is a tangent to (2) at the point (0, —#p). Similarly
we can prove that the isotropic

YN

=—1(x—p)

'The author wishes to express his thanks to Drs. H. S. Zuckerman and D. B. Dekker for
numerous valuable suggestions. ’
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is a tangent to (2) at the point (0,7p). The point of intersection of (3) and (6)
is F(p, 0). The points of contact, (0,—4p) and (0, ¢p), lie on the line x=0. This
proves: ’ '

TueoreM 1. The point F and the line D are respectively a focus and a correspond-
ing directrix of the algebraic curve defined by (1).

A central conic is defined as the locus of a point P. (x,y), the sum or difference of
whose distances from two given points, F (¢,0) and F’ (—¢,0) is a constant 2a.
Hence the equation is +F'P+FP=2a, and it is known that the points F and F’
are the real foci of the central conic.

Now we consider the algebraic curve defined by
) +N\F'P+uFP=a,
where \, u are two nonzero constants with absolute values both different from
a/2c. We may write (7) in the form

+ MGy L u(vV =0+ =a.
After the radicals in this equation are removed by rationalization we get
(8) {(R=p?) (24p*+ct)+2(N+u2) cx—a?}r=4a%?{(x—c)*+37}.

If| | ||, (8) represents a quartic curve.

Let us consider the isotropic
&) y=i(x—c)
A point of intersection of (8) and (9) is

a? [ a?
Y= y,=z(-‘ﬁ2~c——c>
and the translation x=x'-+x;, y=7'49, carries (8) and (9) into.
(100 {(Nm) (W92 22+ 299"+ 2N e’ V1=t (3 — i) (7' i’ +2)
and |
(11 _ y =iz’

respectively. Since ‘)\[ sa/2¢c, we have 370 and then the terms of lowest degree
in (10) with respect to x’, ' are given by 8a%u*y (9’ —ix'). Hence (11) is a tangent
to (10) at the new origin and consequently (9) is a tangent to (8) at the point
(x1,31). Similarly we can prove that the isotropics '

y=—i(x—c), y=tilx+c)

are tangents to (8). These four isotropic tangents intersect at four points (¢, 0),
(—¢, 0), (0, ic), (0, —c). This proves:

TuEOREM 2. The two points F and F' are two foci of the algebraic curve defined
by (7).
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The central conic has the remarkable property that the tangent to the curve at
any point makes equal angles with the focal radii drawn to that point. It is easy
to generalize this result as follows.

THEOREM 3. If
(12) MNF'P+uFP=a

1s the real part of the algebraic curve defined by (7T) and if @ and ¢ are respectively the
angles which the tangent line to this part at an arbitrary point P makes with the lines

PF’ and PF, then
(13) \ cos 84 cos ¢=0.

Proof. Let the inclinations of PF, PF’' and the tangent line at P be respect-
ively 71, 72 and 7. Then

A A
7/‘/:\' r O F} } r“ ) — .
tan r=ﬁ,tann= 4 tan = Y
dx x—c' x+c’
and
(15) p=71—1, O=r—71s
Equation (12) may be written as ,,
MWEFTH +uvVE—o 7 =a
Differentiating this equation we get
(x+c)+y% (x—6)+y% -0

Metory oy
From (14) and this equation we have

14-tan 7 tan 7, 1+4-tan 7 tan 0
' v/ 1+tan® Tu v 1+tantry,

which can be reduced to

X cos (r—7g)+u cos (7—72) =0.

By (15), this equation becomes (13). The theorem is proved.
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3. Conformal Transformation
Let
(16) x'=P(x,), y=Q (x,7)
be a conformal transformation, where P and Q are two real, single-valued, contin-
wous functions with continuous partial derivatives of the first order in the whole
plane except possibly at a finite number of real points and P, Q are not constants.
We must have either ‘

aP o oP - aQ
17 i v
or
(18) P 90 0P _ 90
o —_=— [3].

The first set of conditions states that P+Q¢ is an analytic function of x+3i. As
for the second set, we can reduce it to the first by changing Q to —Q, that is, by a
reflection about the x'-axis. Hereafter we shall restrict our discussion to trans-
formations (16) which satisfy (17) only. Let us denote x+1iy, x'+13', x—1y, x'—1y/’
by z, 2/, , # respectively. We can write (16) in the form 2’ =f(z) where f(z) = P+Qi.
By the conditions we impose on P and Q, we know that f(2) is a single-valued
analytic function in the whole plane except possibly at a finite number of singular
points. We may call these singular points, the singular points of the transformation

LemMa 1. The conformal transformation (16) carries a given isotropic into an
isotropic of the same kind provided that the given isotropic does not pass through any
singular point of the transformation.

Proof. Let the given isotropic be
(19) x+pi=a+bi,

where a, b are real. Since it does not pass through any singular point of the trans-
formation, a-+bi is not a singular point of f(z). Hence f(a+bi) has a definite value,
and (19) is carried into

(20) x'+iy’ =f(a+1b)
by (16). Now we consider the isotropic
21 x—1y=c—1d

where ¢, d are real. By hypothesis (c,d) is not a singular point of the transforma-
tion; hence, f(c+1d) has a definite value. Let the conjugate of f(z) be F(2), that is,
fz)=F(). Then z'=F(z) and f(c+1d)=F(c—1d). Therefore F(c—id) also has a
definite value and (21) is carried into x’' —4y’ =F(c—1d). The lemma is proved.

Example. The conformal transformation

=Gt 26 (y—1)
== =1 T YT T -1+ - )

carries the isotropic x—4y=2 into the isotropic ' —iy'=4—41.
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Lemma 2. The conformal transformation (16) carries an isotropic tangent at (%1, )
inio an isotropic tangent to the conformal transform of the given curve ai the point
P(x1, 1), Q(%1, 31), provided that P(x,y), Q(x,y) and the partial derivatives Pi(x, ),
Oi(x,y) exist at (x1,0) and
(22) Pi (xx,yx)'i'Qf (21,91) #0.

Proof. Let a curve C with equation ¢(x,y) =0 be carried by (16) into the curve C’
with equation ¥(x’,5)=0. Let (19) be an isotropic tangent to C at (x;,,). Then
n+iy=a+bi. If (a,b) is a singular point of the transformation, then f(a+b) is
not defined. But :

fla+bi) =f(mit+ip1) = P(x1,31) +4Q (21,31,
so there is a contradiction to our hypothesis. Therefore (a,b) cannot be a singular
point of the transformation and (19) is carried into (20) by (16). Let x,=P(x1,31)
91=0(x1,51). We need only prove that the curve C’ has the slope 7 at (x;,51). The
equation ¥(x',5")=0 may be obtained from ¢(x,y) =0 and (16) by eliminating x,y.
Let us consider x as a parameter. We find

d:
dyl _ Ql(xry)+Q2(xvy) 'a%
dx’ , i1

Setting x=x;, y=9, (%\ =1 in this equation we have
1

(_dy’ \ — Qi(x,y) + 0o, 318
. Pi(x,31)+ Pa(m1,0n)8
By the éid of (17) and (22) this equation becomes
dy'_) — Ql(xx,y1)+P1(x1,y1)'i =i,
\dx' /1 Pi(o,pn) —Qi(xi,n)e

Hence (20) is an isotropic tangent to C’. A similar proof holds for the case when
the isotropic tangent to C is of the form (21). The lemma is proved.

We may note that the Jacobian of (16) is

Y

_ ox dy _ ax _ _86_2 ,.aQ >z

J(xp)= 0 a0 '— 50 —< 5 >+< 9
| x 8y | ox  ox |

Therefore the condition (22) is equivalent to J(x,1) #0.
Since the point of intersection of two curves is preserved by a conformal trans-
formati_on, from lemmas 1, 2 we immediately have the following important theorem.

THEOREM 4. The conformal iransform of a focus of a given curve 1s, in general, a
Jocus of the conformal transform of the given curve.

The conformal transformation (16) carries real points into real points. Hence
under this conformal transformation, a real focus is carried, in general, into a
real focus. ‘
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Examgple. Under the conformal transformation ' =x%—3? 3’ =2xy, the parabola

y?=2x is carried into the curve

' =1 2 ay — 43
x'=1t—12 9=t

and the focus of the parabola, (3,0), into a focus of the curve, (1,0).

We consider the inversion
92 v*x vy
(23) x' = T3 }"’: R >0,
R 7
where the origin is the center of inversion. From these two equations we have
X —iy=—T—— or zZF=-——

X +’ iy

Hence an inversion is a conformal transformation which satisfies (18) and its
singular point is the center of inversion. From theorem 4 we deduce:

CoROLLARY. The inverse of a focus of a given curve is, in general, a focus of the
inverse of the given curve.

In particular we can prove easily that a real focus is carried into a real focus by
an inversion provided that the real focus is not at the center of inversion.

Example. The parabola y*=4ax with focus (a,0) is carried into the cissoid
2 2
v¥2=4ax (x2+y?) with focus (—1— ,0) by the inversion (23). Here (—‘Z— ,0) is ob-

viously the inverse of (a,0).

The focus of a parabola has a remarkable property that the tangent to the curve
at any point bisects the angle between the focal radius and the diameter through
that point. By an inversion with the center of inversion at the vertex of the para-
bola we deduce the following interesting property of a cissoid.

THEOREM S. If a circle passing through the real focus and the cusp of a cissoid and
another circle tangent to the axis of symmetry of the cissoid at its cusp intersect at
another point on the cissoid, then the cissoid bisects the angle between the two circles
at this point.

This theorem suggests that any curve which is the conformal transform of a
conic should itself possess interesting focal properties.

4. The Position of Foci

It is well known that for any nondegenerate conic any focus must lie on an axis
of symmetry and the corresponding directrix is perpendicular to the axis [4]. Does
this set of facts hold for any curve? First, there are curves which have axes of
symmetry but have no foci. For example, the degenerate conic x2—32=0 has axes
of symmetry, the x- and y-axes, but its foci are not defined. Second, there are

curves which have foci but have no axes of symmetry. For example, the curve

¥=¢* has an infinite number of real foci which are given by<— 1, ik;-—lﬂ'), where

k is an arbitrary integer, but it has no axis of symmetry. In order to establish a
theorem for any curve, we must assume that the curve has an axis of svmmetrv
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and a focus. But even so the conditions are still not sufficient to prove a theorem
such as the one we stated for the conics. We may illustrate this by an interesting
example.

Consider the curve xy?=4a% Its axis of symmetry is the x-axis. Its foci are the
nine points given by :

3 n 3
x-——i—a(w +w™), y-——z-az(w w™),

F Y -
where =0, 1, 2; m=0, 1, 2; 0= — 3

foci, namely: (—3a,0), (—3aw,0), (—3aw?0), lie on the axis of symmetry of the
curve. The other six foci can be put into three pairs, each pair consisting of two
points symmetric to the axis of symmetry. The directrices of the foci (—3a,0),
(—3aw,0), (—3aw?,0) are the lines x= —a, x= —aw, x= —aw?, respectively, which
are perpendicular to the axis of symmetry. However, we can prove the following
theorem.

. We observe only three of the nine

THEOREM 6. If a curve has at least one axis of symmetry and at least one focus, then
with respect to each axis there is at least one focus situated on it and one of the corre-
sponding directrices 1s perpendicular to it; and any remaining foci are situated sym-
metrically with respect to this axis.

Proof. Let us consider one of the axes of symmetry. We choose this axis as the
x-axis. Let the equation of the curve be

(24) f(x,)=0.
Since the curve is symmetric with respect to the x-axis, we have

If a focus (a,0) of the curve lies on this axis, then two isotropic tangents, y=1(x —a)
and y= —i(x—a), passing through this focus, will touch the curve at (xo,3) and
(0, — 7o) Tespectively. Hence a directrix of the focus (a,0) is the line x =1y, which is
perpendicular to the x-axis. By hypothesis the curve has at least one focus. If all
the foci of the curve lie on the x-axis, the theorem holds obviously. Otherwise we
may assume that the curve has a focus (x1,1) with 317€0. It is the intersection of
the isotropic tangents

(26) y—n=1i(x—x),

¢1)) y—n=—1(x—x).

The reflection x=x', y=—9y' carries (24), (26), (27) into
(28) f&',—y')=0,

(29) ¥y +n=—1ilx'—x),

(30) ¥y +n=1i(x'—x),

respectively. Since tangency is invariant under a reflection, (29), (30) are isotropic
tangents to (28). By the aid of (25) we prove that

(31) Y= —i(x—mn),
(32) v+ =1(x—x)
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are two isotropic tangents to the curve (24). The point of intersection of (31) and
(32), that of (26) and (31), and that of (27) and (32) are (x1,—%1), (x14», 0), and .
(x1—131, 0), respectively. The focus (x1,—»1) is a point symmetric to (x1, 31). The
foci (x1+13, 0), (x1—1y1, 0) he on the x-axis.

fw,.. e -
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