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ABSTRACT

Cassini ovals, which are considered as plane algebraic curves, are investigated to
see if these curves can be elliptic curves. Gian Domenico Cassini, an Italian-born French
astronomer, described these ovals as a collection of points where the product of the distances
from two fixed points (focal points or foci) is constant. If we represent Cassini ovals as the
Cartesian equation ((z —a)? +3?)((z +e)? +y?) = b?, the foci are at (—a,0) and (a,0), 2a is
the distance between the foci, and b is a constant. Depending on the relationship between
a and b, the curves fall into one of the three shapes: one continuous loop, two separate
loops, or a lemniscate. Specifically, when & > a, the curve will be a continuous loop, but
when b < a, the curve will be two disconnected loops. Lastly, when b = a, the curve will
be a lemniscate, which means "pendant ribbon" in Latin. The important basic definitions
regarding algebraic curves, such as multiplicity, singularity, inflection, and Hessian curves,
will lead us to the computations to find out the genus of the Cassini ovals, which tells us
whether the Cassinian ovals are elliptic or not. Then, if the curve is not a lemniscate, a
transformation of a Cassini oval to a cubic makes it possible to compute its cross-ratio.
Lastly, the J-invariant of the curve is shown to be real in all cases and it will be shown that

the ovals are a complete set of representatives for elliptic curves with real J-invariant.
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Chapter 1

Introduction

Gian Domenico Cassini was an Italian-born French astronomer who found signifi-
cant discoveries about Saturn. Cassini agreed with the solar theory of Nicolaus Copernicus,
but he disagreed with the theory of Johannes Kepler that planets trave in ellipses [EB32012].
In 1680, he investigated the relative motions of the Earth and the Sun and proposed that
the paths of planets were certain curved ovals. He believed that the Sun was traveling
around the Earth on one of the Cassini ovals with the Earth at one focus of the oval.

Cassini described these ovals as a collection of points where the product of the
distances from two fixed points (focal points or foci) is constant. The general formula for
Cassini ovals is shown below. For example, if the foct are at (—e,0) and (a,0) then 2a is

the distance between the foci. Let b be a constant, then
(z—a) + 1))z +a)* +3°) = ¥*.

Depending on the relationship between a and b, the curves fall into one of the three shapes:
one continuous loop, two separate loops, or a lemniscate [WCOI.

For example, let a = 1.

When & > a, the curve will be a continuous loop. For instance, let b = 2. Then
we have the Cassini oval as ((m - 1)2 + yz) ((a: + 1)2 + yz) = 4, which forms a graph in
Figure 1.1.

When b < ¢, the curve will be two disconnected loops. For example, let b = %
Then we have ((z — 1)* + 3 ((:c +1)% + y2) = § shown in Figure 1.2.

Lastly, when b = @, the curve will be a lemniscate. For example, let b = 1, then the

Cassini oval turns out to be ((z — 1)* + 32) ((m +1)* + y2> =1 and it forms a lemniscate



Figure 1.1: A Cassini Oval with b > a
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Figure 1.2: A Cassini Oval with b < a
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shown in Figure 1.3.
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Figure 1.3: A Cassini Oval with b= o

As we can see from the figures, depending on the relationship between ¢ and b,
the ovals turn into one of these three shapes.

When b = a, the oval is called a Lemniscate (which means "pendant ribbon" in
Latin) or Lemniscate of Bernoulli. In 1694, Jakob Bernoulli described the lemniscate as a
modification of an ellipse which was the locus of points P such that the sum of the distances
to each foci was constant. Now, in geometry, the definition of the lemniscate of Bernoulli
is a plane curve which is the locus of points P such that PF| « PF, = a® where 2a is the
distance betweeri the foci, F1 and F3, and it passes through the point midway between the
foci, which is the same definition as one of the Cassini ovals [L1972].

The purpose of this project is to show that Cassini curves that are not lemniscates,
when b # 1, represent elliptic curves. It is also shown that the cross-ratios of these elliptic
curves are either real numbers or represented by complex numbers on the unit circle on
the complex plane. Since these Cassini ovals are precisely the elliptic curves with a real
J-invariant, Cassini ovals can be found to represent the elliptic curves with this property.
In order to understand cross-ratio and J-invariant, basic information about algebraic curves

will be represented in the next chapter.



Chapter 2

Algebraic Curves

2.1 Algebraic Curves

One of the goals of this project is to show Cassini ovals as elliptic curves. Before
going over that further, some basics of algebraic curves need to be informed. The examples
of plane algebraic curves are lines, circles, the cuspidal cubic, the Nodal cubic, the Folium of
Descartes and hypocycloids. Since lines and circles are well-known, the other three examples
are introduced: the cuspidal cubic, the Nodal cubic and the Folium of Descartes.

First of all, the typical cuspidal equation is z3 — y? = 0, and the curve looks like
the Figure 2.1. The simplest example of a singularity (a point where multiple tangents
exist) occurs at the cusp of the cuspidal cubic F2001].

Secondly, the Nodal cubic is described by the equation z%(z 4+ 1) — ® = 0, and
the curve is shown in the Figure 2.2. Notice that there is an ordinary double point (a point
where two distinct tangents locate) at the origin [F2001].

Lastly, the Folium of Descartes is usually described by the equation z® 4 3° —
3zy = 0. See Figure 2.3. Although the Folium of Descartes is similar to the Nodal cubic,
the essential difference between them is that the Folium of Descartes has an asymptote,
z+y+1=0[F2001].

2.2 Affine Algebraic Curves

Additionally, some of the important terminologies are restated in this section. An

algebraic curve can be imagined as a trajectory of motion.
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Figure 2.1: The Cuspidal Cubic

Figure 2.2: The Nodal Cubic




Figure 2.3: The Folium of Descartes

In this project, plane means only two—dimensioﬁal, and it is the space in which the
motion occurs.
Also, the moving object is assumed to be a point and its motion in the plane is
described by a map
@ IRt — o(t) = ((t), (1),
where I C R denotes an interval. The parameter t can be viewed as time. In this project,
a point in a plane will be denoted by a coordinate pair (z, y).

A line can be described by
w(t) = v + tw,
where vectors v, w € R?, the direction vector w # 0.

Before stating the property of an algebraic curve, the following notations lead to
the definition of an affine algebraic curve.
For a function f € R[X,Y], the variety of f is noted as the set

V() = {(z,y) eR*: f(z,y) = 0}.

For example, in R?,



V(X2+Y?-1)is a circle,

V(X?%+Y?) is a point, and

V(X% + Y2+ 1) is the empty set.

However, notice in C2,

V(X2+Y) =V(X +iY)UV(X -iY) X2+Y%=(X+iY)(X —1iY)

This means that the zero set consists two lines that intersect at the origin.

Now the fundamental definition of an affine algebraic curve is stated below.

Definition: A subset C C C2 is called an effine algebraic curve if there exists a
polynomial f € C[X,Y] such that deg f > 1 and

C=V({)={(z,y) €C?: f(z,y) = 0}

(F2001].
In other words, an affine algebraic curve is a curve that locates in a complex

coordinate plane and consists of the zeros of a polynomial in two complex variables.

2.3 Points at Infinity

In some cases, it can be useful to extend the affine space K™ over a field K to
the projective space P,(K). Note that only the plane (i.e. » = 2) occurs in this discussion
though the field K can be arbitrary. Also let K* be the non-zero members of field.

The projective plane over K is denoted as Po{K), that is, the set of all lines
through the origin in K3,

If 0% a = (z,y,2) € K3, then

[miy’z] =K- (LIJ,y,Z)

denotes the line through a which is a point in Py(K).

For computations with these homogeneous coordinates, the rule is
[z, y, 2] = [21, 41, 21] = (2,9, 2) = Mz1, 1, 21),

where A € K*,

The canonical embedding of the affine plane is given by

v K2 — P(K), (z,y) = [z,y,1].



The set of points at infinity of K2 is
Py(K)\ ((K?) = {[z,v,2] € Po(K) : 2 =0},

a projective line P1(K).

Every point at infinity [z,y,0] has a corresponding direction [z, y] in K2. Instead
of the line z = 0, any other line in L C P3(X) can take on the role of the points at infinity
of the affine plane P>(K) \ L [F2001].

2.4 Projective Algebraic Curve

Now, an affine curve C' C K2 is extended to a projective curve C € Po(K).

If F e K[X,Y, Z] is a homogeneous polynomial, then
V(F) = {[z,y,2] € Pa(K) : F(2,y,2) =0}

is called the variety of F'; more precisely, V(¥) is the set of lines through 0 in the affine
cone
{(z,y,2) € K3 : F(z,y,2) = 0}
corresponding to V().
For f € K[X,Y], a homogeneous F € K[X,Y, Z], the homogenization of f, is

constructed as follows: if n = deg f and
FXY)=foy+fay+-+ fin)
is its decomposition into homogeneous parts, with graded degrees, where f(,,) # 0, then
F(X,Y,2):=Z"foy+ -+ Zf(n-1) + fn)-

Clearly, F = Z"f(%,%) and f = F(X,Y,1).

In this project, "curves" are to be in K = C even though these calculations are
valid for arbitrary fields [F2001].

Finally, the definition of a projective algebraic curve is stated below.

Definition: A subset C C P»(C) is called a projective algebraic curve if there is
a homogeneous F € C[X,Y, Z,] such that deg F > 1 and C = V(F).

If C = V(F) C C? is an affine algebraic curve and F is the homogenization of f,
then C = V(F) C P (C) is called the projective closure of C [F2001).



Extension of an affine curve to a projective curve will be practiced in Chapter 3

to find the singularities as explained in the next section.

2.5 Singularities and Tangents

After the mathematical definition of an algebraic curve, additional important de-
finitions need to be covered for this project.

First of all, the definition of singulerity is a point on an algebraic curve with
multiple tangents. In order to understand a singular point in detail, let us go over a few
more definitions.

Definition: Let the algebraic curve C = V(f) C C? be described by a minimal
polynomial f € C{X,Y]. We say that C is smooth at a point P € C if

gradp f 1= (92(P), g-(P) # (0,0).

Instead of not smooth, we say singular [F2001].
Also an ordinary singularity is a singularity where the tangents are distinct [W1962].
So singular points, P, can be found by setting the gradient of a function to zero, and the

tangents at singular points are figured out in this project.

In algebraic curves, tangents are defined as below.
Definition: If C is smooth at P, the line

TpC := {(z,y) eC?: %(P) '$+aa_}{(P) -y =c}

is called the tangent to C at P. Here ¢ € C is chosen so that P € TpC. The tangent is the
line through P that, near P, passes as close to C as possible [F2001].

In this project, we the tangents for algebraic curves are determined repeatedly,
and the following is the summary of this strategy. As an example, the hypocycloid of three
cusps is examined here. A hypocycloid is the path traced by a point on a circle of radius r
rolling along the inside of a circle of radius R > r. When r/R is rational, it is closed.

Let R =1 and r = 1/3, then we can achieve the equation of the hypocycloid of
three cusps as

3z + %) +8z(3y? - 22 + 6(z2 + %) =1
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[F2001].
So the affine curve is described as

Flz,y,2) = 3(z? + 4?)° + 8z (3y* — 2%) + 6(z® +¢?) ~ 1 =0,

and it is shown in the Figure 2.4. The hypocycloid is in solid thin, and the dashed-circle is

the circle with the radius R = 1. The dotted-circle is the circle with the radius r = %, and

the point that traces the hypocycloid is at (1,0) in the figure.

Figure 2.4: A Hypocycloid Inside a Circle with R = 1 and an Inner Circle with r = -;-

Since this polynomial is a quartic (degree four), the corresponding homogeneous
pplynomial is
F(z,y,z) = 32" — 8232 + 6224 + 62222 + 24ay’z + 3y + 64222 — 2°.
Therefore, the gradient of F(z,y, 2) is
12 (2 — 2222 + 2%z + xy® + 22?)

VF = 12y (22 + y* + 22 + 4xz2)
—4(2z + z) (z* — 3y? + 2% — 222)
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Now, the solutions for VF = (0,0, 0) are the singular points of f(x,y, 2).
So the singularities are at [1,0,1], [-1,v/3,2] and [—1, ~/3, 2].

Now, the tangents at each singularity need to be found.

For (1,0, 1], this point has coordinate (1,0) in the affine plane z = 1 and
Fla,y) = 3(a” +4°)* + 82(3y° — &) + 6(z® +3*) =1 =0
is the corresponding affine curve.

Before continuing the calculation, the intersection of curve and line needs to be
explained.

Let C = f(z,y) be an algebraic curve with a homogeneous polynomial of degree n,
such that F'(z,y, z) = 0. In order to investigate the intersections of L and C' at a particular
point P of C, choose an affine coordinate system in which P has coordinate (a,b) and C is

the affine curve f(z,%y) = 0. The parametric equations of L can be put in the forms
T = a+ At
y = btput

and L can be determined by the ratio A : u.

Then the intersections of L and C' are determined by the roots of
fla+ At, b+ ut) =0.
Since f(a,b) = 0, by expanding f(a + At, b+ ut) in a Taylor series in £, we have
Fa\+ Fy)t + o (FaaX? 4 2y + Fygpl®)P 4 =0,
where fz, fy, -+ are the values at P of the derivatives of f.

Case 1: If f; and f;, are not both zero, then every line through P has a single
intersection with C at P with one exception corresponding to the value of A : ¢ which makes

faA + fypr = 0. This exceptional line is the tangent to C at P.

Case 2: If f, = f, = 0 but not all of fz5, fzy, fyy are zero, then every line through

P has at least two intersections at P and at most two lines corresponding to the roots of

fm)\2 + 2fwy)\p + f:l;;tﬁu'2 =0
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has more than two intersections. These exceptional lines are called tangents to C at P. If

the equation above has a double root, then there are two coincident tangents.

Case 3: If all derivatives of f up to and including the (» — 1)-th vanish at P but
at least one r-th derivative does not vanish at P, then every line through P has at least r
intersections with C at P. The exceptional lines, the tangents to C at P, corresponding to

the roots of
T _ r
fa:"‘)\r + (1) fmr_ly)\'r 1# 4 4 (T) fy"'[lr = O,

are counted with multiplicities equal to the multiplicities of the corresponding roots of this
equation. Thus P is said to be a point of C of multiplicity r, or an r-fold point. Notice
since f(x,y) is not identically zero, there must be some derivative of order less than or equal
to n which does not vanish at P. Hence Case 3 occurs for some r with 1 < r < n. Also note
that a point of C of multiplicity one is called a single point of C, and one of multiplicity two
is called a double point. If the r tangents at the point are distinct, a point of multiplicity
7 is ordinary. A point of multiplicity greater than one is called singular, and a point (a, b)
is singular if f{a,b) = fz(a,b) = fy(a,b) = 0 [W1962].

Going back to the example, now any line in the affine plane that contains (1, 0)

can be parameterized by

£ = 14+Mt

Consider f(z,y) =0,
Flm,y) =3 (0% + 2% — (8X (A% — 31%) £ — 120 (A2 + p2)) + 36%¢% = 0,

then find the value of A and u such that 36u? = 0, which is the coefficient of t°.
So, u=0.

Since ¢ = 7t = 2, then y = @
Therefore, the tangent is

y=0

which is shown as the x-axis and the thick solid line in the Figure 2.5.
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Similarly, the singular point at [—%, @,‘1] has coordinate —%, 325) in the affine

plane z = 1, and it is parameterized as

1
T = —E"}')\t
3

Thus the curve has a form
Fla,y) =3 (24 p2)" ¢ = 2 (722 4+ 3% + 4VBn) (A= vV3p) 8 +3 (31 + \/?;u)ztz =0.
So now the coefficient of ¢? needs to be set equal to zero,
3 (3A+ \/E,u)z —0.

Then
V3

A= ——{h
3#'

Since t = 2t = ELL‘/”;’, the tangent is
3z 43y =0

which is shown as the thick dashed line in the Figure 2.5.
Since the last singular point has a similar coordinate with another one, it can be

assumed that the tangent for the last singularity is
3z —V3y =0

which is the thin dashed line in the Figure 2.5. This assumption is easily verified.
All the tangents for the three singularities are plotted in the Figure 2.5, and these

singularities are not ordinary since the tangents are not distinct at a singular point.

This method will also be used to find tangents in Chapter 3, where the singularities
of Cassini ovals are determined ordinary.
2.6 Genus and Birational Equivalence

Genus is an invariant associated with any irreducible curve. It will not be explained

in detail, but the formula of it is used to compute genus in this project.
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Figure 2.5: The Three Tangents of A Hypocycloid at The Three Singularities

Formula: If the curve has only ordinary singularities, then its genus p is computed

by using

n—1)(n—-2 ri(r; —
RIS ST

where n is the order of the curve and the r; are the multiplicities of the singularities [W1962).

For instance, the order of the Folium of Descartes, f(z,y,2) = 23 + y® — 3zyz, is

3, and the multiplicity of its singularity 0,0, 1] is 2. So the genus p is computed as

_(3-1@E-2) _22-1)
B 2 2
The singularity has distinct multiple tangents; therefore, the singularity is ordinary.

=1-1=0.

One of the properties of elliptic curves is that they are algebraic curves of genus

1. Also, there is a theorem that describes the property of elliptic curves.

Theorem: Any elliptic curve is birationally equivalent to a non-singular plane
cubic [W1962).
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Any elliptic curve is birationally equivalent to a cubic of the form: 32 = 23+ az+b
which is non-singular; that is, its graph has no cusps or self-intersections, provided 4a® +
275% # 0 [MM99).

Now, in order to understand the theorem above, the meaning of birationally equiv-
alent is explained next,.

Two curves are birationally equivalent if their associated function fields are isomor-
phic. The function field of an irreducible curve is the quotient field obtained by factoring
the polynomial ring by the principal ideal generated by the curve. Two birationally equiva-
lent curves are related by a birational transformation that is induced by an isomorphism of
the function fields. Typically, birational transformations are obtained by rational function
changes of variable. Thus, any projective transformation is birational but, in general, such
transformations will change the degree of the curve. When the real points of a plane curve
are represented as points in the complex plane, any linear fractional transformation of the
corresponding complex variable induces a birational transformation of the curve [S2012].
This follows from the theorem that says, each birational transformation of the plane is a
product of quadratic transformations (M. Noether’s Theorem) [BK86].

Since two curves that are birationally equivalent have the same genus, genus is
a birational invariant. However, two curves that have the same genus are not necessarily
birationally equivalent. We will show this with the ovals of Cassini later. Generally, an
exception (two curves with the same genus are birationally equivalent) is curves of genus
0 as we have seen in an example of the Folium of Descartes. 1t can be shown that a
curve is rational if and only if it is of genus 0 [W1962]; these exceptional curves are all
birationally equivalent. For example, a projective line (algebraic curve of degree 1) has
genus 0, and, as the genus formula shows, so does any conic. Thus conics and lines are
birationally equivalent. For genus 1, the elliptic curves, the birational equivalence classes
are determined by a stronger invariant, the cross-ratio [S2012].

Keeping those definitions and theorems in mind, as the first step, the Cassini ovals

are shown to be elliptic in Chapter 3.
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Chapter 3

(Genus of Cassini Ovals

3.1 Lemniscate

In this chapter, Cassini ovals are examined as elliptic curves. In algebraic curves,
an elliptic curve is defined as an algebraic curve of genus 1. Recalling some definitions, a
singularity is a point on an algebraic curve with multiple tangents. An ordinary singularity
is a singularity where the tangents are distinct. Additionally, genus is a birational invariant
associated with any irreducible curve. If the curve has only ordinary singularities (i.e.
distinct tangents) then its genus is computed using the equation from Chapter 2,

n—1 -2 rir; —1
pe 2002 _ S rem1)

where 7 is the order (or degree) of the curve and the r; are the multiplicities at the respective
singularities. For example, a non-singular cubic curve has genus 1, whereas a cubic with a
single ordinary singularity of multiplicity two has genus 0.

First consider the lemniscate, a = b = 1. The goal here is to find singularities of
the curve and find tangents at those points to see if the tangents are distinct or not. By
following the strategy explained in Chapter 2, the tangents of an affine curve of Cassini

ovals are obtained. From Chapter 1, the affine Cassini Oval has a form
flz,y) = (22 +9¥)? =22 - y?) = 2 + oyt + 2222 — 222 + 29% = 0.
Now let

Flz,y,2) = (2% 4+ yH)?% — 2(2% - )2 = 2 + y* + 22292 — 22222 + 29222
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be the corresponding homogeneous polynomial.
In order to find its singularities, the gradient of the polynomial, VF' is computed.

Then by solving VF(z,y, 2) = (0,0, 0), the singular points [z,y, 2] can be found. So

aF 4z (z® +y2 — 2%) 0
VF = % = 4y($2+y2+zz) =
% —4z(z —y) (z+v) 0

Now as the first step to find the solutions to the equations, consider the case when
z =0, the line at infinity.
Then VI leaves

T (:1:2+y2) =0
Y (m2+y2) = 0.
Thus
z? +y% = 0.
Since z and y cannot both be 0, the singularities at infinity are [1,%,0], and
[1,—4,0].
Next, consider the case when z # 0.

Suppose z = 1, then

z(x?+y*-1) = 0
y(:cﬁ-l-y2+l) =0
@-y)@z+y) = 0

which has the unique solution z =y = 0.

Therefore, these three are the singular points of the projective curve F: [0,0,1],
[1,4,0] and [1,—%,0].

Next, the tangents at the singular points are looked for. Just like the example of
the hypocycloid of three cusps in Chapter 2, the tangents for each singular point can be
determined by following the same strategy.

At [0,0,1], this point has coordinate [0, 0] in the affine plane z = 1 and f(z,y) =

zt +y* + 22%9% — 222 + 2y = 0 is the corresponding affine curve. So in this case, the line,
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L, that contains P = (0,0) can be parameterized as follows:
T = A
y = pt
Now we look at f(At, ut) = 0.
FOb ) = (02 +p2) 4 — 20+ (A - w2 =0

Then find the values of A, 1 such that (A + p)(A — p) = 0 (the coefficient of #2).
SoA=porA=—pu

Then § = % = {.

Thusz =y orz = —y.

Projectively, the tangents to the singular point [0, 0, 1] are the lines

l

r—y 0

z+y = 0.
By following the same process, the tangents for the other two singular points,

(1,4,0] and [1,—%,0], can be found.

So parameterize the line that goes through [1,:,0] as

r = 1+ XM
Yy = i+ud
z = vt

Then the homogeneous equation is
F(z,y,2) = ((}\2 + ;1,2)2 - n? (/\2 - ,u2)> t
~4(* (A —ip) — (A +ip) (A2 +47%))E
—4 (1/2 ~{(A+ iu)2) t2.
Then the singularity [1,4,0] has multiplicity of 2, because A + iu — v = 0 and

A+ ip 4 v = 0. Therefore, the tangents are

z+iy+z = 0
z+iy—z = 0.
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Similarly, parameterize the line that goes through [1, -1, 0].

z = 1+ Xt
y = —i+ut
z = ut.

Then we have

F(z,y,z) = (()\2 + #2)2 — w? ()\2 - ,uz)) 1
—4(* (M i) + (A —ip) (A7 + p2))8?
—4 (u2 —(A— i,u)z) £.

So the singularity [1, —i, 0] has the multiplicity of 2 as well, because A —ipX —iu +
v =0and A — iy —v = 0. Thus the tangents at [1,—1,0] are

—z4+iy—z = 0

rz—iy—z = 0.

3.2 Non-Lemniscate

Second, consider the ovals that are not lemniscates, that is a # b for f(z,y) =
4+ y? + 22%y% — 20222 4+ 2a2y2 +a2—b2=0

Assume that @ = 1 then consider two cases: 0 <b< 1 and b> 1 in
flz,y) =1 - + 2t + gyt — 227 + 2% + 2272 = 0.
As a curve in the affine plane z = 1, the homogeneous projective curve is obtained,
F(z,y,2) = (1 —b69)2% + 2% + ot = 22222 4 2222 + 22%%.
Now the gradient is

4z (22 + 3% — 2%) 0
VF(z,y,2) = dy (2% + y% + 2%)
—4z (b%2% + z® — y® — 2°)

Thus the singularities at infinity, z = 0, are [1,4,0] and [1, —¢, 0].
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To find the tangents at these points. Just like the previous calculation for (1, =4, 0],

the lines can be parameterized as

r = 14+ Xt
y = +i4ut
z = vt
Then
Flz,y,2) = ((1 -0+ 23+ pt 4+ 200207 — 232 4 p20%)) ¢
FAAFip) A tip+r)Atip—v)e
+4 (A tiptv) A tipF )i,

So solve (A +éu £ v) (A £iu F v) = 0 to obtain the tangents at [1,%,0];
cH+iy+z = 0
z+iy—z = 0,

and at {1, —1, 0};
z—ty+z = 0

r—iy—z = 0.

Now consider the case when z = 1. The gradient leaves

22442 -1 = 0
z2+y?+1 = 0
-y +¥ -1 = 0.

From the third equation, 4* = 22 + b2 — 1. Then plug this equation into 3?2 of the

first two equations to solve for z:
202 + 02 = 2
2%+ = 0.
However, because there is no z that satisfies both equations, there is no solution for

z in this case. Thus there are no other singularities in the affine plane in cases of 0 < b < 1
and b > 1.
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In conclusion, there are two ordinary singularities for the non-lemniscates at in-

finity, but there are no singularities in the affine plane.

3.3 Computing Genus

Additionally, computing the genus of Cassini curves will show if they are elliptic
or not. Since a curve of genus 1 is elliptic, the Cassini Curves that have genus 1, p = 1, are

searched.

First, consider the lemniscate, b = a. From Chapter 2, the formula can be used to

determine its genus,

_{n=1)(n-2) ri(ri — 1)
- 2 > 2

where n is the order of the curve and 7; is the multiplicities at each ordinary singularity.

p

From 3.1, there are three ordinary singularities and each of them has multiplicity of two.
So the genus of the lemniscate is

(1-1(4-2) _20-1) 22-1) 22-1)

p= 2 (—5 2 5 ) =0

Thus the lemniscate is not elliptic, but it is a rational curve.

Next, consider the non-lemniscate, & # a. From 3.2, there are two singularities

and the multiplicities of those points are both two. So we can compute the genus as

p= (4-1)4-2) _(2(2—1) +2(z—1)

= 1.
2 2 2 )

Therefore the non-lemniscates are elliptic.

Overall, Cassini ovals are elliptic if they are not lemniscates, in other words, an

affine algebraic curve
flz,y) = 2t +y* + 2227 — 202 4+ 2% +- 2 =02 =0

is elliptic if b # a.



Chapter 4

Transforming Cassini Ovals to

Cubics

4.1 Linear Fractional Transformation

In this chapter, elliptic curves of Cassini ovals are transformed into cubics. Re-
member that elliptic curves are the ones with genus 1, so two cases of the Cassini ovals are
to be considered, b < a and b > a with f(z,y) = zt+y*+22%y2 —2a%2% +20%y% +a* b = 0.

In order to transform Cassini ovals to cubics, represent an oval that is not a
lemniscate as an affine curve in the plane z = 1. Then view this affine curve as a locus in
the plane of complex numbers Z. Then use linear fractional transformation (LFT) to find
the transformations of Z and apply the transformations of Z to obtain transformations of

the ovals.

First of all, recall the definition of linear fractional transformation (LFT).
Definition: Linear fractional transformation is a conformal (angle-preserving)
mapping transformation of the form T'(Z) = ggi"db, where a,b,¢,d € C and ad — bc # 0

[WLFT].

LF'Ts are one-to-one and onto mappings of the completed plane C'U {oo} to itself.

Note that if T'(Z) = ggig is represented by the complex projective matrix

a b
c d



then LFTs compose by matrix multiplication and therefore 7'~ is represented by
a —b

—c d

LFTs are used to induce birational transformations on affine curves. In general,
a suitable LFT is applied to a Cassini curve to transform it to a cubic and then this
cubic is used to compute the cross-ratio in case the curve is elliptic. The fact that LFTs
induce bhirational transformations is a consequence of a theorem discovered independently
by Clifford and M. Noether.

Theorem: Each birational transformation of the plane is a product of quadratic

transformations [BK86).

How LFT can be factored into quadratic transformations in general will not be
discussed here, but the effect on Cassini curves is demonstrated beginning with the lemnis-
cate as an example. Again, let @ = 1 and let b be replaced by k¥ (just because it makes it

simple and convenient in notations later).
So the Cassini ovals can be rewritten as
zd + ot + 2272 — 2$2+2y2+1-—k2 =0.
The lemniscate occurs when k£ =1, so
zt 4yt + 22292 — 222 + 2% = 0.

Now consider the LF'T

ro | V2
1

|~ !

T—l — 1 %
and let Z = X 4+ 7Y with X,Y € R. Then
27 — %

T(Z) = ———‘/: 2

-52+1

1(2) V2(X +iY) -3

1AX +iY) -1
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and so the lemniscate is transformed by substituting the real and imaginary parts of this
expression for z and y, respectively. That is, the affine quartic (22 + y?)% + 2(y%* — 2%) =0

transforins into the cubic
(4X +5)(2X +1)? = 4(1 — 4X)Y?

shown in the Figure 4.1.

2+

Figure 4.1: Transformed Cubic Lemniscate

This is the Nodal cubic that was introduced in Chapter 2. The point (—%,0) is
an ordinary double point. This.is the only singularity, so the genus of this curve is 0, as

expected, since the genus of the lemniscate is invariant under a birational transformation.

4.2 Transformation of Cassini Ovals to Cubics

Since the focus is only on elliptic curves, let k& # 1 in this case. Additionally, let
Z = X +1iY (Note that this Z is a complex variable and X,Y € R).

Now, let the LFT be set as T'(Z) = ZTZ;%: which takes the oval to a cubic curve.
Notice that T is invertible because ad — bc # 0. This means that the inverse of the LFT,
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T-1, will transform the cubic to the oval. So the transformation can be written as
d + XC 2 (44 )
T(Z) = b+ Xa +Y%a
(2) (( ) (d+ Xc)* + Y22 (d+ Xc)* + Y22

) b+ Xa d+ Xc )
+i | -Yec +Ya
( (d+ Xc)* + Y22 (d+ Xc)? + Y22

= W.

This means that the W has its general form as W = x + iy where

d+XC 2 C
r = (b+ Xa +Y*a
( ) (d+ Xc)® + Y2c2 (d+ Xc)? + Y22
b+ Xa d+ Xc
y = ~Y

c +Ya .

(d+ Xc)® +Y2c2 (d+ Xc)* + Y22
Now, plug the z and y obtained above into the equation f(x,y) = (z? + %)% +.
7, F(,9)

2 _ .2 12— . f s . 1
2(y* — z°) + 1 — k* = 0. So, after removing the insignificant factor, (Kot r7a)

has a form of

FXGY) = ((@®+ (B— 1)) (@ — (k+ 1)) (X + Y4+ 2X%Y?)
+4 (2 (a® — b — acd) — (k — 1) (k + 1) Ad) (X® + XY?)
+2(30%b% — a2d® — b2c? — dabed — 3 (k — 1) (k + 1) c2d?) X2
+2 (a®b® + a?d? + B ? — dabed — (k — 1) (k -+ 1) ¢2d?) Y2
+4(ab® — abd? — b%cd — (k= 1) (k+ 1) cd®) X
+ (B + (k — 1) &%) (b* — (k + 1) d®)).
Since the goal is to make the equation cubic, the values; a,b,c and d, are to
be found in a manner that leaves the variables of degree three or less. In other words,

the coefficients of degree four variables need to be zero to eliminate X4, Y¥ and X2Y2.

Therefore, the values of a, b, ¢ and d need to satisfy the condition below:
(a® + (k — 1)c?) (a® — (k + 1)c?) = 0.
So the values of a,b,c and d are to satisfy a® + (k — 1)c? = 0 or @ — (k + 1)c? = 0. Then
a=xevl—k

or

a=3cvV1+k.
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By picking a and ¢ as described above, the following equation is obtained.

FX,Y) = 4(a(a® —acd - be?) + (1 - £*)c*d) X3
+2 (3a20? — a?d® — b2c* — dabed + 3(1 — £*)cPd?) X2
+4 (a(a® — acd — bc?) + (1 — k*)c3d) XY
+4 (b(ab® — bed — ad?) + (1 — k*)ed®) X2
+2 (a6 + a®d* + b*c? — dabed + (1 — £%)c?d?) Y2
+ (b* — d?(k — 1)) (6% + d*(k - 1))

The real values for @ and c can be found by choosing a = *c¢v/1 + k and letting
o =1. Then ¢ = :I:ﬁ, but for convenience, pick the positive value. Then the equation

with only b and d is left.

f(X,Y):( 1 %(4(dk(k+1)—bM(\/W—l)(s/k-}-—l+1))xa
k+1)

—2(VEF1(v? (2b+3k+20k +2) — d® (k + 1) (26 + 3k ~ 2)) - 2d (k +1) (26 + d* K% + 0% - £)) x?
+4 (dk(k+ 1) -bV/EFT (VEFT-1) (\/W'f+ 1))xy2

“2(VEFL(6® (k+ D+ a® (b D)+ 5% + 471 - k%)) — abd (k + 1)) ¥?

- (\/k‘ﬁ)3 ®? + 2k — 1)) (8% - d*(k + 1)))

Thus, at this point, b and d are independent from @ and c.

In order to make this equation simpler, pick b = 37 and d = vk + 1.
k?
(k+1)*
+2k (2k + 3) (k +2) (k+ 1) X2

+4(k+1)° XY +2(k+1) (k* - 2) Y2
+ (k® + 2k +2) (K° + 2k% — 2))

fX,Y) = ((k+2)(4(k+ 1) X3

Just to check if ad — be # 0, solve for k for the following equation

1
ad—bc=vVk+1— —— =10,
(k+1)2
which cannot be satisfied since £ > 0. Therefore, this combination satisfies the condition.

Now, a possible combination of values for a, b, ¢, and d is determined:



a b 1 et k+1 1
=3 — 3 R
¢ d ke VEFT VETT (k+1)3
So a transformation T'(Z) with the values a, b, ¢, and d can be formed.
As a next step, find the inverse of T(Z) because if an affine curve f(z,y) is trans-

formed by (z,y) — T(z,y), then f(T~*(z,y)) is the transformed curve. So if f is an oval
and T(f) = f is a cubic then f(T~(z,v)) = f [$2012]. Therefore, the inverse of the T is

3
o k+DE 1
~VE+T k+1 |
So the LFT that takes the ovals to cubic is

. (k+Diz-—1
Ti(2) = —~VE+1Z+ (k+1)

Thus the transformed cubic of the Cassini oval is
fX,Y) = 4(k+1)2X3
+2(k+ 1) (3%* + 4k + 2) X?
+4(k+1) (P +2°+k-1) X
+(k+1)XY2+2(k+1) (k* —2) Y?
+ (K + 2k +2) (K* + 282 - 2).

Just to see the results of the obtained cubic, plug in a certain value for k.

For the case of 0 < k < 1, let k = 4,

57 21 3 143
3 2 2 _ 24y 2=
FX,)Y)=9X"+9XY* + 4X 4Y +4X 39 0

which gives two separate ovals. The Figure 4.2 shows one disconnected loop and one un-

bounded curve.

Similarly, for the case k > 1, let k£ = 2, which forms a continuous loop:
FX,Y)=4(9X2 +9XY? +33X% +3Y% + 51X + 35) =0

In Figure 4.3, an unbounded cubic curve is formed.

Since the dégree four Cassini oval equation is transformed into the degree three

equation, it is now possible to find its cross-ratio which will be computed in the next chapter.
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Figure 4.2: Cassini Cubic with k =

Figure 4.3: Cassini Cubic with k = 2

28



29

Chapter 5

Computing Tangents and

Cross-ratio

5.1 Computing Tangents

In order to find the cross-ratio, the tangents to the cubic need to be found. The

affine curve that has been obtained in the last chapter is

flz,y) = 4(k+1)7°2°
+(k + 1)zy?
+2(k + 1) (4k + 3K* + 2) 2
+2(k+1) (k* ~ 2) ¢
+4(k+1) (k+2k +k*~ 1)z
+ (2k+ K+ 2) (2% + K3 - 2).
So the homogeneous equation of the cubic is the following:
F(z,y,2) = 4(k+1)%a3
+2 (k + 1) (4k + 3k* + 2} 22
+4 (k+1) (k -+ 2k% + &3 — 1) 222
+4(k+ 1)z + 2 (k + 1) (k% — 2) %2
+ (26 + k% 4+ 2) (287 + k® - 2) 22,

Then the gradient of F' is shown below.
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A(k+1) (32 (k+1) + 32 (k+ 1) + 22 (A~.3+2k2+k-1)+m (3k2+4k+2))
VF = ay(k+1) (2:c(k+ 1) + z{k2 -2))

322 (1:3 $.2k2 2) (k2 +2k +2) +222 (£ +1) (3;;2 +4k + 2)-+ 2y% (k2 - 2) (k4 1) + 82z (k+1) (5% +262 + k- 1)

Now, recall the definition of Hessian matriz of F.
If F e C[Xg, X1, X2 is homogeneous of degree > 2, then the symmetric 3 x 3

matrix

T
8.X26X3 0<4,§<2
is called the Hessian matriz of F [F2001].

So, in this case, the Hessian matrix, Hp, turns out to be as follows.

Hp:=(
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T - T+ n«u (v+a) =g+ ?+an+n«v ﬁut aau+n& 29
(t+) ?1 uav Ay

muua + TAY -+ 2 NT T AT TAE+ 28 — Hmv T+

(t+) mul auo iy
Aaau+uma+nmlsnv (t+9)v

A1+yAas

ASR+§« + 2T T AV b TpAE AT ~ a& (rt+3}p
2{1 + ) dg

Tu__«. +oy9 + 7 e+ 2T+ uuv t+9v

ay

The determinant of Hp is called the Hessian of the curve, which is denoted by H.



32

In this case, its determinant is
H(z,y,2) = 2%k

+42% (22 + 2) k°

+2z (9% — v + 322 + 12z2) k°

+2 (6:1:3 —32° 4+ 23z%2 — 2z® + 10z2” — 7y2z) i

+8 (3:1:3 —32% + 3222 — zy® — 3x2% — 5y2z) K3

—4 (.'1:3 +32% + 92%2 4 5z + 11z2° + 7yzz) K

—16 (2% — 2) (2 + y* + 2° + 2z2) k

~16 (z — 2) (2? + y* + 2* + 2z2) .

The calculation of cross-ratio is made simpler if the tangents from a flex point of
the cubic are found. The flexes of F' are its non-singular points which are intersections
with the curve H = 0 (W1962]. Thus, the points [z,vy, z] ought to meet F(z,y,z) = 0 and
H(z,y,z) =0, but VF(z,y,2) #0.

First, of all, let z = 0 then

2(k+1) (322 + ?)
VF = 4(k+1)zy # 0.
(3K + 4k + 2) 2% + (k* — 2)

From the last two equations, say = 0 and y # 0.
Then a flex is to be O = [0, 1, 0] since

4(k+1)*
VF(0,1,0) = 0 # 0.
2 (k2 - 2) (k + 1)

So the tangent at the flex O = [0,1, 0] is the line
(2(6+1)%,0, (k= 2) (b + 1)),

ie, 2(k+1)%z+ (k2 -2) (k+1)z=0.
In addition to this tangent at O, there are three distinct tangents to F passing
through O [W1962).
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Next, the other three tangents to F that pass through O are figured out. Let P
be on the curve F, P = [a, b, c] so that F(a,b,c) =0, where £ = a, y = b, and z = c. Then

4(k+1) (c2 (k3+2k2+k—1)+3a2(k+1)+b2 (k+1)+ac(3k2+4k+2))
VF(a, b ) = 4b (2a(k+ 1)+r.(k2 —2)) (k + 1)
363 (k3 + 2k% - 2) (K® + 2k +2) + 202 (& + 1) (362 + 4k +2) + 267 (k2 ~ 2) (5 + 1) + Bac (b + 1) (K + 257 + k= 1)

The tangent at P is TpF = 0, where

TpF = a(s+1) (* (K +26% +& - 1) +3a% (k+1) + b2 (k+1)+ac(3k2 +4k+2))z
+ab (20 (k + 1) + ¢ (i -2)} ¢k + Dy
+(3c% (1 + 267 —2) (¥ + 26 +2) +2a2 (k+1) (31;2 +4k+2) + 22 (k2 - 2) (k+1) + 8ac(k+1) (k“ +26% + k= 1))z
For this line to contain O it must have
b(2a(k+1)+c(k*—2)) =0.
First suppose b= 0, then

F(a,0,¢)= (2a(k+1) +c(k*+ 2k +2)) (2a (b + 1) (a + ck) + ¢* (k° + 2k* — 2)) = 0.

So now there are two cases to solve: 2a (k -+ 1)+c¢ (k? + 2k + 2) = O and 2a (k + 1) (a+
ck)+ ¢ (K2 +2k* — 2) = 0.

Case 1: 2a(k+1) + ¢ (k% + 2k + 2) = 0. Then

(K? + 2k + 2)

2(k+1)
So
P=[k*+2k+2,0,-2k—2].
2 (k + 1)
Then a = k*+2k+2,b=0, and ¢ = —2k — 2, and VF(a,b,c) = 0
k2 + 2k +2

So the tangent at P is TpF = 0, where
TpF =2(k+ 1)z + (K + 2k + 2)=.

As a check, this line passes through O = [0, 1, 0] and meets the condition F{a,0,¢) =
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Case 2: 2a (k- 1) (a + ck) + c2(k® + 2k® —~ 2) = 0. Then

kk+1)+(k+2)v1—Ek2
= — c.
2k + 2
Notice that there are two solutions in this case.
L. L2
For o = _L(k+1)+2(:i-§)\/l 2.

P=[k+Q2+k)V1-k+E0, -2k -2

and
2(VI-R + 2 - 1)
VF(a,b,c)= 0
(2 +2k-2)V1-k2+ (k2 —2) (k1)
Thus one of the tangents is
2(VI-R 41 1) o+ (2 +2k - DV -k + () = 2) (6~ 1)) 2= 0.
Similarly, for a = —k(k+1)'2(::22)mc,
P=[k—(Q2+k)V1-k+k0 -2k —2].
Thus the other tangent is
2(VI—F = +1)a+ (B +2k-29VI- K- (% -2) (k- 1)) 2=0.
Now suppose 2a (k+ 1) + ¢ (k? — 2) = 0. If a = ¢ = 0 then b # 0. But this is the
same case as P = O, which already has been considered. So assume ¢ =1 and a = —%.
Thus

P=[k%-2,0,—2k —2].
However, in this case F(a,0,¢) = —8k? (k + 1)? (k + 2)°, which cannot be 0, so P

is not on I for any value of k.

on F}

Therefore, the four tangents that pass through O = {0, 1, 0] are at these four points

= 0=1[0,1,0)

= [k?+2k+2,0,—-2k - 2]

b+ (k+2)V1— k2 +k%,0,—2 — 2]
[k — (k+2)v1— k2 + k%,0, -2k — 2.

O Q & »
[
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The corresponding tangents to the points above are spanned by the four position

vectors which are denoted as follows;
e = (2(k+1),0,&*~2)
b = (2(k+1),0,k* + 2k +2)
¢ = <2(\/1—-—k2+k2—1),0,((k2+2k—2) 1=k + (K ~2) (k- 1))
¢ = (2(VI-R-8+1),0,((+2%-2)VT-F - (8 -2) (k- 1))).

In the next section, we now can compute the cross-ratio (abed).

5.2 Computing Cross-ratio

Before computing the cross-ratio, review its definition.
Let a, b, ¢, and d be four concurrent lines in projective space represented by the

position vectors a, b, ¢, and d, and let

c = aa+pBb
d = ~va+db
Then the cross-ratio is
_B,0 By
(abed) = a/'y Y

[BEG99].

The cross-ratio of F' is computed as follows.
From the previous section, 5.3, c = aa + 8b is

(2 (\/1 k2 4 k% - 1).0. ((k2+2k—2)\/i_—_kf+ (k2 —z) k- 1))) =a<2(k+'1),0,k2—2>+ﬁ<2(k+ l),0,k2+2k+2>.
which obtains the two relations

2(\/1—k2+k2—1) = 2(k+la+2(k+1)8
(K+2k—2)V1-k2+ (K -2)(k-1) = (k- 2)a+ (k>+2k+2)8.

These two equations can be solved to obtain
(k2 —2)v1 — k% — 2k% + 2
2(k+ 1)
RVI=IE
20k +1)

a = —

B8 =
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So the ratio of o and S is

B KVl K2

a VI-k(k2-2)—2k2+2

Similarly, d = ya + 8b can be rewritten as

(2(VI=32—#*+1) 0, (6P + 2~ 20VT=#7 — (K2 = 2) (k= 1)) ) = 7 (206 +1),0,k% = 2) + 6 (2 (k +1),0,% + 2k + 2)
which yields
2(@—1;2“) = 2(k+1)y+2(k+1)5
(B +2%—2)V1I-k - (K -2)(k—1) = (K -2)7v+ (K +2k+2)3.
Thus v and § are solved as

(B2 —2)v1— k2 +2k% — 2

Y = -

2(k+1)
5 = k21 — k2
2k +2
and the ratio is
) k1 — k2

v VIR —2)+2%2—2

Therefore the cross-ratio, y, is

The value of x depends on the order that has been chosen for the position vectors
representing the tangent lines. Recall that if (abed) = x, then
(bacd) = (abde) = 1/x
and
(acbd) = (dbca) =1 —x
[BEG99].
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Hence
1 (vi—@ - 1)2
X (VitR+1)
41— k2

1 - = .
R gy = J T

Also, compositions of these two involutions yield three more possible cross-ratios.

1 Y

-1 = 2vT — k2 +2— k2
1 2VI-K2+k2-2
1-x 4/ +1

X 1 Kk

x-1  dRI-R-2V/1-k-2k2+2

So there are six possible cross-ratios. The equivalence class under these permuta-

tions is denoted [x].

5.3 The Range of y

Now the range of x is examined. Note that if 0 < k& < 1, then x is real. Choose
k = cosf with 0 < # < %, so that k is naturally greater than zero and less than 1. Then

the cross-ratio turns into a function of cos#, which is simplified in terms of sin 4 below.
2
(\/1 —cos? @ + 1) (sin @ + 1)2
X = 2 = . 9 _ 1 2
(\/1 —cos28 — 1) (sin )
Now find all the possible ranges for each of the six values of the cross-ratio.

The function f(f) = % has critical points only when cos@ = Q, so if 0 <
§ < § the range of x is (1, 00). Consequently, the range of 5 or of 1 — % is (0, 1), the range

of 1 — x or of ﬁ is (—o00,0), and the range of Té§ is also (1,00). From the ranges that
have been obtained, it is concluded that the range of the cross-ratio of F for 0 < k < 1is
R\{0,1}, a real number other than 0 or 1, because the four tangents are distinct for any

non-singular cubic.

Similarly, consider the case when k£ > 1. A function that is naturally greater than

1 is the secant function, so let & = secf with 0 < & < §. Since

1 —sec? 8 = —tan®#,
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then

1 —sec28 =1itan.

By computing x(k), the range of cross-ratio can be determined. Thus, after a

considerable amount of simplification, x is obtain obtained to be

x = (8cos®0—8cos®f+ 1) +i(8cos®Psind — 4cosfsinb)

= cos46 + isin 46.

Thus

x = &0

Therefore, when k > 1, the cross-ratio of F, for the chosen order of the tangents,
is always on the unit circle and every complex number on the unit circle (other than 1)
occurs for some & since 0 < 46 < 2. In Chapter 6, the ranges for the other possible values
of the cross-ratio are found and the properties of the J-invariant is used to obtain our main

result.
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Chapter 6

J-Invariant

6.1 The J-Invariant for Cassini Cross-Ratios

Finally it is time to obtain our main result that the non-lemniscate Cassini curves
are a complete set of representatives for the birational equivalence classes of elliptic curves

with real J-invariant. This result will follow from the following theorem.

Salmon’s Theorem: Two non-singular cubics have the same cross ratio if and

only if they are birationally equivalent [W1962].

Recall that a non-singular affine cubic can always be put in the form y? = z3+az-+b
(as noted in Chapter 2), provided 4a3 + 2762 # 0. In this form, the J-invariant can be
expressed in terms of coefficients as

4q3

J(a,b) = BTIR
For the purposes of this project, a form of the J-invariant in terms of a single
parameter, the cross-ratio vy, is used. The cross-ratio x for each elliptic Cassini curve
has been computed after transforming these curves into non-singular cubics. However,
depending on the chosen order of tangents, x can be up to six distinct values. It is useful
to have a function that is constant on the equivalence class [x]. Therefore, we use the form

T = 20 X+ x*)?
27 x*(1-x)?

which derives from the theory of elliptic integrals [MM99]. The reader can easily verify that

J00=7 (1) =7 (1-0=7(1-3) =7 () =7 ().
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Before taking advantage of the property of J-invariant, that J(x) remains the

same as long as y is any permutation of cross-ratio, consider all six possible cross-ratios of

1
I-x

z,y € R. If x = €% with 0 < § < %, x belongs to |Z| = 1, the unit circle on a complex

1
T4y

But 1—x as well as 1 — % shift |Z] = 1 one unit to the right along the real axis which turns

a Cassini oval: 1, %, 1—x 1- %, and }X-T Suppose ¥ € C and Z = z + iy where

plane. % also can be expressed as |Z| = 1 because % =

= ¢ — iy on the unit circle.

. _ 1 __ 1 __ _ sind® : = 1 silare
out to be |Z — 1| = 1. Also To% = 7 — Zcesap—z' can be described as & = 3, and, similarly,

}é—l overlaps on z = % In addition to the real numbers, the complex numbers that are the

cross-ratio of Cassini curves are

z| = 1
1Z—1 = 1
Re(Z) = =

© = 3

excluding 0 and 1. See Figure 6.1. This information will be used later to show that J{x) is
a real number if and only if x belongs this figure.

2T

"

Figure 6.1: The Range of All Possible Cross-Ratios

Now it is necessary to know the range of J-invariant. As mentioned in Chapter 5,

two cases need to be considered: when y € R and when ¥ is on the unit circle.
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6.2 The Case When y is a Real Number

First of all, consider the case when ¥ € R. Then the range of J(x) is found by the
following steps. Suppose x € R, then

_40¢-x+1)°
0w e

is a real function. By using the basic calculus, the extrema are to be at (—1,1), (,1) and
(2,1), and the range of J(x) is [1, 00).

Interestingly, if J(—1) = J (%) = J(2) = 1, the curve with x = [-1] is called
harmonic according to Walker (W1962). See the Figure 6.2, the graph of J for y =r € R.

Figure 6.2: The Range of J-Invariant When x € R

Notice that the full range [1, 00) of J(x) is covered by Cassini curves with0 < k < 1
beca'use X = %% where 0 < § < 5 with k = cosf. In particular, for x in (0,1}, as we
can see from the figure, the full range is attained by Cassini curves.

Now, consider x(k) = %%Lti; where 0 < & < 1 from Chapter 5. The range
of J(k) is examined in order to find the particular k value that causes harmonic Cassini

curves. So J(k) has a form

1 (k4 — 16k +16)°
W =18 wma-m
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and the extremum of J(k) is at (2v/3v2 —4,1) and J(k) € [1,00).
So when k = 24/3v2 —420.985 17, the Cassini curve will be harmonic:
(-12+4) (z+1)?+4%) =12v2- 16

or
2+ yt + 22%% — 222 4+ 2% ~12v24+17=0

and the affine curve looks like the Figure 6.3.

10T
y

/\0‘5“
S e 1 — |
2.0 -5 -1.0 0.5 0.5 1.0 15 2.0
X

05+

10+

Figure 6.3: The Harmonic Cassini Oval

6.3 The Case When y is Not Real

Next, suppose k > 1. In the previous chapter, it was figured out that when & > 1,
it can be written as x = €%, where k = sec with 0 < 6 < Z, which is a complex number

on the unit circle.

Suppose x = e where 0 <t < 27. Then the J-invariant has a form

J 4 (2t — it 4 1)3
(t) = 27 g2(it) (et — 1)2 :
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J(t) can be simplified, and J’(t) and J”(¢) are found helow.
2
—47— (cost —1) J(t) = (2cost—1)°
2
T‘? (cost —1)2J/(t) = (2cost—1)%(5 — 4cost)(sint)
2717- (cost —1)2J"(t) = (20cos®t— 18cos®t —4cost + 7)(cost + 2)(1 — 2 cost)

In particular, it has been shown that J(x) € R for any elliptic Cassini curve. Now
the critical points of J(t) are found from J'(t) =0. Sot = %ﬂ', t=wandt= %ﬂ, and the
critical points are {m,1), (37,0) and (§w,0). Hence, J(t) has two distinct cross-ratios in
the equivalent class, and (3m,0) and (-gfr, 0) are both critical and inflection points because

J'(3r) = J'(§x) = 0 and J"(}7) = J"(&n) = 0. Note also that e**3 are the roots of

%% —x + 1, so these are precisely the zeroes of J.

N
(]
+
wn
o -

A1t

Figure 6.4: The Range of J-Invariant When x ¢ R

It is clear from the Figure 6.4 and the calculation of critical points that the range
of J{x) is (—oo,1] if k> 1.

Just like the previous section, 6.2, the k value (k > 1) that gives a harmonic
Cassini curve, where J(x) = 1 can be found. Then

1 (k% —16k2 + 16)° _,
108 k8(1-%k2) 7

J(k) =
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sok=+2=1.4142.
By definition, k that gives an equianharmonic Cassini curve is at J(x) = 0 [W1962],

S0

1 (k- 16 +16)°
108 k8(1—4k2)
Since k8 (1 — k?) 5 0, it has to be k* — 16k? + 16 = 0. Thus the qualified & are

E o= ﬁ(\/ﬁ—l)zl.osm
ko= \/ﬁ(\/§+1)z3.8637.

Thus the harmonic Cassini curve is

J(k) =

4yt + 2222 - 222 + 252 —1=0
which is shown as a thick-lined loop in the Figure 6.5. By Salmon’s Theorem, this curve is
birationally equivalent to the curve in the Figure 6.2 in the section 6.2.
Also the equianharmonic Cassini curves are
gty +22%° 222+ 2% +4VB -7 = 0
w4+y4+2x2y2—2x2+2y2—4\/§—7 = 0

which are shown as thin-lined loops in the Figure 6.5. The equianharmonic curves describe

these with [x] consisting of precisely two values, the primitive cube roots of —1.

6.4 The Real J-Invariant

In this section, the domain of x € C when the J-invariant J()x) is real is investi-
gated. So let x € C and x = z + iy with z,y € R. Then the imaginal part of J(x) turns
out to be
(22 —z+1)° + 12 (222 — 25+ 12 +3)

4
ImJ(x) = —y (2 -1) (2 +v*-1) (2> -2z +3°

For J(x) € R, it must have Im J(x) = 0. Luckily, there are four convenient factors

that can be zero in Im J(x) = 0 above:
Y
2z —1
22+t -1

z? — 2z + 2.
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3+

Figure 6.5: The Harmonic and Equianharmonic Cassini Ovals

But first consider the last factor {z? —z + 1)2 +y? (v* + 227 — 2z + 3).

Let u = 32, which cannot be negative because the y is squared. So if u? + (222 —
2z + 3)u + ($2—:L‘+1)2 = 0, then u?> + Bu+ C = 0, where B = 22? — 2z + 3 and
C=(2®—z+ 1)2. However, B and C are positive for all values of z, so u < 0 for any
solution . Thus the factor is not sufficient to have it to be zero. Also it is obvious that
the factors in the denominator cannot be zero. Therefore, the domain of x for J(x) € R

consists of the four sets of complex numbers x + iy:

y=0
2r—-1=0
2 +y*—-1=0

2 -2x+y* =0,

and the figure of these equations is shown in the Figure 6.6.

As was shown earlier, the domain of x for J(x) € R is the same as the ranges of

cross-ratios of Cassini ovals.

Lastly, from the two cases above, It is clear that J{x) € R, obviously when x €
R\ {0,1} and particularly when x € |Z| =1, x € |Z-1j=1,0r x € % where Z = z + iy
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2

T

Figure 6.6: The Domain of x for J(x) € R

with =,y € R. Also, by assuming J(x) € R, the range of x has found out to be the

cross-ratios of Cassini ovals.

6.5 Conclusion

In this project, the focus was on the Cassini Ovals, which have been described in

affine form as f(z,y) = 0, where

Fzy) = (= —a)® + ") (= + a)® + %) — b%.

Three main results have been shown:

1) Every Cassini curve that is not a lemniscate is an elliptic curve.

2) Birational transformation of an elliptic Cassini curve produces a non-singular
cubic with [x] represented by either a real number or a number on the unit circle.

3) The complex numbers x for which J(x) € R are precisely those that occur as

cross-ratios of Cassini elliptic curves [S2012].

Setting a = 1, the three cases of Cassini curves were studied based on whether

0<b<1,b=1, or b> 1. In Chapter 3, the multiplicities of singular points for all three
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cases were found. From those results, the genus of the three cases were computed, and the
Cassini Ovals were determined to be elliptic curves except the lemniscate (the case of b = 1).
Then, in Chapter 4, by using the M. Noether Theorem, the linear fractional transformation
T(Z) was discovered to transform the quartic non-lemniscate Cassini curve to a cubic curve.
This process was beneficial to compute the cross-ratios of Cassini ovals because it is hard
to compute cross-ratios of a degree-four polynomial. In order to compute the cross-ratios of
non-lemniscate Cassini curves, the tangents that pass through a flex point, O, were figured

out algebraically in position \;ectors. From the information obtained, the cross-ratio was
VIZEE 41

(vi—82-1)
and on the unit circle when & > 1 in Chapter 5. Lastly, by using the property of J-invariant,

computed as x(b) = , and its range was discovered to be R\{1,0} when 0 < b < 1
J(x) was shown to be real for [y] within the range of x{b). Also, when J(x) is real, the
domain of x was shown to be the same as the range of x(b). The non-lemniscate Cassini
ovals are non-singular cubics with J(x) € R for [x|; therefore, using Salmon’s Theorem, it

is concluded that the theorem below is true.

Theorem: The non-lemniscate Cassini ovals are a complete set of representatives

for the birational equivalence classes of elliptic curves with real J-invariant.
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