(© Birkhéuser Verlag, Basel, 2002
Elem. Math. 57 (2002) 19 — 25
0013-6018/02/010019-7 $ 1.504-0.20/0 | Elemente der Mathematik

The story of Landen, the hyperbola and the ellipse

Victor H. Moll, Judith L. Nowalsky, Leonardo Solanilla

Victor H. Moll was born in Santiago, Chile. He studied under H. McKean at the
Courant Institute and joined the Department of Mathematics at Tulane University
in New Orleans. His current mathematical interests lie in the evaluation of definite
integrals.

Judith L. Nowalsky was born in New Orleans, Louisiana. She obtained a M.S. in
teaching at Loyola University and a M.S. in mathematics at Tulane University in
1998. She is currently an instructor of mathematics at the University of New Orleans.

Leonardo Solanilla was born in Ibague, Tolima, Colombian Andes. He obtained a
B.S. from the Universidad de los Andes in Bogota in electrical engineering and a
Ph.D. from Tulane University in 1999. He is presently working at the Universidad
del Tolima, Ibague, Colombia.

1 Introduction

The problem of rectification of conics was a central question of analysis in the 18th
century. The goal of this note is to describe Landen’s work on rectifying the arc of a
hyperbola in terms of an ellipse and a circle. Naturally, Landen’s language is that of his
time, in terms of fluents and fluxions, and his arguments are not rigorous in the modern
sense.

The main result presented here is a special relation between the length of an ellipse,
the length of a hyperbolic segment, and the length of a circle. The proof is based on a
generalization of Euler’s formula for the lemniscatic curve as described in [4].

Der nachfolgende Beitrag kniipft an einen Artikel der drei selben Autoren gemein-
sam mit P.A. Neill tiber eine gewisse Eigenschaft von Eulers elastischer Kurve (Elem.
Math. 55 (2000), 156-162) an. In der nun vorliegenden Arbeit geht es um die Be-
stimmung der Lange von Hyperbelbogen. Zur Losung der Aufgabe wird eine Idee von
J. Landen aus dem 18. Jahrhundert herangezogen. Damit ldsst sich die gesuchte Hy-
perbelbogenlidnge schliesslich mit Hilfe einer Ellipsenbogenldnge ausdriicken, welche
in der vorhergehenden Arbeit untersucht wurde.
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2 The hyperbola
The arc length of the equilateral hyperbola

starting at t = 1 is given by

x) :/,/% dt (2.2)
1

as a function of the terminal point f = x. The tangent line to the hyperbola at t = x is

To(t) = V22 — 1 + ——=

——(t-1), (2.3)

whose intersection with the t-axis is t = 1/x € (0,1). The line

Nu(t) = =2 xzx— Ly (2.4)

is the perpendicular to T}, passing through the origin. The lines T; and N, intersect at

the point
x x2 —1
P, = — . 2.5
h <2x2—1’ 2x2—1> (25)

The distance from (x, h(x)) to the common point Py is

x2 —1

gh(x) - 2x m .

It was observed by Maclaurin, D’ Alembert, and Landen that

fu(2¢) == gn(x) — 221/ 3 111 / -1y (2.7)

is easier to analyze than the arc length Lj(x

1
1 [t
z

Fu(z) = fu(x), (2.9)

1
T2 —1"

Proposition 2.1 Let

Then

where
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Proof. Make the change of variable (2.10) in (2.7). Then f;(x) becomes

z
1—22 1 ds
1

in terms of the new variable z = 1/(2x> — 1). Since

d J1=s2  -1-%¢
ds s 2832/1—g2’
integrating from 1 to z reduces (2.11) to (2.8). Ul

h

b,

Ny (1)

Fig. 1 The hyperbola

3 The ellipse

The equation of the ellipse can be written as

e(t) = /21— 1), |t <1. (3.1)

In this case the tangent line at t = r is

) = 20— 7) [ s 1),

1—172
2r2

and the line

N(t) =
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is the perpendicular to T, through the origin. These two lines intersect at the point

2r r(1 —r?)
P€_<1+r27 1+r2 >7 (32)

and the distance from (r,e(r)) to the common point P, is

&(r) =14/ i;—:ﬁ : (3.3)

We express the function g in terms of the new variable z = r* as

g(z) = Z(IIJZZ) . (3.4)
e
(r.e(r)
e(t)
P,
t
N.(#) )

Fig. 2 The ellipse

4 The connection

We now evaluate the function Fj,(z) in (2.8) at two points y, z € (0, 1) related via the
bilinear transformation z = (1 — y)/(1 + y). We have

1
1 s
Fi(z) + Fuly /\/1—52 5/\/1—s2dS
z

The change of variable o = (1 —s)/(1 +s) in the second integral yields

Vi—o
Fu(z) + Fu(y / 1_52 +0')3/2\/_d0—.
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Now recall the function g (z) in (3.4) and its differential

dg. 1 V1-z 1 vz
dz  2z(1+2)32 21—z

Therefore

BiE) +R0) =36 g+ [ L ar

Now observe that g.(1) = 0 and introduce the absolute constant

j ¢ 1)
0

Fu(z) + Fn(y) = g(z) + L. (4.2)

Thus we have established the following integral relation.

Theorem 4.1 Lety € (0,1) and z = (1 —y)/(1 +y). Then

et R e

with the absolute constant L in (4.1).

l\)l'd

iy

so that

Proof. Let
Gn(z) = Fu(z) + Fu(y)
1 1
1 1 s
2 / 1—25+2/\/1—52 %
(1—2)/(142) z
so that
dGu(z) _ 1 -z 1 z (4.4)
dz  2yz(1+2)32 21—22 :
Integrating (4.4) gives
z(1 — z)
G = L 4.5
W) =\ St + (45)
By letting z = 0, the constant L is easily evaluated as
1
1 Vi
L:=_ dt 4.6
/2
V2T
== [ Vsinfdf =
/ sin T2 (1/4)

using Wallis’ formula. O
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We now follow Landen to establish the value of L in terms of elliptic arcs.

The equation (4.2) simpliﬁes if We evaluate it at the fixed point z* = /2 — 1 of the

transformation z = (1 —y)/( . In terms of the x variable, the fixed point is
1 + —— =V2cos(r/8). (4.7)
Indeed |
Fu(z*) = 5(ﬁ—HL). (4.8)

Now introduce the complementary integral

1

1 dt
== | ——— 4.9
20 Vi —t2) (49)
and observe that
1+t
L+M=1L,
+ / V=g
where L,(1) is a quarter of the length of the ellipse.
Theorem 4.2 The integrals L and M satisfy
0
LxM=—.
x 1
Therefore
1 /
L= 5 <L€(l) - LE(1)2 - 71') 5
! / 2
Proof. Observe that for g € Q we have
d(t1vV1—12) gt ! — (g + 1)t (4.10)
dt a VI—# '
and integrating from O to 1 we obtain
] 1 ] g+1
t
/ _a+7 / dt . 4.11)
/ \/1—t2 q / V1—1#2
The proof now proceeds along the same line as Theorem 3.1 in [4]. ]

We now write /2 = L.(1) as a quarter of the length of the circle in analogy to L,(1).
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Theorem 4.3 The length of the hyperbolic segment is given by

] R el (T B RO P
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