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EXACT SOLUTIONS OF A CLASS OF DIFFERENTIAL
EQUATIONS OF LAME’S TYPE AND ITS
APPLICATIONS TO CONTACT GEOMETRY

BANG-YEN CHEN

ABSTRACT. The study of linear differential equations
with one or more of their coefficients involving Jacobi’s elliptic
functions was initiated by Picard. Among such linear differen-
tial equations perhaps the most famous one is the equation of
Lamé. The methods of finding the exact solutions of the Lamé
equation have been investigated by many mathematicians. In
this note we investigate a class of differential equations of
Lamé’s type which arise naturally in the study of Legendre
curves in contact geometry. We present the exact solutions of
this class of differential equations and apply them to deter-
mine explicitly the Legendre curves associated with the exact
solutions of this class of differential equations.

1. Introduction. The study of linear differential equations with
coeflicients involving uniform doubly periodic functions of the indepen-
dent variable was initiated by Picard. For instance, Picard had shown
that every linear differential equation with uniform doubly periodic co-
efficients and possessing only uniform solutions has always at least one
solution which is a doubly periodic function of the second kind. Among
linear differential equations with uniform doubly periodic coefficients
perhaps the most famous one is the equation of Lamé:

d*y
dx?
The methods of finding the exact solutions of the Lamé equation have

been studied by many mathematicians. For a recent study on Lamé’s
equation and its applications to physics, see, for instance, [4].

= [n(n + 1)k*sn®(z, k) + cJy.

Legendre curves are known to play an important role in the study
of contact manifolds, e.g., a diffeomorphism of a contact manifold
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is a contact transformation if and only if it maps Legendre curves
to Legendre curves. The investigation of Legendre curves from the
Riemannian point of view has been investigated in [1, 2] among others.

Legendre curves in a 3-sphere or in a three-dimensional anti-de Sitter
space-time H; arise from the solutions of the differential equation:

(1.1) 2"(z) = i\(x)Z (z) — cz(x)

where A(z) is a real-valued function and ¢ is a nonzero constant. It is
well known in the theory of differential equations that exact solutions
of second order differential equations are usually difficult to obtain. In
this note we show that the exact solutions of equation (1.1) can actually
be derived for every real-valued solution \ of the second order nonlinear
differential equation:

(1.2) N = —c\— %A?

Since the solutions of (1.2) are “generically” given by functions involv-
ing Jacobi’s elliptic functions, this leads to another interesting class
of differential equations whose coefficients also involve Jacobi’s elliptic
functions. In this note, we also show the precise way to construct the
Legendre curves in S3(c) or in H}(c) using the exact solutions of such
differential equations.

2. Exact solutions and Legendre curves. By a contact manifold
we mean a smooth manifold M?2"*! together with a 1-form 7 such that
n A (dn)™ # 0. A curve v = ~(t) in a contact manifold is called a
Legendre curve if n(+'(t)) = 0 along +.

Let C™*! and C’f“ denote respectively the complex Euclidean (n +
1)-space and the complex pseudo-Euclidean (n + 1)-space with metric

n+1
g=—dzndz + Y dzdz;.

j=2

We put S?"Fl(c) = {z = (21,...,20n41) € C"™ 1 (2,2) = (1/c) >
0} and H""(c) = {z = (21,20, ,2041) € CML 1 (2,2) =
(1/¢) < 0}, where ( , ) denotes the inner product induced from the
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metrics. Hi""'(c) is known as an anti-de Sitter space-time. It is
well known that both S?"+1(c) and HZ"(c) admit canonical contact
structures induced from the complex structures on C"*! and on C7*,
respectively.

The following lemmas from [2] provide a simple relationship between
Legendre curves and differential equation (1.1).

Lemma 1. Let ¢ be a positive number and z = (z1,22) : I — S3(c) C
C? g unit speed curve where I is either an open interval or a circle. If
z: I — C? satisfies

(A) 2(x) = iX(x)2 (z) — cz(x)

for some nonzero real-valued function X\ on I, it defines a Legendre
curve in S3(c).

Conversely, if z defines a Legendre curve in S(c), it satisfies differ-
ential equation (A) for some real-valued function \.

Lemma 2. Let ¢ be a negative number and z = (z1,22) : I —
H}(c) € C?% a unit speed curve where I is an open interval. If
z: I — C? satisfies

(B) 2"(z) = iX(x)2 (z) — cz(x)

for some nonzero real-valued function A on I, then it defines a Legendre
curve in H3(C).

Conversely, if z defines a Legendre curve in H}(c), then it satisfies
differential equation (B) for some real-valued function .

The main purpose of this note is to prove the following.

Theorem. For any constant c and any nontrivial real-valued solution
A = A(z) of the differential equation

2.
(2.1) N= —eX — §>\3,

we have
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(i) the differential equation
(2.2) 2"(z) = i\(x)Z (z) — cz(x)

has the following two independent complez-valued solutions

(2.3)  zi(x) = A(z) exp (%/A(m) dx),

(24)  z(2) = 21(2) / {)\QL(:C) exp (% / () dt) } da.

(ii) If ¢ > 0, then for any nontrivial solution A(z) of (2.1), there
exist two real numbers o,y and two solutions of (2.2) in the forms of
(2.3) and (2.4) such that z(z) = (aza(x), ayzi(x)) defines a unit speed
Legendre curve in S*(c) C C2%, and

(iil) if ¢ < 0, then for any nontrivial solution A(x) of (2.1), there exist
two real numbers a,~y and two solutions of (2.2) in the forms of (2.3)
and (2.4) such that one of the following two maps

2(2) = (ayz1(2), az(2),  2(2) = (az(2), vz (2))

defines a unit speed Legendre curve in H3(c) C C3.

Proof. Let ¢ be a given constant and A a nontrivial solution of the
differential equation (2.1). We put

(2.5) z1(z) = Y(r)w(x), w(z) = exp (% / Az) dx).

Then we have

2= (1// + %)\d))w,
(26) 2 i A2

" _ N S WA B VRN .

= (07 3w+ g = o Ju

Thus zi(x) = Y(z)w(zr) is a solution of (2.2) for some real-valued

function ¢ (z) if and only if ¢ satisfies the following system of differential
equations

(2.7) P = —(c—|— §A2>¢
(2.8) A= N
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Since A satisfies (2.1), ¥ = X is a solution of (2.7)—(2.8). Therefore,
z1(x) = Mx)exp((i/3) [ A(z)dz) is a solution of (2.2). The second
independent solution zo = z1(z) [{(9/A2(2)) exp((i/3) [* A(t) dt)} dw
can be obtained by applying the method of reduction of order

Now let F(2) and v(z) be anti-derivatives of A(x)/3 and of (9/A?)etF'(®)
respectively. We put

(2.9) u(z) =@, w(x) = (u(x), v()).

Then we have

(2.10) L . %(iu,v>)\—|— 2
From (2.10) we find

(2.11) w” + w =

Also, from (2.1) we find

4
(2.12) N2 =9b—cA\? — %

where b is a constant. By using (2.1), (2.3) and a direct computation,
we may prove that

/
(2.13) w = ¢1 cos F(x) + easin F(x) — 2\—)\7

is the general solution of the differential equation (2.11) where ¢y, co
are constants.

Since zo = Muwv and (v,v)’ = (18/A%)w, (2.4) and (2.13) yield
9 , (1

<22, ZQ> = g + CgA + 1861)\ F COs F( ) dx

(2.14)

+ 1862/\2 (— sin F'(z )

where c3 is a constant.
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On the other hand, by (2.3) and (2.4), we have
. 2 1
(22, (€1 +ic2)z1) = 91 A 32 08 F(z) ) dz

(2.15) +902A2/ (%SmF(gj)) da.

Therefore, we obtain
; : 9 2 232
(2.16) (22 — (c1 +ica)z1, 22 — (€1 +ic2)z1) = 3 + (e3+cf + 5N

On the other hand, we have

ot ien = [ (oo o) e )
vin( [ (Lomnrin) - )

Therefore, by choosing a suitable anti-derivative, say G(z), of (9/\?)e*f'(®)
for z5 in (2.4), we have

9 9
(2.17) <2’2, ZQ> = 3 + 03)\2 = 3 + C3<Z1, Zl>
9
(218) <’U,’U> = W + c3.

For simplicity, we put G(x) = [ (9/3*(t))e'" ) dt. Combining (2.9)
and (2.18), we obtain

(2.19) (G(2), Glx)) = WL(I) t s

Now, by taking the first and second derivatives of (2.18) and applying
(2.1) and (2.12), we find

(2.20) (u,v) = —— (tu,v) = —.
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Since

(2.21) 2 =Nu+ 3./\2u, 2h = (/\' + EAQ) uv + %,
3 3 A

(2.9), (2.12) and (2.19) imply

(2.22) (2}, 21) = 9b — cA?, (25, 25) = Je + c3(9b — cA?).

b

Case a). ¢ > 0. In this case (2.22) implies b > 0. On the other hand,
(2.19) yields 0 = (9/(bA\%(x0))) + c3. Thus, ¢ < 0. We put

(2.23) z(x) = (aze(x), ayzi(x)),

where ¢z = —2, a = (1/3)y/b/c. By applying (2.17), (2.22) and
(2.23), we obtain (z,z) = (1/¢), (z/,2') = 1. Since the map z = z(z)
given by (2.23) satisfies the differential equation (2.1). Thus, according
to Lemma 2.1, z = z(z) defines a unit speed Legendre curve in
S3(c) € C2. This proves statement (ii).

Case b). ¢ < 0. In this case we have ¢3 > 0. This can be seen as
follows. If ¢3 < 0, then (2.22) implies b > 0. On the other hand, (2.17)

implies b > 0. This is a contradiction. Therefore, c3 > 0 and there is a

positive number ~ such that c3 = 2.

Case b-1). b > 0. In this case we put
(2.24) z(z) = (aze(x), ayz(x)),
where o = (1/3)4/b/(—c). By applying (2.17), (2.22) and (2.24),
we may obtain (z,z) = (1/c¢), (z/,2’) = 1. Since z = z(z) satisfies

differential equation (1.1), Lemma 2.2 implies that z = z(z) defines a
unit speed Legendre curve in H3(c) C C3.

Case b-2). b < 0. In this case we put

(2.25) z(z) = (ayz1(x), azz(x)),
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where a = (1/3)4y/b/c. By applying an argument similar to that of
Case b-2), we know that z = z(x) defines a unit speed Legendre curve
in H;(c) C C%. This proves statement (iii). O

3. Some examples. Let cn(u, k), dn(u, k), sn(u, k) denote the three
main Jacobi’s elliptic functions with modulus k and complementary
modulus k7. The other Jacobi’s elliptic functions are defined by taking
reciprocals and quotients (see [3] for details). For example, we have

cn(u)
dn(u)’

sn(u) 1

sd(u) = , nd(u) = n(a)’

(3.1)  cd(u) = = &l

Example 1. The following Jacobi’s elliptic functions

Az) = 3akkysd(az, k), 3adn(az,k), 3akcn(az,k),

3.2
(3:2) 3akind(ax, k), 3adn(az,1)

are respectively solutions of the differential equation ' = —cA —
(2/9)\2 for

c=(1-2k%a? (k*—2)a?, (1—2k?)d?,

(33) (k2 _ 2)&2, —Cl2.

Example 2. According to Theorem (i), for each a > 0 and each k
with 0 < k < 1, the following differential equations of Lamé type:

"(x) = 3akkyisd(az, k)2’ + (2k* — 1)a’z,
(x) = 3akicn(azx, k)2’ + (2k* — 1)a’z,
"(x) = 3akiind(az, k)2 + (2 — k*)a?z
(z) =3 ?
(z) =3

)

I\

"(z) = 3aidn(az, k)2 + (2 — k?)a’z,

x) = 3aidn(azr, 1)z’ + a2z

~ o~~~
0 N o O s
D22

have independent solutions given respectively by

(3.9)
{ z1 = sd(ax, k)(k cd(az, k) + ikind(az, k)),

zo = (kcd(az, k) + ikind(ax, k))(k1cd(azx, k) — ik nd(az, k)),
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(3.10)
{ z1 = en(az, k)(dn(ax, k) + ik sn(az, k)),

zo = (dn(az, k) + ik sn(ax, k))(kisn(az, k) + ik dn(az, k)),

(3.11)
{ z1 = nd(az, k) (k1sd(az, k) —icd(ax, k)),

zo = (kicd(ax, k) + isd(azx, k))(kisd(azx, k) — icd (az, k)),

(3.12)
{ z1 = dn(az, k)(en(ax, k) + isn(az, k)),

29 = (k?sn(az, k) —icn(az, k))(cn(az, k) + isn(az, k)),
(3.13)

z1 = dn(az, 1)(dn(az, 1) + isn(az, 1)),
zo = (dn(az, 1) +isn(az,1))(sn(az, 1) + nd(az, 1)).
Applying Theorem (ii) and (iii) we have the following.

Example 3. For each ¢ > 0 and each k with 0 < k < 1/1/2,

1 .
(3.14) val®) = Ao (k cd(az, k)+iv/1-k? nd(a;ak;))

(\/ 1—k2? cd(ax, k) —ik nd(az, k), V/1—2k? sd(az, k:))

is a Legendre curve in S3(c) with ¢ = (1 — 2k?)a?.
Example 4. For each a > 0 and each k with 1/\/5 <k<1,

1 ./
Ya(z) = T (lc cd(az, k)+ivi—k? nd(az, k))

(3.15)

((\/ 1—k2? cd(ax, k) —ik nd(ax,k’)) , V2k2—1 sd(aac’k:)) ,

is a Legendre curve in H3(c) with ¢ = (1 — 2k%)a? < 0.



506 B.-Y. CHEN

REFERENCES

1. C. Baikoussis and D.E. Blair, On Legendre curves in contact 3-manifolds,
Geom. Dedicata 49 (1994), 135-142.

2. B.Y. Chen, Interaction of Legendre curves and Lagrangian submanifolds, Israel
J. Math. 99 (1998), 69-108.

3. D.F. Lawden, Elliptic functions and applications, Springer-Verlag, New York,
1989.

4. R.S. Ward, The Nahn equations, finite-gap potentials and Lamé functions, J.
Phys. A 20 (1987), 2679-2683.

DEPARTMENT OF MATHEMATICS, MICHIGAN STATE UNIVERSITY, EAST LANSING,
MICHIGAN 48824-1027
E-mail address: bychen@math.msu.edu



