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HOW TO DEFINE SINGULAR SOLUTIONS
By SHYUICHI [ZUMIYA AND JIANMING YU

Abstract

We shall give a rigorous definition of singular solutions of ordinary
differential equations of the form F(x,y,dy/dx)=0. Our main result clarifies
the geometric meaning of such a definition. All arguments are elementary.

0. Introduction.

How to define singular solution? We shall consider this philosophical and
stimulative question. However, we stick to ordinary differential equations of
the form F(x, y, dy/dx)=0. Even for such elementary differential equations,
the above question is still significant.

In classical treatises of equations (Carathéodory [2], Courant-Hilbert [3],
Forsyth [4], [5], Ince [2], Petrovski [9]) the discussions of equations with
singular solutions are informal. In these, a “general solution” of the differential
equation F(x, v, dy/dx)=0 is defined to be an one-parameter family of solutions
and a “singular solution” is a solution which is not contained in the “general
solution”. However, this definition of singular solutions is very confused as the
following example shows:

Example 0.1. Consider the equation y=2p-x— p*, where p=dy/dx. In [7]
the “general solution” is given by

c , 2
x-;)—ﬁ-gl’
y=2p'x—i’2:

where ¢ is a parameter. It is clear that y=0 is also a solution, but it is not
contained in the “general solution”. Then y=0 must be the “singular solution”.
On the other hand, we have a two parameter family of solutions:
2 -t 2t 1 2 ,~2t t -t
r(<c,.cz>(t)=(—3~cxe e, octe™ 201000t cre )

If we fix p(0)=c,#0 and put c=c,c}, then we have x=(2/3)p+(c/p* and
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y=2p-x—p®. But, if we fix p(0)=c¢,=0, then we have y=0. Moreover, if we
consider this family of solutions around a point (x,, 0, 0), x,#0, then we have
the relation x(0)=(2/3)c;+c,=x,, s0 that, we have an one-parameter family of
“solutions” around (x,, 0, 0):

2 2 1, 2 ~
Tcl(t)=<—§-cle ‘+(x0-§c1)e“, gc%e 2‘+2c1<x0-§cl)e‘, cie ‘).
Of course, y=0 is contained in this family of solutions.

In this note we intend to give a rigorous definition of singular solutions of
first order ordinary differential equations of the form F(x, v, dy/dx)=0. In [6]
M. and T. Fukuda tried to give a rigorous definition of singular solutions of
higher order ordinary differential equations. Their definition is nearly correct,
however the definition of singular solutions is strongly depend on the definition
of general solutions. The vagueness of the definition of singular solutions is
caused by that of general solutions, so that we should begin to define “general
solutions” in the correct way. The main results of this note can be generalized
to the case of partial differential equations ([8], [10]). In these articles, we
need some techniques of contact geometry. Here, we shall only use a purely
elementary method; most of the arguments are contained in the course of ad-
vanced calculus in the university.

All functions and mappings considered here are differentiable of class C=,
unless stated otherwise.

1. Basic notions.

We consider a first order ordinary differential equation of the form
F(x, vy, dy/dx)=0. If we put p=dy/dx, we may consider F as a function of
(x, ¥, p) and assume that F is a smooth function defined on an open subset U
in R?® such that grad F+0 at any point (x, vy, p)U. Then S=F-(0) is a smooth
surface in U.

We now define the notion of solutions. A smooth solution of F=0 is a
smooth function y=f(x) defined on an interval (¢ b)cR such that F(x, f(x),
f’(x))=0. This is the classical notion of solutions of the equation F=0. The
following is the geometric generalization of the notion of solution due to Lie.
A geometric solution of F=0 is a smooth regular curve 7: (¢ b)—F~*(0) such
that y'(t)=p®)x’(®) and y@)=(x(t), y@), p@®)) in the canonical coordinates system
of R®. Here, we say that y is regular if y'@)=(x’(), y'@#), p’®)+(0, 0, 0) at
any t<(a b). In the terminology of contact geometry, the above curve is called
a Legendrian curve (see [1]). Then we can prove the following simple lemma
(just an exercise for students).

LEMMA 1.1. Let 7:(a b)—F~*(0) be a geometric solution. Suppose that x’(t)
#0 at any t<(a b). Then there exist veal numbers c, d, diffeomorphism ¢: (¢ d)
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—(a b) and a smooth function f defined on (¢ d) such that y-¢(x)=(x, f(x), f'(x)).

According to the above property, we may define the notion of singular
point of solutions. We say that ¢, is a geometric singular point of the solution
7 if x’(¢,)=0. Thus 7 is multivalued around the geometric singular point. It
is clear that ¢, is a geometric singular point of 7 if and only if (x'(t,), y'(¢))=
(0, 0).

On the other hand, there exists a notion of the Legendrian transformation
by which a dual relationship can be set up between one equation and another.
We adopt another coordinate system (X,Y,P) of R® by X=p, Y=x-p—y,
P=x. We refer to the diffeomorphism *L : R*—>R® defined by =*L(x, y, p)=
(p, x-p—y, x) as a Legendre transformation. By the definition, we have
*LY(X,Y, P)=(P, X-P-Y,X). If we apply the Legendre transformation to
our equation, we obtain a new equation

F*X, Y, P)=Fo(+L)"(X, Y, P)=F(P, X-P—Y, X)=0

in the new coordinate system (X, Y, P).
If we calculate partial derivatives at the point (X,, Y,, P,) corresponding to
(%0, Yo, bo), We can show the following :

2(Xo, Yo, Po)=(Fz+p-Fy)(Xo, Yo, Do)
F¥(Xo, Yo, P)=—F (%o, Yo, Do)
F¥(X,, Yo, P)=(Fp+x-F,) (%0, Yo, Do) -
The following lemma is quite simple but important in the later section.

LEMMA 1.2. (1) Let 7:(a b)—F~*0) be a geometric solution of F=0. Then
xLoy:(a b)—F**0) is a geometric solution of F*=0.

2) If t, s a geometric singular point of 7y, then t, 1s a geometric non-
singular point of *Le7.

If the equation F=0 satisfies F,#0 at (x,, ¥,, Do), then we can locally re-
write this equation in the form p=f(x, y), where f is a smooth function by
the implicit function theorem. This form is far more convenient than the
original one, because there exists the classical existence theorem of solutions.
By the above argument, if F=0 satisfies F,+p-F,#0 at (x,, yo, po), then the
Legendre transformed equation F*=0 of F=0 satisfies F3+0 so that we get a
solution of F*=0. Since F=F*-(xL), then we have a geometric solution of
F=0 by Lemma 1.2. Then the point (x,, ¥y, o) at which F=F,=0 or F=F,=
Fi+p-F,=0 are satisfied has special meanings. We call (xo, Yo, po) a w-singular
point of F=0 if F=F,=0 at (x,, ¥o, Do) and a contact singular point of F=0 if
F=F,=F,+p-F,=0. We denote X.(F) as the set of =-singular points, Y. (F)
as the set of contact singular points and Dy=n=(2,(F)) as the discriminant set
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of F=0, where =n(x, y, p)=(x, ¥). The following lemma shows the importance
of the contact singular set X (F).

LEMMA 1.3. Let v:(a b)—>F*0) be a smooth regular curve. If Imagerc
2 (F), then 7 is a geometric solution.

Proof. Denote 7{)=(x(t), y(), p@)), then we have
(%) F(x@), @), pO)=Fy(x@), y), pO)=Fz+p-F)(x(), @), p@)=0.

If F,=0 at 7(#), then F,=F,=0 at r(¢) by the above equality. This contradicts
to the assumption that grad F+0, so that we have F,(x(t), y(@#), p()+0. Cal-
culating the derivative of F(x(), y(), p(t))=0 with respect to ¢, we have

Fo(x@), y@), p@)-x" )+ Fy(x@), y@), p@)-y'()=0.

It follows that

_F(x@®), y®), p@)
Fyx ), y@), o0y~ @

Y=

By the relation (x), we have

_Fu(x(0), 3@), p®)
F,(x@®), y®), p®)’

so that we have the relation y’(#)=p(t) x’(¢).

pO)=

2. Results.

In order to avoid the confusion as in Example 0.1, we now introduce the
following notion. Let I":(a b)X(a B)—F *0) be an one-parameter family of
geometric solutions of F=0. We say that [ is a complete solution if

X Yo D
rank =2
xc yc pc

at any point (¢, c)=(a b)x(a B), where I'(t, c)=(x(, ¢), ¥, ¢), p¢, ¢)) and c is
a parameter. If the image of /" contains a point (x,, Vo, Po)=F~1(0), we call it
a complete solution around (x,, Vo, po). In some classical textbooks (cf. [9]), the
above term is used in a different sense. However, we adopt the above defini-
tion according to the terminology in the theory of first-order partial differential
equations ([2], [3]). We say that an equation F=0 is completely integrable
around (x,, Vo, Do) if there exists a complete solution of F=0 around (x,, ¥,, Do).
The equation in Example 0.1 is not completely integrable around the origin.
We now state a basic property of complete integrable equations.

PROPOSITION 2.1. Suppose that F=0 is completely integrable around (x,, ¥o, po),



HOW TO DEFINE SINGNLAR SOLUTIONS 231

then (x4, Yo, Do) 2 (F) or X.(F) is an 1-dimensional submanifold around (x,, Vo, Do)-

Proof. Let I':(a b)xX(a B)—F~'(0) be a complete solution of F=0 around
(X0, Yo, Po). Suppose that (x4, ¥o, po)=2(F), then F,#0 at (xo, ¥, po) by the
same reason as that in the proof of Lemma 1.3.

We now differentiate the both sides of the equality F(x(t, ¢), y(t, ¢), p(t, ¢))
=0 with respect to ¢, where I'(¢, c)=(x(t, ¢), y(t, ¢), p(t, ¢)) and ¢ is a para-
meter. Then we have Fy-x.+F,-y.+Fp- p.=0. It follows from the definition
that I'(¢, c)e X (F) if and only if F,-(y.—p-x.)=0. Since F,#0 at I'(t, ¢), the
above equality is equivalent to y.(¢, ¢)— p(t, ¢)-x.(t, ¢)=0. Thus we have

S (F)={(x{, o), ¥, c), p(t, Ny, c)—p@, c)-x(t, c)=0}.

Since I" is a complete solution, we have y,(, ¢)=p(, ¢)- x.(t, ¢), so that
Vielt, ©)=pc, ) x.(t, )+ pt, ) xec(t, ©).

On the other hand, I"~'(X.(F)) is defined by the equation f(¢, ¢)=y.(, ¢)—
b, o). x, ¢)=0. If we have f.(t, c)=yc(t, ¢)—p.&, ) x:(&, )+ p(t, ¢)- xe.(2, €)
=0, then p.{, ¢)-x.{t, c)—p.(t, ¢)-x,(t, ¢)=0. This contradicts to the fact that

Xt Ye¢ D
rank =2.
Xe Yo De

Hence, f.(t, ¢)#0 at (¢, c)eI""Y(Z(F)). This completes the proof.

If Fp#0 at (x4, ¥o, Do), it is already mentioned in §1 and that there exists
a unique solution of F=0 by the classical existence theorem and this gives a
complete solution around (x,, y,, po). We can also have a complete solution of
F=0 around (x,, y,, po)&2(F) by the argument about the Legendre transfor-
mation in §1. In fact, we can prove local uniqueness of complete solutions
around any points, however we do not need this fact. Then we omit the
proof.

We now give a rigorous definition of singular solutions. Let 7:(a b)—
F~'(0) be a geometric solution such that 7(t,)=(x,, vo, p»). We say that 7 is a
singular solution of F=0 around (x,, y,, po), if it is never contained in any
complete solution around (x,, y,, po). We also say that y is a singular solution
of F=0 in the strict sense around (x,, ¥o, po) for any open subinterval (¢ d)c
(a b), r|(c d) is never contained in any complete solutions of F=0.

Returning to the equation y=2p.-x— p* in Example 0.1, we can easily show
that XY.(F)={0, 0, 0)}. By Proposition 2.1, this equation is not completely inte-
grable around (0, 0, 0). It follows that the solution y=0 is the singular solution
around (0, 0, 0). However, it is not a singular solution in the strict sense. The
following theorem describes the relation between singular solutions and singular
solutions in the strict sense.

THEOREM 2.2. For an equation F=0 and a geometric solution y:(a b)—
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F~Y0) such that 7(t,)=(%o, Yo, Do), the following are equivalent.

(0) F=0 7s completely integrable around (x,, y,, o) and 1 is a singular solu-
tion of F=0 around (xo, yo, Do)-

(1) 7 is a singular solution of F=O0 in the strict sense.

(2) There exists a complete solution around any point of y((a b)) such that
each member is transverse to 7.

(3) Image y=2.(F).

Proof. (3)=(2). By the same reason as that of the proof of Lemma 1.3,
we have F,#0 at 7(0). By the implicit function theorem, the equation F=0
can be rewritten as y=h(x, p) around 7(f,), so that, we have

Zc(y_h(x) p)): {(xy h(xy p): p)lhl)(x; p):h-l‘(x, p)_pzo}‘

Then we may distinguish two cases:
@ hap(x, p)—1=0,
(b) hap(x, p)—1=0.
Case (a). Since hzp=hy,=1+#0 at (x(,), p(t,)), the set

En(y_‘h(x! ﬁ))z {(x: h(x; p)’ p)lhpzo}

is a smooth curve. 7 is also a smooth curve, then we have 7((a b))=2 .(y —h(x, p))
=Y. (y—h(x, p)). It follows that there exists a smooth function g around
(x(to), p(to)) such that p does not vanish on such a neighbourhood and h.—p

=p-hy.
We now consider a vector field on the (x, p)-plane defined by
0 0

By the same reason as in Example 0.1, the flows of the vector field V gives a
complete solution of y—~A(x, p)=0 around 7(t,).

On the other hand, by the previous arguments, the curve (x(f), p(t)) is given
by the equation h,=0 near (x(t,), p(t,)). If we calculate the canonical inner
product of grad 4, and V, then we have

<grad hp, V)=1—p-hy,.

Differentiate the equation h,—p=py-h, with respect to p, then we have p-h,,
=0 at (x(t,), p(ty)). It follows that <{grad h,, V)>+0 at (x(,), p(ts)), so that V
does not tangent to 7. This means that each member of the complete solution
is transverse to 7 around 7(f,)-

Case (b). In this case the set {(x, h(x, p), p)| h(x, p)—p=0} is a smooth
curve near (x(t,), y(t,), p(t,)). By the same reason as that of the case (a), there
exists a smooth function 4 around (x(t,), p(¢,)) which never vanish and satisfies
hp=2-(h.—p). We adopt a vector field V=2-9/0x—a/0p on (x, p)-plane, so
that the flow of V gives a required complete solution.
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(2)=@1). If 7 is not a singular solution in the strict sense, then there exist
an intervals (a’ b’)c(a b), (@’ B’)c(a B) and a complete solution I":(a’ b’)X
(@’ B)—F~*(0) such that I',,=7 for some c¢,=(a’ f’). By Proposition 2.1 and
the previous proof, there exists t,&(a’ b’) such that (¢, co)&2(F). By the
local uniqueness of the complete solution outside of . .(F), the complete solution
I’ is equal to the original complete solution on some open neighbourhood of
I'(t, ¢,) which is given by the condition (2). However, each member of this
complete solution must be transverse to y=1I";,. This gives a contradiction.

(1)=(3). If Image y& X (F), then there exists {,=(a b) such that y(t,)& 2 .(F).
It follows that F,+#0 or F,+p-F,#0 at 7(f). In both cases, there exists a
unique complete solution of F=0 which contains 7 around 7(t,). This contradicts
to the definition of singular solutions in the strict sense.

Here, we only proved that Image y =X (F) instead of the condition (3), how-
ever, by the previous proof and Proposition 2.1, we can assert that Imagey=
2(F).

0)=@3). Let I': (@ b)yX(a B)—F'(0) be a complete solution of F=0 around
(%0, Vo, Po)EX(F). If Imagey+2.(F), then there exists {,=(a b) such that
1) €2 (F). It follows that F,#0 or Fo+p-F,#0 at 7(t,). In both cases, there
exists a unique complete solution of F=0 which contains 7 around 7(f,). This
complete solution is equal to /" around 7(t,). Hence, Image y=Image "¢, around
to, Where Fco(t)=P(t, ¢o)- This solution eventually reaches (x,, vo, po), so that
it is contained in [I" around (x,, ¥, po). This contradicts to the definition of
singular solutions.

It is clear that (1) and (2)=(0). This completes the proof.

The following is a classical example of an equation with singular solution.

Example 2.3. The Clairaut equation: y=x-p+f(p).
The singular solution is Y (F)=X.(F) and the discriminant set Dy is the
envelope of the complete solution y=x-c+f(c).

In classical treatises, it has been considered that X.(F) was a strong can-
didate for the singular solution as the Clairaut equation shows. However,
Theorem 2.2 asserts that X,(F) is the singular solution in the strict sense.

Example 2.4. y=x-p*+ p°.

We can calculate that X (F)={(x, v, p)|y=x-p*+p* and p-(2x+3p)=0} and
2.(F)={(x, v, p)|y=p=0}. By Theorem 2.2, this equation is completely inte-
grable around (0, 0, 0) and the singular solution is given by y=p=0.
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