THE PROPERTIES OF CURVES IN SPACE WHICH
MINIMIZE A DEFINITE INTEGRAL*

BY

MAX MASON AND GILBERT AMES BLISS

While the theory of the caleulus of variations from the stand-point of WEIER-
STRASS has been treated extensively for problems in the plane by KNESER,
Borza and many other writers, comparatively little seems to have been pub-
lished concerning the extension of the Weierstrassian theory to problems in
space. It is the purpose of the present paper to discuss from as geometrical
a stand-point as possible the ares

(1) z==(t), y=y(t), =z2=2(t) (Kh=t=1),

which minimize or maximize an integral of the form

Y
J = f F(e,y,z,x,y,2')dt
to

involving three dependent variables, where #' satisfies the homogeneity condition
(2) Fax,y, 2,6, ky’, k2’ )=kl (2,y,2,2', 9y, 2") (£>0).

The end-points of the minimizing curve may be fixed, or one of them may vary
on a given curve or surface.

The papers hitherto published with regard to problems of this type have for
the most part dealt with the derivation of necessary conditions by means of the
first and second variations.t In the following discussion the necessary condi-
tions which an arc C' must satisfy in order to minimize or maximize the inte-
gral are derived without the use of the second variation. Sufficient conditions
which insure a minimum or a maximum are derived with the help of the Hil-
bert invariant integral. No discussion of the problem which might be called

* Presented to the Society October 27, 1906. Received for publication May 12, 1908.
t In the dissertation of GERNET, the integral is taken in the form

dy dz
ff(x)y)z> (-i;’ 'd‘;)dxr
and necessary conditions are derived without the use of the second variation. See N. GERNET,

Untersuchungen zur Variationsrechnung, Dissertation, Gottingen, 1902.
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complete,*so far as is known to the writers, has hitherto been published, and
but one writer * has discussed the problem in parametric representation. The
study of the sufficient conditions for fixed and for variable end-points seems to
be entirely new.

The first six sections contain the theory of the problem when both end-points
are fixed, or when one is allowed to vary on a surface. The case when one end-
point is allowed to vary on a curve is treated in the last two sections.

§1. The Euler equations.

In order to carry through the methods applied in this paper it will be assumed
that the function #is of class C" for all points («, y, 2) in a region R of space,
and for all sets of values of (2, ¥/, z) different from (0,0,0).1 The functions
of the form (1) defining ares along which the value of the integral is to be taken
will be supposed to be of class C” and such that for every value of ¢ in the inter-
val ¢, = t = ¢, the values x,y, z, @, ¥/, 2" are of the kind just described. When
an end-point is allawed to vary on a curve or on a surface, the functions defining
the curve or surface are supposed to be of class C".

A number of identities can be derived from (2) which will be useful in this
and succeeding sections. By differentiating (2) with respect to , it is seen that

(3) F (x,y,2, ks )= F (%, y,2,%,9,2),

and in general it follows that a derivative of #” with respect to «’, ¥, 2 is homo-
geneous of order 1 — n, where n is the order of the derivative. By differ-
entiating (2) with respect to x and then letting x = 1, we obtain the equation

4) «F,+yF,+7F,=F.
From this equation follow immediately by differentiation
@B+ Y Fyy+ 2= 0,
%) ac'Fw, +yF vy + z'Fy,,, =0,
«¥,, +yF, +7F,, =0.
From the latter set it is seen that the co-factors A, of the elements of the deter-
minant of the first members satisfy the equations
iy =A:4,: A, =A4,:4,,: 4, =A,:A,: A,.

By multiplying these three proportions by «, ¥/, 2, respectively, it follows that
there exists a function #) such that

* VON ESCHERICH, Die zweite Variation der einfachen Integrale, Sitzungsberichte der
Akademie der Wissenschaften in Wien, vol. CX (1901), p. 1355.

1 A tunction is said to he of class C™® if it is continuous and has continnous derivatives up to
and including those of order k.
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«'F,=A,=F,F, —F,,
y'F,=A,=F,F, —F,
H =Ay=F, F, —F:,
y?F\=A,=F, F, —F, F,.
‘P =Ay=F, F, —F,F, .
¥yF =A4,=F,F, —F,F,.
It follows also that

(6)

F,r"r’ Fxlyl Fx’z' .’l:':
‘F;l EII F’/ y’
7 | yx vy ¥z =—F w,z+y,2+z:2 2’
( ) in'x' F.'y' F‘I:l Z l( )
l x y z 0l

and the minors of this determinant of the type
? F zl ‘I F wl F 2,0 I

x'y x'z
(8) F,, F,, F,=F@&"+y"+
: wl y: zl I

are similarly expressible in terms of #) and cannot all vanish simultaneously
when ', is different from zero, since one at least of «, ¥/, 2’ is always different
from zero.

Suppose now that an arc C is at hand which minimizes the integral .
Then by a method quite similar to that used by WHITTEMORE,* it can be shown
that along the arc C the three equations

¢ 13 ¢
9) F,,=f Pdt+ a, Fy,=f F,dt+b, F,=f Fdt+e,
to to to

must be satisfied, where a, b, ¢ are constants. It is evident that a, b, ¢ must
have the same values all along C since x, y, 2, ', ¥, 2’ are continuous func-
tions of ¢. Let us now consider the second members of equations (9) as func-
tions of ¢, and the first members as functions of 2, . 7, and ¢, the latter
occurring in the functions x(¢), y(¢).z(¢). The parameter ¢ may be chosen
so as to represent the length of arc along C, and then if we assume #, # 0 in
the expression (8), it follows from the theory of implicit functions that two of
the equations (9) can always be solved with
w;2+ y:2+ z/2= 1,

* Lagrange’s Equation in the Calculus of Variations and the Extension of a Theorem of Erdmann,
Annals of Mathematics, 2d series, vol. 2 {1900-1901), p. 130.
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for ', ¥, 2’ in terms of ¢ in the neighborhood of any set of values ¢, ', ¥/, 2’
on the are C. The resulting functions x'(¢), y'(¢), #(¢), have continuous
derivatives with respect to ¢, and on account of the uniqueness of such solutions
must coincide with the values of o, ¥/, 2’ along C. By differentiating equa-
tions (9) we have the following theorem :

If an arc C is of class C' and minimizes the integral J, the parameter can
always be so chosen that the representation of C' is of class C” and satisfies
the three Euler differential equations

dF, drF, dF,
10) —dT_F’=0’ Tt_FV=0’ 3

These three equations are not independent, for by multiplying their first

members by &', ¥/, #; respectively, and adding, one finds the expression

—F,=0.

d ’ ’ ’ ’” ’” ” ’ ’ ’
di(wF"+ YF,+2F,)—('F,+y'F,+2F,+2F, +yF, +F),

which with the aid of equation (4) reduces to zero. It is evident then that any
one of the equations (10) is a result of the other two.

The nature of the solutions of Euler’s equations may be shown by reducing
the equations to a system of differential equations in canonical form. It may
be assumed without loss of generality that the length of arc is the parameter,
so that
(11) x4+ yy' + 22" =0.

The three equations (10), with (11), define =", y”, 2" as functions of
x,y,2,%,y,%. This may be shown most symmetrically, perhaps, by making
use of an auxiliary variable . The equations

dFI ’ dFl , dF.’ ,
dt"—Fz+wu=0, —Tﬁl—Fy+yu=0, d—t—F,-l-zu=0,

(12)

and (11), are linear in 2", ", 2, u, with the determinant (7) as their functional
determinant. The expressions

(18) 2'=A(x, ¥, ,y,2), y'=B(x,y,2,%,Y¥, 7), Z'=C(x,y,2,%,y,2),

found by solving them are solutions also of equations (10), for by multiplying
equations (12) by ', ¢/, 2/, respectively, it is seen that the corresponding value
of v must vanish identically. We assume now F, 4 0 for all values of
x, Y, 2, ¥, y, 2 for which it is defined. Then the determinant (7) is different
from zero and the second members of equations (13) are of class C" on account
of the original assumptions on the function F'.

The existence theorems for differential equations in the form (13) justify the
following statement, the curves defined by equations (10) being called as usual
extremals :
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If the problem under consideration is a reqular one, that is, if the function
F, is different from zero for all values of its arguments, then through any
point (,, Yy» 2,) of the region R there pusses one and only one extremal in
a given direction (x,, y,, 2,). These extremals extend from boundary to
boundary of R and are defined analytically by equations of the form

x=b(8, Ty Yp» %> Tys Yoo %)
(l4> 3/'-"‘!'(3"”0’ Yoo 2o m«;’ y;’zé)’

Ny ’ ’ ’
2= X(85 %) Yor %> Tgs Yo %)

where
(15) w4 =1,
and for 8 =0 the jfollowing initial conditions are satisfied,
B0, 2y5 Yys 2> Tys Yoo %) = Ty B,(0, 2y, Yos Zos Tys Yys %) =2ys
(16) (0, 2,5 Yo» 205 Ty» Yo 20) = Yo V(05 @00 Yor 205 %05 Ygs 20).= Yy
X(05 o Yos 205 Ty Yos 2) =20 X,(05 5 Yoo 20 B Yy 7)) = 2.

The functions ¢, ¢, are of class C’ for all values of their arguments defining
(x, ¥, z)-points in the region /2. and similar statements hold true for 4 and x.

§2. Conditions of transversality.

If it is desired to minimize the integral J with respect to curves having one
end-point 1(z,, y,, 7,) fixed, while the other 0(x,, y,, 2,) may vary on a fixed
curve or surface, a second necessary condition upon the direction of the mini-
mizing curve C' at the point 0, corresponding to the well-known transversality
condition in the plane, must be satisfied. The case where the end-point is vari-
able on a fixed curve L will first be considered.

Let the equations of the curve L be

(L) r=1wx(u), y=y(v), z=2(u),

the functions being of class C’ as specified in § 1. The minimizing extremal
C can be imbedded in a one-parameter family of curves

(V) x=f(t,u), y=9g(t u), z=h(t, u),

which intersect the curve L for ¢ = ¢, pass through the point 1 for ¢ = ¢ , and
contain the extremal C for the particular parameter value u,. Analytically
these properties are expressed by the following identities in u :

w(u)=f(t0’ u)’ y(“)=g(to’u)’ z(u‘)=h(t0, u),
wl=f(tl’u)’ yl=g(tl’u)’ zl=h(tl’u)’
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The value of the integral J taken along a member V of this family of curves
from the point of intersection 0 of V with L to the fixed point 1, is a function
of the parameter u,

Ty= [ F(f, g b g h) 0.

If C minimizes the integral, the function J/(«) has a minimum for u = »,. Its
derivative is

dJ h
C_Z;Z=Fz'fu+Fy’gu+Fz'hu]:;_f (Pfu+ qu+Rku)dt’
o

where P, @, R stand for the first members of the Euler equations (10). Since-
C is an extremal and all of the curves V pass through the point 1 for ¢ =¢,, it
follows that

aJ —
[g;ﬂ]u=uo=— [Fz'f; + Flllg" + 'F'"hu] %

where the arguments of the derivatives of F' are the values of «, y, z, =, ¥, 2’
on the extremal C at the point 0. A second necessary condition for a minimum
is therefore the following :

The direction of the extremal C at its point of intersection 0 with the fixed
curve L must satisfy the equation

(17) F.o,+ F,y,+ F,z,=0,

where the arguments of the derivatives of F' are the values of ©,y, 2,2, Y, 2’
on the curve C, and x,, y,, 2, define the direction of the curve L.

From this condition one may easily derive the equations which must hold
when the end-point is allowed to vary on a surface S,

(S) z=x(u,v), y=y(u,v), z=2(u,v).

For if C minimizes J with respect to all curves joining the point 1 to the sur-
face S, it must certainly minimize J/ with respect to all curves which join 1
with either of the two parameter lines of the surface through the point 0. The
transversality condition for the end-point varying on a surface is therefore the
following :

The direction of the extremal C at its point of intersection 0 with the surface
S must satisfy the equations

(18) Fz,w“-l‘Fy'yu'*‘ F"zu=0, Fz)m”+Fy1y.+R1z’=0,

where the arguments of the derivatives of F' are the values x, y, z, %, y', 2 on
the curve C, and =,,y,,2,; ®,, Y, 2, define the directions of the parameter
lines of the surface S.
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It is evident that if these equations are satisfied, any curve of the surface
which passes through the point 0 will also be transversal to C' at 0, since the
direction cosines of any curve on the surface are proportional to expressions of
the form

zu + 20,y o +yv,z,u +20.
Furthermore the derivatives #,, ¥, F, are proportional to the direction
cosines of the normal to the surface, as is easily seen from equations (18).

§3. The family of extremals through a given point, or to which a given sur-
JSace is transversal.

Before proceeding to derive the equations of a family of extremals through a

given point, let us consider for a moment the quotient U//s?, where
¢, b b 9
U g*lf. Ve Y, ¥l
|Xe  Xep  Xup X
AU A S

This quotient is a finite and continuous function of its arguments even when s=0.
For by applying the mean value theorem for the variable s to the elements of the
minor of the element 0 in the determinant, and by using the relations (16), it is
seen that U/s’ approaches 1 as s approaches zero. If U/s* remains different
from zero along an extremal arc C,, with the initial element (x,, ¥,, 2, % ¥5 % )»
it will also remain different from zero on C,, when (x,, y,, 2,, %, ¥,» 2;) are
replaced by the values (z,, y,, 2,, 2;, ¥;, ;) corresponding to a point 2 chosen
on C, sufficiently near to 0, and in the order 201 with the points 0 and 1.

The family of extremals through the initial point 0 of an extremal arc C,
can be found by making the constants x,, y,, 2, in equations (14) equal to the
coordinates of the point 0. If =, y,, 7, are replaced by functions «'(u, v),
y'(u,v), 2 (u,v) which reduce to the coordinates of the initial direction of
C, for u = u,, v = v,, and which satisfy equation (15) identically, the equations
(14) take the form

(19) x=¢(s,u,v), y=1v(s, u,v), z=x(8,u,v).

These equations represent the extremal C|, for u = u,, v = v, and satisfy also
the identities

xo=¢(0’u’ 'v)’ ?/o=‘l"(0’“’ 'v)’ z0=x(0,u, v)’

which express the fact that all of the extremals pass through the point (x,, ¥,, %,)
for s=0. It is evident that the derivatives ¢ , ¥, x, and the similar ones
for v all vanish identically for s = 0.
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The functional determinant

¢c ¢u ¢-
A(s’u’ v)= ‘\P’ ‘Pu \Pv
X Xu X

is readily seen to be equal to the product

’ ’ ’

1:1; x,

’ ’ ’
Uly yu yo ¢

’ ’ ’

z oz, 2,

The functions x'(u, v), (%, v), 2 (u, v) can always be chosen so that the
second factor is different from zero for u = u,, v = v,, and under those circum-
stances A(s, u, v) vanishes for s = 0 on C,, but is different from zero in the
neighborhood of s = 0 on account of the properties of U derived above.

If the family of extremals (19) through the point 0 includes the extremal
C, and has a determinant A which is different from zero everywhere on the
arc C,, except at the point 0, then the quotient U/[s* does not vanish on C,,
and a point 2 can be selected in the manner described in the first paragraph
of this section, such that the family of extremals through 2 will have a deter-
minant A which does not vanish anywhere on the arc C,.

An extremal to which a surface S is transversal can be imbedded in a two-
parameter family of extremals each of which is cut transversally by the surface
§. , To show this it is only necessary to substitute for z,, y,, 2, in the equations
(14) of the extremals the functions z(u,v), y(u, v), z(u, v) which define
the surface, and for x,, y,, z, the direction cosines of the directions to which
the surface is transversal determined by equations (18). That such a direction
is uniquely determined at each point of the surface can be seen as follows-
The equations

(20) &4y 42 =1, F,x+F,y+F, =0, F,x+F,y+F,2=0,

are satisfied by one set of values corresponding to the intersection 0 of the
extremal C,, with the surface .S, and at the point O the functional determinant
of the first members with respect to «, 7/, 2’ is different from zero. In fact this
determinant is readily seen to be equal to the product of the two determinants

’

10 0 O 0 o y z' |
0 =, y, 2| |¥ F,.. F,, Fy"i.




448 M. MASON AND G. A. BLISS: SPACE CURVES [October

From equations (18)
(21) Yu2,— yvzu = IcF.t” zuwv —2,x, = kﬁ:" Y, — %Y. = ’Cﬁ,‘,,

so that on account of equation (4) the first determinant is equal to 2. The
factor % is not zero if the surface S has not a singular point at 0, and we add
here the assumption F' % 0 at the point 0. The second determinant is different
from zero on account of equation (7). From the well-known theorems on
implicit functions it follows that &', ¥/, 2, are determined as functions of » and
v, of class C" in the neighborhood of the point 0.

After substituting the values x(u, v), y(u, v), 2(», v), «'(%, v), ¥ (», v),
Z(u,v) as just determined for x, y,, 2,, ;, ¥,, 2,, the equations (14) take
the form
(22) r=¢(s,u,v), y=v(s,u,v), z=x(8,u,v).

On account of the properties of the functions (14) and of the solutions of equa-
tions (20) there will be a region

0=s=3s, |u—u,| = «, v —v,| = &,

in which ¢, ¢,, ¥, ¥, X, x, are of class (", where the quantities u,, v, are the
particular parameter values defining the extremal C,,. Since for s= 0 the
point (2, ¥, 2) for all values of « and v lies on the surface S, the equations of
S in the neighborhood of the point 0 are

z=$(0.u,0), y=%(0,u,v), z=x(0,u,0),
and on account of the transversality of S to the extremals of the family, we have
Fobp.+F ¥, + Fox,=0,
Fob+ Fy¥, + Fox,=0,

for s = 0, where the arguments of the derivatives of ¥ are ¢, Y, x, ¢,, ¥,, X, -
The value of the determinant

(28)

b, b 4.
A(s,u0)= ¥, ¥,
X X X

when s = 0 becomes simply 4%, with the help of the equations (4) and (23),
and the factor £ cannot vanish since it is understood that the surface .S does
not have a singular point at 0. And Z has been assumed to be different from
zero at the point 0 at least.

It has been shown therefore that if a surface S is transversal to an extremal
C,, at the point 0, then C,, can be imbedded in a family of ewtremals (22) to
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each of which S 8 transversal. The determinant A (s, u,v) of the family
does not vanish in the neighborhood of the point 0.

Suppose that the.determinant A vanishes for some point 2 different from O
on the extremal C, , corresponding to the values s,, u,, v,. If it is assumed
that at least one of the three-rowed determinants of the matrix

A' AU AO I

|

|
(2 4) ¢. ¢l‘ ¢'
v w ¥

I xo x: xv I

does not vanish with A, for convenience the determinant

' A‘ Al‘ A °

i ¢o ¢u ¢ o[?
SRS

then the equations

(25) A(s,u,v)=0, d(8,u,v)=u, v (8, u,v)
determine s, %, v as functions

(26) s=3s(x,y) u=u(x,y), v=ov(x,y)

in the neighborhood of the values x,, y,. By substituting these results in the
third of the equations (22), a surface

(D) z=2(2,y)

D

Fia. 1.

is found (See Figure 1). This surface is the envelope of the extremals (22).
For from equations (25) and (D) the expression

X, — zx¢a - zy"'n
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has the factor
0 A, A, A
bbb,
%‘ ‘P‘l \Pu ¢'
X X Xu X

which vanishes on D on account of the first of equations (25).
If a one-parameter family be chosen arbitrarily from the set (22), this family
will not in general have an enveloping curve. The condition that a curve

(@) z=w(a), y=y(a), z=z[z(a), y(a)]=2(a)

on the surface D shall be an envelope of extremals, may be derived as follows.
If we substitute #(a), y(a) in the functions u(x, y), v(x, y) defined by
equations (26), two functions u(a), v(a) are determined, and a one-parameter
family of extremals is defined when % (a) and v(a) are substituted in (22).
These extremals are tangent to the curve d if x and y are determined as func-
tions of a so that

(27) x, =me,, Y, = my,, 2 = 2,%, + 2,Y, = MX,,

8, u, v being thought of as functions of « and y. The three determinants of
the matrix ’
L, Ya zx T + zy Yo

e, ¥, X,
must therefore be zero, i. e., the three equations
- v¥.2,2, + (X, — ‘I’.zy)?/a =0,
(¢.zz - x:)wa + ¢azyyo. = 0’
W —$,9.=0

must be satisfied. The coefficients of x, and y, in these equations can not all
vanish since at least one of the derivatives ¢, , ¥, x, is different from zero at
the point 2. That any two of the equations are a consequence of the third may
be shown by expanding the determinant of any pair of the equations, and using
the relation

X.— zz¢c - Zy‘\l"‘ =0.

The determination of a one parameter family of extremals having an envelop-
ing curve d is therefore to be effected by solving one of the above equations.
It has the form

A(w’ y)wa-’- B(w’ y)y¢=0
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when s, u, v are replaced by their values in terms of x and y from equations
(26). Since this differential equation is of the first order there exists one and
only one integral curve

(28) z=x(a), y=y(a),

in the xy-plane, passing through the point (x,, y,) for a=0. The
equations of the family of extremals tangent to d are found by substituting
x(a), y(a)in the expressions for « and v in terms of  and y from equations
(26), and then putting the resulting functions u(a), v(a) in equations (22).
A family of extremals

(29) x=¢(s,a), y=1v(s, a), z=x(s,a)

is thus found, containing C,, for a =0, and tangent to d when s = s(a) from
equations (28) and (26). The equations of the envelope d will then be

B0  w=¢[s(a),a], y=+[s(a),a], z=x[s(a),2].
If necessary the sign of the parameter @ may be changed so that the factor m in
equations (27) is positive.

Consider then a family of extremals

©=¢(s,u,v), y=v(s,u,v), z=x(s,u,v),

all of which pass through a fized point, or which are all cut transversally by
a given surface S, for 8 =0. Suppose that on a particular extremal C,, the
determinant A vanishes at the point 2 different from zero, but that one at
least of the determinants of the matrix (24) ig different from zero at 2. Then
the family of extremals has an enveloping surface D (see Fig. 1), which
touches C,, at 2 and for which 2 is not a singular point. On the surface D
there exists a unique curve d without singular point, which passes through the
point 2 and envelops a one-parameter family of extremals containing the
extremal C,.

§ 4. Jacobi’s necessary condition.

By means of the one-parameter family of extremals and the enveloping curve
d, found in the last section, it can be shown that an arc C;, which joins a fixed
point 0 to another fixed point 1, or which joins 1 to a fixed surface S, and
which furthermore minimizes the integral /, can not have upon it a contact
point 2 with the enveloping surface . It will be seen that the value of the
integral J taken along an extremal C,; of the set (19) or (22) from the value
s = 0 to the value s(a) at the contact point 3 of C,, with , and then along d,,
from the point 3 to the point 2, is independent of the particular extremal chosen,
i. e., it is independent of the value of the parameter a defining the extremal.
In fact, the derivative of J(C,) is
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dJ(C
() _ f F($: ¥ X0 b0 Vi ) do

_F

|+ [ UFebit bt Pt Fubut Byt Fua 1.

Aater integration by parts this takes the form

dJ(C, dsf
‘(ia”) | + [Fx’¢a+ y"‘,'a.+Fl'x¢]:’

the integral part vanishing on account of the fact that the curve C,, is an
extremal. The terms in the bracket vanish for s = 0 when all the extremals
(19) pass through a fixed point 0, for then

z,=¢(0, a), Y%o=v(0,a), zy=%(0, a),

and consequently ¢,, Y., x, vanish for s =0. They also cancel when the
extremals are cut transversally by a surface S on account of equation (17),
since in that case the equations

r=¢(0,a), y=v(0, a), z=x(". a),

represent a curve on the surface S which is transversal to the extremals (29).
On account of (4) the resulting equation may be written in the form

dJ( [(4, g ¢¢)F + («p vdat %) Fy+ (Xog: + Y\l i ]’

the arguments of the derivatives of 7 being ¢, ¥, x, ¢,, ¥,, X,- From equa-
tions (30), therefore,

(31) d—'% 0s) =Fx,+ Fuy, + F.z,[,

where z,, y,, 2, determine the direction of the curve d at the point 3. Since
the positive tangent to d coincides with the positive tangent to C,,, we have

(32) (_L_,l(i?fﬁ=F(w’ Yo2yLyy Yoo zc)ls‘

This follows because from equstions (8) and (27) the coefficient 7, in equation
(31) becomes
Fx’(¢’ Vs Xs Pos Vs X:)I3= Fz’(‘”» Ys25 %y Yas z¢)|s°
The derivative of the integral J(d,,) is

=d—d&f.F(x$ Ys2y Ly Yoo z«,)da='__'ﬁ"(m’ Ys2y%,, Yar z.)la
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From equations (32) and (83) therefore,

L [T(Cy)+ J(dg)] =0,

from which the following generalization of KNESER’s theorem in the plane is
obtained :

Suppose that an extremal C,, is contained in a one-parameter fumily of
extremals, each of which passes through a fixed point 0 and which have an
enveloping curve touching C, at a point 2 (see Figurel). Then if 3 isa
neighboring point to 2 on d, the value of J taken along C,, plus the value of
J taken along d,, is always equal to the value of J taken along C,. In
other words

J(Oos) + J(daz) = J(Ooz)°

When the extremals are all cut transversally by a surface S, the same equa-
tion 18 true if 0 is understood to denote the variable intersection of C,, with S.

The envelope d,, can not satisfy Euler’s equations, for it was shown in §1
that but one solution of these equations passes through a given point in a given
direction, and d,, would have to coincide, therefore, with the extremal C,, in the
neighborhood of the point 2. This contradicts the hypothesis that the point 2
is the nearest point to 0 on the arc C,, for which A vanishes. It follows that
the points 3 and 2 can always be joined by a curve d;, such that

J( 003) + J(d::.z) < J( 002)'

If therefore an extremal C, minimizes or maximizes the integral J, it must
not have upon it a point 2 which is conjugate to the initial point 0 .*

§ 5. The necessary conditions of Weierstrass and Legendre.

It has been shown in the preceding sections that if a curve C,, joins two fixed
points, or a fixed surface with a fixed point, and minimizes the integral ./, it
must be a solution of Euler’s equations and must satisfy Jacobi’s necessary con-
dition. A further condition similar to the one discovered by LEGENDRE for a
weak minimum, and extended by WEIERSTRASS for the case of a strong mini-
mum, must also be satisfied.

Let us consider an extremal arc C,,,

=x(t), y=y(t), z=2(t),

___ v=2(u), y=y(u), z2=2(u),

* The theorem has been proved for conjugate points 2 at which not all of the determinants of
the matrix (24) vanish with A. By using the so-called second variation it can be shown that
even without this restriotion the point 2 must not lie between 0 and 1 on C,,. The case where
the point 2 coincides with 1 and all determinants of the matrix (24) vanish is an exceptional
oue, which has been discussed for problems in the plane but not for problems in space.

and a curve V'

Trans. Am, Math. Soc. 30
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Fia. 2.

intersecting C,, at a point 2. Through a point 8 on C|, near to 2, there can
always be found a family of curves

(34) z=f(tiu), y=g(t,u)  z=h(t,u),
containing C,, for u = u,, which furthermore pass through 3 for the parameter
value ¢ = ¢, and intersect ¥ for ¢ =¢,. Analytically, then,

Sty u)=2(u), g(t, u)=y(u), h(tyy u) =2(u),
xy =f(ty, u), Y=g (ty, u), 2z =h(ty, u).

The sum J,, + J,, is now a function of the parameter u, whose derivative for
% = u, can be readily calculated. The derivative of J, is

dJu

(85)

f{Ff+F9u+Fk + Fofut Fygu+ Foh,}de,

where the arguments of F' and its derivatives are f, g, &, f,, g,, &,. For
u = u,, this becomes, by the usual integration by parts of the calculus of
variations and with the help of the identities (35),

2

dJ,
[-Zi,;?]“="= Fiwu + Fy’yu + F{zu ’

since C,, is an extremal. Here the arguments x, y, 2, 2, ¥/, 2" of the derivatives
of F refer to C,, since the curves (34) go over into C,, for v = u,, and z,, ¥,,
z, define the direction of V. The derivative of J,, is simply

aJ, :
[_d'c:g =—F(ws Ys 2%y Yy zu) .

Ju=1y

The derivative of the sum J,, + J/, is therefore

d
(36) [%(Ju'i"’czﬂ =—E(z,y.2,2, 9,2, 2,,9,,2,) |

Ju=to

where

(37) E= F(m’ Yy 2y wu’ yu’ zu) - quz'(w’ Y2, w" y,’ z,)

— Y F (2 y,2,%, Y, 7)) =2, Fy(x, 9,2, «, Y, 7).
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From equation (36) the following theorem similar to that of WEIERSTRASS for
the plane case, can be derived.

If the arc C,, furnishes J a strong minimum, the function E must be = 0
Jor any set of values x, y, z, ', i, 2 on C, and for all directions x,, y,, z,;
while if C,, furnishes only a weak minimum, the E-function must similarly
be = 0 at least for directions x,, y,, 2, in some neighborhood of the directions
«,y,2 on Cy. (For a maximum E must be =0.)

The theorem is evidently true, for if the E-function were negative at a point
2 for some direction x,, y,, 2,, then on account of equation (86) the inequality

J34 + J42 < J32

would hold for values of u sufficiently near to u,.
On account of the homogeneity of the function #, the expression (87) may
be written in the form

E(x,y,2,7, Y, 2, 20 Y0 2,) = F (2, ¥, 2, 2, Y,r 2,) — F
—(2,—)F,—(y,—y)F,—(2,— %) F,
@8 =3{(z,—2)VF+(v.—Y)Fyy+ (2, —2)F,
+2(%—Y)E—2)F )y + 2z, —2 ), — 2 ) F p + 2(2,— )Y~ Y ) F oy } 5
the arguments of the second derivatives of #' being
Y 2,8 +0(x,—2), ¥ +0(y—vy), 27 +60(2,—2),(0<b<1).

We can derive therefore the- following Legendre condition :
If the extremal arc C,, furnishes either a strong or a weak minimum, the
quadratic form

(39) Q = F,’,’? + F/,I?’ + F,l,lgz + 27ICF,/,/ + 2“‘F',',' + 2£’7F,','s

must be = 0 for all values of , y, 2z, ¢, y', 2’ on the arc C,,, and for all values

Of E '» My g.
For if £, n, § were a set of values making ) negative at some point of C,,

the values z_, ¥,, z, could be taken so that

w,—x=¢e,y —y=e,z,—2 =¢f,

and for a sufficiently small e the expression (88) would also be negative.

These necessary conditions may also be stated in terms of the functions F,
F,,F,,F,. From(89)and the equations (6) it follows that F, can not
be negative. For in that case the binary form obtained from ¢ by putting
£ =0, for example, would be an indefinite form. The derivatives ¥, F,,,,
F,,, if different from zero, must have the same sign as that of @), as is easily
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seen by putting # = { = 0in (89). Converselyif ¥, > 0,and 7, ¥, F,,
are not all zero, the identities

lexl Q = {FZ'I'E + Fz'y"" + Fxl‘lg]z + (y’:— z’ﬂ)zﬁvl,
40)  F,Q=[F, t+F, 0+ F L]+ (ZE—at)F,
‘F's’s'Q = [Fz'z'f + Fs’y’” + F’,’,§]2+ (w’n - y’f)zFl’

which are easily verified, show that such of the quantities @, ¥, ¥, F
as are different from zero have the same sign at all points of the extremal C,,
whatever be the values of £, 9, &.

It should be noticed that when #), > 0 the derivative ¥, , vanishes when and
only when y" = 2'= 0, that is, in the direction of the x-axis. That it is zero for
these arguments is seen from (5) since 2" 4= 0. But from (6) it follows that 3’
and 2" must vanish with #,, since #, > 0. Furthermore F,, cannot assume
opposite signs, since it is possible to pass continuously from one set of values
(s ¥y 2, @, ¥, ) to any other without. passing through values for which
¥ =2=0. The Legendre necessary condition may be restated, then, in the
following form :

If for a regular problem (F, % 0) the extremal C, furnishes either a maz-
imum or a minimum for the integral J, F'| must be positive. Furthermore
the functions F,,, F,,, F,,, which vanish only in the direction of the x, y,
and z-axes, respectively, must be positive for a minimum and negative for a
maximum.

§ 6. The invariant integral. Sufficient conditions.

In § 8 it was shown that an extremal arc which does not contain a conjugate
point 2 to 0, either between 0 and 1 or at 1, can be imbedded in a two-param-
eter family of extremals through a point 3 near to 0, whose determinant A does
not vanish anywhere on C, . Consider either this family or the family (22) to
which the surface S is transversal. Suppose that the extremal C' corresponds
to the values u = u,, v =1v,, and that the determinant A(s, u,, v,) does not
vanish for any point of the arc C,,, i. e., that the enveloping surface D does not
touch the arc C,,. Then the set of extremals forms a field about the extremal
C. A positive constant 8 may be chosen so small that the extremals of the
set for which |u — u,| =&, |[v — v)| = 3 sweep out a portion of space which
contains C in its interior, and through each point of which there passes one and
only one extremal of the set. The constant 8 can be so restricted that in this
field the determinant A does not vanish, and the equations

(41) o(s,u,v)=ux, v(s,u,v)=y, x(s,u,v)=2

have unique solutions
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(42) s=3(x,y,2), u=u(x,y,2), v=0(x,y,2)
of class C'.*

Consider a curve X
(43) 2=3(t), y=3(t), 2=3(t)

of class D', which lies entirely in the field. By means of equations (42) and
(48) w and v are determined as functions of ¢. If these functions be substituted
in the equations (41) there results a one-parameter family of extremals,

(44) z=®(s,t), y=Y(s,t), z=X(8,1),

having as parameter of the family the parameter ¢ of the curve K. For s=10
these extremals all pass through the point 3 or else ‘intersect the surface S,
which is transversal to all the extremals of the set (41) along a curve &.

Fia. 3.

The value of the integral JJ, carried along an extremal of the set (44) from
the point 3 where s = 0 to its point of intersection 4 with X, is a function of ¢,
the parameter of the set. Using the same reasoning as that of the preceding
section, the derivative of this function is found to be

dJ d “ ’ ’ - -— -t
G =) F(2, ¥, X, @, ¥, X)ds =&F, +F, +7F,|"

The value of the second member vanishes at the lower limit 3, since all the

*The proof of these statements may be made by a method analogous to that given by Borza
for the case of the plane : Lectures on the Calculus of Variations, Chicago, 1904, § 34.
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extremals of the set pass through a fixed point 8 or else are cut transversally
by the curve k. The arguments of the derivatives of # are the functions
P, ¥, X, ¢, ¥V, X at the point 4 on K, or what is the same thing, the values
of ¢, ¥, x, ¢, ¥, x" with s, u, v expressed as functions of ¢ from equations
(42) and (43). Let ¢, be the value of ¢ which gives the extremal connecting 8
with 4, and ¢, the value giving the extremal which connects a point § of % with
the point 6 of K, and let the above equation be integrated from ¢ =1¢, to ¢ = ¢,.
Then

te
J“—J“=f (FF,+JF, +7F,}d.

Now the first member of this equation. is entirely independent of the form of
the curve XK. It follows that this is true of the second member also, in other
words : The value of the integral

J‘=f{E’F,,+yFy,+E' '} dt,

taken along a curve K in the field, is independent of the path K, and depends
only on the endpoints. The derivatives of F are here thought of as functions
of z, y, z by means of (42). The integral has the further properties that
J* = 0 if the curve K i3 at each point transversal to the extremal of the field,
and that J* reduces to J if K is an extremal. These properties follow easily
from equations (17) and (4).

The integral J* is the generalization of Hilbert’s invariant integral. It is
useful in comparing the value JJ(C, ) taken along the extremal C' with the
value of J taken along any other curve C'

2=3(t), y=¥(t), ==3(t)

which joins the fixed point 0, or a point 0’ of the surface S, with the fixed point
1. For the case of the transversal surface S, let %, be any curve which lies
entirely on S and in the field, and which joins 0 with 0°. This curve is trans-
versal to the extremals of the field. Then from the properties of the integral J*,

I(Cp) = I (Cy) = I (Cip) — I (Cy)
= J(ao’x) — (k) — J"(E’m)
=J(C)—J*(Cp)-
Hence by making use of the E-function defined in equation (37), it follows that

45)  J(Cn)—=J(Cy)= j: E(x,y,2, ¢, ¥, X> %, ¥, 7 ) dt,
Conr
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where ¢, ¥, x are thought of as functions of x, y, z as explained above. Evi-
dently if £ = 0 along the curve C, then

J(ao’l) = J(Ool)'

The same conclusion holds when C' passes through two fixed points 0 and 1.

By a method similar to that used in § 5 applied to the expression (88), the
E-function can be expressed in any one of three forms similar to those in (40).
The first of these is

2F,, - F= [(”..— )VF, + (y,— yI)F:'y' + (2,— z')Er'/]z +Y'z—2y, ) F,.

Now the Legendre condition of §5 is supposed to be satisfied, i. e., 7, >0,
while ¥,,, ¥,,, F,, are not negative and vanish only in the cordinate direc-
tions respectively.

It follows for a regular problem, in which Legendre’s necessary condition
Jor a minimum is satisfied, that the Weierstrass E-function (87) is never nega-
tive, and is equal to zero only when x,:y, :2, =a":y :2'.*

Hence in the field of extremals under consideration the E-function vanishes
only when the direction of the comparison curve C at the point x, y, 2 coincides
with the direction of the extremal of the field which passes through that point.
Therefore from (45)

J(Cr)>J(Cy),

unless the direction of €, coincides at every point with the direction of the
extremal of the field through that point. But this can occur only when C,, coin-
cides throughout its entire extent with the extremal C,. For along the curve
C,, the parameters » and v are functions of ¢ whose derivatives, from equations
(42), are

du — - -t
-dt = uzw + u,,l‘/ + u‘z’

v = = 5
s = 0% +vy + 7.

Since » and v are constant along any one of the extremals of the field, the values
of these derivatives are zero when the direction (z', 7', ) coincides with that of
one of the extremals. Hence if the direction of C,,, always coincides with the
direction of some extremal, the second members of the above equations vanish
identically, and along C,,, the values of  and v must be constant. In other
words, C,,, must be an extremal, and since it passes through the point 1 it must
be the extremal C,, itself. These results may be summarized in the following
theorem.

* The expression (37) shows that E vanishes when the directions 2. : yu : z« and 2’ : ¢/ : 2’ have
the same sense, but not necessarily when they are opposite.
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An extremal arc C,, joins two fized points 0 and 1, or joins 1 to a surface
§ which cuts C,, transversally. For a regular problem (F, % 0) the integral
J will be minimized by this arc in either case provided that Legendre’s neces-
sary condition for a minimum is satisfied along C,, and that C, has upon it
no point conjugate to the fixed end-point 0 in the former case, or to the surface
S in the latter.

§ 7. Necessary conditions when one end point is variable on a curve.

The results of the preceding sections apply with some modifications to the
case where the end point 0 may vary on a given curve L,

(L) z=x(u), y=y(u), z=2(u),
instead of on a surface.

The curve C,, which minimizes the integral J with respect to other curves
joining the curve Z with the fixed point 1 must in the first place be an extremal
which is cut by L transversally, i. e., at the point of intersection 0 of C, with
L, the equation

LE,+mF, +nF,=0
must be satisfied, where [ , m,, n, are the values of the direction cosines 7, m, n
of L at the point 0, and the arguments of #,, ¥, ¥, are the values of , y,
2, 2, ¥/, 2’ on the extremal C,, at this point.
The extremal C,, cut transversally by Z at 0, may be imbedded in a two-

parameter family of extremals, all cut transversally by L. The equations
w12+y,2 +z13 — 1’
(46)
le»-l-ﬂloFy,-l- nﬁ"‘r= 0,

have by hypothesis the solution ;, y;, z, which is given by the values of ', ¥/,
7 on C, at the point 0. Let (a, 8, 7v), (A, 4, v) denote the direction cosines
of the principal normal and binormal respectively along L. Let v be a variable
such that

acos v+A sin v=a(u,v), B cosv+psinv=>b(u,v), ¢ cosv+vsinv=c(u, )

are the direction cosines of the perpendicular to (&, ¥/, 2") and to (I, m, n).
Then
47) da+yb+2c=0.

The three equations (46) and (47) can now be solved for z', ¥, 2’ as functions
of v and of the parameter u of the curve L, in the neighborhood of the values
w%,, v, which correspond to the point 0 and the direction of the extremal C,,.
The functional determinant of the left members of the equations with respect to
x,y, 7 is
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| 22 2y 27
|le[zl + sz/”l + ‘an,', le;z/ + mFyry; + nF’”/'/ I-Fy’ltl + m-F',y; + nF.,', .
a b c

Let @ be the angle between (', ¥/, 2') and (I, m, n). Since these directions
are perpendicular to the direction (a, b, c) it follows that

48) ny —mz2' =asinf, '—nx'=0sinf, mx'—ly=csind.

The value of sin 8 cannot be zero, for, if it were, #' would vanish on account of
the second equation of (46) and (4), and F has been assumed different from

b (l,m,n,)

L

Fia. 4.

zero. The value of the above functional determinant, when calculated by the
aid of (48) is twice the quadratic form

Q(l, m, n) = PF:':’ + szy// + nzF./,, + 2man,., + 2an|'x' + 2lszl‘/

divided by sin . This form vanishes only when the directions (I, m, n) and
(«', ¥, 2') coincide, or are opposite, i. e., only when sin § = 0, and this cannot
happen, as was seen above.

If the values x(u), y(u), z(u) along the curve L, and the functions
«' (v, v), ¥’ (u, v), 2 (u, v) determined as above from equations (46), (47) are
substituted for x,, Y, 2, T4y Yy 2, in the equations of the extremals (14), a
Jamily of extremals

x=¢(s,u,v), y=1v(s,u,v), z=x(8,u,v)
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is determined, each of which is cut transversally by the curve L. The
extremal C,, is represented for the particular parameter values u,,:v,.
The value of the determinant

s, 4. 4,
A = ¢\. ¢\U ‘%'
X X% X

is in this case equal to zero at the point of intersection of Z and C,, since for
8 = 0 the functions ¢, ¥, x are identically equal to x(u), y(u), 2(»), and the
derivatives ¢ , ¥ , %, all vanish identically. But the value s = 0 is an isolated
zero of A, whatever the values of » and v, for it can be shown that the deriva-
tive A, does not vanish when s = 0. In fact the value of A, for s =10 is

¢, ¢, ¢, |2(u,v) U(u) =(u,v)
A=v, ¥, V.|=¥(u,v) m(u) y,(u,v)| Ve+¥.+xi,
Xo Xu Xel |2(u,0) n(u) z(u,v)

or, on account of (48),

A =sin0VP: + ¥+ xi(x.a+y.b+20c).
Now equation (47) holds identically in v, so that on differentiating (47) with
respect to v the third factor in the above equation is seen from the expressions
for a(u, v), b(u,v), ¢c(u, v) to be equal to
— (e, +yb,+7c,)=— [:c'a (u, v+ ;) +y'b (u, v+ ;_r) + Zc (u, v+ g)] ,
and from the figure it follows that this is equal to — sin §. The value of A,
for 8 = 0 is therefore

= —sin’ 0V} + ¥l + Xl

Since (', ¥, 2') can never coincide with (I, m, n), as was seen before, it fol-
lows that A, is different from zero for s = 0, and consequently the value s =0
is an isolated zero of A(s, u, v).

Consider now the extremal C,, of the family, corresponding to u =uy, v =1v,,
which intersects L at 0 and passes through the point 1. There will be an arc
of C, in the neighborhood of the point 0 along which A does not vanish. If
A vanishes while one at least of the determinants of the matrix (24) is different
from zero, at some point other than 0 on C,, then the equation

A(s,u;v)=0

defines an enveloping surface D for the extremals of the family. Exactly as in
§ 3 a one-parameter family can be selected which has an enveloping curve d on
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D, and an arc joining L to the point 1 can be found which gives to the inte-
gral J a smaller value than is given by C,,.

The following are therefore necessary conditions for a minimum with respect
to curves joining a fixed curve L with a fived point 1 when the problem at
hand is a regular one. The minimizing arc must be an extremal C, which is
cut transversally by the curve L at the intersection point 0 of L with C,.
The function F| must be positive, and the functions ¥ ,, F,,, F,, must

not be negative along C,,. Finally the envelope of the family of extremals
to which L 1is transversal must not touch the arc C,.*

§ 8. Determination of a field of extremals to which a curve is transversal.

The construction of a field for the case of an endpoint variable on a curve is
somewhat more complicated than for the case of an endpoint variable on a sur-
face. It has been shown that an extremal C|, to which L is transversal can be
imbedded in a two-parameter family of neighboring extremals all cut trans-
versally by L. These extremals were obtained by applying theorems on
implicit functions to equations (46), (47), and consequently not only cut L at
points in the neighborhood of the point 0, but have initial directions at their
intersections with Z which must be near to the direction of C,, at the point 0.
In order to construct a field entirely surrounding Z in the neighborhood of the
point 0 it will be shown that the family can be extended to include extremals
whose directions are not thus restricted, that is, that equations (46), (47) have
unique solutions for all values of u near u, and all values of v between 0 and
2, and furthermoré that these solutions are periodic in v with period 2.

In the first place, in any plane through a point 2, y, z and containing the
direction (I, m, n) there are at most two directions («, ¥/, ) to which (I, m, n)
is transversal. For let (=, y,,2,) be one such direction. Then any other
direction in the plane has the direction cosines

x; cos 6 + I sin 0, Y, cos § 4 msin 6, z,c08 0 + nsin 6.

The expression
¢=lFll+val+an;

with these arguments in 7, ¥ ,, F, has the derivative

d ¢ ’ ’ ’ ’ ’ ’
0= g F s + Yo F oy + 2o F ) + m(xo By + Yo Fyy + 20 F )

+ n(@oF + Yoy + 2 Furur)

This derivative vanishes when 6 = /2 or 87 /2 on account of equations ().

*The exceptional case where the envelope has a singular point needs, as before, further
consideration.
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For other values of 6 the expression takes the following form, obtained by sub-
stituting the values of w,, y,, 2, and using equations (5):

P
‘fi_o = 8ecC o(lezlzf + szy'yr + nz-F:l,/ + 2mnFy;‘, + 2an8/t' + 2lmFx,”,).

On account of the properties of this quadratic form, as shown in § 5, it is seen
that the function ® (6) is zero for § = 0, 27 and has a derivative which changes
sign only when § = 7 /2, 87 /2. Consequently, since ® is periodic, it vanishes
once between 6 = 7 /2 and 6 = 37 /2 and has no other zeros except § =0, 2.
Hence in the plane through the point (x, y, z) and containing the directions
(l, m,n)and (z,, y,, 2,) there is but one other direction besides (x;,, ¥, 2,)
to which (7, m, n) is transversal, and that direction lies on the opposite side of
the line ({, m, n) from (zx;, y;, z,)-

With these results in mind it is evident from the theory of implicit functions
that the solations ', ', 2’ of the equations (46) and (47), for a constant value of
u, can be extended step by step over the whole interval from v, to v, + 2.
For if this were not the case, and an upper bound V < v, + 2 for the exten-
sion existed, then the solutions &', 3/, 2 would have at least one set of limiting
values X', ¥, Z' as v approached V. But any set of limiting values must be
a solution of the equations, and since there can be but one solution in the half
plane corresponding to v =V, it follows that X', ¥”, Z’ form the only set.
The solutions could therefore be extended beyond the value v =V, which is
contrary to assumption concerning V. It is furthermore evident that the values
of &, y/, 2’ for v = v, + 27 coincide with the values x,, y,, 2,. These results
may be stated in the following theorem :

If a fived line through the point (%, y,2) in the direction (I, m,n) is
transversal to a single line (x,,y,, z,) through this point, then each half
plane through the line (1, m, n) contains one and only one line (¥, y, Z') to
which (1, m, n) is transversal at (x,y,z). The direction cosines of these
lines are given by functions x'(v), y'(v), Z(v) of class C’, where v is the angle
which determines the position of the half plane.*

Since for any particular value of w in the neighborhood of u, the equations
(46), (47) have a unique solution for each value of v in the interval (v,, v,+27),
it follows immediately from the theory of implicit functions that the totality of
solutions x'(u, v), ¥ (u,v), 2(u,v) so defined are functions of » and v of

class C'.

* It follows readily that any surface element through a point (z,y,z) is transversal to at most one
direction on each side of the element. Suppose there were two directions on the same side of a sur-
face element E to which E is transversal at the point P. Then every line in E through P would
be transversal to the two directions, in particular the line L common to E and to the plane deter-
mined by the two directions. But this would contradict the theorem proved above, since the
two directions would lie in the same half plane through L.
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T here exists, therefore, a two-parameter family of extremals

r=¢(s,u,v), y=v(s, u,v), z=x(8,u,v),

each cut transversally for s = 0 by the curve L, where the functions ¢, Y, x
are defined in a region

0=s=48, |w—u,| =38, 0=v=2m,

and are periodic in v with the period 2.

It is readily seen from the properties of the solutions of the Euler equations
that the function ¢, and similarly for y and x, is continuous together with all
its first derivatives and all its second derivatives that are formed by differ-
entiating ¢, with respect to s, u, or v.

§9. Sufficient conditions when one end point is variable on a curve.

Consider a region in space containing in its interior the arc C,, to which the
curve L is transversal at the point 0. This region may be restricted in the
first place, so that through any point of it not on L there passes one and but
one of the extremals determined in the preceding section, to which Z is trans-
versal at points in the neighboring of the point 0; and, in the second place, so
that the determinant A is different from zero for values of s, u, v correspond-
ing to points in the field.* The equations

(49) ¢(s, u,v)=w, Y(s,u,v) =y, x(8,u,v)=2

have a unique solution

(50) s=3s(x,y,2), w=u(x,y,2), v=uv(2,y,2)

of class C’, for all values of x, y, 2 in the field except those which define a point

on L. The reasoning of § 6 now shows that the value of the integral
J'=[(®F.+yF, +7F,)dt

taken along a curve K of class D’

(51) 2=5(t), y=y(t), z=73(t)

which lies entirely in the field and has no point in common with Z, depends
only on the end points, and not at all on the form of the curve K. The deriv-
atives of # are considered as functions of x, y, and z by means of equations
(49), (50), and of ¢ by (61). The integrand of J°, thought of as a function
of x,y,2,%,7,%,is not defined for points on the curve L since'the func-
tion v is itself not defined for these points. The integral J* has however a defi-

* The proof of the existence of such a field has been made by the writers and will be sub-
mitted to the Transaotions for publication in the near future.
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nite value when taken along a curve which has a finite number of points in com-
mon with Z, since the integrand is limited and the only pc-isible discontinuities
are at the intersections with Z. Let the value of J* be defined as zero whe
K coincides with a portion of Z. Then it may readily be seen that the integra.
is independent of the path for all curves which lie in the field, including those
which intersect L or have an arc in common with Z.

For let K and K, be two curves joining the same two points, where X, has
no point in common with Z. Suppose in the first place that X intersects L at
a point ? but has no other point in common with L. Let & be a curve which
has 20 point in common with Z and which coincides with & except along an arc
which includes the point . Then J*(K) = J*( K,), and since by taking K
near enough to K the value of J*( K ) may be made to differ from J*(K) by
an arbitrarily small amount, it follows also that J*(K)=¢J"(K,). Suppose
now that K has an arc K,, which coincides with Z. Then by definition
J*(K,)=0. Let K, bea curve in the field which joins 5 to 6 but has no
other points in common with Z. Recalling the meaning of J* as derived in § 5,
it is seen that J* (K, ) =0. In fact J*(K,,) is equal to the difference in the
values of the integral JJ when taken along extremals of the set from L to 5 and
from L to 6, and both of these are zero, since 5 and 6 lie on Z. Then the
portion of K which coincides with L may be replaced by the curve K,;, which
has only its end points on L, without altering the value of J°(X&). It fol-
lows from the case above considered that J*(K)=J*(K,). From the pre-
ceding argument it is seen that, at least for curves in the field which have a
Jinite number of intersections or arcs in common with L, the integral J" is
independent of the path.

Let C,, be any curve of class 1) joining a point 0’ of the curve L to the
iixed point 1 and lying entirely in the field. Then, exactly as in § 6,+the
equation

J(Cp)— J(C,,) =j: E(x,y,2, ¢, ¥, X, %, y,2)dt
Co1
is derived by means ot the invariant integral J". As has been seen before, this
integral is always positive unless the comparison curve C,, coincides through-
out with C,, and the following theorem may be stated :

Let C,, be an arc of an extremal which joins a fied curve L to a fixed point
1, and which is. cut transversally by the curve L at the point 0. Further-
more suppose that Legendre’s condition for a minimum is satisfied along C,,.
If then the determinant A(s, u,v), for the set of extremals to which L 1is
transversal, vanishes only at the point 0 on C,, this arc will minimize the
integral J with respect to curves joining L with the point 1.




