NORMALITY AND ABNORMALITY IN THE CALCULUS
OF VARIATIONS*

BY
G. A. BLISS

Within the past few years a number of papers concerning the problem of
Bolza in the calculus of variations have been published which make it possible
to carry through the theory of this problem with much simplified assumptions
concerning what is called the normality of the minimizing arc. I refer es-
pecially to papers by Graves [8],1 Hestenes [11, 14, 16], Reid [15], and
Morse [13]. These papers and others are also important because they bring
the theory of problems of the calculus of variations with variable end points
to a stage comparable with that already attained for the more special case
in which the end points are fixed.

In the theories of Bolza [1, chap. 11, 12] and Bliss [2] for the problem
of Lagrange with fixed end points it was assumed that the minimizing arc
considered, extended slightly at both ends, was normal on every sub-interval.
Morse [4] showed that the theory could be carried through on the assumption
that the arc itself, without extensions, was normal on every sub-interval. The
most important case, however, turns out to be the one for which the arc as a
whole is normal relative to the problem considered, but not necessarily nor-
mal on sub-intervals. Graves proved the necessary condition of Weierstrass
for such a normal minimizing arc, and Hestenes deduced further necessary
conditions-and gave sufficiency proofs for a minimum. The importance of
these results is emphasized by the fact that for the very general problem of
Mayer, which may be regarded as a sub-case of the problem of Bolza, every
minimizing arc is abnormal on every sub-interval, even though the arc as a
whole is normal relative to the problem. Thus the problem of Mayer needs a
separate treatment, such as was given by Bliss and Hestenes [9, 10], unless
one has at his command results equivalent to the recent extensions of the
theory of the problem of Bolza mentioned above.

In this paper I am attempting to analyze, more explicitly than has been
done before, the meaning of normality and abnormality for the calculus of
variations. To do this I have emphasized in §1 below the meaning of normal-
ity for the problem of a relative minimum of a function of a finite number
of variables. In §2 analogous notions are discussed for problems of the cal-

* Presented to the Society, April 20, 1935; received by the editors April 1, 1937.
T The numbers in brackets here and elsewhere refer to the bibliography at the end of this paper.
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culus of variations. From this discussion it will be clear that a normal arc
for the problem of Bolza is a non-singular arc of the class in which a minimiz-
ing one is sought. The singular arcs of the class are the abnormal ones. They
have an enormous variety of types. It is not likely that a general theory can
be formulated which would apply to all of them, though one might character-
ize and study successfully some very general cases.

In the papers of Graves and Hestenes mentioned above there is no explicit
assumption concerning normality. The arc studied is assumed only to have a
set of multipliers like those which it would have if it were normal for the
problem of Bolza considered. In the following pages it will be seen that,
though such an arc may be abnormal for the problem originally considered,
it is nevertheless normal for a second problem of Bolza obtained from the
first by suitably extending the class of arcs in which a minimizing one is
sought. Furthermore the properties characterizing a minimizing arc for the
original problem are effective for the second, so that the sufficiency theorems
of Hestenes for arcs which are normal have as easy consequences those for
the abnormal arcs permitted by his hypotheses. This makes possible a num-
ber of simplifications in the details of the proofs. It is not to be expected, of
course, that new necessary conditions on a minimizing arc can be secured by
extending the class of arcs in which a minimizing one is sought. The paper of
Graves, therefore, seems to contain results not attainable by considering only
normal arcs.

In the introduction to his paper [13] Morse makes a statement concerning
priority for the proofs of sufficiency theorems without assumptions of normal-
ity which might easily be misunderstood and about which I should like to
make the following comments. Hestenes had previously proved, in his paper

[11], three sufficiency theorems (Theorems 9:1, 9:3, 9:5) without explicit
assumptions of normality, and also a fourth theorem (Theorem 9:4) with
normality assumptions still undesirably strong, but weaker than those which
had before been used. Reid [15] and Morse [13] showed independently that
by means of a further lemma, but aided still essentially by the results of
Hestenes, this fourth theorem can be brought to a par with the others. The
condition VI’ [11, p. 811] of Theorem 9:4 is analogous to one which I used
in the paper [5], and which was originally due to A. Mayer. Its statement
involves the notion of conjugate points and is therefore more closely related
to the classical conditions of Jacobi for simpler problems than the corre-
sponding conditions of the other theorems. I think it should be understood
that the priority comment of Morse is applicable to Theorem 9:4 of Hestenes,
but not to the other three theorems of his paper, which are equally important.
I may add that the theorems of Hestenes were proved with great originality
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and ingenuity while he was my research assistant at the University of Chicago
in 1933 [16, p. 543]. When he went away he left a manuscript with me in
which the theorems were, at my suggestion, deduced only for normal arcs,
the ones which then, as well as now, seemed to me the most important, even
though the justification of the arguments of the present paper was at that
time missing. This manuscript has since appeared in much modified form in
my mimeographed lectures on the problem of Bolza [12]. In his paper [11]
Hestenes showed that his methods are also effective for the problem of Bolza
in the form adopted by Morse.

1. Abnormality for minima of functions of a finite number of vanables
The significance of the notion of abnormality in the calculus of variations
can be indicated by a study of the theory of the simpler problem of finding,
in the set of points y=(y, - - -, y.) satisfying a system of equations of the
form

¢5(y)=0 (ﬂ=17 Tl 7m<n)y

one which minimizes a function f(y). For a point y°=(y®, - - -, ) near
which the functions f and ¢ have continuous partial derivatives of at least
the second order, and which satisfies the equations ¢3 =0, we have the fol-
lowing theorems, some of which are, of course, well known.

THEOREM 1:1. A first necessary condition for f(y°) to be a minimum is that
there exist constants lo, lg not all zero such that the derivatives F,, of the function

F=lf+lsps

all vanish at y°.

To prove this we have only to note that the determinants of the matrix

Suil(3%)
#54:(¥°)

must all vanish. Otherwise, according to well known implicit function theo-
rems, the equations f(y) =f(y°) +#, $s(y) =0 would have solutions y for nega-
tive values of %, and f(»°) could not be a minimum.

A point y° has by definition order of abnormality equal to q if there exist ¢
linearly independent sets of multipliers of the form J, =0, /s having the prop-
erty of the theorem. When ¢ =0 the point y° is said to be normal. A necessary
and sufficient condition for abnormality of order ¢ is evidently that the matrix
|lgsy:(»°)|| have rank m—g. At a normal point y° the multipliers Zo, /s of the
theorem can be divided by /o and put into the form /,=1, /5. In this form they
are unique, since the non-vanishing difference of two such sets would be a set
of multipliers implying abnormality.
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LemmMA 1:1. If a point ¥° is normal, then for every set of comstants u;
(=1, - - -, n) satisfying the equations

(1:1) b8u:(¥)m: = 0

there exists a set of functions yi(b) having continuous second derivatives near
b=0, satisfying the equations ¢s=0, and such that

9:(0)=y2, y/(0) =9..

The proof can be made by considering the equations
(1:2) ¢a()’) =0,¢7(}’) =¢1(yo)+bg-1 ®= L,---,my=m+1,--. ,”)

in which the auxiliary functions ¢,(y) are selected so that they have con-
tinuous second derivatives near 9° and make the functional determinant
|¢‘~,,,,(y°)| different from zero, and in which the constants {, are defined by
the equations

(1:3) ¢1ﬂi(yo)’7i = {y.

Equations (1:2) then have solutions y;(b) with continuous derivatives of at
least the second order near =0, and such that y;(0) =y2. By differentiating
with respect to b the equations (1:2) with these solutions substituted, we find
the equations

¢ (309! (0) = 0,
G (09! (0) = §,.
With equations (1:1) and (1:3) these show that y/ (0) =n..
THEOREM 1:2. If ¥° is a normal point and f(y°) a minimum then the con-
dition
Fyu(y%)nme 2 0

must hold for every set n; satisfying the equations (1:1), where F =f+lsps is the
Sfunction formed with the unique set of multipliers lo=1, lg belonging to y°.

The conclusion of the theorem is due to the fact that the function
g(®) =f[y(®)], formed with the functions y:(b) of the lemma, must have a
minimum at b=0. Since

o [y(®) ]3¢ (®) = 0

the derivatives of g(b) are seen to have the values
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g'®) = f.[y(®) 1y! (®) = Fy,.[y(8)]y'(8),
g"(0) = Fyu,(y") 0,

and for g(0) to be a minimum we must have g’/(0) 20.

THEOREM 1:3. If a point ¥° kas a set of multipliers ly=1, lg for which the
Sfunction F =f+lspg satisfies the conditions

(1:4) Fy(»°) = 0, Fyu(y")nme > 0
for all sets n; satisfying the equations
(1:5) ¢ﬂu¢(yo)77i =0,

then f(3°) is a minimum.

This can be proved with the help of Taylor’s formula with integral form
of remainder. For every point y near y° satisfying the equations ¢3s=0 we
have the equations

FG5) = 1O = fulyOms + f (1 = O)fyan (¥ Inmeds,
(1:6) 0= 4’6:/{(3’0)77:‘ +f (1 - 0)¢ﬂka(y,)"lﬂ7kd07

1
0= f ¢ﬂy.~(yi, )n:db,
0
where y! =8 +0(y;—y?), n:i=y:—y2. From these we find readily
1
1) = 169 = [ = 0Py nsds.
0

Since the quadratic form in the integrand of the last integral, thought of
as a function of independent variables y’ and 7%, is positive for y’'=4°
and all sets » satisfying the equations (1:5), it will remain positive for
' =9"46(y—9°) and all sets 5, including n=y—19°, satisfying equations
(1:6), provided that y lies in a sufficiently small neighborhood N of the
point 9°. Thus we see that for all points y in N satisfying the equations
¢s=0 the difference f(y) —f(y°) is positive.

The last theorem is analogous to the sufficiency theorems of Hestenes in
the calculus of variations. In it there is no explicit assumption concerning
the normality or abnormality of the point 4°. If y° has abnormality of order ¢,
however, let » be a variable which ranges over a subset of m —gq of the num-
bers 1, - - -, m such that the matrix ||¢,,,(y°)|| has rank 7 —g, and let p range
over the complementary subset. Then we have the following theorem:



370 G. A. BLISS [May

THEOREM 1:4. Let y° be a point whick satisfies the hypotheses of Theorem
1:3 with a set of multipliers lo=1, lg, and let v and p be variables having the
ranges described in the last paragraph. Then y° is normal for the modified prob-
lem of minimizing the function g=f-+1,¢, in the class of points y satisfying the
restricted system of equations ¢, =0, and y° satisfies the hypotheses of Theorem
1:3 for the modified problem with the multipliers lo=1,1,. Furthermore if g(y°)
is a minimum for the modified problem, then f(y°) is a minimum for the original
one.

We see that the point y° is normal for the modified problem, since the
matrix ||¢,,,(y%)|| has rank m —g. For the function F =g+1,¢, = f+Isps of the
modified problem the conditions (1:4) are satisfied for all sets 7 satisfying the
equations

(1:7) ¢Wi(yo)77t' =0,

since equations (1:5) are linear and have a matrix of coefficients of rank
m—gq and hence are consequences of equations (1:7). The set of points ¥
satisfying the equations ¢, =0 includes the points satisfying the complete
system ¢5 =0 as a subclass in which g =f. Hence if g(»°) is a minimum for the
modified problem, the value f(y°) =g(y°) must have the same property for
the original problem.

From the last theorem it is evident that generality is not lost by proving
Theorem 1:3 only for points ¥° which are normal. Such points are, in fact,
the non-singular points of the class which satisfy the equations ¢3 =0. Near
each of them there are infinitely many points of the class, as is shown by
Lemma 1.1, and the minimum problem near one of them is therefore never
trivial. Abnormal points, on the other hand, are the singular points of the
class, and may occur in a wide variety of types. For some of these points
the minimum problem is trivial, as, for example, in the case of a point y°,
for which ¢; =0, which minimizes the function ¢, in the class of points y
satisfying the equations ¢;= - - - =¢,=0. Near such a point y° there is no
other point satisfying all of the equations ¢3=0.

An idea of the great variety of types of abnormal points may be gained
by considering the problem of minimizing a function f(yi, ¥2) of two variables
‘n the class of points (y,, y.) satisfying a single equation ¢(y1, y2) =0. The
variety of abnormal points possible in this case is at least as great as the
variety of singular points of an algebraic curve. The particular example
f=2y2 —y?, p=y2y:—¥.*=0, with minimizing point (0, 0), shows that the
condition involving the quadratic form in Theorem 1:3 is not in general
necessary for a minimum.
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2. Abnormality in the calculus of variations. The problem to be consid-
ered in this section [12, p. 4] is that of finding in a class of arcs

(2:1) yi(®) (=1, ,n,% S 5= %)
satisfying conditions of the form
bs(x, 3, 5) =0 B=1---,m<m),
Yul21, y(%1), %2, y(x2)] = 0 w=1,---,p=<2n+2)

one which minimizes a sum

J = g[xl’ y(xl)’ X2, y(x2)] +fzzf(x7 Y yl)dx~

A set of values (x, ¥, y") and end values [x., y:, ] = [x,, yi(x.)] (s =1, 2) is said
to be admissible if it lies interior to a region of such values in which the func-
tions f, g, #s, ¥, have continuous derivatives of at least the fourth order, and
in which the matrix ||¢g,,|| and the matrix of first derivatives of the functions
¥, have ranks m and p, respectively. An admissible arc C defined by functions
of the form (2:1) is one which is continuous and consists of a finite number of
sub-arcs with continuously turning tangents, and whose elements (x, y, ')
and end values are admissible. When convenient we may represent by J(C),
£(C), ¢.(C) the values of these functions determined by the arc C.

The conditions involved in the sufficiency theorems for this problem are
the following, the numbering being that which I have often used [see, e.g., 12,
chap. 3]:

I. THE MULTIPLIER RULE. A set of multipliers Jo, ls(x), e, for an admissible
arc E is a set for which the /,, e, are constants and the functions /s(x), defined
on the interval x,x; belonging to E, are continuous except possibly at values
of x defining corners of E at which they nevertheless have well-defined for-
ward and backward limits. The arc E satisfies the multiplier rule if there exist
constants ¢; and multipliers /o, ls(x), e, such that for F =lof+ls(x)¢s the equa-
tions

Fy, = f Fydx + ¢, ¢ =10
are satisfied along E, and furthermore such that the end values of E satisfy
the equations

(2:2)  [(F — 9!Fy)ds + Fypdys]’ + bodg + eudf =0, 4, =0

identically in the differentials dx,, dy,,.
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It has been proved [12, p. 27] that the identically vanishing set of multi-
pliers is the only set having constants /,, e, all zero, or having functions
lo, 1s(x) which vanish simultaneously at some value x on the interval x,x,.

II;. An admissible arc E satisfies the strengthened condition of Weier-
strass if for every set of the type (x, ¥, »’, ) in a neighborhood N of those
belonging to E the inequality

E(x,y,¥%,L,Y)>0
is satisfied for all admissible sets (x, y, ¥') = (x, ¥, ¥"), where
E=F(x,9 Y,0) —F(x,9,9,) — (¥{ — y:)FV."(x; ¥, 9, 0.

III’. An admissible arc E satisfies the strengthened condition of Clebsch
if at every element (x, y, ', /) belonging to E, the inequality

Fypye(2, 9, 5, Drmr > 0
is satisfied for all non-vanishing sets =, satisfying the equations
¢ﬁv."(x’ Y, y')‘ir.' = 0.

If we represent by ¢, g, the quadratic forms in dx,, dy;, whose coefficients
are the second derivatives of the functions g, ¥,, respectively, the second
variation of J for an extremal arc E with multipliers lo=1, ls(x), e, has the
value

To(t, m) = 2v[£1, (), &2, n(w)] + f 2w(x, 1, n')dx
in which
20 = Fyymae + 2Fyyymai + Fypyemind

2y = [(F. — y!F,)dx + 2F,dyds] + 20 + 264,

with dx, dy; replaced by £, y!£+9: [12, p. 71]. The equations of variation
along E are the equations

(2:3) ®a(x, n,0') =0,  W[&, n(x1), &2, n(x2)] = 0
in which
D5 = gy + Ppyini

and ¥, is dy, with dx, dy; replaced as above by £, y/£+n; [12, p. 14]. An
admissible set 1, &, n:(x) is one for which &, £ are constants and the functions
7:(x) have on x,x, the continuity properties of an admissible arc y;(x). The
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second variation Js(£, 9) for E is by definition positive definite if it is positive
for all non-vanishing admissible sets £, £, 7:(x) satisfying the equations (2:3).

IV’. An extremal arc E satisfies the condition IV’ if its second variation
is positive definite.

The condition IV’ is applicable to an admissible arc which has no corners
and satisfies conditions I and III’, since such an arc is necessarily non-singu-
lar and an extremal [12, pp. 112, 117].

The sufficiency theorem of Hestenes to be considered here is now the fol-
lowing one:

THEOREM 2:1. If an admissible arc E has no corners and satisfies the condi-
tions I, Iy, 111, IV’ with a set of multipliers lo=1, ls(x), e, then J(E) is a
strong relative minimum.

Every admissible arc E satisfies the multiplier rule with none or a limited
number of linearly independent non-vanishing sets of multipliers havingl,=0,
It is said to have order of abnormality equal to g if it satisfies I with ¢ and only ¢
such sets lo, =0, lg, (%), €se (0=1, - - - , ¢). When ¢=0 it is said to be normal.
A set of non-vanishing multipliers with /=0 will be called an ebnormal set
of multipliers.

For an admissible arc with order of abnormality equal to ¢ the equation

2
(2:4) [Foyen:] + €w¥s =0
with F, =1s,(x)¢s is for each o an identity in the variables £,, 7, =7.(x,), since
this is what the first equation (2:2) becomes for the multipliers lo, =0, ls,(x),

., when the end values of dx, dy; are replaced by those of £, y!£+7;. The
usual integration by parts applied to the sum

leo(x)®s = Foymi + Foyomi

gives the equation
Z2
(2:5) f g Podx = [Fvv."n"]j’

so that for every admissible set of variations satisfying the equations &3 =0
we find with the help of equations (2:4) and (2:5) the relations

2
(2:6) [Fvv.-'ﬂi]l =0, ¥y = 0.

The matrix of the ¢ sets of values e,, (¢ =1, - - -, ¢) is necessarily of rank
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g. Otherwise there would be a linear combination of these sets vanishing
identically, and, according to a remark made above, the same combination
of the linearly independent complete sets lo,, lg, (%), €., would then also vanish
identically, which is impossible. In the following paragraphs the variable p
is understood to have as its range a subset of the numbers u=1, - - -, p such
that the determinant |e,,| is different from zero, and the variable » will have
the range complementary to that of p. The second equation (2:6) then shows
that for an admissible set £, &, 7:(x) the equations ¥, =0 are consequences of
the equations $;=¥,=0.

THEOREM 2:2. Let E be an admissible arc without corners which satisfies
the hypotheses of Theorem 2:1 with a set of multipliers lo=1, lg(x), €., and let p
and v be variables whose ranges are determined by the linearly independent ab-
normal sets of multipliers of E as described in the last paragraph. Then the arc E
is normal for the modified problem of minimizing the functional J(C)+e,(C)
in the class of admissible arcs C satisfying the reduced system of equations
o=y, =0, and the arc E with the multipliers lo=1, ls(x), e, satisfies the hypoth-
eses of Theorem 2:1 for the modified problem. Furthermore if J(E)+ey,(E)
is a strong relative minimum for the modified problem, then J(E) is a similar
minimum for the original problem.

It is easy to see that the arc E is normal for the modified problem. For if E
had for that problem a set of non-vanishing multipliers of the form Z,=0,
ls(x), e,, the set 1, =0, ls(x), e,=0, ¢, would be multipliers for E and the origi-
nal problem, necessarily linearly expressible in terms of the ¢ sets lo, =0, s, (%),
. (=1, - -, ¢). This is, however, impossible on account of the fact that
the determinant |e,,| is not zero.

The arc E satisfies the hypotheses of Theorem 2:1 for the modified prob-
lem with the multipliers /o =1, ls(x), ¢,, as one readily sees by an examination
of the conditions I, IIy, III’, IV’. For the condition IV’ one needs to note
that on account of the second equation (2:6) the restricted system $;=¥,=0
implies the complete system $s=W¥,=0.

Since the class of arcs in which a minimizing one is sought for the modified
problem includes as a subclass those among which a minimizing arc is sought
for the original problem, and since on the subclass the values of the func-
tionals J(C) +e,(C) and J(C) are equal, the last statement of the theorem is
evidently true.

The remarks made at the end of §1 are now applicable for the most part
to the problem of Bolza also. As a result of Theorem 2:2 it is clear that no
generality is lost by proving Theorem 2:1 for normal arcs only, and the proof
for such arcs turns out to be in some respects simpler than for the abnormal
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arcs included in the proof of Hestenes. A normal arc is a non-singular arc of
the class in which a minimizing arc is sought in the sense that near every
normal arc there are an infinity of other arcs of the class [12, pp. 49, 51].
The minimum problem near such an arc is therefore never trivial. Near an
abnormal arc E, on the other hand, there may be no other arc of the class in
which a minimizing one is sought, as in the case when ¥1(E) vanishes and is a
strong relative minimum or maximum in the class of admissible arcs satisfy-
ing the conditions ¢g=y»= - - - =, =0. In this case the minimum problem
near E is trivial. The variety of types of abnormal arcs is evidently very
great. Those included in the sufficiency theorems of Hestenes are of a special
type closely related to normal arcs. Other important special types can doubt-
less be described and discussed, and it might be useful to have results of this
kind. But it seems likely that a comprehensive theory would at this time be
exceedingly elaborate and difficult, and perhaps impossible.

When the number of the end conditions ¥, =0 is equal to the number
2n+2 of end values x,, y;, (s=1, 2) the problem is said to have fixed end
points. An admissible arc E is by definition normal on a sub-interval 2'x’” if
its corresponding sub-arc is normal relative to the problem with fixed end
points on that interval. The assumption that an arc E is normal on every
sub-interval is evidently undesirable, for the same reason that it would be
undesirable to assume for the problem of §1 that the determinants of order m
of some particular set belonging to the matrix ||¢s,,|| are all different from
zero. For the problem of Mayer, which is the problem of Bolza with integrand
function f identically zero, every minimizing arc is abnormal on every sub-
interval, as has been pointed out by Carathéodory [6, 7] and others. No
theory based upon the assumption of normality on sub-intervals can there-
fore be effective in this important case.
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