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Abstract

This is a self-contained paper which introduces a fundamental prob-
lem in the calculus of variations, the problem of finding extreme values
of functionals. The reader should have a solid background in one-
variable calculus.
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1 Introduction

We begin with an introduction to partial differentiation of functions of sev-
eral variables. After partial derivatives are introduced we discuss some forms
of the chain rule. In section 4 we formulate the fundamental problem. In
section 5 we state and prove the fundamental result (The Euler-Lagrange
Equation). We conclude the paper with a solution of one of the most famous
problems from the calculus of variations, The Brachistochrone Problem.



2 Partial Derivatives

Given a function of one variable say f(x), we define the derivative of f(x)

at £ = a to be

)

provided this limit exists. For a function of several variables the total deriva-
tive of a function is not as easy to define, however, if we set all but one of the
independent variables equal to a constant, we can define the partial deriva-
tive of a function by using a limit similar to the one above. For example, if
f is a function of the variables x,y and z, we can set x = a¢ and y = b and
define the partial derivative of f with respect to z to be
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wherever this limit exists. Note that the partial derivative is a function of
all three variables =,y and z. The partial derivative of f with respect to z
gives the instantaneous rate of change of f in the z direction. The definition
for the partial derivative of f with respect to x or y is defined in a similar
way. Computing partial derivatives is no harder than computing ordinary
one-variable derivatives, one simply treats the fixed variables as constants.

Example 1. Suppose f(z,y,z) = 2%y?2% + ycos(z), then

g(ﬂ%% z) = 2xy°2”
ox
g—g(x, y,z) = 2x%yz* + cos(z)

%(w, Y, z) = 22222 — ysin(z)

We can take higher order partial derivatives by continuing in the same
manner. In the example above, first taking the partial derivative of f with
respect to y and then with respect to z yields:
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= 4a’yz — sin(2).

Such a derivative is called a mized partial derivative of f. From a well
known theorem of advanced calculus, if the second order partial derivatives
of f exist in a neighborhood of the point (a,b,c) and are continuous at



(a,b,c), then the mixed partial derivatives do not depend on the order in
which they are derived. That is, for example
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(a,b,c)

(a,b,c).

This result was first proved by Leonard Euler in 1734.
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Exercise 1. Let f(x,y,z) =
of f.

Exercise 2. For f in Example 1, compute a couple of mized partial deriva-
tives and verify that the order in which you differentiate does not matter.

, compute all three partial derivatives

3 The Chain Rule

We begin with a review of the chain rule for functions of one variable. Sup-
pose f(z) is a differentiable function of x and x = x(¢) is differentiable of
t. By the chain rule theorem, the composite function z(t) = f o z(t) is a
differentiable function of ¢t and

dz dzdzx
il (3.1)
For example, if f(x) = sin(x) and z(¢) = ¢, then the derivative with respect
to t of z = sin(t?) is given by cos(#?)-2t. It turns out that there is a chain rule
for functions of several variables. For example, suppose x and y are functions
of t and consider the function z = [x(t)]? + 3[y()]3. We can think of z as the
composite of the function f(z,y) = 22+ 3y withthe functions z(t) and y(t).
By a chain rule theorem for functions of several variables,
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Note the similarity between (3.1) and (3.2). For functions of several vari-
ables, one needs to keep track of each of the independent variables separately,
applying a chain rule to each. The hypothesis for the chain rule theorem
require the function z = f(x,y) to have continuous partial derivatives and
for z(t) and y(t) to be differentiable.



4 Statement of the Problem

We begin with a simple example. Let P and @ be two points in the xy-plane
and consider the collection of all smooth curves which connect P to (). Let
y(x) be such a curve with P = (a,y(a)) and @ = (b,y(b)). The arc-length
of the curve y(z) is given by the integral

b
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Suppose now that we wish to determine which curve will minimize the above
integral. Certainly our knowledge of ordinary geometry suggests that the
curve which minimizes the arc-length is the straight line connecting P to Q).
However, what if instead we were interested in finding which curve minimizes
a different integral? For example, consider the integral

/ 1+ [y'(@)]*
y(fr
It is not obvious what choice of y(z) will result in minimizing this integral.
Further, it is not at all obvious that such a minimum exists!
One way to proceed is to notice that the above integrals can be viewed as

special kinds of functions, functions whose inputs are functions and whose
outputs are real numbers. For example we could write
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More generally we could write:
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A function like F' is actually called a functional, this name is used to
distinguish F' from ordinary real-valued functions whose domains consist
of ordinary variables. The function f in the integral is to be viewed as
an ordinary function of the variables z,y and 3’ (this should become more
clear in the next section).! One of the fundamental problems of which the
calculus of variations is concerned, is locating the extrema of functionals.

"We don’t call f(zx,y,y’) a functional because its range is not R.



Before we formally state the problem, we need to specify the domain of
F more precisely. Consider the interval [a,b] C R and define C[la p) to be the
set

C[la,b} ={y(x)| y : [a,b] — R, x has a continuous first derivative on [a,b]}.

We will consider only functionals which have certain desirable properties.

Let F be a functional whose domain is C[la o)

b
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We will require that the function f in the integral have continuous partial
derivatives of z,y and 3’. We require the continuity of derivatives because
we will need to apply chain rules and the Leibniz rule for differentiation.
We now state the fundamental problem.

Problem: Let F' be a functional defined on C[Qa ) With Fly(z)]
given by

b
Fly(z)] —/ fz,y(x),y (x)) de.

Suppose the functional F' obtains a minimum (or maximum)
value?. How do we determine the curve y(z) which produces
such a minimum (maximum) value for F'?

In the next section we will show that the minimizing curve y(x) must satisfy
a differential equation known as the Euler-Lagrange Equation.

5 The Euler-Lagrange Equation

We begin this section with the fundamental result:

Theorem 1. If y(z) is a curve in C[%l b] which minimizes the functional

b
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then the following differential equation must be satisfied:

of d<8f>_0
Oz  dx \9z' )

This equation is called the Euler-Lagrange Equation.

2This is an important assumption for there do exist Functionals which have no extrema.



Before proving this theorem, we consider an example.

Example 2. If Fly(z)] = fab V14 [y (2)]? dx, then the FEuler-Lagrange Equa-

tion is given by:
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Exercise 3. Show that the solution to

o @)
(1+ @)

is a straight line. That is y(x) = Az + B. Is this a proof that the shortest
path between two points is a straight line?

The proof of Theorem 1 relies on three things, the Leibniz rule, integra-
tion by parts and Lemma 1. It is assumed that the reader is familiar with
integration by parts, we will discuss the Leibniz rule later, and we state and
prove Lemma 1 now.

Lemma 1. Let M (x) be a continuous function on the interval [a, b]. Suppose
that for any continuous function h(x) with h(a) = h(b) = 0 we have

/ M (2)h(x) d = 0.
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Then M (z) is identically zero® on [a,b].

3 Actually the function is zero almost everywhere. This means that the set of = values
where the function is not zero has a length of zero.



Proof of Lemma 1: Since h(x) can be any continuous function with
h(a) = h(b) = 0, we choose h(x) = —M(x)(z — a)(z — b). Clearly h(x)
is continuous since M is continuous. Also, M (x)h(z) > 0 on [a,b] (check
this). But, if the definite integral of a non-negative function is zero then the
function itself must be zero. So we conclude that

0= M(z)h(zx)
= [M(2)*[~(z — a)(z - b)].
This and the fact that [—(x— )( b)] > 0 on (a,b) implies that [M (z)]? =
on [a,b]. Finally, [M(x)]?> = 0 on [a,b] implies that M (z) = 0 on [a,b]. O

Proof of Theorem 1: Suppose y(z) is a curve which minimizes the
functional F. That is, for any other permissible curve g(z), Fly(z)] <
Flg(x)]. The basic idea in this proof will be to construct a function of one
real variable say H(e) which has the following properties:

1. H(e) is a differentiable function near € = 0.

2. H(0) is a local minimum for H.
After constructing H, we show that Property 2 implies the Euler-Lagrange
equation must be satisfied.

We begin by constructing a variation of y(x). Let € be a small real number
(positive or negative), and consider the new function given by:

Ye(z) = y(z) + €h(x)
where h(x) € C[Qa p) and h(a) = h(b) = 0.
We can now define the function H to be
H(e) = Flye()].

Since x(t) = y(x) and y(z) minimizes Fy(x)], it follows that 0 minimizes
H(e). Now, since H(0) is a minimum value for H, we know from ordinary
calculus that H'(0) = 0. The function H can be differentiated by using the

Leibniz rule?:
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4For a proof of the Leibniz rule, check out a text on advanced calculus.




variation of y(x)

Figure 1: A variation of y(z).

Applying the chain rule within the integral we obtain:

0 n_ Of 0x  Of Oy Of Oxg
8€f(x,y€,y6) Oz Oe + Oye Oe + Yyl Oe (5.1)
of dye | Of Ox,
pu— '2
Oy, Oe + dy. Oe (5:2)
_of of .
= GyGh(x) + 8yéh (x) (5.3)

Exercise 4. Show that equations (5.1) through (5.3) are true.



From these computations, we have

" (of of
H'(e) = ! . 4
(€) /a (8y€h(x) + 8y§_h (:1:)) dx (5.4)
Evaluating this equation at e = 0 yields
" (of of .
0= /a (a—yh(.’E) + a—y/h (.’E)) dx. (55)

At this point we would like to apply Lemma 1 but in order to do so, we
must first apply integration by parts to the second term in the above integral.
Once this is done, the following equation is obtained from equation (5.5):

o= [ 2L (2] »

Finally, since this procedure works for any function h(z) with h(a) = h(b) =
0, we can apply Lemma 1 and conclude that

Oﬁ_i(ﬁ>
Oy dx \oy' )’

This completes the proof of Theorem 1. []

Exercise 5. Verify equation (5.6) by doing the integration by parts in equa-
tion (5.5).

Beltrami Identity

Often in applications, the function f which appears in the integrand does not
depend directly on the variable x. In these situations, the Euler-Lagrange
equation takes a particularly nice form. This simplification of the Euler-
Lagrange equation is known as the Beltrami Identity. We present without
proof the Beltrami Identity, it is not obvious how it arises from the Euler-
Lagrange equation, however, its derivation is straight-forward.

The Beltrami Identity: If % = 0 then the Euler-Lagrange equation
is equivalent to:

af
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where C' is a constant.

Exercise 6. Use the Beltrami identity to produce the differential equation
in Example 2.



6 The Brachistochrone Problem

Suppose P and @ are two points in the plane. Imagine there is a thin,
flexible wire connecting the two points. Suppose P is above @, and we
let a frictionless bead travel down the wire impelled by gravity alone. By
changing the shape of the wire we might alter the amount of time it takes for
the bead to travel from P to Q). The brachistochrone problem (or quickest
descent problem) is concerned with determining what shape (if any) will
result in the bead reaching the point @) in the least amount of time. This
problem was first introduced by J. Bernoulli in the mid 17th century, and
was first solved by Isaac Newton. In this section we set up the relevant
functional and then apply Theorem 1 to see what the differential equation
associated with this problem looks like. Finally, we provide a solution to
this differential equation.

First, we let a curve y(z) that connects P and ) represent the wire. As
before assume P = (a,y(a)) and @ = (b, y(b)). We will restrict ourselves to
curves that belong to C’[Qa b)° Given such a curve, the time it takes for the

bead to go from P to Q is given by the functional®
b
ds
Fly(x)] = | — (6.1)
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where ds = /1 + [y/(z)]?dx and v(z) = y'(x). By using Newton’s second
law (Potential and Kinetic energies are equal) we obtain

1

Em[v(ac)]2 =myg(y(a) — y(x))

This allows us to rewrite the functional (6.1) as

+ [y (@)
—y(z)
Assuming a minimum time exists, we can apply Theorem 1 to the func-
tional F'. Notice that the integrand does not depend directly on the variable

x and therefore we can apply the Beltrami Identity. We can also make com-
putations a little easier letting P = (0,0), the resulting equation is then

@ 1, ([ ) v
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5For convenience we use the down direction to represent positive y values.
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Equation (6.2) simplifies to

1 2

I+ W @) y@) = 35 =k (6.3)

Finally, equation (6.3) is well known and the solution is a cycloid.® The
parametric equations of the cycloid are given by:

2(0) = %kQ (6 — sin0)
y(0) = %k2 (1 —cosb)

Example 3. With P = (0,0) and Q = (%,—1),k —1and0 <6<

Figure 2 shows the cycloid solution to the Brachistochrone problem.

NN

A strange property of the cycloid is the followig: If we let the frictionless
bead start from rest at any point on the cycloid, the amount of time it takes
to reach point @) is always the same.

Q = (pi/2,-1)

Figure 2: The Cycloid Solution for Example 3.

5The Cycloid curve is the path of a fixed point on the rim of a wheel as the wheel is
rotated along a straight line.
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7 Concluding Remarks

After introducing the notion of partial derivatives and the chain rule for
functions of several variables, we were able to state a problem that the cal-
culus of variations is concerned. This is the problem of identifying extreme
values for functionals (which are functions of functions). In section 5 we
showed that under the assumption that a minimum (or maximum) solution
exists, the solution must satisfy the Euler-Lagrange equation. The analysis
which lead to this equation relied heavily on the fact from ordinary calculus
that the derivative of a function at an extreme value is zero (provided that
the derivative exists there).

We admit that much of the analytical details have been omitted and
encourage the interested reader to look further into these matters. It turns
out that problems like the brachistochrone can be extended to situations
with an arbitrary number of variables as well as to regions which are non-
Euclidean. In fact, many books about General Relativity deduce the Ein-
stein field equations via a variational approach which is based on the ideas
that were discussed in this paper.
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