Chapter 3

Variational theory of motion

Here we introduce some more general Lagrangians depending on vector val-
ued functions and functions of several variables.

3.1 Hamilton’s action integral

In Newtonian mechanics one considers an idealized mass m concentrated
at a point and moving in three-dimensional Euclidean space with position
x = x(t) for t € (a,b). The total kinetic energy ssociated with a particular
motion is defined by

1 ’ / 2
T=gm | X(0)]dt.

Notice, first of all, that the kinetic energy is a scalar function of time, and T
is something derived from the kinetic energy associated with a total motion;
it is not a function of time. A second thing to notice is that 7" is essentially
the Dirichlet energy associated with the map x.

Let us also assume there is a spatially dependent potential energy function
® = &(x) defined on the space in which the particle moves and such that
the total potential energy associated with a particular motion is

vz/%@@mt

For example, if the mass moves in the gravitational field of another mass M

at the origin, then
mMG

|

d(x) = —
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where G is a (universal) gravitational constant. This quantity (like any
potential energy) is only defined up to an arbitrary additive constant, and
any particular sphere centered at the origin may be normalized to have zero
potential.

Hamiltons action integral is defined to be

A=T—-V= / Bm|x'(t)|2 —a(x(t)| dt.

defined on an admissible class of motions with fixed starting and ending
points

A= {x e Ca,b] — R?®) :x(a) = x,, x(b) = x3}.
The first variation is defined by

—

L

e=0

for vector values variations

—

¢ = (91,02, 03) € C7(a,b) x C(a,b) x C(a,b).
A calculation (see Exercise 25) shows that C? extremals for A satisfy

-

b
AP = —/ [mx" + D®(x)] - pdt =0 for all ¢.

Applying the fundamental lemma in each component, we obtain Newton’s
second law of motion:

mx" = —D®(x).

The vector field —D® is called the potential field in which the motion takes
place.

The idea here is that among all possible motions from x, to x;, the action
integral finds or chooses the motion which actually occurs within the field
—Do.

This is Example 3 on page 14 of BGH and makes another appearance in
Example 5 on page 18 of BGH.
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3.2 Continuum motion

Hamilton’s principle can be used to great advantage in a variety of curcum-
stances. One of the most notable is to determine the equation of motion for
an extended body which deforms subject to an elastic energy associated with
deformation. Here we present a very simple example. Let A represent a class
of planar curves of fixed length parameterized by arclength. For example, we
may consider

_ 1}

where s represents arclength along the continuum. We have assumed some
extra regularity here because the elastic energy is going to be made depend-
edent on the magnitude of the curvature:

x
0s? |’

ox

A= {x € C*([0,4] x [0,T] — R?) : s

k:

Various endpoint conditions or other boundary conditions could be imposed.
We have left them out for the moment.

Assuming a linear density p along the continuum, we may form a total
kinetic energy expression

1 /T rtoox|?
=3 P
)

A simple elastic potential energy is

ds dt.

ds dt.

832

The action integral is then

ATV//[

The first variation is defined as usual by

02
0s2

ox |?
ot

] ds dt.

—A[x + €0

5Ax[0] = o

e=0
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If the action is stationary, then
/T /e 8_x 8_5 - 2x 2 5
o Jo Por "ot 952 0s?

for all admissible variations vece. In this way, we obtain a nonlinear equation
of motion for the elastic rod:
) . (3.1)

0 ( ox\ _ 0 (Px
ot \"or ) T 052 \ 952

This is called a nonlinear evolution equation. Notice that it is a fourth order
partial differential equation (PDE). See Exercise 26.

0°x
0s?

] dsdt =0

s
0s?

Exercises

Exercise 25. Carry out the details of computing the first variation of the
action integral, and derive Newton’s second law of motion. What do you get
in the case of a centrally symmetric gravitational field. (One can go on with
this equation to derive Kepler’s laws of planetary motion.)

Exercise 26. Verify that (3.1) is the Euler-Lagrange equation associated to
the action integral of the elastic rod. Can you model some simple solution of
this PDE numerically?

Exercise 27. If the elastic energy for the elastic rod is

Lk

what is the resulting evolution equation?

2

2
X\ st

0s?

3.3 Lagrangian constraints

The question we address here is of more applicability than to Hamiltonian
mechanics. In particular, the main result can be used to determine the
differential equations for geodesics on a surface.

Our basic objective is to give a version of Theorem 9 in which the integral
constraint is replaced with a traditional analytic constraint ®(x) = c. It is
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natural to consider this problem for a vector valued function x € C'([a, b] —
R™) as considered in Hamiltonian mechanics. We will not strive for minimal
regularity.

Theorem 12. Let
A={xeC[a,b] = R"): x(a) =p, x(b) =q, and ®(x) =c}

where
€ C*(R")
is given. Assume xg € A satisfies

Flxo] < Flx]  forallxe A

where
b
fh%i/ﬁﬁmmﬁﬁ with F € C*(Ja, ] x R" x R")

and

Dd(xq) #0 for all t € [a,b]. (3.2)
Then there is some X € C°[a,b] such that

d

p [F}, (t,%0,%0)] = F, (t, %0, %) + AP, (x0)

for all x € [a,b] and j = 1,2,...,n. Equivalently, X is an extremal for the
functional F + G where

gix| = /b AP(x) dt.

Here we are considering F' = F(t,x,p) with x,p € R™, and we have used
various notations for derivatives. In particular, the Fuler-Lagrange equations
may also be written as

OF L\ OF , 0P
(@(t,xo,xo)) = a—%(t,xo,xo) + )\(t)(‘?—xjxo

forj=1,2,...,n.
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Proof: The condition (3.2) ensures that for each ¢y € (a,b), there is at least
one index j for which ®, (xo(t)) # 0. This means

I=1(t)={j: ®s;(x0(t)) # 0} # ¢.
We will establish the following result:

Lemma 6. If j, k € I(t), then

1 d N — Xo, X
mla[Fpk<t>Xo>Xo>] Pt o)
1 d

As a consequence, the expression

1 1 d
At) = — —— | —|F,. (1 O — F,. (t :
0=2 (@ [ 050 = E im0 )

i.e., the average of the equal values, defines a single continuous function given
locally by any one of the functions

MO = oy | 6300 o 130,50

with j € I. In the course of the proof we will also use (and establish)
the Euler-Lagrange equations as asserted in the theorem. To this end, let
to € (a,b) be fixed. We know I(ty) is nonempty. For ease of presentation, let
us assume n € [(ty). The argument for other indices is essentially the same.
This is also a reasonable time to introduce some simplifying notation:

X0 = Xo(t) = (29,...,2°%) where each of the functions 7 is a function of .
The projection of a point x = (z1, ..., ,) into R"~! given by x — (21, ...,2,_1)

will be denoted by proj(x). We will also freely append coordinates, so that
x = (proj(x), z,).

By continuity there is in interval (a, 3) with a < a < tg < # < b such
that n € I(t) for a < t < . Furthermore, by the implicit function theorem,
since

.. (to) #0 and d(x9) = c,
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there is some & > 0 and a unique function ) € C?(R) satisfying
Q(xy,. T, (1, T3 T)) =T
where ) = H;L:_ll (z;(to) — 0,2j(to) + 0) X (¢ — d,¢+ ¢). Using the notation
introduced above, 1) satisfies
®(proj(x), ¥ (proj(x); 7)) = 7.
For 7 = ¢ fixed, ¥ may be considered on cube/square @)y = proj(Q) =

H;:ll (zj(to) — 6, 2(tg) + 0) C R™! as indicated in Figure 3.1, and the level

set
{x e R": &(x) = ¢}

is given locally by the graph of ¢ over (y. We may also take d; so that

1

Figure 3.1: construction of a local admissible variation near x(tp)
(to — 01,to + 1) C (o, ) and
xo(t) C ¥(Q) for t € (tg — 91,10 + 61)
where W(Q) is the open image
U(Q) = {(proj(x), ¢ (proj(x); 7)) : proj(x) € proj(Q) and 7 € (¢ — b,¢ + )}

Letting & € C®(ty — 01,t0 + 1), we form for each ¢ = 1,2,...,n — 1 the
variation

x(t) = x(t; €) = (proj(xo) + e€es, (proj(xo) + e€er))
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where ¥(proj(xg) + eey) = ¥ (proj(xo) + €€ey; ¢) so that
d(x) =c,

and x is well-defined and admissible for € small. Also, there is no variation
outside (tg — 01,to + d1). In particular, we have

d B

0=—
de J,

F(t,x,x')dt (3.3)

e=0

We have restricted to («, [3) for notational convenience, but we could also
restrict the integration to the smaller interval (to — d1,to + 7). Notice that
if we write x = (x1,...,X,), then the coordinates x; for j = 1,...,n are
being used in two different ways. They denote coordinates in R", e.g., F' =
F(t,x,p), as well as the functions x; = x;(t) satisfying

23(t), j=1,...n—1,j#¢
zj(t) = wp(t) + €€(1), j=1
Y(proj(xo) + €€ep), j=n.

In particular, the quantity on the right in (3.3) is

B
/ {Fxl (t, %o, X

+ F),,(t, %o, X|

)€ + F, (t, %0, X| T

e=0 ) & e=0

e=0

d
LR (4 / v
)5 + n( » X0, X >dex"

e=0

e=0 e=0

where x,, = 1(proj(xo) + €£e;) and

d :
x = EQﬂ(pIOJ(XQ) + efey).
We know, from the construction/definition of ¢ that setting e = 0 gives

b (proj(xo)) = -
Thus,

In particular,



3.3. LAGRANGIAN CONSTRAINTS 69

In view of this calculation the quantity on the right in (3.3) simplifies to

B d
/ |inl(t7X07X/O)£ + Fwn(t7X07X/0>d_x”
o €

e=0

d
+ Fm(tv X0, X6>£/ + £ n(t7 X0 Xé])d_xéz
€

e=0

Roughly speaking, the two quantities still appearing with an evaluation at
¢ = 0 require some calculation involving the defining equation for ), namely

D (proj(x), t:(proj(x))) = c. (3.4)

Differentiating this expression with respect to €, we get

éng + éxn¢xz€ = 0.

d

Evaluating at € = 0, we have

= &, (x0)€ + Py, (X0) 1, (Proj(xo))€ = 0.

e=0

d
@, (x0)§ + @, (XO)E"ETL

In particular, on the interval of interest we can write

d (D(E( (X(])

Geta]_ = nlproi(xo))e =~

. (3.5)

Differentiating this with respect to ¢t we obtain

d d . d {%(xd} P, (x0)

&xn = E [¢M(pr0.](x0)>£] = _dt (I)mn(XO) (I)mn(Xo) gl‘ (36)

e=0

Returning to our expression for the right side (3.3) and substituting from
(3.5) and (3.6), the Euler-Lagrange equation determined locally near t = tg
by the variation x in the x; coordinate is

d N / )
dt [sz(tvx()’XO)] - sz(t’XO’XO) mn(t XO,XO) (I)acn( 0)
, d (bxz (XO) d / (I)xe (XO)
Eﬁtmxﬁa{x< J*aﬂﬁ““”Jﬁag&J
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This immediately simplifies to
d / / 1 d / /
E [Fpe(t,X(),XO)] = Fxl(t,XO,XO)‘Fm — (t,Xo,XO) - Fxn(taXmXO) (I)xe'

dt
This equation holds for each £ =1,2,...,n— 1 and for to — 0 <t <ty + d;.
Thus, setting

1 d , ,
At) = T, (x0) [%val(taXO’XO) - Fxn(th,Xo)} )

which is independent of ¢ and &, we have

d :
7 [F}, (t,%0,%0)| = Fy, (t,%0,%0) + A(t)®,, forj=1,2,...,n

with the last equation following directly from the definition of \. If j € I(ty),
the set of indices for which &, (ty) # 0, then there is some open interval
around ¢y on which

1 d
At) = W %ij (t,%0,%0) — Fy, (t, %0, %p) | -
As noted above, this means the definition of A(¢) given in terms of the average
over indices in /(t) is global and unambiguous. O

Exercise 28. State and prove a version of Theorem 12 which applies to
applies to constrained minimization with respect to a constraint of the form

d(x,x') =c.



