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Physics 5153 Classical Mechanics
Solution by Quadrature

1 Introduction

In the previous lectures, we have reduced the number of effective degrees of freedom that are needed
to solve the equations of motion. This was done by finding integrals (constants) of the motion.
The first step was to determine which variables are cyclic, since these lead to conserved momenta.
Once the initial conditions are specified for the problem, the momenta are known for all time.

If the system is conservative, we found that the Jacobi integral (T — Tp + V = h) is also an
integral (constant) of the motion. In cases where all the variables are cyclic except for one, the
Jacobi integral can be directly integrated

dg (1)
fq)

and the time dependence of the remaining generalized coordinate determined. In this case we say
that the solution is found by quadratures. That is, the solution is given as an indefinite integral of
a single variable. Our goal in this lecture is to determine when an equation of motion is separable,

and can be put into a number of equations of the form of Eq. 1, that is we would like to know when
an equation of motion can be solved by quadratures.

¢=flg = dt=

1.1 Liouville’ System

First recall that a system having n degrees of freedom requires 2n integrals (constants) of the
motion for the complete solution of the equations of motion. These 2n integrals of motion are
effectively the initial conditions for the second order differential equation of motion. As stated in
the introduction, is n — 1 variables are cyclic, then the variables can be removed by use of the
Routhian method. This leaves us with an equation of motion in one variable. Furthermore, is the
system is conservative, then the equation is solved directly by quadratures.

Let’s assume that we have a conservative holonomic system. In addition, assume that there are
not enough cyclic variables to guarantee separability as given above. It may still be separable, if it
is an orthogonal system, that is, it is a natural system and there are no cross terms (¢;g; @ # j) in
the kinetic energy.

Let’s consider the following general example, which we will show is separable, that is, solvable
by quadratures. Assume that the kinetic and potential energies are given in the following forms

T = %fzq'iz V= %Zvi(%) (2)
i=1 i=1
where .
fF=Yfila) >0 (3)
i=1

Let’s consider the Lagrange equations in the following form
d <6T> ar oV
dt \ 0g; dqi  0Oq

(4)
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Substituting the kinetic and potential energies from Eq. 2 into Lagrange’s equation gives the fol-
lowing equation

10 10v; VOf;
< (fin) - f’zj - F el o )
Since this is a natural system, the Jacobi (energy) integral is given by

1. &, lem ., 1
T+V:§f2qj+V:h = 5jz:;qj—?(h—v) (6)

Jj=1

Next substitute Eq 6 into Eq. 5 and simplify

—(f@) —=5—+—=-—=0 7
" Fo, " T oy g
Now multiply this equation by 2f¢; and obtain
d 2.9 afz . d 2.9 d
- 2\ _9p 2 2 — el 2y — 9~ .

where the right hand side of the second term is a total derivative since each term only depends on
¢;. Integrating, the result is

f262 = 2[hf; — v; + ci 9)

Next sum over ¢, where we find the following

Zci =0 (10)

which can be shown using Eqgs. 2, 6 and 9. Hence the ¢; and h together form n independent
constants of the motion. (Note that there are only n — 1 independent ¢;, otherwise all the ¢; would
have to be zero.)

The remaining n constants of the motion, can be derived using Eq. 9 in the following form

dgi  \2(hfi —vi + )
dt f

(11)

which implies

d d dgp dt
a1 42 L q _ (12)

V2hfi —vite)  20hfa— vzt ca) V2hfn —tnten) T

where 7 is a time-like parameter. Each differential expression is a function of a single ¢;, so the
problem is reduced to quadratures. Integrating these equations produces the remaining constants
of the motion.

This system can be generalized to become a Liouville system, replacing dg; with M;(q;)dg; to
obtain

T = %f;Mi(Qi)qu (13)
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where we assume that M;(g;) > 0. The potential energy (V) remains as before. A natural system
having the kinetic and potential energies in this form is called a Liouville system.

By making the transformation ¢; — /M;(¢;) gi, the solutions for a Liouville system are as in
Eq. 12 given by

dq dgz dqn dt
_ Y _at 14
Vo) Ve @) o) T )
where 9
gbz(ql) = M(hfi—vi—i-ci) (i: 1,2,...,n) (15)

Using Eq. 3, multiplying Eq. 14 by f;, and summing over i, we obtain

fidg; - / fidgi
=dt = ——=t—-[ (16)
Z V ¢i(gi) ; V ¢i(gi)
Similarly, taking differences of the indefinite integrals of Eq. 14, we have

_da / di — 3. i —1.92 n 17
/\/¢1(Q1) V#i(45) o G=L2.n) i
where the first integral is chosen arbitrarily as a reference. Thus, these two sets of equations provide
n independent constant the (1, (o, ..., By, which, with the previous n — 1 ¢; and h, constitute the
required 2n independent constants of the motion.

In evaluating the integrals of Egs. 16 and 17, a question arises concerning the sign of /;(q;)-
Since f is positive, we from Eq. 14 find that /¢;(¢g;) has the same sign as dg;. This is important
in the study of libration motions, that is, motions in which one or more ¢’s oscillate between fixed
limiting values.

1.2 Example

As an example, let’s consider the spherical pendulum shown in Fig. 1. Reduce the problem to
quadratures and obtain the integrals of the motion.

Before attempting the solution, we determine the kinetic and potential energies using an appro-
priate set of generalized coordinates. We start by writing the Lagrangian in Cartesian coordinates

1
L= §m(jc2 + 92 + 2%) —mgz (18)

Before specifying the point transformation to an appropriate set of generalized coordinates, we must
determine the number of degrees of freedom. The Lagrangian as given above has 3 coordinates,
but there is a constraint among the coordinates (x2 +y?+ 2% — ¢ = 0). Hence, there are 2 degrees of
freedom. The point transformations that are required to express the Lagrangian in the generalized
coordinates (0, ¢) given in the Fig. 1 are

x = £sinf cos ¢ i = 00 cos 0 cos ¢ — ¢l sin  sin ¢
y = £sinfsin ¢ = = 00 cos fsin ¢ + Gl sin b cos ¢ (19)
z=/Lcosf 5= —0lsin0
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Figure 1: Spherical pendulum along with coordinate system.

where the constraint has been taken into account. Hence, the Lagrangian is transformed to the
following form

L= %m€2(92 + ¢?sin? 0) — mgl cos (20)

We can now solve the problem using two different methods.

1.2.1 Method 1

In this method, the problem will be solved by removing the cyclic variables from the Lagrangian
by using the Routhian method. We use the Lagrangian given in Eq. 20

1 . .
L= 5me2(02 + ¢?sin® ) — mgl cos 6 (21)

Note that the Lagrangian has a single cyclic coordinate ¢, with the associated generalized momen-

tum given by
oL .
— =mlPsin?0 = Qg (22)
o¢
where oy is the constant momentum in the ¢ direction.
Next we calculate the Routhian

2

R=L-« qﬁ:lmﬁé?—L—mgﬁcosG (23)
¢ 2 2ml2 sin? @
where qu has been eliminated as expected. Notice, that the Routhian can be written as a natural
System
1 .
T = Smi*0®
9 = R=T -V (24)
/ Y Y, 0
= ————— -+ mgtcos
2m/f2 sin? 0 g

Hence, we can immediately write down the (Jacobi) energy integral

2

h—T’JrV/—1 20— 0 4 mgleosd (25)
N — ™" 2me2 sin? 0 1Mgeeos
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This can be solved for the velocity 9

. 2 .
0= \/m—ﬁ(h —mglcosf — ai/(2m€2) sin? 0) (26)
which can be written as follows
(2 sin 0do
g — - me* sin i (27)
2me? sin® 0(h — mglcos0) — o
This equation can be integrated to give
0 2 o
14 0do
t—toz/ 2.2m sin i (28)
6o 2mA?sin” 0(h — mglcos0) — o

The sign of the square root should be the same as df stated earlier, since any change in df causes
a positive change in dt.
Next we calculate ¢(f). Start with the generalized momentum

dt
dp = ——————— 29
¢ me2sin? 6 (29)
Next substitute for dt
043) do
a6 = (30)

sin 0\/2m€2 sin? §(h — mgl cos 0) — aé
integrating this equation gives

0 ai do
o-on= [ (1)
%0 sin 9\/2m€2 sin? (h — mglcosf) — ai

Thus, we have obtained the 4 constants of the motion oy, h, tg, and ¢q.

1.2.2 Method 2

We will express the system as a Liouville system. The kinetic and potential energies in the gener-
alized coordinates shown in Fig. 1 are

1 I
T= §m€2(02 + ¢*sin? 0) V =mglcosd (32)

Notice that the system is orthogonal, since the kinetic energy depends only on the square of the
generalized velocities and there are no cross terms. The standard form of the Liouville problem,

1 n - 1 n . n
T= 5]‘"; Mi(@)d? V=5 ;mqi) with  f = ; filar) > 0 (33)
Writing the kinetic and potential energies in this form we get
1 2 2 L o 9
T = 3 (mt? sin” 0) {sin209 + ¢ (34)
1 2 3 a2
V:m{m gé Sin QCOSG}
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Therefore, we find the coefficients to be

1
fo(0) = mt? sin® 0 Mpy(0) = ——
sin” 0

fo(9) =0 My(g) =1 vp(¢) =0

vg(0) = m2ql3sin?  cos 0 (35)

Next, we give the ¢;(¢g;) for this problem

Py = 2sin? O[ml? sin? O(h — mgl cos 0) + cg)

2
¢i(qi) = ~(hfi —vi+e) = {% ~ 90,

M;
and using Eq. 10, we find the ¢; to be
%es = —2cg = |mPosin’0] = a2 36
C¢_—09_{m ¢ sin } = ay (36)
Finally, we arrive at the result

0 s .3 9 ¢ 0 de
M ity [ Ao [ o O gy )
6o ?

6o \/Po(0) V60 (0) o V/2¢s 60 /0 (0)

which after substituting for ¢;(g;), we find the same result as using the other method. Notice that
we have arrived at the 4 constant need, ¢y, cg, ¢, and tp, which all given by the initial conditions.
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