Chapter 1

Newtonian Mechanics

1.1 Definitions

Classical Mechanics is the theory governing the motion of particles. The theory
is unchanged since it’s discovery by Newton.

Point particles are idealized particles whose internal dimensions and prop-
erties can be neglected. The motion of a point particle can be completely
described by the particle’s position as a function of time in some coordinate
system. The coordinates of the particle’s position at time ¢ is denoted by a
vector r(t).

The particle’s instantaneous velocity v(t) and acceleration a(t) in this coor-
dinate system are defined by

_dr

v(t) = S (1)
2[‘
a(t) = %(t). (1.2)

I use MKS units where distance is measured in meters, mass is measured in
kilograms and time is measured in seconds.

1.2 Experimental observations

1.2.1 Principle of Newtonian determinacy and Newton’s
second law

A fundamental observation (recognized by Newton and nicely discussed in Arnold’s
book) is that the particle’s position, r(t), is a nhy6function that depends only on
the time ¢ and the coordinate and velocity of the particle at some earlier initial,
time ¢t = tg. Arnold refers to this observation as the principle of Newtonian
determinacy. This can be written mathematically as

r(t) = R(t, to,r(to), v(to))- (1.3)
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2 CHAPTER 1. NEWTONIAN MECHANICS

That r(t) does not depend on higher order initial derivatives of the position
with respect to time or the past history of the particle’s position is a profound
observation.
If T differentiate this equation twice with respect to ¢ and set the initial time

to the current time, tg =t, I get

d’r _ 0?

el a(r(t),v(t),t) := wR(tJ,r(t),v(t)) (1.4)
where the partial derivative in the term on the right acts only on the first ¢
variable. Expressing the instantaneous velocity as the derivative of the particle’s
position gives the second order differential equation:

d’r dr(t)
el a(r(¢), o ,1). (1.5)

Thus the principle of Newtonian determinacy indicates that motion of the
particle is governed by a second order differential equation in time!

The acceleration function is not completely arbitrary. Since real particles
do not spontaneously disappear, physically acceptable acceleration functions
lead to second order differential equations whose solutions can be extended for
all time.

Next I use the concept of inertial mass to decompose the acceleration func-
tion into a part that depends on the particle and a part that is independent of
the particle.

If T consider two different point particles connected to identical springs, the
two point particles will experience different accelerations. This means that in
addition to the initial position and velocity, the acceleration function depends
on additional properties of the particle. A second important observation is
that in some preferred coordinate systems the acceleration functions for different
particles are related by a multiplicative constant. The preferred coordinate
systems are called inertial coordinate systems and in these systems the
acceleration function can be separated into a product of a constant that is
characteristic of the particle and a vector-valued function that is independent of
the choice of particle. In inertial coordinate systems the second order differential
equation can be put in the from

d’r

m ey = F(x(t). (1), 1). (1.6)

The constant m, characteristic of the particle, is called the inertial mass of
the particle and the quantity F(r(¢),(¢),t), that only depends on the particle’s
coordinate and velocity, is called the Force on the particle. This equation is the
familiar form of Newton’s second law. The MKS unit of mass is a kilogram
and MKS unit of force is a Newton (kg - m/s?).

For example, for a fixed linear spring with force constant k, the angular

frequency w := \/% of oscillation depends on the inertial mass of the particle
and can be used to distinguish particles with different inertial masses.
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The inertial mass permits a clean separation of the acceleration function into
a part the depends of properties of the particle and a part that depends of the
initial conditions and the rest of the system on the right.

These considerations generalize to systems of IV interacting point particles.
The result is a set of coupled second order ordinary differential equations of the
form P2 p p

r; r r
migy = Filon i g ey 0

In this case the particle’s coordinate as a function of time, r;(t), is the solution of
3N coupled second-order differential equations. The solution requires specifying
the initial coordinates and velocities of all N particles.

(1.7)

1.2.2 Local solutions

The equations of motion (1.6) can be equivalently expressed as a system of 6N
coupled first order differential equations

dVi 1

dt :EFi(rh'"rNyvlv'” 7VN7t) (18)
dI‘i
— 1.
i (1.9)

Integrating these equations from ¢y to t gives an equivalent system of integral
equations that incorporate the initial coordinate and velocity:

Vi(t) = Vi(to) + / miiFi(I'l (t/), s rN(t'),vl (t/), s ,VN(tl),t/)dt/ (1.10)

to

I‘i(t) = I‘i(to) + /t Vi(t/)dt/. (111)

to

For small t — ty this system can be solved by iteration. The iterative solution is
given by

vi(t) = khj& vE(t) (1.12)
ri(t) = Jim i (t) (1.13)
where the initial values are
VO(t) = vi(to) (1.14)
(1) = r,(to) (1.15)

and the k-th approximations can be expressed in terms of the & — 1-th approx-
imation as

t
1
Vf(t) = Vz'(to) + / EFi(rlf_l(t/% e r];:\/'_l(tl% Vlf_l(t/)v o 7v§:\/_1(t/)7 t,)dt/
t (]
’ (1.16)
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t
rf@)::ri@0)+l/'vf_1@ﬁdﬂ. (1.17)
to

This is just the iteration used by Picard to prove the existence of local solutions
of systems of differential equations. The convergence of this method has only
been established for sufficiently small ¢ — tg. It is much more difficult to find
stable computational methods for finding solutions that are valid for all time,
however independent of mathematical considerations, physics considerations re-
quire that acceptable physical forces must be of the type that have solutions
that are valid for all time.

1.2.3 Galilean invariance

A third important observation is called the Principle of Galilean Relativity.
It states that for isolated systems the form of the dynamical equations is the
same in all inertial coordinate systems.

For the special case of a single point particle in the absence of forces the
equation of motion in an inertial coordinate system is

d’r

dt?

The form of this equation must be the same in any inertial coordinate system.

The form of equation (1.18) is preserved by (1) changing the origin of the

coordinate system by a fixed constant vector (2) changing the origin of the

coordinate system by a fixed constant velocity (3) rotating the coordinate system

about a fixed point (4) or changing the time by a fixed amount. Combining these
transformations defines a new inertial coordinate system:

= 0. (1.18)

r, — I‘; = Rr; + vot + g (119)

t—t' =t+c (1.20)

Transformations generated by these elementary transformations are called Galilean
transformations. Here ry and v are constant vectors and R is a constant 3 x 3
orthogonal matrix with unit determinant. The orthogonality ensures that it pre-
serves the length of vectors and the condition on the determinant ensures that

it does not include transformations that involve space reflection. Later I will
show that these transformations are rotations.

Equation (1.18) are also invariant under changes of length or time scale,
but these correspond to changes in distance or time units. When we consider
interactions which have dimensions, they will also scale according to their di-
mensions.

It is an easy exercise to show (1) the composition of two Galilean transforma-
tions is a Galilean transformation (2) the identity is a Galilean transformation
(3) every Galilean transformation has an inverse (4) the composition of Galilean
transformations is associative.

These properties imply that the Galilean transformations define a mathe-
matical structure called a group under composition. This is called the Galilean
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group. The elements of this group are coordinate transformations that relate
different inertial coordinate systems.
The Galilean transformations can be expressed in matrix form as

r R v rg r
v l=( 0 I t t . (1.21)
1 0 0 1 1

The requirement that the equations of motion for an isolated system have
the same form in any inertial coordinate system also restricts the structure of
the allowed forces, F;(ry---ry;¥1 Ty, t):

Invariance with respect to spatial translations means

Fi(ri---ry;tp--- Py, t) =Fi(r; —a---ry —a;ry -+ Iy, t). (1.22)

Choosing a = r; means that the force for an isolated system in an inertial
coordinate system only depends on coordinate differences.
Invariance with respect to time shifts requires

Fi(ry---rn;tp-- -, ) =Fi(ry vy - Iy, t — ). (1.23)

Setting ¢ = —t implies that the forces have no explicit dependence on time.
Since coordinate differences are preserved under shifts by constant velocity,
invariance with respect to shifts by constant velocity implies

Fi(rl —I;-- ~rN—ri;I"1 . I‘N) = Fi(rl —I;-- 'I‘N—I‘i;I"l —V:: ~i‘N—V) (124)
Setting v = r gives
Fi(I‘l . -rN;i‘1 . I‘N7t) = Fi(I‘l —r;---ry — ri;i'l — I',L . I‘N - I‘Z) (125)
which means that the forces depend only on velocity differences. Invariance of
the form of the equations of motion with respect to rotations means
Fi(rp —rj-ry —10 — 1 Iy — 1) =
R7'Fy(R(r; —r;) - R(ry —r3); R(Fy — 1) - R(Fn — 1)) (1.26)
or
RF;(r1 —r; Ty — T30 — Iy — 1) =
Thus forces consistent with the principle of Galilean relativity in an inertial
coordinate system requires the the forces have no explicit time dependence, are
functions of coordinate and velocity differences, and are vectors constructed out
of the coordinate and velocity differences.
This principle applies to the universe or isolated subsystems in inertial co-
ordinate systems. This principle does not apply to subsystems that are not

isolated from their environment, and requires modification in non-inertial coor-
dinate systems.

End of first lecture?
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1.2.4 Inertial reference frames

The group of Galilean transformations tells one how to transform from one
inertial coordinate system to another one, but it does not give any indication
of how to experimentally determine if a given coordinate system is inertial. To
answer this question it is useful to consider how the equations of motion are
modified in a non-inertial coordinate system.

1.2.5 Accelerated reference frames

To understand this problem it is useful to postulate a dynamics formulated
in a fixed inertial reference frame and consider how the dynamics looks in an
arbitrary frame.

Consider general coordinates y; related to inertial coordinates r; by

yi =yi(ri,t). (1.28)

To use Newton’s laws in an inertial coordinate system I compute the first and
second time derivatives of these coordinates:

dyi dyi dr] | Oy
_ g yidr 1.2
& =2 a (1.29)

J

d?y; B Z Jy; d2rg Z 0%y; dr{ drf
a2 ; ord dt? o orlork dt dt

O%y; drl Dy,

2 : c .
2 oot * o

(1.30)

J
Multiplying by m; and using Newton’s second laws in an inertial coordinate
system gives

d’y; oy 02y, dr! drk
i L= *FY i A CR
m dt2 ; 3qu i@ tm kzjarzzarf dt dt +
0%y; drg m.a2Yi
Lot

m; —
orlot di

It is desirable to express these equations in terms of the new coordinates. This

can be done using A ,
dr? orl (dyF  oyF
i 1 o 2 . 1.32
dt zk:ayZ?f(dt 3t> 32

(1.31)

Using (1.32) in (1.33) gives

d?y; oyi 0%y; arg dy* oy 81"5? dy?
m; di2 _Zj:@rfFi +mi26rfarf zk:ay;n ( dt - ot ) zn:ayﬂ ( dt

kj
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02y, Orl [dyF  oyF 0%y,
2m,; : L o d ; . 1.
"D ri0 (%) (1:33)

This equation looks like Newton’s second law with a transformed force

3 i i (1.34)

j [3
r or;

and three additional inertial forces:

0%y; 87{ dy™ oy 8rf dy Oyl
Fl'_mizﬁrf&’f [zk:ay;”<dt B 8t> zn:@yi"(dt B 315)

kj
(1.35)
%y Orl (dyt  OyF
F Z:2 i - L o 2 ].
2 m %:argat OyF ( dt ot ) (1.36)
and
*yi

The inertial forces can be distinguished from the transformed force by the ap-
pearance of the inertial mass m; in these forces. In addition they do not vanish
when the applied forces vanish, i.e. F/ = 0. This means that particles in
non-inertial coordinate systems will experience spontaneous acceleration in the
absence of applied forces.

These inertial forces are familiar. They include the force that pushes you
back in you seat when an airplane takes off.

This equation suggest that a coordinate system for an isolated system is
inertial if in that coordinate system a particle’s acceleration is inversely pro-
portional to its inertial mass. Clearly, for the inertial forces the acceleration is
independent of the mass, so non-inertial coordinate systems do not have this

property.

1.2.6 Gravity

The problem with the test described above is that while it works fine for elec-
trical forces, it fails for gravitational forces. This is because of the remarkable
observation that the gravitational “charge” of a particle is identical to its inertial
mass. As a consequence of the equivalence of the inertial and gravitational
mass the masses cancel on both sides of the equation and the particle’s accel-
eration is independent of its mass in all coordinate systems. The equivalence of
the gravitational and inertial mass is not explained by classical mechanics. In
classical mechanics both masses have very difference origins. This observation
is a consequence of the theory of general relativity.
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1.2.7 Newton’s first law

If the force on a particle in an inertial coordinate system vanishes, then the
particle’s acceleration is zero. Integrating the differential equation (1.6) with no
force term gives

r(t) = v(to)(t — to) + r(to) (1.38)

which means that the particle moves with constant velocity. This is the content
of Newton’s first law.

1.2.8 Conservative forces

Many forces in nature are independent of velocities and are derivable from a
single-valued potential function. I consider potential functions that do not de-
pend on the particle velocities. A set of forces are conservative if they can be
written in the form

0
ari
for some single valued potential function V(ry ---ry).

The work done, W4 g[v], by a force along some path y(\) between r4 and
rg is

Fi = V(I‘l -~'I'N) (139)

1
F-dr:/ F- Do (1.40)
0

Wa,sly] = / "IN

~

where y(0) =r4 and 4(1) = rp.
For a system of particles this is replaced by

1
dry;
Wa,sl] :=Z/ Fi-dri=/ >F,-Xax. (1.41)
4 i 0 i

where v;(0) = r;4 and v;(1) = ;5.
The work done by a conservative force is independent of the paths used to
get from the initial to the final points.

Wa,s[] :z/o ZF,ZA’A”dAz/(—ViV(%(A),--- ,ny()\))-C(l;\id)\: (1.42)

Ld
/0 V) (A)dA =

Viyi(1)--an(1) = V(y1(0) - --yn(0) =
V(I‘lA,“' ,I‘NA)f‘/(I‘lB,“' ,I‘NB)) (143)

which only depends on the endpoints of the paths, not the specific path.
For a closed path, rip =r;4

- (1) =7:(0) (1.44)
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and for a single-valued potential
Vvi(1)--yn(1) = V(71(0)---yn(0)) =
V(ria, -+ ,rna) = V(ria, - ,ryva) = (1.45)

This can be expressed in the form
Zj{ F,-dr; =0 (1.46)
i Yi

for any closed path v = (y1(A),...,vn(A)).

1.2.9 Newton’s third law

For a Galilean invariant systems interacting with velocity-independent conser-
vative forces the potential only depends on the coordinate differences. This
means that the potential functions satisfy

V(ry, N, t) =V(ry —tn, -+ ,TN_1 — TN, 1) (1.47)

It follows that the net force on this system is

N N ot N—-1 g ot
ov ov. oV
F‘:_ — —_— ) = . 14
i:zl Z i Ori i;(ari 8ri> ’ 49

Which shows that the net force on a translationally invariant conservative sys-
tem with velocity independent forces is zero. When applied to isolated systems
of two particles it means that the force on particle 1 due to particle 2 is the
negative of the force on particle 2 due to article 1. This is the usual form of
Newton’s third law.

1.2.10 Macroscopic particles - elementary conservation laws

Consider a macroscopic particle consisting of many point particles. Assume that

each point particle experiences (1) an applied external force and (2) Galilean

invariant conservative forces due the other point particles in the system.
Define the total inertial mass

M:=>"m; (1.49)
and the center of mass coordinate
R :— ;;’\Zr (1.50)
In terms of these quantities

’R Mm; d3r; d?ry
MEZ = - SN, 1.51
az T LM d ;m a2 > (1.51)

%
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ov

613
The sum of the derivatives of the potential vanishes (1.48) due to the Galilean
invariance of the conservative inter-particle forces. It follows that the total force
on the macroscopic particle is the vector sum of the applied external forces on
the system. Summing over the particles gives

ZFi = — ZTV + ZFiezt (153)

F, = + Ficxt (1'52)

It follows that

’R
M~ = ZFm (1.54)

which as the form of Newton’s second law for a point particle of mass M and
coordinate R being acted on by a force Fouy := Zi F;cut-

The means the center of mass coordinate of the system behaves like a point
particle being acted on by the sum of the external forces on the system. This
justifies treating a macroscopic system of point particles by an idealized point
particle. This equation holds independent of all of relative motion of the con-
stituent point particles.

1.2.11 Conservation Laws

Symmetries in classical mechanics are normally associated with conserved quan-
tities.

In the above analysis the translational invariance of conservative force en-
sures that the corresponding potential was only a function of coordinate dif-
ferences. This in turn showed that the sum of all of the inter-particle forces
vanish.

In the absence of external forces equation (1.54) becomes

PR d (. dR
M—m =2 (Mdt> =0 (1.55)

The conserved vector quantity

dR
P=M— 1.56
o (1.56)
is called the linear momentum of the system. The above equation shows
that all three components are conserved in the absence of external forces.
From the definitions it follows that

dR dr;
P:Mdt:;midrt ::zi:pi (1.57)

where p; :=m; ‘;‘;‘ is the linear momentum of particle i.
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The quantity
L:=RxP (1.58)

is called the angular momentum of the system. Note that its value depends
on the position of the origin of the coordinate system. Note that for an isolated
Galilean-invariant system

dL dR dp 1
this vanishes in the absence of external forces or more generally when the ex-
ternal torque

T:=R x F (1.60)

vanishes. It follows that in the absence of external torques the angular momen-
tum of the system
L:=RxP (1.61)

is conserved. The last conservation law follows from

d’R dR 1__d dR dR 1
0o=M— - —=-M—(——)=—P P 1.62
dt?  dt 2 dt( dt dt ) 2M ( )
which shows that in the absence of external forces the total kinetic energy is
conserved.
These conservation laws hold for isolated systems or isolated point particles.
We will discuss a more general treatment of conservation laws in the next section.

End second lecture
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Chapter 2

Lagrangian Dynamics

2.1 Problems with constraints

Many mechanical system involve constraints. In addition to explicit forces, the
system also has forces due to the constraints that are often not explicitly known.

There are many different kinds of constraints that may be relevant for an
isolated system. A holonomic constraint is a relation of the form

f(I'1,"' ,I‘N,t)zo (21)

that constrains the particle’s coordinates. The time dependence means that
these constraints can depend on time. Not all constraints are holonomic. Some
elementary examples of non-holonomic constraints are

2 4 g2 < 2
f(%aadéiévvt):o
d>ouCi(ri, - ry) - dr; =0 (unless ¢; = g—i for some g).

The method that I discuss for treating holonomic constraints can also be applied
to the third kind of constraint listed above, called differential constraints.
There are two problems when a system is subject to holonomic constraints.

1. Because of the constraints, not all of the coordinates are independent.
2. The forces of constraint are not explicitly known.

An important observation that helps to solve both of these problems is that
the motion is normally perpendicular to the forces of constraint, so the con-
straint forces do no work. For example, the normal force on an inclined plane
keeps the particle on the plane, but it does no work as the particle slides down
the plane.

13
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2.2 Principle of virtual work

I begin by considering a system of N point particles. Newton’s second law
implies
dp;
dt
Here F; represents the sum of all of the forces on particle ¢ including the con-
straint forces. It follows that for an arbitrary infinitesimal displacement, dr;
that

~F;=0 (2.2)

(dpi
dt
Next I write the force on particle ¢ as the sum of an applied force, F¢, and

a constraint force, F¢

— Fi) . 51‘1‘ =0 (23)

(dPi

dt
I also restrict the infinitesimal displacements so they are consistent with the
constraints. This requirement, along with the observation that the forces of
constraint are perpendicular to the displacement, implies

—F% — F¢) - or; = 0. (2.4)

F¢ . 6r; = 0. (2.5)

Thus, for infinitesimal displacements consistent with the constraints, equa-
tion (2.4) becomes

(dpi
dt
This step has eliminated the forces of constraint from the problem.
If the system has K holonomic constraints then it is possible, by eliminating
variables, to express coordinates consistent with the constraints in terms of
3N — K generalized coordinates, q1 - - - ¢m—3n_K:

—F%)-6r; = 0. (2.6)

r; = I‘i(Ql, T 7Q7n) (2-7)

Arbitrary small displacements consistent with the constraints can be ex-
pressed as

where the small displacements in the 3N — K generalized coordinates are inde-
pendent. Thus for each 4

T Pt ) (2.9)
5 94

dt

If T sum (2.9) over 4, because of the independence of the dg;, the coefficient of
each d¢g; must vanish. This gives the following 3N — K = m equations:

dpl a 5‘1‘1- -
> 7 fFi)aqj =0 (2.10)

%
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for 1 <j<m.
Now I use some elementary calculus to express (2.9) and (2.10) in a more
useful form:

dp; Or; d,  dr; ar;
Sy ST

dt  Oqy “dt T Oqi
d dI‘Z‘ 8r,~ dI‘,j d 8r,~
Rl A Al B A 2.11
Zi:dt(m & 9. Zi:m TR (2.11)

Note that
d or; 0%r; dg 0%r; B
0O " Dgdqr dt " 9qidt
1o} aI‘Z d(ﬂ 8['1- o 1o} d[‘i
g, Oq, dt = Ot )= gy, dt

I also observe that because

) (2.12)

dr; Or;dq Or;
= = 2.1
dit  oq dt ot (2.13)

it follows that
aI‘i o 81'2

oq  Oq’

(2.14)

where ¢ = % and r; = ddrti.

Using (2.11-2.14) in (2.10) gives

_ dpz  pa or;
o Z Fi) Z 3%

Emi(i@‘i"-?z%‘i‘? ) - T T -
S (050 D)
fog @) oy S @) F g -
e

where T is the kinetic energy of the system:

T .= Z “ drl (2.16)

With these substitutions equation (2.9) becomes

> (g ~ a7~ @) o =0 17
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and equation (2.10) becomes

d 0 0
- T =0: 1
(dt aq] aqj') QJ (2 8)

where

a ari
Q=) Fi- 5 (2.19)

i
is called called a generalized force. When the applied force is conservative
then the generalized force takes on a simple form

a 8ri N
Q; ::ZFi : B4 =

L= (2.20)

Since the potential is independent of velocities I can replace (2.20) by

d 0 0
_ (29 9y 2.21
Qj (dt 8(]] aq]' ) ( )
Using this in (??) gives the following system of equations

The quantity L =T — V is called the Lagrangian of this system. The differ-
ential equations (2.22) are called Lagrange’s equations. The standard form
of Lagrange’s equations is

4oL 0L _ (2.23)
dt an' a(Jj
For a conservative force equation (2.9) becomes
d OL 0L
—— — —)dbq; = 0. 2.24

For conservative forces these equations are equivalent to Newton’s second
law. One advantage of Lagrange’s equations is that the dynamical input is
a single scalar quantity L rather than a number of vector forces. A second
advantage is that in the Lagrangian formulation it is not necessary to know
the forces of constraint to find the equation of motion of the particle. Finally,
the Lagrangian allows one to use any set of convenient generalized coordinates.
This is true even when there are no constraints on the system.

End third lecture?
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2.2.1 Forces of constraint - Lagrange multipliers

Lagrange’s equations have the feature that the forces of constraint never appear
in the equations of motion. Sometimes it is desirable to know the forces of
constraint. For example, in designing a roller coaster it is important to know
that the cart stays on the track. The signal for failure is the normal force, which
is a force of constraint, vanishes.

If T return to the principle of virtual work but replace the independent gener-
alized coordinates by the full set of generalized coordinates, still assuming that
the motion is consistent with the constraints, equation (2.9) is replaced by

3N
d OL 0L

j=1

This differs from equation (2.9) in that the sum runs over all 3N generalized
coordinates, however in this case we cannot demand that the coefficient of each
dq; vanish because they are no longer independent.

The holonomic constraints can be expressed in terms of the full set of gen-
eralized coordinates as:

fila--@3sn) =0 1<i<k (2.26)

Because there are k constraints we expect that there are only 3N —k independent
generalized coordinates. The constraints imply the k additional relations

3N
3 M(s% -0 (2.27)
= g,

for any displacements dg; consistent with the constraints.
I add zero to equation (2.25) using some undetermined coefficients \; mul-
tiplied by (2.27) for each 1 < <k T get

3N k
d OL 0L Ofilqr---q3n) o
]; <dt 5. ’ ; by o dg; = 0. (2.28)

This is valid for any A; as long as the particles move in a manner that is consis-
tent with the constraints. I choose the k& \;’s so that for each time the coeflicient
of dg; for 3N —k+1 < j <3N is zero. It follows that

k
i%_%_ZA.M:o (2.29)
8C]j

for j =3N —k+1---3N by the choice of A. For this choice of the Lagrange
multipliers \; the last k& terms in the sum in (2.28) do not appear. The
remaining 3N — k d¢g; in the sum can be taken as the independent generalized
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coordinates It follows that the coefficients of each of them also vanish. This
gives

k
L oL (g1, -

il 50

i=1
forj=1---3N — k.
While the interpretation of the first 3N — k and last k equations differ, the
result is the system of 3N equations:
k
d oL 0L Afi(qy---
77_7_2)% fl(Q1a Q3N) =0 (2.31)
i=1 L4
for 1 < j < 3N. When the k constraints are used in these equations we get
equations that we can solve for the Lagrange multipliers, ;. Comparing (2.31
to (2.18) gives explicit expressions for the generalized forces of constraint:

gai_ai_ik_afi(qlmqw)

X2

. - = Q jconstraint 1< J <3N -k (232)
dt 8(]]' 86]]' P 8(]]' J
Note that unlike equation (2.24) equations (2.32) involve all 3N generalized
coordinates with explicit constraint forces.
This method is called the method of Lagrange undetermined multipliers.
Note that generalized forces can depend on both coordinates and velocities.

2.3 Dissipative forces

Many dissipative forces in nature are velocity dependent. In many cases of
interest it is possible express all of the dissipative forces of a system in terms of
a single scalar function, P, of the coordinates and velocities

opP
d __
Fi= or;

(2.33)

This is true, for example when the dissipative force on particle i depends only
the velocity of particle 7 and coordinates of all of the particles. Even when the
dissipative forces are not velocity-dependent they can be put in this form.

For this type of dissipative force

or; oP Or;
- E Fo. " — E C—— 2.34

i

Using (2.14) this becomes

oP or; oP
@i = Z oF; 04,  0q; (2:35)



2.3. DISSIPATIVE FORCES 19

It follows that the equations of motion for combined conservative and dissipative
forces become

d P
(? ~ a) - or (2.36)
dt 8qj aq]‘ aq]‘
An example of a useful class of dissipation functions P are
o
P=-Y —(i;-i;)"/? 2.37
S0 %) (237)

%

where n = 1 gives static friction forces and n = 2 gives viscous forces.

2.3.1 Principle of stationary action

There is an alternate way to derive Lagrange’s equations. The derivation is
based on a variational principle that has applications that go beyond Newtonian
mechanics.

A functional is a mapping from a space of functions with certain properties
to the space of real or complex numbers. A simple example is

FIfl = 100+ [(720)+ Loar (2.38)

For mechanics applications we consider a system that can be described by spec-
ifying the values of N generalized coordinates, {q¢;}}X.,. Let v;(t) = ¢ be a
path that gives the value of the i — th generalized coordinate of the system as
a function of time subject to the initial and final conditions: ~;(to) = ¢/* and
vilty) = af.

The Action functional, A[y], assigns a real number to a fixed collection of
paths {~;(¢)}. It is defined as

ty
A[’Y] = / L(Vl (t/)7 e any(t/)7 ;YI (tl>7 e 7’?N(tl>7 t/)dt/ (239>
to
where L(q1, - ,qn,q1,- -+ ,4n,t) is the Lagrangian of the system. In general,

the path (¢) may have no relation to the solution of the equations of motion,
except that it has the same initial and final coordinates.

A path v¢ is an extremal path or stationary point of Afy] if the first
variation of A at 7:

3ap; 1) = 0 o 1 Ao = 0 (2.40)

vanishes for all displacement paths, 0(¢), that vanish at ¢t = ¢¢ and ¢ = ¢;. This
means that is extremal with respect to all paths that have the same initial and
final positions for given initial and final times.

It is instructive to compare this condition to the following formulation of a
partial derivative of a function of N variables in the n direction.

dF(r+Xh) OF
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This is stationary at r = rq if the partial derivatives of F' in all directions
vanish at rg. In the functional case vectors r are replaced by functions, and the
direction n is replaced by éy(¢).

End fourth lecture

Next I show that the curves that leave the Action functional stationary are
solutions of Lagrange’s equations with prescribed initial and final conditions.
The condition for the action to be stationary is

dA[yo 4+ A&v]

0 =
dX A=0

(2.42)

where .
f
Ao+ Aby] = / Livo(t') + Ao (), -

to
, YTNO (t/) + )\671\7(1‘;,)7 710 (t/> + )‘671 (tl>7 e 7’yN0(t/) + )\6,7]\7 (t/)a t/)dt/ (243)
where

Fit) = 3 om(t) (2.44)

Differentiating with respect to A and setting A to zero gives:

Ly L dbg;
Z/t (aqz 9 )dt (2.45)

Next I integrate the second term by parts to get

oL d aL
O_Z/ (3% dt@ )>5Qidt+

t;

(:;;5%’) (tr) — (2;5%) (t;). (2.46)

The boundary term vanishes because d¢;(t) = dg;(t;) = 0.
Since the d¢;(t) are arbitrary independent functions, the coefficient of each
dq; in the integral must vanish, giving

OL d 0L

g %(3%

)=0 (2.47)

which are identical to differential equations that I derived using the principle of
virtual work.

The argument that the variational principle leads to the differential equations
proceeds as follows. If I assume by contradiction that the differential equation
is not satisfied for a point on the stationary curve7 them there is a small time
interval containing that point where % — —(8(1 the are strictly positive or

dt
strictly negative. We can choose the dg; to vanish outside of this region and
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have a signs in this region so (g—; — %(%)5% are all strictly positive in this
region. This particular variation of the action about stationary curve does
not give zero, which contradicts the requirement that -y (¢) makes the action
stationary.

There is one difference between Lagrange’s equations derived using the prin-
ciple of virtual work compared to the principle of stationary action. That is
that the principle of virtual work treats Lagrange’s equations as an initial value
problem. The motion is specified by the differential equations and the initial
generalized coordinates and velocities. The principle of stationary action treats
Lagrange’s equations as a boundary value problem. The motion is specified by
the differential equations, the initial and final generalized coordinates, and the
initial and final times.

The variational principle can be used to find extremal solutions to any func-
tional. Before we discuss some examples it is useful to discuss when the extreme

points are local minima.

2.3.2 The second variation

The principle of stationary action is sometimes incorrectly called the principle of
least action. When I consider a function of several variables, a stationary point
is a local minimum if all of the first partial derivatives of the function vanish at
the stationary point and the matrix of second partial derivatives evaluated at
the stationary point is a real symmetric matrix with positive eigenvalues:

ICENEORS DI

0
~
vanishes
1 0% f ; i .
S o) G e (248)
= O

positive eigenvalues

A similar condition is used to determine whether a stationary point (curve) of
a functional is a local minima. In this case equation (2.48) is replaced by

Aly] = Abyo] + WH + %WH P
2
Al] = A[’YoH/Z %[%]M(t)dwé/z W[’Yd%(@%(tl)dtdt'-i” .

(2.49)
where the second term vanishes if the action is stationary at ¢ (¢) and the third
term is positive for non-zero §7y. The quantities

dA[yo + Adv]

dA[v0;070] = N o

(2.50)
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and

d*Alyo + A 0v]
82 Alyo; ] = — 2.51
[v0; 9] D2 o (2.51)
are called the first and second variation of A[] at 79. The quantities

0A

2.52

and 2 4

d (2.53)

F3a(0)07; ) !

are called the first and second functional derivatives of A at 7. In order to
investigate whether the action is a minimum at a path 7y that makes the action
stationary, I express the second variation explicitly in terms of the Lagrangain
as

82 Alyo; 0v] =
/t s {(,)Z;%(vo(t))m(t)m(t) +2 5 an ; (Yo (1)) 8% ()5 (£)+
9*L s ] .
M(’YO(t» ~i(t)6y; (t) }dt. (2.54)

For fixed ¢ (¢) this becomes a quadratic functional in dvy. The strategy used to
determine if the stationary point o(t) is a local minimum of the action is to
look for stationary solutions of the new functional of v,

Floy] := 6* Alyo; 0] (2.55)

If this has a minimum, the minimum will be a stationary dy(t). If these sta-
tionary dv(t) all make this functional positive, then the solution 7o(¢) of the
original problems is a local minimum of the action.
The difficulty with this result is because this functional is homogeneous of
degree 2 in 47,
F[\6y] = N2 F[69] (2.56)

the best that can be hoped for is a minimum of zero. This problem can be
avoided by requiring a normalization condition

- / S Gy ()07 (1)t (2.57)

which simply fires a scale. Rather that using this constraint to eliminate degrees
of freedom, it is more efficient to introduce this constraint using a Lagrange
multiplier. This involves adding the following term in the integrand of (2.54)

1
ty —t;

A(Z 6q;(t)dqi(t) — (2.58)
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I define the-time dependent matrices

0?L

A (t) == 9504, (Yo(t)) (2.59)
0*’L
Bj(t) := m(’)’o(t)) (2.60)
2
Cult) = G (10(0) (261)

Note that A;; and C;; are symmetric while B;; is not. In this notation the
functional F[§v], including the Lagrange multiplier, becomes

/t D {Aij ()59 (£)5%;(t) + 2By (£)5%: (£)67; () + Cij ()87 (£)5; (1) —

ij

Z 87 ()i (t) )}t (2.62)
tp—
Lagrange’s equations for the variation §v;(t) are
d d
dt( ()6%())4_2&( Bji(t)d7;(t)—

This has the form of an eigenvalue problem
> %(Aij (£)5%;(8) + By (£) — Y (Bij(t)3; () + Cij (1)) 67, (2)).
J J
= —X6i;07;(t). (2.64)
This differential equation is a linear equation of the form
Doy (t) = —Aéy(t) (2.65)

where D is a second order linear differential operator. It satisfies

[ewprnae= [vope (2.66)

which can be seen by integrations by parts using the fact the that dv(¢) vanish
at the endpoints of the integral.

It only has solutions for certain eigenvalues A. the solution d7;(¢) for the i-th
eigenvalue is called the i*" eigenfunction. Integration by parts and the boundary
conditions imply

/ Sy (D) (1)t = A, / Byi (1) (1)t = N, / oyi(0)6y; (1)t
. (2.67)
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Subtracting this equation from itself leads to the orthogonality condition

ty
0= ()\z — )\J) 5’)’i(t)5’yj (t)dt (268)
tq
from which one learns that the eigenfunctions are orthogonal. In the case that
there are several eigenfunctions with the same eigenvalue it is possible to con-
struct linear combinations of these functions that have the same eigenvalue and
are orthogonal.

This class of differential equations are called Strum-Liouville equations. The
have the following properties. There are an infinite number of discrete eigen-
values A, with |A\,| — oco. The eigenvalues are real and the eigenfunctions are
a basis for functions 0y(t) on the interval [t;,ty].

Since the equation is homogeneous we can normalize the eigenfunctions so

they are orthonormal
tf
(S’Yi(t)(S’)'j (t)dt = (Sij (269)

t;

The basis property means that an arbitrary dy(¢) can be expressed as
5Y(t) = cndyn(t) (2.70)

where .
f

o = / Aty ()y(1) (2.71)
ti

Evaluating F'[6v] gives

Floy] = F[>_cad¥nl = =D cmen /t | ' 5Ym (YD (), (t)dt (2.72)

n i

> ek (2.73)

which is a sum of positive constants (note the functions and eigenvalues are all
real) multiplied by eigenvalues \,,. Thus, a necessary and sufficient condition
for the second variation of A about the stationary -y (¢) to be positive is that
all of the eigenvalues A, > 0 of the Strum-Liouville eigenvalue equation are
positive. The eigenvalues are the Lagrange multipliers and they represent the
value of the second variation on the n-th normalized eigenfunction.

Next we consider the simplest one degree of freedom case and argue that
initially the stationary solution is a minimum of the action. For sufficiently
small ¢ the motion is determined by the initial coordinate and velocity. The
force only contributes to the acceleration, which is the second time derivative:

r(t) =r(0) + v(0)t + - -- (2.74)

This is the solution of
dr 0

— = (2.75)
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which corresponds to A = m, B = C = 0, The boundary value problem for the
or is

d2
mﬁér = —\or (2.76)
which has the solutions
. A
or(t) = esin(y/ —(ty — t;) (2.77)
m
with eigenvalues
Ap = 82 (2.78)
ty —t;

These are positive for all n, which means that for small time the path followed
by a particle is always the path that minimizes the action functional.

If one investigates what happens for longer times the eigenvalues change
with time depending on the potential. What can happen is that the eigenvalues
can pass through zero and change sign. A point ¢y where the second variation
has a zero eigenvalue is called a conjugate point to ¢;. These are characterized
by having a non-trivial solution to

d . d
S (AGOF0) + (5 (Byt) — (Cy@)ou) =0 (279)
which is called the Jacobi equation.

To understand the role played by the Jacobi equation consider the simple
case of one degree of freedom and let vo(qo, t) be a solution of Lagrange’s equa-
tion with initial condition 7o (t) = go and 40(0) = go. Define

~ 070(qo, 1)

J(do, t) :== Do (2.80)

By definition
VO(QO + €, t) - 70(407 t) = 6J(q.0a t) + 0(6)2 (281)

Since independent of the choice of ¢g, Y0(qgo,t) is a solution of Lagrange’s
equation with the same initial coordinate

d d OL OL
(G55 o (282)

Changing the order of the derivatives gives

i(@dj 82[’ dl_ 8L2 di_ailgdi =0 (2 83)
dt 942 djo -~ 030y djo 930y dgo  Ov* dgo) '
This can be rewritten in the form
d 0L d¥ d O0’L OL?
el i B Y - 2.84
(dt ( 07?2 dqg) (dt 3’&87) 0v? ) ( )
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Inspection shows that this is the one dimensional version of

GO - n - Fog

o (1)) =0 (2.85)

ddo

which demonstrates that ;% satisfies the Jacobi equation.
Note that
J(4o,0) =0 (2.86)

because the he initial coordinate does not depend on ¢y. If
J (4o, ) =0 (2.87)
also vanishes then the final point is also independent of

do (2.88)

to leading order. This corresponds to a conjugate point and leads to the inter-
pretation of the conjugate points as focal points of solutions that start at the
same point with different velocities.

2.3.3 Noether’s theorem

One of the advantages of the Lagrangian formulation of mechanics is that there
is a connection between symmetries of the action and conserved quantities. This
connection is often used in field theories, but the principle also applies to systems
of particles.

To formulate Noether’s theorem consider the following transformations on
the generalized coordinates as time

t—t' =t+6t(e,t) (2.89)

qi(t) = qi(t") + dqile, t) (2.90)

where both dt(e,t) and dg;(e,t) vanish in the limit that e — 0.
Now we assume that the combined transformation leaves the action invariant

Aly,ty ti] = Al ), 1] = (2.91)

Noether’s theorem states that the invariance of the action, (2.91), implies
that the following quantity is conserved for solutions of Lagrange’s equations:

oL dql 8(5t oL 5(5%
Z 94; dt Z 04; 86 (2.92)

To prove this theorem we only need to require that the action is conserved
to leading order in e. This gives

d
— At tl])e=0 =0 2.93
de [’Y, f z] =0 ( )
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which can be manipulated to get the above theorem.
To evaluate this we need to erpand the coordinate and time changes to
leading order in e:

t—t _t+ei’5 (0,1) + o(€?) (2.94)
5(0) = G(t) = 4it) + o 0,1) 4 o(e?) (295)

Since the time is a dummy integration variable in the action, it is useful to use
the first equation to express the right side of the second equation in the same
variable, ¢’, that appears on the left. In doing these we only retain the terms
that are linear in e. Thus (2.95) becomes

() = it — 2 (0,0) + €L (0,0) + o) =
0t — 200 1) 1o+ e 8 0.1) 1 o(e?) =
a(t') — %?(0 t') +e ajq’(o t) + o(€%) (2.96)

Next we use these to express the difference between the transformed action and
original action to leading order in €

tr+e3t(0,tp)+

0= AW, = APyt = [
tite 23t (0,t;)+-

d / dg; 9t , d4g; 2
L (st — S P00, 1) 1+ e 2% 0,1) 4 0(e2), i(1)
dg; 0ot , 04q; , T
T de (0,t") +¢ T (0,") + o(€?), t)dt

- [ LG ). e (2.97)

To expand this out we first write
tr+e3t(0,tp)+
/+s 9L (0,¢;)+++

t; ty+e28t(0,ty)+
/ / / (2.98)
Oét (0 t. )+

The integrand can be expanded in a Taylor series in e. Since the width of the
domain of integration in the first and last integrals is of order € we only need
to pick up the € independent term in those factors, and we only need the first
order term in the middle integral, because the 0 — th order term is subtracted
off.




28 CHAPTER 2. LAGRANGIAN DYNAMICS
Combining everything gives

oot . ot .
=€ ((07tf)L(q7 q, tf) - E(Oatl)L(qa q, tl)) +

de
oL d . 3515 06q
t t
+e2/(q a0+ Z0.n)
oL q 06q
0,t 0,t 2.99
e [ (% a0+ Fhon) 299)
Now we assume that q(t) is a solution of Lagrange’s equation so
oL _d (0L
2.1
a dt ( ) (2100)
Using this and writing the first term in (?7) as the integral of a derivative we
get:
td 65t
= t
0= EZ/ 7 e (O OL(@a )+
ty
JreZ/l 4 <5L fq%(() £ + a(,;ﬁ(o t)) dt + o) (2.101)
Differentiating with respect to € and setting ¢ — 0 gives the conservation law
oL .\ 0dt 0L 0dq
= L —_— _ t _ = t
0= (2-%a) Sron+ 5 - G

is independent of time. It is important to realize (1) this only works if the action
is unchanged to leading order and (2) only for solutions of Lagrange’s equations.

This completes the proof of Noether’s theorem. Now I present some example
showing the implications for Galilean invariance of the action.



