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Abstract

The subject of the course is classical mechanics. The following
topics are discussed:

e Galileian transformations and Newtonian mechanics
e Variational methods

e Principle of least action

e [Lagrangian mechanics

e Symmetries and conservation laws

e Two body systems

e Oscillations

e Rigid body dynamics

e Hamiltonian mechanics

e Hamilton-Jacobi equation

e Special Relativity
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1 Principle of relativity and Galileian transfor-
mations

We will assume the existence of frames of reference (a system of coordinates)
in which the motion of a free particle (on which no force is applied) is uniform,
i.e. it moves with a constant velocity.

free particle: U = constant. (1.1)

Such reference frames are called inertial.

The principle of relativity states that the laws of physics take the
exact same form in all inertial frames.

Let us assume that we know the trajectory (position as a function of time)
of all the particles which constitute a physical system as they are observed in
one inertial reference frame S. Can we compute the trajectories in a different
inertial frame S’? To achieve that, we need to transform the space and time
coordinates (7,t) in the frame S to the corresponding coordinates (7,¢') in
the frame S’. A good guess for (Cartesian) coordinate transformations are
the so called Galilei transformations:

P =RF—7F—Vt, t' =ty+L (1.2)
or, equivalently,

3
T'; = ZRijrj —To, —‘/lt (13)
j=1

where V is the apparent velocity for a point in the frame S’ according to an
observer in the frame S. 7y is the position of the origin of S” as seen in S at
a time t = 0 and tg is the time shown in the clock of S at ¢ = 0. The 3 x 3
matrix R describes the rotation of the axes of S” with respect to the axes of
S and it satisfies:

R'R = 13,3, (1.4)

where 15,3 is the 3 x 3 identity matrix. Equivalently, we write
RijRir = Oj, (1.5)

where 0;; is the Kronecker delta symbol. In addition, the determinant of the
rotation matrix is:
detR = 1. (1.6)



It turns out that Galileo’s transformations are only accurate for small
velocities in comparison to the speed of light: V <« ¢. We will discuss
the correct generalisation of Galileo’s transformations (the so called Lorentz
transformations) towards the end of this course. In the mean time, we will
assume that Eq 1.2 is valid; this is an excellent approximation for a plethora
of phenomena.

1.1 Time intervals and distances in two inertial frames

Consider two events:
Event A: (ta,74),

Event B: (tB, FB),

as observed in the reference frame S.
In the reference frame S’ these events are described by the time and space
coordinates:

Event A: (t;la Fk) = (tA +to, R4 + 79 — VﬁA),
Event B: (3, 7) = (tp + to, Ri'p + 7' — Vip).
The time difference of the two events is equal in the two frames S and S
t'y—ty=ta—tp. (1.7)

Therefore, time intervals are measured to be the same in all inertial frames.
Space distances are also the same in all inertial frames. For two events
occurring at the same time ¢, their space distance is

Ar' = |y — 7| = [RP4 — RFp| = /(Fa — 75)"RTR(F4 — ')
= /(Fa—7p)T(Fa—Tp) = [Fa — 75| = Ar. (1.8)

1.2 Vectors, scalars and rotations

The position of a particle ¥, under a rotation, transforms as:
P—7=R7 detR=1, R'R=1 (1.9)

The position is one of many other objects with the same transformation
under rotations. We can formally define a vector A to be a set of three
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numbers which transforms in the same way as the position vector does under
a rotation:
A—-A=RA, detR=1, R'R=1. (1.10)

For example, time derivatives of the position vector (velocity, acceleration,
..) are also vectors:

di di dRT) . dF

We can define a dot-product of two vectors as

3
A-B=) AB. (1.12)
=1

The dot product is invariant under rotations:

A-B — A.B = ZA;B; = Z(RijAj)(RikBk)

ijk
ijk ik k
— A.B. (1.13)

All objects which are invariant under rotation transformations are called
scalars.

The cross-product of two vectors (such as the angular momentum) is also
a vector. Indeed, if Z, B are vectors then their cross-product transforms as:

AxB— A x B =R(Ax B). (1.14)
To prove the above, consider the dot product
i ik
Under a rotation, this dot product is invariant,
det (A, B, C) — det( A, B, C")=det( RA, RB, RC)
=det{R (A, B, C)}
=det(R)det( 4, B, C)

—

=det( 4, B, C) (1.15)
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and it is therefore a scalar:

(A’xB)-C" = (AxB)-C

~ (A xB) (RC) = (AxB)-C

«»[RT(E/XE/)]-a - (AxB).C
~ (A xB)-C = [R(Exﬁ)}-é (1.16)

Since the above is valid for any vector C', we conclude that
A'x B'=R (A x B). (1.17)
Finally, the gradient differential operator
= o 0 0
=—,—,— 1.18
v (6%1’(9%2783}3) ( )

is also a vector. To see this, we first note that

2} = ZRW% - = R (1.19)
and
, axz
=) Riwj~ o = Rjj = Rj;. (1.20)
] J
Then
V- Zax] ZR-i:Rﬁ (1.21)
oz} Oz — " O, ' '

j

The rotation matrix R is a partlcular case of a Jacobian matriz, in this
case the one for a change of variables. In general, given a vector-valued
function, f : R" — R™ which maps a vector ¥ € R™ onto a vector f(Z) €

R™, that is, given m functions, fi,..., f,., each depending on n variables,
X1,..., Ty, the Jacobian matrixz is defined as,
ofi
Ji; = , i=1,....m, j=1,...,n 1.22
J 8(13']' J ( )

Note that the gradient (1.18) is the particular case of a Jacobian matrix with
m = 1.



Jacobian matrices are also needed to invert functions. In fact, noting that
a function is continuously differentiable if its derivative is also a continuous
function, a vector-valued function is continuously differentiable if the entries
of the Jacobian matrix are continuous functions. If m = n, we can define the
determinant of the Jacobian matrix, usually called the Jacobian,

0fi
il = ’8_:@

, L,j=1,...,n.

The inverse function theorem states that if a continuously differentiable func-
tion f : R® — R” has a non-vanishing Jacobian at a point Z, then f is in-
vertible near Z, and the inverse function is also a continuously differentiable
function.

1.3 The form of laws in classical mechanics

The Galileian principle of relativity requires that all laws of physics are the
same in inertial reference frames. If we can cast our physics laws as vector
equalities, it is then guaranteed that they will have the same form for all
frames which are related by a rotation transformation.

—

Physics law in frame S: A =B
~RA = RB
~» Physics law in frame with rotated axes S": A’ = B’ (1.23)

The principle of relativity requires that the laws of physics take the same
form not only under rotation transformations but also under “boosts” where
two reference frames appear to move with a relative velocity with respect to
each other:

Fo7 =r4+Vt (1.24)
Notice that the acceleration vector
R o A o
a = ? = dt2 = a (125)

F =ma (1.26)



connects the acceleration, a boost invariant quantity, to the force. As long
as the latter is also boost invariant then the Galileian principle of relativity
is satisfied.

You will soon figure out that the acceleration vector is not boost invariant
when using the correct principle of relativity as it is formulated in Einstein’s
special relativity. Therefore, we should not expect that the physical forces of
nature are boost invariant either. Having said that, we will be able to ignore
special relativity in most of our classical mechanics investigations, in the same
way that Newton and many others were oblivious about it when they set the
foundations of modern physics. In particular, our Newtonian understanding
of gravity is consistent with the Galileian principle of relativity.

Consider an isolated system of N-particles which interact with each other
through the gravitational force only. The force acting on the i-th particle in
a reference frame S is

&7 -7
dt i ’Ti — Tj‘

According to the principle of relativity, a Galileian transformation
(t,7) = (t',7) = (t + to, R + Vit + )

should leave Eq. 1.27 invariant. Indeed, this is satisfied. In the new frame,

d*7 7 =7
mi o = —GmeJ y %/3
Ve ‘ -7 |
d*7; T — T
> le—z = —RGZmZm] f fJS
dt i | [ Tj|
027
~ ml—zz = —GZmlmj n (1.28)
dt 7 7"3|

Question: Is the electromagnetic force boost invariant?
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2 Variational methods

Classical mechanics is usually formulated in terms of Newton’s laws in the
form of second order differential equations as in Eq. 1.27. There is an al-
ternative, where we can formulate the laws of classical mechanics by means
of the so called variational principle. It is based on a scalar quantity, called
the action. Before we present this formulation, let us warm up with a few
physics and mathematics problems in using variation calculus techniques.

2.1 The brachistochrone (BpaxtoTos xpovos = shortest
time) problem

z
b (%4, 2q)

<y

(b, 20)

> T

Figure 1: The brachistochrone problem: find which curve connecting (x,, z,)
and (zp, 2) yields the fastest descent.

Consider a point-like object of mass m which is let to slide without friction

on a vertical plane from a point (z,, z,) to a point (z3, 2;) constrained on a

curve x = z(z), where z is the height and x is the horizontal position of the

object. We can compute the velocity of the object at all points (z(z), z) of its

trajectory by using energy conservation. Assuming that the initial velocity
is zero, we have:

L,
Mgz, = Mgz + MV~ v = 29(zq — 2). (2.1)

The elementary distance segment on the curve x = z(z) is given by the
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Pythagorean theorem as:

2
ds = Vdz? +dz? =dz |1+ (%) (2.2)

and the magnitude of the velocity is

d_a?2
Uzﬁ'\/)dt:@:dz 1+(dz)

dt v 29(zq — 2) (2:3)

The total time for the transition is:

T:/dt:/:dz % (2.4)

We are seeking the function z(z) which minimizes the time 7.

2.2 Euler-Lagrange equations

The problem that we have just described above belongs to a more gen-
eral class of variational calculus problems. We seek to find which function
y(t) = ys(t) among all good-behaved functions y(t) yields an extreme value
(minimum or maximum) for the integral

= " @ ({0, (1) (25)

given that the values of the function at the initial and final points in the
integration domain y(t,) = ya, y(ts) = y» are known.
Assume that we have found the curve y,(t) with

yS(tG) = Ya; ys(tb) =Y (26)

1

for which I]y,] is a minimum of I[y] '. Consider now a small deformation

around y;(t)

y(t> = y8<t> + 5y5(t> ) 5y5(t) = 6”7@% e—=0, (27)

!Notice that I[y] is an integral function of a function. Such integrals are usually called
functionals
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where 7)(t) is a smooth function which vanishes at the boundaries

n(ta> = n(tb> = Ov (28)

in order to satisfy that y(t,) = ya,y(ts) = yp. Since I[y,] is an extremum,
we must have that our small deformation (ignoring O(€?) terms) does not
change its value,

Iys] = Ilys + dys]

- ‘/fb 0t F (y(t) + 632(8), () + 63/(1)) (2.9)

We observe that the operations of varying a function and taking its derivative
with respect to its argument commute:

(1) = ot) = e (1) (2.10)

Thus we can Taylor expand the arguments of F', and write

Ml = [ar o)+ [ |Ga+ el + o)
b TOF oF , )
= Iy, —i—e/ta dt [8%77(15) + 8%77 (t)] + O(€?) (2.11)

This yields that
b TOF OF
= dt t t
o= [ _%m>ag<ﬂ
b [QF  d OF b OF
= dt - — dt — t
/ta _ays d ;:| t [ ( )}

a /
b [9F d OF oF o
B /t a Oy, an;] )+ 0y§n(t)

dt (2.12)

ta

The last term is zero due to n(t) vanishing on the boundaries. Thus, the

integral
b [0F dOF
/ta « {ays - ang] () =9 213)

14




vanishes for every function 7(¢). In order for this to happen, we must have:

oF doF _
Oy, dtoy,

(2.14)

This is the Euler-Lagrange equation.

A completely analogous derivation of Euler-Lagrange differential equa-
tions can be made for minimising multidimensional integrals which are func-
tionals of many functions. Given a vector-valued function, y : R* — R™
which maps a vector ¥ € R" onto a vector 3(Z) € R™, that is, given m func-
tions, y1, ..., Ym, €ach depending on n variables, z1, ..., z,, we may consider
the integral,

(2.15)

Iy, ym] = /dxl...dan {yi(f), ayz‘(f)} .

8.%']‘

Requiring that the above integral takes a minimum or maximum value under
small variations of the functions

yi(Z) = 4i(T) + 0yi(@) = w:(T) + ens(T), i=1,...,m,

the integral value should be unchanged:

0 = 6Iy177ym]
— ayl(f)
= 5/dw dx, F {y,(az) }
b Oz,

NOF . == OF
- /dwl...dxn —5yi(:c)+zza 58;:(%) | , (2.16)

= i i=1 j=1 (054:)
where we have introduced the shorthand notation,
0

0,

We use again that the operations of varying a function and taking its deriva-
tive with respect to its arguments commute:

60;yi(T) = 0;0y:(7) (2.17)



and after performing integration by parts, we have

OF <& OF
0 = e/dw...dwn i Oj =7
: Z” Dy Z 70090

—i—eZ/dxl 0, ["Za(g;)] (2.18)

The second term is a total derivative in the z; integration and it vanishes by
requiring that the variations y;(Z) vanish at the boundaries of the integration.
Since the above identity must be valid for an arbitrary choice of functions
n;(Z) we arrive at the general Euler-Lagrange equations:

OF <& OF
-2 =0, i=1,...,m. 2.19
o0~ 250w (2.19)

A particularly useful case is the one of a vector-valued function of one vari-
able, ¥ : R — R™ which maps a variable x € R onto a vector §(Z) € R™,
that is, the case treated above with n = 1. Then the general Euler-Lagrange
equations become

OF d OF
————=0 =1,... . 2.20
ayZ dl’ay; Y ? ) 7m ( )

2.3 Propagation of light

Equipped with the Euler-Lagrange equations (2.20) we consider the propa-
gation of light. Fermat formulated the homonymous principle, stating that
light travels from point to point choosing the path which yields the fastest
time. For such a transition, the total time is

_ /dt: /% (2.21)

where ds is the distance element and v(Z) is the speed of light at the point
Z. This is usually normalised to the speed of light in the vacuum c,

(@) = ——, (2.22)




where n(Z) is the refraction index. Fermat’s principle requires that

1
T = /dsn /\/de—l—dy + dz?n(7)

2 dz
/ 1+ dx (E) n(7)
1S a minimum.

Let us assume that the index of refraction is a constant,

n(Z) = n = const.

/¢ ()4 (%Y

Formally, we can write it as,

Then

TMdz/wFW@JMD

with

P /(@),2/(@) = ST+ y%(@) + 22().

Note that F' does not depend explicitly on y and z.
The Euler-Lagrange equations read:

OF o d or 0
oy dxdy
or dor
0z dr oy
Then computing the derivatives,
oF oF n Y
— =0, -
dy oy c \/1—|—y’2+z’2
OF oF n 2!
— =0, -
0z 02 o\ /1+y?+ 22
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the Euler-Lagrange equations become,

d Y

=0
dx \/1 4 y* + 2

d /
- = 0 (2.29)

d$1/1+y/2+z/2: ’

which can be trivially integrated,

/

Y

Vity?+ 22

Z/

Vity?+ 22

where ¢; and ¢y are constants. The solution of these equations is a straight
line.

Hint: In order to see it, solve first the simpler case of a light ray in the
x — y plane. Then the Euler-Lagrange equation is

6]

Co, (230)

d Y
——=0 2.31
dx /1 + y/2 ( )
which is integrated to
/
- (2.32)
V1+y?
where c is a constant. This can be solved in 3/,
, c
y ==+ =a (2.33)

Vi—e& o

where a is a constant. Integrating it, we get the equation of a straight line
y(x) =azxr +0. (2.34)
Likewise, the coupled system (2.30) can be solved to find that

y(x) = ax+b
z(x) = asx+by. (2.35)

which are the parametric equations of a straight line.

18



Figure 2:  The transmission and reflection of light through a boundary
separating media with different refraction indices

The principle of fastest time yields the correct laws for the reflection
and refraction of light of geometrical optics, stating that the incidence and
reflection angles are the same:

0 = 0 (2.36)

and that the transmitted light from a medium with refraction index n; to a
medium with a refraction index ns is determined from Snell’s law:

ny sin @y = ngy sin O7. (2.37)

Indeed, consider a light ray which passes from the point A(z,,y,) in
Fig. 2 and arrives at a point B(xy,yp) after it gets reflected on a boundary
separating two different media at the point O(0,0). The time required for

this transition is
x? + 2 xZ + 2
V¥aTVa VI T (2.38)
V1 U1
where vy = ;= is the speed of light in the medium at the side of the boundary
where the incident and reflected rays lie. If L = x, — x, is the horizontal

TA—)B =

19



distance with the two points, then we write:

Tassp =mi/a2 +y2 +niy/ (L +2)* + 4 (2.39)

Requiring the above to be a minimum, we find that the horizontal position
x, must satisfy

a71,4—>B o
or, 0
T (L + z,)
N + =
Vai+yl V(L) +y;
~ —sinf; +sinfr =0, (2.40)

which yields that the incident and reflected light angles are the same,
0; = Og. (2.41)

Repeating the same steps for a transition from the point A inside the medium
with a refraction index n; to a point C inside the medium with refraction
index no,

aTA—>C _
Oz,
Tq (L + x,)
> ny + ng =
(L +4)% + 42

~  —nysinf; + nysinfr =0, (2.42)

0

we find Snell’s law,
nq sin 9[ = N9 sin ‘9T- (243)

Interesting phenomena occur when the index of refraction is not uniform.
For example, the atmospheric air density changes with the temperature. The
non-uniformity of the density is responsible for for interesting phenomena,
such as mirage images in deserts or on the surface of a hot road in the
summer and the twinkling of stars. In such media, the trajectory of the light
is not a straight line.
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2.4 Solution of the brachistochrone problem

We can return now to the problem of subsection 2.1. The functional 7" of
Eq. 2.4 can be written as

Tla] = / " 4P (2) (2.44)

1+ 1:’2(2)
F=, /—29(% - (2.45)

Note that F' does not depend explicitly on .
Requiring that the functional (2.44) be a minimum, we can write the
Euler-Lagrange equation 2.14

with

- _ 2 . 2.46
Jxr  dzox' (2.46)
Performing the differentiations,
F F !
or _y. 8—, - i , (2.47)
Oz 0" \/2g(z0 — 2)(1 + 27%(2))

we obtain the second order differential equation:

d x’
il =0 2.48
dz \/(z4 — 2)(1 + 2'%) (2.48)
which, after a trivial first integration, gives:
x/
=—C, (2.49)

V(2= 2)(1+27)

with C' a constant to be fixed by our boundary conditions. Solving for z’, we
obtain:

12 02(2(1_2:)
1= 02(z, — 2)

For the rhs to be a positive definite variable, we must have either

(2.50)

2> zgand C%(z, — 2) > 1,
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or
z < z, and C2(za —z) <1

The first possibility is not physically allowed, since it is not satisfied by the
final point (xy, 2;) which lies lower than (z,, z,).
Let’s now change variables:

%z, —2) =sin2¢, ¢ € [0, g] (2.51)
with p .
z .
The differential equation for x(¢) becomes:
dz C
— =2——sin’ 2.53

It is now straightforward to perform the integrations over ¢ and compute
x =1x(¢),z = z(¢). We can choose that ¢ = 0 corresponds to the first point
(%4, 24) of the curve. This gives the solutions:

C :
x(p) = x4 + SO [2¢ — sin(2¢)] (2.54)
1
2(@) = z4 — 507 [1 — cos(29¢)] (2.55)

Setting ¢ = 0/2 with 6 € [0, |, we have

z(0) =z, + % [0 — sin 0] (2.56)
() = 20 — 2%2 (1 — cosd] (2.57)

Choosing a positive value for C' we obtain solutions where the curve lies to
the right of the starting point (as in Figure 1) while for C' < 0 we obtain
solutions where the curve lies to the left of the starting point. For C' > 0 we
have

z(0) = x4 + 2LC2 [0 — sin 6] (2.58)
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2(0) = z, 1 — cosd] (2.59)

~ 30l
These are the equations of a cycloid. To determine the constant C? we

require that the final point (x,2,) belongs to the curve, i.e. there exists a
value 6 = 6, such that

1 .

Ty = Ty + 507 [0, — sin 0] (2.60)
1

2p = 24 — 507 [1 — cos 0y (2.61)

For any specific value of the pairs (x4, z,) and (z3, ) one can use eqs. (2.60)
and (2.61) to determine numerically 6, and C, and from this the radius of
the cycle generating the required cycloid curve,

1

Exercise 2.1. Determine C' and r for (x,, z,) = (0,1) and (x4, 2,) = (2,0).

You can find a nice demonstration of the brachistochrone problem in this
video.
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3 Hamilton’s principle of least action

After the observation that the behaviour of light can be understood by means
of a “least time principle” and variational techniques, the question arises
whether variational methods can also be used more generally for the study
of physical systems.

The main result of variational methods is the Euler-Lagrange differen-
tial equations. The laws of classical physics, Newton’s laws and Maxwell
equations of electrodynamics were first discovered in the form of differential
equations. The question we are posing here is a reverse-engineering prob-
lem. If we know the Euler-Lagrange equations (physics laws in differential
equations form) can we find the integral functional from which they arise?
Hamilton’s principle of least action states that this is possible.

Consider an isolated system of many particles ¢ = 1... N for which we
would like to know their trajectories, i.e their positions at all times. While it
is common to use Cartesian coordinates, 7;(t), it is often useful to use other
variables such as angles, radii, or even more exotic variables to describe the
trajectory of a particle. We call these generic variables which describe a
trajectory as generalised coordinates.

Assume now that we know at an initial time t; the values of a set of
independent generalised coordinates

as well as the initial values of their time derivarives (generalised velocities)
G (), O (L)

Hamilton’s principle of least action states that the generalised coordinates
and generalised velocities of the system are determined at a later time ¢; by
requiring that action:

s= [ (w5, )] (31)

is minimum:

05 =0. (3.2)
The integrand L of the action is called the Lagrangian. The Euler-Lagrange
equations derived from the principle of least action for physical systems are
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called equations of motion and are given:

d OL 0L

dt o qZ 0q; B

0. (3.3)

We note that the Lagrangian of a system is not uniquely defined. Consider
two Lagrangians L, L' which differ by a total derivative:

df
L'=1L 3.4
o (3.4)

where f is an arbitrary function. The corresponding actions

S’:/tfdw:/tf dtL+/tfdt%:S+f(tf)—f(ti) (3.5)

differ by a constant which vanishes upon taking a variation of the generalised
coordinates:

85" =8S+0(f(ty) — f(ti)) = S. (3.6)
Therefore, Lagrangians which differ by a total derivative yield the same equa-

tions of motion.

3.1 The Lagrangian of a free particle in an inertial frame

We will now find Lagrangians which govern known physical systems, starting
from the simplest case. This is a free isolated particle (does not interact with
other particles) which is observed in an inertial frame. The equation of
motion of the particle is given by

a=0, (3.7)
where the acceleration of the free particle is
G=i= (%1, P, %3) . (3.8)
The Lagrangian:
L= gMmv" = gm, T (3.9)
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yields the correct equation of motion:

o_ 4 OL oL

— =m ryor=0. 3.10
dtgr, Or T (3.10)

Could we have guessed a different Lagrangian, which results to the acceler-
ation being zero for a freely moving particle? For example, a Lagrangian:

L= @)" (3.11)

yields the equations of motion

<i~f)n_1 Fi= 0. (3.12)

For n # 1, in a rest frame where the particle is moving at a certain moment
with a velocity ¥ # 0, we find that the acceleration must be zero. Never-
theless, such equations of motion do not conform with Galileo’s principle of
relativity which requires that under, for example, a boost

P T =T, (3.13)

Eq. 3.12 must maintain the same form, i.e.
2=l oy
(ri ) 7 = 0. (3.14)

It does not, except for n = 1! Instead, one finds a frame dependent form:

@ im0 (GEDE o (3.15)

A comment is appropriate on the constant factor % in the Lagrangian of
the free particle of Eq. 3.9. Obviously, this factor is immaterial in deriving
the equations of motion. However, we will soon extend the Lagrangian to
account for interactions with other particles. When this happens, we will
associate m with the physical mass of the particle. The principle of least
action tells us that the physical mass is a positive quantity m > 0. Indeed,
the general solution of the equations of motion is:

F=0~ 7(t) = A+ Bt. (3.16)
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We can fix the constants X, B for a given transition from a space-time point
(ti,7;) to a space-time point (¢f,7¢). Then, the physical trajectory is given
by

" Lo t=t L
Tohys(t) = Ti + (Ff — 7). (3.17)
tr—t;
The value of the action for the physical trajectory is
. oo 1 (7 —7)°
S Fone(8)] = [ dtLlFun(8)] = L (3.18)
t; f— 4

According to the principle of least action, any other trajectory than the
physical that we can think of to join the space-time points (¢;,7;) and (ts,7)
should yield a value for the action which is greater. Consider, for example a
non-physical trajectory:

t—1;\2
Ton—phys(t) = Ti + (t — t) (Fp— 7). (3.19)
f 7
It must be
S [Paon—phys(t)] = S [Ponys ()] > 0. (3.20)

An explicit calculation shows that

. oo 2 (Fp—7)? A,
S [Tnonfphys(t)] - / dtL[Tnonfphysu-)} = gm% = gS [TthS(t)] .
: o (3.21)

Eq. 3.20 leads to the conclusion that the value of the action for the physical
trajectory must be positive:

. 1 (7p—7)°
S [Fonys(t)] = §m(tffflﬂ> >0 (3.22)

and, since ty > t;, we must have that the mass is positive m > 0.

3.2 Lagrangian of a particle in a homogeneous force

field

Consider a particle subjected to a constant force F. According to Newton’s
law, the equation of motion is

mit — F = 0, (3.23)
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or, in components,
mr; —F, = 0. (3.24)

As for the earlier case of the free particle, the first term of the above equation
can be written as

» d oT
dt 3 r;
where
1 .2
T = im T, (3.26)

the kinetic energy of the particle. We can write the second term as a deriva-
tive:

6(1 iri) 0 - 6( ! 'F)
- — - § Fr,=—— — 7 2
E; - 2 g - (3.27)

The dot product —F-7 is the work done against the force to bring the particle
from the origin of our reference frame to the position 7, or in other words
the potential energy of the particle:

UF)=—F -1 (3.28)

Therefore, Newton’s law for a constant force takes the form:

d oT J0(-U

dor o=t _, (3.29)
dtyr, or;
Given that the potential energy U does not depend on velocities r; and that
the kinetic energy T" does not depend on positions, we can rewrite the above
equation as:

doT-U) AT -U)

=0. 3.30
This has taken the form of Euler-Lagrange equations,
d oL 0L
— — — =0. (3.31)
dt 9 " or;
where the Lagrangian
L=T-U (3.32)

is the difference of the kinetic and potential energy of the particle. While we
have derived this result for a constant force F', we shall see that it is more
general.
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3.3 Lagrangian of a system of particles with conserved
forces

Consider an isolated system of N-particles, i.e. particles which interact only

with each other. We will postulate that the Lagrangian of the system is the

difference of the kinetic energy of the particles and the potential energy of
the system:

1 . . o
L= Z §ma7“2 —U (1,0 7). (3.33)

The Euler-Lagrange equations for this Lagrangian read:

d OL oL

_ = 3.34
dtgr,, Ora ’ (3:34)

where 7, ; denotes the i —th component of the vector 7, denoting the position
of the a—the particle. Performing the differentiations we obtain:

- ou
a lai=— — 3.35
Mg T, Dre; ( )
or, in vector notation, B
mr, = —V,U (3.36)

with V, = (8/8ra1,0/0r42,0/0r.3). This is the known equation of motion
according to Newton’s law for a conserved force, i.e. a force which can be
written as the gradient of a potential:

F, = —-V,U. (3.37)

As an example consider an isolated system of N particles with masses
m, which interact among themselves gravitationally. The Lagrangian of the
system is

L=T-U (3.38)
where v
T = ; Ml (3.39)
e I Y3 g e (3.40)
24 T~ Ty '



The Euler-Lagrange equations are:
Male = —V U, (3.41)

where the subscript in V. denotes that the differentiations are made with
respect to the coordinates of the a-th particle.

Exercise 3.1. To carry out the differentiations in the rhs, we first prove
that:

= 1 To — T
|/ A A 3.42
a’Ta_'rb| ‘?a_Fb|3 ( )
We then obtain the equations of motion:
il ’Fa - Fb
MeTy = — Gmemy———=, 3.43
Z b ’Fa _ Fb 3 ( )

b#a

in agreement with Newton’s law of gravitation.

3.4 Lagrangian for a charge inside an electromagnetic
field

We now turn our attention to the force experienced by an electric charge
which is in the vicinity of other electric charges. We can sum up the effects
of all other charges into two vectors:

o E(t,7), the electric field and
e B(t,7), the magnetic field.
The force is then given by:
m%:q(ﬁ+%><§), (3.44)

where m is the mass of the charge q. The electric and magnetic fields are
determined from the equations of Maxwell:

V-E = 2, (3.45)
€0

S OB

E = —— 4
V x AT (3.46)
V-B = 0, (3.47)
— ] 1 OF
OxB - 4,19 (3.48)



where p(7) is the electric charge density and j is the electric current density.
€0 is a constant, the so-called vacuum permittivity, and has the value

A-s
= 8.854187817...10"% ——. 3.49
€0 Volt - m ( )
¢ is the speed of light
¢ =2.99792458 ... 1052, (3.50)
S

We will not attempt here to find explicit solutions of Maxwell equations
for the E and B fields, but we will assume that such solutions exist and
are known to us. Can we obtain the equation of motion Eq. 3.44 from
Hamilton’s variational principle? Unlike the example that we have seen so
far, the electormagnetic force depends not only on the position of the charged
particle but also its velocity. Nevetheless, we will be able to find a Lagrangian
which gives the correct equation of motion.

To achieve that, we introduce first the scalar and vector potentials, ¢(t, 7)
and E(t, 7) respectively, defined as:

. oA  _

E = ——— 51
5~ Vo (3.51)

B = VxA (3.52)

You can easily verify that the second and third of Maxwell equations are
automatically satisfied if we substitute the electric and magnetic field with
the scalar and vector potentials. Consider now the Lagrangian:

1. -
L= §mr~2 — g+ g A (3.53)

Euler-Lagrange equations give the form

L dA, .
Mt = —q0;¢ +q Z i 0iA;, (3.54)
J

where we use the shorthand notation

0
aTi .

O

w
—_



The total time derivative of the vector potential is:

dA;  OA; .
TR +zj:rj (8, 4;) (3.55)

Then, Euler-Lagrange equations take the form

mr; = ¢ [_W - @‘4 + QZ [7"1‘ OiAj—; (83'141‘)} . (3.56)
J

In the first bracket, we recognize the i-th component of the electric field:

04,
ot

The second bracket is not as obvious to decipher, but we can prove it to

be the i-th component of the cross-product of the velocity and the magnetic
field. Indeed

(?xﬁ)i = [?x(ﬁxﬁ)]

= Z €ijk 7'"j (EklmalAm)
Jklm
= > (6uabjm — 0j6im) 75 O Am
jlm
-y [fj DA — 7, (ain)} . (3.58)
J

Thus, we have proven that the Euler-Lagrange equations of the Lagrangian
of Eq. 3.53 give the known Lorentz equation for the force of a charge inside
an electromagnetic field:

mri=qE; +q (F X E) (3.59)

i
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4 Dynamics of constrained systems

In the last section, we showed the equivalency of traditional Newtonian me-
chanics and Hamilton’s variational principle for a variety of forces acting on
systems of particles. In this section, we will show that the principle of least
action can be applied to dynamical systems for which we do not have a pri-
ori knowledge of all forces acting on the particles but for some of them we
only know their effect in limiting the allowed motion of the particles. For
example, particles which make up a ball are constrained to be kept together
with electromagnetic forces. It is difficult to account for these microscopic
electromagnetic interactions in our Lagrangian when our aim is simply to
describe the motion of the ball inside the gravitational field. However, in
a variety of problems with constraints an explicit description of the forces
responsible for the constraints can be avoided and we can implement directly
their effect.

4.1 Constraints

The configuration of a system of N particles P; is given by the positions 7; and
the velocities f“j of the N particles. If all possible configurations are allowed,
the system is free. If there are limitations to the possible configurations, the
motion of the system is constrained. The geometric or kinematic restrictions
to the positions 7; of the particles of the system are called constraints.

We will study a class of constraints which limit the positions and/or the
velocities of the particles, through equations of the form

f(Fr, . PN T1, . TN, 1) =0 (4.1)

We call these constraints differential. If a differential constraint can be cast
in a form that it does not depend explicitly on the velocities, it is called
holonomic,

f(P,..., PN, t) =0, (4.2)
thus it will limit only the positions of the particles. If, in particular, a
holonomic constraint (Eq. 4.2) does not depend explicitly on time,

of

b
it is called stationary. Constraints which are not holonomic are called non-
holonomic.

0, (4.3)
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Examples of holonomic constraints are:

1. A rigid body may be thought as a collection of N particles whose
reciprocal distances L;; define geometric stationary constraints like in
eq. (4.10),

(7?1,_7?].’)2_[/?].:07 hj=1...,N. (44)

This is a stationary holonomic constraint. The rigid body may be in
motion, therefore the coordinates ¥; = 7;(t), 7; = 7;(t) change with
time. However the time-dependence of Eq. 4.10 is implicit (through
the coordinates) and not explicit; thus we classify the constraint as
stationary.

2. A particle is constrained to move on a fixed surface,

f@) = flz,y,2) =0. (4.5)
This is also a stationary holonomic constraint.

3. A particle is constrained to move on a surface which is itself in motion,

F(7 1) =0. (4.6)

This is a holonomic constraint, but it depends explicitly on time. There-
fore, the constraint is not stationary.

4. An ideal moving fluid (i.e. without viscosity) may be thought as a
collection of N particles whose reciprocal distances L;;(t) change with
time and which define holonomic constraints which are not stationary:

(7 —75)2 — L3(t) = 0, i,j=1,...,N. (4.7)

Differential constraints may appear, at a first sight, to depend on veloci-
ties. We may then rush to conclude that they are not holonomic. However,
sometimes the apparent velocity dependence can be eliminated upon inte-
gration and we can, after all, cast the constraint in the form of Eq. 4.2 which
is manifestly holonomic. To convince you that such a possibility exists, it
suffices to observe that we can always produce a constraint with an apparent
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velocity dependence starting from a holonomic constraint. Let us start from
a constraint of the form of Eq. 4.2 and take a total time derivative:

df N . of
_ a _ L 9 4.
f=0 — - =0 — ;vj it 5 =0, (4.8)
which in Cartesian coordinates 7*; = (x;,y;, 2;) is written as,
N
of . of . of . of
i Lyl + 2L =o. 4.9
jzl (81‘ij + 8yjyj + 0zj ZJ) + ot ( )

In the form of Eq. 4.9, the constraint has an apparent velocity dependence.
As a concrete example, consider a pendulum which moves on the x — z plane,
and it is attached to a string of length R. This yields a holonomic stationary
constraint which is given by the equation,

P -R'=2"4+22-R*=0. (4.10)

which states that the distance of the pendulum from the center is fixed. We
can make the constraint to have an apparent velocity dependence. Differen-
tiating Eq. (4.10) with respect to time, we obtain

d .
E(952+22—R2):2m+2zz':o, — 7T =0, (4.11)

In this form, we read the constraint to state that the motion of the pendulum
is orthogonal to the string. Had we been given the constraint in this second
form, we would not be able to classify it as holonomic. Of course, once we
realize that the differential constraint of Eq. 4.11 is a total differential, it can
be integrated back making the form of the constraint manifestly holonomic.

Differential constraints which are total time differentials (Eq. 4.8) can be
integrated and we obtain

FFry. . Pant) =, (4.12)

with ¢ an arbitrary constant. Differential constraints of the form of Eq. 4.8
are said to be integrable and they are holonomic.

We shall consider only the simplest class of differential non-integrable
constraints: the ones which depend linearly on the velocities 'f“j of the N
particles,

N
Y I F+D=0, (4.13)

Jj=1
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where the vectors E and the scalar D are functions of the positions 7; and
of time ¢, l[; = 1;(4,...,Pn,t) and D = D(#4,...,7n,t). In Cartesian coor-
dinates, eq. (4.13) reads,

N
> (A + Bjy; + Cjz) + D =0. (4.14)
j=1

As an example, consider an ice skate, which we represent by means of two
particles connected by a rod of length L, as in Figure 3. The rod moves on
the  —y plane (the ice skating rink). Any point on the rod, and in particular
the middle point, moves in the direction of the rod. So, in addition to the
fixed length of the rod, which yields the constraint,

(21— 22)* + (11 —y2)* = L2, (4.15)

we must require that the position vector of the rod and the velocity vector
of the middle point have the same direction, say at an angle «,

Y2=Y% _ Y1+ Yo

tana = - — . (4.16)
To — Xq T1 + To
Eq. 4.16 yields the differential constraint,
Tty ity (4.17)

)
Ty — T2 Y1 — Y2

which is non-integrable. Thus, the system defined by the constraints (4.15)
and (4.17) is non-holonomic. Likewise, any rigid body whose velocity points
in the direction of motion (like a car which is moving or parking without
sliding) defines a non-holonomic system.

12X

Figure 3: Ice skate represented as a rod of length L.
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4.2 Possible and virtual displacements

Let us take a system of N particles P;, with j = 1,..., N, subject to d
manifestly holonomic constraints,

fi(Fl,...,FN,t):O, izl,...,d, (418)

and to g linear differential constraints,

N
Dl P+ D=0, k=1,...9g. (4.19)

j=1

By taking the total time derivative of the manifestly holonomic contraints,
like in Eq. 4.8,

N oF,
Zﬁjfi-?ﬁa—;:o, i=1,....d, (4.20)
j=1
we replace them by linear differential constraints as well. We see that the
constraints of Eqs 4.19-4.20 limit the allowed velocities ?j of the particles.
The velocities ?j which are allowed by the constraints Eqs 4.19-4.20 are called
possible. At a given time ¢ and positions 7; of the particles P;, there are
infinitely many sets of possible velocities, since we have not yet considered
the other forces (not responsible for constraints) which are acting on the
system. Once we do so, only one set of possible particle velocities is actually
realised in the motion of the system.
Multiplying eqgs. (4.19) and (4.20) by the time interval dt,

N
S ¢ g Ofi .
Zlvjfldrj+§dtzo, Zzl,...,d,

J
N
j=1

we write the linear differential constraints in terms of the possible displace-
ments, dr; = 7;dt.
For two possible displacements,

dr; =dt,  drh =1"dt, (4.22)
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satisfying the constraints of Eq. 4.21, the difference
0F; = dr; — dr’,, (4.23)

fulfils the constraints

N
Y Vifiot=0, i=1...4d,
j=1

N
» lyor=0, k=19, (4.24)
j=1

In Cartesian coordinates the above can be written explicitly as:

N
of; of; f; ,
E 4 LSy =8z ) = =1,...
<6xj 0; 0y; o8 0z, 52]) 0, ! - ds

j=1
N
(Akj$j + Byjy; + ijZj) =0, k=1,...,9. (4.25)

Jj=1

The displacements of Eq. 4.23 are called wvirtual. We can think of virtual
displacements as the ones which take a possible configuration of the system
at a time t to another one infinitely close to it, at the same time t. For
stationary constraints, which have a vanishing time derivative, the set of
virtual displacements coincides with the one of the possible displacements.

Figure 4: Particle in motion over a fixed surface S.
For an example of possible and virtual displacements consider a particle

P which is in motion over a fixed surface S, as in Figure 4. The constraint is
f(7#) = 0. Any vector ¥ tangent to S is a possible velocity and the differential
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elements dri" = ¥ dt are possible displacements. The difference 67 = dr — dr’ of
two tangent vectors is also a tangent vector. In this case, the sets of virtual
and possible displacements coincide, as we expect since the constraint is
stationary.

Consider now a particle P which is in motion on a moving surface S with
velocity u, as in Figure 5. We denote with w the possible velocities of the
particle and we measure them with respect to the moving surface. Then the
velocity of the particle is ¥ = W + 4, where @ is tangent to the surface S.
Note that in general the velocity ¥ is not tangent to S. Likewise, the possible

displacement,
dr =vdt =wdt +udt, (4.26)

is a vector which is not necessarily tangent to S. Take, now, another possible

displacement, I
dr' =w'dt +udt, (4.27)

and form a virtual the difference,
6F = dF — dr’ = (W — ') dt (4.28)

is a virtual displacement, and a vector tangent to S. Note that virtual and
possible displacements do not coincide, since, as we know from eq. (4.6), the
constraint of a moving surface is not stationary.

Figure 5: Particle in motion over a moving surface S.
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4.3 Smooth constraints

From eq. (4.25), we know that for a system of N particles P;, with j =
1,..., N, we have 3N virtual displacements constrained by d geometric con-
straints (4.18) and g differential constraints (4.19). Thus there are 3N —d—g
independent virtual displacements. We can say that our system of NV particles
has 3N — d — g degrees of freedom. The constraints, imply some restrictions
in the acceleration of the particles. In fact, taking the total time derivative
of eq. (4.8) for d constraints, we obtain

. dof; -
ZWW;Q+XX¢Vﬁ) +oer =0, i=1....d,

di . dD
Zlk] TJ+Z kj, j dtk:07 k:l”g (429)

Let us imagine for a moment the system without constraints. On the
system are applied forces,

Fy=Fy#it),  j=1,...,N, (4.30)

which are known functions of the positions 7; and the velocities 7; of the
particles. Without constraints, the forces would induce accelerations:

—

F;=my7; j=1,...,N, (4.31)

where m; are the masses of the particles. However, if the system is con-
strained, the accelerations 7; are also due to additional forces E;, called
reaction forces, which are responsible for the constraints. The accelerations
consistent with Eq. 4.29 should satisfy:

mii; =F+R;,  j=1,....N. (4.32)

The general problem of the dynamics of a constrained system is as fol-
lows: given the forces F and the initial positions Tg,; and velocities 7 7“01 of
the particles, we need to determine the trajectories of the particles and the
reaction forces T%j of the constraints:

f), By, j=1,....N, (4.33)



Often ( if d + g < 3N), the known equations of motion and constraints

m]?] = E+EJ7 jzl,...,N,
fi(F,0) = 0, i=1,....d, (4.34)
N
Zlkj'%j‘FDk = 0, k=1,...,9.
j=1

do not suffice to determine all unknowns, leaving n = 3N — d — g degrees of
freedom undetermined. In order to determine the motion of the system, we
need additional n = 3N — d — g independent relations among the variables
(4.33). We will find the necessary additional equations by examining the
properties of the constraints and making an assumption for the reaction
forces which generate them.

There is a large class of constraints, called smooth, for which the work of
the reaction forces vanishes over the virtual displacements,

N
> R;-o7 =0, (4.35)
j=1

which in Cartesian coordinates is

N
Z (Rj,r5$j + Rj’yéyj + Rj7z($2j) =0. (436)

j=1
Consider the following examples:

Example 4.1. Consider a particle P which moves on a fixed smooth surface
S, as in Figure 6. As we have seen, the virtual and possible displacements
coincide in that case; they are vectors tangent to S. Because S is smooth
(there are no frictions), the reaction force R is orthogonal to S. Then R-dF =
0 and B - 67 = 0. Therefore, the constraint is smooth.

Example 4.2. We now consider a pendulum, for which we have cast the
constraint, Eq. 4.11, in the differential form 7 - 7 = 0. Because the virtual
and possible displacements coincide, it is also true that 7 - 67 = 0, where the
direction of the string 7 identifies also the direction of the reaction force R.
Thus, we have that R - 67 = 0 and the constraint is therefore smooth.
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Figure 6: Reaction R on a fixed surface S.

Example 4.3. A point P moves on a smooth surface S, which moves with
velocity 4, as in Figure 7. Because S is smooth, the reaction force R is
orthogonal to S. As we have already seen, in this example the virtual dis-
placement 07 is tangent to S, while the possible displacement dr is generally
not. Then R - 67 = 0, while B - dFf # 0. Albeit not stationary, this constraint
is smooth.

S

Figure 7: Reaction R on a moving surface S.

From Eq.(4.24) for the virtual displacements, we know that among the
3N virtual displacements there are n = 3N — d — g independent ones, which
define an n-dimensional vector space R™. We can write any displacement as
a function of the n independent ones,

0F; = donér;,  j=1.....N, (4.37)
k=1
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where day, are the independent displacements and € ; are unit vectors. Sub-
stituting it into Eq. (4.35) we obtain that

N n n N
SR Y b= by (Z R;- é,w) =0, (4.38)
j=1 k=1 k=1 j=1

which must be true for any virtual displacements day, which are independent.
This requirement gives n additional equations,

N

Z G, =0, k=1,...n, (4.39)

=1
which are the missing n conditions which were needed in order to determine

completely the system.

4.4 The general equation of the dynamics

In the previous section, we have established the equations of motion of a
constrained system,

mit;=F+R;,  j=1,..,N, (4.40)

with m; the masses of the particles, F’J the forces applied on the system and
R; the reactions due to the constraints. In addition, we require that the
constraints are smooth (4.35),

N
> R;-o7 =0, (4.41)
j=1

Substituting the reactions .fij as obtained from eq. (4.40) into eq. (4.41), we
obtain

M=

(Fg— - mﬁj) 67, =0, (4.42)
j=1

which is the general equation of the dynamics, which states that the sum of

the work of the effective forces F and the inertial forces mjrj vanishes for

any virtual displacement.
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4.5 Independent generalised coordinates

In what follows, we will limit ourselves to a system of N particles, with d
constraints,

written in a manifestly holonomic form.

We know from eq.(4.24) that among the 3N virtual displacements there
are n = 3N — d independent ones. Thus we can express the d equations
(4.43) as functions of n independent coordinates, ¢; with i = 1,...,n, and of
the time ¢t. Also the positions of the particles can be taken as functions of
the n independent coordinates,

In the specific case of stationary contraints (4.3), the positions of the particles
7; do not depend explicitly on the time ¢ but only through ¢;(¢).

The essential information about the degrees of freedom being reduced
from 3N to n is encoded into the n independent coordinates of eq. (4.44),
thus if we substitute eq. (4.44) into eq. (4.43), these become identities. The
n independent coordinates ¢; are called independent generalised coordinates.
Consider the following examples:

Example 4.4. A pendulum is moving on the z — z plane and it is attached
to a string of length R. the motion of the pendulum spans an angle ¢:
the pendulum has only one degree of freedom. The stationary holonomic
constraint is given by the equation,

2+ 2 - R*=0. (4.45)
If we take ¢ as the independent coordinate, then Eqs. 4.44 become

r = Rcoso,
= Rsing. (4.46)

If we substitute the Eqgs. 4.46 into Eq. 4.45, we obtain the identity,
cos’ ¢ +sin®¢p —1=0. (4.47)

Example 4.5. A particle is constrained to move on a sphere of radius R: it
can move with two degrees of freedom. As independent coordinates, we can
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take the longitude ¢ and the latitude . The holonomic stationary constraint
is given by the equation,

P+ + 22— R*=0. (4.48)
In terms of the ¢ and 6 angles, Eqgs. 4.44 become

r = Rcos¢cost,
= Rsin¢cosh, (4.49)
z = Rsinf.
If we substitute the Egs. (4.50) into the constraint of Eq. (4.48), we obtain

the identity,
(cos® ¢ + sin® ¢) cos® § +sin*f — 1 =0. (4.50)

4.6 Euler-Lagrange equations for systems with smooth
constraints and potential forces

We may now express the 3N virtual displacements as a function of the n =
3N — d independent coordinates Eq. 4.44,

n —
a?”j

or; =
! i—1 0g;

5q; , j=1,....N, (4.51)

and substitute it into the general equation of the dynamics (Eq. 4.42),

. or;
2.2 <Fa - mﬁj) 5004 =0, (4.52)
i=1 j=1 4
where we have inverted the order of the sums. Because the coordinates g; are

independent, so are their virtual displacements d¢g;. Thus, their coefficients
must identically vanish, yielding:

N —
Z(Fj—mﬁj)-g—gzo, i=1,....n. (4.53)
j=1 !

The first term of Eq. 4.53,

N o7
Y F-2=0q, i=1,...,n. (4.54)
=1 9q;
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is called the generalised force. The generalised force has the dimension of
a force only if the independent coordinates have the dimension of a length.
Now let us analyse the second term of Eqs. 4.53,

N

. OF
Zmﬁj-a—ri, i=1,....n, (4.55)
p= "

which we rewrite as

N

di; OF;, d [~ . OF YL d o
ijﬁa—qlza<zlmﬂ”ja—ql _ijlr]aa_ql7 (456)

Jj=1 Jj=

Next, we derive a couple of useful identities. We start from the velocities in
terms of independent coordinates,

. "\ OF; . OF
v = i+ —=, 4.57
T 2L (457)
from which we immediately obtain that
or;  OF,
= ) 4.58
94 9q; ( )

Then we derive eq. (4.57) with respect to the independent coordinates,

AN n 25 2> —
87"j 87”]' . Grj_i(?rj

0g; ,; 9q:0q. ™ " Dq0 ~ dt Dg;

(4.59)

We substitute the identities (4.58) and (4.59) into eq. (4.56) and we obtain,
N N . N .
O d . 01 . O
;mﬂ”j . 3_% == (; m;r; - a—%> — ;mﬂ“j . a_% (4.60)

Considering that the kinetic energy of the holonomic system of N particles
is,

1
T=2Y my, (4.61)



we can rewrite eq. (4.60) as

N of; _dor or
dg;  dtdg g’

i=1,....n. (4.62)

Substituting it into eq. (4.53) and remembering the definition of generalised
force (4.54), we obtain:

- =Q, i=1,....n. (4.63)

These equations form a system of n second order differential equations in n
unknown variables ¢;. Therefore, the motion of the holonomic system with
n degrees of freedom is determined fully if the values of ¢; and ¢; are given
at an initial time .

Note that the reaction forces ﬁj do not appear explicitly in Eqs. 4.63.
They can be obtained by solving Eqgs. 4.63 first, and then using Eq. 4.40.

Now, let us suppose that some forces can be derived from a potential
energy U = U(g;, 1),

- oU
F.=—— 4.64
such that the generalised forces become
Al ou or;,  oU
=y F L= - _ i=1,... 4.65
Q ; J 8(]2 Z 8’)”] an an ) ? ) y 1, ( )

and that in addition there are non-potential generalised forces,

Qi = Qi(ar, du. t) - (4.66)
Eqs. 4.63) become
doT or ou 5

— S i =1,....n. 4.67
woq og og O " (467)

Recalling the defintion of the Lagrangian,
L=T-U, (4.68)
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we can cast Eq. 4.67 in the form:

doL oL
dtdq¢;  Og

=Q;, i=1,...,n. (4.69)

In the absence of non-potential forces equations 4.67) give the Euler-Lagrange
equations:

doL 0L
We have therefore proved that Hamilton’s principle of least action, which

yields the same Euler-Lagrange equations, should also hold for constrained
systems with smooth holonomic constraints and potential forces.

i=1,....n. (4.70)
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5 Application of Euler-Lagrange equations: Sim-
ple pendulum

We have seen that we can obtain the equations of motion for a system with
holonomic constraints from a Lagrangian £ by requiring that the action inte-
gral is ninimum. This gives rise to Euler-Lagrange equations (the equations
of motion):

d oL oL 0

dt 0q¢;  Oq B
In the above, all generalised coordinates ¢; are independent, and we have
first used the holonomic constraints to eliminate additional variables which
are not independent.

Egs. (5.1) are of course equivalent to (and have also been derived from)
Newton’s law. It is instructive to take a simple physics problem and use
it as a testbed to compare the two methods. Consider a simple pendulum:
According to Newton’s law,

(5.1)

Figure 8: A simple pendulum consists of a particle of mass m which is
attached via a (massless) rope of a certain length R to a fixed point.

mit = Fr+ W. (5.2)

where W is the weight force and Fg is the reaction force from the rope. The
acceleration is:
7 =22 +yy+ 22 (5.3)
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We will need to change to polar coordinates, with the following change of

Figure 9: The unit vectors definig the Cartesian and polar coordinates.
basis for the unit vectors:

where 7 is the radial unit vector and 7 the tangential unit vector to the
motion of the pendulum. We have:

=(Z-r)r+( ?)%}:{ézcosef—sinﬁf (5.5)
+

(-7 (%-2)z T =sinfr + cosf 2

>
>
>

Q>
ISH

=>
I

N~—

>

or, in matrix form:

cosf —sinf 0

N>

,f.
| =|sinf cosf® Of |7 (5.6)
9 0 o 1) \y

As expected, the change from Cartesian to polar coordinates is a rotation by
an angle 6 around the g-axis. Expressing the acceleration in the polar basis
and using that the length of the pendulum is fixed,

r=2~R

we have: ) . )
7 =7(—RO?) + 2(RH). (5.7)
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The force acting on the pendulum is decomposed as:

F =W + Fg = —(mgsin6)2 + (mg cos 0 — Fg)F.

Newton’s law gives then two equations: The equation of motion determining

the evolution of the angle 6:

mRO = —mgsinf ~ |0 + %sinﬁ =0

and an equation which determines the reaction force:

—mRO? = mgcos — Fg ~ | Fp = m(R6* + gcos )

Let us now use the Euler-Lagrange method. The Lagrangian is

1 .
L:T—VzémF2—mg(zo—z).

We have:
7 = 2Zrcosf + zrsinf + gy

We can use the constraints

r = R = const., y = const..

Then, ‘ .
7= R(2sinf + @ cos 0)0 ~ 72 = R?0?
Thus,
1 )
L = -mR?0*> + mgR cos 0 —mgz
2 ——

unimportant constant

The equation of motion is:

doL 0L

____:()«»mR265+ngsin9:0v é—kgsinézO

R

dt 99 06

which is the same result as with Newton’s law (Egs. 5.8).

(5.8)

(5.9)

Notice that in neither of the two methods we said anything about how to
solve the equation of motion. In this sence, which of the two methods we use
in order to derive (Eq 5.8) is a matter of taste. Nevertheless, we can make a

few comparisons:
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r cos

Figure 10: Visualization of the constraints.

e The Euler-Lagrange method requires scalar quantities. No need to
perform vector rotations.

e The Euler-Lagrange does not make an explicit reference to the reaction
forces. This is an advantage if we are not interested in them, but a
disadvantage if we care about them. For example, an engineer building
a pendulum would like to know how much the reaction force is, in order
to use a sufficiently strong rope.
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6 Minimization with Lagrange multipliers

The mathematical problem that we are facing in classical mechanics is one
of minimization of a functional (the action). This problem becomes more
complicated due to contstraints which make the variables of the functional
(generalized coordinates) not independent. We have seen that for simple con-
straints (holonomic) it may be possible to eliminate the dependent variables.
When this is not possible, we may consider the more sophisticated technique
of Lagrange multipliers. We will recall the salient features of this method for
the minimization of functions with constraints first and then we will see how
to apply it for functionals and the action specifically.

6.1 Minimization of a multivariate function with La-
grange multipliers

Consider a function
u = f(l’l,. .. ,ZL’N)
where x1,...,xxy are all independent variables. We are interested in finding

the extrema (minima or maxima) of the function. These are given by the
condition that the total differential of the function vanishes:

N
of
U 0:>iz:1:axiw 0

Since we have taken the variables z; to be independent, the coefficients of
dx; must all vanish. Thus, we have that an extremum occurs if

of
aﬂ)i n

0 Vi=1,...,N.

Let us now assume that the variables z; are not all independent due to, for
example, a constraint:

¢($1,...,$N) =0.

The extrema of the function are given in this case too by the condition

du =0,
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but unlike earlier one of the variables, let’s say xy, is not independent any
more. A straightforward way to find the minimum would be to solve the
constraint

¢<$1, e ,[L"N) =0~ IN = SCN($1, e ,.’I}N_l)

and eliminate this variable from the function:

u:f(mh'"71.]\7(1’.17"'71.]\/'71)) :g(.%'l,...,Z'N,l)

Then, we can minimize g(xy,...,zx_1) as before, since the remaining vari-
ables are all independent. However, there is an alternative way where we do
not need to solve the constraint explicitly. We start from

6f 3xN
du =0~ Z (axz 89&1\] ox; ) =0

f 3$N
dz; = 0. 6.1
”;a &ENZ(%UZ- 2 =0 (6.1)
The sum in the last term is:
N—
> 20 =

We therefore find again the same condition

du=20
Y M({)xl ale aN

although now the dz;’s are not all independent and we cannot demand that
their coefficients vanish independently. Consider now the constraint:

d(r1,. .., xn) =0~ do(xy,...,zn) =0
0 0
:>—¢d 1+ - +—¢de_0 (6.3)
oxq Oxy
We can multiply (6.3) with a constant A, the so called Lagrange multiplier,
and subtract it from (6.2):

Z {81’1 81:2} dzi =0

=1
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It can be proven (Analysis course) that we can use the extra parameter A in
order to make all terms in the brackets to vanish,

of 96 _

Solving the system of equations above will determine the minimum.

Therefore, the procedure to find the extremum in the presence of a con-
straint is identical to the one without contraints, replacing the original func-
tion

0 i=1,...,N.

f(xlv"' 7xN)
with a function which includes the constraint
Kz, xny) = fo,. . xn) — Ao(Tr, ..., TN).
Let’s see how this works in a couple of examples.

Example 6.1. Find the minimum distance of a straight line from the origin.
We will solve this problem in two ways:

1. Eliminating dependent variables.
The square of the distance of a point (x,y) from the origin is:

fla,y) = d(z,y)* = 2® + ¢,
The constraint demands that the point belongs to a line
y=ar+b abelR.
Eliminating the y-variable, we have:
fz,y) = f(z,y(x)) = 2° + (az +1)* = g(2).

We now have one independent variable x. We can minimize, by de-
manding:

89(37)_ B _ —ab
e =0~ 2r+2a(ax+b)=0=2= a2

B —ab Lh— b
Yy=4\ 11 o 14a?

The mininum distance of the line to the origin is therefore at the point
(2.1) —ab b
2y =|(——s,——
Y y 1 + a2 ) 1 + a2

%)

Then




2. Using Lagrange multipliers.
We first define the function

Mz,y) =2"+y* = ANy — az — b)

which contains the square of the distance of the pont (x,y) as well as
a Lagrange multiplier with the constraint that the point must belong
to a line y — ax — b = 0. We require that the partial derivatives of this
function with respect to all variables must vanish:

0 A
a—fA($:?J) =0 20+ Xa =0 T = —ECL
= = \
v —0 2% —\=0 _ 2
We can now use the constraint:
A 9 2b
y—ax—b:O:>§(1+a):b:>)\: o

Thus the minimum is at

—a b
= b
(z,9) (1+a2 71—|—a2)

as expected.

You may wonder what is the advantage of Lagrange multipliers since
in our first example it was trivial to solve the problem by eliminating the
dependent variable. However, it occurs in other problems to be easier (or the
only possibility) to solve for a Lagrange multiplier instead. We demonstrate
this in the following more complicated example.

Example 6.2. Find the minimum and maximum distance from the origin
on an ellipse

22 P

P + i 1.
We introduce a Lagrange mutiplier for the constraint and minimize the func-
tion

x? y2
fx(ﬁyy):x2+92—>\(§+b—2—1)
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by demanding that

ozx a?
dfx A
—= =0 1——=1]1=0
dy My( b2)
and ) )
x )
ﬁ—f—ﬁ—l

The solutions of the three equation are:

r=0,\=0b%y==%b
or
y=0,\=a’2=2a

The extrema are then

(z,y) = {(0, £b), (+a,0)}.

Y
(0, +0b)
(—a, O)v\_ﬂ—/v (+a, 0:3
(07 _b)

Figure 11: Ellipse with semimajor a and semiminor b.

6.2 Minimizing the action with Lagrange multipliers

We have seen that the principle of minimum action (Hamilton’s principle)
can be applied to physics problems with constraints. It is natural to use the
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method of Lagrange multipliers in order to impose these constraints. We can
achieve this as follows. Consider a system with {¢;} independent coordinates
described by the action

Minimizing the action gives
doL 0L
0S=0~ [ dt 0q;
/ Z o {dt 9qi 0%}

Since d¢;’s are all independent of each other the coefficients must vanish,
yielding the familiar Euler-Lagrange equations

doL OL

dtog;  dq

In the presence of a constraint

the d¢g;’s are not independent independent anymore. From the constraint, we
deduce that the following integral vanishes

/ AN F(gis i) = 0

and thus
(SS)\ =0 with S,\ = / dt L,\(qi, ql)
and
La(gi, ¢i) = Lqi, @) — N f(qis i)
—— ——
original constraint
Lagrangian Lagrange
multiplier
gives us

d oL, 0L,
: ”/ ;q[dtaqi aqzl
The presence of the A parameter allows us to take all the coefficients of d¢;

to vanish
d oL, 0L

dt 94 B 9q; B
besides the fact that the d¢;’s are not independent.
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Example 6.3. Let us solve the simple pendulum problem once again by using
Lagrange multipliers this time. The Lagrangian with a Lagrange multiplier

for the constraint is
Ly=T-V = Xr—R)

constant

with ) ) )
T = émfﬂ = §m7‘2 + §mr292 and V = mgrcosb.
The corresponding Euler-Lagrange equations are:
d oL oL .
Eﬁ_:_ 8_7:\ =0~ mi' +mr* +mgcosh — A =0
d oL oL .
I 8_0A =0~ mr?0 + mgsinf = 0.

Using in addition the constraint

’r: R:const.\

we have

é+%sm9=0 (6.4)

mgcos  + mRH? = \ (6.5)

(6.4) is the equation of motion for the pendulum.

(6.5) is very interesting. In the Lh.s. we recognize the reaction force Fg
through the rope. We see then that the Lagrange multiplier has some physical
meaning in terms of the reaction force. This is not an accident. On one hand,
we have:

d0L, 0Ly,

E&L‘ - I B
MiaL_aL_)\(iaf_af)
dt9¢;  Og; dtdg;  0q;)

On the other hand, we have proven in general that

doL 0L - — O0ry
e = = =Q;= Y Frj .
dt 9q;  Og; T — dq;
generalized non-potential
forces forces
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Q\\mg cos 6
W \

Figure 12: The simple pendulum with reaction force Fp.

Thus,

dof of\ A
A(Ea_qf aqz-) =@

In our case f =r — R and the Lh.s. is

A(g@w—m a@—m)__A_@'

dt¢ or or
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7 Conservation Laws

Observing the time evolution of many physical systems, we often find that
certain quantities remain invariant at all times. A classical example is the en-
ergy of mechanical systems without friction. The Lagrangian formalism will
allow us to gain a deeper understanding for the conservation of such quanti-
ties. We will realize that conservation and symmetry are interconnected.

7.1 Conservation of energy

Let us take a look at systems with a Lagrangian

L[Qi(t)> (ji(t)’ t] = L[Qi<t>v %(t>]

The lack of explicit time dependence of the Lagrangian means that there is
no special time. Whenever we let the system to evolve, it will be so in exactly
the same way irrespective of what is the starting time ¢,.

The total time derivative of the Lagrangian is:

d -y OL0g; , OL04; 0L
B dq; Ot ' 9g; Ot ot
~~

dt
=0
=3 G ]

Let us now recall Euler-Lagrange equations

oL d OL

dq;  dtdg;’

dL oLy ., oL
E‘ZJ Kdta ) 94 q’]

oL
24, "

Then we have:

This implies that



and therefore

oL
Z —qZ — L = F = const. |. (7.1)

We have found a conserved quantity, which we call energy. The reason for
its invariance is the fact that the behaviour of the system does not change if
we let it evolve at a different starting time.

We will now justify why the expression (7.1) is the familiar energy. Con-
sider a particle with potential energy U(7). The Lagrangian is

L=T-U()
1
= gmi® —U(7).

According to (7.1), the energy is

oL oL oL
F=—g+—g+—%—1L
&tx—l—ay.y—i— (')ZZ

1 .
=mi? + my?® +mz* — §m?2 +U(7)

. 1 .
= mr? — §m7“2 + U(7)
1.
=P+ UR) =T + U .
2 ~~ ~~

kinetic  potential

This is indeed the sum od the kinetic and potential energy.

7.2 Conservation of momentum

Let us now trace the origin of the conservation of momentum. We will
find that momentum is conserved for physical systems for which we can
shift the position of all of their constituents without changing their physical
behavior. For example, if a physical system can be studied in an experiment
in Ziirich but also in an independent experiment in New York, where the two
experiments are anticipated to find the same results then the total momentum
of the system is conserved. Formally, we assume that performing a translation
for the positions of all particles
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should leave the equations of motion invariant. Let us see how the Lagrangian
changes if € is taken to be infinitesimal.

AL = L[ + &,7; + ¢,t] — L[F, 74, 1)

KT IL L oL oL
N arm o 8ri,y “y (%“m ©

]_V — -
:;(Vz‘L'(E).

The equations of motion are invariant by this displacement if the change in
the Lagrangian is zero:

N
AL =0~s|¢ Z =

The direction of € is arbitrary. Choosing for example

¢=(1,0,0) or ¢=1(0,1,0) or  €=1(0,0,1),

we obtain

0
Z 0w and Z 5’y and Z 8310;- =0 (7.2)

where (x;,v;,2;) = 7; the position vector of the i-th particle. For the La-
grangian of the form L =T — U Eq. (7.2) gives

ViU = 0.
However, F;, = —VU is the force acting on the i-th particle. Thus we conclude
that
N
> Fi=0|
i=1

where N is the number of particles in the system. In the special case of two
only particles, N = 2, we have that

F — T
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which is Newton’s “action and reaction” law.
Let us now recall the Euler-Lagrange equations:

d oL  dL
d oL  dL
an}' B y;
d oL oL

Then, we conclude that

w(5) - a(sa) - () -

Therefore the quantities

oL
P, = Z oz, = const.

oL
P, = Z 0 = const.

— = const..

are constant and the vector
P = (qupyupz)
is conserved. We can associate P with the total momentum of the system.

Exercise 7.1. For a Lagrangian

1 .
L= imﬁ“? V(.. ) (7.3)
verify that
oL 0L oL
=M, = =MYi, = = Mi%. 7.4
9 m;a o0, m;y o5 m;2 (7.4)
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We have therefore found that

is indeed the total momentum of all particles in the system and that it is
conserved.

7.3 Angular momentum

Consider a system of particles with masses m; which are at positions 7;(t)
at a time t. Now assume that we can rotate all vectors 7; by an angle d¢
around a certain axis n. Let us define the vector

Figure 13: Rotation of all position vectors 7; in a system of particles around
an axis n by an angle d¢.

5¢ = néop.
A position vector 7 after a rotation becomes

F— T+ 67+ O0(6¢%)
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with 07 = 55 x 7. For illustration, we can verify this for a rotation around
the z-axis:
FT—>7=R-T

cosdp —sindp 0

= | sind¢ cos 5¢ 0
0
1 —dp 0 x
~|dp 1 0f|y]|+0(5¢%
0 0 1 z
x 0 -1 0 T
=ly]| +dp|1 0 O Y
z 0O 0 O z
)
=r+dp| = |.
0
Consider
0
(A X 7= epngre  h=[0
gk 1
= €3kTk
Thus
(ﬁ X T)p = €130 = —1ly = —y
(’fL X 77)2 = €93171 = +lr ==«
(ﬁ X ?)3 = €1337Tr = 0
and

Now we can find what are the conserved quantities associated with rota-
tion symmetry by repeating the same steps as for space translations in the
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previous section. Under a rotation transformation the Lagrangian changes
by
L—L =L+dL

with
SL = L[i +6¢ x 7,7 + 66 x ¥] — L[, 7]
oL oL oL

oL oL oL . : :
— zz: {a—xi(ér,—)r + a—yi(5ri)y + a—Zi((Sr,-)z + 8_172(5r1)$ + a—yl(ém)y + a—zz(&"l)z}

= Z |:Px,z(5T1>x + Py,i<6ri)y + Pz,i((sri)z + Px,z<5r1)x + Py,z((srz)y + Pz,z(drz)z:|
_ 453 S i x P
= dt : T i
_ 65 i Z . X P
= dt : r; i

If this change of the Lagrangian is zero, then the rotation has no effect on
the physical system. This implies that

- d .
5L:mww~g§:axa:o

Since d¢ is an arbitrary vector (we can choose the rotation axis at wish) we
must have:

%Zﬁxﬁi:():> M:Zﬁxﬁi:const..

We have therefore found that the total angular momentum is conserved.

7.4 Summary of conservation laws & symmetry

We have realized that symmetry plays an important role in conservation
laws. In the following table we summarize out findings, for typical conserved
quantities and their symmetry origin.
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Symmetry Conserved quantity

Time translation | Energy: £ =T + U

Space translation | Momentum: P = > ﬁiL = mT;

Rotations Angular momentum: M = ST X f’l
i

These symmetries are profound and we expect them to hold for many sys-
tems.

7.5 Conservation of generalized momenta

In analogy to “Cartesian momenta” if the Lagrangian is expressed in terms
of generalized coordinates, we can define the generalized mometa as

L
p-
04
and generalized force
P = 8L.
dq;
For a Lagrangian which depends only on ¢; but not on ¢;, we have
~ . oL
@ Jq;

(the generalized force vanishes). Then, the generalized momentum F; is
conserved: oL d oL q
O:_:__:_~Z Pl: t..
oL _ Aok dpe

7.6 Noether’s Theorem

If the equations of motion are invariant under symmetry transformations,
then there are quantities which are conserved. This is a general statement
known as Noether’s theorem.

Assume that an infinitesimal transformation of the generalized coordi-

nates
¢i(t) = qi(t) + dqi(t)
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is a symmetry transformation, i.e. it let’s the equations of motion invariant.
The change that this transformation induces to the Lagrangian is

oL oL
AL = Z [a—inqi + a_q.iAQi

Using the Euler-Lagrange equations we substitute

oL  d oL

Then

d oL oL d
AL = LI A+ 2 S (Ag,
;Kdtaqi) (R PRRTACL
d oL
= SN
dt 204,
d oL

AL =S5 Z Al
= dt =94,

If AL =0, then the Lagrangian is invariant and the action is also invari-
ant, leading to the same equations of motion. But we should be more careful!
More generally, the action is invariant if the Lagrangian changes under the
symmetry transformation by a total time derivative:

ap_ 4F L d§mOL o dF i( g{;

- 9o ng = & Agi—F| =0
dt At 4 9, a ¢ ) 0

Then we have that the quantity

J:ZgiAqi—F

i

is a conserved quantity.

Example 7.1. Consider a particle in a homogeneous gravitational field:

1
L= §m(x2 + 92 + %) — mgz.
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Since the field along the z—axis, we expect that translations
zZ—rzZ+a

to be a symmetry. With this transformation, the Lagrangian changes by
d
L — L —mga= AL = —mga = —aE(mgt).

We have been able to cast the change as a total derivative. Then, according
to Noether’s theorem,

%AZ = AL
%Az = —a%(mgt)
= S (mza) = —a(mgt)
N %(z +gt) =0

:>’ Z 4 gt = const. ‘

We have then found that there is a conserved quantity. We can verify that
this is correct directly from the equation of motion:

For the other possible translations along the x and y directions induce no
change in the Lagrangian:

r—xz+a=AL=0.

These are symmetry transformations. According to Noether’s theorem:

oL ) .
— Az = const. = mia = const. = & = const..

0z

The equations of motion give

d oL OL

Tas g =0~ mi =0~ [i = const]
T T

and y — y + a ~ y = const., confirming the result of Noether’s theorem.
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7.7 Noether’s theorem & time symmetries?

In the action integral,

s= [ artlato.a0) (75

time is an integration variable, while the generalised coordinates ¢; and their
corresponding velocities ¢; are unintegrated parameters. In Eq. 7.6 we ex-
amined a symmetry transformation which acts on the coordinates (integral
parameters). However, as we have seen in Sec 7.1 a time symmetry (time
translation), which affects the integration variable ¢ of the action integral,
leads to a conservation law. Our proof of Noether’s theorem in the previous
section does not cover this case. We will see here that Noether’s theorem can
be extended for symmetries of the integration variable as well. This proof
will be particularly useful in the future, when we study continuum systems
and fields. For convenience, in this Section we will use Einstein’s summation
convention: A;B; =), A;B;.
Consider a symmetry transformation

t—t =t(t)=t+dt

which leaves the action invariant:

/ " AtLla(t),ds(t)] = / v L), )

| _ / 7 (‘3—’;) LIZ(#), d(t")]

- /tl_f dt [1 + %54 Ligi(t) + Ag(t), ¢:(t') + Ags(t)].
(7.6)

We have assumed that the coordinates also change by a certain amount when
we perform this transformation:

ai(t) = qi(t") = qi(t) + Agi(t').
We can now write

Lig(t) + AUt du(t) + AG(E)] = L), du(0)] + 22 oL

Aql(t
dq; ql( >+ d¢;

2This section can be ommitted in a first reading. It is not part of an exam

Ag(t').
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Then, (7.6) gives that

b dét  OL oL oL
/ti dt [LEJFa_qZA (t)+8in qi(t )+Eét : (7.7)

We decompose the change in the coordinates as follows:
Agi(t') = (1) — ai(t)
= q(t) — a(t) +a(t’) — a(t)
5
x4

A st — ()

=0.q; + qi(t
¢+ qi(t) + i

= 5*% + Qz(st
~ Agi(t') = qi(t") — ¢(t') + g:ot

where we separate the change due to changing the argument of the coordinate
function from one time instant ¢ to another ¢ and an instantaneous change
of the function itself ¢; to ¢, at the same time ¢'. Similarly,

AG(t) = ¢i(t) — @ (t) + a(t) — a@(t)
d
~ AG = () + 4
Substituting into (7.7), we obtain:

Lt d oL oL ( d
= t|L t «{q 13 i i
0 L d [ dté +8 (0uq; + q5)+al<dt5q—|—q5t)}

ty d oL d
- ol o G+ (G o)

The term in the square bracket is:

d d oL oL

3 [0 Las, dil] = L (6t) + (aqiq +8qiq>
Thus

d d OL oL d
O = / dt |: dt (L(St) + Ea—é*ql + a—qla(s*qz]

d oL
— |L «qi| -
/dtd {5t+aq,z(5q}

72



The above should hold for arbitrary boundaries. Thus we must have that
the integrand must vanish:

oL
= Lot + 8_'5*% = const..

)

We can now write

0.q; = Ag; — g;ot with Ag; = g(t) — qi(t).

(L — g_i%> ot + g—inqi = const. |.

For the special case (but also very common) of Ag = 0, we recover the result
of Section 7.1 that the energy is conserved:

We then have

L
(L — 8_%) = E = constant. (7.8)

7.8 Continuous Symmetry Transformations

As we have seen, symmetry plays an important role for the conservation of
physical quantities. In this section, we will review some of the mathematical
properties of continuous symmetry transformations.

Consider a set of generalized coordinates

q1

an
describing a system with a Lagrangian
Ligi(t), @:(t),t].
Assume that the system is symmetric under a symmetry transformation
¢ — ¢ =T;(0.)q wherea=1,...,N and i,j=1,...,M.

We take the parameters 6, to be continuous. For example, if a system is
described by two Cartesian coordinates on a plane

()
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and is symmetric under rotations

x 2\’ cosf —sinf\ (x
— ="
Y Y sinf  cosf Y

the angle 6 is a the continuous parameter which parameterizes the transfor-
mations. The symmetry transformations form a Lie group and the product

Figure 14: Rotation symmetry.

of two such transformations is also a symmetry transformation belonging to
the group:

T(67)T(03) = T(63) where 65 = f*(65,65). (7.9)

We arrange so that the unit element of the symmetry group corresponds
to all values of the parameters being zero:

TO*=0)=1. (7.10)
Then,
T(f*(0,6%) = T(0)T(6°)
=1T7(6%) =T(0%
~ f4(0,0%) = 6. (7.11)
Similarly
f40%,0) = 6 (7.12)
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Let us now perform a Taylor expansion around #¢ = 0:

O afa a
0 = [0, 95 ) =1*(0,0) + =t + S kb
2

2
2 0 2 2
= 0707 = 0505 05 + ...
+M€f4+2 289222+ 19f12+
Impressing (7.11) and (7.12), we have

Fo(05,65) = 07 + 05 + > fn6305 + ...

b,c

For small #* parameters, we can expand:

1
T(0%) =1+i0", + 5 > 00t + ..
b,c

where 1, t,, t,. are matrices of the same dimensionality as 7'(6%). In addition
the = top  (symmetric).

Making a Taylor expansion of (7.9), we have:
1 1
(1 +109t, + 59?95%) (1 + 109t 4 + 59?9;%) =1+1 (0] + 65+ f0505+...) L

_|_

DO | —

Matching the terms of the expansion, we have:
the = —tyle — ifota.
From the symmetry of ¢, = te:

tyte + iflgcta = tctp + ifl;lcta
~ tote — tety = i(fd = fi)ta
For reasons to become clear later, the matrices ¢, are called the generators of
the symmetry transformations. We also define the commutator of two such

generators as:
[ta, tb] = tatb — tbta.

1)

(07 +605+...) (05 +05+... )ty + ...



The combinations
N a a
Cbc — Jeb fbc

are called the structure constants and they are antisymmetric:
(G = ~Ca

[ta,ty] = iC 1, (7.13)

The equation

defines the Lie algebra of the group. Notice that
[ta, [to, tel] + [t [tes ta]] + [te, [tas to]] = O. (7.14)

This is the so called Jacobi identity and it is satisfied by the generators. This
gives an identity for the structure constants. Using the Lie algebra, we have:

[tm ifl;jctd] + [tbai cdatd] + [tcv ifgbtd] =0
~| CeyCrht 4 CryCl 4+ CCly = 0,

Let us now define:
Egc = iCéb'

Then the above equation becomes:

[t 1] =10%¢, e,

a

the structure constant furnish another representation of the Lie algebra. We
call this the adjoint representation.

It is now time to justify why we call the ¢, matrices generators. Using
the product rule of Eq. 7.9 an infinite amount of times, we can write for a
symmetry transformation with parameters ¢

a

N
T = lim T (%) (product rule)

N—oo

ge \V
= g (1 + Wt‘l>

= exp(if?t,).
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In other words, the generators t,, together with the product rule are sufficient
to produce any ttlarge” transformation from infinitesimal ones by means of
a simple exponentiation:

T(0) = exp(i0°t,). (7.15)
Example 7.2. For rotations on a plane, we have:

"\  [cosf —sinf
y' ) \sinf cosf |-

7(6)

For a small # angle:

Thus,
exp(ift) = Z i"g"t"
n=0 n!

oo . oo .
2n92n (tQ)n 12n+192n+1t2n+1

=2 2n)! +; @2n 1 1)

- = o S (i)
—;) (2n)! —H;O(ZnJrl)!'



But

e'? — cos@—f—isin@

00
19 2n+1

2n—|—

n=0 n:O

Thus:

exp(ift) = cos 1 + it sin 6
_ [cos0 0 n 0 —1Y\ . 0
L\ 0 cosf 1 o0 )™
cosf@ —sinf
o (sinQ cos 6 )/

Exercise 7.2. Find the generators and structure constants for rotations in
3 dimensions (SO(3) group).

78



8 Motion in one dimension

The knowledge of conservation laws such as energy conservation can be help-
ful for solving the equations of motion of a system and determining the
trajectories of its particles. We can demonstrate this in the simplest possible
example, an one-particle system which is specified by one only generalized
coordinate.

Let’s consider a Lagrangian of the form

1

L= 5@(61)6}2 - Vi(q)

with ¢ a generalized coordinate. This Lagrangian does not depend explicitly
on time. Thus, the energy of the system is conserved:

1
FE=—"4—L=-a(q)d*+ V(q) = const..
3 5a(@)d” + V()
It now becomes easier to solve the equations of motion, without even having

written the Euler-Lagrange equation down. From energy conservation, we
have

(-2

B a(q)?
~ far= [ XE - Vi)

_ | alg)
:>t—/dq m+const..

For a particle moving in one dimension

1
q==x, alq)=m, L= §m:ic2 —V(x)

we have

o= | e

The kinetic energy of the particle must always be a positive definite quantity

1
§md32 =FE—-V(z)>0.
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This condition may limit the allowed interval in which the particle can move.
The solution of the inequality determines the range of the motion. If the
motion is bounded by two points, as it happens for a potential as illustrated
in the figure,the motion is oscillatory. Then the period of the oscillation is

m [ dx
T:g,/_/ )
2 Juwy VE=V(z)

| |
| |
| |
| |
| |
| |
| |
l l
o Tp

Figure 15: Potential V(x) with E =V (z,) = V().
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9 Two-body problem

In this chapter we will discuss the interaction of two particles with masses
my and me, assuming that the force which exerts on each other depends only
on their relative distance. The Lagrangian which describes such a system is

I

L=—-myr

1 . o N
5 f+—m2T§—V(|r1—r2|).

2

We need to find the trajectories 71 = 71(t) and 7'y = 75(t) of the two particles.
We shall see that the symmetry of the problem simplifies this task.

A first simplification we can make is to use a clever frame of reference. This
is the, so called, center of mass frame in which the total momentum of all
particles in a system is zero. To determine this frame, we first find the average
position of the masses:

B Zz mﬁ, . mﬁ"l —+ mgr“g

R = = 9.1
Zi my; mi + mao ( )

We also define the distance vector of the two particles. Assuming that mo >
my, we define conventionally:

We can express the position vectors of the two particles in terms of 7 and R.
After a little algebra, we find:

=R+ —2 (9.3)
mi1 + mo
- - mi
=R—-——" 94
"2 mq + mo ( )

—

In terms of the (7, R) variables, the Lagrangian becomes:
1 o 1 oe
L= §(m1 +mo)R° + QHT = V(r), (9.5)

where r = |F| and p is the reduced mass

112
= — 9.6
= (9.6)
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The nomenclature is more transparent if we cast (9.6) in the form

1 1 1
- 4= (9.7)

1% mq mao
from which we can easily see that

1 1 1
— > —, — ~ 4 < my, ms. (9.8)
2 my Ma
As the name suggests, the reduced mass is smaller than any of the masses of
the two particles. In (16), we plot the vectors 7, R, 7; and 75. An interesting

m2
m1+ma

mi
m1+ma

Figure 16: The position vectors of the two particles, their relative distance
and the position of the average of the mass (center of mass).

configuration is when the mass ms is much larger than m;. This corresponds,
for example, to a typical star-planet system like the Sun and the Earth. For
My > My ~» Z—; — 0, we have

— —

Ffo~ R T~ R+T (9.9)

while the reduced mass is:
R my (9.10)

which is the mass of the small object.
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Let us now observe the structure of the Lagrangian of (9.8). We no-
tice that the coordinates of the center of mass vector R = (R, R,, R.) do
not appear in the Lagrangian, but only the velocities R = (Rx, Ry, Rz) do.
Therefore, the velocity of the center of mass must be constant:

.
—

R = const.. (9.11)

Indeed, we recall that

L L . . ..
;Rx =0~ %aa—Rm =0~ %[(ml—kmg)Rz] =0~ R, = const.. (similarly for R, R,).

We can now exercise our freedom to choose our frame of reference such as
the center of mass is stationary:

.
—

E=0. (9.12)

In this frame, the Lagrangian takes the form:

L= %w%? —V(r). (9.13)
We have turned the two-body problem into a dual problem of a single particle
with “mass” equal to the reduced mass and a “position” the original distance
vector of the two particles.
The potential in (9.13) does not depend on the direction of 7 but only on
its magnitude. Therefore, we expect the Lagrangian to be symmetric under
rotations:

P =04 X T (9.14)

Then, the angular-momentum

M=7xP (9.15)
with OL 0L 0L
P— == 2= 22— (i 03 = ur 9.16
is conserved:
d— L= L.
EM =0~ 7 x P = p(F X 7) = const.. (9.17)
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Figure 17: Directions.

The position 7 and the velocity 7 are always perpendicular to the angular
momentum. Since the latter is constant, pointing always to the same direc-
tion, the vector 7 lies always on the same plane.
We can therefore use polar coordinates, with the Z-axis in the direction of
the angular momentum:
M= M:2.
The Lagrangian takes then the form:
Lo 2
L= §M(T +770°) — V(r). (9.18)
The conservation of angular momentum is manifest in the Lagrangian of

(9.18) since it does not depend explicitly on the angle 6, but only on the
angular velocity 6. The corresponding Euler-Lagrange equation gives indeed:

_doL oL d
dt 98 \8/9/ dt

=0

(1120 ~ | ur?0 = M = const. |. (9.19)

As usual, the total energy is also conserved:

1 :
E= 5;1(732 +726%) + V(r) = const.. (9.20)

Or, equivalently, eliminating the angle 6 using (9.19) we write:

2

1
E= 5@7’“2 +V(r)+

e (9.21)
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Exercise 9.1. Verify that by taking the time derivative of (9.20) or (9.21)

dE
— =0
dt

you can obtain the second equation of motion

— = . (9.22)

We can interpret (9.21) as the energy of a particle with mass g moving
in one only dimension and a potential

M2
Vea(r) =V(r) + 2 (9.23)
“centrifugal
energy”
Let us rewrite (9.21) in the form:
1 ., M?
QHr™ = E—Vg(r)=F— 2 —V(r). (9.24)
The kinetic energy on the 1.h.s. must be positive:
1
5/%“2 >0~ B — Vg(r) >0. (9.25)

The motion is therefore restricted to distances for which the total energy
exceeds the effective potential energy V.g. The extrema of the motion are
the solutions of the equation

E = Vig(r). (9.26)
This can yield different types of trajectories:

Example 9.1. In figure (18), the motion is restricted in a finite range of
distances in between [rmin, Tmax]-

Example 9.2. In figure (19), the energy is larger than Vig(r) up to infinite
distances.
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min T'max

EEEVveﬂf: q(r
e (G

Figure 18: Trajectory 1.

Let us now look at the condition

E—Vg(r) >0
M2
~ E—V(r)— e >0

~| 2uEr? — 2ur®V (r) — M? > 0.

Taking the limit » — 0, we have:

—lim[r*V (r)] > M? (9.27)

r—0

which is a condition on the potential so that the distance r becomes zero.
We clearly need an attractive potential (V(r) < 0) in order for (9.27) to
have a chance to be realized. But even then, this is not guaranteed if the
angular momentum is not zero. For example, for a gravity or an attractive
electromagnetic potential

a

Vr)= o a> 0 (9.28)

(9.27) is not satisfied. This explains, for example, why the moon does not
fall on the earth. We may rush to conclude that this is also the reason for
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E > Ve Ve (r)

Figure 19: Trajectory 2.

the stability of atoms, explaining the orbits of electrons in analogy to plan-
etary motions in a solar system. However, this analogy is not correct. In
classical electrodynamics electrons in orbit around a nucleus must emit elec-
tromagnetic radiation thus decreasing continuously their energy and angular
momentum. Eventually, electrons of classical physics should collapse on the
nucleus. To explain the stability of atoms we will need quantum mechanics.

Angular momentum and energy conservation are sufficient to determine
fully the trajectory r(t) from

1
E = 5;”'”2 + Veg(r)

dr 2
)
_ o dr
A= \[2\/E V(1)

~ = \/E/ . + const.. (9.30)
2 E — V;ﬂ'(T)
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For the angle 6(t), we have
: M
M:/M”2(9’\/>/d0:/dt—2.
pr
Using (9.29) to trade dt for dr, we have

/ 46 — \/E / W M
2J) \JE—Vea(r)pr®
M dr 1
0= — | ——F——=— t.. 9.31
=g F e 0
9.1 ! potential
T
Let us now consider a potential of the form
V(r)=-2, a>0. (9.32)
r

This potential corresponds to the gravitational potential due to a massive
object, or an attractive electrostatic potential due to a point charge. We will
study first the case a > 0, but our results can be easily used for repulsive
potentials with a < 0.
The effective potential which takes into account the centrifugal energy is:
M? a

_— (9.33)

Vit = 5
ff 2ur? r

We notice that the centrifugal energy is positive and behaves as T% while
the potential energy V (r) is negative and behaves as % At small distances,
r — 0, the centrifugal energy dominates and Vg tends asymptotically to
plus infinity. In this region Vg is attractive:

) OVe
lim —

Jm = > 0.

At large distances, r — oo, the T term is larger than the & and the effective
potential is dominated by V(r). In this limit the force is attractive:

) OVet
lim —

7—00 T

< 0.
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Figure 20: Effective potential.

In the intermediate region the potential develops a minimum:

M2
> 7"0 = — (934)

r=rq Ha

OVest
or

The shape of the potential is shown in Figure (20). To calculate the tra-
jectory, we need to calculate the integral of (9.31) for V.g given by (9.33):

1

1 dr
O(r) = — / — + const.. (9.35)
2 r” \/E_zAf:2+%

We can cast the above formula as

[5
RECOEE

p

O(r) = + const. (9.36)
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where

M2
p=— (9.37)
a
and
=4/1+ 2EM* (9.38)
€= e .
With the change of variables,
1 1
=+ Scosw (9.39)
r p D
the integral of (9.36) becomes
0= / dw + const.
which leads to
0 =w+ 0. (9.40)
Thus, from (9.39) we find the trajectory
1 1
- = —+Ecos(0—90)
r p p
or, equivalently:
P o1+ ecos(6— )| (9.41)
r

(9.41) describes the trajectory r = r(6) for the distance of the two particles.
As we can see, the trajectory depends on the value of the two parameters
(e, p) which in term depend on the energy E and angular momentum M. We
will find three types of trajectories, according to the following table. For the

e>1| E >0 | hyperbola

e=1| E=0| parabola

e<1| E<O ellipsis

91



minimum value of the energy,

ol

2M?%’

we have € = 0 and the trajectory is a perfect circle of radius p. Let us check
that (9.41) describes indeed these types of trajectories. Substituting in (9.41)

T
cosf =

and 17 = /22 + 12
r
we have:

p=+vVr2+y?+ex
~a?+y’ = (p—ex)’
~ 2%(1 — €*) + 2epx + y* = p*.
For e # 1 we have:

(9.42)
2 2 2
T N R .
1—e? 1—¢e2 1-—¢€2
2 2 2 2,2
ep v p e’p
- <x+1—62) e 1—62+(1—€2)2
2 2 2
€p ) p
= = .
{x—i_l—e?] +1—€2 (1 —e2)?
For p # 0, we can write:
2
[z + 2] v
p12 =1 (9.43)
(1—e?)2 (1—e2)2
Let us now take e < 1. Then, (9.43) matches indeed the trajectory of an
ellipse
(r —20)® | (y—w0)? —1
A? Bz
where
ep
Tog = —

T %w=0 (9.44)
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Figure 21: Ellipse with large semi-axis A and small semi-axis B.

and
A= (9.45)
B=—2__ —\T-ea<4 (9.46)

are the large and small semi-axis of the ellipse. We observe that

D a
A= —F— = ——
1 —e2 2F’

the large semi-axis of the ellipse depends only on the energy FE, while the
small semi-axis

2 2
Be A== Ay 2EME ] M
pa? 2uF

depends on both energy and angular momentum.
Let us now return to (9.43) and consider the case E > 0, corresponding
to e > 1. Then we can map (9.43) to the equation of a hyperbola,

(& —w0)*  (y—yo) _
D (9.47)

with
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and

_ P
A= (9.48)
p
B = Nz =ve2—-14 (9.49)

We let the reader as an exercise to investigate the special cases of ¢ = 1 and

W
/%QA%\ - VB

Figure 22: Hyperbola.

E=0.

9.2 Laplace-Runge-Lenz vector

Consider the Lagrangian of a particle in a central % potential:

1.
L= 5mi* + g (9.50)
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The Euler-Lagrange equations yield Newton’s law:
mr = —a—. (9.51)

Now let’s consider the cross product of the momentum and the angular mo-
mentum

S PxM)="xM
M) =
a,, —
:_EOGXM)
:—% Fx(?xﬁ)}
T
= - [Fx (Fx ). (9.52)

Exercise 9.2. Prove the identity:

where

Thus,

. -2 . d
P ox (Fx ) =1 (:—Z—F%) :—r?’a(
Returning to (9.52), we find:

Thus, the vector
A=P x M~ "ma = const. (9.53)
r

is conserved. The vector is known as the Laplace-Runge-Lenz vector.
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It is easy to verify that the LRL vector is vertical to the angular momen-
tum

A-M=0 (9.54)

and, thus, it must lay on the plane of the motion. We will see in late lectures
that the LRL vector is conserved due to a special symmetry, owed to the
special form (1) of the potential.

r

Exercise 9.3. Find the size and the orientation of the LRL vector for

(i) an elliptical orbit
(ii) a hyperbolic orbit.

It is important to note that any variations of the LRL vector indicate
possible deviations from Newton’s law of gravity. Thus, measurements of
A(t) as a function of time are stringent tests of Newton’s law. Such deviations
are expected, for example, in Einstein’s theory of General Relativity.

What is the symmetry giving use to the conservation law of LRL?

Ty —> T+ 5kri
with
. 1 . 1, .
Orr; = €1 (Tﬂ’k — im"k — O (57“ . 7’)) (9.55)

where we change all three r;’s simultaneously. From (9.55), we obtain:

g AT a 1] (9.56)

5k*i=%{fi7;k—5ikf’ ——— T ok——
2 wr ur
The Lagrangian changes by:
C e, o OF
(5L:w’-(5r—ar~r—3

. . d
€] 5559 56) 5L = e <,uar—k> .
dt r

Then, we can use Noether’s theorem:

0pr; — I = const.
Okt

- = r
= A =P x M — pa— = const..
r

Exercise 9.4. Fill the gaps.
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9.3 Scattering

Consider a particle which scatters against a fixed target at the center of our
coordinate system. We will assume that the interaction of the particle and
the target is described by a central potential V(7). We will assume that the
particle comes from very far away (r — oo) and scatters at the target. The

0 particle
,,,,,,,,,,,,,,,,,,,,,,, e
target o

Figure 23: Particle coming from very far away and target at center.

trajectory of the particle is as in Figure 24. Therefore the deflection angle

Figure 24: Trajectory of scattered particle.

x of the particle is
X = |m — 260

where o
p) d?"

- / 2mlE — V()] -

(9.57)
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To compute 7min, we note that

1, M2
it = E—V(r) - .
5" V(r) S (9.58)
and 7 = 0 for r = ry,;, leads to
M?
E —V(rpm =0. 9.59
(Tmin) + 2mr2. (9.59)

Let us now express the energy and the angular momentum in terms of the
velocity of the particle at infinity, v, and the impact parameter p. We have:

1
E = §mvgo (9.60)
M = mpun. (9.61)

Thus:

(9.62)

o0 2
bo = 2 dr
’ Tmin 1 — P_2 — 2V '
r2 mv2g

Let us now consider a beam of particles with the same velocity at infin-
ity which scatter on the target. The beam particles have different impact
parameters. Thus they scatter at different angles. We denote with

# of scattered particles in between x and y + dy

dN = (9.63)

unit time
This rate depends on the flux of particles in the incoming beam. We define

the flux as ] . ]
# of incoming particles

n X
time - area

We can measure experimentally the ratio

dN

do = —. (9.64)

n
This ratio is called the effective scattering cross-section. It has units of are
and it characterizes the physical properties of the scattering process and the
potential. Let’s assume that particles with impact factor p(x) to p(x) + dp
scatter in between xy and dy. Then
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X +dx

Figure 25: Particles with impact factor p(x) to p(x) + dp scattering in be-

tween y and dy.

dN = (2npdp)- n

particles
area

time-area

The cross-section is then
dN
do = — = 27pdp,
n
changing variables,

d
d0:27r,0‘d—p’ dy
X

dp
= (2wsinyd —.
( x4y sinz |dz
solid angle dQ2
9.3.1 Rutherford’s formula
For a V(r) = ¢ potential, we can compute
¢: e — arCCOSL&p
1+ mvaioﬂ
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Exercise 9.5. Verify this result.

2

o= ——cot? X (¢07T_X).

m2vd, 2 2

Then dp? = 2pdp is easy to compute. We then obtain

a dQ2
(2mv2))?sin* ¥

do=nm
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10 Virial Theorem

Consider N particles interacting via Newton’s law. If positions are bounded,

Consider
6=57n

46 dP, — d7
= g p.*
A - dt Tit Z P

=> F-F+2T

M%ZE-E:2T+ZE-F1~.

The time average is
1 T
(F) :—/ F(t)dt.
0

-
Thus

—/ dt—ZP =2 >+<ZE-@>
+ <Zﬁf> = G(1) — G(0).

Assume that the motions are bounded. Then G(7) is bounded as well. If we
then take 7 — 00, we have

G(r) = G(0) rorg

{Z7))
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This is known as the wvirial theorem.

For a single particle,

For a central potential, we get

=12
oV

If V = ar™ we have — = nar™ = nV, thus:

or

n=-—1~ <T>:——.
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For many particles and a % potential:

N L=l
_Z:(VM T = —Zriv52%

i e
— by ey e
— 7 —
i 1£i 7 = 7f?
:-l-za(rz—r"l)'?z Za(z D) T
I<i ‘F o ?l|3 i<l i — FI‘B
_ —}—Z G(Fi—ﬁ) T"Z +Za(ﬁ —T"l) 'Fl
I<i ‘?’ o Fl|3 I<i |T"Z o Fl’?)
_ —|—Za[<ﬁ_ﬁl) Fz — (Tﬂz _?l) ?l]
R
— Z CL(;T’l —ﬁT"l)Q
< |7 — 73
I<i
— D =
1<i |7 =74
Thus we have proven that
1
(1) = —5(V)

Application in astrophysics

» <4
measured (T) = % (V) “measured”
+
geometrical
symmetries

!

Estimate of
sumate ot Dark matter!
mass.
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11 Oscillations

11.1 Small Oscillations
ROUGH DRAFT

Oscillations can occur in potentials with stable points of equilibrium. For
systems with one degree of freedom, this means that for a potential V' (q) it
exists a qg with

oV oV
— >0 and — —
dqo dqo

This returns the particle to qo. The Taylor expansion for this potential is

Vi(g) = V(q) + Wo(q — Qo) + %V”(QO)(Q —¢0)*+ 0 [(¢— )]

If we set V'(qo) = 0, which is the shifting value of the potential by a constant,
we need to find

< 0.

1
V(k) ~ Ek(q —qo)* with k>0.

For a simple particle, we have

1 1
L~ -mi? — —ka?
2 2
which gives us the following Euler-Lagrange equations:
doL oL
dtor  0r

~mi+kr=0

~T+—x=0
m

k
with w =1/
m

Then the solution is
T = ¢y coswt + ¢y sinwt.

Indeed,

T = w[—cysinwt + ¢y cos wt]

i =w?[—ccoswt — cysinwt] = —wlr V.
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We can rewrite

2 2 C2 .
T =1/c]+ ) coswt + ————=sInwt
c?+c2 A&+
1 2 1 2
Set
C1 Co .
ﬁzcoseo —ﬁzsm% A=/ + 3
]+ ¢ 1+ ¢
to obtain

x = A (cos by coswt — sin O sin wt)

«»‘ x = Acos(wt + 6y) ‘

The frequency depends on the characteristics of the system (m, k) and on

T

A

A 7\ / A cos(wt + 6y)
t

Figure 26: Harmonic oscillation with amplitude A.

initial conditions (for small oscillations only).
The energy of the system is

1 1
E = —mj32 + 5]43.1’2

2
1
=5m [— Awsin(wt 4 6 — 0)] + %wQ [A cos(wt + 6,)]?
~ B = %mszQ .
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Thus,

2F
xr =\ — cos(wt + ).
mw

The amplitude A of the oscillation depends on the energy, as expected.

It is often convenient to “complexify” the amplitude:
A= |Ale%.

Then,
r = Re (Aei“t) .

Indeed,

z = Re (|A|ei(°Jt+0°))
= |A| cos(wt + 6y).

11.2 Forced Oscillations

Exert an external time-dependent force on an oscillatory system, then
L o
V ikx + Vex(2, )

1 OVex
~ —ka® + [ } +
8ac =0

2

Vex(0,1)

can be written
as a time derivative

Thus,
L
V(z,t) ~ Elm —zF(t)
1 1
L= §mx'2 — §kx2 +aF(t) (11.1)
which yields the following equation of motion:
doL 0L 0
dt ox  O0x
~ mi = —kx + F(t)
F(t
ol i+ W = Q. (11.2)
m
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For the general solution, we set

( =1+ iwx (11.3)
¢ =7+ iwt
—iw¢ = —iwt + w’z
which gives us
d ) F(t)
—( — = —=. 11.4
CCiwg = (11.4)
Set now ¢ = e“!y, then
. F(t
ety 4 iw( — iw( = —( )
e—ith(t)

m
L F(t

:y/dte_’”t—( ) + Yo

m

=9 =

IR P {yo n / dte_mw} . (11.5)

m

The energy of the system is

1 1
E = §m$2 + 5]{5.7)2
= 1m(nc2 + w?z?) = lm@
2 2

= §m(x — iwzx) (T + iwz)

= E = %m 1C(t)]? (11.6)

The energy is not conserved. Assuming that we “pump” all energy in via
F(t), we have for the energy of the system after infinite time,

B = Zm((+oo)f

— lm'/_oo dt Ee—iwhryo . (11.7)

2 m

o0
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where the last integral can be recognized as the Fourier transform of the force.

Let us now work out explicitly the trajectory for

F(t) = fcos(vt + p). (11.8)
Then

C(t) = et [/ dt e ! cos(yt + 5)% + 10

I Jw

= ((t) = ™y + (=) sin(yt + 8) — im cos(yt + f3)
(11.9)
But
C(t) = & + iwa
= (1) = ()

= g = e W (c - / dt e+i”t§(t)> . (11.10)
Performing the integrations, we have
f/m —iw
—m COS(’Yt + ﬁ) + Ae t.

The real part of the solution is

x(t) =

z(t) = |A| cos(wt + 6y) + % cos(yt + B) | (11.11)

The first term is the solution of the homogeneous equation and it is the same
as when the external force is absent. The second term is new. It is also an
oscillatory function of time, but with the frequency of the external force.

The amplitude of the oscillation increases as the frequency of the external
force v approaches the value of the characteristic frequency of the system w.
This phenomenon is called resonance. To calculate the motion at exactly
w =y, we write:

S
(=)
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x(t) = | B| cos(wt + 6y) + [cos(yt + B) — cos(wt + beta)] (11.12)



At v — w, we have

x(t) = | B| cos(wt + ) + 5 /

mwtsin(wt—l—ﬁ) (11.13)

Notice that the amplitude increases with time. The above formula is not
valid if our Lagrangian of (11.1) is only valid for small z, since after some
time the amplitude of the oscillation becomes large.
Let us now complexify (11.11):
z = A + Ay

= [A; + Az e, (11.14)
For v = w + ¢, close the resonance with € being small, we can write

:E(t) — [Al +A2eiet] eiwt
= C(t)e*! (11.15)

where the “amplitude” C(t) varies very slowly in time. Setting
Al = |A1]eiel and A2 = ‘Ag‘eiez,
we obtain:

|C(t)’2 = ‘Al‘z + ‘AQ’Q + 2‘A1HA2| COS<92 - 01 + €t>
= (|Adl42])” < 1O@)1” < (1Al A2])”
= [[As] = [Agf| < C(t) < [Ax] + | Agl. (11.16)

The amplitude varies periodically in between two values. This phenomenon
is known as beats.

11.3 Oscillations of systems with many degrees of free-
dom

We will now study oscillatory behaviour in systems with many degrees of
freedom. A Lagrangian describing such a system is of the form

1

1,3
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where

kij = k. (11.19)

To compute the equations of motion, we need first

oL :
J
oL
Yo

The Euler-Lagrange equations give then:
J
This is a system of N differential equations with N unknowns. We can set

z; = Ajel (11.23)

(and only need to remember to keep the real part of this expression at the
end of the calculation).
Substituting into (11.22), we obtain:

> (ki — wPmg)A; =0 (11.24)
J
or, in a matrix form
kll — w2m11 k,’lg — w2m12 e Al 0
kor — w?mar  kog — w?mas ... Ay | = . (11.25)
. ) . 0

The condition for the system to have oscillatory solutions of the form of
(11.23) is then
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The solutions of (11.26), if they exist, are real and positive. Indeed:
> (ki —miyw)A; =0
J
2

2 Zzy ki A7 A;
X mi AT,
2y kAT A,
B iy M AT A
_ Xk Aid]

2y MijAiA]

= W

= (wQ)* ~> w? is real.

Notice also that

(2% ]

= Z kij(aia,j + bzbj) + 12 kij (b f 7 j)
0. 2 Symmetric

= Z /{:ij(aiaj + bzbj) Z 0.

1,J

0

The roots of w? of (11.26) give the characteristic frequencies (eigenfrequen-
cies) of the system. To construct solutions x;(t) after this step becomes a
simple exercise in Linear Algebra to find the eigenvectors corresponding to
each w,. Let us assume, for simplicity, that there is no degeneracy. Then the

solutions are

i) =Y Ajaba(t) (11.27)

with Aj, the minors of the determinant and

0,(t) = Re [Cuexp(iw,t)] . (11.28)

We can regard the equation
€Ty = Z Ajaga
a
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as a change from one set of generalized coordinates to another. The 6,
coordinates satisfy the differential equations

fo + w20, =0 (11.29)

and are called normal coordinates. They describe independent oscillators. In
normal coordinates, the Lagrangian takes the form

1 .
L= Z §ma(92 — w2w?).

Exercise 11.1. Consider the Lagrangian

1
L= 5 [+ 21dy + 35 — 3] — 4a3 + 20129]

Find the eigenfrequencies and normal coordinates.

11.4 Damped Oscillations

We now consider oscillatory systems with some friction losses. The equation
fo motion for the simplest one-dimensional oscillator is

mi+kx+az =0

or, equivalently,
i+ wir + 2 r =0

with

and 2\ = ﬁ.

o
m m

The solution is of the form
z(t) = e,

then

K +wg + 20k =0
N ) e

= k= At /A2 —w?

112



Case 1 )\ < wy
Then, we have two complex solutions

ke =—XEiy/wi — N2
and the general solution is
r = Re [Ae_’\“’i\/ “3_A2t}

= |Ale™ cos(wt + 6y)
——

C(t)

Figure 27: Damped oscillation with time-varying amplitude C(t).

Case 2 )\ > wy
We have two real solutions and no oscillation, which is called aperiodic
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damping:

r=e M [cle’ VAWt | ety ’\2’“31 .
For many degrees of freedom, the frictional forces take the form:

J

Then, we can write

oF ) 1 ..
fi = _8$i Wlth F = 5 izjaijfil'j.

Then, the equations of motion can originate from

doL 9L OF

The function F' is known as the dissipative function.
Let us now compute the energy change vote:

dE d oL,
a At \ 2=""oi,

1

.OL dL . dJL

~om T W M aon

0L 9oL . 9L. . doL
= :vaii — 8_xlxl - 8_1’1%+le8_@
. [darL oL
- [Ea@ N axi]
. 0F

TS
— 9F.

For the system to lose energy, we require that

F>0.

114



12 Rigid Body

So far, we have studied the motion of point-like particles. We will now move
to study the motion of macroscopic objects which do not change shape dur-
ing their motion. We call these object rigid bodies. A rigid body is a special
case of a system of many point-like particles with the constraint that the
distances among the constituent particles is fixed.

Consider a reference point O on the rigid body. We can determine the
position of every other point A of the rigid body with respect to the reference
point O with a vector

OA=1,.

The magnitude of [, is fixed, since it connects two points of the rigid body.

Figure 28: Rigid body with origin O and point A.

As the object moves only the orientation of OA can change, while the length
of the vector stays fixed. The motion of [, is therefore a rotation. The
reference point O is of course also moving. The position of the point A in
the body with respect to a fixed point F' outside the body is

FA=FO+O0OA

or, equivalently _ N
Fo(t) = B(t) + L(2). (12.1)

For small times dt, the displacement of the point A is
A7, = dR + dl,. (12.2)
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Figure 29: Same body with different orientation.

We can write the change dl, as an infinitesimal rotation
di, = d¢ x I,. (12.3)

Thus, we have that

dt — A&t | dt

This is an equation which relates the velocity of a particle A in the rigid
body to the velocity of a reference point O and the angular velocity

dé
dt

a7, _dE o g1 (12.4)

W= (12.5)
of a point A with respect to the fixed point O. All points in a rigid body ro-
tate simultaneously, as they are required to have fixed distances. Therefore,
the angular velocity w is common to all particles.

Let us call .
— dR
= — 12.6
i (12.6)
the velocity of the reference point O.
We will assume that a body is composed of a = 1,..., N particles with
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masses m,. The kinetic energy of the body is then
1 .
ngimaﬁz
1 _ 2\ 2
=3 sma (V4@ x )
— 2
! 2y L sxi) +V- (@ I 12.7
=5 Zma +§Zma<wxa> + V- wamaa . (12.7)

We will now choose our reference point O to be the center of mass

0:Y muly=0. (12.8)

In this frame, the last term of (12.7) vanishes. Therefore, in the center of
mass frame the kinetic energy is

1 1 . 2
T=Smv2+ s Z Ma (za x w) (12.9)

with
m=>m,. (12.10)
a
We not that the center of mass frame is not necessarily an inertial system of

reference.
We will now prove the identity

N2 . N
(a x b) — G2 — (a : b) . (12.11)
Proof.
N2
<6 X b) = (eijkajbk)Q
= (€ij1a;br) (€itmaiby,)
= €ijk€itm A0y,
Oji 0;
Okt Okm
= (5jz5km - 5k15jm) ajbkalbm
= ajbi — (a;bs) (axby)

5 5\ 2
25252—(5-1))

ajbkalbm
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]

Therefore, the “rotational” term of the kinetic energy in (12.9) becomes
1 N2 1 L\ 2
5 Z;m (w x za) == Z;m (uﬂlg - (w - la> ) . (12.12)

Let us now write the above in terms of the Cartesian components of the
position vectors

za = (lab la?a la3) = (lai> .
We have
SN2
w3 — (@ : la) = (wiw;) 12 — (wil)?

2
= wiwj@jla — wiwjlailaj

= (51]l2 — lailaj) WWwj (1213)
Therefore, the kinetic energy takes the form
1 5 1
T = imV + §Ii]‘wiw]‘ (1214)

where m = ) m, is the total mass of the rigid body and I;; is the so called
tensor of inertia.

12.1 Tensor of inertia

The tensor of inertia is characteristic of the geometry and mass distribution
of the rigid body. From its definition,

Iij = Z mg (135” - lailaj) (1215)

we see that it is a symmetric tensor:

It therefore consists of six components. In a matrix notation, the tensor of
inertia is

l¢2¢2 + l¢213 _lalla2 _lallaB
]jk: - Z —lallag l§1 + 133 —laglag e (1216)
a _lallaS _la2la3 5(211 + 522
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Using standard linear algebra methods, we can diagonalize this matrix. The
diagonalization corresponds to a change of axes for the vectors [,. The axes
for which the tensor of inertia is diagonal are called principal axes.

Ill [12 Il3 Rotati Il 0 0
Iy Iy Iy f—>“ 0 I, 0]. (12.17)
Iy Iy Iz) °7F \0 0 I

The eigenvalues Iy, I, I3 are called the principal moments of inertia.
Exercise 12.1. Demonstrate that principal axes always exist.
We can prove the following inequalities:
L+ 1>
L+13>1
Is+ 1, > Is. (12.18)
Indeed,

L +1,= Z (l¢212 +i 412+ l¢2z3)

> mg (12 +12)

= 13.

In the definition of the tensor of inertia of (12.16), the position vectors of the
rigid body points [, are measured with respect to the center of mass. Let us
now consider an analogous expression

L; = Z Ma (radij = Taiaj) (12.19)

where the vectors ¥, = Za + ¢ are measured with respect to a different point.
Then,

=% "m, ((z + 5)2 81 — (las + ¢5) (Lo + cj>>
= Z myg (ZZ(SZJ — lm‘laj) + <Z ma> (EQéij — CiCj)
+ 2 <Z maza> - €Oy (Z malai) ¢ — (Z malaj) ;.
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However, ), Mal, = 0. Therefore, we obtain
Iz(j = Iij +m (8251'1‘ - CiCj) . (1220)

(12.20) is a convenient formula to use if the summation over all particles is
performed easier in [j; for position vectors with a different origin than the
center of mass.

Finally, we remark that in the case of a continuous solid body, the sum
over all particles must be replaces with an integral over a continuous density:

We can classify rigid objects according to their moments of inertia.

I # Iy # I3 | asymmetric top

I = I, # I3 | symmetric top

I, =1, =13 | spherical top

Figure 30: Classification of rigid objects.

12.1.1 Examples of moments of inertia

Example 12.1. Consider a system of particles in the same line.
The tensor of inertia is

Figure 31: System of particles in the same line.

2
Ijk = § Mg (Ta5jk: - Takraj) )
a
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but . = r.0;z, thus
Ijk = Zma (r25jk — rgékzéjz)
a

= mar (5 — 0ju0ka) -

This gives us

I, =0

L, = Z mar,
L. = Z mary
Ly = S mart (5 = 2008
Lo =Y mgr? (é/ Ry

0
I,. = Zmarg <% — r2%0%0> =0.

-0
-0

For two atoms,
2 2
Iy = I3 = mqyr] + mar;.

We want to express this in terms of the distance d of the atoms. We start

]

Figure 32: Two atoms with mass m; and msy and distance d.
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with the center of mass equation:

0 = my71 + mars

We obtain for the distance:

and thus

Then, the moments of inertia are

2 2
_[273 =myry -+ maoTy

2 2
— s (L) oy (L) 2
mi + Mo mi1 + mo

mq + mo mam
= "My
(mq + my)?
mime
=1y =1.. = —
mq + meo
Now, recall

2
Lk =Y ma (120, — Tajvar)
a

and let us shift
Tq — Tq + C,
then
= [(Fa+8) = (raj + ¢;)(rax + )]

a

122



The linear term is
Z Mg (274 - €) 05k — (TajCr — TakCj)]

but it disappears since
Z mgT, = 0

and therefore

I = 3" ma [(a+ 2 81 = (Fa +0); (Fa + 0),

= Lk —+ <Z ma> [625]% — cjck] .

Example 12.2. Consider two points with same mass m; and distance a
from each other shifted by A from the z-axis and another point with mass
msy according to figure 33. Then, the center of mass equation gives us a

Y
A

mao

Figure 33: Two masses m; with the same distance from the center of mass
and one mass my with y-distance h.

relation for \ and h:

(h — /\>m2 = 2m1)\
S =—12
2my + mey
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The moments of inertia are

_ 2
I, = E Mg,

= my (h — \)* + 2my \?

mo 2 2m1 2
— [ (22) g (220 |22
m m
72m1m2

= T B2 g+ 2my)
m

_ 2mims B2

m

Izz == Zma (riézz - TZZ)
= Z Mq (rzzzr + 7ﬁ?zy)

= Ly + Loa.

Exercise 12.2. What are the moments of inertia for a cone?

Example 12.3. What is a frequency of a compound pendulum?
Let a, B, v be the angles between the principal axes and the axis rotation.
The velocity of the center of mass is v = l¢. Then, the Lagrangian is

1 1

L= §m02 +3 (hw? + Lw; + Iwi) =V
1 . 1 .

= §ml2¢>2 + 5 (11 cos® o + I cos? B + I5 cos? 7) »* — V()
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Fixed axis

Center of mass

Figure 34: Compound pendulum.

where
V(o) = [ Eapla)g:
=mgz
= —mgl cos ¢
~ —mgl + %mglqbQ +...
and thus

1 . 1
L:§ [mi* + I cos® o+ I cos® B + I3 cos” 7] ¢2—§mgl¢2+....

The frequency of the pendulum is

B mgl
\|mi2+ L cos?a + I, cos? B+ I3cos2 v

12.2 Angular momentum

The angular momentum of a rigid body is

M= "mg (Fa x 7a)
:Zma<(ﬁ+fa> X (fé%—@x Za>>.
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In the center of mass frame,

Figure 35: Rigid body.

Z mcja =0,

the angular momentum is

We have

|:67 X <E X dﬂ = eijkajeklmblam
K3

= €hijChim@;Amby

5il 5171,

Ojt Ojn

a;bian,
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Thus,
M=% "m, [zgw —i, (w : z)}

Mi = Zma [lng - lai (la]w]>]

— (Z Mg [125” — lailaj]> Wj
<[ = Ty] e

Changing our axes to the principal axes of inertia, we have

We observe that the angular momentum is not necessarily aligned to the
direction of the angular velocity. This happens for a spherical top,

11:I2:I3:[7

for which
M = Iw. (12.26)

12.2.1 Precession

We now examine the motion of a symmetrical top,

-[1 :I27él37

which moves freely, without the influence of external forces. In the center of
mass frame, the motion to the symmetrical top is purely rotational. We can
determine it completely by using angular momentum conservation.

One principal axis is the axis of symmetry 23, as shown in Figure 37.
The other two principal axes are perpendicular to it. Due to the symmetry,
we have the freedom to choose their orientation. We choose Z5-axis to be
perpendicular to the plane defined by Z3 and the angular momentum M.
Then,

M 1Liy= My=M-iy=0,

My = oy =[5 =0)
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Figure 36: A symmetrical top.

thus M, W, Z3 are all on the same plane.
Consider now the points of the top along the symmetry axis 23. Their velocity
is

—

V=ox7 7|
SV 1 (aﬁx3)
The velocity of the points of the Zs-axis is perpendicular to the plan of
(J, M, z3). We have
V = (@ x &3) x3
= [(wlfcl + Moig + W3jﬁ'3) X :?;3] T3

= [wy (T1 X &3)] x3

M,
= 5 I3T2
I
Since M is conserved, then
M,
— =W
L

is constant. Therefore, the axis of the top rotates uniformly around the
direction of M, describing a circular cone. We have therefore identified two
rotations:

1. Rotation around M. This is called reqular precession. The frequency
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Figure 37: Rigid body with angular momentum M perpendicular to the prin-

ciple axis T and angle 6 between the angular momentum and the symmetry
axis z3 of the body.

of this rotation is

Wpr = Wy sin 6

=Sl wpr = — |

2. Rotation around symmetry axis. The frequency of this rotation is

Ms M cost
W3 = .

I I
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12.3 Equations of motion of rigid body

We need to determine R(t) and @(t). Then geometry of the rigid body will

give us the positions Za(t) relative to a reference point at the rigid body.
We have

~ dP,

fa: dt

. d —
:Zfa:EZPa

Vparticle a

0
d - d
d—

The sum of the forces .
F) - Z fa
includes only external forces, because internal forces cancel out. Indeed, in
the absence of external forces, internal forces cannot give a momentum to
the body, thus
Z ?C(Lint) = 0.
a

Notice that the Lagrangian describing a rigid body is

1 — 1 —
L= §mV2 -+ élijwiwj — V(R, ¢)

Then, the Euler-Lagrange equations are

doL oL _
dtov  OR
OR
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where we have used the shorthand notation

9 _g._ (0 0 0
83?_ 8301 8$2 8.%'3

Now let us look at the rate of change of the total angular momentum. Let us
specify the reference frame to be so that the center of mass does not move:

V=0,
This is not necessarily an inertial frame.
Then,
M d
E‘ZE(ZVXP>
ds . dP,
:;El“ X Pa+za:za X —
3\ 0
d- 7 . dP,
S i
The sum

R=Ylx7,
a
is the total torque. The above sum includes only external forces, since the
internal forces alone cannot produce angular momentum.

dM -
T K
can be derived from the Lagrangian:
doL OL
ww o

where

oL

Do aw ( Wi Z]ij]> = Z Iljwj = Mz
J

oL oV

0¢;  Odi
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For

=K
we obtain 5V
Vg
99

The equations of motion

P —

i F (total force)

T

- = K (total torque)

have been derived for a reference frame where the axes have a fixed orienta-
tion.

However, it is often convenient to use a reference frame with rotating axes.
Typically, these are the principal axes of inertia. Consider two coordinate
systems where (21, &9, 3) are fixed and (9;(t), 92(t), y3(t)) are rotating.

If we express a vector A in terms of the rotating system, we have

The total derivative is

% _ Z dd—?gi(t) + Z Ai(t) 49:lt)
- Z dd_fiigi@) +) Ai(t)w x gilt)

A A .
N (d ) +wx Al (12.27)
rot

dat -\ dt
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dA —
In (12.27), E) is the rate of change of the vector A as it is perceived

rot
in the rotating frame.

Therefore, in a rotating reference frame with a fixed (or freely moving)
center the equations of motion take the form

4P A,

<E> +uoxP=F
rot

dM I

(E) +(,7><M:K
rot

where & is the angular velocity vector for the rotation of the rotating frame.
In terms of components, we have

dV;
m <—1 + Wolg — w;gvg) = F1

dt
dV;

m (d—; + w3V — w1v3> = F2
dVa

m (d_tg + Wiy — WQU:[) = Fg.

We can choose the axes of the rotating system to be the principal axes of
inertia. Then, using

M1 = [1(,(}1 MQ = IQWQ M3 = [3(,03

and substituting into
dM .
— +Wx M=K,
< dt ) t

we have
dw
Ild_tl + ([3 - Il)w2w3 = Kl
d(,UQ :
IlE + (I — I3)wsw, = Ko Euler’s equations
dw
A
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12.3.1 Applications: Free rotational motion

Example 12.4 (Symmetrical top). In this case, we have

—

]1:]27&]3 KZO

and for
% =0 = w3=const
dt - 3 — )
we obtain
dw
d_tl + QWQ =0
dw
d_tQ — QUJl =0
with I I
Q= 571
w3 Il
This leads to
(,2)1 = —QWQ
CL)Q = le

and we can decouple this system of differential equations:

d ) .
E(wl +iwg) = Q(—wsy + iwy)

= iQ(w1 + iCUQ)
= Wy + lwg = Ae'

= A(coswt + isinwt)

= w; = Acoswt wQ:Asinwt‘.

Notice that

w4 ws +ws = A+ wi =const. = |&| = const.,

i.e. the magnitude of the angular velocity is constant.

(12.28)

(12.29)

Since ws is constant too, then & rotates around the symmetry axis of the top

with angular velocity €.
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Example 12.5 (Asymmetrical top). Let us now consider the general case of

an asymmetric top:
[3 > IQ > Il.

Energy and angular momentum conservation give

1 1
511(,0% + 5 ng + 5[3&)?2) =F

and
M} + My + Mj = M>.

This is the intersection of a sphere and an ellipsoid.
We can prove easily the inequalities

2FI, < M? < 2FEI,|.

If M? =2FEI, (smallest value),
My = M; =0.
For M? = 2F IS,

MP M3 Mg
L2438 _9F
L "h T

M} + M3+ M3 = M>.

For M? = 2E1,,
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12.3.2 Euler angles

Euler equations give the angular velocity w(t) in a rotating system with axes
the principal axes of inertia. What is then the motion of this rotating system
as we observe it from a fixed-axes system?

To relate a fixed and a rotating system with a common center, we can use
what is called Fuler angles.

> N>

Figure 38: Rotation of the coordinate system (z, 7, 2) by the Euler angles ¢,
0, ¢ to the system (&1, T, T3).

(x,y,2) is a fixed axes system and (xy, 2y, x3) is a rotating one. To go
from (z,y, z) to (z1, 9, x3) we perform a series of rotations.

1. Consider the intersection ON of the (21, z5)-plane and the (z, y)-plane.
Align the z-axis to ON by rotating counter-clockwise by an angle ¢.
We then go to coordinates

(x,y,2) = (1, 2)

19 cos¢y sing 0 x
n|=1|—sing cosg 0 Y
z 0 0 1 z
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2. Then we rotate around the {(= ON)-axis counter-clockwise:

£ 1 0 0 £
n”] =0 cosf sinf n
Z 0 —sinf cosb z

3. Finally, we rotate around the z’-axis by :

1 cosy siny 0
o | = | —siny cosy 0 n
T3 0 0 1 z

Collectively, we can write:

1 cosy siny 0 1 0 0 cos¢ sing 0 x
o | = | —siny cosyy 0 0 cosf sinf —sin¢g cos¢ 0 Y
T3 0 0 1 0 —sinf cosf 0 0 1 z

We can now relate the angular velocity
W= (917 92793)

as seen in the (z1,xq,z3)-frame in terms of the Euler angles and angular

velocities.
For the Euler angular velocities we have:

We want to express these rotation axes in terms of 21, 2 and Zs:

0
E=(E i) in+ (€ ) ia+ (E-45) -y
= cos YT + cos (w—i-g) T

= COS YT1 — SN YTy
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Z = cos 63 + sinf cos <g - 7/1) Ty + sin 6 cos Yo

= c0s 023 + sin 0 sin 21 + sin 0 cos Y9

then

R
= (¢sinfsiney + 0 cos )iy + (YPsinfcos) — Osine))iy + (¢ cosf + ).
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13 Hamiltonian mechanics

As we established in Sect. 4.6, the motion of a holonomic system with n
degrees of freedom is determined by the Lagrange equations, that is a set
of n second order differential equations in n unknown variables ¢;, where we
specify the initial conditions given by ¢; and ¢; at a given time t.

It has been known since Lagrange’s times that higher order differential
equations can be reduced to systems of first order differential equations.
Thus, we expect that a system of n second order differential equations can
be reduced to a system of 2n first order differential equations. In general, it
is more convenient to deal with a system of first order differential equations,
because an approximate solution may be found even when an exact solution
is not known. To illustrate this point, let us consider a point whose motion
is described by the first order differential equation,

—

Ho) = F () 1) (13.1)
Given an initial condition at a time ¢y, eq. (13.1) can be integrated to,
t —
7(t) = F(to) + / f(@#(r);7)dr. (13.2)
to
The integral equation (13.2) is more convenient than the differential one
(13.1) because it can be approximated. In fact, given the initial condition

7(to), we can build a series of successive approximations through the iterative
formula,

t
Ter(t) = 7(to) + / f (F(r);7)dT, k=0,1,2,.... (13.3)
to
For example, let us take the non-linear differential equation in one dimension,

i(t) =2 + 1, (13.4)
with ¢o = 0 and initial condition x(ty) = z(t) = 0. Then,

t t t3
() = / [25(7) + 7] dr = / ?dr = —,
0 0 3
t t 7_6 t3 t7
To(t) = /0 [l‘%(T) + 72] dr = /0 <§ + 72) dr = 3 + 63 (13.5)



and so on. One can continue like this until one gets eq. (13.2) to the desired
accuracy. Thus, a first order differential equation can be transformed into
an integral equation which can be solved to the desired accuracy.

Another reason to go to first order differential equations is that they have
a straightforward geometric interpretation. To see this, let us consider the
motion of a particle on the x — y plane, described by a set of first order
differential equations,

(1) = B(x,y:t), (13.6)
which can be written in Cartesian coordinates as,

i = flz,yt),

gy = glz,yt). (13.7)

Then to find 7 means to look for the curve which at every point has 7 as its
tangent vector, as in Fig. 39.

Figure 39: A curve in the z — y plane and the vectors tangent to it.

Conversely, if we have a system of second order differential equations,

i = flz,y,2,9:t),
j = glx,y,2,9:t), (13.8)
in order to associate a point 7 = a(r, 2 t) to any point 7, we must introduce

a four-dimensional space with coordinates (x, y, &, y) whose tangent vector is
(,9,%,4). Thus a geometrical interpretation is much less obvious.

13.1 Hamilton equations

In 1834, William Rowan Hamilton transformed the Lagrange equations,
doL 0L

—— == =1,... 13.
dtaqz 8(]2 ) Z b 7n7 ( 39)
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into a system of 2n first order differential equations. To do so, he introduced
the conjugate momenta p; to the generalized coordinates ¢;,

0L
dg;’
and proposed to use ¢;, p; and t as the canonical variables, rather than the

variables ¢;, ¢; and ¢ used by Lagrange. If the Jacobian of p; in eq. (13.10) is
non-vanishing,

pi i=1,...,n, (13.10)

| =551 #0, 13.11
‘3%‘ 94;04; ( )
then we can invert eq. (13.10), and write that

that is, we can express the Lagrange variables in terms of Hamilton variables
and viceversa. In particular, for natural systems, for which the Lagrangian
is a quadratic function of the generalized velocities, eq. (13.10) expresses a
linear relation between conjugate momenta and generalized velocities.

Hamilton introduced a function H (g, pg, t), called the Hamiltonian, which
is defined through the Legendre transformation,

H=> pii—L, (13.13)
i=1

and showed that one can transform the Lagrange equations into a system of
first order differential equations,

o oH . OH
Q’L_ apz7 p’L_ an7

which are called the Hamilton equations.

In order to prove Hamilton equations, we shall use Donkin’s theorem,
which states that given a function of n variables, X (z1,...,z,), with a non-
vanishing Hessian,

i=1,...,n, (13.14)

0?X
0 13.15
Geor| %0 (13.15)
and given a set of auxiliary variables,
0X
yi:@mi’ i=1,...,n, (13.16)



there is a transformation which is the inverse of eq. (13.16) and is generated
by a function Y (yi,...,¥y,), such that,

oy
=5

i=1,...,n. (13.17)

X

The function Y generating the inverse transformation is related to the func-
tion X by the Legendre transformation,

Y =) wy—X. (13.18)
i=1
Furthermore, if X depends on m more variables, X = X (x1,...,Zn; a1, ..., ),
then also Y depends on m more variables, Y = Y (y1,...,Yn;010,...,Qn),
with the relation,
0X oY
— = k=1,...,m. 13.19
ooy, Oay,’ SRR ( )

Proof of Donkin’s theorem. Because the Hessian of X, which is the Jaco-
bian of y; is non-vanishing,

_ 0. 13.20
eq. (13.16) can be inverted, and we can write z; = x;(v1,. .., yn). Let us take

a function Y(yi,...,y,) to be given by a Legendre transformation (13.18).
Then,

oY 0 [
ayi B ayi <Z TR X)

k=1
o ka 0X
B y; o T 8_1/1
N 3yz‘yk+xi_ k Dy, Oy
=, (13.21)

where in the last step above we used the chain rule and eq. (13.16).
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If X depends on m more variables, X = X (x1,...,Zn;aq,..., ), those
variables appear in eq. (13.16) and in the inverse transformation as well,

T =Yty o Un; QL ey Qi) (13.22)

The function Y is given by the Legendre transformation (13.18) with the
variables z; given by the inverse transformation (13.22),

oY 0 [
= - X
Yj k=1
N 30@ Y . 81:k 80@ 80@-
0X
= — , 13.23
9 (13.23)
which completes the proof of Donkin’s theorem.
In order to obtain Hamilton equations, we identify,
X=1L,
T; = Qz )
Yi = Dis
with ¢ = 1,...,n. Then Donkin’s theorem implies that given a function
L(qi,- - yqn; 41, -+, qn; t), and a set of auxiliary variables (13.10), there is a
function H(q1,...,qu;P1,---,Pn;t) which generates the inverse transforma-
tion of eq. (13.10),
oH
qi:api, 1=1,...,n. (13.25)

The Hamiltonian H is related to the Lagrangian L by the Legendre trans-
formation (13.18),

H = Zpiqz' - L, (13.26)
i=1
with
8_L B _8H
9q; - dq; ’
oL OH
—_— = —— 13.2
ot ot (13.27)
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Lagrange equations (13.9) and eq. (13.10) imply that,

OL
)i = ) 13.28
=3, (13.28)
and using eq. (13.27), we get that,
OH
= — o 13.29
p 90 (13.29)

Egs. (13.25) and (13.29) form a system of 2n first order differential equations,
the Hamilton equations (13.14).

Hamilton equations imply that the total time derivative of the Hamilto-
nian H equals the partial time derivative,

dH Z(Z)H_ 8[—[,) OH _0H

4 o, OH . _ ot 13.30
ar ol T 9 ) Yo T o (13.30)

From eq. (7.1) and from the Legendre transformation (13.13), we realize

that for a conservative system the Hamiltonian is the total energy of the
system. But for a conservative system the total energy is conserved, so
dH OH
a ot
that is, the Hamiltonian H = H(q1,...,qn;p1,- - -, Pn) is a constant of motion.
For elementary systems, solving a system of Hamilton equations is not
usually simpler than solving the analogous system of Lagrange equations.
However, the strength of the Hamilton equations may be appreciated when
dealing with complex dynamic systems, like the planetary orbits in celestial
mechanics, which can be treated through approximate methods of perturba-
tion theory using Hamiltonian mechanics. Furthermore, Hamilton equations
naturally incorporate the concept of symmetry: if a coordinate ¢ is associated
to a symmetry, its conjugate momentum p is conserved and the Hamiltonian
does not depend on g, effectively reducing the system to n—1 variables. That
is not apparent with Lagrange equations, which in that case will still depend
on n velocities ¢;. Also, although Hamilton equations cannot be used as such
in quantum mechanics, their structure inspires the equations of quantum me-
chanics. Finally, Hamiltonian mechanics has a natural geometric structure in
terms of simplectic manifolds (to be defined later). In the following lectures,
we will briefly explore some of the benefits of Hamiltonian mechanics listed
above.

(13.31)
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13.2 The Hamiltonian as a conserved quantity and/or
the total energy

The simplest Hamiltonian we can consider is for a particle moving on a plane
xy under the action of a central potential. The Lagrangian is

m

L=7 (° +97) = V(z,y).
The conjugate momenta are
oL .
r = <~ = NI
b ot
oL .
= — =m
which we invert to
. Pz . Dy
== ==
m m

such that the Lagrangian becomes

1
L=o— (02 +p2) — V(z,y).

The Hamiltonian is
H=psa+py—L

1 1
= — (i +p) — 5~ (02 +py) +V(z,y)

= ﬁ (02 +p}) +V(z,y).
Note that the Hamiltonian is the total energy of the particle, and it is also a
conserved quantity, since
oL 0oH
a - at
Let us examine these concept more in detail. We said that for a conserva-
tive system, the kinetic and potential energies do not depend on time. Then
the Lagrangian does not either,

0.

oL

— =0
ot ’
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and thus

is a conserved quantity which we identify with the Hamiltonian
H=> pig— L.

We just saw that for a particle in central potential, H is also the total energy
E, and that is true in fact for any conservative system.

In the tutorials, we showed that for a conservative system, defined as a
holonomic system with:

e only stationary contraints,
e the potential energy which does not depend explicitly on time,
e no non-potential forces

the total energy is conserved:

dE
E—O.

Let us examine the concepts of total energy and conserved quantity in the
Hamiltonian language. We know that if

oL _ _oH _,
o ot

H is a conserved quantity. Under what conditions is H the total energy of
the system?

In the Lagrangian formalism, we established that for a holonomic system,
the Euler-Lagrange equations are

with L =T — V and the non-potential forcef?i(qj, dj, t).
Let us suppose that the non-potential force @; (called so because it does not
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come from an ordinary potential V(g;,)) comes actually from a generalized
potential V(g;, ¢;,t), through the equation

~ dov oV

@i = E@(j,; a dq;

(13.32)

then we can still write the Euler-Lagrange equations as

4oL oL _
dt(‘?qz 8qi N

if we require that L =T — V. Then (13.32) implies that

However, in the generalized force there is no explicit dependence on acceler-
ations ¢,, since

Thus
0*V B
so the potential V' can be at most linear in the velocities:
V=> aj+U
=Vi+U

where U is the ordinary potential.
We have already seen an example of such a potential: a particle in an elec-
tromagnetic field has potential

6

V=ep—-

(‘3

Next, we restrict ourselves to “natural” systems, i.e. systems for which
the kinetic energy, and thus the Lagrangian, are at most quadratic in the
velocities (so far we have only met “natural” systems, but there is an im-
portant “non-natural” system: a relativistic particle). However, apart from
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this restriction, the following discussion is general. The kinetic energy of a
natural system is
T=T+T1+1T

= tnGids  Ti =Y bid;
i\n %

with

and the Lagrangian is
L=T-V =Ly+ L+ Lo

with
LQZTQ L1:T1—‘/1 LOZTO—U.

The Hamiltonian is

H= Zplqz L= Zaq

Then we use Euler’s theorem on homogeneous functions,
0Lo 0Ly
25 =2l L =L,
200 gtk
thus

H=2Ly+ Ly — (Ly + Ly + Lyo)
=Ly — Ly

which is independent of whether a potential dependent on velocities is present
or not. In particular,

H=T,-T,+ U]

As we saw on the tutorial on the energy of a holonomic system, for a system
with constraints which do not depend explicitly on time, Ty = 0, T' = T5,

then
=70

Thus we have established that the most general condition for a natural system
to have the Hamiltonian as the total energy is that the constraints do not
depend explicitly on time.
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Example 13.1. For a particle in an electromagnetic field, the Lagrangian is

-2

L:m—e¢+9?~z.
2 &
The conjugate momenta are
e
P = — =mi + -A, and likewise for y,z.
oz c

The Hamiltonian is

H:pxi‘ +pyy+pz2_L

mi-2

ZT-l-e(Z)
o) o

i.e. the total energy of the particle.

Now, the difference between the Hamiltonian being a conserved quantity
or the total energy is clear:
A system might have the Hamiltonian

H = H(q;, pi)
which does not depend explicitly on time, then

0H
= _
ot
and H is a conserved quantity. However, the constraints might be non-
stationary,

Tm = Tom(q1y - oy @,y t),

then
H:TQ—T0+U

is not the total energy.
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13.3 Cyeclic coordinates

When studying conservation laws, we saw that if a coordinate g, is cyclic,

i.e. such that
oL B

Aqn
the Euler-Lagrange equations imply that

d oL
dt og,

0

Becuase the conjugate momentum is

oL

DPn = 7
I

that means that p,, is conserved p,, = ¢,.

In the Hamiltonian formalism, this means that H depends on 2(n — 1)
variables and a constant c,, to be fixed by the initial conditions

H = H(q17 -y Gn-1,P1,- - - 7pn71;cn;t>

since ¢, does not occur in the Legendre transform

H = Zpiqz‘ = L(q1s - s Gn-1;415 -+ -5 Gns t)

and
) oH
G

Effectively, the system has gone from n to n — 1 degrees of freedom (DOF).
In contrast, in the Lagrangian formalism the system still depends on n DOF:

L= L(Qla‘-'7Qn—1;Q17"°>Qn;t)‘

So a Hamiltonian formulation is particularly convenient when cyclic coordi-
nates are present.

Example 13.2. The motion of a particle in a central potential V' (r) in polar
coordinates r, 6.
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The Lagrangian is

L= % (f«? + r292> —V(r).

Because the system is conservative, the Hamiltonian is

H=T+V(r).
The conjugate momenta are
oL
r = ——— = mr
b or
oL 9
pg = — = mr-f
Y
which can be inverted,
_ DPr o Do
r=— = =
m mr?

Thus, the Hamiltonian is

The Hamiltonian equations are

._0H _pr
r = = —_—
op, m
9 = — = —
Opg  mr?
oOH 2 oV
Pp=——= P _ 2T i.e. the equation of the force in a central potential
ar  mr3  Or
: OH :
Do = 0 =0 angular momentum conservation.

Note that # is cyclic and py = M is is conserved. The Hamiltonian depends
on one DOF and one constant, the angular momentum M:

H = H(r;p,; M).
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13.4 Hamilton’s equations and Hamilton’s principle
Hamilton’s principle was to require the action
ty
s= [ atLifg®) (60}
t;

to be minimal:

0S5 =0

where {¢;} is a short-hand for ¢, ..., g,.
In the Hamiltonian formulation, we require that

0S = 6/:f dt (sz(h _H[{pj}ﬂ{%}vt]> =0

is minimal on the 4n-dimensional phase space which depends on the coordi-
nates ¢ and p, and their time derivatives ¢ and p.
It is like in variational calculus: we must minimize the integral

Tlay Ao = [ des (ay o} b (3} 0

where f =3 pigi — H.
Then 61 = 6 leads to the Euler-Lagrange equations

dof of
e _ 4 13.
Tor oy " (13.33)
dof of

. _ — 13.34
G op; oy (13:34)

which, for f as given above, yield:

oH
13.33 ; +— =10
( ) - pit 9q;

OH
13.34 —q¢;+—=—=0.
( ) - Gt Ip;

So, in a very concise way, we obtained Hamilton’s equations!
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13.5 Canonical transformations

The motion of a particle in a plane under the action of a central potential can
be described using Cartesian coordinates x, y or polar coordinates r, # as gen-
eralized coordinates. The advantage with polar coordinates is that 6 is cyclic.

In general, given a Hamiltonian

H(qi, - quip1, -5 Pnit)

the coordinates q, ..., ¢, might not be cyclic, but there might be another
set of coordinates ()1, ..., @, for which some or all of them are cyclic.

It is important then to have a procedure to go from one set ({¢},{p})in the
2n-dimensional space to another:

= Qi ({q};{pr};t)
Py = P ({q}; {p};1)-

The coordinates @);, P, must also be canonical, i.e. there must be a function
K(Q177Qn;P177Pn7t>

such that
oK . 0K

““or T aq

So they must satisfy Hamilton’s principle

/ at (ZP@Z ({Q}: (P} >)

just like for the old coordinates

[ ai (szqz H ({0} (2} >>

Then the two integrands must be the same, up to a variation on the end
points, whose integral vanishes:

szqz H = ZPQI K+— (13.35)
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where F' cannot be a function of the phase space coordinates ({q},{p})
or ({Q},{P}) since they have null variation on the end points, but it can
be a function of a mixture of old and new variables, for example F =
F ({q},{Q};t). Then (13.35) implies that

. : oF . OF . oF
zi:pz‘%‘—H: Zi:Pz‘Qi—K—FZi: (a—qi%—i‘a—QiQi) t 5

Since ¢; and (); are independent, so are their time derivatives ¢; and Q;, whose
coefficients must vanish. Thus, we obtain the transformation equations:

oF P OF

B dq; e _aQi

Di

and OF
K=H+—.
ot
The function F' is called the generating function of the canonical transfor-
mation above. If we set in particular,

F{g} Q) = 3 @,

then the transformation equations are

oF
Di = 04, = Q;
oF
P = 90, —q;

i.e. this canonical transformation interchanges momenta and coordinates. In
the Hamiltonian formalism momenta and space coordinates are coordinates
on an equal footing of the 2n-dimensional phase space. There is no memory
of ¢ being a space coordinate and p a mass times a velocity.

If p; cannot be taken as a function of ¢; and @);, it is suitable to take a
function of the type F' = F ({¢q},{P};t) as a generating function. But since
in eq. (13.35), P; does not occur, it is more convenient to set

F=G({q}.{P};1) = > QuPy
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such that eq. (13.35) becomes

Zpiqi —H=— Z Q.P— K + % (13.36)

Making the total derivative explicit,
) oG oG . oG
igi —H = — P — K G+ 50 )+
Y=y en kX (g g <

and considering that ¢; and P; are independent, we obtain the transformation
equations:

o 0G 0 = 0G

p’b - 8ql [ aPL
and 50
K=H+—
r

Note that if we take in particular,

G({g}.{P}) = Z 0Py, (13.37)

then the transformation equations are

0G
= =P
b dq;
oG
Qi = op, =dq;
and
K=H,

i.e. the new coordinated equal the old ones: the function (13.37) generates
the identity transformation.
One can also consider

F=F({p}.{Q},?)

F=F{p}.{P}.1)
as generating functions (a classification of, and relations among, the F’s is
given in GOLDSTEIN’s book), and any combinations of them. The classifica-

tion above is not exhaustive: there might be generating functions which do
not conform to any of the types given above.
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13.6 A canonical transformation for the harmonic oscil-
lator

Consider a harmonic oscillator in one dimension, with force constant k. The
Hamiltonian is

_ __L 2 2 2 2
H= Gt 5 = 5 0+ me’q)

where one can set k = mw? with w the angular frequency of the oscillation.
Because H is a sum of two squares, if we find a canonical transformation

p=f(P)cosQ

13.38
f(P) sin () ( )

mw

then

P (cos2 Q + sin® Q)

so that @ is cyclic. We must find a function f(P) which makes the transfor-
mation canonical.
As a generating function, we try

mwq?
2

F =

cot @,

then the transformation equations are

F
p= 0_ = mwq cot )
dq
P OF  mwq® ) cos’ QY mwg?
0Q 2 sin@Q ) 2sin?Q

which we can solve for ¢ and p:

p = V2mwP cosQ
[ 2P

qg=1/—sinQ.
mw
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Comparing to (13.38), we see that the transformation is canonical if we choose
f(P)=V2mwP.

Then the Hamiltonian is

B 2mwP

H
2m

=wP.

The harmonic oscillator is a conservative system, thus the Hamiltonian is
the total energy. Since the Hamiltonian is cyclic in @, the momentum P is
constant:

E
pP=—.
w
Hamilton’s equation for Q is
. OH
O=%p =¥
which is trivially integrated:
Qt) =wt + a.

Returning then to the original variables gives us

q(t) =1/ :%ﬁ; sin(wt + o)

p(t) = V2mE cos(wt + «).

Accordingly, also the phase space plots look different for the old ¢, p and the
new (), P variables. Since

¢ p?

=1
28t 5E

the (¢, p) plot is an ellipse with

. . 2F
major semi-axis A= 5
mw

minor semi-axis B =Vv2mE

and the (@, P) plot is a straight line.
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" V2mE P

%

Figure 40: Plots in the phase space of (¢,p) (ellipse) and (@, P) (straight
line).

13.7 Canonical transformations in symplectic notation

For a system of n degrees of freedom, we can cast Hamilton’s equations in a
compact and useful notation with a deep mathematical meaning.
Let us write the coordinates ¢; and the momenta p; as a vector with 2n
elements:
w; = q; Witn = Pi 1=1,...,n.

Likewise, we define

ony _on  (om\ _on
0w ), O 05 )i Opi

Then we introduce the 2n x 2n symplectic matrix




and
J? = —1,,.

Then Hamilton’s equations can be written as

. 0OH
5 g9
T
or in components:
0OH . OH
i = 9g; " Ip;
o) o] = 1. Tom
l Opi b= Jq;

Now let us consider a restricted canonical transformation (i.e. one with
no explicit dependence on time):

Qi = Q; ({Q} ’ {p})
P =P, ({4} . {p})-

Because there is no dependence on time, the new Hamiltonian will equal the
old one,

(13.39)

K =H.

The time derivative of (); is

: 0Q;. 00 . >
@ ; ( Jg; K Ip; b
(2.0 _ 00,011
8qj Bpj apj 8qj '

(]

(13.40)

<

We can also invert (13.39),

¢ =q ({Q}. {P})
Pi = Pi ({Q} ) {P})

and write the Hamiltonian as a function of () and P. Thus, we can write

OH - |:8_H 8%‘ i 8_H@pj
J

8PZ 8%‘ 83 8pj 8R
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and equating it to (13.40), we obtain

aQi) (apj) <3Qi> (a%’ )
_ - (%% (13.41)
( dq; ap OF; Q.P Ip; a.p op; QP

where the indices remind us that on the L.h.s. of the equations @); is a function
of ¢,p and on the r.h.s. p; is a function of @, P.

A comparison of P; with

yields

)

i), ), (@), ()
_ _ . (13.42)
( 4, a.p 9Q; QP Op;j a.p 0Q; QP

Egs. (13.41) and (13.42) characterize a (restricted) canonical transformation,
and are equivalent to the method of the generating function introduced be-
fore. Thus, a canonical transformation can be obtained finding a suitable
generating function or through egs. (13.41) and (13.42). Although the pro-
cedure above has been displayed for restricted canonical transformations it
is not less general, because it can be extended to canonical transformations
in general.

Remembering that in symplectic notation, Hamilton’s equations are

. OH 01
I L
0L ~1]0

The restricted canonical transformation can be written as
0 =0(@).

Then, taking the time derivative

or, in components,

. 08, 0%,
(= 27 with My, = ——.
8%—% W J 8wj
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Using Hamilton’s equations, we write

0= MJZEL
o

By the inverse transformation, we can see H as a function of €2; and write

OH  OH 09, OH L OH
- =~ —_— = M —
doi 00, 0w OB ok
then SH
QO=MIM"—=. (13.43)
o9

But the Hamiltonian is the same in the old and the new variables, and
Hamilton’s equations do not change form, so

G- 328
o6

and equating with (13.43), we obtain the condition

which defines the symplectic matrices, and is called the symplectic condition
for a canonical transformation.

13.8 Infinitesimal canonical transformations

The canonical transformation

with
wi=¢ Win=p =0 Qipn=F
changes continuously with time.
If the transformation & — ﬁ(t) is canonical, so is the transformation & —
0 (ty), thus O (tg) — Q (¢) should be canonical as well.
To show that, let us consider an infinitesimal canonical transformation (ICT)

Q=03+ 0w,
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or in components,
Qi=qi+0q  Pi=p+p;.

Let us take a generating function of type

G ({gr.{P},1)

as a continuous deformation of the identity transformation:

G=> aP+eG({q},{P},t) withe<1.
k

Then, the transformation equations are

by — oG :P_+€aé
’ 3%‘ ’ aQi
oG oG
Qi:@Pi:qH—eﬁPi

so the deformations of the canonical variables are

opi =P —p;i EZS
oG oG
5%:@—%:6813':68]9'

where in the equation for dg; we replaced P; with p; because the difference is
O(e). Likewise, the generating function of the ICT, G ({q},{P},t), can be

replaced by G ({q}, {p}.?).
In symplectic notation,

00 = eJ—. (13.44)

Now, as an ICT consider

The symplectic matrix is



or using (13.44)

000
M=1+—
o
%G
or in components
%G
Mo = 8. L
ij 6@] + EJ,k awkawj
with _ ~
0’G B 0°G
Owy, 0w N dw;jwy,
But
J'=-J = Jp=-Ju
then o
0°G
M‘z‘TZMz“Z(Sz“— ki
( ]) J J eawjawk k
ie. .
0°G
M =1- J
omom
SO
902G 092G
MIM? = [1+4€J J(1- J
< te awaw) ( @6 >

:J+O(e2)

which is the symplectic condition, so the ICT €i(t) = Q (o + 6t) is indeed
canonical, thus we conclude that any canonical transformation, with or with-
out time dependence, fulfills the symplectic condition.

We have seen that:

e we can continuously transform the canonical variables through a canon-
ical transformation,

e the identity transformation is canonical.
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Now, the inverse of a canonical transformation is also a canonical transfor-
mation; the composition of two canonical transformations is also a canonical
transformation, and that composition is associative:

a(bc) = (ab)c.

Therefore, the canonical transformations form a (continuous) group.

13.9 Integrals of the equations of motion, Poisson brack-
ets and canonical invariants

The primary goal of a canonical transformation is to find a set of canonical

variables with as many cyclic coordinates as possible.

More in general, suppose that f ({¢},{p},t) is an integral of the equa-

tions of motion (IEM),
df
n—
e 7

i.e. f is a conserved quantity:

fa} {p}.t)=c

For example, we know that for a conservative system the Hamiltonian is a
conserved quantity, or IEM, and that for a system with cyclic coordinates g;,
the conjugate momenta p; are conserved quantities, or IEM.

Suppose that we have k£ IEM fi,..., fi with k& < 2n, then any arbitrary
combination of those k& IEM is also an IEM. Thus, it is clear that it suffices
to consider only the independent TEM.

If we know 2n independent TEM,

fk{q} Ap},t)=cx k=1,...,2n,

then the equations of motion can be written as

qi = q; (Cla"'a62n7t>
Pi = Di (C17~--7C2n7t)

i.e. the system is completely integrable. Then the broader goal is to find as
many independent IEM as possible.
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If f({q},{p},t) is an IEM, then

af of . of .\ of
a0 7 Z(aqiqu@pipZ) or "

using Hamilton’s equations
of of oH O0f OH\
o 2 (aqi op O aq) B

of
or E—'_[f?H]q’p:O?

where we have introduced the Poisson bracket

B dp Oy D¢ Y

i

Thus, to say that f is an IEM is equivalent to require that
of

E + [f?H]q,p = O
This offers a criterion to test candidate IEM: In order for f to be an IEM, it
must fulfill of
E = [H7 f]q,p

and if a particular f does not depend explicitly on time, it must fulfill

H, f],, = 0.

The Poisson bracket [¢, 1] op has a symplectic structure. In fact,

ap\" .0
[@M;Z (a—?;) Ja—g for w; =g Witn = Di

as can be seen by writing [¢, ]~ in components (please check!).
If ¢, 1) are taken among the variables ¢;, p; themselves, then from the defini-
tion of the Poisson bracket

95, arl,,, = [Pss Pil,, =0
[C]j,pk]q,p = djk,
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thus we can write the antisymmetric matrix J as the Poisson bracket matrix
[(,U,(TJ];: J with ([(Z, ﬁ];)jk = [wj, wg]

(again, write it explicitly in components).
Now, take a set of new canonical variables,

Q=Q; Qitn = B,

.- (%) 422

o0 . . : .
but — is the transformation matrix M, in components

0w

then by definition

082,

8&)]'

AR

then
[Q, Q} = M"IM.
If the transformation is canonical,

MIIM=J = [ﬁﬁ} J,

=
i.e. the fundamental Poisson brackets (i.e. those made out of canonical
variables) are invariant under canonical transformations, i.e. are canonical
muariants.

Now, we show that any Poisson bracket is a canonical invariant.
Consider the Poisson bracket

[P, 9]
We know that
OH _ ypr0f
0w 09
Likewise, we can write
o mrde
0w oY)
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analogously

T T T
() =(w3) = () ™
0w o0

o0
SO
(0" o
(9, Y] = (%) J%
T
= (a—f) MJMTa—ZZ’
o5} )
()
- \oa/) o0
Z[GMM(?

thus any Poisson bracket is a canonical invariant. Then it does not matter
which set of canonical variables we use to compute it, and we can drop the
index to the right of the [-, -] symbol.

The poisson brackets sport the properties:

(i) [¢,¢] =—[¢,¢]  antisymmetry

(ii) [ap + b, x] = alp, x| + b[Y, X] with a, b constants linearity
(iil) ¢, x] = o, x] ¥ + ¢ [, x]

0 90 o
@) 5001 |5e] + [o0. 5]
() [Ip1 0+ 193091 + [, 4 = 0.

All, but (v), stem directly from the definition of Poisson bracket. (v) is called
Jacobi identity. To prove it, let us write

86 O

[p,7] = %Jij%

Wlth Jz’j = —in,

where sums are understood over repeated indices, usually called dummy in-
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dices. Then

olos]; ox
w; z@w]

¢, ¢], x] =

_ Ix

&ul 6wk &ul iy 8%
0% 0 0? 0
( 7. 2% w 09 T (0 ) 79X

Ow;0wy, — 0wy (%)k Buwidwy ) 7 Ow;-

Likewise, we can write [[¢, x|, ¢] and [[x, ¢],%]. In total, we will have six
terms, each with a fourfold sum over ¢, j, k, .
In particular,

d’x o Ix ¢ oL
(X, o, v] = <W 5 D + a—w] ]zm) Jkla_wl-

Let us collect the second derivatives of ¢:

¢ _0p Ox _
Ow; 0wy, Ow; Ow; n

Jkl (Jl] + Jﬂ)

where we used that 9%¢ is symmetric in its indices and J;; is antisymmetric.
Likewise, one shows that the coefficients of 9%¢) and 9%y vanish, which proves
Jacobi identity.

Note that the Jacobi identity is not an associative composition rule. In
fact

[, [¢,X]] = = [[¥:x], ¢]
= ([, v],x] + [[x. 9], ¥]
# [lo.¥], ]
In fact, the Poisson brackets form a non-associative algebra. In particular,

the properties of the Poisson brackets (antisymmetry, linearity, Jacobi iden-
tity) define a Lie algebra.

We have studied in some depth the properties of the Poisson brackets.
We can now prove Jacobi-Poisson Theorem, which states that if f and g are

IEM then also [f,¢g] is an IEM.
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Proof. Since f and g are IEM, we can write

of _ 99 _
then
alf.gl _[of 99
ot _{&’g]Jr[f’at]

= _[[va]7g] - [fv [g7HH
= [[H, 11,91+ llg, H], 11,

so thanks to Jacobi identity,

Wal s iigg) =0

so also [f, g] is an IEM. ]

If we have k independent IEM, with k& < 2n, the repeated application
of Poisson brackets between independent IEM may in principle generate the
missing IEM.

13.10 Conservation theorems & canonical transforma-
tions through the Poisson bracket

In the Lagrangian formalism, we established through Noether’s theorem that
if the equations of motion are invariant under symmetry transformations
there are corresponding conserved quantities. We saw that if the symmetry
transformation is a time shift the conserved quantity is the energy; if it is
a space shift the conserved quantity is the momentum; if it is a rotation,
angular momentum is conserved.

We also saw that continuous symmetry transformations form a group,
and that the generators of the transformation form a Lie algebra.

Now we look at the conservation laws through the Hamiltonian formalism
and the Poisson brackets.

Recall that a continuous deformation of the identity transformation is
generated by the function

G:qupk+eé({Q}7{p}vt)‘
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The ICT is

Q=3 +065 with 0 = ng.
0w

Recall that the Poisson bracket is defined as

A,
o0l = (52) 95

Then in particular,

o
B — J—
(&3, ] D
so we can write the ICT as
D =c¢ [w é] .

Now, suppose that the continuous parameter of the ICT is the time ¢, such
that e = dt, then the change in the Hamiltonian under the ICT is

oG oG oG
K:H—FE:H-FEE = 5H:dt§

and we can take the Hamiltonian as the generator G. then
06 = dt[@, H] = dtw = dw

i.e. the motion from a time ¢ to ¢t 4+ dt is described by an ICT generated by
the Hamiltonian. So the Hamiltonian is the generator of the time shifts.

If G is a constant of motion, it generates an ICT which does not change
the Hamiltonian. Thus, the constants of motion are the generators of the
canonical transformations which leave the Hamiltonian invariant.

We know that if a coordinate ¢; is cyclic, the Hamiltonian is independent
of ¢;, so H will be invariant under an ICT that changes ¢; only.

Now, take .
G ({Q} ) {p} 7t> = D,

then the transformation equations are

5(]]' = E(Sij
6p] = 07
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so only ¢; changes as required, and the conjugate momentum p; is a constant
of motion. .
In symplectic notation, we can write the generator G as

Gi = (J(j)l = Jikwk,

then 6w = eJ— implies

o]

dG,

&ul

= eJjJi I

= Gijjik = EijJ,Z;-

= Edij.

(5(,0]‘ = Ele

So a shift of any canonical variable w; is generated by the conjugate variable
through G as above. In particular, if w; = ¢, G; = pi; if w; = pi, G = —q;.
Thus we can say that the momentum is the generator of the space shifts,
or in full generality the conjugate variable is the generator of a phase space
variable shifts.

Now, consider the ICT which yields a rotation of # about the z-axis.
Through the rotation, the changes in coordinates are

dx = —yob oy = x06 0z = 0.
Also the conjugate momentum rotates in the same way, so
0pz = —py00 0py = P00 op, = 0.

The transformation equations are

oG

"=
oG
=G

and it’s easy to check that the rotations above are generated by

G = xpy — YD,
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which is the z-component of angular momentum:
G=M,=Fxp),.

So the generating function of an infinitesimal rotation is in general

G=M-7
about some axis 7.
Let us consider now finite canonical transformations. Let us take the
ICT of a function ¢ ({q},{p},t) where the trajectory in phase space is
parametrized by a:

56— 0@ +3) — 0@ = (22) s
=¢(W+ 0w 9=\ w
but 6 = dona—ETY SO
o o
0¢ oG
Recalling the definition of Poisson bracket, we can write
5 d¢ 5
56 = da [1/J,G} or o= = [qb,G} .

We can take the variation of [(Z), G’} and likewise we find that

oa? O
Then, if we Taylor expand the function ¢ about some initial value for which
a =0, we get

22209 - foe] 4.

%

da?

o) = 6(0) + 22

oo +

7+"'

a=0 a=0

2

= ¢(0) + [qﬁé] a+ Hqﬁé} G] %‘l—
which can be formally exponentiated
é(a) = 9(0) ¢

where the exponential is just a short-hand for the power series of nested
Poisson brackets above. The power series can be operatively used, though.
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Example 13.3. Take the ICT of a rotation about the z-axis. Then
0 = do W, M,
and we set
ox = —ydb oy =xdd M, =xP, —yP,
and it’s immediate to check that
[z, M.] = -y [y, M.] ==
Then we can build the nested Poisson brackets

[[.ﬁlf, MZ] 7Mz] = - [y, Mz] =X
[z, M.], M.], M,| = — [z, M.] =y
[z, M,],M,],M,],M,] =y, M.] =2 and so on
and the power series for a rotated variable is

2 3 94

= xcosf — ysinf

which corresponds to a finite rotation about the z-axis.
Finally, if the generator of the ICT is the Hamiltonian and the parameter
is the time ¢, the formal power series becomes

2 t3

8(1) = 9(0) + (6, H) + (19, H) H) 5 + [[16, H), H) H] o + .

which is formally exponentiated as
(1) = ¢(0) e

which has formal analogies with the Heisenberg picture of quantum mechan-
ics.
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13.11 More on angular momentum and Poisson brack-
ets

Let us take the ICT of a rotation of an angle 6 about an axis n. We can
write

o5 = d6 [, M -7

where M is the angular momentum.
However, we know that under a rotation 6 about 77, a generic vector ¥ changes
as

0v = dfn x v,

then taking the change in ¥ as the ICT, we obtain

writing it in components,

[’Ui, M]n]] = €ikN;Vk

i.e. [’Ui, M]] = €ijkVk-

In particular, if we take v = M we have the relations

[M, M- ﬁ] —fix M (13.45)
or in components
[M;, Mj] = €6 M, (13.46)
Eq. (13.45) implies that
[M{ M - ﬁ} —0

and eq. (13.46) is formally equivalent to the relation for the generators of the
Lie algebra of SO(3), the group of rotations in 3 dimensions (recall that for
the Lie algebra generators, |-, | is a commutator of matrices which represent
the generators, while here [-, -] is a Poisson bracket, but they share the same
formal properties). More on this later.

Note that if M, and M, are constants of motion, Jacobi-Poisson theorem
says that also M, is a constant of motion, since

(M, M,] = M,.
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In addition, if we take the generic vector ¥ to be the momentum p, then
.M 7| =7 x5,
or in components
[pian] = €ijkPk,
so if p, is conserved, then
[ 25 Mzr] = Py
[Pz, My] = —p

and we see that also p, and p, are conserved.
So if we started from M,, M,, p. as constants of motion, or IEM, then

Jacobi-Poisson theorem says that also M., p,, p, are IEM, thus M and p are
IEM.

However, note that had we started from p,, p,, M, as IEM, we would
have found no new IEM through Jacobi-Poisson theorem, so one must rely
on the kindness of Nature, in what IEM are given to begin with!

Exercise 13.1. Check the statement above.
Also note that for two canonical momenta
[pi,ps] = 0.

But
[M;, M) = €5, My,

so two components of angular momentum cannot be canonical variables.
However, the total angular momentum

M =%, % Pn
and one of the components can be, since
[MQ, M - ﬁ} —0.
This also has formal analogies in quantum mechanics, where M; and M;

cannot be quantized together (we say that they cannot be simultaneously
eigenvalues), but M? and M; can.
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13.12 Kepler problem in the Hamiltonian formalism

We saw that in an ICT as a rotation of angle # about an axis 7, angular
momentum M is conserved, and we have the relation

[Mi, Mj] = EijkMk'

We also saw previously that the generators of the Lie algebra of SO(3),
the group of rotations in 3 dimensions, are obtained from the rotation of a
vector

0U =d6n x U
and fulfill the relation
[JZ', Jj} = Z.Eiijk-

The generators have the matrix representation

(Ji)je = —i€iji
00 0 0 01 0 -1 0
J=1{0 0 -1 Jo=1[ 0 0 0 Js5=i|1 0 0
01 0 -1 0 0 0 0 0

We noted the formal analogy between the Poisson bracket
[M;, M;] = €M},

on the angular momentum and the commutation of matrices in
(i, Jj] = i€ii .

Now, let us consider again Kepler problem in a central potential

V(r)= 2

r

The angular momentum M is conserved, but we know that also another
quantity, the Laplace-Runge-Lenz (LRL) vector,
— —  mar

A=px M — —
T

is conserved.
Because A is a vector, we can take the relation

[vi, M| = €0
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and immediately establish that
[Ai, M]] = ijAk.

With some more work, it can be shown that

[AlaAﬂ = - (p2 - 2m_a) M.

r
Exercise 13.2. Check this relation.
Note that the energy E is

2
E-T+y=2 _2¢
2m

S0
[A1, As] = —2mEM; where E <0

for a bound orbit.
We can rescale the LRL vector,

— A
D= ,
—2mFE
thus we have
[D17 DQ] = M3'

Cyclically permuting the indices, we obtain
[Di; Dj] = Eijlew
so the complete set of Poisson brackets for Kepler bound orbits is
[M;, M;] = €;js M}, [D;, D;] = €M, [D;, M;| = €3 Dy,

The same relations are fulfilled by the generators of the Lie algebra of SO(4),
the group of rotations in 4 dimensions:

[Ji, JJ] = iEiijk [Nl, Nj] = iEiijk [N,“ JJ] = iéijka.

To see it, let us add a zeroth row and column to J;:

000 0 0 0 00 00 0 0
o oo o 1o o o1 00 —1 0
=11y 0 0 1 =110 o o0 B=11g 1 o o
001 0 0 =1 0 0 00 0 0
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The generators N; of rotations in the xy — x1-plane are

0 =1 0 0 00 —1 0 000 —1
11 0 00 00 0 0 1o oo o
M=ily o 00 N=ily 0 o o Ns=ily 00 o
0 0 00 00 0 0 100 0

It is straightforward to check that they indeed satisfy the commutation rela-
tions above.
For unbound orbits, the energy F > 0 is positive and we rescale the LRL
vector as -
c=_2
V2mE

and the complete set of Poisson brackets is

[M;, M| = €My, Ci, M| = €Cy (C;, Cj] = —€iju M.

The same relations are fulfilled by the generators of the Lie algebra of the
restricted Lorentz group. However, the analogy is purely formal: Kepler
problem is non relativistic Newtonian mechanics, nothing to do with special
relativity.

13.13 Poincare (Cartan) integral invariants

Euler-Lagrange equations are necessary and sufficient condition for the vari-
ation of the action

5s=[7dw4mﬁx@bw=o

of a holonomic system to vanish. We also now that in the 4n-dimensional
space spanned by ¢;, p; and their derivatives ¢;, p;, Hamilton equations stem
from the variation of the action

05 = /t.tf dt <Zpi§?i - H({pi} {ai} :t)) =0.

In all those variational-calculus manipulations, we always require that the
initial and final times are fixed. Let us relax that conditions, and consider the
(2n + 1)-dimensional space also called extended phase space with coordinates
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({q},{p},t) and suppose that we can parametrize them through a parameter
¢:
a=aq(C)  pr=pe(C)  t=1(C).

Then also the initial and final times depend on (:

ti=t(C)  ty=1;(Q)

It can be shown that the variation of the action

ty(C) )
5= /MO at L ({g} , {d} ,1)

equals

tg (<) ££(0)
+/ dt <Zpk5qk — H(St) .
t:(¢) k

On the trajectories of the extended phase space where Hamilton equations
are fulfilled, the integral term vanishes, and we have

08 =

Z pkéqk — H5t
k

ti(¢)

(<)
0S =

ZPk5CJk — Hot
k

t:(¢)

(if, in particular ¢; and ¢, are fixed, then 65 = 0).
Now, let us take an arbitrary closed curve C; given by the equations

e =q.(C)  pr=pLC) ' =t() with0<(<T

4%(0) = q(T)  pr(0) =pi(T)  (0) =t(T).
For every point on the contour C;, we can draw a line using Hamilton’s

equations. Thus we obtain a cylinder of lines. Let us take another arbitrary
closed curve C'y with

g (0)=q((T)  p[(0)=p[(T)  t/(0)=t/(T).

Next, we integrate the variation of the action
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C
{
) L=
—w
e
9,
Figure 41: Cylinder of lines.
tf(¢)
08
68 = 8—C5g =1 prdg — Hot
k ti(¢)

between 0 and 7
tr(¢)

S(T) — S(0) = /0 '

Zpkéqk — Hét
k

ti(¢)

T T
0 k 0 k

— ]{Cf (%:pk5qk —Hét) —]{Ci (%:mﬁ% - H(5t> ,
but S(T) = S(0)

= (Zpk5Qk - H5t> :?{ ( PO, — H5t> :
Cf k Cj k

Thus we have established that

I = }[ (zk: PO — H(St)
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is an integral invariant. It is Poincare-Cartan integral invariant (which in
some, more geometric, formulations, is considered as the fundamental ob-
ject of mechanics). It is possible to show that the canonical transformations
can be obtained from the invariance of the Poincare-Cartan integral. Sev-
eral theorems of flows in hydrodynamics also follow from Poincare-Cartan
integral.

If, in particular, we consider contours C of simultaneous states, i.e. we
take the hyperplane of constant time in the cylinder above, then §t = 0 and

we obtain
I = 7{ > prdar
k

which is called Poincare integral invariant.
I; is invariant with respect to any Hamiltonian system. In fact, if for any
system given by the equations

Qk:Qk({q}7{p}7t) pk:Pk({q}a{p}vt>

I; is invariant, it follows that the system is Hamiltonian. Indeed, using

d
—0q = 64
at q = oq:
d
—11 =0= 7{2 < KOGk +pk—5qk)
= j{Z (Proqr + prddr)
ke
= j{Z (Proqr — 4ndpr) ,
p
thus

j{Z (Pk5Qk - Qk5pk) =0.
k

The integrand may be the total differential of some function. If we take that

function to be
—H ({q} ,{p} 1),
then

OH OH
S (pedax — Qe :—5H:—§j O s+ oy )
k (Prdar, — Qropr) ( 90, qk o pk)
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It follows that
o0H B OH

Qu=7- Pi=-2-
Opy, g
which implies that the system is Hamiltonian.

Now, think of Stokes’ theorem in 3 dimensions:

ész.dz://s(ﬁxz).dﬁ

where 05 is a contour C' which is the boundary of a surface S. In particular,
in 2 dimensions,

0A 0A
Ayda+ A, dy = 94y _ 0%
]gs oA Ay dy //g(ax oy

which is also called Green’s theorem.
Stokes” and Green’s theorems (as well as Gauss’ theorem) are all par-
ticular cases of the generalized Stokes’ theorem for differential forms, which

i.e. the integral of a form w on a closed contour C' equals the integral of the
form dw over the surface S bounded by the contour C.
In a nutshell, consider the differential form in 2 dimensions:

w=A- dZ:Axdx—i—Aydy,

) dx dy

then the derivative - X
dw=dAA dl

is defined through the wedge product A, which is linear and antisymmetric,
just like the cross product:

aNb=—-bAa.
Then
dAA di = dA, A dz+ dA, A dy
A Y A A
ZW +8 “dy A dx+bdx/\ dy—i—b A dy
z oy ox 0]
0A, 0A,
— (% dz A d
(Gx 3y> wh
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A-dl = e

where dz A dy is the (oriented) area element. For our purposes, we can just
take it to be dx dy. Thus, we got Green’s theorem.
Now, take the form

w=p-dd=pidg +---+p,dg,
in the 2n-dimensional phase space, then
dw=dpA dg= dp; A dg1 +---+ dp, A dg,.

Then Stokes’ theorem implies

/ w:// dw

95=C s

=1 :7{ piin:/ dpi A dg; = J.
e 2= 2 2

where dp; A dg; are area elements.
We have related Poincare integral invariant [; to a 2-dimensional integral
invariant Jo. In fact, this structure can be iterated, i.e. there is an invariant

integral
Iy = ///Zpﬁqiépmqk
ik

which can be related to a

Jy = ////Zépifg%épkf;%
ik

and so on, until one gets to I, ; and

Jzn:/.../dql...dqndpl...dpn

which is of particular interest, because it is the volume element of the phase
space.
It is particularly simple to see that .Js, is an invariant. In fact, if

dw = dg; ... dg, dp; ... dp,
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through a canonical transformation the volume becomes
dQ = dQ, ... dQ, dP, ... dP,

but d and d€ are related by the Jacobian of M:

dwj
and we know that
MTIM =J = (det M)* = 1

SO _
|det M| = 1= dO = di.

The fact that a volume element is invariant under a canonical transfor-

mation immediately implies Liouville’s theorem in statistical mechanics, i.e.
that the density of systems around some given system in phase space remains
constant in time.
In fact, the number of systems in a closed neighbourhood of a given system
does not change with time; the closed shape just moves about in phase space.
Canonical variables at different times are related by a canonical transforma-
tion, but we know that the volume element .J5, is a canonical invariant, so
the volume size cannot change with time. Therefore the density of systems
is a constant of motion.

Example 13.4. See fig. (42).
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q(t2), p(t2)

q(t1)7p<t1

Figure 42: A closed shape moves with time in a 2-dimensional phase space.
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14

Hamilton-Jacobi formalism

14.1 Hamilton-Jacobi equation

Canonical transformations help us to understand the dynamics of a mechan-
ical system, i.e. to solve its equations of motion.
They can do that in 2 ways:

(a)

By transforming the Hamiltonian H (qy, ..., ¢u;p1, - - -, Pn; t) to a Hamil-
tonian K (Q1,...,Qn; P1,..., Py;t) where all the coordinates @); are
cyclic.

In the new variables, Hamilton’s equations are

OP, o

O = oK P oK

0
Then, because @ = 0, P; = const. = ¢;, so the Hamiltonian becomes
K=K (c1,...,cn:5t).

Suppose that the Hamiltonian is conserved,

AKX 0K _
a ot
then 9K
Qi: aCi :fi(cla"'acn)

which can be trivially integrated to

Qi=fi{ch)t+v

so the system is fully specified in terms of 2n constants of motion, ¢;
and ;.

The second way is to transform to a set of 2n independent constants
of motion (IEM)

felay, {p}.t)=c k=1,....2n
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such that

¢ =q (C1,...,Com,t)
Di = Di (Cl""?Cant)

so the system is completely integrable.
The 2n independent IEM might also be the initial conditions such that

¢ = ¢ ({ao}, {po}, 1)
Pi = Di ({QO} ) {pO} 7t) .

Then one looks for a canonical transformation that maps the set of
variables ({¢},{p}) to the set ({qo},{po}).

We shall follow the second avenue: Let us consider a canonical transformation
generated by the function F' ({q},{P},t) (although the discussion is fully
general, and can be done with other generating functions).

The transformation equations are:

OF OF OF
Pi=5. YT ap o
Suppose that we have found a function F', such that the new Hamiltonian
vanishes: 5F .
0 . 0P U0 APYY)
ot
Then the new equations of motions can be trivially solved:
. oK
Qizapi:() = (; = const. = f3;
. oK
Pl:—aQi:o = P, = const. = q;.

The equation for K = 0 is called Hamilton-Jacobi-equation:

n (0 {2)0)+ 2 o

It is a 1st-order partial differential equation in (n+ 1) variables: q1, ..., ¢, t.
Its solution,
F=S(q,. ,qut;ar, ..., ang1)

187



must be given in terms of n + 1 independent IEM. S is called Hamilton’s
principal function.

Because S appears in the HJ-equation only through the derivatives of @), if
S is a solution also S + « is a solution. So S is determined up to an additive
constant, which is irrelevant since the transformation equations are given
through derivatives of S,then

S=5(q1,-- s qn; 1y, Qn;t).

Because the generating function is F' ({q},{P};t) we may take the new
momenta P; to be the constants «;

P, = «; or any combination of them P; = f; (aq,...,qp).

Then the transformation equations are
95 ({a} . {a},?)
i = 14.1
p o0 (14.1)

Q.= = 22tk tad 1) (142)

At t =1y, egs. (14.1) are n equations connecting a; to {qo}, {po}. The 3; from
eqs. (14.2) can also be obtained from the initial conditions, by computing
the r.h.s. at t = ty, so one gets

¢ = ¢ ({a}, {0},1)
and through eq. (14.1) also

Pi = Di ({O‘}a{ﬁ}vt%

which solves the system.
To understand the physical meaning of S, let us take the time derivative:

ds _§~05, 05
dt ~ Z9g" " o

= pii—H=L.
So, up to a constant, S is the action:

S:/Ldt+const..
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Finally, if the Hamiltonian is conserved,
dH 0H 0
a ot

JUERTHA S

and one can separate the variable ¢ from the others,

S{a} . {a}, 1) =W ({g},{a}) — ant

where W is called Hamilton’s characteristic function.
Substituting it into HJ-equation, we get the reduced HJ-equation

{2

For conservative systems, o = E the energy.
The physical meaning of W is understood again by taking the time derivative:

dW ow . .
= i a_qi%_;pi%-

then the HJ-equation is

At

Integrating gives us

W = Z/ dt pig; = Z/ dgip;.

Note that also W generates a canonical transformation, different from the
one generated by S. The transformation is
oW oW oW
Thus W generates a canonical transformation where all coordinates are cyclic.
Hamilton’s equations are

Qi

. K
Pi:—gQi:O = P, = const. = ¢
. K
Qi:a =0 i=1,....,n—1 = (@; = const. = j;
80@
. oK
oo,
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Note that W ({¢q}, {«a}) depends on n constants, but one of them is additive

since in the reduced HJ-equation

HZH({q},

W appears only through derivatives.

So W depends on n — 1 independent constants, say a;,

ow

dq

-~

..., Q,_1 Which to-

gether with «, form a set of n constants, the new momenta, P;.
To see the difference between the canonical transformations generated by S

and W, draw the prospect:

The Hamiltonian is

H = ({q},{p},1)

an IEM: H = H ({¢}, {p})

Look for canonical transformations to ({Q},{P}) such that

{Q},{P} are constants
Require that the

vanishes: K =0

{P} are constants

new Hamiltonian

has K = H = «,, so @); are cyclic

Hamilton’s equations in the new variables are

. 0K

Qi = ap, = V; (Oéi)
. oK

P =— =
=g Y

with solutions

. 0K
Q=55 =0
. oK
B=-2" =
="ag, 7"
Qi = 5
P = q;

Qi = Bi+vi ()t
P =q

The generating function is Hamilton’s

principal function S ({¢q},{P},t)
HJ-equ

characteristic func. W ({¢},{P})

({52}

A complete

ation is
ow
H - =
({Q} { dq }> “
solution has
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n non additive constants aq,...,a, | n — 1 non-additive constants
Qi,...,0,_1 which together with
«,, make n independent constants

14.2 Simple harmonic oscillator

The Hamiltonian for the simple harmonic oscillator is

1 [ k
H=— (p2 + m2w2q2) =F with w =14/ —.
2m m

The Hamilton-Jacobi equation is

1 {05\ .,
%[(a—q) +m woq

Since FT 0, we have the r.h.s. case of the table above, so

oS

— =0.
o

S=W —at with a = F.

The reduced HJ-equation is

L[ oW\ 5,
%[(8—(]) +m wiq =«

which can be integrated easily to

/ 2.2 / 2.2
W:\/Qma/dq 1_m;}q = S:\/2ma/dq 1_m;uq —at.
o Q@

Also the transformation equation

5_85_ m/ dg ;
“oa VN2a) [T e
“ ERRVA R

can be integrated easily to

1 . mw?
[+t = —arcsing
w 2x
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that is
200, :
q= 5 sin(wt +v)  with v = Bw
mw

which is the usual solution for the harmonic oscillator.
The other transformation equation yields

oS
p=5o= V2ma cos(wt + 7).
q
«a and 3 are related to the initial conditions at ¢ = tg:
1 qo 1
o=z (pg + m*w’qg) P tan(fw)

so Hamilton’s principal function generates a canonical transformation to a
new momentum, i.e. the energy, and a new coordinate, i.e. the phase con-
stant of the oscillation.

14.3 2-dimensional harmonic oscillator

In two dimensions, the Hamiltonian for the harmonic oscillator is

1 ky k
H=— (9 +p2+mPwia® + m*?y?) withw, =/~ w, =/~
2m m m

and we have again
dH
dt
The reduced HJ-equation is

2 2
[ ) ewaemesd] -

which can be separated into

=0 = S(xy,amaut)=W(r,y,a,a,) —at with a=FE.

aW ? 2 2.2
% <%> —l—mwxyc = Oy

1 [/om\? ]
— (8_y) +m2w§y2 =, with o =a, +q,

that can be easily solved.
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14.4 Separation of variables

In sect. 14.1, we assumed (very wishfully!) that we know Hamilton’s princi-
pal function S. But in general it may be very difficult to solve HJ-equation:
partial differential equations of many variables are hard to deal with.

But with the harmonic oscillator, we saw that a solution can be found if
we can separate the variables. In fact, that is the case when HJ-equation
becomes a useful tool.

Suppose that in the HJ-equation, the coordinate ¢; enters only through the

function H, <q1, a—S), such that
I

oS oS oS 08
H|H — ) iqoy Gy, = 1 — =0,
( ' ((]17 3(]1) B g2 4y, ) i ot
then ¢ is called separable, and we look for a solution of the type
S =51 (q;al,....,00) +S(qa,...,qu;a1,...,ant).
If we replace it into the HJ-equation, we get the identity
051 oS oS oS
H|H — Q2 Gy =y, = 1 — =0.
( ' (q17 a%) B g2 4y, ) * ot

For this to be true for any ¢y, it’s necessary and enough to take

H; = const. = ay.

851)
H ,— | =
1 <Q1 ) Q1

ﬁ q27"'7QTL;a_S7"'78_S;a1;t +a_S:O
9g I

The first equation is a first-order ordinary differential equation, which is easy
to solve. The second equation is still a partial differential equation, but with
one less variable. This procedure can be iterated if we have k separable
coordinates ¢, ..., ¢n.

Then the principal function can be written as

So we get 2 equations:

k
S(qry- ey Quyay .y apt) :ZSi(qi;ozl,...,an)+§(qk+1,...,qn;al,...,an;t)
i=1
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and HJ-equation splits into k first order differential equations
a5,
Hz(qm—z):az Zzl,,k}
dqi

and the partial differential equation

S S oS
H k415 - - - > 9n; ; O, ,Oék;t

Ogir”" Dan

If all the variables ¢; and the time t are separable, the principal function can
be written as

S(Ql?"'7qn;a17"'7an;t) :ZWi(Qi;ala"'aan>_at-
i=1

The reduced HJ-equation is completely separable and can be written as

oWy oW,
H|(H —|;.. . H, —_— = Q.
< 1 (Qh aql ) ) ) n (Qna 8(]” > ) «

We get n first-order differential equations

oW, .
Hi(qi,a—):ai 1=1,...,n
4qi

and the condition
H(ag,...,ap) =«

where «; are called separation constants.

OH
Note that if ¢; is separable and cyclic: 90 = 0, then
)1

oS oS
H, (Qb —1) — = ap = Si=oq.
oq oq

So if k variables are cyclic, the principal function becomes

k
SZZoéi%‘+§(Qk+17-~-7(1n;041>--~704n;75)-

i=1
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14.5 Action-angle variables

Consider a conservative system with a periodic motion. For simplicity, let us
take it as a function of 2 variables (¢, p). The Hamiltonian is

H (q,p) = const. = a.

As new (constant) momentum, let us take Poincare invariant integral

J = % pdgq.
J is called action variable.
Hamilton’s characteristic function is W = W (q, J). The coordinate conju-
gate to J is the angle variable w.
The transformation equation is

_ow
- aJ

Hamilton’s equation of motion is

w and w is cyclic.

with v a constant, and a function of J.
As expected, w integrates to

w=vt+ .

Consider the change in w through a period

oW 82w
A pr— —_— = .
v ?{ aq 1 f@q@J dg

Because J is a constant, we can take it out of the integral:

d [ow d
— S = L b pag=1.
a7 f ag T ar P L

Aw

So, as ¢ goes through a cycle, w changes by 1. Then

Aw=vr=1



where 7 is the period. So

v=—
-

is the frequency of the periodic motion which we have found without solving
the equations of motion of the system.

The discussion can be directly extended to a periodic motion in a 2n-dimensional
phase space, in terms of n action variables

Ji = fpi dg;.
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15 Special Relativity

Special relativity is based on the assumption that the laws of nature are the
same for inertial observers where their co-ordinates are related via Lorentz

transformations:
= = A + (15.1)

where

at =

0
1
) (15.2)
3

8 8 8 8

a “four-vector” comprising space-time coordinates with 2° = ct, p* is a con-
stant four-vector and A*, satisfies:

NN Gy = Gpor- (15.3)
The 4 x 4 matrix g, is the so-called metric, defined as:

+1, p=v=0,
gpl/: _17 H=rv= 17273 (154)
0, p#Ev

In the above we have used Einstein’s summation convention. For example,
one would write explicitly

AP a = Aa® 4+ AP ot + ARa? + A (15.5)

This is a convention that we will use extensively from now on.

15.1 Proper time

Lorentz transformations leave invariant “proper-time” intervals. These are
defined as:
dr? = 2 dt* — d7° = g, dz" d2”. (15.6)

Indeed, in a different reference frame we have from Eq. 15.1:

dat' = A" dz”. (15.7)
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A proper-time interval in the new frame is
dr”? = g, da’*da"
= G (A“p dx” ) (AY dz?)
= (gWA‘;A”U) dx” dz?
= g da’dz? = dr’. (15.8)

As a consequence of the invariance of proper-time intervals, the speed of light
s the same in all inertial frames. Indeed, for light we have:

dz

= dr? =c2dt* — d7® =0 (15.9)

In a new frame,

dz’
dt’
Lorentz transformations are the only non-singular transformations which

preserve proper-time intervals:

dr¥ = dr* =0~ =c (15.10)

dr? = dr?

~ o daP daz? = g, da™ da”

oxt Ox”
Cderdet = g, 20T qurda, 15.11
~ oo da? da 9y O, O, x” dx ( )

concluding that:
n v

Ou” Ou (15.12)

Jpo = guua—%a—%-
Differentiating with dz‘, we obtain:
o' Oz P Ox
Ox0xP Ox° + 0x€0x® JxP

To this, we add the same equation with € <+ p and subtract the same equation
with € <> 0. We obtain:

0= g (15.13)

02 P 656”’
0x0xP Ox°
Assuming that the transformation x# — x* is a well behaved differentiable
function and that the inverse of the transformation also exists,

0z 0x7
81"7 ﬁ - 5/“/, (1515)

0 =29, (15.14)
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we obtain that
821./;1,
o0xe0xP

Therefore, the transformation z# — z* ought to be linear:

= 0. (15.16)

o = ANy 4+ ph. (15.17)

15.2 Subgroups of Lorentz transformations

The set of all Lorentz transformations
= At o gAY = o (15.18)

form a group (exercise: prove it), which is known as the group of inhomo-
geneous Lorentz group or the Poincare’ group. The subset of transformations
with p* = 0 is known as the homogeneous Lorentz group.
From
gul/AupAVo' = Ypo
and for p = 0 = 0, we have:

(A2 = ST(AD)? = 1~ (A} > L. (15.19)

i=1
Also, in matrix form the definition of the Lorentz transformation becomes:
g =ATgA ~ det g = det(ATgA) ~ (det A)* = 1. (15.20)
The subgroup of transformations with
det A =1, A% > 1,

which contains the unity 1 = ¥, is known as the proper group of Lorentz
transformations. All other transformations are known as improper Lorentz
transformations. It is impossible with a continuous change of parameters to
change

detA=1—=detA=—Tor A)>1— A < -1

Improper Lorentz transformations involve either space-reflection (det A =
—1,A% > 1) or time-inversion (detA = 1,A% < —1) or both (detA =
—1,A% < —1).
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Proper homogeneous or inhomogeneous Lorentz transformations have a
further subgroup: the group of rotations,

A =1, Ay =A% =0, A, = Ry, (15.21)
with
detR=1, R"R=1. (15.22)
Thus, for rotations and translations (z# — 2 = x# + p*) Lorentz transfor-
mations are no different than Galilei transformations.
A difference with Galilei transformations arises in boosts. Assume a ref-
erence frame O in which a certain particle appears at rest, and O’ a reference

frame where the particle appears to move with a velocity ¥. Space-time
intervals in the two frames are related via

da' = A* da? = Afjedt, (15.23)

given that dZ = 0 in the frame O. For y = 0, this equation gives

dt’ = A% dt. (15.24)
For p=1=1,2,3 we have:
da" = Ayedt (15.25)
Dividing the two, we have
o da Al R
t= =c— ~ Ny = —A%. 15.26
! dt’ CAOO o= o ( )

From

and for p = 0 = 0, we have:

<A00)2 - (Aio>2 =1

0 v’ 2
and thus A
Ay =42 (15.28)
c



The remaining components are not determined uniquely by knowing the ve-
locity ¥ of the particle. Indeed, two Lorentz transformations

A% and AR,

v

where R is a rotation, boost a particle to the same velocity. For coordinate
systems O and O" with parallel axes we find that (exercise)

i i v’

Aj = 5j 2 (v—1) (15.29)
and ,
0 v’

Aj = 7?. (15.30)

15.3 Time dilation

Consider an inertial observer O which looks as a clock at rest. Two ticks of
the clock correspond to a space-time interval

dz¥ =0, dt=At. (15.31)
The proper time interval is
dr = (Zd? — dz?)z = cAL (15.32)

A second observer sees the clock with velocity ¥. Two ticks of the clock
define a space-time interval

dt' = A, di =vdt. (15.33)
The proper-time interval in the new frame is:

2

d"l
= A1 - = (15.34)

dr’ = (2 dt? — dz?)2 =
= 2 dt/

The proper-time is invariant under the change of inertial reference frames.
Thus we conclude that

At = —— = vAt (15.35)



15.4 Doppler effect

Take our clock to be a source of light with a frequency

B 2
A

w

For an observer where the light-source is moving with velocity ¥ this time
interval is measured to be
dt’ = yAt.

In the same period, the distance of the observer from the light source increases
by
v, dt’

where v, is the component of the velocity of the light-source along the direc-
tion of sight of the observer. The time elapsing between the reception of two
successive light wave-fronts from the observer is

cdty = cdt’ + v, dt'. (15.36)

The frequency measured by the observer is

02
2T =
= = 15.37
O T (15.37)
If the light-source is moving along the line of sight, v, = v, we have
/ i (15.38)
W = w. .
1+2

If the light-source moves away from the observer, v, > 0, the frequency
decreases and the light appears to be more red (red shift). If the source
moves towards the observer, the frequency increases (violet shift).

Exercise 15.1. Calculate the angle of the direction of motion of the light-
source with respect to the line of sight of the observer for which there is no
shift in the frequency.

For an application of the Doppler effect in cosmology, read about Hubble’s law.
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15.5 Particle dynamics

How can we compute the force of a particle which moves with a relativistic
velocity 7 We should expect that our classical formulae from Newtonian
mechanics need to be modified. On the other hand, Newtonian expressions
for the force should be valid if a particle is at rest. We can always change
reference frame with Lorentz transformations to bring a particle at rest and
calculate the change in its velocity for a small time interval using Newtonian
mechanics. However, we will need to perform these changes of reference frame
at every small increase of the velocity of the particle during its acceleration
due to the force.

In a more elegant solution to the problem, we define a relativistic force
acting on a particle as

FEn (15.39)

where m is the mass of a particle 3. If the particle is at rest, the proper-time
interval d7 coincides with the common time-interval dt

dr = edt.

Therefore, in the rest frame of the particle, the“space”components of the
force four-vector become
d2z?

i R R
rest — M de? - FNewton’

fori = 1,23, (15.40)

where FNewton 18 the force-vector as we know it from Newtonian mechanics.
The “time” component of the force four-vector vanishes:

d?t
0 = me—z = 0. (15.41)

Under a Lorentz transformation, f* transforms as

d2zH A2’ d? (A* ¥ + pt) d%av
fH= chF — mc? 2 = mc? 0 = A" mc? I (15.42)
Therefore,
=N fr. (15.43)

3With mass, we mean the mass of a particle as it is measured in its rest-frame. We will
refrain from using the “relativistic”, velocity dependent, mass.
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The components of f# transform under Lorentz transformations in exactly
the same way as the components of space-time coordinates. It is therefore a
four-vector as well.

For a specific transformation from the rest frame of a particle to a frame
where the particle moves with a velocity @, we have

J' = NL(0) frea- (15.44)
where, we have found that,
0 2 -3 ;o 0/~ vt
Ny(0) =~ = 1_5 ) AO(U)ZAZ<U):’Y?-
i (3 ;v
A(T) = 65 + 2 (v—=1) (15.45)

Therefore, the force on a moving particle is:

v (ﬁNewton : 77)
_ 1)—

2 )

f = Fyewton + (7 (15.46)

v

and .
(% FNewton

foz"}/—:
C

—

-f (15.47)

ol

In Newtonian mechanics, if the force F is given, we can compute the
trajectory Z(t) by solving the second order differential equation:

A2z F(Z,t)
— = . 15.48
de? m ( )

Similarly, in special relativity, when the relativistic force f* is known, the
differential equation 15.39 can, in principle, be solved to give the space-time
coordinates as a function of the proper time 7:

zh = k(7). (15.49)

To calculate the trajectory, we then need to calculate the proper-time in
terms of the time coordinate by inverting

20 = 2%(71) ~ 7 = 7(2"), (15.50)



which we can use to cast the space components directly as functions of the
time-coordinate.

We should not forget a second constrain that must be satisfied for our
solutions z#(7), namely

dxt dx”
Q=g,—— =1 15.51
In dr dr ( )

We have for the derivative of {2 with respect to proper-time:

v

0 2ot de” 2 d
i Iz dz . (15.52)
.

dr R T —

The rhs is a Lorentz invariant quantity. In a new frame,

dx/V

Ih
Guvf =

(A¥ dx7) 5 dz° dz°®
= G (N17) == = (9uNGN) ' = Gpo

d
We are therefore allowed to compute — in any reference frame we wish. Let

us choose the rest frame of the particlez where
o' = (ct,0), f" = (0, Fewton)-
We obtain: 10 ) 10
=== (fod—"z—f-f) — 0. (15.53)
Therefore, the quantity €2 is always a constant:
(1) = constant. (15.54)
If for some initial value 79 we choose the constant to be one, we will have

Q1) =Q(m) =1, VT (15.55)

Exercise 15.2. Calculate the trajectory of a particle on which the four-
vector force exerted is f* = 0.
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15.6 Energy and momentum

We can define a relativistic four-vector analogue of momentum as

Pt = me—— (15.56)
T

We have that

) L\ 2] gl
dr = (P di? — di?)? = cdt [1—(%)] :cdt[l—v—} _cdt
C

c? v
(15.57)
Thus, for the time-component (x = 0) of the four-momentum we have
d 0
P’ = mc% = mryc. (15.58)
For the space-components (1 =i = 1,2, 3) we have
3 = = p— l, ].559
p'=me— =my— - =my ( )
For small velocities, we can expand the factor v as
1
v¥] 72 102 v
=|1—-—= ~l+-—=4+0— ). 15.60
" [ 02] * 2 c? * (C4> ( )

Therefore, for small velocities the space-components of the four-momentum
become the classical momentum,

pRmut 4L (15.61)

while the time-component becomes
1
P~ me+ Z—mqﬁ +... (15.62)
c

In the second term of the above expansion we recognize the kinetic energy
%va of the particle. We then identify the relativistic energy of a particle
with

E = cp® = myct (15.63)

Eliminating the velocity ¥ from Eqs 15.59-15.63, we obtain the relation:
E = \/p?c® +m2ct (15.64)

206



15.7 The inverse of a Lorentz transformation

Recall the metric matrix
g = diag(1l,—1,-1,—1) (15.65)

We define an inverse
g g g, =04, (15.66)

where 0# is the Kronecker delta. It is easy to verify that the inverse of the
metric is the metric itself:

g" = g, = diag(1,-1,—-1,-1). (15.67)
Now consider a Lorentz transformation A*, which satisfies the identity:
AN G = Gpo- (15.68)
We can prove that the matrix
Ay = gu,9" A, (15.69)
is the inverse of A#. Indeed
AAY = 99" AN = gorg™” = 5. (15.70)

If A%, is a velocity ¥ boost transformation of Eq. 15.45, then

A@) =0+ —(r-1) (15.71)
We, therefore have that the inverse of a boost is

A (@) = A (—7), (15.72)

o

as we also expect physically.
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15.8 Vectors and Tensors

It is now time to give officially a definition for vectors in special relativity.
We call any set of four components which transform according to the rule:

Vi VI = ARV (15.73)

a contravariant vector. Contravariant vectors transform in the same way as
space-time coordinates x* do under homogeneous Lorentz transformations.

Not all vectors transform as contravariant vectors. Consider the derivative
%. Under a Lorentz transformation, it transforms as:

3
0 0 Oz’ 0
= . 15.74
Dxi | Oxn | Oa'h O ( )
We have that
Ox? ox'* Ox?
=" AR, = 6", 15.75
<3x’/‘) (ax”) v (890’“) v v ( )
Therefore, ( g;,i) is the inverse of a Lorentz transformation A*:
ox” 5
D Ay (15.76)
Substituting into Eq. 15.74, we find:
0 0 0
AP
oo B Af pyrt (15.77)

We found that the derivative does not transform according to the Lorentz
transformation but according to its inverse. All vectors which transform with
the inverse Lorentz transformation:

U, =AU, (15.78)

are called covariant vectors.
For every contravariant vector U* there is a dual vector

U,=9.,U". (15.79)
We can invert the above equation multiplying with g*,

g*U, = g"g,U" = 6°U" = U, (15.80)
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The dual vector U, is a covariant vector. Indeed, under a Lorentz transfor-
mation we have

Uy = U, = guU" = g\, U" = gu\,g"Us = AJU,. (15.81)
The scalar product of a contravariant and a covariant vector
A-B=A"B,=A,B" = g,A"B" = g""A,B, (15.82)
is invariant under Lorentz transformations. Indeed,
A-B— A -B = A/MB;L = AN APN]B, = 09,A°B, = A,B, = A- B. (15.83)

Let us define for short: 9
and the dual contravariant vector:
0

= = g™, 15.
0 5 g0, (15.85)

The D’ Alembert operator is the scalar product:
O=9%= 00! = == — \v&s (15.86)

Due to it being a scalar product, the D’Alembert operator is invariant under
Lorentz transformations.
Finally, we define a tensor with multiple “up” and/or “down” indices to
be an object
THiH2- (15.87)

viv...

which transfroms as:

T Ly AR AR NSNS TR (15.88)

viva... 0102...
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