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O Preliminaries

A working knowledge of elementary linear algebra, multivariable calculus, and ordinary differ-
ential equations is essential to follow a course in classical mechanics, even at a basic level. In
this chapter we shall briefly review a few fundamental results and identities, usually taught in
freshman courses in Linear Algebra and Calculus, that we shall often use throughout the course.

0.1 Vectors in R3

We shall mostly work with vectors in R3 (the most notable exception is the last chapter on
relativistic mechanics, which shall require the use of four-vectors). Throughout these notes
vectors will be typeset in roman boldface, like a, b, etc., while when writing at the blackboard we
shall use instead the notation a, B, etc. Unless otherwise stated, the components of a vector
a shall be denoted by a; (i = 1,2,3). We shall normally use the notation |a| for the length (or
magnitude) \/a? + a3 + a3 of the vector a, and a - b or simply ab to denote the scalar product
ai1bi + axb> + aszbsz of the vectors a and b.

Vector product of two vectors a, b € R3:

i j k
axb:=|ay a» ajzl, (0.1)
b1 by bs

wherei:=e; = (1,0,0),j:=e>» = (0,1,0), k := e3 = (0,0, 1) are the unit vectors of the standard
orthonormal frame in R3. In particular, note that

ixj=k,  jxk=i kxi=j.

The vector product is obviously antisymmetric (a xb = —b x a), so that a x a = 0, and distributive
in both of its arguments:

ax(b+c)=axb+axc, (a+b)xc=axc+bxc

(note that the second distributive law actually follows from the first by antisymmetry).

Triple product of three vectors a, b, c € R3:

ay ay as
(axb)-c=|b1 by b3| =:det(a,b,c). (0.2)
c1 C2 (3

In particular, from the properties of determinants it follows that a x b is perpendicular to both
a and b. The triple product is invariant under cyclic permutations of its arguments (again by the
elementary properties of determinants):

(axb)-c=(bxc)-a=(cxa)-b.

Geometrically, (axb) - c is equal to the volume of the parallelepiped spanned by the three vectors
a, b, c if the frame {a, b, c} is positively oriented, and minus this volume otherwise.
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Useful identities:

ax(bxc)=(a-c)b-(a-b)c (0.3)
(axb)? =a’bh? - (a-bh)?2. (0.4)

From the identity
a-b = |al|b| cos O,p,

where O, € [0, 1] is the angle between the vectors a and b, and Eq. (0.4) it follows that

laxb| = |a||b]| sin O,p,

0.2 Vector calculus

A scalar function (also called a scalar field) is a mapping f : R3 — R. Given a scalar function
f(x1,x2,x3) of class C! (i.e., with continuous partial derivatives), we define its gradient V f by

—ﬁinti#ﬁk

C0x1 0x» ox3

Vf: (0.5)
Note that V£ is a vector field, i.e., a mapping from R3 to R3. In other words, (V. f)(x1, X2, x3) is
a vector at each point (x1,x2,x3). Given a vector field A = (A1, Ao, A3) : R3 — R3 of class C!, we
define its divergence V - A as the scalar function

0A; N 0A> N 0A3

VoAS ax1 aX2 aX3 )

(0.6)

The gradient and the divergence can be easily generalized to scalar functions and vector fields in
R" with n > 3. For instance, the gradient of a scalar function f(xi,...,x5) (that shall be needed
in Chapter 3) is defined by

n
af
\Y = —e;
f(xls !x’l’l) lgl axl el’
where e; = (0,...,0,1,0,...,0) is the i-th vector of the canonical basis of R™. There is, however,
1

i
a differential operator which can only be defined in three dimensions, namely the curl V x A of
a vector field (of class C') A(x1, x2,x3) in R3:

i j Kk
SR PORT PR 4 PN T R A R S
VXA= (axz 0x3 - 0x3 0x1 - ox1 0x» k= 0x1 0x2 0Ox3|° 0.7)

A A Az

Another important differential operator is the Laplacian of a scalar function f : R3 — R of class
C?, defined by

3 azf
Vifi=V-(Vf)=> —5. (0.8)
21 0]
Note that V2f is again a scalar function. The Laplacian operator V2 is often denoted as A.
Properties
e Thevector V f(x1,...,Xyn) is orthogonal at each point to the level (hyper)surfaces f(xi,...,xn) =

c of the scalar function f (where c is a real constant). In other words, V f is orthogonal to
the tangent vectors of curves lying on level surfaces of f.



0.3 Chain rule

e If f(x1,x2,x3) is any scalar function of class C2 we have
VX (Vf)=0. (0.9)
Conversely, if A(x1, X2, x3) is a vector field of class C! on all of R3 such that
VxA=0,
then A = V f for some scalar function f of class C2.
e Similarly, if A(x1, x>, x3) is any vector field of class C? then
V- (VxA)=0. (0.10)
Conversely, if B(x1, x2, x3) is a vector field of class C! on all of R? such that
V:-B=0
then B = V x A for some vector field A(x1, X2, x3) of class C2.

Some useful identities:

V-(fA) =(Vf)-A+ fV-A, (0.11)
VX(fA)=(VSf) XA+ fV XA, (0.12)
VX (VXA)=V(V-A) - V2A. (0.13)

In the first two identities f and A are respectively a scalar function and a vector field of class C!
in R3, while in the third one A is a vector field of class C? and V2A is the vector field

V2A:= (V2A1)i+ (V2A2)j + (V2A3)k.

As we shall see in the next chapter, the identity (0.13) plays an important role in the formulation
of electromagnetic theory.

Exercise. If A and B are C! vector fields in R3, express V - (A x B) in terms of V x A and V X B.

0.3 Chain rule

A working knowledge of the chain rule is essential to perform even the most basic calculations
in classical mechanics (or, as a matter of fact, in any branch of physics). From a formal point
of view, the chain rule simply asserts that the derivative D(f o g) of the composition f o g of
two differentiable functions g : R" — R™ and f : R™ — RP? is the composition Df o Dg of
their derivatives. This abstract formulation yields, however, simple and intuitive formulas for
the partial derivatives of the composition f o g, which are the ones we shall use in practice
throughout the course.

Consider, for instance, a scalar function f(x1,...,xy) of the n variables (x,...,Xxy), and sup-
pose that each of these variables x; is in turn a function of m real variables (y1,..., ¥m). Then
f(x1,...,xn) is implicitly a function of the y;’s through the x;’s. In other words, when we write
(for simplicity’s sake) f(x1,...,X,) what we really meanis f(x1(¥1,..., Ym), - s Xn(V1, .-, Ym)).
The partial derivative of this function with respect to any of its independent variables 7y can be
computed using the following variant of the chain rule:

0
0k

Lof oxg
_ Z i
(Xl,. --,X—VL) = = aXl ayk .

(0.14)
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This is a straightforward generalization of the well-known elementary formula for the n = m =1
case, namely
d _df dx
yf (x T dx dy
In classical mechanics (x1, x2, x3) are usually the coordinates of the position vector r of a mov-
ing particle, so they depend implicitly on time t. In this case, therefore, any function f(xy,x2,x3)
depends implicitly on time through the coordinates x;. In other words, f(x1,x2,x3) should be
normally understood as shorthand for f(x;(t),x2(t),x3(t)). Applying Eq. (0.14) with n = 3,
m =1 and y, = y; =t we obtain the important formula

of .
a— (0.15)

3
*f(xl,xz,x3 = Z

where (as is standard in classical mechanics) we have used Newton’s notation

. dXi
Y=

for the time derivative. Since r = (x1,X2,Xx3), we can write f(x1,x2,x3) = f(r) and I =

(x1,x2,x3). It is also customary to use the mnemonic notation —f for the gradient of the scalar

or
function f(r), i.e.,
of(r
% = Vf(x1,x2,Xx3).
. ) df ..
We can then rewrite the previous formula for ar = f in vector form as
. Of .

Exercise. Compute the gradient of a scalar function g(+) that depends on r = (x1, X2, x3) only
through 7 := /x? + x5 + x3.

Solution. Applying the chain rule we obtain

oglry ., or
axi -9 (T) axl-

— () XL
—g(r)r.

Hence

Vigir)] = 99(r) _ z a‘g)(:) e; = 1(/7/) leel g (r) =g (re,.
L i=1

0.4 Total and partial time derivatives

Understanding the difference between total and partial time derivatives of a scalar function
f(t,x1,x2,x3) = f(t,r) is again crucial to follow even the simplest arguments in classical me-
chanics. To begin with, as usual the notation a—{ stands for the partial derivative of f with

respect to t considering f as a function of the independent variables (t, x1, x2,x3). For instance,
if £(t,r) = c?t? + r? (where c is a constant with the dimension of velocity) then
of

E=2Ct.



0.4 Total and partial time derivatives

On the other hand, if —as is customary in classical mechanics— we consider each coordinate
x; as an implicit function of t (i.e., we write x; as shorthand for x;(t)), then f(t,r) becomes a
function of t only, through the explicit dependence of f on t plus the implicit dependence on
t of r = (x1,x2,x3). The total time derivative of f is the derivative with respect to t of the
latter function, i.e., of f(t,r) considered as f(t,r(t)). Applying again the chain rule (with n = 4,
m = 1) we obtain X

_angrZﬂ.'_af 0

=3¢ di = + == -TI. (0.17)

d o
arf B =1 ax; = 3t T ar

i=1
This is of course a generalization of Eq. (0.16), to which it reduces when f does not depend
explicitly on time. For instance, if f(t,r) = c?t? + r? then
3
df of

a:fz2ct+i=212xi5ci:2ct+2r-1'~9é 50

Note that, in general, f is a scalar function of the variables (t,r,1), i.e., it depends not only on
time and the coordinates of the particle, but also on its velocity.






1 Review of Newtonian mechanics

1.1 Kinematics

Position vector of a particle moving in ordinary space (R3):

3
I=X1e +X2€ + X383 = > Xi€,
i=1
where e; is the i-th coordinate unit vector in a Cartesian orthogonal coordinate system:

e =(1,0,0)=i, e=(0,1,0)=j, e3=(0,0,1) =k.

Velocity and acceleration:
V=T, a:=v=r,

where the dot denotes derivative with respect to time t. In Cartesian coordinates,
3 3
V:Zviei, a=Zaiei,
i=1 i=1
where (since the coordinate vectors e; are constant)
vi=Xi, ai=Xi.

Notation: r=1r|, v=|v].

Exercise. Show that if v # 0 then v-a
v=—".
v
In particular, if v is constant the velocity and acceleration vectors are orthogonal. Note also

that the latter formula can be written as
v=a-t,

where t := v/v is the unit tangent vector along the trajectory. Thus the tangential acceleration
a; ;= a - tis equal to the time derivative of v.

Exercise. Show that rt = r7.

1.2 Curvilinear coordinate systems

Consider the system of curvilinear coordinates q = (41, 42, q3) defined by a bijective transforma-
tion r = r(q) with a non-vanishing Jacobian

et () e (25)
oq 04/ 1<i,j<3
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For example, in the case of spherical coordinates we have q = (r, 0, ), with
r=0, 0<f<m, 0<@<2m,

and

r = v (sin 0 cos @, sin 0 sin @, cos 0) (1.1)

(cf. Fig. 1.1). The unit coordinate vectors {eqi}?:1 are the unit vectors tangent to the coordinate
curves, in which one of the curvilinear coordinates g; varies while the rest are held constant. We
thus have

_ 1 or
" hioqi’

with h; = 'al‘

e (1.2)

€q

Note that h;(q) > O for all i, since the vector a@; is the i-th column of the Jacobian matrix g;,
i

whose determinant —the Jacobian of the mapping r(q)— is nonvanishing by hypothesis. It is
also important to realize that in general the unit coordinate vectors e;, are not constant, but
depend on the curvilinear coordinates q of the point at which they are evaluated. In other words,
each ey, is a vector field in R3.

We shall normally deal with orthogonal coordinate systems, whose unit coordinate vectors are
mutually orthogonal and thus make up an orthonormal frame at each point of R3. Since ey is a
unit vector proportional to E the necessary and sufficient condition for a coordinate system

qi
to be orthogonal is that

or or
—— =0, Vi#j.
0q; 0q; J

We shall also assume that the coordinate system q is positively oriented, by which we mean that

€q, X €q, = €43,

or equivalently
det(eg,,eq4,,€4;) =1

(cf. second exercise on p. 12). Since

or or oOr or
det (%) _ det (ﬁ’ S 3713> — det (h1eq,, hoeg,, hyeq,) = hihzhs det (e, eq,.eq,)

with h; > 0 for all i, the necessary and sufficient condition for the orthogonal coordinate system
q to be positively oriented is that the Jacobian of the transformation r(q) be positive:

or
det <aq> >0.

e The line element ds? := dr? can be easily expressed in any orthogonal curvilinear system q
using the chain rule:

3 ar 2 3 2 3
ds? =dr* = | > a0 dgi| =2 hiegdqi| = > hida;,
i-1

i=1 i=1




1.2 Curvilinear coordinate systems

X2

Figure 1.1. Spherical coordinate system.
where in the last equality we have used the fact that ey, - €5, = §;;. In particular, the line element
along the i-th coordinate curve is given by
dS:hidqia i= 1,2,3,

a formula that is often used to compute h; by geometric arguments.

o If Ais a vector field in R3 we define its components in an orthogonal coordinate system q by

Ag = A ey,

so that we can write

3

A= Z Agieq; -
i1

The components of the velocity vector v in such a system can also be readily computed applying
the chain rule. Indeed,

,_dr i or i hidse
=7 = 5.4i = i4i€q; >
de iz 94 i=1
and hence
Vg, = hl‘q.i o (1.3)

1.2.1 Spherical coordinates

In this case

ng: = (sin 0 cos @, sin O sin @, cos 0) ,
aa—; = ¥ (cos 0 cos @, cos 0 sinp, —sin0)
or _ ¥ sin 6(— sin @, cos @, 0)

o @, P,0),

and hence

s ar‘=rsin9,

or
=3l =1 ho=|g| =7 hcp_‘a(p
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so that
e, = @ = (sin 0 cos @, sin 0 sin @, cos 0) = r
T ® ® S’
1 or . .
ep = v 30 (cos O cos @,cosOsing,—sing), (1.4)
ey = ! ﬂ = (—sin,cos @, 0)
P ysinf 0p PHEE A,

(cf. Fig. 1.1). Spherical coordinates are orthogonal, as from the latter equations it is easily verified
that
e -e=¢€ -ep=ep-ep=0.

Thus the vectors {e,,eg,eq} form an orthonormal frame at each point. This frame is positively
oriented, since
e, X 89 = eqj y

or, equivalently,
(ey><e9) 'e(p =1.

Velocity and acceleration in spherical coordinates.

The components of the velocity vector v in spherical coordinates can be easily computed using
Eqg. (1.3). It is also instructive to obtain them directly differentiating the relation r = re,, as we
shall next explain. To this end, we first compute the time derivatives of the unit coordinate
vectors. Note first of all that, since

eo('eo(:]. (O(:T,B,(p)s
differentiating with respect to time we obtain
éo( ey = O -

Since the vectors e are mutually orthogonal, €, must be a linear combination of ey and ey, and
similarly for the remaining coordinate vectors. More precisely, applying the chain rule we arrive
at

2 8rg 08 in 04

er—ae +a(p(p—9e9+sm9(pe<p,

%€, B0 -

€p = 30 9+6(p(p_ Oe, + cos Opey, (1.5)
é(p=ae—(pq’)=—(COS(p,sin(p,())q'?=—q'9(sin9ey+(:059e9).

op

From the above relations we easily deduce that

vV = % = d%(rer) = 7e, + &, = 7e, + rleg + ¥ sin Oge,, (1.6)
and hence
Uy =7, vo =70, Vp =7rsinf@. (1.7)

Note that, since the coordinate vectors are orthonormal,

V2 = v + 5+ 5 =72 +1%(0% + sin 0% ¢?). (1.8)

10
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Similarly, differentiating Eq. (1.6) with respect to t and using Egs. (1.5) we obtain:

a=ie, + 7(0eq + sin Opeg) + (r0 + 70)eq + r0(—0e, + cos Opey)

+ (rsin@@ + sin 0¥ @ + v cos Qé(i))e(p — 7 sin Op?(sin Oe, + cos Oeg)

= Ay€y + aQEQ + a(pqu y

where the components of the acceleration in spherical coordinates are given by

ay =¥ —r0% —rsin® 0 ¢?,

ap =70+ 270 —rsin0cos 0 @2,

ag =7rsin0@ +2sin 07 + 27 cos 0 0.

(1.9)

1.2.2 Cylindrical coordinates

Cylindrical coordinates (p, @, z) are defined by

r=(pcos,psing,z),

where
p=0, 0< @ <2m, zeR

(cf. Fig. 1.2). Now

or ) or , or
o " (cos @, sin@,0), Fr p(—sing,cos @,0), e (0,0,1),
and thus
hp:]., hq):p, hZ:]-
Proceeding as before we obtain:
e, = g:; = (cos @, sin, 0),
1 or
ep = — — = (—singp,cosp,0),
or
ez = 872 = (0,0,1).
Note that, once again,
epe(p:epezze(pezzo, epxe(p:ez,

and hence the cylindrical coordinates (p, @, z) are also orthonormal and positively oriented.
Differentiating with respect to t the equations for the coordinate vectors we immediately obtain

the relations

& = Pegy, &p = —Qey, e; =0.

Since now
r= pep + Zez y

(1.10)

11
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Figure 1.2. Cylindrical coordinates system.

differentiating twice with respect to t and proceeding as before we easily arrive at the following
formulas for the components of velocity and acceleration in cylindrical coordinates:

Vp=p, Vp=pP, V;=2z; ap:i)'—quz, aAp =pP +20Q, a;=2. (1.11)

Note that the equations for the components of the velocity could also have been directly obtained
using Eq. (1.3). Again, from the orthonormal character of the coordinate vectors {e,,eg,e.} it
follows that

2 2 2 2 _ a2 222 22
V=V, + Uy, + Vs =P+ pt@t + 2.

Exercise. Prove that in any orthogonal curvilinear system of coordinates the components ay :=
a - e;, of the acceleration are given by

1 or o°r

3 .. ..
ax = hidy + FUI'", with I := — .
G 2 'did k hy 0qx  0qidq;

i,j=1

Exercise. Show that if the vectors {nj,n»,n3} form a positively oriented orthonormal frame
then for i # j we have
n; X n; = sgn(i, j, k)ng, (1.12)

where (i, j, k) is a permutation of (1, 2, 3) and sgn(i, j, k) denotes its sign.

Solution. If the frame {n;,ny, n3} is orthonormal then n; xXn; is of unit length (since sin Oy n, =
1) and perpendicular to both n; and np, so that n; X np = +n3. By definition, the frame
{ny,n2,n3} is positively oriented if n; X n = n3, negatively oriented if ny X np = —n3. For
instance, the canonical frame {i, j, k} is positively oriented, since i x j = k. Note that

(n; Xnp) -n3 = (+n3) -n3 = *1,

so the frame {n;,n»,n3} is positively oriented if and only if (n; X np) - n3 = 1. In general, if
i+ jthenn; xn; = &(i, j, k)ng, with i, j, and k different from one another and (i, j, k) = =1.
To determine the sign (i, j, k), we take the scalar product of n; x n; with n; and use the
elementary properties of determinants to obtain

&(i, j, k) = (n; X nj) - ng = det(ng,nj,ng) = sgn(i, j, k) det(my,nz,n3) = sgn(i, j, k),

since the frame {ni,n»,n3} is positively oriented by hypothesis.

12



1.2 Curvilinear coordinate systems

Remark. Introducing Levi-Civita’s completely antisymmetric tensor

1, (i, j, k) even permutation of (1,2, 3)
Eijk =1-1, (i, j, k) odd permutation of (1,2, 3) (1.13)
0, otherwise,

(i.e., &ijx = sgn(i, j, k) if i, j, k are all different and zero otherwise) we can write

3

n; Xnj = > &;jkN. (1.14)

k=1
Indeed, if i = j both sides of the latter equation vanish. On the other hand, if i # j then (1.14)
is equivalent to (1.12), since by the definition of &;;x the only nonzero term in the sum (1.14) is
the one with k different from both i and j, and in that case &;;x = sgn(i, j, k) by definition. From
Eqg. (1.14) it follows that we can express the vector product of two three-dimensional vectors a

and b in terms of the Levi-Civita tensor as follows:

3 3 3 3 3 3
axb= (Z aiel) X (Z bjej) = Z aibjeixejz Z aibj ZfijkekZ z(axb)kek,
i=1 Jj=1 i,j=1 i,j=1 k=1 k=1

with

3
(aXb)k= Z sijkaibj.
i,j=1

Note that we can also write the previous formula as

3
(@xb)x= > e&gjaibj,
ij=1

since &;jx = &;;. For instance,
J J
(axb)y = €123a2b3 + €132a3b2 = axb3 — asby,

since sgn(1,2,3) = +1 and sgn(1,3,2) = —1. Note that a similar formula can be applied to
computed the curl of a vector field F in R3, namely

3
o OF _ 0F _ OF; ) = eveli :
(VXF); = jkz:1 Eijk ax; = ox;  axy’ (i, j, k) = cyclic permutation of (1,2,3).| (1.15)

Exercise. Consider the system of orthogonal curvilinear coordinates q = (q1,42,43), and let f
be a smooth scalar function. Show that

3

10 1 0

szzh-a;fem = Pa=p L
i=1 b

— . 1.16
hi 0q; (1.16)

Solution. Although the gradient has been defined in a Cartesian (orthogonal) coordinate system,
we can find an identity involving V f that is independent of any coordinate system. Indeed,

3
N 9 gy
Vf-dr—iglaxidxl—df,

where the differential df of f can be computed in any curvilinear coordinate system q by the

13



REVIEW OF NEWTONIAN MECHANICS

standard formula
ar=3 4 4
Sioai

From the identity

3 3
or
dr = Z Py dql = Z hieqi dQl
i=1 odi i=1

we then obtain

3 3
df = 2 o, dai=Vf-dr= D hi(Vf-eq)dai = > hi(Vf)g da;.

i=1 i=1

of

Equating the coefficients of dg; in the second and last expression for df we deduce that E =
i
hi(V f)q;, as claimed.

Remark. Applying Gauss’s theorem to the infinitesimal solid whose curvilinear coordinates lie
between q; and q; + dq; (i = 1, 2, 3), it can be shown that the divergence of a smooth vector field

3

F= Z Fq,(q) eg;
i=1

in a curvilinear orthogonal system of coordinates ¢ can be expressed as

0
Z ai hjhkFQi) )

h1h2h3 i

where {i, j,k} = {1,2,3}. From Eq. (1.16) it then follows that the Laplacian of a smooth scalar
function f is given by

3
2f 2 V. (Vf) = — 9 (hihx of
VEf =V (V) = e 2. ( ‘ )

Similarly, if the orthogonal curvilinear coordinate system q is positively oriented, applying Stokes’s
theorem to suitable infinitesimal surfaces perpendicular to the unit coordinate vectors e;; at an
arbitrary point one can show that

hleql hzeqz h3eq3
S B R
hih2hz | 01 0q2 043
hiFg, h2Fg, h3Fg,

V XF =

14



1.2 Curvilinear coordinate systems

For the spherical coordinate system h, = 1, hg = 1, hep = v sin 0, and therefore

Vf=g£ r+7% +7511n92cj; o

vif = %aar( gi) - rzslineae(megg) +rzsilnzeaa;j;’
vm:%ai( °Fy )+Tsin9[£9(sinepg)+a;§], (1.17)
V xF = [%(sin@ﬂp) - aaf;}r;;e + [21;; —sinea%(rF@)]r;‘;e

[
Likewise, in cylindrical coordinates h, = h, = 1, hgp = p, and thus
Vf——f +pa(j;e(p+zfez,
2 2

V-F=;ai(pr)+;aal:;”+aaP;,
vrr= (G5 05 ) (52 - 5 )+ [ om - 5515

Exercise. Show that the volume element in an orthogonal curvilinear coordinate system (q is
given by
dSI‘ = h1h2h3 d611 qu dq3 o

1.2.3 Motion on a plane in polar coordinates.

Suppose that the particle moves on a plane, which we shall take as the plane z = 0, so that
z(t)=0forallt. mthiscase z =Z = v; = a, =0, p = v (distance to the origin) and (7, ) are
polar coordinates in the plane of motion (cf. Fig. 1.3). The previous formulas (1.11) then reduce
to the following:

Vy =7, Vo =TQ, ar =% —re?, ap =rP +2r . (1.19)

In particular, if v (t) = R for all t (circular motion) we obtain the familiar formulas
vy=0, vyp=Rp, ar=-RP>, ap=RP. (1.20)

Note, in particular, that, although the radial component of the velocity is identically zero, even
when @ = 0 there is a negative radial acceleration —R@? = —v?2/R (centripetal acceleration).

Example 1.1. Angular velocity.

Consider next a particle rotating around a fixed axis. Taking the rotation axis as the z axis and
the plane of motion as the plane z = 0, the particle’s motion is described in polar coordinates
by Egs. (1.20). From these equations it follows that

15
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¢
|

€y

> X1

Figure 1.3. Polar coordinates.
and since e, = e; X e, = e, X e, we have
V=R@(t)e; x e, = (P(t)e;) xr.

Hence in this case we can express the particle’s velocity as

V=wWXTr,

where
w(t) = (t)e;

is called the angular velocity. The angular velocity is therefore a vector directed along the axis
of rotation, whose magnitude is the absolute value |@(t)| of the angular velocity of rotation.
Rotation around the z axis is called “left-handed” if @ (t) > 0 (i.e., if w and e, have the same
direction) and “right-handed” if @ (t) < O (i.e., if w and e, have opposite directions).

1.3 Newton’s laws. Inertial frames. Galileo’s relativity principle

1.3.1 Newton’s laws

In (mon-relativistic) classical mechanics, the linear momentum (or momentum, for short) of a
particle is defined by

p = mv = mr, (1.21)

where m is the particle’s mass. In classical mechanics the mass is a positive constant (in par-
ticular, velocity independent) parameter characteristic of each particle. In modern notation and
terminology, the first two of Newton’s laws can be stated as follows:

I. In the absence of external forces, the momentum (and, hence, the velocity) of a particle re-
mains constant.

II. If an external force F acts on a particle, the rate of variation of its momentum is given by

dp _

0= F. (1.22)

Since the particle’s mass is independent of the velocity, the last equation is equivalent to

F = ma = m¥. (1.23)

16



1.3 Newton'’s laws. Inertial frames. Galileo’s relativity principle

This is the particle’s equation of motion.

Remarks.

e As stated above, Newton’s first law is a particular case of the second one. Indeed, if F = O then
% = 0 implies that p, and therefore v, must be constant.

e Newton’s first two laws —or, from what we have just remarked, Egs. (1.22)-(1.23)— are the
foundation of classical mechanics. These laws are valid with very high accuracy for motions
involving small velocities compared to the speed of light, and at macroscopic scales'. In partic-
ular, they do not hold for interactions at the atomic and subatomic scales (between elementary
particles, atoms, atomic nuclei, molecules, etc.), which are governed by quantum mechanics. Nor
are they valid for motion in intense gravitational fields, which is governed by Einstein’s theory
of general relativity. Actually, both quantum mechanics (or even quantum field theory, which
combines quantum mechanics with the special theory of relativity) and general relativity are not
universally valid, but rather apply to different physical situations. In fact, at present there is no
consistent theory applicable to all physical phenomena which unifies quantum mechanics with
the general theory of relativity.

e Newton’s second law provides an operational definition of mass. Indeed, if we apply the same
force F to two different particles (denoted by 1 and 2), according to Eq. (1.23) their accelerations
have the same direction, and the quotient of their magnitudes is given by

lag | _me
laz|  my

In this way, the quotient my/m; can be measured in principle for any pair of particles. From the
previous discussion it should also be clear that a particle’s mass is a quantitative measure of its
inertia, i.e., its resistance to being accelerated by an applied force.

e Practically all forces appearing in classical mechanics depend at most on time, position and
velocity, and are therefore independent of acceleration (and of derivatives of the position vector
of order higher than two)?. Newton’s second law (1.23) can therefore be written in the form

i- LRt (1.24)
m

where F(t,r, 1) is the force acting on the particle. This vector equation is actually equivalent to
the system of three second-order ordinary differential equations

. 1 .. .
xi=%Fi(t,th,xa,xhxz,x;z), i=1,2,3, (1.25)

for the three particle coordinates x;(t). If the function F(t, 1, I) is of class C!, the equations (1.25)
(or (1.24)) with arbitrary initial conditions

r(ty) =rg, I'(ty) = vo (1.26)

have (locally) a unique solution. In other words, the position and velocity of the particle at a certain
instant to determine its trajectory r(t) at any other (past or future) time t. Classical mechanics is
thus an essentially deterministic theory.

I'More precisely, if the typical action of the system under study, defined as the product of its typical energy and
time, is much larger than Planck’s constant h = 6.626 07015 x 10734 Js.

2The only exception worth mentioning is the force exerted on an accelerated charge by its own electromagnetic
field, the so called Abraham-Lorentz-Dirac force, which is proportional to a.
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e Newton’s third law (or law of action and reaction) states that if particle 2 exerts on particle
1 a force Fy» then particle 1 exerts on particle 2 a force F2; of equal magnitude and opposite
direction:

F>1 = -Fyp2. (1.27)

A stronger version of Newton’s third law states that, in addition, the force F;» (and, hence, F»1)
must be parallel to the vector r; — rp, that is to say, to the straight line joining both particles:

Fio=-Fullr—-r;. (1.28)

It is important to bear in mind that Newton’s third law —in either of its two versions (1.27)
and (1.28) — does not have a fundamental character, since (for example) it does not hold in
general for the electromagnetic force between two charges in relative motion. It is however
verified —in fact, in its most restrictive version (1.28)— by the gravitational and electrostatic
forces (see below), as well as by most macroscopic forces that occur in ordinary mechanical
problems, as for example the tension of a string. [ |

1.3.2 Inertial frames

It is obvious that Newton’s first law cannot be valid in all reference frames. Indeed, let S and
S’ be two reference frames with parallel axes, and denote by R(t) the coordinates of the origin
of S’ with respect to the reference frame S at time t. Let us denote by r(t) the coordinates of
a particle with respect to the reference frame S at each instant ¢, so that the particle’s velocity
(with respect to S) is v(t) = ©(t). In Newtonian mechanics it is assumed that time has a universal
character?, so that (once the unit of time has been set) the relation between the times t and t’ of
the same event measured in the frames S and S’ is simply

t'=t—to,

where t( is a constant. From the point of view of S’, therefore, the particle’s coordinates at the
time t’ will be given by the vector

r'(t') =r(t) —R(t) =r(t' +to) —R(t' +tp).

The particle’s velocity with respect to S’ is thus
dr'(t")
dt’
where as usual the dot denotes differentiation with respect to t. Suppose now that the particle

is free, i.e., not subject to any force*. If Newton’s first law holds in S then v(t) = vq for all t. By
the previous equation, the particle’s velocity relative to S’ is

v/ (t) = =T(t' +tg) —R(t' +ty) =v(t +tg) —R(t' +ty),

Vv (t') =vo—R(t' +tg),

which is not constant unless R is. Note that R is constant if and only if R = 0. We conclude that
Newton’s first law will hold in the reference frame S’ (assuming that it holds in S, and that the
axes of S and S’ are parallel) if and only if its origin moves without acceleration with respect to
S.

Definition 1.2. A reference frame in which Newton’s first law holds is said to be inertial.

In view of the above considerations, Newton’s first two laws can be formulated in a more
accurate and logically satisfactory fashion as follows:

3We shall see at the end of the course that this postulate is no longer valid in the special theory of relativity.

4Since at the classical level the magnitude of all known forces between two particles tends to zero as the
distance between the particles tends to infinity, it is assumed that a particle is free if it is very far away from all
other particles.
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1.3 Newton'’s laws. Inertial frames. Galileo’s relativity principle

I. There is a class of reference frames (called inertial) with respect to which free particles
always move with constant velocity.

II. In an inertial frame, the force F exerted on a particle is equal to the rate of variation of its

momentum dp
dt’

It should therefore be clear that:

1. Newton’s first two laws are logically independent (in particular, the first law defines the
class of reference frames in which the second law holds).

2. Both laws are not more or less arbitrary axioms, but rather experimentally verifiable (and,
indeed, verified) facts (as remarked above, valid only approximately, in a certain range of
speeds and forces).

3. The relation (1.23) between force and acceleration is (in general) only valid in an inertial
reference frame.

e What known reference frames are inertial? Galileo and Newton observed that a reference frame
in which distant galaxies are at rest is (to a great approximation) inertial. More recently, it has
been found that a reference frame with respect to which the cosmic microwave background
radiation (a relic of the big bang) appears isotropic is inertial.

1.3.3 Galilean transformations

Let S be an inertial frame, and consider another frame S’ whose origin has coordinates R(t) with
respect to S at every instant t (where t denotes the time measured in S). We shall suppose that
at any time t the axes of S are related to those of S’ by a linear (invertible) transformation A(t),
ie.,

e; = A(t)e}, i=1,2,3.

We shall assume from now on that both § and S’ are positively oriented orthogonal reference
frames (that is, at all times the axes of both S and S’ form a positively oriented orthonormal
basis of R3). The matrix A must then be orthogonal, i.e, it must verify

AT =A"1,
The determinant of an orthogonal matrix is equal to =1, since
ATA=1 = (detA)?=1.
In fact, we must have det A = 1, since®
(e1 X e2) -e3 = (detA) (e] xe)) -e;.

We ask ourselves how must A(t) and R(t) be so that the frame S’ is inertial (assuming that
S is an inertial frame). To answer this question, note that if we denote by r(t) = rg + vot the

3
*Indeed, since e; = > Ay;e; (with A = (A;j)] _;) we have
k=1
_ A A A 4 I’ r . A A A ’ ’ r _ 4 r I A A A
(e1xe)-e35= > AjgApAk(e; x e;) - e, = > AnApAiEir(e] xey) ey = (e] xey) -ef > AjnAjpAksEijk
ijk=1 ijk=1 ijk=1

=detA(e] xe))-e;.

19



REVIEW OF NEWTONIAN MECHANICS

Figure 1.4. Reference frames S and S’. The coordinates of the vectors OO’ and OP with rggpf.ct
to S are de denoted in the text respectively by R and r, and thus the coordinates of O'P =
OP — OO with respect to S’ are given by r' = A - (r — R).

coordinates with respect to S of a free particle at time £, its coordinates with respect to S” at the
corresponding time t' = t — to are given by®

r'(t") = A(t) - (r(t) —R(t)) = A(t) - (ro + vot —R(1)), t=t +tg.
Differentiating twice with respect to t’ we obtain
2r'(t')
dt’?

If the reference frame S’ is also inertial, the right-hand side (RHS) of this equality must vanish
identically for all t € R and all rg, vop € R3. We thus have

= A(t)rg + [tA(t) + 2A(t) ]vo — [A(HR(E) + 2A(HR(t) + A(D)R(1)].

A(t) = tA(t) + 2A(t) = 0, A(DR(E) + 2A(HR(L) + A(HR(t) =0

or, equivalently,

At)=0, R@t)=0

In other words:

The necessary and sufficient conditions in order for S’ to be an inertial frame are that the
rotation matrix A(t) relating the axes of S and S’ be constant, and that the origin of S move
with constant velocity with respect to S, i.e.,

R(t) =Rgp + Vot ,

with Rgp and V( constant vectors.

Moreover, the transformation relating the space-time coordinates (t,r) and (t',r’) of an event in
the inertial reference frames S and S’ is given by

t'=t—to, r=A-(r—Rp-Vot); to e R, R(),V()ERS, A € SO(3,R), (1.29)

where SO(3,R) denotes the group’ of 3 x 3 real orthogonal matrices with unit determinant.

6Indeed, let ¢ = (cy, ¢2,c3) be the coordinates of a point with respect to the axes {ej,e,, e3} of S at a certain
time t, and denote by ¢’ = (¢, ¢, ¢3) the coordinates of the same point with respect to the axes {e}, e}, e;} of §” at
that instant. We then have
3 3 3 3
Dciei= > ciA(t) el = > ciAn(b) e, = = An(t)ci,
i= i= ik=1 i=1
or, in matrix notation, ¢’ = A(t)c.
Recall that a group is a set G endowed with an associative product (an application G x G — G), possessing a
unit element and such that every element of G has an inverse.
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1.3 Newton'’s laws. Inertial frames. Galileo’s relativity principle

Definition 1.3. The change of coordinates (t,r) — (t’,r") defined by Eq. (1.29) is called a Gali-
lean transformation.

Note. A Galilean boost is a transformation (1.29) with to = 0, Rp = 0, A = 1.
From the previous discussion it then follows that:

The space-time coordinates (t,r) and (t',r") of the same event in two inertial frames S and S’
are related by an appropriate Galilean transformation (1.29).

e It is easy to verify that the composition of two Galilean transformations and the inverse of
a Galilean transformations are Galilean transformations (see the exercises at the end of this
section). From the mathematical point of view, this means that the set of all Galilean transfor-
mations forms a group, the so called Galilean group.

e From what we have just seen it follows that, given an inertial frame S, any other inertial
frame S’ is obtained from S by translating its origin with constant velocity and applying a con-
stant (i.e., time-independent) rotation to its axes.

1.3.4 Galileo’s relativity principle

By Eq. (1.29), the acceleration in the reference frame S’ is given by

dr .
dt’Z(t ) =A-1(t),
and from (1.23) it then follows that
234/ 14
m gt,rz - F’(t',r’, 3‘;,) , (1.30)
with
, dr’

F (t',r,i') = A-F(t,r,1 i = :
(t,r,r) (t,r,r), ri=-4

(1.31)

Thus, if F(t,r, 1) is the force acting at time t on a particle located at a point r moving with velocity
I as measured in the inertial frame S, the corresponding force measured in the second inertial
frame S’ is given by Eq. (1.31). The latter equation simply states that the force behaves as a vector
under a Galilean transformation (1.29). Equivalently, F and F’ represent the same vector in two
different frames. In other words, the observers at S and S’ measure essentially the same force,
although of course they assign it different components because their axes do not coincide. Note
also that the transformation law (1.31) depends only on the relation between the two inertial
frames S and S’, and is therefore independent of the properties of the particle considered (i.e., its
mass, electric charge, etc.).

From Egs. (1.30)-(1.31) it also follows that Newton's second law —which, as we have seen, is
the fundamental law of mechanics— has the same form in the inertial frame S’ as in the original
frame S. In other words:

The laws of mechanics have the same form in all inertial frames (Galileo’s relativity principle).

e What happens to Newton’s second law in a non-inertial frame? We shall see in Chapter 4
that the force measured by a non-inertial observer differs from that measured by an inertial one
by several terms proportional to the mass of the particle considered, called fictitious or inertial
forces®. In other words, the laws of physics assume their simplest form (that is, without fictitious
forces) only in inertial frames.

8An example of such a force is the centrifugal force that appears in a frame whose axes are rotating as seen
from an inertial frame.
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Exercise. Find the parameters of the Galilean transformation obtained by composing (1.29) with
a second Galilean transformation

t" =t' —tg, r'=A"-(r -R, —Vut'); to € R, RE),V(’)E[R?’, A" € SO(3,R).
Solution. Substituting Eq. (1.29) into the previous equations we obtain t"" =t — to — t, and

" =A - [A(r—Ro - Vot) —R{ - V((t —tg)] = A’A - [r—Rg — Vot — A7'R[ — A~V (¢ - to)]
=A’A-[r— (Ro+ AR} — tpA™1Vy) — (Vo + A71V()t].

These are the equations of a Galilean transformation, with parameters
tg =to+ty, A'=AA, Ry =Ro+A'R{G-toA'V), Vi =Vyo+Alvg.

From the mathematical point of view, the latter equations define the multiplication law of the
Galilean group.

Exercise. Show that the inverse of (1.29) is a Galilean transformation, and find its parameters.

Solution. From the previous exercise it follows that the inverse of (1.29) is the Galilean trans-

formation with parameters (t(, A",Rg, V() satisfying

Solving for (t;, A", Ry, Vi) we easily obtain

to=-to, A =A"1  Rj=-A(Rg + Voto),

(t',r") in Eq. (1.29) (exercise).

to + ty =0, A'A=1, Ro+ AR} — toA~'V) = Vo + A1V = 0.

Note that the latter equations could also have been obtained by solving for (t,r) in terms of

1.4 Conservation laws. Conservative forces. Electromagnetic force

1.4.1 Conservation laws

A conserved quantity (also called constant of motion, integral of motion or first integral)
is any function of (t,r,) that remains constant as the particle moves. Knowing a conserved
quantity is usually very advantageous, since it provides important information on the nature of
the motion. For instance, Newton’s first law (1.21) immediately yields a law of conservation of
linear momentum: in the absence of forces, the linear momentum p of a particle is conserved.
Let us next define the particle’s angular momentum with respect to the origin of coordinates by

L=rxp=mrxr, (1.32)
and the torque of the force F (also with respect to the origin) by
N=rxF. (1.33)

Differentiating with respect to t the definition of angular momentum and applying Newton’s

second law we easily get the important identity

L=N.
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From this equation it immediately follows the law of conservation of angular momentum: if
the torque of the force acting on a particle vanishes, its angular momentum is conserved. Note
that in this case, since r is perpendicular to the constant vector L, the motion takes place in the
normal plane to L passing through the origin.

e From Eq. (1.33) it follows that N = 0 if either r = O or the applied force F is parallel to the
particle’s position vector r, i.e. (assuming that F depends only on ¢, r, and 1):

F = f(t)r)i‘)eT’ (134)

where g is an arbitrary scalar function. This type of force is called central.

Consider next the particle’s Kinetic energy, defined by

T=2mi. (1.35)
Taking the scalar product of Newton’s second law with the velocity vector r we obtain
%%::wdf:f«anfﬁ. (1.36)

In particular, kinetic energy is conserved if the force F is perpendicular to the velocity T at all
times. This is what happens, for instance, with the magnetic force acting on a charged particle
(cf. Eq. (1.49) below).

Definition 1.4. We shall say that a force F(r) is conservative if it can be expressed in terms of
a scalar potential V (r) through the formula

3 oV (r)
or

oV (r)
aXi

F(r) =

3
=-VV(@) =-> e;. (1.37)
i=1

Note, in particular, that by its very definition a conservative force can depend only on the particle’s

position vector r (i.e., it must be independent of t and ¥). If F(r) = — Bgir) is conservative we
have 5
. oV . d
F(r)r = 5 L dtV(r) ,
and Eq. (1.36) becomes
d
ar (T+V)=0.

The previous equation is the law of conservation of energy: if the force acting on a particle is
conservative, with potential V (r), then the total energy

E;T+V=%m#+vm (1.38)

is conserved.

e More generally, we shall say that a time-dependent force F(t,r) is irrotational provided that
V xF(t,r) = 0 for all (t,r), where V XF is the curl of F (cf. Eq. (1.15)). It can be shown (assuming,
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e.g., that F is of class C! on R*) that F is irrotational if and only if there is a time-dependent

function V (t,r) such that
oV (t,r)

or
If the force F is irrotational, differentiating the definition (1.38) of energy we obtain

F(t,r) = —

dE _dT dv _ .. 0V V. oV
dt dt dt ot  or ot

Thus if the force is irrotational but depends explicitly on time energy is not conserved.

1.4.2 Conservative forces

As we saw in the previous subsection, a force F(r) is conservative if it is the gradient of a function
—V(r). Note that (in a connected open subset) the potential V (r) is determined by the force F(r)
up to an arbitrary constant, since

Fr)=vVV;=VV, < VWVi-V,)=0 = V;-V,=const.

It can be shown that the conservative character of a force (independent of time and velocity) F(r)
is equivalent to any of the following three conditions:

I. The force F is irrotational:
VxF=0.

II. The work done by the force F along any closed curve C vanishes:

JCF(r) -dr=0.

III. The work done by the force F along any curve C with fixed endpoints r; and r» is independent
of the curve. In other words,

JCI F(r) -dr = LZ F(r) - dr,

for any two curves C; and C»> with the same endpoints r; and r».

The necessity of conditions I)-III) above (i.e., that if F(r) is conservative then I)-III) hold) is
straightforward. Indeed, condition I) is a direct consequence of the identity

VxVV(r) =0.
Likewise, the work done by a conservative force F = —VV along any curve C with endpoints r;
and r» is given by
{ ) -dr=— [ VO g —J dV = V(1) - V(r2), (1.39)
(& c or C

and is thus independent of the curve considered (condition III). In particular, if C is closed then
we can take r; = rp, and hence F does no work (condition II). It is shown in advanced calculus
courses that the converse (i.e., that if any of the conditions I)-III) above hold then F(r) is conser-
vative) is also true provided that F(r) is of class C! in a simply connected open subset® of R3 (in
particular, on all of R3).

9By definition, a connected open subset U C R3 is simply connected if any continuous closed curve contained
in U can be continuously contracted to a point within U. For example, R3, R3 minus one point, the interior of a
sphere, a parallelepiped, a cylinder, etc., are simply connected sets, while R minus a line is not.
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1.4 Conservation laws. Conservative forces. Electromagnetic force

e From Eq. (1.39) it follows that the work done by a conservative force is equal to the decrease in
the potential energy as the particle moves from the initial point r; to the final one rp. By the law
of conservation of total energy, this coincides with the increase in the particle’s kinetic energy as
it moves from r; to ro.

e More generally, if F(t,r,T) is an arbitrary (not necessarily conservative) force the work W done
by F along a trajectory C = {r = r(t)|t € [t1,t2]} starting at a point r; = r(t;) with velocity
I1 = r(t;) and ending at a point I» = r(t») with velocity > = 1(fp) is equal to the increase in the
particle’s kinetic energy. Indeed,
. t2 . . ke . tdr
W - J Ft,r,i)dt = [ B(trt),i(D) - i) dt = | mi) -i@)dt = | SL dr
c t t t dt

=T(2) — T(r1),

since T = %mi‘2 depends only on i. Note, however, that the work along two trajectories with the
same endpoints r; and r; need not be the same, since the initial and/or final velocities r; » will
in general be different for both trajectories.

e A particular case of conservative force of great practical interest is that of a central force of
the form

F(r) = f(r) ; (1.40)

Indeed, taking into account that

ovV(r)
or

v T vl
or r

it is obvious that the force (1.40) is generated by the potential

Vir) = - jf(r) dr . (1.41)

which depends only on the magnitude of the position vector r. Thus if the force is central and
conservative both energy and angular momentum are conserved.

Exercise. Show that the central force (1.34) is conservative if and only if the function f(t,r,¥)
depends only on r.

Solution. To begin with, f can only depend on r from the definition of conservative force. If
Fg = Fp = 0 and F, = f(r) Eq. (1.17) for the curl of F in spherical coordinates yields

L of _1of of of _

VXF= o0 720" = 39-30 ¥

so that f is a function of  only. Alternatively, using Eq. (1.17) for the gradient of V(r) in
spherical coordinates we obtain

o or " roa0 Y rsmoop v U7 0 op
Hence V is a function of r only, and so isfz—a‘gg).
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1.4.3 Gravitational and electrostatic forces

According to Newton’s law of universal gravitation, the gravitational force exerted by a particle
of mass M fixed at the origin of coordinates on another particle of mass m located at a point r
is of the form (1.40) with f inversely proportional to the square of the distance to the origin:

Fry = -SMm (1.42)

72

wherel0
G =6.67430(15) - 107" m3Kg1s?

is the so called gravitational constant. By Eq. (1.41), the potential V() generating the gravita-
tional force (1.42) is given (up to an arbitrary constant) by

Vir) = —GMT’". (1.43)

Note that, since GMm > 0, the gravitational force is always attractive.

e The acceleration caused by the gravitational force (1.40)-(1.42) on the particle of mass m is

independent of m. This nontrivial fact, first observed by Galileo Galilei, is due to the fact that
the mass appearing in Newton’s law of universal gravitation (the gravitational mass) actually
coincides!! with the mass appearing in Newton’s second law (the inertial mass). The equality
between the gravitational and inertial masses —the so called equivalence principle, on which
Einstein’s general theory of relativity is based— has been verified with great accuracy (less than
one part in 10'2) in different experiments.

Similarly, the electric force exerted by a charge Q fixed at the origin on a point charge g located
at point r is also of the form (1.40), where now

fr) = k‘i—g. (1.44)

In the SI system of units, the constant k is given by

1

~ 8.98755 - 10 mF !,
4T1TE)

where
€0 = 8.8541878128(13) - 1012 Fm™!

is the vacuum permittivity. From Eq. (1.44) it follows that the electric force is attractive if the
charges q and Q are of opposite signs, and repulsive if they have the same sign. Again, the
electric force is obviously conservative, with potential (up to an additive constant)

ver) = k22
£

10Tn these notes we use the CODATA internationally recommended 2018 values of the fundamental physical
constants, available at the site https://physics.nist.gov/cuu/Constants/.

10Obviously, it is only necessary that inertial and gravitational mass differ by a universal (i.e., the same for all
particles) proportionality constant.
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1.4 Conservation laws. Conservative forces. Electromagnetic force

inversely proportional to the distance between the charges.

More generally, the gravitational force exerted on a particle of mass m located at the point r
by a continuous mass distribution occupying an open subset U c R3 is given by
r-r , 0P (r

d’r’ =: mg(r) = -m (r) :
or
where p(r’) is the mass density at ' € U, g(r) is the gravitational field created by the mass
distribution at the point r and

F(r) = —GmJUp(r') | (1.45)

r-r|3

b (r) = —GJ P g3 (1.46)
ulr—r|
is the gravitational potential. Thus the gravitational force is still conservative in this more
general situation, with potential V(r) = m®(r). Again, the particle’s acceleration
_F@ _
a=- = g(r)
is independent of its mass m. Note, however, that in general (unless the mass distribution is
spherically symmetric about the origin) the gravitational force (1.45) is not central.
Similarly, the force exerted on a point charge g located at a point r by a static charge distribu-
tion filling up an open set U is
-1 0P (1)
d3r’ =: gE(r) = — ,
qE(r) 15,
where now p(r') is the charge density at a point r’, E(r) is the electric field created by the charge
distribution at the point r and

E(r) = kq JU p) !

&(r) =kj PU) g3y (1.48)
Ulr—r|

is the electrostatic potential. Again, the electrostatic force (1.47) is conservative (with poten-
tial V(r) = q®(r)), but not central unless the charge distribution is spherically symmetric about
the origin.

Exercise. Applying Gauss’s theorem to a sphere centered at the origin prove the identity
1
A (7) = —4mo(r),
v

where 6(r) is Dirac’s delta function. Deduce from Eq. (1.46) that both the gravitational and
the electrostatic potential verify Poisson’s equation

AP =41 P,

where & = G for the gravitational potential and &« = —k for the electrostatic one. In particular,
the gravitational (resp. electrostatic) potential verifies Laplace’s equation A® = 0 in any region
of space where there are no masses (resp. charges).

Note. Dirac’s delta function 6 (r) is informally defined by the requirements 6(r) = 0 for all
r # 0 and [g3 6(r) d3r = 1. It can thus be intuitively viewed as the mass density of a point
mass located at the origin. In fact, no ordinary function can simultaneously verify the above
two requirements, since for an ordinary function the condition 6(r) = 0 for all r # 0 implies
that [gs 6(r) d®r = 0. We can think of §(r) as the “limit” as ¢ — 0+ of any family of func-
tions O, (r) satisfying [r3 5¢(r) d®r = 1 for all € > 0 and such that §¢(r) is concentrated on a
ball centered at the origin whose radius tends to zero as € — 0+. (One such family is, for in-
stance, J¢(r) = (Tre) 3/ 2e-17/€ .) From this heuristic definition follows the important property
g3 (@) f(r) d3r = £(0), for any sufficiently smooth function f(r). In fact, the latter identity
can be taken as a working definition of 6 (r). A rigorous mathematical treatment of Dirac’s delta
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function requires the use of the theory of distributions (linear functionals defined on spaces of
smooth functions vanishing fast enough at infinity).

Solution. To begin with, let us check that A(1/7r) = 0 for r # 0. Indeed, if r # 0 (and hence
r # 0) we have

N_o o) oo (o) _Vr oLy __3 .. _&>__i 3 _
A(r)_v [V(TH—V( r3>_ r3 rv<r3)_ 3 r( vd ) r3+r3_0'

To show that A(1/7) = —41d(r), we only have to prove the equality

{ A(l) dr = —4m.
R3 v

As we have just seen that A(1/r) = 0 away from the origin, we can integrate over a ball of
arbitrary radius R centered at the origin. We thus have

J A<l>d3r=J A(l)dg’r:—J V-(%)d%z—J e—Tz-ndS
R3 r Ir|<R v Ir|<R 4 Ir|=R R

ey 1 1 >
— S e dS=-— dS = —— - 4TR? = —4,
Jlr\:R Rz " R2 Jir|=R R2

where we have applied Gauss’s theorem we obtain the third equality. Taking the Laplacian
(with respect to the r coordinate) of the equation for the gravitational/electrostatic potential,

‘I’(I‘) _ _aJ p(r,) d3I',,

Ulr—r|

we then obtain

AP (1) = —O(JU Ar( pr') ) d3r = —aJUp(r’)Ar<

Ir — 1’|

- ) d’r'k = 4‘ITO(J p(@)o(x-1)d3r
lr— 1’| U

=4map(r).

1.4.4 Electromagnetic force

The electromagnetic force (also called Lorentz force) acting on a point charge g which moves
subject to an electric field E(¢,r) and a magnetic field B(¢,r) is given by

F(t,r,) = q(E(t,1) + F X B(£,1)). (1.49)

As is well known, the fields E and B verify Maxwell’s equations

v.-E=2, vxE=-8,
&0 ot

1 3E

V-B-= VX B = o) + —5

where J is the current density,
c =2.99792458 x 108 ms~!
is the speed of light in vacuo, and

to 1= (c?g9) ™! = 1.25663706212(19) - 107 NA~2
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1.4 Conservation laws. Conservative forces. Electromagnetic force

is the vacuum permeability. From the second and third Maxwell equations it follows that E and
B can be expressed through a scalar potential ¢ (t,r) and a vector potential A(t,r) through the

equations

0P

5

0A

E ’

B=VXxA.

Remark. The fields E and B do not uniquely determine the electromagnetic potentials ¢ and A.
Indeed, it is easily verified (exercise) that the potentials

b=0b- =,

ot’

of

A=A+ ,
or

(1.50)

where f(t,r) is an arbitrary scalar function!?, generate exactly the same electromagnetic field
as ¢ and A. It can be shown that it is always possible to choose the function f so that the new
potentials @ and A verify the condition

~ 109
V-A+5—=0 1.51
2 ot , ( )

called the Lorenz gauge'3. If the electromagnetic potentials satisfy the Lorenz gauge, it is imme-
diate to check that Maxwell’s equations are equivalent to the following two uncoupled equations

for ¢ and A: ) )
iz N 1 3°A
c? ot2 2 52
In particular, in vacuo (that is, in any region of space not containing electrical charges or cur-
rents), the scalar potential ¢ and each component A; of the vector potential verify the wave
equation

- AA = pol.

—Au =0, (1.52)

where c is the velocity of the waves. [ |

Exercise. Using the identity (0.13), show that the components of the fields E and B also verify
the wave equation in vacuo.

Solution. Indeed,

V X (VXE) = V(V - E)—AE_—Vp AE——VX(?:)— %VXB—— % CLZZZTE
- CizngE_AE_—*VP Izlog"l

vX(VXB)=_AB=V><<HOJ+ lzgf) HoV X J + lzaathE HoV X J — 12227123
= ngi];—ABzuoxJ.

12Equation (1.50) is called a gauge transformation of the electromagnetic potentials. It can be shown that if
the electromagnetic potentials (¢,A) and (@, A) generate the same electromagnetic field then they are related by a
gauge transformation (assuming, for simplicity, that the fields are of class C? on R*).

BIndeed, it suffices that the function f be a solution of the partial differential equation
1 9%f 1 09
Af — =5 =5

f c2 ot? c? ot

It is shown in differential equations courses that if the potentials A and & are analytic functions the latter equation
has (locally) a solution dependent on two arbitrary functions of the variable r (Cauchy-Kovalevskaya theorem).

—V-A+
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When p and J vanish both framed equations reduce to the wave equation with wave velocity c.

If both the electric and the magnetic field are static, i.e., if
E=E(), B=B(),

Maxwell’s second equation reduces to V x E(r) = 0, and hence

0P (1)

b=~ or

From this equation and the expression (1.49) for the Lorentz force it then follows that

ar . . e . do d B
E—F-r—qE(r) t=—q——-t=-a, = dt(T+q<I>)—0.

Thus in this case the function

T+q®(),

which can be regarded as the particle’s electromechanical energy, is conserved, although the
Lorentz force is not conservative unless B = 0 (cf. the exercise below). To interpret physically
this result it suffices to note that the magnetic force does no work, since it is perpendicular to
the velocity and hence to the infinitesimal displacement dr, and therefore does not contribute to
the particle’s energy.

E
Exercise. Show that the Lorentz force (1.49) is conservative if and only if B = g—t = 0 (that is, if

the electromagnetic field is purely electrostatic).

Exercise. Show that if the potentials (¢,A) and (&, A) generate the same electromagnetic field
(E,B) then (1.50) holds for some scalar function f(t,r).

Solution. If (®,A) and (5,1&) generate the same electromagnetic field then

b 0A 0P O0A 0 o A
“ar ot o ot - wml Pinpla-a=o

B=VxA=VxA — Vx(A-A)=0.

From the second equation we deduce that

A-a+%9
or

for some scalar function g (t,r), and substituting into the first equation we then obtain

9.5 009 0 (s aﬁ)_ s _ 599
r'? ¢)+8t8r_ar(¢ Viop =l = e=sv-m =il

for some scalar function of time h(t). Thus Eq. (1.50) holds with

f(t,1) = glt,r) + Jh(t) dt .
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Example 1.5. An electron of mass m and charge —e < 0 moves in a uniform electromagnetic
field E = Ee», B = Be3 (with E > 0, B > 0). Let us compute the particle’s trajectory if initially
r(0) = 0 and v(0) = vge, with vg > 0. Taking into account Eq. (1.49), the electron’s equations
of motion are

mx; = —eBxy, mxo = —eE + eBxq, mx3 =0. (1.53)

From the last equation and the initial condition x3(0) = x3(0) = 0 it immediately follows that
x3(t) = 0 for all t. Hence the motion takes place in the horizontal plane x3 = 0. The equations
for the coordinates x; and x> can be simplified using the dimensionless variables?

eB eB? eB?
T=—1t, X =—=X1, y=—=Xx2,
m m

in terms of which

x"=-y, y'i=x"-1, (1.54)

where the prime denotes derivative with respect to 7. In terms of the new variables, the initial
conditions are
, eB? . dt ,
x(0) =»(0)=0 x(0)=—x10)—=—7"=1+a 0)=0.
(0) = »(0) : ()mEl()dT i3 ; ¥ (0)

The equations of motion for the (x,y) variables can be easily solved through standard tech-
niques, since they are a linear system of second-order differential equations with constant
coefficients. In this case, however, the simplest course of action is to introduce the complex
variable z = x + iy, in terms of which Eqgs. (1.54) reduce to the ordinary differential equation

rr rr : rr

Z'=x"+iy" =y +ix' -i=i(2' - 1),

or equivalently

4

w' =iw’, wi=z-T.

This is just a linear first-order differential equation in w’, with initial condition
w (0)=2z'0)-1=x"(0)+iy'(0) -1 =a,

whose solution is
w' = ae'l.
Integrating with respect to T and taking into account the initial condition

w(0) =z(0)=0

we obtain
w =1ia(l —e'm) = z=T1+1ia(l —e'").

Taking the real and imaginary parts of z we finally arrive at

‘x=Rez=T+asinT, y=Imz=a(l -cosT), (1.55)

or, in terms of the original variables,

X1=—+—
! B w

Et 1(

vo—%) sin(wt), x» = %(vo—gﬁl—cos(wt)], W= —.
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Equations (1.55) are the parametric equations of the electron’s trajectory. Note that
r(t +2nm) = (x(2nm),y(2nm)) = 2nt + x(1), ¥ (1)) =r(T) + 2nTi (mez), (1.56)

so that the whole trajectory can be obtained by translating the arc with 0 < T < 271 an integer
multiple of 21t along the x direction. The qualitative properties of the trajectory depend on
the dimensionless parameter

Bv
a=29_

1 .
E )

note that a > —1, since E, B and vg are all positive by hypothesis.

i) If |a| < 1, i.e.,

2E
0<'U()<?,

we have
x'"=1+acost >0,

and therefore x is an increasing function of . In particular, if a = 0, or equivalently

Vo =

o
B

the trajectory is the x axis traversed with constant velocity (x(T) = T or, in the original vari-
ables, x1(t) = Et/B = vot). By Eq. (1.56), it suffices to study the arc of the trajectory with
0<T1<2m Ingeneral,0 <y <2aifa>0,or2a<y<0ifa<0,forall T. Moreover, in the
interval 0 < T < 21T we have

y=0 <<= 17=0,21 = x=0,2T1I,

while
y=2a & T=T = X-=T.

At points where 7y attains its extreme values 0 and 2a the electron’s velocity is directed along
the x axis, since for T = kTt (with k = 0, 1, 2) we have

x' (k) =1+ (-D*a >0, ' (km) =asin(km) =0.

In particular, at such points

4

dy _ ¥

dx x’
The electron’s trajectory has thus the qualitative shape shown in Fig. 1.5 (red curve).

ii) On the other hand, if a = 1, i.e,,

v—g
O_B!

then x'(T) =1 + cosT = 0, with (for 0 < T < 2m)

xX(M)=0= 1=t = x=m, y=2.
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In fact, when T = 1 both velocity components x’ and ' = sinT vanish simultaneously. It is
easily checked that the trajectory has a cusp at the point (1, 2) corresponding to T = T, since
the slope to its tangent at this point satisfies

4

dy »' sint  2sin(t/2) cos(T/2)

dx x’ 1+cosT 2cos2(T/2)

tan(-r/Z)T—» +o00,

—TF
The trajectory is in this case a cycloid (cf. Fig. 1.5, blue curve).

iii) Finally, if a > 1, i.e.,

Vo >

F ’

x is no longer a monotonic function of T in the interval [0, 21t]. More precisely,
x'(t) 20 < 71 €[0,arccos(—1/a)) U (21t — arccos(—1/a), 2],
while
x'(T) <0 < 71 € (arccos(—1/a),2m — arccos(—1/a)) .

Moreover, we have
y@2m—-T1) =y(T), xQ2m—T1) + x(T) = 2T,

so that the points r(7) and r(2m — 7) are symmetric with respect to the vertical line x = 1.
Thus the trajectory is symmetric about the latter line. This can be shown to imply that the
trajectory intersects itself at a point on the latter line (cf. Fig. (1.5), green curve).

Tt 21T 3'1'( 4Tt

Figure 1.5. Electron’s trajectory in Example 1.5 for vg = E/(2B) (red line), vg = 2E/B (blue line)
and vo = 4E/B (green line).

9From the Lorentz force law (1.49) it follows that evB/m and E/B have dimensions of acceleration and
velocity, respectively. Hence eB/m has dimensions of a/v = t~!, and (E/B)(m/eB) = mE/(eB?) has dimensions
of vt = L.

Exercise. Redo the previous problem assuming that the electric field vanishes (E = 0). Show
that in this case the particle describes a circle with constant frequency w = eB/m, called
cyclotron frequency.
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/\E N

\J

. X
X1 X2 X3 X4 X5

Figure 1.6. One-dimensional potential V(x) with 5 turning points x; for the energy E shown.
The allowed region consists in this case of the three intervals (—o,x1], [x2,x3] and
[x4,x5]. Note also that the potential plotted in the figure has exactly 6 equilibria.

1.5 Motion of a particle in a one-dimensional potential

In this section we shall study the motion of a particle in one dimension, subject to a (smooth)
force F(x) independent of time and velocity. Such a force is always conservative, since F(x) =
-V’ (x) with

Vix) = —JF(x) dx.

In this case the law of conservation of energy (1.38) reduces to

%michrV(x) =, (1.57)

where the constant E € R is the particle’s total energy (which depends on the initial conditions).
Conversely, differentiating (1.57) with respect to t we obtain

x(mx —F(x)) =0.

Hence if x # 0 Eq. (1.57) is equivalent to the equation of motion mx = F(x).

e The equilibrium positions (or equilibria) of the potential V (x) are defined as the points xo € R
for which the equation of motion has the constant solution x (t) = xg. If this is the case X(t) =0
for all t, so that from the equation of motion we obtain

F(x(t)) = F(xo) = =V'(x0) = 0.

Thus the equilibria are the points at which the force acting on the particle vanishes. From the
mathematical point of view, the equilibria are the critical points of the potential V (x), that is, the
roots of the equation

V'i(x)=0.

Note that, by the existence and uniqueness theorem for solutions of ordinary differential equa-
tions, if xg is an equilibrium the only solution of the equation of motion satisfying the initial
conditions x (tg) = xo, X(tp) = 0 is the constant solution x(t) = xo. In other words:
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1.5 Motion of a particle in a one-dimensional potential

If at some instant the particle is at an equilibrium xg with zero velocity it will remain at xg
indefinitely.

From Eq. (1.57) it immediately follows that for a given energy E the motion can only take place
in the region defined by the inequality

Vix) <E,

that we shall call the accessible (or allowed) region for the energy E. In general (i.e., if the
potential is sufficiently smooth), the allowed region is a (countable) disjoint union of closed inter-
vals, some of which may be infinite to the right or the left (including the limiting case where the
allowed region is the whole real line), or even reduce to isolated points (necessarily equilibria).

By continuity, if at some instant the particle lies on one of the disjoint closed intervals making
up the allowed region it will always remain inside that interval.

Of particular interest are the endpoints x; of the latter intervals, which must satisfy the equa-
tion V(x) = E. When the particle is at one of these points its velocity vanishes, since

x(t) =x; < V(xi)zE:%mic(t)erV(xi) = x(t)=0 (1.58)

by the law of energy conservation (1.57). We shall say that such a point Xx; is a turning point of
the trajectory if it is not an equilibrium, i.e., if

V(xi) =E, V'(xi) #0.

In other words, the turning points are the endpoints of the disjoint closed intervals which make
up the allowed region, excluding the equilibria.

e The reason for this terminology is the fact that when the particle reaches a turning point its
velocity x changes sign, and thus the particle “turns”. For example, if V'(x;) > 0 then V(x) <
V(xi) = E on a sufficiently small interval to the left of x;, and V(x) > V(x;) = E on a similar
interval to the right of x;, so that the particle cannot reach the region to the right of the turning
point. Hence the particle must approach the turning point from its left, and therefore x changes
from positive (right before reaching the turning point) to negative (right afterwards).

If the particle has energy E and xg is an equilibrium with V(xg) = E, then the particle’s tra-
Jectory cannot cross the equilibrium xo. Indeed, since V(xg) = E if the particle is at x¢ at some
instant to its velocity x(tp) must vanish. From the remark on equilibria on p. 35 we conclude
that x(t) = x¢ for all t, and hence the trajectory in this case consists of the single point xg.
Thus, if (for instance) x(tg) < xo then we must have x(t) < x¢ for all ¢, i.e., the whole trajectory
lies at the left of xq. From the previous remarks it then follows that:

The trajectory of a particle with energy E is an interval (finite or infinite, which might reduce
to a single point) on whose interior V(x) < E, limited by turning points and/or equilibria
satisfying V(x) = E. Moreover, equilibria with V(x) = E limiting the trajectory cannot be
reached in a finite time.

e The equation of motion mX = F(x) is invariant under time translations t — t + tg, for any
to € R, since the time t does not appear explicitly in it. Hence if x (t) is a solution of the equation
of motion so is x(t + tg), for all ty € R.
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Figure 1.7. One-dimensional potential V (x) with two consecutive turning points xg, X1 limiting
an allowed interval [xg,x1] (for the energy E shown) such that V(x) < E for x €
(x0, x1).

The equation of motion is also invariant under the time reversal mapping t — —t. Thus if x(t)
is a solution of (1.57) so is x(—t). Combining this observation with the previous one it follows
that x (to — t) is a solution of the equation of motion if x(t) is.

The law of conservation of energy (1.57) allows us to easily find the general solution of the
equation of motion in implicit form. Indeed, solving for x in Eq. (1.57) we obtain

. dx 2

Each of these two equations (corresponding to the two signs before the radical) is a first-order
differential equation with separable variables, easily solved by separating variables and integrat-
ing:

m dx
t—t():i\/;J’m. (160)

Here tg is an arbitrary integration constant which, without loss of generality, can be taken equal
to zero in view of the previous comments. The behavior of the solutions depends crucially on the
type of interval inside the allowed region where the motion takes place, as we shall see in more
detail below. To simplify the exposition, we shall assume for the time being that the interval
where the motion takes place is limited by turning points (not by equilibria). Hence on the interior
of this interval we must have V(x) < E, whereas V(x) = E and V' (x) # 0 at its endpoints (if
any). By the law of conservation of energy (1.57), the particle’s velocity x(t) can only change sign
at the endpoints of the latter interval.

I) Bounded interval [xg, x1]
Consider first the case in which the particle’s motion takes place in a bounded interval [xg, x1]
limited by two consecutive turning points x,1, so that

E=V(x;) and V'(x;) #0, with i=0,1,

and V(x) < E for xo < x < x1 (cf. Fig. 1.7). Let us suppose, without loss of generality!4, that
xo0 = x(0), so that x(0) = 0. Then x > 0 for sufficiently small £ > 0, since otherwise the

14Indeed, suppose that the particle is at some point a € (xg,x;) at the initial time t = £y. From Eq. (1.60) we
then obtain

. X d
t=1ty+ sgn(x(a))\/?L \/E%V(s)’
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Figure 1.8. Function 6(x) in Eq. (1.61). Note that 0’ (xp,1) = +, by Eq. (1.63).

particle would enter the forbidden region to the left of xy. We must therefore take the “+” sign
in Eq. (1.60), obtaining!>

m (* ds )
t = \/; o \/E—jv(s) = Q(X) . (].6].)

Hence the particle will reach the point x; at time t = T/2, with!¢

X1 ds
=20 =2 —_— 1.62
T (x1) vem | v (1.62)
Note that, since
Ql(X)ZE_n/LV/?X)>O, Xo <X < X1, (1.63)

0 (x) is monotonically increasing, and hence invertible, in the interval [xg, x1] (see Fig. 1.8). Thus
for O <t < 1/2 the particle’s position as a function of time is given by

x =07"1(t), 0<t<

N~

For t > T/2 (with t — (T/2) small enough) x becomes negative, since otherwise the particle would
reach the forbidden region to the right of x;. Using again Eq. (1.60), but this time with the “-"
sign, and the initial condition x(7/2) = x; we obtain

T m (X ds m (¥ ds
b= 2_\/ZL1 JE=V{(s) _T_\/; xo VE = V(5) =T -0(x). (1.64)

In particular, the particle will again reach the point x( at time t = 7 (since 6(xg) = 0). Note also

and thus the particle will reach the endpoint x( at the time

. a d
t :to—sgn(x(a)),/%J Eis\/(s)
X0 -

This time is finite, since the latter integral, which is improper at its lower endpoint xy, is convergent. Indeed, since
V'(x0) # 0 by hypothesis, the integrand behaves as (x — x¢) /2 in the vicinity of s = x¢. Thus x(t1) = xo for some
finite time t;, so that replacing t by t — t; we have x(0) = Xxp.
15The integral (1.61), which is improper at its lower limit s = x,, is however convergent (see previous footnote).
16The integral (1.62) is also improper at its upper limit but certainly convergent, since V' (x1) # 0 implies that
the integrand behaves as (x; — s)~!/2 near s = x1.
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Figure 1.9. Motion of a particle in a one-dimensional potential between two consecutive turning
points xo, X1.

that from Eq. (1.64) it follows that!”
<t<T.

x=0"1(t-1),

Hence the particle’s motion for 0 < t < T, implicitly given by Egs. (1.61)-(1.64), can be expressed
in terms of the function 8~! by the equations

0-1(t), o<ts<¥;
x(t) = (1.65)
Ol (t-t), F<ts<T.

N~

Note, in particular, that x(t) is symmetric about t = T/2, since by the previous equation

T —o (T ) (X T

X(E—S>—9 (2 S)—X<2+S>, 0<S<2.

The solution of the equations of motion valid for all ¢ is just the periodic extension with period T
of the function x(t) defined in [0, T] by Eq. (1.65) (cf. Fig. 1.9). In other words, if kT <t < (k+1)T
with k € Z then

x(t) = x(t — k1), (1.66)

where the RHS is evaluated using (1.65). Indeed, this function is a solution of the equation of
motion due to the invariance of the latter equation under time translations, satisfies the initial
conditions x(0) = xo, x’(0) = 0 by construction, and is of class C? at the junction points kT
with k € Z (exercise). Summarizing:

The motion of a particle between two consecutive turning points xp; of a one-dimensional
potential is periodic, with period T given by Eq. (1.62).

17This could have also been proved noting that, by the two remarks on p. 36, if x = 0~1(t) is a solution to the
equation of motion for t € [0,T/2] then x = 8~ (T — t) is a solution for t € [T/2, T], which satisfies the initial
conditions x(1/2) = 071(1/2) = x; and x’(7/2) = 0 (by Eq. (1.57)). By the existence and uniqueness theorem for
second-order ordinary differential equations, x(t) = 0-'(t —t) for /2 <t < T.
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x(1)

X0

Figure 1.10. Left: one-dimensional potential V (x) with a a turning point xg limiting a semiinfinite
allowed interval [xq, o) (for the energy E shown) such that V(x) < E for x > xy.
Right: corresponding law of motion x (t) (in the case of finite ).

Exercise. Show that the function x(t) defined by Egs. (1.65)-(1.66) is invariant under time re-
versal, i.e., that x(t) = x(—t).

Solution. The function f(t) := x(—t) is a solution of the equation of motion, due to the invari-
ance of the latter equation under time reversal. At t = 0, the solution f(t) satisfies the same
initial conditions as x(t), since

f(0) =x(0) = xo0, f(0) = -x"(0) =0.

By the existence and uniqueness theorem for second-order ordinary differential equations,
S () =x(-t) = x(t) for all t.

II) Semi-infinite interval [xg, o)

Consider next the case in which the particle moves inside a semi-infinite interval'® [x(, ) limited
by a turning point xg, so that V(xg) = E, V'(x9) # 0, and V(x) < E for x > x¢ (cf. Fig. 1.10). If
the particle is at the point xg for t = 0 then x(t) > 0 for t > 0, and the relation between the time
t and the position x is given by equation (1.61) for all ¢ > 0. In particular, the particle reaches
(positive) infinity at time

too:

m (% ds
9(“)‘\E o VE—V() '

which is finite or infinite depending on whether the integral on the RHS is convergent or divergent
at +oo. For instance, if V(x) ~ —x% with a = 0 for x — o then t. is finite if a > 2, and infinite
if 0 < a < 2. Taking into account the definition (1.61) of the function 6(x), the particle’s motion
for 0 <t < t is given by the equation

x=0"1(t), 0<t<teo,
with x(tew) = . On the other hand, for —t. <t < 0 we have
x =01 (=t), —te <1 <0,

where again x (—t«) = . Indeed, the latter function is a solution to the equation of motion (due
to the invariance of this equation under time reversal t — —t), and satisfies the correct initial

18The case in which the motion takes place in a semi-infinite interval (-, x(] limited by a turning point is dealt
with analogously.
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V(x)

[ x

/

Figure 1.11. One-dimensional potential with E > V (x) for all x (for the energy E shown).

conditions at t = 0:

x(0)=0710) =x9, x(0)=0
(the last equation is actually a consequence of the first, since xg is a turning point). An alternative
way of reaching the same conclusion is to observe that if ¢ < 0 then x(t) < 0, since the particle
is at the point x¢ for t = 0. Therefore we must take the “—” sign in Eq. (1.59), which yields the
equation

=-0(x) <= x=01-t),

m (X ds
t‘_\/; xo VE =V (5)

on account of the initial condition x(0) = xp. In other words, in this case the law of motion is

x=071(t), —tw<t<te.

Note, in particular, that (as in Case I) above) x(t) = x(—t).

III) Whole real line (—o0, )

Consider, finally, the case in which for a certain energy E the trajectory is the whole real line,
so that V(x) < E for all x. We must actually have V(x) < E for all x € R (cf. Fig. 1.11), since
otherwise a point xo with V(xg) = E would be an equilibrium (absolute maximum of V), which
cannot be crossed by the trajectory. Let x(0) = xo; then x2(0) is fixed by conservation of energy,
namely

x%(0) = 2 (E -V(xg)) >0,
m
x(1) x(1)

| |
: A : | A |
| | | |
| | | |
| | | |
| | | |
| | | |
| X0 | | X0 |
: / ! ! \ I
t t > } } > !

[—oo| | Io ! —Io | | —I—0o

| | | |
| | | |
| | | |
| | | |

Figure 1.12. Law of motion x(t) for the potential V(x) and the energy E shown in Fig. 1.11 in
the cases x(0) > 0 (left) or x(0) < O (right), assuming that t.. are finite.
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1.5 Motion of a particle in a one-dimensional potential

but the sign of x(0) is of course undetermined. If (for example) x(0) > 0, then x(t) > 0 for all
t, since the velocity cannot vanish in this case by the law of conservation of energy. We must
therefore take the “+” sign in (1.59) for all t, which yields the relation

PO L Y
2 Jxo JE=V(s) .
In particular, the particle reaches = at time
+00 dS
ticw = O(xo0) = —_
- (£e) xo E—=V(s)

(which may again be finite or infinite, according to whether the integral is convergent of divergent
at +o0), and the particle’s motion is governed by the equation

x=0"(t), tw<t<tw.

Likewise, if x(0) < 0 then

]x =071 (-1t), ~too <t < —t 0o,

where now x(—t.e) = *+oo (cf. Fig. 1.12).

Example 1.6. Consider the potential

2 4
V(x)=k<x—x), k,a>0,

Figure 1.13. Potential in Example 1.6 (blue line) and energy E = ka?/4 (dashed red line).

plotted in Fig. 1.13. Differentiating with respect to x we obtain

pea
V’(x):kx<1—2):0 = x=0, +a.
a

Therefore the equilibria are in this case the points x = 0 (relative minimum of V) and x = +a
(global maxima). The allowed region, and therefore the type of trajectory, depends on the value
of the energy E as follows:

i) E<O

The allowed region is the union of the two semi-infinite intervals (—oo, —c] and [c, «), ¢ being
the only positive root of the equation V(x) = E. Thus in this case the trajectory is unbounded
(to the right if x(0) > ¢, to the left if x(0) < —c).

ii) E=0

The allowed region is the union of the semi-infinite intervals (— o, —v/2 a] and [/2 a, «) along
with the origin, which as we know is an equilibrium. In particular, if x(0) = 0 then x(t) = 0
for all t (equilibrium solution), while if |x(0)| > /2 a the trajectory is unbounded.
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iii) 0 < E < ka?/4

Since ka?/4 = V(+a) is the potential’s maximum value, the allowed region is the union of the
three intervals (—o, —c2], [—c1,c1] and [cp, o), where ¢; < ¢ are the two positive roots of the
equation V(x) = E. Therefore in this case the trajectory is unbounded (to the left or right) if
|x(0)| = cp, while if |x(0)| < c; the motion is periodic, with amplitude c;.

iv) E > ka®/4

Since V(x) < E for all x, the allowed region (and the trajectory) is the whole real line. Note
that in this case the time that it takes the particle to reach * o is finite, since for |x| — oo the

integral
+ 00 dX

= dx

J VE-V(x) J x?
converges.
v) E = ka?/4
We have left for the end the most interesting case, in which E = ka?/4. Since V(x) < ka?/4
for all x, the allowed region is again the whole real line, and it might therefore superficially
seem that the trajectory is also the whole real line. However, this conclusion is wrong, since
the allowed region now contains the two equilibria x = +a. If the particle starts at £ = 0 from a
point xo # *a, it cannot reach the points +a in a finite time. Indeed, if x(ty) = +a for a certain
time to € R, from (1.57) with V(+a) = ka?/4 = E we obtain x(ty) = 0. Since the points +a are
equilibria, this implies that x(t) = +a for all . Therefore in this case the possible trajectories
of the particle are the open intervals (—,a), (—a,a) and (a, «), along with the two equilibria
+a. In particular, if |[x(0)| < a the trajectory remains in the interval (—a,a) for all t € R and
is therefore bounded. However, it is not periodic, but rather verifies x(+o) = +a if x(0) > 0 or
x(x0) = Fa if x(0) < 0. (Why is x(0) # 0 in this case?)

« In this case it is possible to explicitly integrate the equation of motion when E = ka?/4.
Indeed, substituting this value of the energy in Eq. (1.59) we obtain

k
2ma?

X ==+ (x2 —a?).

Separating variables and integrating we have
twlﬁtzjiza dx=log'x_a‘ = ‘x_a’:eizwt, w = L,
m x2 —a? X +a X+a 2m

where without loss of generality we have taken the integration constant equal to zero. If the
particle lies initially in one of the intervals (—oc, —a) or (a, «) then

‘x—a' _Xx-—a

x+al x+a’
and therefore
1+ eiZwt
X = (ZW = $acoth(wt) .

The latter expression actually defines four different solutions. Indeed, if initially the particle is
in the region x > a with positive (resp. negative) velocity then we must take the “—” (resp. “+”)
sign in the previous expression, and the associated solution is therefore defined for t < 0
(resp. t > 0). This solution corresponds to a motion reaching positive infinity (resp. arriving
from positive infinity) in a finite time and tending to the point x = a for t — —oo (resp.t — +o0).
Likewise, if x(0) < —a then the solution x = —a coth(wt) with t > 0 corresponds to a motion
from x = — (fort — 0+) to x = —a (for t — o0) with positive velocity, while the solution
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1.5 Motion of a particle in a one-dimensional potential

x = acoth(wt) with t < 0 corresponds to a motion from x = —a (fort - —x) to x = —co (for
t — 0+) with negative velocity (cf. Fig. 1.14).
Similarly, if the particle lies initially in the interval (—a, a) then

‘x—a' a—x

x+al a+x’
and thus
1 _eiZwt
X = am = +atanh(wt)

“*

(cf. Fig. 1.14). The solution corresponding to the “+” (resp. “—”) sign has always positive
(resp. negative) velocity, and tends to +a for t — +oo (resp. t — Foo).

X

>

Figure 1.14. Plot of solutions x = acoth(wt) (blue), x = —a coth(wt) (red), x = atanh(wt)
(green), and x = —a tanh(wt) (magenta) in Example 1.6.

To visualize the different trajectories followed by the particle and qualitatively understand
their properties, it is useful to plot the momentum p = mx as a function of the position x for
different values of the energy E. This plot is usually known as the phase map of the system.
From the law of energy conservation it follows that the equation of the trajectories in the phase
map is

p2
—+Vix)=E,
2m

2 2 4
P (XX g
2m 2 4a?
The corresponding trajectories (obviously symmetric with respect to both axes) are represented
in Fig. 1.15. Note that the equation of the trajectories with energy equal to the critical energy

E = ka?/41is
A /%¢x4_2a2x2+a4=i /%(xz_oﬁ)_ (1.67)

This is the equation of two parabolas whose axis is the vertical line x = 0, intersecting at the equi-
libria (+a, 0). These trajectories divide the phase map into 5 disjoint connected regions, in each
of which the trajectories have different qualitative properties (they are bounded or unbounded,
reach x = oo or not, etc.). For this reason, the trajectories (1.67) are called separatrices.

which in this case reduces to
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Figure 1.15. Phase map for the potential in Example 1.6. The red line consists of the trajectories
with energy E = ka?/4 (including the two equilibria (+a, 0)), while the orange, green
and blue lines represent trajectories with E < 0, 0 < E < ka?/4 and E > ka?/4,
respectively.

1.5.1 Stability of equilibria. Period of the small oscillations

Intuitively speaking, an equilibrium xg is stable if sufficiently small perturbations of the initial
conditions x(0) = xp, x(0) = 0 lead to solutions x(t) of the equation of motion which remain
arbitrarily close to xo (and with velocity arbitrarily close to 0) at all times ¢ > 0. In the previous
example, it is clear that the equilibrium x = 0 is stable, while x = +a are both unstable equilibria.
Indeed, if we slightly disturb the initial condition x(0) = x(0) = 0 corresponding to the first of
these equilibria, that is, we consider particle motions with |x(0)| and |x(0)| small enough, the
energy will be slightly positive but much smaller than the critical value ka?/4, and therefore the
motion will be periodic and with amplitude close to zero. On the contrary, a perturbation of the
initial data x(0) = +a, x(0) = 0 such that (for instance) x(0) = =a and |x(0)| = &€ > 0 results
in a motion with energy greater than the critical energy ka”/4 no matter how small ¢ is, and
therefore x(t) — o fort — oo.

In general, an equilibrium is stable if and only if it is a relative minimum of the potential.

To heuristically justify this statement, suppose that xg is a critical point of the potential V, i.e.,
that V' (xo) = 0. If x¢ is a relative minimum of V then in a sufficiently small interval centered at
xo we have V'(x) < 0 for x < xg and V' (x) > 0 for x > xo. Hence F(x) = —V'(x) and x — xo
have opposite signs for x sufficiently close to xo, i.e, the force acting on the particle always points
towards the equilibrium x¢ in its vicinity. Thus in this case the equilibrium is stable. Likewise,
if x¢ is a relative maximum of V then near x( the force F(x) points away from xo, and hence
the equilibrium is unstable. Finally, if xq is an inflection point of V then V’(x) has constant
sign (positive or negative) for x # xg in the vicinity of x¢. If (for instance) V'(x) > 0 then in a
neighborhood of x( the force F(x) points away from xg for x < x¢, and the equilibrium is again
unstable.

An alternative proof of the previous result is based solely on energy considerations. Indeed,
suppose to begin with that x¢ is a relative minimum of the potential V(x). A solution of the
equation of motion with initial conditions (x(0), x(0)) close to (xo,0) will have an energy

E- %m}'c(O)Z +V(x(0))

44



1.5 Motion of a particle in a one-dimensional potential

V(x) V(x) Vix)

E
Vixo) p------3

X‘() )éo X0
Figure 1.16. Potential V (x) with a local minimum (left), a local maximum (center) or an inflection
point (right) at xo.

slightly greater than V(xg), as [x(0)| = 0 and (for x(0) close enough to xg) V(x(0)) = V(xgp),
since by hypothesis x( is a local minimum of V. Hence the motion will consist in oscillations
about x¢ with amplitude decreasing as F approaches V (xg) —see Fig. 1.16 (left). On the contrary,
if x¢ is a relative maximum of V then a solution with (for instance) x(0) = xo and |x(0)| small
but non-vanishing will have energy

E= %m:’c(O)Z +V(x0)

slightly larger than V(xg). Hence the particle will move away from x( by a finite amount (to
the left or right) no matter how small |x(0)| is —see Fig. 1.16 (center). Finally, suppose that xg
is an inflection point of V, with (for instance) V' (x) strictly increasing near xo. In this case a
solution with, e.g., initial conditions x(0) = x¢ and |x(0)| small but non-vanishing will again
have energy E = V(xq), and thus the particle will move away from x( by a finite amount (to the
left) no matter how small |x(0) | is —see Fig. 1.16 (right). (In fact, it is apparent from Fig. 1.16 that
when X is either a local maximum or an inflection point that any solution with initial conditions
close to equilibrium will have energy close to V(xg), and will move away by a finite amount from
equilibrium either to the left or to the right.)

Suppose that the potential V(x) is smooth (say, of class C?) at an equilibrium x, and that
furthermore V'’ (xg) # 0 (which is the generic case). If the equilibrium is stable we must then
have

V'ixg) =0, V' (x9) > 0.

For initial conditions (x(0), x(0)) sufficiently close to (xg, 0) the motion is periodic, as E = V (xg)
and the particle oscillates between two consecutive turning points close to xg; see Fig. 1.16 (left).
To find an approximation to the period of these small amplitude oscillations, taking into account
that |x — xg| <« 1 we Taylor expand the force F(x) about xg to first order in x — x¢:

F(x) = -V'(x) = =V" (x0) (x — x0) + O ((x — x0)?) .

Hence the particle’s equation of motion is approximately

. _F(x) _ V"(xo)
X = ~ —
m m

(x = x0),

which can be written as
E+w’E=0

e _ [V (x0)
E:=x-xp, w = poamnl

with
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As is well known, the general solution of this equation can be written as
& =Acos(wt + &),

where @ € [0,21) and A > 0O are arbitrary constants (with A < 1 to be consistent with the
hypothesis |x — xg| = |&|] < 1). Hence the particle’s motion near the equilibrium xq is approxi-
mately described by the equation

’x(t) ~ xo + Acos(wt + &) .

In other words, the period T of the small oscillations about the equilibrium xg is approximately
given by

T:Z—n=21'r m

- T (1.68)

In particular, from the above formula it follows that the period of the small oscillations about a
stable equilibrium is approximately independent of the amplitude (or, equivalently, the energy).
Obviously, this is exactly true for any amplitude for the harmonic potential V (x) = k(x —x¢)?/2.
For a general potential, the period of the oscillations of arbitrary amplitude is given exactly by
Eqg. (1.62), and is thus in general dependent on the amplitude. More precisely,

T=+v2 (1.69)

5 J"? dx
x1 VE - V( X1 ‘/V(Xl,z)—V(X)’

where x; < x2 = x1 + 2A are the two turning points (roots of the equation V(x) = E) closest to
the equilibrium x(¢ and A is the amplitude.

Example 1.7. The period of the small oscillations about the origin for the potential in Exam-

ple 1.6 is approximately
= = O /%_ (1.70)

Note, however, that this approximation is only correct for small amplitudes A < a. For arbi-
trary amplitude 0 < A < a, the period is exactly given by the formula

T = = _om | =
FJ E - V( 0o vE — V( )’
with
E=V(A) = kA = (2a® — A?).
Substituting this value of E in the previous formula for T, setting x = As and operating we

biai
obtain ] _4\/>J \/(1 ds 2 , £om 2 € (0,1). (1.71)

32) %(1+52))

Note that when ¢ tends to 1, that is A tends to a, the integral tends to infinity, which is
consistent with the fact that for A = a the particle takes an infinite time to reach the equilibria
x = =xa. If € is small, taking into account that

. -1/2 2
(1-50+3)) =1+ +s) +0(
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1.5 Motion of a particle in a one-dimensional potential

and using the above formula for the period we obtain the more accurate expansion
m (b ds Eol N
T=4,/— J7+— ds + O(&*
k(O\/].—SZ 4 Jo V1 - 52 &
/2
= /% [21‘( + EZJ (1 +cos?0)de + 0(54)] = 21T, /% (1 + %sz + 0(54)) (1.72)
0

(cf. Fig. 1.17).

Note. In this case, the exact value of the period can be expressed in terms of the complete
elliptic integral of the first kind

dx
x2)(1 — o2x2)’

O<axx<l, (1.73)

/2 1
K(x):= Io (1 - ?sins) 1/2ds = Jo T

by performing the change of variables x = sint in the integral (1.71), namely

m g2\ /2 £
T=NY (1_2> K(iz_gz)'

Figure 1.17. Period of the oscillations about the origin for the potential in Example 1.6 (in units
of the approximate period of the small oscillations 19 = 21t/m/k) as a function
of the parameter ¢ = A/a (solid blue line) compared to its approximation (1.72)
(dashed red line).

Exercise. Find the relation between the energy E and the amplitude A of the small oscillations
about a stable equilibrium xg with V"' (xg) > 0.

Solution. The turning points (points on the trajectory at a maximum and minimum distance of
the equilibrium x¢) are the two roots x2 of the equation E = V(x) to the left and right of xo.
Using the approximation

Vi(x) = V(xo) + %V”(XO)(X ~ x0)?

we obtain

E=V(x1,2) = Vi(xp) + %V”(XO)(XI,Z ~ x0)?

2(E —V(x0p))

1
A= 5 (x2 = x1) = |x12 - X0| = :
= 5 (X2 = x1) = [x1,2 = X0 V7 (xo)
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REVIEW OF NEWTONIAN MECHANICS

Exercise. Find the dependence on the amplitude and energy of the period of the oscillations
around x = 0 of a particle of mass m moving subject to the potential V(x) = k|x|", with k > 0
and n € N.

Exercise. Redo the discussion in Example 1.6 for the potential

4 2
X X
=k|-— - — > 0.
Vi(x) k(4a2 2), k,a>0
In particular, determine the stable equilibria and compute the period of small oscillations
about them. Show that the period of the oscillations of amplitude A > a about the origin is
approximately proportional to a/A, and find the proportionality constant.

Vi(x)

A
T > X
I
I
I
I
I
I
I
I
I

Solution. The potential in this exercise differs only by a sign from that of Example 1.6, and
thus its graph is as shown in Fig. 1.18. In particular, the equilibria are again 0 (unstable) and
+a (both stable). In this case E must be greater than the absolute minimum V(+a) = —ka?/4
of V, and therefore we can have the following types of trajectories:

i) E=-ka®/4

In this case either x(t) = —a or x(t) = a for all t (equilibrium solutions).

ii) —~ka’/4<E<0

The particle oscillates about the equilibrium x = —a if x(0) < 0, or about x = a if x(0) > 0,
so that the motion is periodic and bounded. The period of the small oscillations about either
equilibrium is approximately given by

| m /m
T =210 m—z'ﬂ' ﬁ
iii) E=0

If x(0) > 0 then the motion is bounded (0 < x < +/2a, where /2 a is the positive root of
V(x) = 0) but not periodic, since the unstable equilibrium at the origin cannot be reached in a
finite time. Similarly, if x(0) < 0 the motion is again bounded (with —v/2a < x < 0) but not
periodic. Finally, if x(0) = 0 then x(t) = 0O for all ¢ (equilibrium solution).

iv) E>0

In this case the motion is bounded and periodic, since the two roots +A of the equation V (x) =
0 are turning points. Note that A > +/2 a is not infinitesimally small, so that Eq. (1.68) does not
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1.6 Dynamics of a system of particles. Conservation laws

apply in this case. The period of the oscillations as a function of their amplitude A is given,
however, by the exact formula

2m (A dx
Eiat J\/V(A) Vx) “\/TJO JA? —x?) (A2 = 2a2 + x2)

Calling ¢ := a/A < 1/+/2 and performing the change of variable x = As (so that s is a dimen-
sionless variable) we obtain

T = 4¢ 2mJ1 CH
Nk Jo JA=s2)(1 —2e2 1 52)

When A > a the dimensionless parameter ¢ is very small, and we can thus approximate the

period by
Zm
T=4C,|— &

L Jl ds s=cos 0 /2 do _i
' 154 0 J2_sin’@ V2

where K () is the complete elliptic integral of the first kind defined by Eq. (1.73). Thus the
period of the oscillations with large amplitude A > a is (approximately) inversely proportional
to the amplitude.

where the constant C is given by“

K(1/+/2) =1.31103...,

Note. The exact value of the period of the oscillations of amplitude A > +/2a can also be
determined in terms of a complete elliptic integral of the first kind. Indeed, performing the
change of variable s = cos 6 in the integral for T we obtain

2m (/2 do m 1
= 4¢, | == = 4¢_| K .
T € k JO \/2(1_52)_511,129 € k(l—fz) (\/2(1—52))

9The constant C can be also be expressed in terms of Euler’s gamma function

I'(x):= I t*~le~t dt, x >0,
0

1.6 Dynamics of a system of particles. Conservation laws

1.6.1 Dynamics of a system of particles

We shall study in this section the motion of a system of N particles of mass m; (i = 1,...,N).
Let us denote by r; the coordinates of the i-th particle in a certain inertial system, and define
F;;j as the force exerted by particle j on particle i (in particular, F;; = 0) and Fie) as the external
force acting on the i-th particle. Newton’s second law of motion applied to the i-th particle of
the system then states that

lrl—zFu FY,  i=1,...,N, (1.74)
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REVIEW OF NEWTONIAN MECHANICS

where the sum over j on the RHS represents the internal force exerted on particle i by the
remaining particles of the system. These N vector equations are actually a system of 3N scalar
second-order ordinary differential equations in the unknowns ry,...,ry. By the existence and
uniqueness theorem for such systems, if the RHS of Eq. (1.74) is a function of class C! in the
variables (¢,r1,...,IN,I1,...,IN) in a certain open subset A ¢ R6N*! then the system’s equations
of motion (1.74) have (locally) a unigue solution verifying any initial condition of the form

ri(to) =rio0, ..., In(to) =rno; Ti1(to) = Vio, ... ,IN(t0) = VNO

with (tg,r10, ... ,INO, V10, --- , VNO) € A. In other words, the trajectories of all the particles in the
system are determined by their positions and velocities at any instant. In this sense, Newtonian
mechanics is a completely deterministic theory.

Summing over i in Eq. (1.74) we obtain

N N N
S mifi= > Fij+ > FY. (1.75)
i=1 i,j=1 i=1

If —as we shall assume throughout this section— Newton’s third law holds, the internal forces
verify the condition
Fi Jj +F ji = 0,

which summed over i, j immediately yields
N N N
0= ZFij+ ZFjiZZZFij’

i,j=1 i,j=1 i,j=1
where in the last step we have used the fact that the summation indices (i, j) are dummy (i.e.,

N N
>. Fji = > Fij). Denoting by
i,j=1 ij=1

N ©
. e
F®:= > F;
i=1

the total external force acting on the system, Eq. (1.75) can be written more concisely as

N
> mi¥; = F© . (1.76)
i=1

Let us next define the system’s center of mass as the point with coordinates

N
> mri, (1.77)

where
M = Z m;
i=1
is the total mass of the system. In other words, the center of mass (which is generally abbreviated
by CM) is the average of the particles’ coordinates weighted by their masses. In terms of the CM,
Eqg. (1.76) adopts the simple form

MR = F© . (1.78)

In other words:
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1.6 Dynamics of a system of particles. Conservation laws

The center of mass moves as a single particle of mass M on which the total external force
acting on the system is exerted.

As a consequence, the motion of the center of mass is not affected by the internal forces acting on
the system. In particular, if the total external force vanishes then R = 0. Hence:

In the absence of external forces the center of mass moves with constant velocity.

1.6.2 Conservation laws

Consider first the system’s total momentum P, defined as the sum of the momenta of its con-
stituent particles:

N
P:= > m;f; = MR. (1.79)
i=1

Thus the total momentum of the system coincides with the momentum of its center of mass re-
garded as a single particle of mass M. It also follows from the latter equation that Eq. (1.78) is
equivalent to

P—F©.

In particular, in the absence of external forces the system’s total momentum is conserved.

Consider next the system’s angular momentum with respect to the origin of coordinates, de-
fined as the sum of the angular momenta of its N constituent particles:

N
L:i= > mr XT;. (1.80)
i=1

Let us denote by 1} the position vector of the i-th particle with respect to the CM, so that
ri=R+r;. (1.81)

Substituting the latter expression for r; in Eq. (1.80) we obtain

N N N N
L=> mi(R+r1)) x (R+F) = MRXR+RX > myf; + (zmir'i) XR+ > mir; x¥;,. (1.82)
i=1 i=1 i=1 i=1

On the other hand, from Eq. (1.81) and the definition (1.77) of the CM it easily follows that

N N N N N
Z m;r; = MR = Z m;R + Z m;r; = MR + Z mir, = Z m;r; =0, (1.83)
i=1

i=1 i=1 i=1 i=1

and therefore the second and third terms in the RHS of Eq. (1.82) vanish identically. We thus
have

N
L=MRXR+ > mr; x}. (1.84)
i=1

In other words, the angular momentum of the system is the sum of the angular momentum of its
center of mass and the internal angular momentum (last term in the RHS of Eq. (1.84)) due to
the motion of the particles around the CM.
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REVIEW OF NEWTONIAN MECHANICS

Example 1.8. Suppose that the system moves as a whole with velocity (not necessarily uniform)
v(t),i.e.,
I =v(t), i=1,...,N.

In this case

_ 1

M
1

M=

R mit; = v(t),

1

and thus the internal angular momentum vanishes:

i'=t;-R=0, i=1,...,.N = L=MRxR=MRxv.

By Eq. (1.80), the time derivative of the angular momentum is given by

N N N
L=Zmiri><i’i=2ri><F£6)+ ZriXFij-
i=1 i=1 Lj=1

Again, it is easy to check that the last term vanishes if Newton’s third law holds in its stronger
version, that is if

Fji=-Fillri—rj, i#7. (1.85)
Indeed,
N N N N N N
0= Z(I‘i—l‘j)XFij: zl‘iXFij— ZI‘jXFl‘jI Zl‘iXFij-i- ZI‘jXFﬁZZZI‘iXFU’.
i,j=1 i,j=1 i,j=1 ij=1 i,j=1 i,j=1
Thus in this case we have
. N
L=>rxFY =N, (1.86)
i=1

where by definition N(® is the total torque of the external forces acting on the system. In other
words:

If Newton’s third law holds in its stronger version (1.85) then the time derivative of the system’s
angular momentum is equal to the total torque of the external forces acting on it. In particular
if the total torque of the external forces acting on the system vanishes its angular momentum
is conserved.

Exercise. Show that in general the total torque of the external forces is different from the torque
of the total external force with respect to the CM.

Solution. By definition , the torque of the total external force with respect to the CM is the
vector R x F(®), Taking into account the definitions of R and F¢ we easily obtain

N N N
1 .
RxF© = ( > miri> X ( > F}“) = 3 M xEe,
M j=1 ijo1 M
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1.6 Dynamics of a system of particles. Conservation laws

N
which is different in general than > r; x Fie). For example, for two particles we have
i=1

2 2 2
mi r
RxFO - S rxF = 3 x| Y FY-FY ) =2 x (mFY - moF|*)
. 4 M M
i=1 1,j=1 j=1
I? (e) (@) _
o M X (szl mF, ) =

r—-r
BT (mE - morl),

which does not vanish unless
mlF(Ze) — sz(le) 11 —12.

A common situation, however, in which RxF(® is equal to the total torque of the external forces
arises when all the particles have the same mass and the total external force FEE) is independent
of i. For example, this will be the case if the particles move in a constant gravitational field, or
if they move in a constant electric field and they have the same charge. Indeed, if m; = m and
Fie) = F for all i we have M = Nm, F®) = NF, and therefore

N N N
RxF® = 3 Zorix (NF) = Y1 xF= > i xF.
i-1 i1 i1

Let us next study the kinetic energy of the system, defined as

1 :
T=3 > myEs . (1.87)

Using again the decomposition (1.81) and the identity (1.83) we easily obtain:

1 o 1
T = 5MR2 T > mii?, (1.88)
i=1

where the last term is the internal kinetic energy, due to the motion of the particles with respect
to the CM. Hence the kinetic energy of the system is the sum of the kinetic energy of its CM and
the internal kinetic energy.

We shall say that the forces acting on the system are conservative —or, equivalently, that the

system itself is conservative— if there is a single scalar function V(rq,...,ry) such that
N
Fi::F§e>+ZFij=—a—v, i=1,...,N. (1.89)
=1 al‘l‘

As in the case of a single particle addressed in Section 1.4.2, if the forces acting on the system
are conservative the system’s total energy

E=T+V(y,...,IN)

is conserved. Indeed, if the forces acting on the system are conservative we have

N N N
dE ..o dVv . A oV .
azgmiri-ri+—:§ri-Fi+ —'ri=§<Fi+—'>ri=O
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Let us assume that there exist certain functions V;(r;), V;;(r;,rj) (with i # j, 1 < i,j < N) such
that Vj;(r;,r;) = Vji(rj,r;) (ie., Vi;(ri,rj) is symmetric under exchange of the particles i and j)
and

oVi(ry) _ 0Vij(ry, 1))

U 1
L aI‘i ’ i ari

N

i+j<N. (1.90a)

We shall then show that the system is conservative, with potential (up to an additive constant)

N
V=> Vi(r) + > Vij(ri,x)). (1.90b)
i=1 1<i<j<N

Indeed, it is easily verified that Egs. (1.90) imply the more general relation (1.89):

ov X d o
Fi+—= ZFijJr* Z Vik(rj,rg) = ZFU+ Z Vlk(rurk)"‘ z 5. Vji(rj,ri)
1

or j=1 or; 1<j<k<N k= 1+1 j=1 or;
N N i-1 N
0 0 oVij
=2 Fij+ g, Vi) + Z 3y, Vi (T xj) = > (Fij+ ar?) =0,
j=1 j=i+1 M Ti j=1 !
J#i

where we have used the identities F;; = 0 and Vj;(rj,r;) = Vi;(r;,r;).
e By Newton’s third law we must have

Fo- _0Vji(rj,xy)  0Vi(rg,xj) E - oVij(ri,rj)
JE al‘j - al‘j B Yo ari ’

so that the function V;;(r;,r;) should verify the system of partial differential equations

oVij N oVij _0.
al‘i aI‘J'

It can be shown (exercise) that the general solution of this system is an arbitrary function of the
difference r; —rj. We thus have

Vij(rl-,rj) = Uij(rl- - I‘J'), with Uji(l‘) = Ul‘j(—l‘) . (1.91)

Substituting in (1.90b) we obtain the following more explicit formula for the potential V:

N
V=> Vi(ry) + > Uij(r; — 1j). (1.92)
i=1 1<i<j<N

In fact, in most conservative physical systems of interest the potential is of the form (1.92).
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Exercise. Study under what conditions on the functions U;; Newton’s third law holds in its
stronger version (1.85).

Solution. If r := r; — rj, Eq. (1.85) will hold if and only if

o oUij(ri —1j) _ e oUj;(r) ’
or; or

OII‘XFiJ'I—I‘

i.e, if the gradient of U;;(r) has only a radial component. By the formula for the gradient in
spherical coordinates

oUj; B oU;;j 1 0U;j 1 oUj;j

o~ or Ty 50 T rsine ap ¥

this will be the case if and only if U;; depends only on r = [r; —r}], i.e., if there is a function of
one variable u;; such that U;; = u;;(|r; —r;|) (with u;; = uj;, in view of Eq. (1.91)). This con-
dition is in fact satisfied by most conservative forces, like the gravitational or the electrostatic
ones (see next exercise). When it holds, Eq. (1.92) reads

N
V=> Vi(r) + > uii(r; —xjl) . (1.93)

i-1 1<i<j<N

Exercise. Write down the potential for a system of charged particles of mass m; and charge g;
(i =1,...,N) moving in an external electric field generated by an electrostatic potential & (r).

Solution. The external force acting on the i-th particle is due to its interaction with the electric

field E(r) = —% generated by the electrostatic potential ¢ (r), namely

© _ ppey_ 0P o 0®(r)  oVi(ri)
Fi" = aiE(ri) = —q; 5 -(1i) = —a; b

with V;i(r;) = q;®(1r;) .

On the other hand, the force exerted by particle j on particle i is the sum of the electric and
gravitational forces between both particles, given by
I —T; 0 kaqiqj —Gmim;  ou;(lr; —x;[)

Fij = (kqiqj — Gm;m;) m = _ari r; — 1 or; ’

with k = 1/(41teg) and
kagiqaj - Gm;ym;
e

uij(r) = = W) -

The system is thus conservative, with potential

N Z kaiqj - Gmym; .

N
V= qiP(r;)
i; e lr; —rjl

1<i<j<N

In practice, the electrostatic coupling constant kq;q; is usually much greater than the gravita-
tional one Gm;m;. For instance, for protons

4i=4q;=1.602176634-10"1°C, m; =m;=1.67262192369(51) - 10*" kg,
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so that
Gmimj

kaia;
For this reason, the gravitational interaction between the charges is usually neglected, and the
potential reduces accordingly to

~ 8.09355 - 10737

N
1 aiqj
V=> aidr;)+ > L
i=1 4t 1<i<j<N Ir; — 1]
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2 Motion in a central potential

2.1 Two-body problem. Reduction to the equivalent one-body problem

We shall study in this section the motion of two point masses m; and m> not subject to any
external forces. If F1» denotes the force exerted by the second particle on the first, by Newton’s
third law the first particle exerts a force —F;» on the second one, and the system’s equations of
motion are thus

mit = Fi2(t,11,12,11,12)

. . 2.1)
mpty = —F12(t,11,r2,11,12) .
It is convenient to rewrite these equations in terms of the variables
1
R = M (mqir; + mory), r=r;—1 (2.2)

(cf. Fig. 2.1), where M := m; + m> denotes the system’s total mass. Solving for r; and r» in the
previous equations we easily obtain the inverse relations

mo mi
=R+ = =R-—r. 2.
] + r, o r (2.3)

As we saw in Section 1.6.1, since there are no external forces the center of mass R moves without
acceleration, i.e., R = 0. As to the relative coordinate r, using Egs. (2.1) and (2.3) we immediately
obtain

T 2 _h s M2 . s P
ur—F12<t,R+ i r,R i r,R+ M r,R i r), (2.4)
where
mimsa
= 2.
H mi + mp (2.5

is the so called reduced mass of the system. Note that this is a second-order differential equation
in the single (vector) variable r, since the motion of the center of mass is known (R = Ry + Vyf,

X3

A

M2 e—
(0]

X2

X1
Figure 2.1. Coordinates R and r in the two-body problem.
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MOTION IN A CENTRAL POTENTIAL

with Ry and V constant vectors determined by the initial conditions). Hence:

The two-body problem (2.1) is always equivalent to the one-body problem (2.4).

If (as is usually the case) the internal force satisfies the condition!

that is, if it depends only on the particles’ relative coordinates and velocities, the equation of
motion of the relative coordinate r reduces to

ui = F(t,r,T). 2.7)

In other words, if the force Fy» is of the form (2.6) the relative coordinate r moves as a particle
of mass u under the force F(t,r, 1), and the two-body problem (2.1) reduces to the one-body
problem (2.7).

Once Eq. (2.7) is solved, the motion of the coordinates r; and r» is easily found using Egs. (2.3).
Since R = 0, if we move the origin to the center of mass the resulting reference frame, called
center of mass frame, remains inertial. In the CM frame, Egs. (2.3) simplify to

m m
My,

r = T, r
=M M

In many applications, the mass > is much larger than #1,. In this case m;/M ~ 0, m>/M = 1,
and thus (in the CM frame)
ry~r, r~0.

In other words, in this case the heavy particle is approximately fixed at the origin (i.e., the CM),
and the relative coordinate r is approximately equal to the radius vector of the light particle.

2.2 Constants of motion. Law of motion and equation of the
trajectory. Bounded Orbits
2.2.1 Constants of motion

The most important example of force satisfying condition (2.6) is that of a central force of the
form

r—n
Fio = - —_.
12 = f(Ir1 —r2l) r 1]
In this case Eq. (2.7) reduces to
. r

which is the equation of motion of a particle of mass u subject to the central force
r
F(r) = f(r) - (2.9)

We shall study in this section how to find the general solution of Eq. (2.8), and analyze the
qualitative behavior of its trajectories.

IThe dependence of F only on the relative coordinates and velocities is very natural, since it is clearly related to
the homogeneity of space. Note that the the homogeneity of time would also require that F be time-independent,
which is almost always the case.
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2.2 Constants of motion. Law of motion and equation of the trajectory. Bounded Orbits

As we saw in Section 1.4.2, the force (2.9) is conservative, since

_aV(T)

F(r) = ar

with Vr) = —Jf(r) dr.

Thus the total energy is conserved, i.e.,

%ufz +V(r) =E

remains constant throughout the motion. Moreover, since the force (2.9) is central the angular
momentum L = ur X 1 is also conserved. If, as we shall assume from now on,

L#0,

the motion takes place in the plane perpendicular to L passing through the origin (i.e., the center
of force)?. We shall choose the z axis in the direction of the constant vector L, so that

L=Le,, with L = |L| > 0. (2.10)

In particular, with this choice of axes the motion takes place in the z = 0 plane. Let us introduce
polar coordinates (v, @) in the latter plane through the usual equations

r = r(cos @,sing,0) (r>0, 0<@<22m.
The unit coordinate vectors are
e, = (cos@,sing,0) = ;, ep = (—sing,cos,0),

and hence
e = Qbe(p, é(p = —Q@ey,

whence we easily obtain the formulas (cf. Example 1.2.3)
Uy =7, Vp=7Q; ar=7-1p>, ap=rd+2re.

The equations of motion in polar coordinates are therefore

H (2.11)

2If L = 0 the trajectory is a straight line passing through the origin, which is actually a particular (degenerate)
case of motion on a plane through the origin. Indeed, if r is not identically zero (degenerate case of motion along
a line through the origin) the velocity vector must be parallel to r at all times, and consequently vy = 70 and
Vg = ¥ sin 0 ¢ vanish identically. Therefore the angles 6 and @ are constant, and the trajectory lies on the straight
line passing through the origin in the direction of the constant vector e, (including the degenerate case in which
I is identically zero and the particle is at rest on a point of the latter line). Taking the line of the motion as the x
axis we have r = |x| and e, = sgnx1i, so that F(r) = sgnx f(Ix|)iand V(¥) = V(|x|). Thus when L = 0 the motion
takes place in one dimension under the conservative force F(x) = sgnxf(]x|) —or, equivalently, the potential
V(|x|)—, a problem studied in the previous chapter.
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o))

Figure 2.2. Infinitesimal area swept by the position vector r.

2.2.2 Law of motion and equation of the trajectory

In order to determine the trajectory described by the particle (i.e., » as a function of @ or
vice versa) and the law of motion (i.e.,, ¥ and @ as functions of t) it is easier to use the laws
of conservation of energy and angular momentum, as we shall next see. Indeed, the angular
momentum of the particle is given by

L=1Le, =urxr=pure, X (re, + rpey) = urlge,,

so that

ur’g =L>0. (2.12)

From the previous equation (or, more precisely, our choice of the z axis in the direction of L) it
follows that

@) >0, Vt;

in particular, if the trajectory surrounds the origin it must be traversed in an anticlockwise direc-
tion. Note also that the second equation of motion (2.11) is just the time derivative of Eq. (2.12)
(divided by ur).

An immediate consequence of the conservation of angular momentum is the so-called law of
areas, first formulated by Johannes Kepler in the early 17th century. Indeed, note that the area
A(@p) swept by the particle’s position vector when moving between two points on its trajectory
with polar coordinates (¥ (@q), ®o) and (¥ (@), @) is given by

@
Alp) = ;L} 2 (x) de
0

(cf. Fig. 2.2). Since
Ao dA . 1 L

2 - 2420 = =
—d(pcp 21f(p 20 (2.13)

is constant, the area AA swept over a time At is simply

AA = — At.

In other words, the particle sweeps out equal areas in equal times as it moves along its trajectory
(law of areas). Note that this property is valid for any central force f(t,r,T)e,, more general
than (2.9), since it only requires the conservation of angular momentum.
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2.2 Constants of motion. Law of motion and equation of the trajectory. Bounded Orbits

We can use the conservation law of angular momentum to express ¢ in terms of v and the
angular momentum L as

§=—. (2.14)

Substituting this expression into the energy conservation equation we immediately obtain

_Lle T S I Lo, P
E= 2/Jr +V(@r) = Zur + 2[11’ Q- +V(r) = Zur + 2072 +V(r), (2.15)
or equivalently,
1 .
5;11/2 +UL(r) =E, (2.16)
where the effective potential U; (v) is defined by
2
Ur(r)=Vr) + . (2.17)
2ur?

Although Uy depends on the (constant) value of the angular momentum, we shall from now on
adhere to the customary practice of dropping the subindex L and simply writing U instead of
U;. Note also that the effective force generated by the last term in U(r), namely

2

(B (B Ve g, - B
or\2ur2)  or\2ur2) " urd r = Hr@er = e

can be interpreted as a centrifugal force. Again, it is easy to see that the first equation of mo-
tion (2.11) is the time derivative of Eq. (2.15) (divided by u#). In other words, the laws of conser-
vation of energy and angular momentum are obtained by integrating once with respect to time t
the equations of motion (2.11).

Equations (2.12)-(2.16) easily yield the law of motion and the equation of the trajectory in
implicit form. Indeed, the law of motion is directly obtained by integrating Eq. (2.16) (after
separating variables) and using the conservation of angular momentum:

_L B A _ Ly dt
t_i\/;J«/E—U(r)’ Cp_u ra(t)’

(2.18)

where it is understood that in the second equation we must substitute the value of v (t) obtained
from the first one. (We shall see later, however, that these equations are almost never the easiest
way of finding the law of motion.)

As to the equation of the trajectory, from Eq. (2.16) it follows that

H

5 PIri(@) + UM = E,

where (as we shall do throughout this section) we have denoted by a prime the derivative with
respect to the angle . Using Eq. (2.14) to express ¢ as a function of » we obtain

L2 (v'\?
ﬂ(ﬁ) +U(r)=E.

Introducing the dependent variable
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we can rewrite the previous equation as
2
uw?==5H
L2
whose integration yields the equation of the trajectory:

(E-UQ1/u)), (2.19)

L (U du
- + .
Y=+l VE-uaw

In practice, to find the equation of the trajectory it is sometimes convenient to differentiate
Eqg. (2.19) with respect to @, thus obtaining a second-order equation that is often easier to inte-
grate than (2.19). Indeed, proceeding in this way we obtain

(2.20)

71 2“ dU /
2uu’ = LZuZ@u , (2.21)
and therefore, taking into account the definition (2.17) of U,
2
W= B AU w AV L7 5
L2u2dr L2u2\dr u
or equivalently,
144 u
u +u=—L2u2 f/u). (2.22)

The latter equation is known as Binet’s equation. Binet’s equation, written as

LZ 144
fr) = —W(u +u,

is often used to compute the central force law f(r) if the equation of the trajectory v = v () is
known.

e In general, if the equation of the trajectory is known it is possible to find the law of motion im-
plicitly. Indeed, suppose that the equation of the trajectory is ¥ = ¥ (). From the conservation
of angular momentum we obtain

B
t = I Jr (p)de, (2.23)

which yields t as a function of @. Inverting this relation we obtain @ (t), while the motion of the
radial coordinate can of course be found by substituting @ (t) in the equation of the trajectory:

r=7r(p(t)).

Remark. Binet’s equation actually holds for a general central force f (v, )e, in two dimensions,
even if energy is not conserved unless f is independent of the polar angle . To derive Binet’s
equation in this more general setting we start from the equation of motion in the radial direction

i;—T('pzzf(TL;(p).

Since angular momentum is still conserved, we can replace » g2 in the latter equation by L2/ (u273).
Using this fact and the identity

d_5,4_L d

dt_(pdcp_wf?dcp
we obtain
L d/L , L2 L*u® ,, L*u3 _ f(r,p) . u
W@(WV>_W=_7” T T T T WU e,
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Example 2.1. Let us find the equation of the trajectories of a particle of mass u subject to the
central force

k
Fzﬁey

In this case f(1/u) = ku3, and thus Binet’s equation reduces to

u’' +Cu=0, C::1+lz—g.

The solutions of this equation depend on the sign of the dimensionless constant C. More
precisely:

) C<O0

In this case —which can only happen if k < 0, i.e., if the force is attractive— the general solution
of Binet’s equation is

u=ae’® +heV? = r=(ae’? +bheV?)! (a,b e R).

y::\/E>O.

It is easy to see that if a and b are both positive the solution can be expressed as

with

r = Asech(y (@ —@o)) (A>0), (2.24)

if either a or b vanish then

¥ = eV (@90 (2.25)

whereas if a and b have opposite signs we have?

¥ = Acsch(y (@ - @)  (A#0). (2.26)

The trajectories (2.24) are bounded (v < A), while (2.25) and (2.26) are not (in the former case
¥ — oo for @ — +oo, while in the latter v — o for @ — @g). It is also easy to check that all
of these trajectories are of spiral type, since the angle @ can take arbitrarily large (positive or
negative) values and v tends to 0 as @ — *oo.

More precisely, for (2.24) ¢ € R and

li =0.
T (P

Let t.. denote the times corresponding to @ = +o (i.e., such that @(t+x) = *o). Then
the trajectory (2.24) spirals away from the origin as t — t_«, reaches its point of minimum
distance to the origin (» = A), and spirals back into the origin as t — t. Likewise, for the
trajectory (2.25) @ € R and » — 0 as @ — oo (for the “—” sign in the exponential) or ¢ — —
(for the “+” sign). Hence in the first case the trajectory spirals into the origin as t — t«, while
in the second one it spirals away from the origin as t — t_«. Finally, for the trajectory (2.26) we
have @ > g for A > 0and @ < g for A <0,and v — 0 as @ — o or ¢ — —oo, respectively.
Thus for A > 0 the trajectory spirals into the origin for t — t., while for A < 0 it spirals away
from the origin as t — t_.. Moreover, in both cases v — o as @ — @g, which is a necessary
condition for the trajectory to have an asymptote making an angle ¢ with the positive x axis.
In fact, it can be shown that in this case the trajectory does have such an asymptote (see next
exercise).
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y y

9 —

y y

\ | _3:
i/ ' | 3

C

Figure 2.3. Trajectories of a particle in the central force field F = ke, /#3. From left to right
and top to bottom, ¥ = sech(@/3), ¥ = csch(@/3), 7 = e?3, ¥ = (@ — %)71, and
¥ = sec(@/3). (The orientation of the trajectories agrees with the convention used

in this chapter, according to which L, > 0 and hence ¢ > 0.)

VO

-2

m C=0
In this case k = —L?/u < 0, and the general solution of Binet’s equation is

1
u=a+byp < r_a+b<p (a,b e R), (2.27)

so that ¢ > —a/b for b > 0 and @ < —a/b for b < 0. If b = 0 the trajectory is simply a circle
centered at the origin. On the other hand, for b # 0 the trajectories are unbounded (v — o
for ¢ — —a/b) and spiraling towards the origin (when b > 0) or away from it (when b < 0), as
¥ — 0 when @ tends to c or —o. Moreover, it can be shown that in this case the trajectory
does have an asymptote making an angle —a/b with the positive real axis (see next exercise).

m Cc>0
In this case (which takes place, in particular, if k > 0) the equation of the trajectories is

u=%COS(y(q9—<po)) = \T=AseC(y(<p—<po))\ (A>0, 0<@o<2m), (2.28)
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so that (since ¥ > 0) the angle @ can be taken (for instance) in the range (g — %, @o + %).
The trajectories are not spiraling, since v = A > 0, but are unbounded (v — c as  — @ + %).
In fact, it can be shown that in this case the trajectory has two asymptotes making an angle
Qo * % with the positive real axis.

Note. If C < 0 (and, in particular, k < 0), the trajectories in the previous example are generically
called Cotes spirals.

IMore precisely, in cases (2.24) and (2.26) the parameters A and @ are given by

_log|b/al A= sgna

2y 2\/lab|"

Exercise. Show that a plane curve with polar equation » = f (@) has an asymptote making an
angle o with the positive x axis provided that

lim f(p) = o, € 2= qui%f(cp) sin(@ — &) < oo,

P
and in that case the Cartesian equation of the asymptote is cos ¢y — sin xx = c¢. Using this
result, prove that:
i) The trajectory (2.26) has an asymptote of equation
. A
cosS oy — Ssin@ox = )
ii) The trajectory (2.27) with b # 0 has an asymptote of equation
. 1
Coscpoy—smmox:B, Qo :=—-alb.

iii) The trajectory (2.28) has two asymptotes of equations

cos(@o £ 5,) ¥ —sin(@o = 3;,) x = *

<

The energy of a trajectory * = v (@) can be computed from Eq. (2.19) and the definition (2.17)
of U, namely

2
E = é—u w2 +u®)+va/u). (2.29)

Since E = pv?/2 + V(1/u), the particle’s speed as a function of its distance 7 to the origin is
given by

V= %Vu’z +u?. (2.30)

Both formulas can also be obtained directly, taking into account that

, : : L? (u? 1 L?
2 _ 22 222 220002 o2y _ _ 2 2
VS =P+ i@t = (v +T)_y274<u4+ﬁ)_ﬁ(u +uU).

In Example 2.1 we can take

Vir) = —Jf(r) dr = —kj% _ k.

2v2’
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and thus ) )
_Lt e ooy koo LT >
E_Zu(u +u )+2u —Zu(u + Cu“).
For instance, for the trajectories (2.24) it is easily checked that
L?|C]|
E=- 0
2pA2 =
while for (2.26) and (2.28) we have
= L7|C| >0
© 2uA? '
It is also immediate to verify that the energy of the trajectories (2.27) is
21,2
— Q > O’
2u

while the trajectories (2.25) have energy E = 0. These results agree with the fact that the trajec-
tories (2.24) are bounded while (2.26), (2.27) (if b # 0) and (2.28) are unbounded. Indeed, note
that, as in this case

Iim V(r) =0,

¥ —o00
if the particle reaches infinity we must necessarily have
1 >

E=—-uvs =0.
Zuoo

Example 2.2. Let us find the central force causing a particle to describe the spiral = a@. To
this end, it suffices to substitute u = 1/(ag) into Binet’s equation, which yields

2 & 2 3 2 5 3
f(r):_Lz(u”Jru):_L (2+1>: . (Za +6i): 5 (2a+a).
ur

par2 \ @3 ' @ Cpar2 \ v3 T r “uad \ rs 3

The motion of the angular coordinate @ is easily determined from Eq. (2.23):

pa?

_H | 2 2 _
t‘LJ‘“p de 3L

3L 1
(@’ -@}) = ¢7=<“azt+(l7(3)>

with ¢ = @ (0), whence it follows that

B ) 3L X 1/3
r=ap=a —”a2t+(p0 g

The energy of this trajectory is computed without difficulty using Eq. (2.29). To this end, we
first need to find the potential, which is given by

L? 2a° a3 > (a* a?
Vi =s—=||l—=+S|dr=-5=5 |5+
(") pa’ J < r> r3> " 2ua’ \r*+  r?

up to an arbitrary constant that has been taken equal to zero so that

1115510 Vr)=0.
Substituting into Eq. (2.29) we obtain
L, L? >,
E=—"—@"?+u? - —(a*u*+u? = =— W’ -a%*u?) =0.
2u 2U 2u
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By the law of conservation of energy, the particle reaches infinity with zero speed. The speed of
the particle at any point on the trajectory can be computed using Eq. (2.30), but since we know
the potential V and the energy E it can be more directly obtained from the energy equation:

| 1 ., L? (a* a? L
EZO:EIJ’U +V(7’):§IJU —2‘17 ﬁ'ﬁ‘ﬁ = UZWVTZ-FGLZ.

From this equation it also follows that, as we already knew, v — O for v — co.

Exercise. If we apply Binet’s equation to a circle of radius a centered at the origin we apparently
obtain a force inversely proportional to the square of the distance from origin:
L 1
fr)y=-—= (2.31)

ap r2’
Is this result correct?

Solution. The result is clearly false as stated, since any potential V whose corresponding ef-
fective potential U has some critical point ¥y admits a circular orbit » = ¥y with energy U (rg)
(cf. Eq. (2.16)). Hence Eq. (2.31) is not correct. This fact is not totally surprising, since to obtain
Binet’s equation from Eq. (2.21) it is necessary to divide by u’, which is not allowed if u = 1 /v
is constant. Equation (2.31) is however true if properly interpreted. Indeed, since * = a along
the circular orbit, what this equation actually states is that

L2 ) V2
fla) =55 = -pag?® = L (2.32)

i.e., that the central force f(a) along the orbit generates the centripetal acceleration —uv?/a.
Equivalently, (2.32) is the necessary and sufficient condition for the potential U(¥) to have
a critical point at ¥ = a. Thus in the case of a circular orbit centered at the origin Binet’s
equation is simply the condition for the existence of such an orbit, and does not provide any
information about the force law at distances from the origin different from the orbit’s radius.

2.2.3 Bounded orbits

As we have just shown in the previous section, the motion of the radial coordinate v is deter-
mined by the law of conservation of energy (2.16)-(2.17). Formally, this is the equation of motion
of a particle of mass u in the one-dimensional potential U (+). For this reason, most of the results
from Section 1.5 are also valid in the present situation. For instance, from Eq. (2.16) it follows
that the motion can only take place in the region defined by the inequality

2
2ur?

Ulr)=V(r)+ <E. (2.33)

It is however important to note that, unlike the variable x in Section 1.5, the coordinate v can
only take non-negative values.

Example 2.3. For the Kepler potential
V(r)=-k/r, with k > 0,
the effective potential

L2
2ur?

Ur) = —E+
v
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behaves as shown in Fig. 2.4. Indeed, U () diverges as L?/(2ur?) for r — 0 and tends to zero
as —k /v for r — o. Moreover,

, k L2 k L?

U0 = 5= s = s (7 )
so that U decreases for 0 < v < a := L?/(ku) and increases for » > a, attaining its minimum
value at r = a. The particle’s energy must be greater than or equal to this minimum value,
given by
k k?u

U(a) :_gz—ﬁ =: Emin -

From Fig. 2.4 it follows that the trajectories with energy E > 0 are unbounded, since in this
case the inequality (2.33) implies that ¥ € [7g, o), where 1y > 0 is the only root of the equation
U(r) = E. Therefore in this case the particle “arrives” from infinity, reaches a minimum dis-
tance from the origin equal to 7y (which is a turning point of U) and goes back to infinity. On
the contrary, if Enin < E < 0 then 1 < v < 72, where 7, < 7> are the two roots of the equation
U(r) = E (cf. Fig. 2.4), which are again turning points. Therefore in this case the trajectory is
bounded and stays away from the origin. Finally, if E = Epj, then the trajectory is the circle
¥ = a (cf. Fig. 2.4).

u(r)

Emin -

Figure 2.4. Effective potential U(v) for the Kepler potential V() = —k/¥ (with k > 0).

Exercise. Repeat the previous discussion for the potential V (r) = k/(2¥2) of Example 2.1.

Solution. The effective potential is in this case given by

U(T) = ﬁ el 2‘,(1"2 = 7 o (234)

k iL* L?> C
r
with C = 1 + (ku/L?). Since L?/(2u) > 0, the behavior of U depends on the sign of C
(cf. Fig. 2.5).

i) For C < 0, the trajectories with energy E > 0 are unbounded and can reach the origin, since
the allowed region for such energies is the whole semiaxis » > 0. On the other hand, for E < 0
the allowed region is an interval of the form [0,7(], where 7y > 0 is a turning point. Thus
in this case the trajectories with negative energy are bounded but fall into the origin. Note
that this is consistent with our previous analysis, since for C < 0 the trajectories with positive
energy L2|C|/(2uA?) are given by Eq. (2.26) and those with zero energy by Eq. (2.25), whereas
the trajectories with negative energy —L2|C|/(2uA?) obey Eq. (2.24).
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ii) For C = 0 the effective potential vanishes identically. Thus in this case the trajectories
with positive energy are unbounded and fall into the origin, since the allowed region is again
the semiaxis ¥ > 0. These trajectories are the curves (2.27) with b # 0, whose energy is
indeed L?b?/(2u) > 0. On the other hand, for E = 0 all the points on the semiaxis ¥ > 0 are
equilibrium solutions of U () (since U’ (r) = 0 and U(v) = E = 0 for all ). Hence in this case
the possible trajectories are the circles v = ¥y with arbitrary vy = O (i.e., the curves (2.27) with
b = 0).

iii) Finally, for C > 0 we must have E > 0, and all the trajectories reach infinity but stay away
from the origin (indeed, the allowed region is an interval of the form [y, o], where 7( is a

turning point). As we saw above, these trajectories have equation (2.28) and their energy is
indeed L?C/(2uA?) > 0.

Ur) Ur) Ur)

A A A

Figure 2.5. Plot of the effective potential (2.34) for C < 0 (left), C = 0 (middle) and C > 0 (right).

Of particular interest are bounded orbits, in which the radial coordinate moves between two
consecutive turning points 0 < 7| < 72 of the effective potential U (+) (cf. Fig. 2.6). In this case,
the points on the trajectory at the minimum distance 7; from the origin are called periapsides
or pericenters (perigees, perihelia or periastra3 if the center of force is respectively Earth, the
Sun or a star), while those at the maximum distance 7> are called apoapsides or apocenters
(apogees, aphelia or apoastra?). Both of these types of points are jointly referred to as apsides®
(or apsidal points).

As we saw in Section 1.5, the motion of the radial coordinate is in this case periodic in time,

Figure 2.6. Effective potential U(r) admitting a bounded orbit of energy E with 7} < v < 1,
where 77 < 7> are two consecutive turning points of U for the energy E.

3Singular periapsis, perigee, perihelion and periastron.
4Singular apoapsis, apogee, aphelion and apoastron.
>Singular apsis.
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Figure 2.7. Precession of the periapsis in a bounded orbit. The circles v = ¥; and v = 7> (min-
imum and maximum values of the radial coordinate) have been drawn in red, while
the dashed black segment represents the line = A@;2 joining the origin with an
apoapsis.

with period (depending in general on the energy and the angular momentum)

\FJ W (2.35)

However, this does not mean that the particle’s motion is periodic. Indeed, the necessary and
sufficient condition for the motion to be periodic is that when the radial coordinate ¥ completes
a certain integer number of its periods the angle @ increases by an integer multiple of 21, so
that the particle returns to its starting point. Obviously, this is equivalent to requiring that the
bounded orbit be closed. Let us next examine under what conditions this will be the case.

To begin with, when the radial coordinate ¥ increases from 7; to ¥» the variable u = 1/7
decreases, and hence gﬁ < 0 (since = dq’ u > 0), so that we must take the minus sign in
Eq. (2.20). Setting (without loss of generahty) @ (1) = 0 we obtain

L (lr du L (Un du

T - oo e 2.36
V= op i VEUQI - 2Ry VE-Uaw et (2.36)
In particular, when 7 reaches its maximum value 7 the angle @ increases by
L (tn du
AP1z = @1(r2) = : 2.37
P12 = @) V2u i VE-U1/u) (2.37)

On the other hand, when r decreases from 7> to 7; the variable u increases, so that we should
take the “+” in Eq. (2.20). In other words, we have

A L (ur du
= +
P=a®et A VE- U0

Thus when r takes once again its minimum value 7, the angle @ has increased by

=1 @2(7) (2.38)

Ap = @2(11) = 2A@12.

The displacement of the periapsis A@, defined as the increase in the azimuthal angle @ between
two consecutive periapsides, is thus given by

212 (tn 2L2 dr
S = J (2.39)
1/r2 VE — U(l/u U 1’1 r2\/E Ur) '
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In general, A@ is not an integer multiple of 21, and thus the particles does not return to its
initial position (i.e., the point with polar coordinates v = 71, @ = 0) when the coordinate » takes
the value 7 for the second time (cf. Fig. (2.7)). The necessary and sufficient condition for the
motion to be periodic —or, equivalently, the orbit to be closed— is that after n periods of the v
coordinate the increase of the angle g, which is obviously equal to nAg, be an integer multiple
2mTt of 21t. We have thus proved the following:

The motion on a bounded orbit in which » varies between two consecutive turning points 7 <
12 of the effective potential U is periodic if and only if the orbit is closed. The necessary and
sufficient condition for this to happen is that the displacement of the periapsis (2.39) be a
rational multiple of 2.

Remark. According to Bertrand’s theorem, the only central potentials for which all bounded
orbits are closed (and, hence, periodic) are the harmonic potential (V(r) = %kr2 with k > 0) and
the Kepler potential (V () = —k/7v with k > 0). [ ]

Exercise. Prove that the orbits in a central force field are symmetric about the line joining the
origin with an apsis.

Solution. The function u (@) is a solution to Binet’s equation, which is invariant under the
transformations ¢ — —@ and @ — @ + Qo with @¢ an arbitrary constant. Hence if u () is
a solution so are u(—@), u(@ + @p), and u(po — @), for every o € R. Since the angle @
does not appear explicitly in Binet’s equation, we can assume without loss of generality that
the apsis considered has polar angle @ = 0. The orbit will then be symmetric about this apsis
provided that u(p) = u(—qg). Since u(—q@) is also a solution of Binet’s equation, in order
to prove the latter equality it suffices to show that u (@) and g(@) = u(—q) satisfy the same
initial conditions at @ = 0, i.e., that u(0) = g(0) and u’(0) = g’ (0). The first of these equalities
is obvious, while the second one easily follows from the fact that u'(0) = 0, since by definition
of apsis u# has a maximum or a minimum at ¢ = 0.

Exercise. Show that the displacement of the apoapsis (increase in the angle @ between two
consecutive apoapsides) is also given by Eq. (2.39).

Solution. Since u(—@) = u(@) by the previous exercise, if the polar angle of a periapsis is
@ = 0 there are two consecutive apoapsides of the orbit at angles @ = +A@;», and thus their
angular displacement is again 2A@12 = A@.

Remark. From the previous considerations it also follows that u(p + A@p) = u() (indeed, by
definition of A@ both u(@) and u(@ +Ag) are solutions of Binet’s equation with the same initial
conditions u(0) = 1/71, u’'(0) = 0 at @ = 0.) Thus u(g) is an even periodic function of period
AQ. |

Exercise. Find the period of a circular orbit ¥ = a in a central potential.

Solution. The conservation of angular momentum implies that

Lt
@) = @(0) + W.

Hence the motion is periodic, with period T = 2Tmua?/L. In general, the period of a closed
orbit around the origin in a central potential can be found from the law of areas through the
formula T = 2uA/L, where A is the area enclosed by the curve. (We are actually assuming that,
as is usually the case, ¥ (@) is a one-valued function of @).
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Example 2.4. For the harmonic potential V (v) = % k2, with k > 0, the effective potential U (r)
has the appearance of Fig. 2.8. Therefore in this case all orbits are bounded. The periapsis
displacement of any of these orbits is given by

2L2 Lz 2L2 udu

2
1”2 \/ L w4y Eu? - %

Ap =

2
where 1, > u; are the two roots of the equation —é—u u*+Eu® - % = 0. Performing the change
of variable s = u? the last integral becomes

ds
A = T~
4 J NIG)

where
2UE ku

p(s) =-—s +L—25—L—2=—<5

) - m)
= T U= (2.40)

and s; > s» are the two roots of the equation p(s) = 0 (obviously, s; = u?). Performing then
the change of variable

<0<

2\ 1/2
S:P”f+115(1_fé2> Sing , (2.41)

TT
2 ' [2 2

~| =

we finally obtain

T/2
Ap = J
Tl'/2

Since A is a rational multiple of 2T, all the orbits are periodic (in agreement with Bertrand’s
theorem).

Ur)

/.

1
o
AN

- .
81 (ﬁ)i 2
ku

Figure 2.8. Effective potential U () for the harmonic potential V (r) = kr2/2 (with k > 0).

Exercise. Show that all the orbits of the harmonic potential V() = k»?/2 (with k > 0) are
ellipses centered at the origin, and compute the period of the motion.

Solution. The equation of the orbits is in this case

(12 J’”T B J’”T udu B 1J1/72ds
2 a 2uE ky 2 ’
H 2k J-ut+ 22 M VP ()
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with p(s) defined by Eq. (2.40). Performing the change of variable (2.41) (note that, as seen in
Example 2.4, in this case E2 > kL?/u) we obtain

12
1 | uE 1 L2 L2k .
m:@0+§arC81n ﬁ - W:]_-i‘ 1—E81n(2((p_(p0))
—F

Taking, without loss of generality, o = 1t/4, the above equation can be written as

2 2
2 X with azL— e = 1—ﬁ<1

T = b b
1-ecos2@ UE uE?

(and e = 1 if and only if L = 0). In Cartesian coordinates,

> —er?cos2@p =x2+y’ —e(x> —y*) =|(1-e)x’> + (1 +e)y? = |,

which is the equation of an ellipse centered at the origin with semiaxes

o x
A=V1_e’ b_\/1+e'

The period of the motion T is easily computed using the law of areas:

2
Ll:Trabz e mjuE Tl = TZZW\/E.
2u 1-—e2 \/sz/uEZ Vku k

Note, in particular, that in this case the period is independent of E and L, and is therefore the
same for all orbits.

Note. In this case, the equation of the orbits can be obtained more easily by solving the equa-
tions of motion in Cartesian coordinates, namely

. k .k
X+—-x=0, +—y=0.
H Y uy

Indeed, calling w = /k/u and setting, without loss of generality, x(0) = 0, y(0) = 0 (i.e., taking
the x axis in the direction of an apsis?) we obtain

x = a cos(wt), v = b sin(wt),

with a and b real constants, which are the parametric equations of an ellipse centered at the
origin with semiaxes |a| and |b|. (In fact, from the choice of the x axis it follows that a > 0, and
the condition ¢ > 0 implies that y(0) = bw > 0, i.e., that b > 0.) From the above equations it
also follows that the period of the motion is

_2m _ \ﬁ
T = © = 2Tt K

9Indeed, at an apsis we have ¥ = v, = 0, and hence r is perpendicular to r.

Exercise. Find the equation of the orbits for the repulsive harmonic potential V(r) = —kr?2/2
(with k > 0).
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MOTION IN A CENTRAL POTENTIAL

Example 2.5. According to Einstein’s theory of general relativity, the potential felt by a particle
of mass m at a distance * from a mass M > m fixed at the origin is effectively given by

GMm GML?
mclr3’

Vir)=-

where L > 0 is the particle’s angular momentum. In planetary motion the general relativity
correction is much smaller than the Kepler potential term. Indeed, the quotient of the two
terms in V(r) is given by L?/(m?2c?r?), which for nearly circular orbits can be estimated by
taking L = mrv:

(mrv)?  v?

m2c2y2 ~ o2
The velocity v of a planet in the solar system is at most 59 Km/s (Mercury’s maximum veloc-
ity), so that v2/c2 = 0(1078). In spite of this fact, the general relativity correction causes a
displacement of the periapsis of the planetary orbits slightly different from 21, so that these
orbits are in general not closed as is the case for the Kepler potential. The periapsis displace-

ment, given by
2 ui
A = | /% J d”z‘ , (2.42)

2 \/E+GMmu— o

c?

where 1y < 1 are the two positive roots of the cubic polynomial under the square root, cannot
be expressed in terms of elementary functions. However, since the general relativity correction
is very small it is possible to compute it approximately to order ¢~2 or, more accurately, to
order 2 in the small dimensionless parameter? GMm/(Lc), as follows. We start by writing

o 2GM "' r2m 2GM 7t L7
Ap =2 - (1— 2 u) [?(EﬁLGMmu)(l— 2 u) -u ] du
w0 -1/2
~ 2 (1+G—Mu) [2—m(E+GMmu)(1+ ZGMu> —uz} du
Uy C2 L2 C2
20f2m 2\ —1/2 ;u1
— 2(1_%) J (14_%“)})(“)—1/2 du,

where P(u) is the cubic polynomial
2m 4G2M?2m?2\ ! 2E
_ 2
Pu) =-uc+ 72 (1 — [2¢2 ) [E+ GMm(l + Cz)u}

and we have taken into account that GMu/c? ~ GM/(c?a) = O(v?/c?) (see footnote b) to

. 2G -1/2 . .
approximate the factor (1 - C—Zu) . Likewise,

4G2M?2m?2\ 12 GM 2G2M?2m? GM 2G2M2m? GM
1—7) (1+ ): 1 1202 (1+C2u):1+

12¢2 > u 12¢2 + 2 u,
and hence
b 2G*°M’m? GM 1
~ il A T il -1/2
Ap =2 - (1 122 + o2 u)P(u) du.

The quadratic polynomial P(u) differs from the cubic polynomial appearing under the square
root in Eq. (2.42) by terms of order ¢ 2, so the positive roots u» < u; of the latter polynomial
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are approximately equal to the two roots u3 < uj of P(u). Since P(u) = (uj —u)(u —uy) we
thus have

2029m2
2GMm>I0 G];/Ih’

Ap =2 [2c2

u)[(uj‘ —w)(u-u)1"2du = (1+

uj . 2G2M?m?  GM
L2c? * c?

u3

with

*

tGi
=2 ufuf-w@-ul2du.
u3

The latter integrals are easily computed by the standard change of variable

1 1 , L L1
u=§(u]’<+u§‘)+§(uf—u§‘)sm9, _§<6<§’
with the result
/2 /2
IO=2J dé = 2T, IlzJ [uf +uy + (uf —uj)sin0]do = m(uf + uy).
-T2 —T/2

Inserting these values into the last formula for A we obtain

AnG*M*m? TGM , .
122 2 (ui +us).

AP — 27T =~

Since the constant multiplying u} +u3 in the last term is already of order ¢ 2, we can compute
the roots uj‘ to order 1, i.e., as the roots of the polynomial

2GMm? 2m
3 _ 2, «GMm- am
ClggloP(u)— us + 12 u + 12 E.

We thus obtain
N 2GMm?

uf +uj = 77
which yields the following formula for the advance of the periapsis after one period of the
radial coordinate 7:

GMm\?

Lc ) ’
Due to the smallness of the dimensionless parameter GMm /LC in the previous expression, we
can use the formula we shall derive in the next section relating the angular momentum to the
semi-major axis a and the eccentricity e of a Keplerian orbit, namely

Aq9—21'r:61'r<

L2 = GMm?2a(l — e?).

We thus have

6TtGM

AP I a1 - e?)

For planetary motion this effect is very small (of order v2/c?), but it accumulates with each
period. The rate of advance of the periapsis is given by

Ap — 21 6TIGM
T - c2a(l -e?)T’
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where T is the period of the radial coordinate . To order c~2, we can use the formula for T
derived in the next section for the Kepler potential, namely

2mad/?
~ JGM
We thus finally obtain
Ap —2m _ 3(GM)3/2
T Cc2adl2(1-e?)’

If we measure lengths in astronomical units (AU) and times in years we have

GM = 4m® AU? Jyear?
and the previous formula reads

Ap —2m 2413
T ~ c2ab2(1-e2)°

In the solar system the rate of advance of the perihelion is maximum for Mercury, since its orbit
has the smallest semi-major axis (@ = 0.38709893 AU) and one of the largest eccentricities
(e = 0.20563069). Taking into account that

3.1558149504 - 107 AU AU
8 _ 4
1495978707 - 1011 year ~ 00241077 <1070

c =2.99792458 - 108 ? = 2.99792458-10

we obtain the following value for the rate of advance of Mercury’s perihelion:

Ap — 2
y ~ 2.08387 - 107 rad/year = 42.9829" /century .

aMore precisely, in the previous formula the energy E should be replaced by

mc? E \? E?
5 (1 z) Y =E* g

However, the last term is much smaller than the first one, since in planetary motion E < mc? (see next footnote).
bTo determine the order of magnitude of GMm/(Lc) in planetary motion, we can use the value of L we shall
obtain from the analysis of the Kepler problem in the next section,

L =m+\GMa(l —e2),

where a and e are respectively the semi-major axis and the eccentricity of the Keplerian orbit. We thus obtain

GMm 1 [ GM
Lc  c\Va@-e?2)’

Using the formula for the period T from the next section,

2mad/?

VGM

we have
GMm 2ma v/c . 2ma

= — = =, v
Lc TcV1l—e2 /1 -e? T
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In planetary motion the orbital velocity v = 21ta/T is at most 48.9 Km/s (Mercury’s orbital velocity), while the
factor of (1 —e?)~1/2 is only slightly larger than one even for relatively eccentric orbits (1.02 for Mercury). Hence
GMm/(Lc) is typically of order 10~ in planetary motion. Similarly, using the formula in the next section for the
energy of a Keplerian orbit as a good estimate for E we obtain

mc?2 ~ 2ac? 212 2

22 2
E GM  2ma 1(%> —0(10°%).

2.3 Kepler’s problem. Planetary motion

2.3.1 Kepler’s problem

We shall study in this section Kepler’s problem, i.e., the motion of two bodies of masses m; and
m> subject only to their mutual gravitational attraction

k(ry —rp)

where the constant k is given by

k=Gmimy =GMu>0.

Therefore in this case

k k
F(r):_ﬁer = f("’)z—ﬁ, V(T)Z—;,

and the associated one-body problem is

. r
ME = -k 3,
or equivalently
r= —GM—r3 .
v

The equation of the orbits is easily obtained from Binet’s equation, which for this potential is
particularly simple:

" _ Mk
u +'I/L—L72.

The general solution of this equation can be expressed in the form

uk

u= ﬁ(l +ecos(@p — o)),

with e and @¢ integration constants. Note that we can assume without loss of generality that
e = 0, since if e < 0 it suffices to replace @ with Tt + @g in the previous equation. Clearly g is
the polar angle of the orbit’s periapsis, so that taking the x axis as the line joining the origin to
the periapsis we can set o = 0. The equation of the orbits reduces then to

2

x . . Le
Y = m, with o := [Jk o (243)
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The parameter e can be related to the energy and angular momentum of the orbit using Eq. (2.29):

L: 2 pK2 1 5 o 2 pk?
E=5(u +U )—ku=ﬁ[e sin“@ + (1 + ecos ) —2(1+ecosq9)]=ﬁ(e -1).

Since e = 0, we have

2EL2

R (2.44)

e=./1+

Note that, as we saw in Example 2.3, for the Kepler potential E > Emin = —uk?/(2L?), and thus
the quantity under the radical is nonnegative.

e The orbits of Kepler’s potential are conic sections. Indeed, from Eq. (2.43) we obtain

r=a—-ex = x°+y°=0°-2aex+e’x> = (l-e’)x’+y?+2aex = >,

which is a second-degree polynomial equation in (x,y). The type of conic depends on the sign
of 1 — e? as follows:

e>1 = hyperbola

e=1 = parabola
0<e<1l = ellipse

e=0 = circle.

In terms of the energy (cf. Eq. (2.44)),

E>0 = hyperbola

E=0 = parabola
2
—% <E<0 = ellipse
2
E = —% = circle,

where —puk?/(2L2) is the minimum energy that a particle of mass y and angular momentum L
can have. Note, in particular, that this result is consistent with the qualitative discussion of
Example 2.3. Note also that in the Kepler potential all bounded orbits are closed (and hence
periodic), confirming once again Bertrand’s theorem.

2.3.2 Planetary motion

The most interesting case is that of elliptical orbits (including, in particular, circular ones), in
which 0 < e < 1 or E < 0, since it is the relevant case when studying the motion of the planets
around the Sun. The Cartesian equation of the orbits can be rewritten as

2

(1 —ez)(x+

+ - ]
1-e2 1-¢2

2 2,2
5 ,  Xe x
+y° =« =
1—e2>

which is the equation of an ellipse centered at the point

(— 1?‘7‘;2,0) (2.45)
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Figure 2.9. Geometry of an elliptical orbit in planetary motion. The point C is the center of
the ellipse, F and O (the origin) its foci and P the periapsis. The distances CP =
a and CB = b are respectively the ellipse’s semi-major and semi-minor axes, and
OC = FC = c is its focal distance. By the defining property of the ellipse we have
BO +BF =2V/b2+c2=PO+PF=(a-c)+(a+c)=2a = a=+b?+c2.

with semi-major and semi-minor axes respectively given by

(04 X
“timer PTire (240

Recall that the focal distance c (defined as the distance of the center of the ellipse to either of its
foci) and the eccentricity ¢ of an ellipse with semiaxes a > b are given by

¢ =+a? - b?, €= (2.47)

[
a

(cf. Fig. 2.9). Using the previous expressions for a and b we easily obtain

1o's e
— J1 — (1 = e2) = _ _
c-l_e2 1-(1 e)—l_ez—ea = e=¢.

Therefore the constant e appearing in the equation of the orbits is the eccentricity of the ellipse,
and Eq. (2.44) relates the particle’s energy and angular momentum to the eccentricity of its orbit.
The above equations also determine the position of the foci of the ellipse, which by definition are
the two points on the major axis (in this case, the x axis) at a distance ¢ from the center of the
ellipse. Indeed, from Egs. (2.45)-(2.47) it follows that the center of the ellipse has coordinates
(—c,0), and thus the foci are the points (—2¢,0) and (0,0). In particular, this shows that one
of the foci is the origin of coordinates, that is, the center of gravitational attraction. Hence the
bounded orbits in planetary motion are ellipses, one of whose foci is the Sun (Kepler’s first law).

e From Eq. (2.46) and the expression (2.44) for the eccentricity it follows that the energy of an
elliptical orbit is

ke
212

pk’o  k

2 = — - _
(1-e%) 2al? 2a’

E:

(2.48)

We see, therefore, that the energy depends only on the semi-major axis of the orbit (i.e., it is
independent of its eccentricity).

e The period T of elliptic orbits in planetary motion is easily determined from the law of ar-
eas (2.13), taking into account that the area of an ellipse is equal to Ttab:

;—;=nab=n\/&a3/2 = Tz?ﬁoﬁ/z:zn\/%oﬁﬂ, (2.49)
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or in terms of the energy

T= nk\/g|E|‘3/2.

In particular, the period depends only on the semi-major axis, and is independent of the eccentric-
ity. In planetary motion the formula for the period is usually expressed in the form

2mad’?  2mad/?
T = ~

VvGM GM, '’

M, being the Sun’s mass. Thus (with great approximation) the ratio T2/a3 is the same for all
planets (Kepler’s third law).

e Let us denote by p and p’ respectively the distance of the perihelion and aphelion of the
ellipse to the origin. From the equation of the orbit (2.43) it easily follows that the particle is in
the perihelion (resp. in the aphelion) when @ = 0 (resp. ¢ = 1), and therefore

X ’

X
p—m—a(l—e), p—m—a(l‘i‘e).

This is also apparent from the geometry of the ellipse (cf. Fig. 2.9), since a(l —e) = a — c,
=a(l+e)=a+c.

e It is also straightforward to compute the speed at any point in the orbit from the law of
conservation of energy:

2_ 2 (p_ _E(E_l>_£, PRI 2
v _H(E V(T))—u T2 —ua[2(1+ecoscp) (1-e9)]= L2(1+e +2ecosQ).

Note that v is maximal at the perihelion (p = 0) and minimal at the aphelion (¢ = ), with
respective values

vp=%(1+e), vpr:%(l—e).
In particular, the quotient
Vp l+e
vy T 1-e
depends only on the eccentricity of the orbit. It is sometimes of interest to express the speeds
Vp and v, as a function of p and p’, instead of L. To this end, it suffices to note that

2
x==plre=p - = L=kup(l+e) = |kup'd-0),

ku
Vp = /£(1+e), Vp = k,(l—e).
up Hup

Example 2.6. The mean value over a period of a planetary orbit of any quantity f () is defined
by

and therefore

(f(r)):= %L)Tf(r) dr.

Taking into account that

_de _p o,
dt = 5 —LT do,

the time integral can be transformed into the following integral over the polar angle @:

“0(2 2T ( o > d(p

_ K (T2 _ Hee
<f(7’)>_-,-LJO v fayde = l1+ecosp/ (1+ecos@)?’

TL Jo
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Using Egs. (2.43), (2.46) and (2.49) we obtain

TL

and thus

(Fr)) = i:m f“f( A=C) ) o

0 l1+ecos@/ (1+ecosp)?’
For instance, the mean distance of a planet to the Sun is given by

1 (e de
B _ ,2\5/2 = —— o
(r)=a(l-e?)Ie), I(e):= 5 JO (1+ecosp)3’

The integral I(e) can be computed using the residue theorem taught in complex analysis
courses, with the result
e’ +2

(r) = (1 + Zz)a

I(e) =

We finally obtain

Exercise. Integrate Eq. (2.23) to find the relation between t and @ in planetary motion.

Solution. Using Eq. (2.43) for the Kepler orbits and the first relation (2.46) we obtain

do :\/E 3/21_23/2J de
b= uk2 (1 +ecos@)? k4 (1=e%) (1+ecos@)?’

To compute the integral, we start by making the change of variable

u=tan(®p/2) = cos =2cos’(p/2)— 2 g2 g 1l-w
B 4 P = 4 - sec2(q/2) 1+ u? 14 u?’
1 1
du:Esecz(cp/Z)d(pZE(lJruZ)d(p,
and hence
do _2J du _2J (1+u?)du
2 = o2 2
(1+ecos) (1+u2)[1+%] [1+e+ (1-e)u?]
Setting now
_ 1+ev
“Vl-e

we obtain

(1+ecos<p)2_(1+e)2 1-e (1+vZ)2 (1 +v2)?

=2(1-e2)73/2 [(1 +e)arctanv — 28[(1:1%)2} )
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The last integral is computed integrating by parts in the integral of (1 + v2)~!:

2v2dv

arctanv = dv v +I - +2arctanv—2Jd7v
) 1+v?2 1402 (1+v2)2  1+v2 (1+v2)2
= ZJ dv S + arctan v
(1+v2)2 1+v2 '
Putting everything together we obtain:
‘[L:2(1—e2)‘3/2(arctanv—&)
(1 + ecos@)? 1+v2/°
Since
v [l-e u . V1i-e2u  J1-e’tan(3)
1+v2 l+edey211 (1-eu?+l+e 2e+(1-e)sec?(¥)
—V1—e2 sin(%) cos(3) _l g sne
2ecos?(H)+1-e 2 1+ecos

we finally arrive at the formula

t = \/gaB/Z [2arctan< 1-e tan(‘f)) — eVl —e? smcp] :

1+e 1+ecos@p

where we have discarded the integration constant so that £ = 0 at the periapsis @ = 0. This ex-
pression is too unwieldy in practice, and the time dependence of ¥ (and hence @) in the Kepler
problem is usually computed inverting Kepler’s equation introduced in the next exercise.

Exercise. Repeat the previous calculation for hyperbolic and parabolic orbits.

Exercise. Given an elliptic orbit of eccentricity e and major semiaxis a, define the eccentric
anomaly (t) by the equation

wt =Y —esin (p,‘ (2.50)

2 k i .
where w = Tﬂ = /E a3/ is the mean orbital frequency. (Note that

— (Y —esiny) =1-ecosy =1-¢e>0,

ay (@ Y) %

so that (2.50) uniquely determines  as a function of t by the inverse function theorem.) Show
that the radius vector v (t) can be expressed in terms of the eccentric anomaly through the
equation

r=a(l —-ecosy). (2.51)

Solution. From the first Eq. (2.18) with

L2 k_ak(l—ez)_k

2ur?  r 272 ¥

Ur) =
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and Eq. (2.48) we easily obtain
u J r sds
t=.=r . :
2k Jp \/—g—a+s—%(1—e2)

where we have chosen as lower limit in the integral the orbit’s perihelion p so that dt/dr > 0
till + reaches the next aphelion (i.e., for 0 < t < 7/2). Since

2

R D P NS S 5 S
P(s) := g+ 2(1 e)—za[ae (s —a)“]

we perform the natural change of variable s = a(l — ecos ) in the integral, so that ds =
aesinfdf and

2
P(s) = % sin® 8.

Taking into account that p = a(1 — e) implies that 8 = 0 when » = p we finally obtain

_ [wad (Vo 1w esi
t= X Jo (1 ecosB)dB—w(w esiny)

with v = a(1 — ecos ), as claimed.

Equation (2.50) is usually called in the literature Kepler’s equation. The geometric meaning
of ¢ can be understood from Fig. 2.10. Indeed, since the point P on the elliptic orbit and the
point P’ on the circle of radius a centered at C lie on the same vertical they must have the
same abscissa (measured from the focus F at the origin), namely

acosy —c =a(cosy —e) =rcosqQ.
On the other hand, from the equation of the ellipse in polar coordinates

_a(l-e%)
1+ecos@

we obtain
r=a(l-e®) —ercos@ =a(l —e?) —ea(cosy —e) = a(l —ecosy),

namely Eq. (2.51).

C Q F A

Figure 2.10. Eccentric anomaly @ of point P on an elliptic orbit (solid blue line). Note that
CF = ¢ = ea, CA = a, and the dashed red curve represents the circle of radius a
centered at C.
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Note. Strictly speaking, we have proved (2.50)-(2.51) only for one half-period, i.e., for 0 < t <
T/2 or equivalently 0 < ¢y < 1. However, using the identities »(t) = v (—t) = v (t + kT1) (with
k € 7) it is straightforward to show that the latter equations are in fact valid for all values of
t and y. Indeed, if ¢ —~ —y then v does not change in Kepler’s equation and t — —t, which
is again consistent with the identity 7 (t) = v (—t). Thus Kepler’s equation can be extended to
the interval —7/2 <t < 7T/2, i.e.,, to a whole period of the motion. Likewise, when ¢ changes
by 2ktt (with k € Z) v does not change in Kepler’s equation and t changes by 2ktt/w = kT,
which is consistent with the identity ¥ (t + k1) = (7). This establishes Kepler’s equation for
an arbitrary time t € R.

Exercise. If y is the angle ACP’ in Fig. (2.10), derive Kepler’s equation using the law of areas.

Solution. According to the law of areas, if t is the time taken by the planet to travel from the
periapsis A to the point P in Fig. 2.10 we have

PFA

pra _f_ot PFAzlalo-wt,

TMab T 2m 2
where PFA denotes the area swept by the planet’s position vector as it travels from A to P
along its orbit. On the other hand, from the latter figure it follows that

PFA = PQA - PQF, (2.52)

where PQF and PQ A respectively denote the areas of the triangle PQF and the sector delimited
by the elliptic arc AP and the segments PQ and QA. Since the the ellipse in Fig. (2.10) is
obtained dilating the circle of radius a and center C (dashed red line in Fig. 2.10) by b/a in the
vertical direction, we have

b 7 _ b 14 14 _ b aij az g
PQA—aPQA—a(PAC—PQC)—a( > "o SlnLI/COS(II)
= %ab(tp—sinwcosw). (2.53)

Here P’ QA is the area of the circular sector delimited by the arc AP’ and the segments P'Q and
QA, P’ AC is the area of the circular sector determined by the points P’, A and C, and P'QC is
the area of the triangle P’QC. On the other hand,

QP = ZQP' =bsiny, QF =CF - CQ = ae —acosy
= PQF = %bsinw -a(e—cosy). (2.54)
Combining Egs. (2.52)-(2.54) we finally obtain
1 1 . 1 . 1 ,
Eab - wt = Eab(w —siny cosy) — Eabsmw(e —cosy) = Eab(w —esiny),

which yields Kepler’s equation (2.50).

Exercise. Find the analogue of Kepler’s equation for hyperbolic orbits of the Kepler potential.

Solution. In this case the energy is positive, and can be expressed as k/(2a) if we define a =
«/(e? — 1) (cf. Eq. (2.29)). Proceeding as for elliptic orbits and taking into account that

L% = kuo = kpa(e® — 1)
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we arrive at the formula

[u (7 sds
t=.— , 2.
Zka \/P(S) ( 55)
where now )
3 a2 . _ 1 2 209
P(s).—2a+s 2(e 1) 2a[(SJra) ae“]

and s = p = &/(e + 1) = a(e — 1) is obtained for 8 = 0. This suggests performing the change
of variable s = a(e cosh 8 — 1), so that ds = ae sinh Bdf, P(s) = a?e? sinh® B and

v
t= \/Eoﬁ/zJ (ecoshf—1)dB = i(esinhtp—qj),
k 0 w

with w = Vk/ua=3/? and r = a(ecoshy — 1). The latter is the analogue of Kepler’s equation
for hyperbolic orbits. The motion of the radial coordinate is obtained inverting the relation
wt = (esinhy — ) for t as a function of . This is possible, since the RHS of the previous
equation has derivative ecoshy — 1 = e — 1 > 0, and is therefore a monotonically increasing
function of . Strictly speaking, we have established the equations

‘wt:esinhtp—qj, v =a(ecoshy —1) (2.56)

for t = 0, or equivalently ¢ > 0. However, from the identity »(¢) = v(—t) and the fact that
t — —t implies ¢ — — and » — ¥ in Kepler’s equation we deduce that Egs. (2.56) hold for all
real values of t and f.

Exercise. Find the equation of the orbits in the repulsive 1/v potential V () = k/r (with k > 0).

Solution. Binet’s equation is in this case

,, ku
u +UuU-= —ﬁ,

whose general solution can be taken as

ku

uZLT

(ecos(p — @p) — 1).

Again, we can assume w.l.o.g. that e > 0 and ¢ = 0 (by an appropriate choice of the x axis).
In fact, since v > 0 we must have e > 1. We can thus write

r=—9% (x'—L—Z
~ecosp -1’ Tokp”

All the orbits in this case are clearly unbounded, since v — o for @ — *arccos(1/e). It is also
clear that the polar angle of the periapsis is ¢ = 0, and its distance to the origin is equal to
/(e —1). To find the Cartesian equation of the orbit we multiply both sides of the previous
equation by e cos @ — 1, thus obtaining

r=ex-o = x°+y>=e’x?-2aex+0a® = (e’>-1)x*>-2xex —y>=—-0o?,

or equivalently

2 2,52

2 o<e> 2 s e f6
ec—1)|x - = = = .
( )( e? — 4 e2-1 e2-1

85



MOTION IN A CENTRAL POTENTIAL

This is the equation of a hyperbola with center (xe/(e? — 1),0) and semiaxes

(x N
ez -1’ e2 -1

a =

In fact, since ex = & + v > 0 the orbit is the branch of the latter hyperbola in the half-plane
x > 0. The focal distance of the hyperbola is given by

2

c:\/aZJrl/)Z:e;X_1 1+ (e2-1)= 0(_61:601,

32

and hence its eccentricity c/a is equal to the parameter e. This implies that the center of the
hyperbola is the point (c, 0), and hence the foci are the points (0,0) and (0, 2c). The energy is
now given by

uk?

L2 o o 2 2 2
E=ﬁ(u +u)+ku=ﬁ[e sin“@ + (ecos@ — 1) +2(ecos<p—1)]=

k2
%(e2 - 1),

or, using the equation for the semi-major axis,

_pkPax k

- 2al?  2a°

Finally, the eccentricity can be related to the energy and angular momentum of the orbit
through the equation

which is the same as for the Kepler potential.

Exercise. Find the analogue of Kepler’s equation for the orbits of the repulsive Kepler potential.

Solution. Proceeding as for the Kepler problem and using the formulas

k

= K 2 _ _ 2
=5a’ L kuo = kua(e 1)

derived in the previous exercise we again arrive at Eq. (2.55), where now

St a s Lo 5,
P(s) := g S 2(e 1)—2[1[(3 a)- —a-e].

We therefore perform the change of variable s = a(1 + e cosh ), obtaining

@
t :,/Ha3/zj (ecoshf+1)dB = l((,u+esinhtp).
k 0 w

This is the analogue of Kepler’s equation for this potential.
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3 Lagrangian and Hamiltonian mechanics

3.1 Introduction to the calculus of variations

3.1.1 Fundamental problem of the calculus of variations

The fundamental problem of the calculus of variations (in its simplest version) is that of finding
the extrema (i.e., maxima or minima) of a function of the form

Fly] = X2f<x,y<x>,y’(x>)dx (- %), 3.1)

where f: R3 — R is of class C? (i.e., twice continuously differentiable). The domain of F consists
of the functions vy : [x1,x2] — R (also assumed to be of class C?) that satisfy the boundary
conditions

y(x1) =y1, y(x2) =2 (3.2)

with y1, y2> € R fixed. From the mathematical viewpoint,
F:Ci([x1,x2]) = R

is therefore a function whose domain is the space C3([x1,x2]) of scalar functions y : [x1,x2] —
R of class C? in the interval [x1, x> ] satisfying the conditions (3.2). In other words, the applica-
tion F assigns to each function y : [x1,x2] — R, which can be identified with its graph

{(x,¥(x)) :x1 <x <x2} CR?,

the number given by the RHS of Eq. (3.1). A function like F, whose domain is a set of functions,
is usually called a functional. The function f appearing in Eq. (3.1) is called the density of the
corresponding functional F.

Many interesting problems in mathematics and physics reduce to finding the extrema (maxima
or minima) of an appropriate functional of the form (3.1)-(3.2). We shall list below a few of the
most noted ones.

Example 3.1. What is the shortest curve joining two fixed points on a plane?

Let us denote the two fixed points by (x;,y;) (i = 1,2), with x; # x> (this can always be
arranged by suitably choosing the axes). If we restrict ourselves, for the sake of simplicity,
to plane curves that are graphs of functions y : [x1,x2] — R, the problem considered is
equivalent to finding the minimum of the length functional

Fly] = j: V147 (02 dx

with the condition (3.2).
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LAGRANGIAN AND HAMILTONIAN MECHANICS

Example 3.2. The brachistochrone problem. A particle of mass m is forced to move in a vertical
plane along a curve with fixed endpoints (x1, y;) and (x2, y2), with x; < x»2 and 1 > y». For
which curve is the time taken by the particle to travel between both endpoints a minimum?

If we neglect friction, the reaction force exerted by the curve on the particle is normal to
the curve at each point. Hence the reaction force does no work, and consequently energy is
conserved:

1
gmv2+mgy:E.

If the curve in question is the graph of a function y (x), the differential of time along the curve

is given by
1ty (el dx.
\/29 - y(x))

Thus the problem proposed is equivalent to finding the minimum of the functional (propor-
tional to the travel time)

1+ 7y (x)?2 E
Yooy & (yo mg) el

with the condition (3.2). Note that from energy conservation it follows that y < yg, and

that the energy (and hence y) depends only on the particle’s initial velocity vg. Indeed, E =

; mvo + mgyq, or equivalently yyg = y1 + 2 g, in particular, yy = y; if the particle is initially

at rest.

Example 3.3. Fermat’s principle. What is the trajectory followed by a light ray traveling from a
point (x1, y1) to a second point (x2, y>) in a flat optical medium with refractive index n(x, y)?

According to Fermat’s principle (in the approximation of geometric optics), the trajectory
of the light ray joining the points (x1,y1) and (x2,y?) is the curve for which the time taken
by light to cover the distance between both points is minimum. Suppose, again, that x; # xo,
and that the trajectory is the graph of a function y (x). By definition of index of refraction, the
speed of light at a point (x, ) of the medium is given by

vix,y) = —S
’ nx,y)’
where c is the speed of light in vacuo. Since
_ds s
Cvix,y) Y

the problem proposed is equivalent to determining the minimum of the functional (propor-
tional to light’s travel time)

X2
Flyl= J n(x,y(x))y1+y'(x)? dx, (3.4)

X1

again with the condition (3.2). The functional (3.4), which has dimensions of length, is called
optical length. Note that if the refractive index is constant F is proportional to the length
functional of the first example, and thus the path followed by light rays in this case is the
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3.1 Introduction to the calculus of variations

shortest curve joining the points (x1,7y:1) and (x2,y»). Likewise, if the refractive index is
proportional to (yg — y)~1/2 the path followed by light is the brachistochrone of the previous
example.

3.1.2 Euler-Lagrange equations

In order to solve the fundamental problem of the calculus of variations formulated in the previ-
ous subsection, we shall proceed in essentially the same way as in real analysis when determining
the extrema of an ordinary function F : R — R. The key idea is that in both cases the extrema are
points (functions, in this case) for which the variation of the function when we infinitesimally
increase its argument vanishes at first order.

More precisely, suppose that y(x) is an extremum (maximum or minimum) of the func-
tional (3.1) with the condition (3.2). Let n(x) be an arbitrary function (of class C?) satisfying
the conditions

n(xi) =n(xz) =0, (3.5)

so that for all € € R the function y: := y + &n satisfies the boundary conditions (3.2). The
functions y¢(x) (with € € R) form a one-parameter family containing the extremum 7y (x) for
& = 0. More informally, if € is small we can think of y:(x) as a small variation of the extremum
v (x). In any case, if we restrict the functional F to these functions we obtain the scalar function
of one variable

X2

g(&) :=F[ye] = . fx,y(x) +en(x),y (x) + en’(x)) dx,

which by construction has an extremum at ¢ = 0. We know that the necessary (although in
general not sufficient) condition for this to happen is that g’ (0) = 0. Since

g' (&) = J % (x,y(x) +en(x),y (x) +en'(x)) dx
X1

of
oy’

X2
=J [af(x,y(x)+sn(x),y'(X)+6n(X))l7(X)+ (x,y<x>+en(x>,y’<x>+6n(x>)n’<X>]dX

x1 | 0y

we have

of
oy’

g’ (0) =J 2 [af(x,y(x),y’(X)) n(x) +

x| 0y (x,y7(x),y (x)) n'(X)] dx.

Hence, if the function y (x) is an extremum of the functional F with the boundary conditions (3.2)
it must satisfy

of
oy’

*21of ,
I [ay(x,y(x),y(x))n(xwr

X1

(x,¥(x),y (x)) n'(x)] dx =0 (3.6)

for any function n(x) satisfying (3.5). Equation (3.6) can be simplified integrating by parts the
last term, since

: 3y (x, ¥ (x),¥"(x))n"(x)dx

_of , SR d(of ,

= 53 Y. e | | neo (55660, ) ) ax
o dof ,

- _J;q r](X)dX<a_’)/’ (X’.')’(X).J’ (X)))dX,
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LAGRANGIAN AND HAMILTONIAN MECHANICS

where we have taken into account condition (3.5). Substituting back into Eq. (3.6) we finally
obtain
X2

e = | |52 ey, 00) - d‘i(aaj (6,730, () ) | n(x) dx = 0.
(3.7)

Since this condition must be verified for any function n satisfying (3.5), the term in square

brackets must vanish identically in the interval [x1,x7], and hence the extremum 7y (x) must

satisfy the Euler-Lagrange equation

roy = 4
g(O)—dE

d(af

T \a (X,y(X),y’(x))) - g(x,y(X),y’(x)) =0, Vxe€[x,x2]. (3.8)

o0y

e (Clearly, the argument leading to the Euler-Lagrange equation (3.8) is still valid if y(x) is only
a local extremum of the functional F.

e Itisimportant to remember that the Euler-Lagrange equation (3.8) is a necessary, but in general
not sufficient, condition for the function y(x) to be an extremum of the functional F. In fact, the
solutions of this differential equation can be regarded as the critical points of F (in the same way
as the points at which the derivative of a function F : R — R vanishes are the critical points of the
function). Indeed, what the previous argument shows is that the functional F[y] is stationary
(i.e., approximately constant) when y(x) is a solution of the Euler-Lagrange equations. For this
reason, the functions y(x) satisfying the latter equation are usually called stationary points of
the functional (3.1).

« If (as we are assuming throughout) the function f is of class C2, Eq. (3.8) can be written in the
equivalent form

o f ., 0 ., 0f of
0y’2 Yo+ 0ydy’ Yo oxdy' oy 0
In particular, if the condition
0°f
oy’2 #0

is satisfied the previous equation is a second-order ordinary differential equation in the unknown
function y. To find the stationary points of the functional F, we must supplement this equation
with the boundary conditions (3.2).

e Multiplying the left-hand side (LHS) of the Euler-Lagrange equation (3.8) by »’ we obtain

,d of _ rﬁ_i( rﬁ)_ of _ frﬂ_i( Of _ ) of
dx 0y’ Y oy dx\~ 2y’ oy Y 0y’ dx Y oy’ f)+ ox
Hence if " # 0 the Euler-Lagrange equation can be written in the equivalent form
d (., of of _
dx <y 3y f) Tax -0 (3.9)

In particular, if f does not explicitly depend on x (that is, if it is a function of y and y’ only),
the function in parentheses in the LHS of Eq. (3.9) is conserved:

af

0x

=0 = h:=y 83{, — f = const. (3.10)

0

It is said in this case that the function h is a first integral of the Euler-Lagrange equation (3.8),
since when h is conserved the second-order equation (3.8) is equivalent to the first-order equa-
tion (3.10). We shall call h the energy integral, since in many mechanical problems it is equal

90



3.1 Introduction to the calculus of variations

to the system’s mechanical energy!. Likewise, if f does not depend on y it follows from the
Euler-Lagrange equation that the partial derivative of f with respect to y’ is conserved:

ﬁ=0 = of

o o = const. (3.11)

Example 3.4. The problems set forth in Examples 3.1-3.2 are easily solved using the Euler-
Lagrange equation and its conservation laws (3.10)-(3.11). Indeed, for the length functional
Eq. (3.11) yields

of ¥
ay, 1 + y/2
Therefore y(x) = ax + b, where the constants a and b must be chosen so that conditions (3.2)

are satisfied. Hence the curve of minimum? length is the line segment joining the given points.
As to the brachistochrone functional (3.3), Eq. (3.10) reads

2
(y —vl +3"2) (Yo—») 12 =-1+y?)2(y - y)1/? = const.

{1+ 2

= (o-y)1+y?) =2a,

=const. = ' = const.

with a > 0 constant. Hence

y’=+\/ 2a _1=+\/2a—yo+y
Yo—¥ Yo-y

— xn = | Yo=Y
X X() iJ Za—yo+_’)/dy’

with xo constant. Performing the change of variable

and thus

Yo — ¥ = 2asin’ 0
we obtain

sin? 0 cos 0

050 do = 14@Jsin2 0do = 12aJ(1 —¢0s20)d0 = Fa (20 — sin20).

x—xo=14aJ

The parametric equations of the sought for curve are therefore

x =x0Fa(20 —sin20), y =y —2asin®0 = yg—a (1 — cos20). (3.12)

y
Yo

Yo —2a

IThe energy integral is also called Jacobi integral by some authors.
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LAGRANGIAN AND HAMILTONIAN MECHANICS

Figure 3.1. Arc of the cycloid (3.12) with xo = 0 and “+” sign in a period 0 < 0 < Tt.

These are the equations of an inverted cycloid? traced out by a circle of radius a (cf. Fig. 3.1),
where the constants xg and a must again be determined imposing the boundary conditions (3.2).

aStricto sensu, we have only shown that the straight line is a stationary point of the length functional.
bNote that the double sign can actually be omitted, since the points on the curve corresponding to the “-”

sign can be obtained from those with the “+” sign changing 6 by —0.

Example 3.5. The Euler-Lagrange equation for the optical length functional (3.4) reads

d (nx, )y L oon(x,y)
dx( #4_3/,2) vi+y ~ =0.

This equation can be expressed in a more compact form taking into account that if s is the arc
length along the path of the light ray then

~1/2 d
dx

d (ds>—1 d
ds

Pl = r2
dx dx R

In this way we obtain the equation

d dy\ _ on(x,»)
ds (n(x,y) ds ) -y

For instance, if the refractive index does not depend on the y coordinate the previous equation
yields
d
nix) 2 =k

k
ds 1+y2 Jn2(x) — k2’

where k is a constant. Thus in this case the equation of the light rays is

2 2
n (X)y :k2 — :y/:i

= +kjd7x
y=XYox ) =

In particular, if
n(x)=% (nog >0, x>0)

we have

x dx 1 n3
y—yozikJ7=¢Ew/n5—k2x2 = x2+(y—y0)2=k—g.

n3 — k2x?2

Therefore the paths of the light rays are in this case arcs of circles whose centers lie on the y
axis.

We shall next consider a more general version of the fundamental problem of the calculus of
variations, in which the functional F depends on n scalar functions y1,..., ¥, of one real variable
x. Equivalently (and more advantageously from the notational point of view), we can regard F as
a function of a single vector-valued functiony := (y1,..., Yn) : R = R™. More precisely, consider
the functional

Fly] = 2f(x,y(x),y’(x))clx, (3.13)
X1
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3.1 Introduction to the calculus of variations

whose domain is the space of functions y : [x1,x2] — R" of class C2 on the interval [x71, Xx>]
satisfying conditions similar to (3.2):

y(x1) =vy1, y(x2) =vy2, (3.14)

for certain fixed vectors y1,y2 € R™.
As before, in order to find the extrema of the functional (3.13) subject to the boundary condi-
tions (3.14) we consider a variation

Ye(x) = y(x) + en(x)

about a hypothetical extremum y(x), where the vector-valued function n =: (n1,...,n,) must
satisfy
n(x1) =n(xz2) =0 (3.15)

so that y; verifies conditions (3.14) for all €. Restricting the functional F to the modified ex-
tremum y, we obtain, as before, the scalar function of one variable

9(e) = Flyel = xzf(x,yax),y;(x))dx, (3.16)

whose derivative at € = 0 must vanish. Computing this derivative and integrating by parts, taking
into account conditions (3.15), we easily obtain

d o ,
g'(0) = J 121 [a ; (%, y(x),y'(x)) - dx a){, (x,y(x),y (x))] ni(x) . (3.17)

i

Since this expression must vanish identically for all functions n; satisfying conditions (3.15), we
conclude that the extrema of the functional (3.13) must verify the n Euler-Lagrange equations

dof of
dx oy; 0yi

=0, i=1,...,n. (3.18)

Again, the latter equations are only necessary for the function y(x) to be an extremum of the
functional F. Indeed, the solutions of Egs. (3.18) are actually the critical or stationary points of
the functional (3.13).

e Expanding Egs. (3.18) we obtain

n 2 LY 2

> a/f, '-'+Z f,yJ af,—ﬁ=0, i=1,...,n.

o 0y;0Y; 1 0Yj0Y; 0x0y; 0yi
Hence if the Hessian of the density f with respect to the variables ylf does not vanish identically,
i.e,, if

2
det (afiff) £0,
00/ 1<i,j<n

the Euler-Lagrange (3.18) equations are a system of n second-order ordinary differential equations
in the n unknown scalar functions y;(x) (i = 1,...,n), which must be supplemented by the 2n
boundary conditions (3.14).

e Multiplying the LHS of the Euler-Lagrange (3.18) by yi’ and summing over i we obtain

vy Lof S d (& of )\, of
i;yiaayl i; lay T dx i;yiayl{—f Ix =0.
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LAGRANGIAN AND HAMILTONIAN MECHANICS

Hence if f does not depend explicitly on the variable x the function

&, 0 , 0
hi=> )J;_f:ya;;_f
2

i=1

is conserved. As in the scalar case, h is usually called the energy (or Jacobi) integral. It is also
evident that if the density f is independent of the variable 7;, the derivative of f with respect to
! is conserved:

of of
5J’i_0 = 0y

i

= const.

Example 3.6. Let us find the equation of the paths followed by light rays in an optical (three-
dimensional) medium with refractive index n(r).

According to Fermat’s principle, the trajectory r = r(u) of the light ray joining two points
r1,I2 € R3 (where u € [u1,u>] is any parameter along the path) must minimize the time taken
by light to cover the distance between both points. Since

ds _ [,
- VT (u),

where the prime denotes derivative with respect to u, we have

dt ds YN nrw) o~
dt = E@d U 2(“) du—T rz(u) du.

Thus the sought for trajectory must minimize the optical length functional (proportional to

the travel time) "
Flr] = I n(r(u))\r2(u) du

ui

with the boundary conditions
r(uy) =rp, r(uz) =rz.

(Note that in this example u plays the role of x and r that of y.) The Euler-Lagrange equations
for this functional are

)7 8- () e s

xi du\r? 0x;i
where r = (x1, X2, x3). Taking into account that

1 d_d
Vr2 du  ds’
the previous equations can be written in the following more geometric fashion:
d(,d) _on
ds\"ds/ or’
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3.1 Introduction to the calculus of variations

This is the fundamental equation of geometric optics. For example, if the index of refraction
depends only on 7 (that is, if the optical medium is spherically symmetric) then

g<r><ng) —rxa—n—n’(r)rxz—o
ds ds/) or r

Hence in this case the path of the light ray is contained in a plane passing through the origin of

coordinates (perpendicular to the constant vector nr x % )-

3.1.3 Variation and variational derivative

Let uus denote by

Oy(x) 1= ye(x) —y(x) = en(x)

the variation of the function y(x), where the vector-valued function n satisfies the boundary
conditions (3.15). The change in the functional F when its argument y is incremented by 0y is
then (using the notation of Eq. (3.16))

Fly + 6yl — Flyl = Flye]l - Flyl = g(¢) — g(0).

To first order in the small parameter ¢, this change is given by

g’ (0) = ¢ a4

de =0F[Y€] =: 6F[y],

&

so that (by definition of derivative) we have

Fly + 6y] - Fly] = ¢ (£ F[yg]) +o(e) = SE(y) + 0(e).

de

=0

The functional 6 F[y] is called the variation of F at y. From Eq. (3.17) it follows that we can write
this variation as

oF[y] = g’(x,y(x),y'(x))-éy(x)dx, (3.19)
X1
where
of of d of

ek EE =l (3.20)

of

The (n-component) vector-valued function Sy (x,v,y’) is called the variational derivative of the

density f with respect to the function y(x). In particular, with this notation the Euler-Lagrange
equations (3.18) of the functional (3.13) simply express the vanishing of the variational derivative
of its density f:

of B
5—0 < O0F[y] =0. (3.21)

In other words, if y(x) satisfies the Euler-Lagrange equations for a density f(x,y,y’) the varia-
tion F(y + 0y) — F(y) of the corresponding functional F is o(¢&), so that F is “stationary” at y(x)
(i.e., does not vary appreciably near y(x)).

Consider two functionals of the form (3.13)-(3.14) with densities f; and f> differing by the
total derivative with respect to x of a function g(x,y):

" = ny 4 d _0g9(x,y)  3g(x,y) _,
Ly, y) = Ay, y) + g -9xy), g ogly)i= o oy Y
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We then have
X2
P>yl - Filyl = L %g(x,y(X)) dx = g(x1,y(x1)) —g(x2,y(x2)) = g(x1,y1) — g(x2,¥2),

on account of the boundary conditions (3.14) satisfied by the functions y(x) in the domain of
the functionals F; and F»>. Hence the latter functionals differ by a constant, and therefore they
have the same variational derivative (as they have the same variation). It follows that the Euler-
Lagrange equations of the densities f; and f» must be exactly the same, as can be also checked
by direct differentiation (exercise). In other words:

Two densities differing by a total derivative give rise to the same Euler-Lagrange equations.

Exercise. Show that if the variational derivative of a function f(x,y,y’) vanishes identically
then f is the total derivative of a function g(x,y). This implies the converse of the previous
result: if two densities f1 and f» give rise to the same Euler-Lagrange equations they must
necessarily differ by a total derivative.

Solution. Indeed, if the variational derivative of f(x,y,y’) vanishes identically we have

of _of dof ¢ &f . o &f . f  of
o= 2 =B ; = s+ =——=0 3.22
Syi' oyi dxody, Z aylayj % 0y,;0y; i 0x0y; 0y; R2E)

fori=1,...,nand all (x,y,y’,y"’). Since none of the partial derivatives appearing in the latter
identity depend on y’’ the coefficient of yJ’.' must vanish identically. We thus obtain

2
ai;f‘/ = b l’J = 1’ Jn’
ayiyj
. of . / :
i.e, a—y, is independent of y’ for all i. Hence
i
of u
5, ~9ixy) = f= > gilx,y)yi + go(x,y)
1 i=1

for certain functions g;(x,y), go(x,y). Substituting into Eq. (3.22) we then obtain

agl / agl < ag] ’ agO _
ZayJ i ox +§1ayi3’1+ayi‘0' (3-23)

Since none of the partial derivatives in Eq. (3.23) depend on y’, equating to zero the coefficient
of yJ’- in the latter identity we deduce that

9gi _ 99;
oy; 0yi’

i,j=1,...,n.

It can be shown that the latter equations imply that there is a function k(x,y) such that

- ok i=1 n
gl_ayi) — 4kpooog o

Equation (3.23) then reduces to

0 ok ok
87yi<g0_5>_0 = go—a—l(X)
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3.2 Hamilton’s principle for unconstrained systems

for some function l(x). We then have

i ok(x,y) Vi ok(x,y)

Sy Vi o —FHX)::é%<ktxgd+ [Mx)dx).

3.2 Hamilton’s principle for unconstrained systems

3.2.1 Hamilton’s principle for a single particle

Consider, first, the motion of a particle of mass m subject to an irrotational force

E(t,r) = -2V BT (3.24)
or
Newton’s equations of motion are in this case
m)'éi:—av , i=1,2,3, (3.25)
aXi

where we have again denoted by x; the i-th component of the particle’s position vector r. We ask
ourselves if Egs. (3.25) are the Euler-Lagrange equations of some functional

t2

t L(t,r(t),r(t))dt

1
(Note, again, that in this case t, r and L respectively play the roles of x, y, and f.) Although it
is not difficult to answer this question in the affirmative simply by inspection, we can proceed
more systematically as follows. Writing Egs. (3.25) in the form

d oV
+ =0, i=1,2,3,
dt (mx:) 0Xi !
we see that it suffices to find a function L(t,r,T) verifying the equations
oL . oL oV
— = i ) = — ; i =1,2,3.
aXi mxi aXi axl- ¢ 3
Integrating first the three equations for we obtain

axi
L=-V+g(tr),

and substituting back into the remaining equations we have

o9 . .
aki—mxl, i=1,2,3,

which determines the function g:

g:%mi“2+h(t).

Thus the simplest function with the desired property is?

L= %mi‘z V() =T-V(T). (3.26)

2Note that h(t) is obviously a total derivative, since

d
no =4 J h(s)ds.

Therefore adding it to the Lagrangian (3.26) does not change its Euler-Lagrange equations (3.25), as we saw in
Section (3.1.3).
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LAGRANGIAN AND HAMILTONIAN MECHANICS

The function L is called the system’s Lagrangian. We have therefore proved the so-called Hamil-
ton’s principle in its simplest form:

The trajectory followed by a particle of mass m subject to the irrotational force (3.24) as it
moves from a point r; at time t; to another point r» at time t» is a stationary point of the
action functional

t2
S[r] = L(t,r(t),r(t))dt (with r(t1) =11, T(2) =12) (3.27)
51
where L = T — V(t,r). In other words, Newton’s equations of motion are equivalent to the

Euler-Lagrange equations
oL

or
i.e., to the vanishing of the variation of the action:

0,

6S[r] = 0.

The functional (3.27) is called the action. Note that the action has dimensions of energy x time
or length X momentum, since L (like T or V) has dimensions of energy.

3.2.2 Hamilton’s principle for a system of particles

Hamilton’s principle is extended without difficulty to a system of N particles, provided that the
total forces F; acting on each particle are irrotational, i.e.,

_aV(t,I‘l,. .., IN)
al‘i ’

Indeed, it is easy to check that Newton’s equations of motion for the system:

ov(t,ry,...,rn)

mir; = — or; , i=1,...,N,
are the Euler-Lagrange equations of the action
t2 - -
S[ri,...,rx] = . L(t,l‘l(t), oo IN (D), 11 (8), ... ,I‘N(t)) dt, (3.29)
1
where in this case the Lagrangian L is given by
1 N
L(t, 11, e tN B EN) = T = V(T TN = 5 > mitz - V(t,r1,...,In) . (3.30)
i=1

To see this, we write in vector form the three Euler-Lagrange equations for the i-th particle (i.e.,
one for each of the components of its position vector r;):

_gai—ai—ga*TJrafv—g(m-f-)Jra—v—m'f-—F-
= ar ai‘i al‘i = at aI"i ari = dt il al‘i = ili iy

and observe that this is precisely the equation of motion of r;. In other words, the following
more general version of Hamilton’s principle holds:
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3.2 Hamilton’s principle for unconstrained systems

The trajectory followed by a system of N particles subject to the irrotational forces (3.28) is a
stationary point of the action (3.29) with Lagrangian L = T — V(t,r,...,ry). In other words,
the system’s equations of motion are again the Euler-Lagrange equations

SL

— =0 i =1,...,N
51‘1 ’ 4 ’ ’ ’

which express the vanishing of the variation of the action:

oS[ry,...,rn]1 =0.

e Hamilton’s variational principle is sometimes called principle of least action, since in many
cases of interest the trajectories of a mechanical system turn out to be minima of the action (at
least locally). More properly, this principle should be called principle of stationary action, since
as we know the Euler-Lagrange equations only guarantee the stationary character of the action.

e From Hamilton’s principle and the conservation laws of the Euler-Lagrange equations derived
in the previous subsection, it follows that if the Lagrangian (3.30) does not depend explicitly on
time the energy integral

N aL N
h:zi'ig—Lz > migi —L=2T—-(T-V)=T+V,
i=1 i i=1

which in this case coincides with the system’s total energy, is conserved. This result is consistent
with the one obtained in Section 1.6.2, since L is independent of time if and only if the poten-
tial V does not depend on t, in which case the forces (3.28) acting on the system are not only
irrotational but conservative.

o Likewise, if the Lagrangian L does not depend (for instance) on the x coordinate of the i-th

particle, i.e., if oL = (0, then L is conserved:
aXi axi

a—L =0 = a—L = const
axi B a)'Ci B ’

Note that this result is nothing more than the conservation law of the x component of the i-th

particle’s momentum, since
oL _OT e
%, 9% iXi Pi)x -
This is in agreement with the discussion in Section 1.6.2, since

oL ov
= (Fi)x .

axl- T axi

Obviously, the same result holds for the coordinates y; or z;.

3.2.3 Covariance of the Lagrangian formulation

One of the great advantages of the Lagrangian formulation of mechanics is its covariance under
coordinate changes, i.e., that it treats all systems of curvilinear coordinates on the same footing.
More specifically, consider a particle of mass m subject to an irrotational force, whose trajec-
tories are the critical points of the action (3.27). Let (q1,42,4q3) =: q be a system of curvilinear
coordinates, and denote (with a slight abuse of notation) by r(q) the function expressing the
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LAGRANGIAN AND HAMILTONIAN MECHANICS

Cartesian coordinates r in terms of the curvilinear ones q. Suppose that the particle’s trajec-
tory in the coordinates g; is given by a certain function q(t) = (q1(t),q2(t),q3(t)). In Cartesian
coordinates the trajectory is then r = r(q(t)), which (with a slight abuse of notation) we shall
denote by r(t). We can then express the Lagrangian L(t,r(t),¥(t)) in terms of q(t) and its time
derivatives q(t) using the change of coordinates formula r = r(q) and its time derivative

3
. or(q) . or(q) .
I = ;=

i:Zl R Pl

so that

L(t,r,t) = L(t,r(q), 81;3((;1) c'1> =L(t,q,q). (3.31)

The action of the trajectory r(t) is then given by

[ ) t2 ~
Sl = | L(ex@,im) de = | CIta),aw) de = Sla).
t1 t

By Hamilton’s principle, the equations of motion are obtained from the condition 6S[r] = 0, i.e.,

~

58 [q] = 0, which is in turn equivalent to the Euler-Lagrange equations g—fl = 0. Hence:

The equations of motion of the particle in curvilinear coordinates (qi1,q2,q3) are the Euler-
Lagrange equations of the Lagrangian L in Eq. (3.31), that is

d ol oL .
aaq g ~0 i-123. (3.32)

Note that L is nothing but the expression of the Lagrangian L in terms of the curvilinear co-
ordinates q and their time derivatives. With this understanding the tilde can be dropped, and
Egs. (3.32) can be simply written as

d oL oL .
di95 "3y =0 i-L23. (3.33)

Example 3.7. Equations of motion in spherical coordinates.

The kinetic energy of a particle of mass m in spherical coordinates (7, 0, @) is given by

1 . : - .
Emr2 = % (72 + 7202 + 2 sin° 0 ¢?)

(cf. Eq. (1.8)). Thus the Lagrangian in these coordinates is given by

L=T-V(tr,0,p) = % P2+ 7202 +12sin 0 @2) — V (L, 7,0, ) . (3.34)

The particle’s equations of motion in spherical coordinates are thus

doL oL _ .. 2 2902y, OV _

T ar—mr mr (0° + sin 0(p)+ar—0,

doL AL _ . d oas oo 2, OV

T ae—mdt(r 0) —mr-sindcos O @ +69_0’ (3.35)
doL AL _ d p . 3V _

oD acp_mdt(r sin 9(p)+8q9_0'
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3.2 Hamilton’s principle for unconstrained systems

If the potential V does not depend on the azimuthal angle @ then the quantity

aa;?) =mr?sin® 0 ¢,

is conserved. This conserved quantity is nothing but the z component of the angular momen-
tum J, since?,

J=re, xm(7e, +r0eg +rsinfpey) = mr’de, — mr2sinO@p ey, e, =cos0de, —sinbdey

= J,=J-e,=mr’sin’0¢.

Likewise, if the potential V is independent of t, i.e., if V is a function of (r, 0, ) only, then

% = 0 and hence the quantity

h:f;€+égg+cbaaé—L:m(fz+72é2+Tzsin29q'92)—L:2T—(T—V) =T+V,
is conserved. This is, of course, the law of conservation of energy discussed in the previous
chapters. Note, finally, that if the potential is independent of 6 the function Z—Ié is not con-

served, since the angle 6 appears explicitly in the kinetic energy and as a consequence 30
never vanishes.

Throughout this section, to avoid confusion with the Lagrangian L we shall denote by J the angular momen-
tum.

Example 3.8. Equations of motion in polar coordinates.

If a particle moves on a plane subject to an irrotational force with potential V, its Lagrangian
in polar coordinates (7, @) is given by

L=T-V(r @)= % (2 +1r292) - V(t, 7, ).

Its corresponding Euler-Lagrange equations are

gafL—a—L=m1'f'—1fqu'92+a—v:O
dt or or or ’
AL 3L _ . d o OV 039
dtop o dt op '

Taking into account that

ov 10V

vv:ﬁe”racpe

we can write the previous equations as

.. . FE 1d . F,
ol o i 1 d 2.y _fo
r=TQt=_ - df (r<Q) "
Thus the left-hand sides of the previous equations are nothing but the radial and angular

components of the acceleration, a, and ap. When the potential V is independent of ¢ (in
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LAGRANGIAN AND HAMILTONIAN MECHANICS

which case the force is central) the second equation of motion yields the law of conservation
of angular momentum
mr2@ = const. = J,

while the equation of motion for the radial coordinate can be written as

my —

JP o vr) _

mr3 or U

Finally, when V does not depend explicitly on time (i.e., when the force is not just irrotational
but conservative) we have % = 0, which implies that the energy integral
oL oL

h=1'f§+q'9%—L:m(f2+1f2('p2)—L=2T—(T—V)=T+V.

is conserved. This is nothing but the law of conservation of energy discussed in the previous
two chapters.

Exercise. Compare Egs. (3.35) with Newton’s second law written in spherical coordinates (see
Egs. (1.9)).

Hint. It suffices to note that

v v v 1 v
or or ' 7100 Y rsin@op ¥

Exercise. i) Write down the equations of motion of a particle subject to an irrotational force
in an arbitrary system of orthogonal curvilinear coordinates q = (q1,4q2,q3). ii) Use the lat-
ter equations to find an expression for the components of the acceleration in the curvilinear
coordinates q.

Hint. In any orthogonal curvilinear coordinate system we have

D . . 1 oV

P = gl hi@?a;, - = 2 (@ a eq;
where the scale factors h;(q) where defined in Eq. (1.2). From the expression for 2 it is straight-
forward to compute the Lagrangian in the curvilinear coordinates . The components of the
acceleration can then be found from the Euler-Lagrange equations of motion using Newton’s
second law:

Fy, 1 oV
g, = B =___ - - 1<i<3.
T m mh;(q) 0q;
The final result is
3 3
. ) oh; . hj oh;j ., .
ag, = hid; + 24; qi— —dl qs, 1<i<3.

3.2.4 Lagrangian of a charged particle in an electromagnetic field

We shall next derive the Lagrangian formulation of the equations of motion of a particle of mass
m and charge e in the electromagnetic field generated by the potentials ¢(t,r) and A(t,r). As
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3.2 Hamilton’s principle for unconstrained systems

we saw in Chapter 1, the equations of motion are

.. 0P 0A .
mr = —e(EJrE) +erx (VxA).
To simplify these equations, we recall the identity
ax(Vxb)=V(a-b)—-(a-V)b,

where a(r), b(r) are vector fields and a - V is the differential operator

5.2
a-v= i; iz -
We shall also use in what follows the alternative notation
S b b

(a-V)bEi;laia—xi—.ga.
From the previous identity it follows that
0A . 0A 0 . 0A . 0 . dA
—Eﬁ‘rX(VXA)——g-f'a(r'A)—a'r—a(r'A)—a,

and hence we can rewrite the equation of motion as

E(miﬂreA)ﬁtei(db—ir-A)=0.

dt or
These are the Euler-Lagrange equations of a Lagrangian L(t,r,T) provided that
oL . oL 0 .
g—mr+eA, g——ea(d)—r-A).

Integrating the second equation we obtain
L=e(f-A-®)+g(ti),
and substituting back into the first one we have

. 1 .
%’:mr = g:Eer,

up to an arbitrary function of t. We have thus obtained the following result:

The equations of motion of a particle of mass m and charge e in the electromagnetic field gen-
erated by the potentials & (t,r) and A(t,r) are the Euler-Lagrange equations of the Lagrangian

L(t,r,T) = %mi‘2 —ed(t,r) + el - A(t,r). (3.37)

Note that we can express the latter Lagrangian as

L=T-U,
where the potential U is given by
U(t,r,t) =e[®(t,r) —T - A(t,1)] (3.38)
and is thus velocity dependent. If the fields are static, i.e., if
@ _,, B,
then L is independent of t and therefore
h=rt- a—]:“—L=mi‘2+ei‘-A—L= 1mi~2+ecl>(r),

or 2
is conserved. This is the conservation law of the particle’s electromechanical energy.
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3.3 Systems with constraints

3.3.1 Motion of a particle on a smooth surface

The simplest case of a mechanical system with constraints is that of a particle of mass m sub-
ject to an external irrotational force with potential V (t,r), whose coordinates r satisfy at every

instant t the constraint (restriction)
¢d(t,r) =0. (3.39)

In particular, if ¢¢ does not depend on t then the particle is forced to move on the surface
of equation ¢(r) = 0. (In general, (3.39) is the equation of a moving surface.) Although the
external force is irrotational, it is essential to take also into account the reaction (or constraint)
force F(9(t,r,T) exerted by the constraint surface (3.39) on the particle at each instant, so that
Newton’s equations of motion are in this case

mi + oV (t,r) _

FO(t,r,T). (3.40)
or

We ask ourselves whether Egs. (3.40) are the Euler-Lagrange equations of some action func-
tional. In order to answer this question, let us introduce two independent coordinates (q1,qz) = q
parametrizing the surface (3.39). For instance, if

b (t,r) =1° —a(t)?, (3.41)

which is the equation of a sphere centered at the origin with variable radius a(t) = 0, we can
use spherical coordinates q; = 0, g2 = @. We shall express (with a slight abuse of notation) the
relation between the generalized coordinates q and the Cartesian ones r in the general form

r=rt,q), (342

where for each fixed t the mapping q — r must be bijective (from an open subset of R? to
an open subset of the surface at time t). For instance, for the constraint (3.41) the function
r(t,q) =r(t,0,p) is given by

r(t,0,) = a(t)(sin 0 cos @, sin 0 sin g, cos 0) .

In general, we can specify the position of the particle at each instant t using the value q(t) taken
by its generalized coordinates g; at that time: indeed, r = r(f,q(t)). It is important to note
that, while the three Cartesian coordinates x; are not independent, since they are connected by
the relation (3.39), the two generalized coordinates g; are by construction independent variables
(i.e., can take arbitrary values in some open subset of R?). For this reason, it is easy to convince
oneself that only two of the three (scalar) equations of motion (3.40) can actually be independent.

We shall assume that the constraint surface (3.39) is smooth, i.e., that there is no friction. If
this is the case the constraint force at each instant t is perpendicular to the corresponding instan-
taneous constraint surface ¢ (t,r) = 0. When this happens we shall say that the constraint (3.39)
is ideal. To formulate analytically the condition of ideal constraints, note that for each t the two

vectors
or(t,q)

04i
are tangent to the constraint surface at the point with generalized coordinates q, and in fact are
a basis of the tangent plane to the instantaneous surface ¢(t,r) = 0 at this point. Hence the
constraint is ideal if the constraint force verifies the condition

, 1=1,2, (3.43)

3

l:'(C) i
0q;

=0, i=1,2, (3.44)
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at each point. Projecting the equation of motion (3.40) onto the tangent plane to the constraint
surface (i.e., multiplying scalarly by each of the two vectors (3.43)) we obtain the two independent
equations

. or 0V or ,
87(,1i+8r8ql 0, i=1,2,
or equivalently
LI (3.45)
0q; aﬁh

Differentiating the relation (3.42) with respect to t, g; and g; we obtain the identities3

Q + ai — r(t ) - if — ar if — azr + azr N — g ﬁ (3 46)
ot Tag 1T ad 3d;  dai, 0a; 0tda; = dqioq ) dt dqi|
and hence

fﬂ_ﬂ(fﬂ)_f£(£>_£<fﬂ>_f or _d 0 (1r2> 9 (11'-2> (3.47)
dq; dt\ oq; dt \oq;/ dt\ 04 dgq; dtaog; 9qi \2 ' '

Thus Egs. (3.45) can be written as

doT

an-ll aql( ) O, 12112’

or, taking into account that V does not depend on ¢,

d o ,
aail(T V)—E(T V)=0, i=1,2. (3.48)

These are the Euler-Lagrange equations of the Lagrangian L = T — V, where it is understood that
the kinetic energy T and the potential V must be expressed in terms of the independent variables
(t,q,q) using Eq. (3.42) and its derivative with respect to t (i.e., the first Eq. (3.46)). We have thus
proved the following fundamental result:

The trajectory q(t) followed by a particle as it moves from a point with generalized coordi-
nates q; (at t = t;) to a second point with generalized coordinates q» (at t = t») obeying the
constraint (3.39) at all times is a stationary point of the action

t2
S[q]=L Lit,a®),am))dt  (with at) =ai, a(t2) = ),
1

where the Lagrangian L equals T — V expressed in terms of the independent variables (t,q, q).
The equations of motion are therefore the Euler-Lagrange equations of L,

5L

5q:O’

expressing the vanishing of the variation of the action functional:

6S[q] =0.

In other words:

3We are using again the notation

or . or . o°r . or .
aqq.—j:zlyzaqjqj, q:= Z S —d
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Hamilton’s principle remains valid in this case if the constraint is ideal, i.e., if the constraint
force F© satisfies condition (3.44). Moreover, when this is the case the Lagrangian L is equal
to T — V expressed in terms of the generalized coordinates ¢g; and their time derivatives g;.

e A virtual displacement is a curve r = r(u) (u € [u,u>]) entirely contained in the instanta-
neous constraint surface ¢ (t,r) = 0 at a certain fixed time t, i.e., such that

¢d(t,r(u)) =0, Yu e [uy,ul.

In other words, a virtual displacement is a succession of possible particle positions at the same
instant t. Note that if the constraint is time-dependent the particle’s trajectories are not virtual
displacements, since for t’ # t the vector r(t’) belongs to the surface ¢(t’',r) = 0, in general
different from ¢ (t,r) = 0. On the other hand, since a virtual displacement r(u) is contained in
the instantaneous constraint surface ¢ (t,r) = 0 for all u € [u1,u], its tangent vector r’(u) is
tangent to the latter surface at the point r(u). Hence the ideal constraint condition implies in
this case that

FO(t,r(u),v(w)) -r(u) =0,  Vue[u,uzl, (3.49)

where the prime denotes derivative with respect to u and v(u) is a possible velocity* for the
particle at the point r(u). Thus the work Wi> done by the constraint force along the virtual
displacement r(u) vanishes:

u

Wio = ’ FO(t,r(u),v(uw)) - r(u)du =0, (3.50)
u
for arbitrary v(u) € R3. Conversely, if the constraint force satisfies (3.50) for any virtual dis-
placement r(u) then Eq. (3.49) holds, which implies that the constraint force is perpendicular
to the surface ¢(t,r) = 0 at each point (since any vector tangent to the latter surface can be
obtained as the tangent vector to a curve contained in it, i.e., to a virtual displacement). We have
thus proved the following result, known as the principle of virtual work:

The constraint is ideal —and, thus, Hamilton’s principle holds— if and only if the constraint
force does no work along any virtual displacement of the particle.

If the constraint equation (3.39) is independent of t (which is the most common case in practice),
then the particle’s trajectories are virtual displacements, and the principle of virtual work sim-
ply states that the constraint is ideal if and only if the constraint force does no work along any
trajectory.

“Differentiating the constraint equation ¢ (t,r) = 0 with respect to time we obtain

o o .

3t (t,r) + 3r (t,rr=0,
which is the condition satisfied by the particle’s velocity if the particle is at the point r at time t. Thus the vector
field v(u) must satisfy the condition

a—d)(t,r(u)) + a—d)(t,r(u))v(u) =0, Yu € [u,uz].
ot or

If the constraint is time-independent then v(u) must simply be orthogonal to the gradient %—(f(t,r(u)), and thus

tangent to the constraint surface at each point r(u).
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3.3.2 System of N particles with constraints

Consider next the most general case of a system of N particles subject to the irrotational
forces (3.28) and to the | < 3N independent constraints’

]qbl-(t,rl,...,rN):o, i=1,...,1. (3.51)

Constraints of this type, which are independent of the particles’ velocities, are called holonomic.
The vector
x:=(rq,...,rn) € R3N

representing the state of the system must belong at each instant t to the surface in R3N —
or manifold, in a more mathematical language— specified by Egs. (3.51). Since this manifold
has dimension 3N — [ = n, in general it can be parametrized by n independent coordinates
(q1,..-,9n) =:q, in terms of which the vector x will be expressed by a certain function x(t, q):

x=x(t,q). (3.52)

In other words, the state of the system at each instant is uniquely determined by the value of
the n generalized coordinates q; at that instant. We shall accordingly say that the system
possesses n degrees of freedom. In particular, the system’s trajectory in the space R3N can
be specified by a curve q(t) in the open subset of R™ in which the generalized coordinates g;
vary, called configuration space, through the equation

x = x(t,q(t)).

It is important to note that, while the Cartesian coordinates x are not independent (since they
are related by the constraint equations (3.51)), the generalized coordinates q are by construction
independent variables.

Again, we shall suppose that the constraints are ideal, in the sense that the constraint force
acting on the point x representing the state of the system, i.e., the vector

FOtx,%) = (FI7(t,x%),... . F (t,x,%)) € RV,
is orthogonal to the constraint manifold defined by Egs. (3.51) at all times. Since the n vectors

ox(t,q)

, i=1,...,n,
0qi

are a basis of the tangent space to the constraint manifold at each point, the previous condition
is equivalent to the relations

1

0x or or N or;
F(C)-—z(F(C),...,F(C))-(—1,..., N): F9. 22 _0, i=1,...,n. (3.53)
oai N \oai " oa; Jé 7 oq

As in the case of a single particle treated above, this condition is equivalent to the principle of
virtual work, according to which the constraint forces do no work along any virtual displacement
of the system, which by definition is any curve x(u) (with u € [u,u>]) entirely contained in
an instantaneous constraint surface ¢;(t,x) = 0 (i = 1,...,1) at a fixed instant t. Indeed, if

>Mathematically, the independence of the constraints (3.51) is equivalent to the condition that the Jacobian
matrix of the vector-valued function ¢ := (¢,...,¢;) with respect to the 3N variables x := (ry,...,ry) be of
maximal rank (equal to 1) at all points:

0¢i
rank ( ox; ) l<ict = L.

1<j<3N
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x(u) = (ry(u),...,ry(u)) the work Wi, done by the constraint forces acting on the system along
the virtual displacement x(u) is given by

uz
W2 = ZJ F9 . rj(u)du = FO . x'(u)du.
ul
Hence the principle of virtual work, i.e., the requirement that Wi» = 0 for an arbitrary virtual
displacement x(u), is equivalent to requiring that

FO .x'(u)=0

for every tangent vector x’'(u) to the instantaneous constraint manifold at time t.

Under these conditions —that is, if the constraints are ideal and the applied forces acting
on the system are irrotational —, proceeding as in the previous subsection one can prove that
Hamilton’s principle is still valid:

The trajectory q(t) joining two states q; (att = t;) and qp (at t = tp) of a system of particles
subject to irrotational forces and ideal holonomic constraints is a stationary point of the action

t
siql = tZL(t,qu),c'ut))dt

where the Lagrangian L equals T — V' expressed in terms of the independent variables (t,q,q).
The equations of motion are thus the Euler-Lagrange equations

oL

5q

expressing the vanishing of the variation of the action functional:

60S[q] =0.

Exercise. Prove in detail the latter result.

Solution. The system’s equations of motion can be written in vector form as

. . oV
(mlrl, oo ,mNrN) + — = F(C) .
ox

Projecting onto the direction of the vector aa;( and taking into account Eq. (3.53) we obtain
i

ox 8V ox 81‘J ov
Z m;¥; =

(mq¥q,...,mny¥N) - =
i NEN aoh 0x aQL aoh aQi

j=1

From Egs. (3.47) (with r; instead of r) it then follows that

N

1.2)_&(1.2)] v _darT o -

; [dtaql<2r1 aql 21'] +aq1_dtaql aql(T v) l—l,...,n.
Since V is independent of q, the latter equations can be written in the form

d oL oL ,
Eaiqi—aiqi—o, l—l,...,?’l,
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which are the Euler-Lagrange equations of the Lagrangian L = T — V.

From what we have just seen, to write down the equations of motion of a mechanical system of
N particles subject to | independent ideal holonomic constraints, the remaining (applied) forces
being irrotational, we can proceed as follows:

1. Introduce n = 3N -l independent generalized coordinates (q1,...,qdn) = q parametrizing
the constraint manifold (3.51).

2. Express the kinetic energy
N
1 .
T = > Z mirf
i=1
and the potential V' of the irrotational forces in terms of (t,q, q), thus obtaining the two
functions T(t,q,q) and V (t,q).

3. The system’s equations of motion in the generalized coordinates g; are the Euler-Lagrange
equations of the Lagrangian

L(t,cb (-l) = T(t,q, q) - V(th)l

ie.,
d oL oL .
gaiqi_a—qi_o, i=1,...,n. (3.54)

Notation. In classical mechanics textbooks, equations (3.54) are often referred to simply as La-
grange’s equations for the Lagrangian L.

e One of the advantages of the Lagrangian formulation for systems with constraints is that, as
we have just seen, in order to find the equations of motion it is not necessary to know the constraint
forces (all that is needed is to check that the constraints are ideal). In fact, once these equations
have been found the constraint forces can always be computed using the formula®

F = mf; + 1<i<N, (3.55)

E ’

which is nothing but Newton’s second law applied to the i-th particle.

Remark. Hamilton’s principle is key to understanding in what sense classical mechanics is the
h — 0 limit of quantum mechanics, with the help of Feynman’s path integral formulation of the
latter theory. According to this formulation, the probability P(t1,q:;t2,q2) that a mechanical
system with classical Lagrangian L(t,q,q) whose generalized coordinates take the value q; at a
certain time t; is found to have generalized coordinates qy at a later time t» is given by

P(ty,q15t2,q2) = |¢(t1,Q1;t2,Q2)|2,
where the probability amplitude & (t1,q1;t2,q2) (in general complex) is given by

& (t1,q1;t2,q2) = const. Ze%s[q] . (3.56)
q

5Indeed, ¥; can be computed in terms of (t,q,q,d) by differentiating r;(t,q) twice with respect to time. Once
the equations of motion have been found using the Lagrangian formalism, the generalized accelerations ¢, and
hence the accelerations ¥; and the constraint forces FEC), can be expressed in terms of (t,q, q). Note that, in general,
the constraint force will depend (usually in a complicated way) on the velocity of the particles.
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The latter “sum” —technically an integral, usually called the path integral— is extended to all
paths q(t) satisfying the boundary conditions q(t;) = qi, i = 1,2, and

t
S[ql = :L(t,q(w,q(t))dt

is the classical action of the path q(t). Thus all paths contribute to the probability amplitude
®(t1,q1;t2,q2) with the same absolute magnitude, but with different phases proportional to
their classical action. In the classical limit # — 0 we have S[q] > h, and thus the term eiSlal/n
is highly oscillatory near paths satisfying 6S[q] # 0. As a consequence the contributions to the
sum coming from such paths is vanishingly small as # — 0, since very close to a path q with
0S[q] # 0 there is a neighboring path whose phase differs by an odd multiple of 1t from that of
q. Thus in the limit # — 0 the overwhelming contribution to the sum (3.56) comes from the path’
satisfying 6S[q] = 0, i.e., from the classical trajectory. In other words, the validity of Hamilton’s
principle (when i — 0, i.e., in the classical limit) hinges on the fact that in this limit the path
with the largest contribution to the probability amplitude ®(t1,q;t2,q2) is the one making the
classical action stationary. [ |

Example 3.9. The spherical pendulum. A spherical pendulum consists of a particle of mass m
attached to a rigid massless rod of length | and negligible mass whose other end is fixed,
subject only to Earth’s gravitational field g = —ge;. In this case there is only one (time-
independent) constraint

b(t,r)=r>-1°>=0, (3.57)

(if we place the origin at the pendulum’s anchor point), and there are therefore 3 —1 = 2
degrees of freedom. We shall take as generalized coordinates the polar and azimuthal angles
0 € [0, Tt], @ € [0, 2T1) of the spherical coordinate system¢, in terms of which

r(0,p) =1(sinfcos@pe; +sindsingp e, + cose,).

The constraint force F(© (in this case, the rod’s reaction) is directed along the rod (towards
the origin), and is thus perpendicular to the constraint surface (3.57). Hence the constraint is
ideal, and we can apply the Lagrangian formalism. The potential of the external force —mge,
is simply

V =mgz =mglcoso,

and the kinetic energy is given by

T = %mi‘2 = %mlz(é2 + sin® 0 @2).

We thus have

Lzmlz[%(é2+sin29qb2)—kcos@], k = %

and Lagrange’s equations read

0 = sincos @ > + k sin 0, d%(sinzéqb)zo.

"We are assuming for the sake of simplicity that, as is usually the case, there is a unique classical trajectory
satisfying the boundary conditions q(t;) = q;, i = 1, 2.
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U/k

Figure 3.2. Effective potential U(0) for k = 10c?.

From the second Lagrange equation we obtain

sin® 0 ¢ = =: ¢ = const.,

ml?2
where ] is the particle’s angular momentum. This was to be expected, since
J=N=rx(F+F9) =rxF=-mgrxe, = J,=0.

Substituting into the first Lagrange equation we obtain the following second-order differential
equation for the angle 6:

0 =c? ;(;;99 +ksing. (3.58)

If c = 0 (e, J- = 0) then the particle moves along a meridian? ¢ = const. (since ¢ = 0)
and Eq. (3.58) becomes the equation of motion of the simple pendulum & + k sin « = 0, where
o = Tt — 0. Let us see next what happens in the more interesting case ¢ # 0. Equation (3.58)
is formally the equation of motion of a particle of unit mass moving in the effective one-
dimensional potential

2

Uo) = —J (c2 C_OS?)G +k sin@) dO =k cos 0 +
sin” 0

2sin? 0

plotted in Fig. 3.2. The shape of the potential U(€) can be determined by taking into account
the following facts:

i. U(0) diverges as (sinf) 2 as 6 — 0, .
ii. The derivative U’ (0) has the sign of 0 — 0y, for some 0y € (11/2, TU).
To prove the last statement note that
U'(0) = —(sin@)~3(c? cos 0 + ksin* 9)

has the sign of f(0) := —(c2cos 6 + ksin* ). The function f, and hence U’, is clearly negative
for 6 < 1t/2. On the other hand,

£'(0) = c?sin 0 — 4k sin> 0 cos 0
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is positive over the interval [1t/2, Tt), so that f is increasing on [1t/2, t] from f(11/2) = -k < 0
to f(mr) = ¢2 > 0. It follows that there is a unique 8y € (1t/2, 1) such that f(0) = 0, with
f(0) <0form/2 <0 < 0pand f(0) > 0 for g < 0 < 1. Thus f(0), and hence U’ (0), has the
sign of 6 — 0, as stated.
In fact, since L does not depend explicitly on time the energy integral
0L . 0L

hzef.-i-(p

1 .
—.—L:T+V:mlz[— 02 + sin” 0 p? +kc059],
i Pan 5 { P°)

is conserved. Thus h is the particle’s total energy E, which using the conservation of J, can be
expressed as

le(%éZ = U(Q)) —E.

The motion of the angular coordinate 6 is easily determined integrating the latter equation:

. de

g V2 (- ue@)

while the azimuthal angle @ then follows from the conservation of J,:

} CJ dt
v sin® 0(t)

Finally, the equation of the trajectory (6 as a function of @, or vice versa) is obtained combining
the previous equations:

-4 ¢ gezi\/z(’flz—we)) = |p==c| 40 :
@ sin© 6 do m sinZQ\/Z(%—U(Q»

From the form of the effective potential U(0) it follows that the motion of the coordinate 6 is
always periodic. Indeed, the period of this motion is given by

T =2

g2 de
AT

where 01 < 0, are the two roots of the equation E/(ml?) — U(0) = 0 in the interval (0, Tt). The
pendulum’s motion, however, is not periodic in general, since when the coordinate 6 returns to
its initial value after a period the azimuthal angle ¢ does not necessarily increase by a multiple
of 21t. More precisely, from the equation of the trajectory it follows that in a period of 6 the
angle @ increases by

02 do r)z do

Ap = ZCJ =2
v 01 _:..2 E 01 a2 E k _ 1
sin© 0, /2 (—mlz - U(9)> sin“ 0 =z cos 0 —

mlc?

Hence the motion is periodic if A is a rational multiple of 2Tt.
Equation (3.58) possesses the constant solution 0 = 0, with 0y € (1t/2, 1) the unique solu-
tion of the equation

c?cos 0y + k sin* 0y =0,
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3.4 Noether’s theorem

corresponding to a rotation around the z axis with constant angular velocity ¢ = ¢/ sin® 6.
The frequency w of the small oscillations of the angle 8 about the solution € = 9y is given by

2

2 2 2
2 " C > COs“ Op 1 — cos- Og + 3 cos- Oy
w=U"(0p) = —kcos Oy + + 3¢ = —kcosOy—k
(6o) 07 sin? 0, sin* 0 0 cos 0,
. 1+3cos® 0
B | cos Op|

where we have taken into account that ¢2/ sin* 8 = —k/ cos 0y.

Finally, the constraint force is easily computed using Eq. (3.55) and noting that in this
case F(9 is directed along e, (perpendicular to the constraint surface). Therefore F(® = Re,,
with

R =mi-e, —mg-e, = ma, + mge; - e, = mgcoso — ml(0? + sin? 0p?),

where we have applied Eq. (1.9) with » = [ and # = #0. Using the law of conservation of energy
we finally obtain

R=3mgc059—ZTE.

a0f course, if the pendulum’s pivot is fixed to the ceiling the angle 6 must be restricted to the range [1t/2, Tt].
bIn fact, ¢ = 0 is also possible if either 0 = 0 or 0 = T, but these are just the two equilibria of the motion in
a meridian @ = const.

Exercise. Show that R < 0 for 0 = 1t/2.

Solution. Indeed, we have

2.2 2
E = leU(QLg) = mgl cos 91’2+n.1lfc = R =mgcos0+2mg(cos 0—cos 91)—%,
2sin” 012 2sin” 01
where cos 0 < cos 0; (since 0 > 0;) and cos 0 < 0 for 0 € [11/2, 1t].
3.4 Noether’s theorem
Consider a mechanical system with Lagrangian L(t,q,q), where q = (q1,...,q4n) are the n gen-

eralized coordinates. We define the canonical momentum associated with the generalized coor-
dinate g; as the partial derivative of L with respect to the corresponding generalized velocity

qi-

oL
pi:= e (3.59)
Lagrange’s equation of motion for the coordinate g; is then
. oL

We shall say that the coordinate g; is cyclic (or ignorable) if L is independent of g;, i.e.,
oL
— =0.
0qi

From Eq. (3.60) we then obtain the following conservation law:

If the coordinate g; is cyclic, its corresponding canonical momentum p; is conserved.
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Likewise, if L does not explicitly depend on t we saw in Section 3.1.2 that the energy integral

n aL n
h=D2 dis. —L=> pidi-L (3.61)
o oa i=1

is conserved. In many mechanical systems the kinetic energy is a quadratic form in the general-
ized velocities, i.e., is of the form

1 < .. _
T= 2 Z aij(t,q) qiq;, with a;; = aj;,
i,j=1

and L = T — V(t,q). A mechanical system of this type is called natural. In fact, most of the
systems considered so far —with the important exception of the Lagrangian of a charged particle
in an electromagnetic field (3.37)— are natural. In a natural mechanical system, the generalized
momenta are given by
T < : .
=a—q=2aij(t,q)qj, i=1,...,n,
12 .]21

are linear in the generalized velocities g;, and the energy integral is simply

pi

n
h=> ai(t,@)qid; —L=2T—(T-V)=T+V.
ij=1

Hence:

In a natural mechanical system the energy integral is equal to the total energy. In particular, in
natural mechanical systems the conservation of h, -which will occur if the coefficients a;; and
V are both independent of £, is nothing but the law of conservation of energy.

Example 3.10. Consider, first, the Lagrangian of a particle of mass m in Cartesian coordinates
r = (x1,x2,x3), given by

L= %miz - V(t,r).

In this case
| = == = mx;,
pl axl 1
and thus the canonical momentum corresponding to the coordinate x; is the i-th component
of the linear momentum. Moreover, L is clearly natural and therefore the energy integral h
coincides with the particle’s energy.
Consider next the Lagrangian of a particle of mass m in spherical coordinates (+, 0, @):

L= % (72 +720% + 2 sin 0 92) — V(t,7,0, ), (3.62)
for which
pr=mr, po=mr’0, pp=mr’sin’0¢. (3.63)

In this case the kinetic energy (the term in parentheses in the Lagrangian) depends on r and
0, so that p, and pg are not conserved even if V is independent of » or 6. On the other hand,
if V does not depend on ¢ then L is independent of the latter coordinate, and hence py, is

conserved:
— =0 = = const
P Po .
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3.4 Noether’s theorem

As we know, p is the z component of the particle’s angular momentum. Moreover, since the
kinetic energy is quadratic in the generalized velocities the Lagrangian is natural, and hence
the energy integral coincides with the energy T + V, as we saw in Example 3.7. Hence if L does
not depend on t —i.e., if the potential V is independent of time— energy is conserved.

Consider, finally, the Lagrangian (3.37) of a particle of mass m and charge e moving in an
electromagnetic field with potentials @ (t,r) and A(t,r). The canonical momentum correspond-
ing to the coordinate x; is now

oL
%

pi =mx; + eA;(t,r).

Thus in this case the canonical and the linear momenta are in general different. In particular,
if L does not depend on the coordinate x;, i.e., if

0P 0, 0A
axi

axi:O’

p; is conserved but mx; is not conserved in general. The energy integral is given by

3
h = zpiici—Lz (mr+eA) -r—L= %mi‘zntetb.
i=1

Therefore in this case h is the sum of the particle’s kinetic and electrostatic energies. If L does
not depend on ¢, that is if

0P 0A

ot o at
then h is conserved. Although the system is not natural, we can also interpret h in this case as
the total energy. Indeed, if @ and A do not depend on t the electric force is conservative with
potential e®(r), and therefore h is the sum of the kinetic energy and the potential energy of
the electric force. But this is the total energy of the particle, since the magnetic force does no
work as it is always perpendicular to the particle’s velocity.

0,

The conservation of the canonical momentum p; and the energy integral h are clearly a conse-
quence of the invariance of the Lagrangian under translations in the coordinate g; (q; — qi + €)
or the time t (t — t + ¢), respectively, where € € R is a continuous parameter. In fact, one of the
fundamental principles of modern physics is the fact that continuous transformations leaving
invariant the Lagrangian —or, more generally, the action— give rise to conserved quantities. This
is precisely the import of Noether’s theorem:

Suppose that the action of a mechanical system with Lagrangian L(t,q,q) is invariant under a
one-parameter family of invertible transformations

f=t+eT(t,q) +0(£), d=q+en(t,q) +0(&), (3.64)
i.e., that
B odg\ .. (B2 .
j L(t,q,ﬁ) di= | Ltt,qadt, Vet (3.65)
51 dt 51

Then the function
I(t’(Lél) = pn - hT’

where p = g{; and h = pq — L, is conserved.

Proof. We begin by computing the derivatives of % and % with respect to ¢ at € = 0, that we
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shall need in the sequel:

i a| o di
dt—1+5T+O(5) = atleo =V 36 g:Odt_T
- (5) G- (eervown) (avenow) - (1-ct o) (asens o)
i\ a - 1+eT+0(&%) q+en+0(E) ) =(1-eT+0(E9))|q+en+0(&9)
. . 0 dg . ..
_ _ 2 el 1 _pn_
=q+eMm—qT) +0(&9) = 3¢ |0 di n-qr.

The invariance of the action under the transformation (t,q) — (f,q) can be expressed in the
equivalent form8

- dil) di .
L(t,q, )4 - Ltaw. (3.66)

Differentiating (3.66) with respect to & and setting ¢ = 0 we then obtain

dt 0 - dﬁ) 0 dt oL oL oL . .. .
— | L = +L — =T+ —n+ (- LT =0. 67
dt | e—o € | e=o (t’q’ ai) "Laeleodr Ta Tt aq aq AT FET =0 36D
Using Lagrange’s equations we can rewrite the previous equation as follows:
L . . . . . 0oL d . d - 0L
0= ET+pn+pn—qu+LT = ET-I-E(]D)’)) —ht = a(pn—h’r) + <h+§)1’

It is straightforward to check that the last term vanishes identically on account of Lagrange’s
equations:

h=ba+pa- o - SCa-pi=(b-o0)a- o= -2 .

ot 0q aq ot ot

Remark. Generally speaking, a symmetry of an object is any transformation leaving the object
invariant. The set of all symmetries of an object is a group (with composition as group multi-
plication), since i) the composition of two symmetries is clearly a symmetry, ii) the inverse of a
symmetry is also a symmetry (why?), and iii) the identity transformation is obviously a symme-
try. Thus the family of transformations (3.64) are a one-parameter group of symmetries of the
action. Families of symmetries of an object depending on one or more continuous parameters
—Ilike the transformations (3.64)— are usually called continuous symmetries. Thus the import of
Noether’s theorem is that every continuous symmetry of the action is yields a conservation law.
As mentioned before, this is in fact one of the most fundamental principles in modern physics,
which actually holds in much more general settings like classical or quantum field theory. [ ]

Example 3.11. Consider a system of N particles subject only to irrotational forces generated
by a potential V(t,ry,...,ry). We can then take the Cartesian coordinates q = (ry,...,In) as
generalized coordinates, and L = T — V as the system’s Lagrangian. The kinetic energy

1 N
T = 5 Zmlrf
i=1

is then invariant under two types of transformations:

i. Translations of the particles’ coordinates in the direction of a unit vector n:
t=t, Fi=ri=r;+en (1<i<N, &e€R); (3.68)

indeed, ¥; = 1.

8Indeed, integrating (3.66) between t; and ¢, we obtain Eq. (3.65). Conversely, Eq. (3.65) implies (3.66), since
the times t; and t, are arbitrary.
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ii. Rotations of the particles’ coordinates around an axis n:

t=t, T = R(e)r; (1<i<N, &e€R); (3.69)

2 =)

indeed, ¥; = R(¢)t; and hence ¥; = 7.

Obviously, the Lagrangian —and hence the action, since ¢ = t— will be invariant under the
latter transformations if and only if the potential V (¢,rq,...,ry) is, i.e., provided that

V(t,T1,...,TN) = V(t,11,...,IN) .
Suppose, first, that the potential is invariant under the translations (3.68), for which

The corresponding conserved quantity is then

N N N
i = Z%ni—o-h: > mifi-n=n-> mii;=[P-n],
i=1 "t i=1 i=1
i.e., the component of the system’s total linear momentum along the direction of the vector n.
Suppose next that the potential is invariant under the rotations (3.69). What is the conserved
quantity associated with this invariance of the action? To answer this question, let us take the
z axis in the direction of the vector n, so that

cose —sine O
R(e) = | sine cose O
0 0 1

Expanding R(¢) in powers of & we obtain

¥i = R(e)rj =1; + €Ar; + O(€%), 1<i<N, (3.70)
with
0 -1 0
A=R'0)=[1 0 0
0O 0 0
Since

Ar; = (-yi,x4,0) =e3 Xrj =nxrj,
we can rewrite Eq. (3.70) in vector form as
Ti=ri+enxr; +0(), 1<i<N.
Hence in this case
T=0, n, =nxr;, 1<i<N,

and the conserved quantity associated with the invariance of the action under rotations around
the n axis is therefore

N N

N
oL . .
Izizz‘iaii'ini_().hz Zmiri-(nxri)zn- Zmirixri=

i=1 i=1

where J is the system’s total angular momentum.
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Exercise. Determine the conserved quantity I(t,q,q) associated with the invariance of the ac-
tion under the space-time dilations

t =A%, d=Aq (A>0, xeR). (3.71)

Solution. As in the formulation of Noether’s theorem the parameter € = 0 corresponds to the
identity transformation, we set A = ef in Eqgs. (3.71). Expanding to first order in ¢ we then
obtain

f=eXt=t+eat+0(?), dq=eq=q+eq+0(s)?.

Hence
T:atl n=q,

and thus the conserved quantity associated with the invariance of the action under the trans-
formations (3.71) is given by

. oL

Note that the action is invariant under the dilations (3.71) if the Lagrangian L verifies the
condition

L(f,a, %) df = LA, Aq, Al-%@)A* dt = L(t,q, ) dt,

i.e., if L transforms under dilations as
L(A%t,Aq,A'"%q) = A"*L(t,q,q) .

Suppose, for instance, that the system is natural. In this case the previous condition becomes

1 & 1 &

§A2—2a > aij (A%, AQ)qidj — V(A%t,Aq) = SAT > aij(t,@)qid; — A *V(t,q).

i,j=1 ij=1
Equating the coefficient of g;4; in both sides of this equality we obtain
A272%q, (A%, AQ) = A %a;(t,q) <= a;j(A°t,Aq) = A% %a;;(t,q),

and hence
V(A%t,Aq) = A~ %V (t,q).

For example, if the matrix a;; is constant then we must have o« = 2, and therefore
V(A%t,Aq) = A2V (t,q).

Consider, for instance, the case of a particle of mass m that moves subject to the central
potential V() = k/(272), with k # 0. From the previous discussion it easily follows that in
this case the action is invariant under the transformation (3.71) with « = 2. In this case the
energy T + V = E and the function

- - d 1 2 2
I = mrr — 2ht = mrv — 2Et = ar Emr — Et°) = const. (3.72)
is conserved. Note that the value of the conserved quantity I can be easily expressed in terms
of the initial data v := 7 (0) and ¥y := 7(0) by evaluating it at t = O:

I =mry — 2Et|,_o = mrory.
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Integrating Eq. (3.72) we can easily determine the motion of the » coordinate:

1 . . 2E
Smre = Emrg +mrotot + Et> = |r= \/1’5 + 2rofot + t2.

The motion of the angular coordinate @ (in the plane of motion) is obtained integrating the
law of conservation of angular momentum mr2g = J:

© = o+ J (f ds Do + J (! ds
=@o+ - =@o+ -~ : ,
m Jo r2(s) m Jo ¥g + 2vo¥os + 5k 52

If E = 0 the integral is elementary:

@o + 5, ¥ =0
0

(p:

Qo + 2mrr log(l + zrot), 70 # 0.

In the more general case E # 0 the integral can be evaluated in terms of hyperbolic, rational
or trigonometric functions depending on whether the discriminant of the polynomial in the
denominator (equal to 41/5 (1'/62 — 2E/m) = —4(J? + km)/m?) is respectively positive, zero or
negative (exercise).

3.5 Small oscillations

In this section we shall analyze the motion of a conservative mechanical system near a sta-

ble equilibrium. We shall assume that the constraints are holonomic and time-independent,

so that the position vector of each particle is a function only of the generalized coordinates
= (q1,...,qn) (not explicitly depending on time):

Iy =ri(q), k=1,...,N.

Since
org(q) .
= 7

Z 2a; U (3.73)

the system’s kinetic energy is of the form
1 n
T(q,Q)=§ Z i(@did;
with
N
or or
i@ =S m k(@) or(q) _ ti@).

k
P! 0qi 0q;

If the system is conservative, with potential energy V(q), its Lagrangian is given by

1 & ..
L=3 > tij(@aid; — V),
i,j=1
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and Lagrange’s equations of motion read:

d/ & ) oV
dt(% tij(q)qj) + aTli(q)

& .. & Oty .. oV ,
= > tj@dj+ > S @djdk 5 (@ =0, i=1..,n. (374
j=1 j,k:1 Qk ql

Thus an equilibrium solution q(t) = qg exists if and only if

ov
—(qo) =0, i=1,...,n,
od; do

i.e., if qq is a critical point of the potential V (q). As in the one-dimensional case (cf. Section 1.5.1),
it can be shown that the equilibrium qq is stable if and only if qq is a local minimum of V.

We wish to describe the motion of the system near a stable equilibrium qq. To this end, let us
assume without loss of generality that qg = 0 (choosing q — qo as new generalized coordinates if
necessary) and normalize the potential so that V(0) = 0. The energy of the equilibrium solution
q = 0 is then Eg = 0. Consider now a motion of the system close to the equilibrium solution
q=0,i.e., with |q(0)] and |q(0)| small. The energy of such a motion is then close to Ey = 0 and
verifies

E=T+V(qQ=V(q =V(0)=0

(since q = 0 is by hypothesis a local minimum of V), i.e., E is positive and small. Taking into ac-
count that the first-order partial derivatives of V vanish at the origin (since q = 0 is by hypothesis
a critical point of V), we can write its Taylor expansion about 0 as®

2
Vg = IV (0) = b,

0qiq;

N | —

n

> bijaia; +o(lal*), with b;; =
i,j=1
Furthermore, since 0 is a local minimum of V the quadratic form 221:1 bi;qiq; is positive
semidefinite, i.e., the eigenvalues of the symmetric n X n matrix
B = (bij)i<ij<n

are nonnegative. We shall actually assume that B is positive definite (i.e., all its eigenvalues are
strictly positive), so that

1

B~
l!J

M=

V(q) = bijaiq;

1

near the origin. Similarly, the system’s kinetic energy can be expanded near the equilibrium
gq=q=0as

1

T=->
2 <
i,

M=

aijdidj +o(lgl® +14l®),  with a;j = t;;(0) = aj;.
1

<
I

Note also that the the quadratic form

aijqid;

T M=

. . . . oo . O(t
9In the previous formula we are using the standard notation o(t) to denote a function verifying ltll’l(’)l % =0.
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3.5 Small oscillations

is positive definite. Indeed, the kinetic energy T(q, q) is nonnegative and vanishes only if i, = 0
forall k = 1,...,N. In particular, Tp = T(0,q) is also nonnegative, and hence positive semidefi-
nite, and by Eq. (3.73) it can only vanish when

& or
> Kag;=0, k=1,...,N. (3.75)
j=1 04,

Recall that the vectors

ox _(on )y

are linearly independent at each point, since they are a basis of the tangent space to the system’s
constraint manifold (see Section 3.3.2). Thus equations (3.75), which are equivalent to the single

relation
n

0x .
i1 %4i
imply that g; = 0 for all j. This shows that Tp = 0 if and only if @ = 0, and hence Tj is positive
definite, as claimed. Thus near the equilibrium solution q = q = 0 we also have T ~ Ty. It
follows that for small displacements q and small velocities ¢ the system’s Lagrangian can be
approximated by

N | =

1 .-
Lo:=5 D, aijdidj -

n
> bijqia; - (3.76)
ij=1 ij=1

The motion of the system near its stable equilibrium q = 0 is thus approximately governed by
the Euler-Lagrange equations of the Lagrangian Ly, namely

> (aijdj + bijaj) =0, i=1,...,n,

n
Jj=1

or in matrix form

Aq+Bq=0, (3.77)

where A is the positive definite n X n symmetric matrix with matrix elements a;;.

Equations (3.77) are a system of n second-order linear homogeneous differential equations
with constant coefficients, which can also be derived by linearizing the exact equations of motion
obtained from the Lagrangian L (exercise). One of the easiest ways of solving the linearized
equations of motion (3.77) is by transforming the Lagrangian Ly to a suitable canonical form.
Indeed, since Ty is positive definite there is a non-singular (in general non-orthogonal) linear
change of variables

n
ai = > Mijdj, i=1,...,n,
j=1
or in matrix form
q=Mq
(and consequently q = M él), transforming the positive definite quadratic form Ty into ﬁZ/Z. In
other words, there exists a non-singular matrix M such that

MTAM =1.

Since )
Lo = TO—EqT-Bq,
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in the new generalized coordinates q the Lagrangian Ly can then be written as

L(): 812_ NT'§(N1’

N | =

where b; j is the matrix element of the matrix

B=M"BM.
Since the matrix B is still symmetric and positive definite (exercise), it can be diagonalized by an
orthogonal transformation, i.e., there is a real orthogonal matrix O such that

A1

~ A2
O'BO = _ = A (3.78)
An

with A diagonal. Note that the numbers A; are all positive, since Bisa positive definite matrix.
Defining new generalized coordinates Q by the linear transformation d = 0Q, and taking into
account that g2 = (0Q)? = Q? since O is orthogonal, we easily find

Lo =

1a2_ 19 40- 1352 a.02
5Q°-350-4Q 21-;1@" AiQ3) .

By the covariance of Lagrange’s equations (cf. Section 3.2.3), the linearized equations of motion
in the generalized coordinates Q are simply the Euler-Lagrange equations of the latter Lagrangian
with respect to the variables (Q, Q), namely the decoupled system

Qi +A:iQi =0, i=1,...,n. (3.79)

In other words, in the generalized coordinates Q the system is equivalent to a collection of n
decoupled harmonic oscillators with frequencies

wi = \/?Tl

The general solution of the system (3.79) is therefore

’Qi:Aicos(a)itJr(xi), i=1,...,n,

or in vector form N
Q= > A;cos(w;t + x;)e;,
i=1
with A; > 0 and «; € [0,2711) arbitrary constants. In other words, equations (3.79) possess a
fundamental system of solutions of the form

QY (t) = cos(wit + xj)e;, i=1,...,n, (3.80)
where e; = (0,...,1,...,0) is the i-th canonical basis vector. The generalized coordinates Q and
the n fundamental solutions (3.80) are respectively called the system’s normal coordinates and
normal modes. Likewise, the n frequencies w; (i = 1,...,n) are called the system’s normal

frequencies. In terms of the original generalized coordinates

q=M{=MOQ (3.81)
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3.5 Small oscillations

the normal modes (3.80) become

qP(t) =cjcos(wit + &), i=1,...,n, (3.82)

where the n-dimensional vectors c; are given by
c;=(MO)e;. (3.83)
In other words, the vectors c; are the columns of the matrix MO satisfying
(MO)TA(MO) =1,  (MO)"B(MO) = A (3.84)

(exercise). In particular, the n vectors c; are linearly independent. The general solution of the
system’s linearized equations of motion (3.77) —which, by the previous argument, is an approx-
imate solution of its exact equations of motion (3.74) near the stable equilibrium q = 0— is an
arbitrary linear combination

at) = > aiq (),
i=1

with a; € R constant, of the n normal modes q¥ ().
Remarks.
e The matrices M and O, and therefore the vectors c;, are not unique.

e The vectors c; defined by Eq. (3.83) are in general not mutually orthogonal nor of unit length.
However, since the n vectors Oe; are orthonormal (being the columns of an orthogonal matrix),
the vectors ¢; satisfy the relations

¢ - Acj = by, iL,j=1,...,n.
Indeed, taking into account that MTAM = 1 we have
Cj - ACJ' = (MOe;) - (AMOej) = (0e;) - (MTAMOej) = (0e;) - (OEJ') = 51’]‘- [ |

How does one find in practice the frequencies w; and the corresponding vectors c¢; determining
the system’s normal modes (3.82) in the original coordinates q? To answer this question, it
suffices to note that since q‘¥ (t) is a solution of the linearized equations (3.77) the vector c;
must satisfy the linear system

(B-w?A)c; =0, i=1,...,n. (3.85)

Since c¢; is nonzero we must therefore have det(B — wa) = 0. In other words, the normal
frequencies w; = +/A; are the square roots of the n solutions A; (counting multiplicities) of the
characteristic equation

det(B-AA) =0. (3.86)

The numbers A; are called the eigenvalues of the matrix B relative to the positive definite matrix
A (in particular, when A = 1 the A;’s are the ordinary eigenvalue of B). Note that the A;’s are
the eigenvalues of the matrix B in the previous discussion (cf. Eq. (3.78)). For each such eigen-
value A; = wf, the corresponding (eigen)vector c¢; is then found solving the linear system (3.85).
Note that the previous argument guarantees that there is a basis {cj,...,c,} of R" whose el-
ements c; satisfy Eqgs. (3.85) (just take as c; the i-th column of the matrix MO constructed as
explained above).
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Remarks.

o If wlz is a simple root of the characteristic equation it can be shown that the corresponding
vector ¢; is determined by Eq. (3.85) up to a multiplicative constant. In general, if the frequency
w; is m times degenerate, i.e., if wf is a root of the characteristic equation with multiplicity m >
1, it can be shown that there are exactly m linearly independent solutions of Eq. (3.85). Both of
these statements are easily proved by noting that from Eqgs. (3.78) and (3.84) it follows that the
system (3.85) is equivalent to

(A-wH)(MO)¢;=0, i=1,...,n.

e Comparison of Egs. (3.81) and (3.83) shows that once the vectors c¢; have been obtained the
normal coordinates Q can be found through the formula

Q=Cq, (3.87)
where C is the matrix whose columns are the components of the vectors cy,...,c, —i.e., the
change of basis matrix from the canonical basis of R" to the basis {cy,...,cy}. []

Example 3.12. Double pendulum.
- X
01
L
my

0

2N\ s
! l
y mo

Figure 3.3. Generalized coordinates (61, 02) for the double pendulum system.

Consider the double pendulum schematically represented in Fig. 3.3. Calling rn = (x«, Y«) the
position vector of the particle « = 1, 2, the system’s constraints are

ri-1=0, (@m-n)’-15=0.

These constraints are obviously holonomic and time-independent. Moreover, the principle of
virtual work clearly holds, since the constraint forces —the tension of the wire or rod con-
necting the first particle to the anchor point and the second particle to the first one— are
respectively parallel to the vectors ry and r := rp — rq, and thus perpendicular to the parti-
cles’ infinitesimal displacements. Hence we can apply the Lagrangian formalism. We shall use
as generalized coordinates the two angles 0, and 6, between the pendulums’ strings and the
vertical (see Fig. 3.3). Taking the y axis downwards (see Fig. 3.3) we then have

r; = [1(sin0y,cos 0;1), r = lx(sin 02, cos 02) ,

and therefore _ _
I = 110:(cos01,—sin07), I=10>(cos0,—sin0y).
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3.5 Small oscillations

Hence

1 . 1 . . 1. . 1 . ..
T = *mlr%ﬁ-*mz(rl +1)2 = er%Jrfmer + Moy - I

2 2 2 2
= %Ml%éf + %mgl%ég + MQlllzéléz(COS 01 cos 0> + sin 07 sin 02)
= %Ml%@% + %mﬂ%@% +1’I’Lzlllzéléz cos(61 — 62),

where M := m; + m». Likewise, the potential energy is given by
V=-migyr —magy: = -migyr —mag(y + y1) = ~Mgl, cos 0 — mpglz cos 02,

where 1y is the vertical coordinate of the relative position vector r, and therefore the system’s
Lagrangian can be taken as

L=T-V= %Ml%éf + %lel%é% +m211l2é1éz cos(6y — 02) + Mgl; cos 01 + magly cos 0> .

The equilibria are determined by the system

ov

20, = Mgl;sinf; =0,

2?9‘/1 =maoglysinf; =0,
and are therefore (up to integer multiples of 21r) the four points“

(0,0), (O,T), (T,0), (1, T0).

It is straightforward to ascertain that the point (0,0) is the unique local (in fact, global) min-
imum of V ((1r,0) and (0, 1r) are saddle points and (T, 1) is a global maximum). The exact
equations of motion

MI36; + maly1202 cos(0) — 02) — maly1202(0; — 02) sin(0; — 02)
+ Mgly sin 01 + M2lll2é1é2 sin(0; — 02) =0,
mﬂ%éz + ’I/nzlllzél cos(0, — 0») — lellzél(él — 92) sin(0; — 02)
+ mogl> sin 0, — lellzéléz sin(0; — 0») =0,
are a system of nonlinear coupled second-order differential equations that cannot be solved in
closed form (i.e., in terms of elementary functions and their primitives). On the other hand, we
can easily study the system’s motion near the stable equilibrium 6, = 0> = 0, i.e., the small

oscillations of the two pendulums, through the method explained above.
To begin with, taking into account that

92
cos 0 = 1—7+0(92)

we easily obtain

To = T(0,0, él,éz) = %Ml‘%@% + %mﬂ%@% + lellzéléz,

V=—(M+ma)g+ % (M1 02 + m12603) + 0(0% + 03),
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and thus (ignoring the irrelevant constant term in V)

Ml% molilo 51 Au Ml 0 > -1 0
A‘<m21112 moid )~ Moy azg) B9 0 ) TMEW o ap)

where

wo = %

is the natural frequency of the first pendulum and we have set

lz mo
A== =—.

L MM
Since B is diagonal, it is convenient to write the characteristic equation (3.86) in the equivalent
way

2
l_wo A 2 2
det(A—%):MZl;* w? Mol =0 <= ( _‘Lg)( —w—g)—i\u=0,
W Au A“(A_Ug) w w

or 4 2
(22) - @a+D(52) +aa-w-o.

The normal frequencies are thus determined by the equation

Hjoro

(A+1=xy@a+12-4a1-w),

8‘8
N | =

whence

A+1FA+1)2-4A(1 - p)
w? = w?
=00 20(1 - p)

A+1F4(A-1)2+4Au

2A(1 — )

- w2

In particular, when the two pendulums have the same length (i.e., for A = 1) we simply have

2 2
2 Wy )

wi = = =1
B RV/ N -

The two normal modes are found by solving the characteristic equation

<A—£2>Ct :0,

ie.,

2
w
(1 - —g )ci,l + Apcs2 =0.
w4

Using the previous formulas for w?3 we can rewrite the last equation as

(1-A%JA=1)2+4Ap)cey +2Apc.p =0,
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3.5 Small oscillations

thus obtaining the two (unnormalized) vectors

( A—ltw/(A—1)2+42\u)
c.=c|1

’ 2AU

with arbitrary ¢ # 0. Hence the two normal mode solutions are
(£) p()y _
(0;77,05,7) = cxcos(wt + x+),

ie.,

(£) A-1=+.(A-1)2+4Au

0\ = ccos(wat + os), 05" = ¢ cos(wat + &+) .
1 (W +) 5 Al (Wl + )

Note that the quotient of the amplitudes of the oscillations of the angles 8, and 0; in these
normal modes, given by

0" A-1=4(A-1)2+4Apu

o\ 2Ap ’

is positive (resp. negative) for the normal mode with the smaller frequency w; (resp. the larger
frequency w-). Thus in the normal mode with frequency w . the pendulums oscillate in phase,
whereas in the one with frequency w_ they oscillate completely out of phase (i.e., 0, is maxi-
mum when 6> is minimum, and vice versa). Again, in the particular case in which [; = [, the
quotient 0»/0; simplifies to -

05" 1

=+

oy VH

9In fact, the equilibria (1t,0) and (1T, Tr) are not possible in practice due to the fact that the first pendulum is
anchored to the ceiling, and thus 6, € [—1/2, 1t/2]. For the same reason, the equilibrium (0, 1) is only possible
if b < ;.

Exercise. Show that for all (positive) values of A = [ /1; and u = mp /M we have w_ < wy < W+.
Exercise. Find the normal coordinates 0. for the double pendulum system.

Solution. From Eq. (3.87) we have

0. 1 1 0,
o ] = | a1+ /@-1)2+4ap  A-1-/(A-1)2+4Au 0>
2Au 2Au

1 1-A+4(A=-1)2+4Au 2Au (91>
2JA - 12 +4Au \A =1+ J(A = 1)2 +4Ap —2au) \02/)°

In fact, since the normal coordinates Q; are defined up to multiplication by a constant scalar,
we can take as normal coordinates

0. = [I—Ai (2\—1)2+4Au} 01 + 2Au0>.

This expression simplifies considerably when the two pendulums have the same length, in
which case (dropping the inessential constant factor +2./u) we obtain

9¢=91i\/[792.
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Example 3.13. Longitudinal vibrations of the CO2 molecule.

mq mp my
Figure 3.4. Schematic representation of the CO> molecule.

Consider a triatomic molecule made up of two identical atoms of mass m; and a single atom
of mass m». We shall also assume that, as is the case with the CO» molecule, the molecule’s
equilibrium configuration is collinear, with the atom of mass m> lying between the other two
atoms and separated from each of them by the same distance a. Let us choose the x axis
along the line joining the equilibrium positions of the three atoms, and place the origin at the
equilibrium position of the atom of mass m,. We shall next study the longitudinal vibrations
of the molecule, i.e., the motions of its atoms along the line of the molecule at equilibrium (the
x axis). Calling x; and x3 the x coordinates of the atoms of mass m (from left to right), and
xo that of the atom of mass my, the system’s kinetic and potential energies are given by

T=o[mGE+x3) +moxd|,  V=Ulx-x1)+Uls-x2),

N | =

where U is the interaction potential between the atoms of mass my and each of the atoms of
mass mi. We have assumed that the interaction between the two atoms of mass m; is neg-
ligible compared to their interaction with the atom of mass m», since the strength of atomic
interactions usually falls off very quickly with the distance. Although the potential U is not
known in detail, we are only interested in small vibrations of the atoms about their equilibrium
position x1 = —a, x2 = 0, x3 = a. Imposing that the partial derivatives of V vanish at equilib-
rium we easily deduce that U’ (a) = 0. If we now Taylor expand U (x) about x = a and keep
only the lowest order nontrivial term we obtain

U(x)~U(a) + g(x -a)?,
where k = U’ (a), and thus (dropping the inessential constant U(a))

k
V ~ E[(Xz—xl —a)? + (x3 - x —a)z].
Thus in this approximation (i.e., when x> — x1 and x3 — x> are both close to a) the molecule be-
haves as a system of three collinear particles of masses m;, my and m; connected by springs
of natural length a and constant k (cf. Fig. 3.4). The system’s Lagrangian L = T — V is approxi-
mately given by

1 . . .
Lo:= [ml(xf -l—x%) s mzxz] =

== [(xg—xl—a)2+(X3—x2—a)2].

N &

Since Lg is invariant under the translation x; — x; + € for arbitrary &, the x component of the
linear momentum P = m(x; + X3) + myX> is conserved. This suggests, as in the two-body

128




3.5 Small oscillations

problem, separating the center of mass motion from the particles’ relative motion, i.e., to use
as generalized coordinates

1
X:=M[m1(x1 +Xx3) +mex2],  qui=xe—x1-4a, G2i=X3-X2-4,

where M = 2m; + my is the molecule’s total mass. Inverting the latter equations we readily
find the following expressions for the atoms’ physical coordinates in terms of the generalized
ones:

m;+m m m
x1=X-—"2g - g —a, x2= X+ (q1— a2,
M M M (3.88)

x3=X+ 2 Lt me +a) .

3= M(/ZI M qaz )
and hence
. _-_m1+m2._m1. oo mi .. sy, my . m; +moy .
x1=X — By 42 X2 X+7M (41 —4q2), X3 X+7M Qi+ ——r 42-

Substituting these expressions into the Lagrangian Ly and operating we obtain

1 . .
Lo = §MX2 +Li(q1,492,41,42) ,

where

2
_ mi(my + mp) mj

Y k
Ly o (q§+q§)+ﬁq1qz—§(q%+q§).

Thus in the approximation of small vibrations (i.e., when |g;| and |g2| are small) the equation
of motion of the center of mass coordinate is X = 0, as expected (since there are no external
forces), and the motion of the coordinates (g1, q2) is governed by the Lagrangian L;. From the
expression of the latter Lagrangian we readily obtain the following formulas for the matrices
A and B:

A

M my mi + mg) ’ 1 = Il

o m (ml + mp mi

As in the previous example, we can write the characteristic equation as

2 _ _kMm
det (A _ 5 ) =TT T ey 2 T =0
w? M? mq mp; +mp — T
kM
& mp +mp — 2—_m1,
miw
whence we easily obtain
kM
kM mim

Wy = = =
mi(m; +moe Fmy) k
mp "

The normal mode vectors c. are determined by the eigenvalue equation

kM
mi +mp — — C+1 +M1Cx2 = mi(*cy + C2) =0,
miwx
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so that
c+ =c(1,¥1)

with ¢ # 0 constant. Hence the two normal mode solutions are given by

qii) =ccos(wit + xy), qéi) = Fccos(w+t + ),

and the normal mode coordinates are simply

Q+=q1Fq2

(why?). The motion of the atoms’ physical coordinates x; in each of these normal modes can
be easily obtained from Egs. (3.88). Note that in the normal mode with the smaller frequency
w_ we have q1 = q», or equivalently x> — x1 = x3 — x2. Hence in this mode the distances
between the atom of mass m, and each of the atoms of mass m; increase or decrease in step,
oscillating with the same frequency w_. Moreover, from Egs. (3.88) it follows that x; = X, i.e.,
the atom of mass mo» is fixed at the molecule’s center of mass (in particular, it is stationary in
the CM frame). On the other hand, in the normal mode with the larger frequency w; we have
q1 = —q2, so that x» — x; — a and x3 — x2 — a have opposite signs and oscillate completely out
of phase with the same frequency w.. Thus when the right half of the molecule stretches the
left one contracts, and vice versa. Moreover, in this case the x» coordinate is given by

2cmy

M cos(wa+t + x+),

2m;
Xp2=X+—q1 =X+
2 M a1

so that the position of the atom of mass my oscillates with frequency w in the CM frame.

3.6 Introduction to Hamiltonian mechanics

3.6.1 Hamilton’s canonical equations

Lagrange’s equations of motion of a mechanical system:

d oL oL

dtog oq
although more versatile than Newton’s, suffer from two main drawbacks. First of all, Lagrange’s
equations are not in normal form, i.e., the second derivatives {; are not expressed in terms of
(t,q,q). Secondly, they are second-order equations, so that the graph of two solutions q; (t) and
qo(t) —i.e., two system trajectories— can intersect in the extended configuration space R x R"
of the variables (t,q) without violating the existence and uniqueness theorem for systems of or-
dinary differential equations. Both problems can be solved if we are able to express Egs. (3.89) as
a normal system of first-order differential equations. Since Lagrange’s equations are first-order
in the canonical momenta p;, the most natural way to achieve this aim is to use as dependent

(3.89)

variables q = (q1,...,qn) and p := (p1,...,Pn), in terms of which Egs. (3.89) can be rewritten as
dg_. dp_oL, .

The problem is that ¢, which appears in the RHS of these equations, must be expressed as a
function of (t,q, p) using the relation

oL .
= N t: ’ - 91
p aq( q,9) (3.91)
Note that, by the inverse function theorem, for this to be possible (at least locally) we must have
) 2
det(a—”."> - det< oL ) +0. (3.92)
04/ 1<i,j<n 04i0q;/1<i,j<n
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For instance, it can be shown that this condition automatically holds in a natural mechanical
system. Indeed, in such a system we have
0°L
04i04q

=a;j(t,q)

(cf. Section 3.4). Since T > 0 for q # 0 the matrix (a;;(t,q)),<; j<, 1S Positive definite, and
therefore invertible.
As we have just remarked, (3.90) should be more precisely written as

dp

dq oL :
=q(t,q,p), Fri aq(t,q,q(t,q,p)),

dt
where q(t,q,p) is the (vector-valued) function obtained by solving Eq. (3.91) for ¢ in terms of
(t,q,p). In order to recast the latter system in a more symmetric form, it is essential to study
how the Lagrangian L depends on the variables (t,q,q). The differential of L, considered as a
function of the latter variables, is given by

_oL oL aL _oL oL

Taking into account that
pdq=d(pq) —qdp,
from Eq. (3.93) we obtain

d(pc'l—L)=dh=—g—];dt—g—dq+qdp (3.94)
If in the previous formula we consider ¢ as a function of the variables (t, q, p) the energy integral

h becomes a function

H(t,q,p) := h(t,q,q(t,q,p)) (3.95)

of these variables called the system’s Hamiltonian. Since dH = dh is given by the RHS of
Eqg. (3.94), the partial derivatives of H(t,q,p) with respect to the independent variables (t,q, p)
are simply the coefficients of dt, dq and dp in the latter equation, i.e.,

0H 3L  oH 3L  oH

[ 90

It is understood that in the RHS of these equations ¢ must be expressed in terms of (t,q,p) in-
verting Eq. (3.91). From Egs. (3.96) it then follows that Lagrange’s equations of motion (3.90) are
equivalent to the following system of first-order ordinary differential equations in the indepen-
dent variables (q,p):

dq _ oH dp _ _LH
T ap(t,q,p), G (t,q,p). (3.97)

Equations (3.97) are known as Hamilton’s canonical equations.

Remark. In mathematics, the passage from the generalized coordinates and velocities (q,q) to
the canonical variables (q,p), where q and p are related through (3.91), is called a Legendre
transformation. This type of transformation is widely used, among other areas of physics, in
thermodynamics. n

e In order to write Hamilton’s canonical equations of a mechanical system with Lagrangian
L(t,q,q) we can proceed as follows:
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1. Find the canonical momenta

oL ) .
pi=--—(t,949), i=1,...,n.
ai

2. Use the above equations to solve for the generalized velocities g; in terms of the canonical
momenta pj:
4i = qi(t,q,p), t=1,...,1. (3.98)

3. Compute the system’s Hamiltonian
H(t,q,p) =p-q-L
using Egs. (3.98) to express q as a function of the variables (t,q,p).

4. Hamilton’s canonical equations (3.97) can then be written down by computing the partial
derivatives of H with respect to the canonical variables q and p. In fact, the first n

Hamilton’s equations
o0H

~opi’
are actually equations (3.98), so that in practice it is only necessary to find the n remain-
ing equations

adi

S
pi = aqi, =1,...,n.

e Recall that in a natural mechanical system

h=qgé—L:T+V,

and therefore:

The Hamiltonian of a natural mechanical system is the energy T + V expressed in terms of the
variables (t,q,p).

3.6.2 Basic conservation laws

First of all, from Hamilton’s equations it follows that if the Hamiltonian H is independent of a
coordinate g; the corresponding momentum p; is conserved:

a—H—O = ; = const
8d; S

Likewise, if H es independent of the momentum p; its corresponding coordinate g; is conserved:

OH
— =0 = q;=const.

opi

This example illustrates the great symmetry between the generalized coordinates g; and their
associated momenta p;, which is in fact one of the distinctive advantages of the Hamiltonian
formulation of mechanics.

From Hamilton’s equations we also deduce that

AH _OH OH_ OH_ _OH OH OH _OH 0H _oH
at ot " oq1 " 5pP T ot Toq ap  op oq ot
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Hence the Hamiltonian is conserved if it does not depend explicitly on t:

oH
a =0 - H = const.
Note that from the first Eq. (3.96), namely
oH _ oL
ot ot

it follows that H is conserved if and only if L is independent of t. Since H(t,q,p) = h(t,q,q), this
is the conservation of the energy integral deduced in the Lagrangian formalism (cf. Section 3.4).

e Another advantage of the Hamiltonian formulation of mechanics over the Lagrangian one con-
sists in the following fact: if the coordinate q; is cyclic, it is possible to eliminate from Hamilton's
equations the degree of freedom corresponding to this coordinate and its associated momentum
pi, reducing these equations to a system of 2(n — 1) canonical equations.
Indeed, suppose that
oH
oai
so that p;(t) = c for all t. It is then immediate to check that the equations of motion of the
remaining coordinates and momenta are Hamilton’s canonical equations for the Hamiltonian

0,

H|pi:C =H(t;QI;---’Qiflyohurl;---’Qn;pl;---spifl;cxpl#l,---apn),

which depends only on the 2(n — 1) canonical variables (qj, p;) with j # i. Indeed, if j # i we

have
0H 0 0H 0

1i=— =—I(H|,_.), )i = ——— =——I(H|,_.).

4 opjlpi=c 0pj ( |p17c) P 0dj | pi=c 0q; ( ’p17c>
Once these equations are solved, the motion of the cyclic coordinate g; is determined simply by
integrating its corresponding Hamilton equation

_OH
opi

di )
pi=¢

ie.,

ai(t) = Jsilji(tsQI(t),---’Qil(t),Qi+1(t),---1Qn(t),l91(t),---1pil(t),CsPHl(t),---spn(t)) dt.

Example 3.14. Hamiltonian of a particle in Cartesian coordinates.
As we saw in Section 3.2.1, in this case the Lagrangian is given by

L= %mi‘2 -V(t,r),

and the canonical momentum coincides with the linear one:

oL . . p

or m
Since the Lagrangian is natural, the Hamiltonian is the total energy T + V expressed in terms
of (t,r,p):

R _|
H(t,r,p) = 2mr +V(t,r) = 2m+V(t‘,r) .

If H does not depend on the coordinate x; (i.e, if V is independent of x;) the corresponding
momentum p; = mx; is conserved, whereas if H is time-independent (equivalently, if V does
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not depend on t) H itself is conserved. These are nothing but the laws of conservation of the
i-th component of the linear momentum and the total energy that we already knew.

Example 3.15. Hamiltonian of a particle in spherical coordinates.
As we saw in Example 3.7, the Lagrangian of a particle of mass m in spherical coordinates is
given by Eq. (3.62), namely

L= % (72 + 1202 + 12 gin? 0@?) —V(t,r,0,p).

This Lagrangian is clearly natural, so that its corresponding Hamiltonian is simply the total
energy

T+V = % (#2 + 1202 + 12 gin? 0 P2 +V(t,r,0,p),
expressed in terms of the canonical momenta (3.63):

pr = mr, po = mr2o, Py = mr?sin® 0@ .

From these equations we obtain

. _ Pr y_ _Po . Py
r=" 0 prosnel 2 sin2 0 (3.99)
which yields the following expression for the Hamiltonian:
1 p3 Po
— = [p2 4L 0 LI SN
H(t,7,0,@,pr,po.Pp) = 5 - (vr 2 T r2gin? 9) +V(t,7,0,9). (3.100)

Hamilton’s canonical equations are in this case the three equations (3.99), along with the re-
maining three equations for the derivatives of the momenta:

_0H V1 (., Py
" ar  ar mi3 (pg sinze)’
. O0H oV Py cos@
PO="%0 = 90 " mr? sin30’

. oH oV
Pw—_@——@-

As we already knew, from the last of these equations it follows that py (which is equal to the
z component of the angular momentum) is conserved if the potential does not depend on .
Similarly, since

0H oV

ot ot
if V is independent of t the Hamiltonian H, which coincides with the system’s total energy, is
conserved.

Example 3.16. Hamiltonian of a charged particle in an electromagnetic field.
As we saw in Example 3.10, using Cartesian coordinates r = (x1, X2, x3) the Lagrangian can
be taken as

L= %mi‘2 —ed(t,r) + el - A(t,T).
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Hence the canonical momenta are given by
pi = mx; + eA;(t,r), i=1,2,3, (3.101)

and the Hamiltonian is given by
H= %mi‘2 +ed(t,r),

where it is understood that the velocities must be expressed in terms of the canonical mo-
menta. Since

substituting in the formula for H we obtain the expression

H(t,r,p) = ﬁ (p — eA(t,r))° + ed(t,1).

Note that in this formula p does not denote the linear momentum of the particle, but rather the
vector whose three components are the canonical momenta p; given by Eq. (3.101). Hamilton’s
equations are the three equations (3.102), along with

pi=

oH _ —eai(t,r) + £ (p—eA(t,T1)) - oA

Cox; 0xi m aTci(t’r)’ i=1,2,3.

The previous Hamiltonian can also be easily calculated in spherical coordinates. In fact, we
know that the Lagrangian is covariant under coordinate changes, so that in order to obtain the
Lagrangian of a charged particle in spherical coordinates it suffices to express (3.37) in these
coordinates. Since

i A= (e, +r0eg +rsindgey) - (Are, + Ageg + Apeg) = FA, + r0Ag + ¥ sin 0P Ay,

substituting into Eq. (3.37) we obtain

L= %(1’/2 + 7202 + r%sin® 0@?) — ed + e(FA, + T0Ag + ¥ SinOPAy) .

The canonical momenta are now

Pr = MV + eA,, pPo = mrio + erAgp, Py = mr?sin® 0@ + er sin 0Ayp,
so that
f—i( —eAy) ré—i( —erAp) rsin@'—#( —ersinfAgy)
_mpT v/ _mT pQ 0/, (p_mTSIHQ p(p Q-

Substituting in the definition of H we finally obtain
H=7py +0pg+ Ppe — %(1;2 +720% + r2sin® 0?) + ed — e(FAyr + ¥0Ag + 1 sinOPAy)

= % (#2 + 7202 + r2sin® 02) + ed

1
= %[(Pr —eAy)? +

(po —erAg)?  (pp —ersin0Ag)? o
r? " r2sin® 0 Ter
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which can also be expressed as

H-_- (p,,—eAT)2+(’79—eA9)2+< Po__oa )2 +ed. (3.103)
2m v v sin 0 @

Exercise. Write down Hamilton’s canonical equations for the Hamiltonian (3.103).

3.6.3 Poisson brackets

As we have just seen, in the Hamiltonian formalism the equations of motion are first-order in
the variables q (the generalized coordinates of the Lagrangian formalism) and p (their associated
canonical momenta). Thus the motion of the system can be represented by the trajectory of a
single point in the space R2" where the canonical variables (q, p) take values, usually referred to
as the system’s phase space. Note that, by the existence and uniqueness theorem for systems
of first-order ordinary differential equations, there is a unique trajectory (q(t),p(t)) passing
through any point (qg,po) in phase space at a certain initial time t, i.e., verifying the initial
conditions q(tg) = qo, p(to) = pPo. (We are assuming, as we shall implicitly do in what follows,
that the Hamiltonian H (t, q, p) is of class C? in the variables (q, p) for all t.) In other words, the
system’s trajectories in phase space do not intersect.

The rate of change of a smooth function f(t,q, p) (usually called a dynamical variable) as the
canonical variables q and p evolve with time through Hamilton’s canonical equations (3.97) for a
given Hamiltonian H (t, q,p) is given by

of g.+g._af of oH of oH

S =t T aq 9 pP "t " aq ap op oq

This suggests defining the Poisson bracket of two functions f(t,q,p) and g(t,q,p) as the ex-
pression

{f,g}:—ﬂaﬁ_ﬂaﬁzz(ﬁai_ﬁai). (3.104)

~0q0p 0poq 5 \dq; dpi  Opi da;

Using this definition, the previous formula for f can be concisely written as

_ iy (3.105)

=%

in particular, if f does not depend explicitly on time t we obtain the simpler expression

f:{f’H}'

Applying the previous formula to the coordinates (q,p) in phase space we obtain the following
formulation of Hamilton’s canonical equations in terms of the Poisson bracket:

di = 1qi,H}, pi=1{pi,H}, i=1,...,n.

The Poisson brackets of the canonical coordinates and momenta among themselves are particu-
larly simple:

{ai,a;} = {pi,pj} =0, {ai,pj} = dij, Upg) = ooy it (3.106)

where 6;; is Kronecker’s delta.
The following properties of the Poisson bracket follow immediately from its definition:
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1. Antisymmetry: {f,g} = —{g, f}. In particular, {f, f} = 0.

2. Bilinearity: {Af +ug,h} = A{f,h}+u{g,h}, where A, u are constant (or, more generally,
functions only of t). (By antisymmetry, the analogous property holds for the Poisson
bracket {f,Ag + uh}.)

3. Leibniz’s rule: {fg,h} = f{g,h} + {f,h}g (and similarly for {f, gh}).

On the other hand, a long but straightforward calculation shows that the Poisson bracket satisfies
the so called Jacobi identity

{{f, g}, h} +{{g,h}, f} + {{h, f}, g} = 0. (3.107)

From the elementary properties of partial derivatives it easily follows that

i ho = {5+ {52

Using this relation and the Jacobi identity we can derive an important generalization of the latter
result, known as the jacobi-Poisson identity:

Sif.a) =g+ 1.4 (3.108)
Indeed,
gy = 2 ifah+ (hanH) =1 g+ {2 - g ) - i g 0)
18 ol v trmnat+ 1. 2] tpg = [ v ipmng) + 1.2 4 0 m ]
- 1.9} + L.,

where we have used the Jacobi identity in the second equality. An important corollary of the
Jacobi-Poisson identity is the so called Jacobi-Poisson theorem, of fundamental importance for
obtaining first integrals of Hamiltonian systems:

If f(t,q,p) and g(t,q,p) are two first integrals of Hamilton’s canonical equations (3.97), so is
their Poisson bracket {f, g}.

Example 3.17. As we saw in Example 3.14, the Hamiltonian of a particle of mass m in Cartesian
coordinates is given by
2
H=2 v,
2m

wherer = (x1, x2,x3) plays the role of q and p = mir is the linear momentum. We can compute
the Poisson bracket of any two components of the angular momentum

J=1rXp=(x2p3 — X3p2,X3P1 — X1P3,X1P2 — X2P1)

by applying the properties of the Poisson bracket reviewed above and the fundamental brack-
ets (3.106). For instance,

{J1,J2} = {xep3 — x3p2,X3p1 — xX1P3} = {xX2p3, X3p1} — {x2p3, X1p3} — {X3p2,X3P1} + {X3P2,X1P3}
—X2p1 + p2X1 =J3.
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Proceeding in this way we obtain the important relations

{Ji, Jjt = Jk, (i, j, k) = cyclic permutation of (1,2, 3).

Suppose now that any two components of the angular momentum are conserved, for instance
J1 and J>. By the Jacobi-Poisson theorem the remaining component J3 = {J1,J2>} will also be
conserved. In other words, if any two components of the angular moment J are conserved then
J is conserved. Likewise, suppose that the projection of the linear momentum p (which in this
case coincides with the canonical one) along a certain direction n and the angular momentum
are conserved. Choosing the coordinates appropriately, we can assume that p; and J are
conserved. The relation

{p1,J2} = {p1, x3p1 — x1p3} = —{p1, x1P3} = P3

then implies, by the Jacobi-Poisson theorem, that p3 is also conserved. Similarly, from the
Poisson bracket

{p1,J3} = {p1,x1p2 — x2p1} = {p1, x1P2} = —p2

we deduce that p» is conserved. Hence in this case the linear momentum p is conserved.

We have already remarked in the previous subsection that in the Hamiltonian formulation the
canonical variables q and p have identical status. It is therefore reasonable to try to simplify
Hamilton’s equations (3.97) using general changes of variables of the form

d=d(t,qp), P=>p(tqp) (3.109)

involving both coordinates and momenta. The problem is that, in general, such a transformation
maps the system (3.97) into a first-order system that need not be in general of Hamiltonian type,

i.e., of the form
L OH & o0H
= S~ P=—3%
op oq
for a certain function H (t,4,p). The transformation (3.109) is said to be canonical provided
that it maps Hamilton’s equations of any Hamiltonian H(t,q,p) into the canonical equations of

another Hamiltonian H (¢, q, B).

(3.110)

Example 3.18. The transformation
d=p, DP=4q

is canonical, since it transforms Hamilton’s equations of any Hamiltonian H (t, q, p) into those
of the Hamiltonian H(t,q,p) = —H(t,q,p). Indeed,

§_n_ OH _oH o . OoH _oH
q=p= aq_ai\f)i p_q_ap_ aﬁ

The transformation

q=p, f’ =—-q,
is also canonical, with H(t,d,D) = H(t,q,p).

Exercise. Show that the transformation

is not canonical.
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e An important result in Hamiltonian mechanics states that the transformation (3.109) is canon-

ical if and only if the Poisson brackets of the transformed canonical variables q and p verify
{didj} = pipj} =0, {di,Pj} = Adij, L,j=1,...,n,

with A # 0 constant'©. In particular, if A = 1 the variables ¢ and P are said to be canonically

conjugate.

e It can also be shown that it is always possible to find a canonical transformation (3.109) map-
ping Hamilton’s equations (3.97) of any Hamiltonian H(t,q,p) into the canonical equations of
the Hamiltonian H = 0, that is to say, into the trivial system

=0, p=0.

The general solution of the latter system is obviously

with o, Po arbitrary constant vectors. The general solution of the canonical equations of the
original Hamiltonian H (t, q, p) is then obtained inverting the relations

da(t,a,p) =do, P(t,q,p) =Do

to express q and p in terms of t and the 2n constants (o, Po). In fact, this is one of the most
effective methods for solving Hamilton’s equations, using the so-called Hamilton-Jacobi equation
for finding a canonical transformation mapping the original Hamiltonian H into H = 0.

e The fundamental Poisson brackets (3.106) make it possible to establish a formal analogy be-
tween classical and quantum mechanics. Indeed, in quantum mechanics the dynamical variables
dynamic (qj, pj) are replaced (in the so called Schrodinger picture) by the self-adjoint operators

0
=q;, Pj=-ih—|,
Qj =aj J 34,

whose action on a complex valued wave function (probability amplitude) y(q) is given by
L oY
Qjv)(a) =qjp(q), (Pip)(q) = —ih ﬁ(‘”'
J

The fundamental operators (Q;, P;) satisfy commutation relations totally analogous to Eq. (3.106):

0

—,q; | =ih i, (3.111)
a(/lj Ql] ij

[Qi’Qj] = [Piapj] =0, [Qi,Pj] = iT’l[

where the commutator of two operators A, B is defined by
[A,B] = AB - BA.

Any other function f(q,p) is represented in quantum mechanics by a self-adjoint operator
F(Q,P) such that
F(q,p) = f(q,p).

10Usually only canonical transformations with A = 1 (called proper) are considered. This does not entail any real
restriction, since if (3.109) is a canonical transformation with A # 1 the transformation (q,p) — (g, p/A) is another
canonical transformation with A = 1
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This fact is known as Bohr’s correspondence principle. 1t is important to realize in this respect
that, since the product of operators is not commutative in general, the operator F determines
the classical function f but not vice versa. For instance,

F1(Q,P) = PQ2P + F»(Q,P) = % (Q2P? + P2Q?)

(in fact, F; — F» = h?), but nevertheless fi(q,p) = f»(q,p) = q°p?. This fact is not surprising,
since classical mechanics is the limit as # — 0 of quantum mechanics, so the former theory must
be determined by the latter. The converse, however, is not necessarily true, as there may exist
different theories with the same limit as 7 — 0.

The commutator [A, B] of two operators A and B has algebraic properties formally analogous
to those of the Poisson bracket. Indeed, it is obviously antisymmetric and linear in each of its
arguments. In addition, if A, B, and C are three operators then it is immediate to verify that

[AB,C]=AI[B,C]+[A,C]B. (3.112)

This identity is similar to Leibniz’s rule satisfied by the Poisson bracket, with the only difference
that the order in which operators appear in Eq. (3.112) is essential for its validity. Finally, it is
straightforward to show that the commutator also verifies the Jacobi identity

[[A,B],C]1+[[B,C],A] + [[C,A],B] =0,

where the order is again essential. If F(Q,P) and G(Q,P) are two self-adjoint operators de-
pending polynomially on (Q,P) (and not explicitly dependent on h), by repeatedly applying
Eqg. (3.112) we can always express the commutator [F, G] in terms of the canonical commutators
in Eq. (3.111). From Leibniz’s rule satisfied by the Poisson bracket it then follows that the Poisson
bracket {f, g} of the corresponding classical functions f(q,p) = F(q,p), 9(q,p) = G(q,p) will
satisfy the same expression replacing Q; by g, P; by p; and the canonical commutators (3.111)
by the canonical Poisson brackets (3.106) (see next example). It follows that if

[F,G] =ihK,

where K (Q,P) is a polynomial independent of #, the classical Poisson bracket { f, g} will be given
by
{figt =k

with k(q,p) = K(q,p). In other words, the commutator in quantum mechanics determines the
Poisson bracket in classical mechanics through the relation

1
FF.G~ {f.9).

The opposite route (from the Poisson bracket in classical mechanics to the commutator in quan-
tum mechanics) is not well defined in general, since as we have remarked different self-adjoint
operators F(Q,P) can yield the same function f(q,p).

Example 3.19. Consider, for example, the commutator [Q2, P?]. Using repeatedly Eq. (3.112)
we obtain

[Q%, P?]=[Q - Q,P?] =Q[Q,P*] +[Q,P?]1Q = QP[Q,P] + Q[Q,P]IP + P[Q,P]Q + [Q,PIPQ
= 2ih(QP + PQ).

At the classical level, applying repeatedly Leibniz’s rule to the Poisson bracket {g?, p%} we
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arrive at

{a%,p?} = ala,p?} + {a,p*}a = apia,p} +ala,p}p + pia,pta + {a,pira = 2(ap + pq)

which is indeed obtained from [Q?, P2]/(ih) replacing g by Q and P by p.

3.6 Introduction to Hamiltonian mechanics

:4qp’
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4 Motion relative to a non-inertial frame

4.1 Angular velocity of a reference frame with respect to another

We shall study in this chapter the description of the motion of a particle in a non-inertial refer-
ence frame. Consider, to begin with, two reference frames S and S’ with the same origin, and
denote by {e;, ez, e3} and {e},e5,e3} the orthonormal positively oriented frames determining the
axes of S and S’. We shall always assume in this chapter that the frame S’ is inertial, and denote
by O(t) the linear application relating the vectors eg (fixed axes) with the vectors e; (moving
axes):

ei(t) =0(t)e;, i=1,2,3. (4.1)

We shall often identify in what follows the operator O(t) with its matrix in the basis {e;}i 1s
whose columns are the coordinates of the vectors e; (t) with respect to the latter basis. Since O(t)
transforms a positively oriented orthonormal frame into another such frame, this operator is
an element of the special orthogonal group SO(3) of all linear operators M : R3 — R3 (or,
equivalently, 3 x 3 real matrices M) satisfying the the conditions

M™M=MMT =1, detM =1.

A theorem first proved by Euler states that every element M of SO(3) is a rotation around a
certain axis n. The proof of this theorem is as follows. First of all, taking the determinant of
both members of the equality

MI(M-1)=1-M"

and using the elementary identities
detM =detM" =1, det(1 -M")=det((1-M)") = det(l - M)

we obtain
det(M - 1) =det(1 - M) = —dettM—-1) = det(M-1)=0.

Hence A = 1 is an eigenvalue of M. In other words, there exists a nonzero vector n € R3 (which
we can take w.l.o.g. of unit length) such that Mn = n. Let us next show that M is a rotation
around the axis n. Indeed, taking e; = n the matrix M is of the form

ain aiz O
M=lax ax» O],
0 0 1

where A = (a;j)1<i,j<2 is an orthogonal 2 x 2 matrix with unit determinant (recall that the
columns of an orthogonal matrix are unit vectors perpendicular with one another). Since a3, +
a3, = 1, we can take

ajp =cosf, ap; =sino, with 0 € [0,2T).

Similarly,
a2 =cosy, app =siny, with ¢ € [0, 2™m).
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Imposing the orthogonality of the columns of A we obtain
cosOcosy +sin@siny = cos(0 — ) =0.
Hence ¢ = 0 + % (up to an integer multiple of 211), and

cosf@ =Fsinbd O
M=|sin® =*cosO® O
0 0 1

Actually, the solution ¢ = 0 — % is unacceptable, since it implies that detM = —1. Thus ¢ =
0 + 1t/2, and

cos® —sin® O
M=|sin@ cos6® O] =:R3(0)
0 0 1

is indeed a (counterclockwise) rotation of angle € around the axis e; = n.

Exercise. Show that the rotation angle 6 of a matrix M € SO(3) is determined by the equation
1+ 2cos@ = trM, where tr M := 213:1 M;; denotes the trace of the matrix M.

Solution. We have just seen that if M € SO(3) and n (with |n| = 1) is an eigenvector of M of
eigenvalue 1 then M is a rotation around the axis n. To determine the angle of rotation 8, note
that M = UR3(0)U~1, where U is the change of basis matrix from the original basis {e;}f:1 to
the basis with n = e3. Taking the trace of this equality and remembering that tr(AB) = tr(BA)
we obtain

M =tr (UR3(0)U™!) = tr (U UR3(0)) = trR3(0) = 1 + 2cos 6.

Consider again the rotation matrix R3(6) around the axis e3. A direct calculation shows that

0 -1 0
%(0): 1 0 0];
0 00

4

‘e, € R3 is an arbitrary vector we have

d _@ _ 7 ro_ A
dg‘ezoRg(Q)C— 40 (0)c = —cpe| +cre, =e3 xcC.

In general, if R, (0) denotes the matrix implementing a rotation around the axis n by an angle 0
we must accordingly have

hence, if c = Zle c

d _ dRy 3
@‘GZOR“(Q)C =40 (0O)c=nxc.
We can symbolically write
dRp B
40 (0) =nx, 4.2)

with the understanding that both sides are equal when applied to an arbitrary vector ¢ € R3.
Another consequence of the previous result is that, since R,(0) = 1, for 6 small we have

Rn(0)c=c+0nxc+0(0°). (4.3)

For this reason the transformation
c—~c+0nxc

is called an infinitesimal rotation of angle 6 around n.
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Exercise. Show that Rp(0)r = cosOr+ (1 —cosf@)(n-r)n+sinfnxr.

Solution. If r is parallel to n the formula is clearly true. On the other hand, if r is not parallel
to n the vectors n, n X r and r — (n - r)n are mutually orthogonal and nonzero. Moreover, the
last two vectors have the same length [ > 0, since

r—-(m-rnl°=r>-(n-r)°.
It follows that the vectors
1 1
e = T(r— (n-r)n), er = Tnxr, e3=n

make up a positively oriented orthonormal basis. Using this basis and the equation of the
rotation R3(6) we obtain

Rn(0)r = Ry(0)(le; + (m-1)n) = [Ry(0)e; + (n-r)n=1cosOe; +Ilsinfer + (n-r)n

=cosO(r— (n-r)n) +sindnxr+ (n-r)n,

which yields the sought-for formula.

Let now O (t) € SO(3) for all t, and suppose that O is of class C! (i.e., that the matrix elements
of O are continuously differentiable functions of t). We shall next compute the derivative O (t)
at an arbitrary time t. To this end, we differentiate with respect to t the identity

omyon)' =1,

obtaining
0=0M0Mm)T+0M)0NT=0monT+[0m0oM)T]".

Thus
Q) :=0momT

is an antisymmetric 3 x 3 matrix. Since O(t)T = O(t) !, from the previous relation we obtain

0w =emo .| 4.4)

The antisymmetric matrix Q(t) can be written as
0 —w3(t)  wa(t)
Q(t) = | ws3(t) 0 —w1(t)
—w2(t)  wi(l) 0
for appropriate real numbers w;(t). It is then straightforward to check that if ¢ € R3 is any

vector we have
Q(t)c=w(t) xXc,

where w(t) € R3 is the vector with components w;(t). From Eq. (4.4) and the previous identity
(with O(t)c instead of c) we finally deduce that

O(t)c = w(t) x O(t)c, vVt € R. 4.5)

The vector w(t) € R3, which is in general time-dependent, is determined by the relation
w(t)x =Q(t) = o0momT’ =owow,

which can also be written as

w(ty)X = d% O(t)O(ty) L. (4.6)
t=to
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MOTION RELATIVE TO A NON-INERTIAL FRAME

Exercise. Show that the matrix elements Q;; of the antisymmetric matrix 2 and the compo-
nents wy of the vector w are related by
3 1 3
Qij= - D &jwk, Wk = 5 > 5eQij,
k=1 i,j=1

where & is Levi-Civita’s completely antisymmetric tensor defined in Eq. (1.13).

Example 4.1. If O(t) is a rotation around a fixed axis n by a time-dependent angle x(t) we
have
w(t) = &(t)n.

Indeed, from Eq. (4.6) we obtain
O(t) = Ra(x(t)) = O(t)O(to) ™" = Ra(ax(t))Rn(x(to)) " = Rn(x(t) — x(to)),

and thus, by Eq. (4.2),

w(ty)x = d Rn(x(t) — a(to)) = ¢5<(to)i Rn(0) = &(tp)nx = w(ty) = &(to)n.
dt t=to do [ o-o0

Applying Eq. (4.5) to Eq. (4.1), which relates the moving axes unit vectors e;(t) = O(t)e; with
the fixed ones e], we obtain the important formula

€;(t) = w(t) x O(t)e; = w(t) x e;(t), (4.7)

where é;(t) denotes the time derivative of the vector e;(t) with respect to the inertial (fixed)
frame S’. We thus have

e;(t + At) = e;(t) + w(t)At x e;(t) + O(At?).

Comparing with Eq. (4.3) we deduce that to first order in At each vector e;(t + At) is obtained
from e;(t) applying an infinitesimal rotation of angle A0 and axis n(t) such that

AOn(t) = At w(t).

Letting At tend to zero in the previous equation we obtain the relation

w(t) = 0(t)n(t).

In other words:

The direction and the magnitude of the vector w(t) are respectively equal to the instanta-

neous axis of rotation and the magnitude of the instantaneous angular velocity of the moving
3 : : 3

axes {e;};_, with respect to the fixed ones {e’};_;.

For this reason, the vector w(t) is called the instantaneous angular velocity vector (at time t)
of the moving axes {e;};_, with respect to the fixed ones {e;}il.
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4.2 Time derivative in the fixed and moving frames

4.2 Time derivative in the fixed and moving frames

To study the relation between the inertial frame S’ (fixed frame) and its non-inertial counterpart
S (moving frame), we shall analyze in this section how the time derivative of a vector A(t) is
expressed in each of these reference frames. To this end, let us start by expanding A(t) in the
moving frame {ei}le:

3
A(t) = D Ai(t)e;.
i=1
d d .
From now on, to avoid confusion we shall respectively denote by < dt> and < dt> the time

derivatives with respect to the fixed and moving reference frames. Differentiating the previous
equation in the fixed frame and using the latter notation we obtain the identity

3

(%5, = et S (), 49

where we have taken into account that the functions A;(t) are scalars, and therefore their time
derivative is the same in any frame. Using Eq. (4.7), which in the notation just introduced is
written

dei . ]
(E)f — w(t) x e, (4.9)
Eq. (4.8) becomes
dA(D) <= ;i ..
( > >f_§1Al(t)el+w(t)><A(t). (4.10)

dA
On the other hand, in the moving frame the vectors e; are constant, so that (E) is simply
m
given by

Comparing the last two equations we obtain the important relation

(dA(t)) _ (dA(t)
f

i i > + w(t) X A(t). (4.11)

The above expression is valid for any time-dependent vector A(t); in particular, if we apply it to
the instantaneous angular velocity w(t) we obtain

(dﬁit))f - (dﬁit))m = @(D). (4.12)

4.3 Dynamics in a non-inertial reference frame
Consider next the most general situation in which the origin of S is displaced from that of S’
by a time-dependent vector R(t). If r is the position vector of a particle with respect to the

non-inertial frame S, its position vector in the inertial frame S’ will be given by

r =r+R.
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MOTION RELATIVE TO A NON-INERTIAL FRAME

Differentiating this equality with respect to the fixed (inertial) reference frame we obtain

dr’ dr
(dt )f = (E)m+w><r+v, (4.13)
where
dR
vi= (@) (314

is the velocity of the origin of S measured in the inertial frame S’. Denoting by

dr’ dr
e (®) (8,

the velocity of the particle with respect to the fixed and moving frames, we can rewrite Eq. (4.13)
in the more compact form

VE=Vm +WXr+V, (4.16)

Differentiating again this relation in the inertial frame we obtain

dvy dvm . dv
(—)fz(—) +w><vm+ou><r+ou><(vm+ou><r)+(—)f
m

dt de dt
_ dl dvm> .
_<dt>f+<7dt m+2w><vm+ou><(ou><r)+w><r.

Taking into account that
( dvs ) d2r’ ( dvy ) d?r

) = | 3] = a, ) =l35] =am

dt /¢ de2 J; dt /m de2 )
is the particle’s acceleration in the fixed and moving frames, and denoting by

2
A (DY) - (ER
dt /¢ de2 J,

the acceleration of the origin of the moving frame S with respect to the fixed one S’, we finally
obtain the important relation

ar=am +FA+20 XV + WX (W XT)+@XT. 4.17)

From the previous equation it follows that if the particle is acted upon by a force F, as measured
in the inertial frame S’, its equation of motion in the moving frame S will be

mam =F — mA - 2mw X vip — mw X (w Xr) —mw Xr =:F + Fi, . (4.18)

Hence in the moving frame Newton’s second law must be modified by adding to the real force F
the fictitious force

Fin = —mMA —2mMw X vip — mMw X (W XT) —m@ Xr. (4.19)

It is important to note that this fictitious force is an inertial force, since it is proportional to the
particle’s mass m.

The first term in the fictitious force Fj, is simply due to the acceleration of the origin of the
non-inertial frame S with respect to the inertial one S’, and thus vanishes if the latter point
moves with constant velocity relative to S’. The remaining terms in F; are due to the rotation of

148
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W—-=C0@O—E
r
—w XV v

T—»—wxv

Figure 4.1. Centrifugal (left) and Coriolis (right) forces.

the axes of the moving system. While the last term vanishes if the angular velocity w is constant,
the second and the third terms are in general nonzero even when w is constant. The term
—mw X (w X r) is the so called centrifugal force, since it is a vector in the plane determined by
w and r, perpendicular to w and pointing away from the axis determined by the latter vector
(cf. Fig. 4.1). The term —2mw X vy, which depends on the particle’s velocity, is known as the
Coriolis force (see again Fig. 4.1). Note that the centrifugal force is of second order in w, while
the Coriolis force is of first order. It is therefore to be expected that the former force should be
negligible compared to the latter for small angular velocities |w]|.

From the previous remarks it is also clear that the fictitious force F; vanishes identically if and

only if
d°R
(), ==

for all t. By Eq. (4.5), the vanishing of w(t) for all t is equivalent to the condition that the rotation
matrix O(t) be constant. From the discussion of Section 1.3.4 on Galileo’s relativity principle, this
is the same as saying that S is also an inertial frame. In other words, the only reference frames
in which inertial forces are absent are the inertial ones.

4.4 Motion of a particle relative to the rotating Earth

We shall apply in this section the equation of motion (4.18) obtained above to study the dynamics
of a particle moving near Earth’s surface. We shall neglect Earth’s motion around the Sun, and
assume that Earth rotates around its north-south axis in the west-east direction with constant
angular velocity of magnitude!

w = 21t rad _ 2mrad
1 sidereal day = 86164.1 s

~7.29212-107° rads~!.

Let us choose a (moving) frame of terrestrial axes in the manner indicated in Fig. 4.2. More
precisely, the origin O of the terrestrial frame S is a point on Earth’s surface with latitude A
and longitude @, the vector e3 (z axis) is directed along the vector R joining Earth’s center with
the point O, the vector e; (x axis) is tangent to the meridian passing through O (in a southerly

1By definition, a sidereal day is the time taken by Earth to perform a complete rotation around its axis, while a
solar day (equal to 24 hours) is the interval between two consecutive transits of the Sun across the meridian of any
point on Earth’s surface. Due to Earth’s rotation around the Sun, the sidereal day is about 4 minutes shorter than
the solar day.
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4

X

Figure 4.2. Terrestrial axes at a point O on Earth’s surface.

direction), and the vector e> (y axis) is then tangent to the parallel passing through O (in an
easterly direction). In other words:

The x axis is directed towards the south, the y axis towards the east, and the z axis along the
vertical.

As fixed axes we shall take a frame with origin O’ located at Earth’s center such that the vector
e; is directed along the South Pole-North Pole axis. Hence Earth’s angular velocity is given by

w = wej.

Note that the vectors e; of the moving (terrestrial) frame are respectively the unit vectors eg, e,
and e, of the spherical coordinate system at the point r, with 6 = g — A. Using Egs. (1.4) we thus
obtain

e; = sinAcos pe] + sinAsinpe, — cosAe;,
e; = —sinpe] + cospe,,

e3 = cosAcos@e; + cosAsinpe) + sinAe;.

From the previous equations (or simply from Fig. 4.2) it follows that in the terrestrial frame
Earth’s angular velocity is given by

w = w(—cosAe; + sinAe3). (4.20)

Let us next write down the equations of motion (4.18) relative to the terrestrial frame for a
particle of mass m moving in the vicinity of the point O. We shall assume, for the time being,
that the only force acting on the particle is Earth’s gravitational attraction mgg, where

GM ,
r'3

g0 = —

M is Earth’s mass and r’ = R +r is the particle’s position vector relative to the fixed frame. If the
particle remains close enough to the point O on Earth’s surface we can replace the vector r’ by

R, and thus take
GM GM

gO:_R3 R:_R2 €3 = —goes

150



4.4 Motion of a particle relative to the rotating Earth

with

GM _
9o = g7 = 9.80665 ms 2

is the acceleration due to gravity (also called standard gravity) on Earth’s surface. In the rest of
this chapter we shall write, for simplicity,

Vm:i‘, am:i:.

The particle’s equations of motion in the terrestrial frame are therefore
Fr=gp-A-2wXTI—-wX (wXr).

This expression can be simplified taking into account that in this case
dR dR
V= (—) = (—) +wXxXR=wXxR,
dt /¢ dt /m
since R = Re3 is constant in the terrestrial frame. Differentiating with respect to t (and taking
into account that w is constant) we obtain

A:(d—v) =wXV=wx(wxR).
dt /¢

Thus the particle’s equations of motion reduce to

Fr=g-2wXr—-wx (wxr), (4.21a)

where the vector

g:=80 —wX (wxR), (4.21b)

which is constant in the terrestrial frame, is known as the effective gravity at the point O (i.e.,
the acceleration relative to the terrestrial frame experienced by a particle instantaneously at rest
at the point O on Earth’s surface). Obviously, if apart from gravity an additional force F is exerted
on the particle its equation of motion is

'f=%+g—2w><1'~—w><(w><r). (4.22)

Exercise. Show that at a point of latitude A the plumb line deviates from the vertical by an angle
0 (A) given by

w?R sinA cos A
go — W2Rcos2 A’

tanod(A) = (4.23)

Find the latitude A for which 6(A) is maximum and the maximum value of §(A).
Solution. By definition, the plumb line is the direction determined by a string from which a
mass hangs at rest, i.e., the direction opposite to the string’s tension T at equilibrium. To
find this direction, it is enough to note that the equation of motion of the mass is obtained
substituting F = T in Eq. (4.22), that is

. . T

r=g-2W0Xr-wx (wxr)+ —.

m

Since the mass is at rest I = ¥ = 0, and thus

T
%——g+w><(w><r)_—g, (4.24)
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O(A)

g
Figure 4.3. Effective gravity g (in the Northern Hemisphere).

where we have neglected the term w X (w X r) taking into account that

2

lw X (W XT1)] < W?r < |wx (wXxR)| = w?RcosA

except near the Poles (A = +1t/2). From Eq. (4.24) it follows that the direction of the plumb line
is approximately that of the effective gravity g. Taking into account that gy = —gpes and

wx (wxR) = (w-R)w — w?R = w?RsinA(— cosAe; + sinAe3) — w2Re;
= —w?R cosA(sinAe; + cos Aes)
we obtain
c 2 . w?R —3
g=90 (ysm?\cos)\el —(1—-ycos )\)e3> , with y:= 7 ~3.458 - 107°.
0

The vector g has a component

w?R

> sin 2A

g1 = YgosinAcosA =

in the direction of the basis vector e; (cf. Fig. 4.3). Therefore g deviates from the vertical (i.e.,
the direction of the z axis) to the south in the Northern Hemisphere (A > 0) and to the north
in the Southern one (A < 0). The tangent of the angle 6(A) between the vector g is given by

g1 ysinAcosA y sin 2A
g3l  1-ycos?2A |2—y—ycos2A |

tano(A) =

which coincides with Eq. (4.23) by the definition of y. Differentiating the previous expression
we obtain
1 d _(2—y—ycosZA)cosZA—ysinZZA_ (2—y)cos2A -y

L a A) = = :
2y dx @no) (2= y — y oS 2A)2 (2 — y — y cos2A)2

Thus the angle 6 (A) will be maximum (in absolute value) when

%
2-y

COS2A = , (4.25)
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4.4 Motion of a particle relative to the rotating Earth

and its maximum value dmax verifies

}/2
y\ll - @-y? ysgna ysgna

tan dmax = SgN A = = ~1.732-1073 sgna,

2
2-y-#5 Je-y?-y? [Ty

Omax =~ 5.955" sgnA.

or equivalently

Since y is of the order of 1073, it follows from Eq. (4.25) that the latitude Amax for which §(A)
is maximum can be expressed as Amax = i(% — &), with € > 0 small. The value of € can be
approximately computed expanding cos 2Anax to first order in &:

%
2-y

|

12

COS 2Amax = COS(; - 25) =gin2e =~ 2¢e =

~ 8.646 - 10~ rad = 2.972.

b

& =

=

The equation of motion (4.21) is exact. In fact, the latter equation is a system of (inhomoge-
neous) linear second-order ordinary differential equations with constant coefficients in the com-
ponents of the vector r. As shown in the course of Mathematical Methods I, this type of systems
can in principle be exactly solved, for instance, by transforming them into a first-order system
in (r,1) and using the matrix exponential. In practice, it is preferable to first simplify Eq. (4.21)
taking into account the different orders of magnitude of its terms. More precisely, the second
term of (4.21b) is at most of order y ~ 1073 with respect to the first one, while the last term
of (4.21a) is at most of order y»/R with respect to the first. Thus, if ¥ < R the equation of
motion can be approximated by

F=go— 2w XF. (4.26)

Integrating once with respect to t we obtain
I=got-2wXxr+c,

where c is a constant vector in the terrestrial frame. Although this system can again be exactly
solved (it is an inhomogeneous linear system of first-order ordinary differential equations with
constant coefficients), it is more convenient in practice to take advantage of the fact that for
small speeds |i| the first term of the RHS of Eq. (4.26) is much larger than the second one, since

90 . 134483 -10° ms™!.
w

This fact makes it possible to obtain an approximate solution of Eq. (4.26), considered as the
first-order equation in the velocity

) (4.27)

’\'fzgo—wav

by expanding v in powers of w:

V() = vi(t) + wva(t) + 0 (w?),

with v » independent of w and
v(0):=vg = v1(0) =vg, v2(0)=0.
Substituting into Eq. (4.27) we have

Vi + WV = go — 2w X Vi + O(w?),

153



MOTION RELATIVE TO A NON-INERTIAL FRAME

whence, equating to zero the terms O(1) and O(w) in both sides of the latter expression we
obtain
Vi =80, Wwvy = —2W X V] .

Solving for v, in the first of these equations and substituting the result into the second one we
have

. v2(0)=0
Vi = got + Vo, WVo = —2W X Vo —2tw X gy =  WVs = —2tw X vy — t2w X g .

Hence
V= V] 4+ WV2 = Vo + 8ot — 2tw X v — 2w X g,

and integrating with respect of t we finally obtain

2 3
I‘:I‘()+V0t+g0%—t2wXV0—%ngo. (4.28)

Exercise. A particle is thrown vertically from a point on Earth’s surface with latitude A until it
reaches a height h. Show that the particle lands at a point (4/3)+/8h3/gg w cos A west of the
starting point. (Consider only small heights h and neglect air resistance.)

Solution. We have
ro=0, vop=vpes = —w XVy=wvp(cosAe; —sinAe3) x ez = —wvyCcosAer

and
—w X 8o = wgocosAey.

From Eq. (4.28) with the previous values of ry and vo we (approximately) obtain

r = vot e —%t263 + (—wvocosAt2 + ngol'SCOSA)EQ.
Hence the law of motion is
t
x =0, y=wvocosAt2(gL—l), z=vot — 9042,
3’U0 2

The particle lands at the time ty > 0 for which z = 0, namely

_2u

to .
9o

The value of the y coordinate at this time is thus

3
v (tg) = _4 (méo cosA <0.
3 g5

We thus see that the particle deviates to the west, both in the northern and in the southern
hemisphere, with maximum deviation at the equator (A = 0). In order to express the deviation
v (tp) in terms of the maximum height h, it suffices to note that this height is reached when
z=0: ,

v
z=h=-2

Vo
Yo _ _
90 290

zZ=1v9—-got=0 = t=
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4.5 Foucault’s pendulum

4w 4 8h3
to) = ——— (2goh)3/?cosA =| —= wcosA [ — |.

h=100m, A=40°25 (Madrid’slatitude) = 1y (tp) = —6.686 cm.

Hence

For instance,

Exercise. Redo the previous problem assuming that the particle is dropped from a height h
over the vertical.

Solution. In this case
ro = hes, vo =0,

and substituting into Eq. (4.28) we obtain

x =0, y=Mt3cosA, z=h—@t2.
3 2
The particle lands when
2h
to = )
0 9o

and its deviation in the 7y direction is thus

w [8h3
y(ty) = 3 Ccos A g—

Since y(tg) = 0, the particles deviates eastwards in both hemispheres.

4.5 Foucault’s pendulum

In 1851 J.B.L. Foucault experimentally demonstrated Earth’s rotation using the pendulum that
nowadays bears his name, schematically represented in Fig. 4.4.

Since we are only interested in studying the small oscillations, we shall assume that the pendu-
lum’s length [ is very large compared to the coordinates x, v, z of its bob. The total force acting
on the pendulum’s bob is thus

F=mgo+T,

where the tension T of the pendulum’s string is given by

le3 —r ( r)
T=T-8"C _71(es-T).
les — 1| ST

With this approximation the equation of motion reads

r= +£(e —E>—2w><f

where

e1 e es3
wXtF=w|—-cosA 0 sinA|=w|[-ysinAe; + (xsinA + zcosA)e, — ycosAes],
x v oz
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>

-
X
Figure 4.4. Foucault’s pendulum.
and thus
X = —% + 2wy sinA
5= —%—2w(9’csin)\+z’cos)\) (4.29)
. T z .
Z=—-go+ %(1 - T) + 2wy coSA.

Note that z < ,/x2 + 2, since calling 0 the angle between the pendulum and the vertical we

have
2

\Jx2+y2=1sin0 ~ 10, z=l(1—cos@):%.

We can thus neglect in Egs. (4.29) the quantities z, Z and Z compared to x, y and their derivatives.
In particular, from the last equation we obtain

T .
— ~go-2 A=
90 = 2wY cosA = go,

since go/w is of the order of 10> ms~!. Substituting into the first two equations (4.29) and
dropping the term proportional to Z we finally obtain the following system for the coordinates

(x,¥):

X+ o®x = 2wy sinA
(4.30)

Y+ &’y = —2wx sinA,

where

9o
l

is the pendulum’s natural frequency.
The latter equations are easily solved introducing the complex variable

u=x+iy,

in terms of which they adopt the simple form

i+ 2iQu+Pu=0, with Q := wsinA. (4.31)
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4.5 Foucault’s pendulum

This is a linear homogeneous second-order ordinary differential equation with constant coeffi-
cients, whose characteristic polynomial

p(s) = s> +2iQs + &
possesses the two pure imaginary roots
S+ = —iQ +iVQ?2 + «2.
For all practical purposes, we can neglect the term Q2 in the radical compared to &2, since?

Q* - w?l l
«2  go  1.84422-109m’

We thus have
S+~ -1 +ix,

and the general solution of Eq. (4.31) is therefore given by

u=e 0t (clei“t + cze‘i"‘t) : (4.32)

where the constants ¢y, c2 are in general complex.
Let us find, for instance, the solution of Egs. (4.30) with the initial conditions

x(0) =x0>0, »(0)=0, x(0)=y(0)=0, (4.33)

i.e., when the pendulum’s bob is initially at rest in the Oxz plane at a distance xg from the
vertical. If Earth did not rotate around its north-south axis, i.e., if w = 0, the solution of the
equations of motion (4.30) with the initial conditions (4.33) would be

X = xgcos(at), vy =0.

In other words, the pendulum would oscillate with frequency « and amplitude x¢ around the
vertical in the Oxz plane. On the other hand, when w > 0 the solution (4.32) verifying the initial
conditions (4.33) is easily found taking into account that

u(0) = x(0) +iy(0) = xo, u(0) = x(0) +iy(0) =0. (4.34)
We thus have
C1 +C2 = Xo,
ix(c1 —c2) —iQ(c1 +¢2) =ix(c1 —¢c2) —1Qx90=0 = <1 —cC2 = &xo ~0,

whose approximate solution is

1
C1 =C2=§X0.

Thus the sought-for solution of Eq. (4.31) is approximately

‘u = xpe 2 cos(at) |.

The complex number e ! js the point on the unit circle making an angle —Qt with the real (x)

2 2
S. = —iQ +ix 1+Q—,:i¢x<i1—9+0(9—,)>,
V o? o «?

so that the term discarded is of order O (Q/x) compared to the smallest term retained (—i(2).

2More precisely, we have
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Figure 4.5. Rotation of the plane of Foucault’s pendulum (shaded gray).

axis, obtained rotating the unit coordinate vector e; by an angle —Qt around the z axis. Since
Xo cos(axt) is real, the previous equation can be rewritten in real terms as

(x,¥) = xpcos(axt)n(t), with ’n(t) = R3(—Qt)ey ‘

From this equation it follows that at each instant t the pendulum’s plane, determined by the
vectors e3 and n(t), makes an angle —Qt with the Oxz plane. The pendulum’s motion can thus
be viewed as the composition of two periodic motions, namely a “fast” oscillation with period
21t/ in the plane determined by the vectors e3 and n(t) and a “slow” rotation of the latter plane
around the z axis with period 21t/Q > 27t/ (cf. Fig. 4.5). In particular:

In the Northern Hemisphere the pendulum’s plane rotates clockwise, i.e., in the east-south di-
rection (since = —Q = —wsinA < 0), with angular velocity Q = w sinA. In the Southern
Hemisphere the rotation of the pendulum’s plane is counterclockwise (since sin A < 0), and in
the equator (A = 0) no such rotation occurs.

Note that in each period 271t/ of the pendulum (time in which cos(xt) performs a complete
oscillation) the angle between the pendulum’s plane and the Oxz plane increases by —2mQ/«,
which as noted before is a very small quantity. The period of the rotation of the pendulum’s
plane is given by

T = 2 = 2m csc A = csc A sidereal days.
Q w

For instance, at a latitude of 30° the period is 2 sidereal days, while in Madrid (A = 40° 25') it
is 1.5424 sidereal days. Note, finally, that (with the approximations made) the motion of the
pendulum’s bob is not exactly periodic unless the ratio «/Q is a rational number (cf. Fig. 4.6).
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4.5 Foucault’s pendulum

Y/%o

5 X/%0

Figure 4.6. Projection onto the Oxy plane of the trajectory of the pendulum’s bob for &/Q = 5.
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5 Rigid body motion

5.1 Degrees of freedom

A rigid body is a system of particles of mass my (x = 1,...,N) in which the distance |ry — rg|
between any two particles is constant. In other words, a rigid body is a mechanical system of
N particles subject to the N(N — 1)/2 time-independent holonomic constraints (not all of them
independent!)

(ro —rB)2 = liﬁ = const., l1<a<B<N. (5.1)

e We shall assume in what follows that Newton'’s third law holds in its strongest version, i.e., that

the constraint force Fyg exerted by particle B on particle « satisfies

’F(Xﬁ = —Fga ll T —1p.

It is easy to see that if this is the case the constraints (5.1) are ideal, i.e., that the principle of vir-
tual work holds. Indeed, the work done by the constraint forces in an infinitesimal displacement
dry (x = 1,...,N) of the system’s particles is given by!

1 1
Z Fop - dry = > z (Fap - dry + Fgu - dI‘B) = > Z Fup - (dry — dI‘B). (5.2)
o#B o#B o+

On the other hand, differentiating the constraint equation we obtain
(rq —1pg) - (dro — drg) =0, l1<ax<B<N,
whence it follows (since F g is parallel to the vector ry — rg) that
Fyp - (dry —drg) =0, l1<a<B<N.

We thus see that all the terms in the last sum in Eq. (5.2) vanish identically, and as a consequence
the total work done by the constraint forces is indeed zero.

» We shall say that a rigid body is generic if it contains three non-collinear particles?.

In a generic rigid body it is always possible to construct a set of moving axes, the so-called
body axes, with respect to which all of the body’s particles are fixed, i.e., at rest.

In other words, the position vectors ry (1 < < N) of all the particles making up the body are
constant in the frame of body axes.

Proof. Let P,Q, R be three non-collinear points in the rigid body. A set of body axes is obtained,
for example, taking as origin the point P, the x axis in the direction of the vector 136, the y
axis in the direction of the line in the plane PQR perpendicular to P_Q> oriented so that the y
coordinate of the point R is (say) positive, and the z axis in the direction of P—Q> x PR. Indeed, in

'In what follow, sums over Greek indices «, B, y, ... will implicitly run from 1 to N, while Latin ones i, j, k, ...
will take the values 1, 2, 3.

%It is easy to show that if three points of a rigid body are collinear at some instant they must remain collinear
at any other time.
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this frame the points P, Q, and R are fixed by construction (exercise). We shall next show that the
coordinates (x, y, z) of any other point S in the body relative to this frame are constant. To this
end, let (a,0,0) and (b, c,0) denote the coordinates of Q and R in the frame just constructed
(where a, ¢ > 0 by construction). If 71, ¥» and r3 are the (fixed) distances of S to the points P, Q,R
we have

+22=72, (x-b)?*+(y-0?+22=7r2. (53)

Subtracting the second equation from the first we obtain

2 2
i —n

2a

a
2ax=1’12—722+a2 = x=§+ ,

so that the x coordinate is constant. Likewise, subtracting the third equation from the second
one we deduce that

c 1 2 2 12 2
y=§+§[2(a—b)x+r2 -7r{+b°—a)]
is also constant. Finally, from the above and any of the three equations (5.3) it follows that z?2 is
constant, which implies (by continuity) that z is also constant. [ ]

e Obviously, there is an infinite number of body axes, obtained from the frame we have just
constructed by translating the origin to any point fixed in the body and applying a constant
rotation to the axes.

More precisely, we shall say that a point is fixed in the body if its coordinates are constant
(i.e., time-independent) in a frame of body axes. Such a point is, for instance, the body’s center
of mass. Indeed, let O and gespectively denote the origin of the frame of body axes and of the
inertial frame, and let a = OO’. The position vector of the body’s CM in the inertial frame is by
definition the vector

oc-L > mar,
M — oy
where M = >, m is the body’s total mass and r/, is the position vector of the «-th particle
relative to the inertial frame. Moreover, if r and r’ respectively denote the position vectors of a
point in space in the frame of body axes and in the inertial frame we have

r=a+r.

In particular, the position vector of the body’s CM in the frame of body axes is given by

OC=a+ Al/[%m(xrix =a+1\14%:m(x(r,x—a) =a+ A{I%mara— %%m(x = Al/[%:m(xr(x,
where r, denotes the position vector of the «-th particle in the latter frame. Since the compo-
nents of the position vectors ry are by construction constant in the frame of body axes, so are
the coordinates of the CM in this frame. Note, finally, that from the previous argument it also
follows that the position vector of the CM in the frame of body axes is still given by the usual
formula (1/M) > 4 M.

A generic rigid body has 6 degrees of freedom.

Indeed, in order to determine the coordinates of any particle in the rigid body at an arbitrary
time t, given its coordinates at the initial instant tg, it suffices to know the position of the
origin P of a set of body axes {ei}il together with the rotation matrix O(t) relating these axes
to those of an inertial (fixed) reference frame {e’}? ; (cf. Eq. (4.1)). Indeed, all the vectors rq
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5.2 Angular momentum and Kinetic energy

are known at t = ty, and since they are constant the coordinates 1, (t) of the position vector of
particle « in the fixed frame at an arbitrary time ¢ can be computed through the formula3

r,(t) = 0'P + O(D)rq.

The vector 5713 (i.e., the position of the point P) is determined by three parameters (for instance,
its Cartesian coordinates), while the matrix O(t) € SO(3) can be specified by another three
independent parameters (for example, the two spherical coordinates of the rotation axis n and
the rotation angle 6 € [0, 1t]). (In practice, the most widespread way of determining the rotation
matrix O (t) is through three angles, the so-called Euler angles).

Exercise. How many degrees of freedom has a rotor (rigid body all of whose particles are
collinear)?

The above considerations also apply to the continuous version of a rigid body, which consists
of a continuous mass distribution of density p(r) over a volume Q c R3 whose shape does not
change with time. In other words, the location and shape of the body at any instant t is obtained
applying a rigid motion (overall translation followed by a rotation, or vice versa) to the set Q.
More precisely, at any instant ¢ the mass distribution is concentrated on the set Q(t) ¢ R3 given
by

Q) =0(()Q + X(t),

for some vector X(t) € R3 and rotation matrix O(t) € SO(3) about a fixed point in the body (for
instance, its center of mass). The state of the system is thus completely determined by the three
components of the vector X(t) together with the three parameters needed to specify the rotation
matrix O(t). As in the discrete case, this implies that a continuous rigid body has 6 degrees of
freedom. Of course, we can also have continuous bodies whose mass density is concentrated on
a surface, or even a curve, in R3. Note, finally, that the center of mass of a continuous rigid body
is naturally defined by

_ 1 3
R = i sz(r)rd r,

where

_ 3
M—Jgp(r)dr

is the body’s total mass. In particular, if the mass density p is constant then

1
R=— d’r,
VLzr r

where V is the body’s volume. Similar considerations apply to a continuous rigid body whose
mass is distributed over a surface or on a curve in R3, replacing the volume element by the
surface or line element and the volume density by the surface or line density.

5.2 Angular momentum and kinetic energy

We shall next compute the angular momentum of the rigid body with respect to an inertial frame,
which we shall often call for short (as in the previous chapter) the fixed (or space) frame.

3In the formula that follows r, denotes the vector whose components are the coordinates of the position of
particle « in the body frame. As explained in Chapter 1.3.3, to obtain the coordinates of the same vector in the
fixed frame we have to multiply r by the rotation matrix O(t).
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From now on, unless otherwise stated we shall take the rigid body’s center of mass as the origin
of the set of body axes.

Let us denote, as usual, by R(t) the vector joining the origin O’ of the fixed frame with the center
of mass O (i.e., the origin of the set of body axes). If ry and r,, are respectively the position
vectors of the «-th particle with respect to the body axes (which plays the role of the moving
frame in the last chapter) and the fixed ones we have

!
ry =R+ry.

In this case 1y = 0, since the particles which make up the rigid body are at rest with respect to
the set of body axes. Hence Eq. (4.16) reduces to

Ve =V+wXry, (5.4)

where w denotes the instantaneous angular velocity of the set of body axes with respect to the
fixed ones and
, dr, ) ( dR)
= Vi=|—] .
Vo ( dt Je’ dt /¢

e By Eq. (5.4), the infinitesimal change of the position vector of particle & from a time t to a time
t + dt is given by

drl, = v dt =Vdt + wdt xry = dR + wdt Xry.

Hence:

The instantaneous motion of the body, as seen from the fixed reference frame, can be viewed
as an infinitesimal translation followed by an infinitesimal rotation around the axis parallel to
w passing through the CM by an angle w(t) dt.

The latter assertion can also be proved directly taking into account that the rate of change of the
position vector with respect to the CM of any particle «, as measured in the fixed frame, is given
by

d .
(%)f =Ty + () Xy =w(t) XTy. (5.5)

Hence from the point of view of the fixed frame the position vectors of all particles in the rigid
body relative to the CM rotate instantaneously with the same angular velocity w(t) around an
axis parallel to the vector w(t)/w(t) passing through the CM.

The rigid body’s linear momentum with respect to the inertial frame is given by

P=Zmo(v&:2maV+wamo(ra=MV, (5.6)
X X X

where
M = Z mo(
6.4

is the body’s total mass and we have used the identity

> mara =0 (5.7)

(since the LHS is proportional to the position vector of the CM with respect to the CM itself). As
expected, Eq. (5.6) coincides with Eq. (1.79) in Chapter 1.
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5.2 Angular momentum and Kinetic energy

Let us next find the rigid body’s angular momentum with respect to the origin O’ of the set of
fixed axes (as measured in the latter frame), defined by

L:Zmarixxv&.
04

Using Eq. (5.4) for v}, and the identity (5.7) we easily obtain

L=> ma(R+1q) X (V+wXry) =MR><V+R><(w><Zmara) +(Zmara) XV
6.4 6.4 (6.4

+ D Mala X (WX Ty) = MRXV+ D> mara X (W0 XTy) |. (5.8)
(04 (64

Note that this expression is nothing but Eq. (1.84) from Chapter 1, on account of Eq. (5.5). The
first term in Eq. (5.8) is simply the angular momentum of a particle located at the CM with
mass equal to the body’s total mass. To interpret the second term, note first that the angular
momentum of the rigid body with respect to any point P, as measured in the fixed frame S’, is
by definition
Lp:= Zma(r& — (ﬁ) X Vi,
(64

where r, —O'P is the position vector of the «-th particle with respect to the point P. In particular,
taking P as the CM we have

Lo = D Mala X Vg = > Maa X (W0 X Ta), (5.9)
X X

where we have used again Eq. (5.4) for v, and the identity (5.7). By Eq. (5.8) we then have

L=MRXV+LcuM. (5.10)

It is important to note that, although Lcy is the rigid body’s angular momentum with respect
to the CM, it is computed in the space frame S’, since the particle’s velocities v/, in Eq. (5.9) are
measured in the latter frame.

Proceeding in the same way we can compute the body’s kinetic energy (with respect to the
inertial frame)

Tzéz:mavﬁxz.

(64

Indeed, using again Eq. (5.4) for v, and the identity (5.7) we obtain the expression

1 1 1
T= 5 SmalV+wxra)’ = 5 MV + 5 Sima(wxra)”, 61D
44

04

which again coincides with Eq. (1.88) of Chapter 1 on account of Eq. (5.5). We thus have

1 1
T=3 MV +Tor,  Thot= 5 > ma(wxra)’, (5.12)
(6.4
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where the first term in T is the CM’s translational energy while the second one is the body’s ro-
tational energy around its CM, since

1 > 1 dry \°
3 Smalwxra)’ = 5 Sma ()

X (04 f

Using the identities
ax(xc)=(a-c)b-(a-b)c, (axb)?2 =a’b? - (a-h)?

Egs. (5.10) and (5.12) can be recast in the alternative form

Lem = 0 Ma[r2w — (@ - 1)Ta],  Trot = %Zma[wzrﬁ —(w-10)?], (5.13)

(04

whence it follows the important identity

1
Trot = 2 w - Loy . (5.14)

Note that in all of the previous formulas the vectors Lcy and w, and hence the rotational energy
Trot, are in general functions of time.

5.3 Inertia tensor

5.3.1 Definition and elementary properties

The expressions obtained in the previous section for the angular momentum with respect to the
CM and the rotational energy of a rigid body can be greatly simplified with the help of the so-
called inertia tensor. Since the rotational energy is expressed in terms of Lcy through Eq. (5.14),
we can restrict ourselves to the angular momentum. The key observation is that Eq. (5.13) clearly
indicates that, although in general Lcy is not parallel to the angular velocity w, it is a linear
function thereof. In other words, we can write

Ley = lw, (5.15)

where I : R3 — R3 is a linear map, which can be represented by a 3 x 3 matrix whose entries
we shall now compute. To this end it suffices to note that, if x4; (i = 1,2, 3) denotes the i-th
component of the vector ry, the i-th component of Ly (in the same basis) is given by

Lomi = Wi Y. MalE = > MaXai D WjXaj = Wi Y. Mk — > Wj > MaXaiXaj

x « j o< F x
Z W ;0ij 2 Mt — Z W Zm(xx(xix(xj = z w; Z ma(5ij1f§ - XaiXaj) -
J & J & j «
We thus have
Lewyi = 2 Lijwj, (5.16a)
J
where the matrix element I;; is given by
Tij = > mal051a — Xoaiag).- (5.16b)
(0.4
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5.3 Inertia tensor

The linear map I with matrix elements given by Eq. (5.16b) is known as the rigid body’s inertia
tensor?. It is important to note that, although both Lcy and w in general depend on t, the matrix
elements (5.16b) of the inertia tensor are constant, since the Cartesian coordinates x; (i = 1, 2, 3)
of the body’s particles in a frame of body axes do not depend on time. In other words:

The inertia tensor is a constant matrix characteristic of the rigid body, depending only on the
initial choice of the body axes.

e From Eq. (5.16b) it immediately follows that the inertia tensor is symmetric:

Lij =1, i,j=123.

The diagonal matrix elements of the inertia tensor are given by

Lii = > ma(xij+x5), =123,
0.4

with (i, j, k) different from each other. In other words,

i’

Ij; = Zmadz (5.17)
64

where d; is the distance of the «-th particular to the i-th axis. Hence the matrix element I;; is
the so-called moment of inertia of the body with respect to the axis e;. Likewise, the off-diagonal
matrix elements of I

N

Iij:_zmtxxtxixaj, 1 i#j<3,

(04

are the negatives of the body’s products of inertia. For a continuous rigid body £ with mass
density p(r), the latter expressions must be replaced by their obvious continuous analogues

i = | p@ (Giyr? - xix)) dr, 0,7 =123, (5.18)

or, in more detail,
Lii :J p(r) (xf +x2) d’r, i=1,2,3,
Q

(with (i, j, k) different from each other) and
Iij:—J p(r)xix;jdr, 1<i+j<3.
Q

Analogous expressions are obtained for continuous body whose mass is distributed on a surface
or along a curve replacing the volume element d3r with the surface element dS or the line element
ds.

e From the identity (5.14) it follows that the body’s rotational energy can be expressed in terms
of its angular velocity w and the inertia tensor I through the formula

Tro[ = %w " (IUJ) . (5-19)

4The name “tensor” is due to the fact that in general a linear map is a tensor with one covariant and one
contravariant indices. Note, however, that in orthogonal Cartesian coordinates there is no distinction between
covariant and contravariant indices.
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Note also that the previous expression can be written using the usual matrix notation as

Trot = %wTI w, (5.20)

w1
if we interpret w as the column vector (w;) and | (sans serif I) denotes the real 3 x 3 matrix

w3

with elements I;;. In other words, Ty is a quadratic form in the components of w, whose matrix
elements are the matrix elements (5.16b) of the inertia tensor. Since Tyot = O for all w, this
quadratic form —or, equivalently, the inertia tensor I— is positive semi-definite. In fact:

The inertia tensor is positive definite if and only if the body is generic.

Indeed, if I were not positive definite, by Eq. (5.12) there would exist a nonzero vector w such
that

2Tr0t = Zm(x(w X ro()z = 0-
6.4
Since all the terms in the sum are nonnegative, the latter equality is only possible if w X ry
vanishes for all @ = 1,...,N, i.e., if all the particles lie on the line parallel to w passing through
the CM.

e From Eq. (5.19) it follows that a rigid body’s rotational energy can also be expressed as

2

1
Trotsz nIn,

2

where n = w/w is the direction of instantaneous axis of rotation of the body axes. Since I;; =
e; - Ie;, by Eq. (5.17) we can also write

n-/n= Zmo(do((n)Z =: IIll
(0.4

where dy(n) and Iy respectively denote the distance of particle « to the line through the CM
parallel to the vector n and the body’s moment of inertia with respect to the latter axis. It
follows that the rotational energy Ty can be expressed in terms of Iy as

1
Trot == Elnwz -

5.3.2 Steiner’s theorem

We shall next see how the inertia tensor changes when we compute it with respect to a point P
fixed in the body that does not necessarily coincide with the center of mass C. If we denote by
T« the position vector of the «-th particle with respect to the point P, the inertia tensor Ip with
respect to the point P is by definition

(Ip)ij = zma(éiﬁg‘—%m%aj). (5.21)
(0.4
Taking into account that
o =Ty —a, a::@,
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we obtain

(Ip)ij = D> Ma[8ij(Xa — @)% — (Xqi — @i) (Xaj — aj)] = Iij + M(a8;; — aia;)
X

—26;a- Zmara + aiZmaxaj + ajZmo(xm.
(04 (0.4 (6.4

The last three terms vanish on account of the identity (5.7), so that we finally have

(Ip)ij =Iij+M(E125ij—0Liaj). (5.22)

The latter formula is known as Steiner’s theorem.

It often happens that there is a point P fixed in the body which is also fixed in an inertial frame;
for example, if the body is rotating around a fixed axis we can choose as P any point on the axis
of rotation. When this is the case it is possible —and, in fact, usually ad\/ﬂ}tageous— to take P
as the origin O’ of the inertial frame. It then follows that the vector R = 0’0 = PC is constant in
the frame of body axes, since its endpoints are both fixed in the body. Thus in this case R = 0,
and the velocity of the CM in the inertial frame can be simply expressed as

V=wXxR,

so that

Va=WXR+wWXry=wX(ry+R) =wXr,.

The angular momentum L with respect to O’ = P is given by

L= Mally X Vi = > MaTy X (0 X Ty),
(0.4

i.e., is obtained replacing rx by rj in Eq. (5.10) for Lcy. In other words, in this case the body’s
total angular momentum is given by

L=Irw. (5.23)

Note that Ip is still a constant matrix characteristic of the rigid body considered, since in this
case r, = R + ry is a constant vector in the body frame. Likewise

1
Zm,xv = Z?fno((wxro()2 Ew-lpw. (5.24)
0.4

The inertia tensor Ip can be computed from I applying Steiner’s theorem (5.22), taking into
account that in this casea = CP = —PC = -0’0 = —R:

(Ip); = Lij + M(Rzéij - XiXj),
J

where X; (i = 1, 2, 3) are the components of the vector R. Note that the last term in Eq. (5.22) is
nothing but the inertia tensor with respect to O’ of a particle of mass M located at the CM.

Note: from now on we shall usually omit the subindex when the point with respect to which the
inertia tensor is computed is clear from the context.
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5.3.3 Principal axes of inertia

Let us next see how the components of the inertia tensor (5.16b) (with respect to the CM or, more
generally, to any point P fixed in the body) change when we perform a constant rotation of the
frame of body axes. More precisely, let

e, = ajiej, i=1,2,3, (5.25)
J

be a second positively oriented frame fixed in the body. Then the change of basis matrix

‘AZ: (aij)1<i,j<3

is a constant proper orthogonal matrix (i.e., A € SO(3) is time independent). As is well known,
the coordinates (or, in general, the components of any vector) in both frames are related by the
dual equation

Xi = Zainj;
J

indeed,

Z)’?J-Ej=Z)ch2aijei=Zaij)chei=inei - xi=Zaij)ch.

J J i i,j i J
Denoting by x (sans serif x) the column vector whose components are the coordinates x;, and
similarly X = (x1 x2 x3)T, we can rewrite the previous relation in matrix form as

~

X =AX.

Using this notation, and denoting by | the matrix of the inertia tensor with respect to the set of
axes e;, we obtain

Lem=lw=1A0=Alcy = Lem=A1AD =:

Hence the matrix of the inertia tensor in the new set of axis is given by

T=AlA=A4aT14,

since A is orthogonal. Note that in the new set of body axes the body’s rotational energy can be

expressed as
1

1. r~
Trot=-wlw==MOTATIA® =
2 2
which agrees with the expression we just derived for the matrix .
It is well known that a real symmetric matrix can be diagonalized by means of a proper orthog-
onal transformation®. In other words, it is always possible to find a matrix A € SO(3) such that

in the new set of body axes (5.25) we have

1

~TY ~
w'lw,
2

Iij = 6ijl;, 1<i,j<3,

where Iy, I> and I3 are the three eigenvalues of the inertia tensor I. Note that A is a constant (i.e.,
time-independent) matrix, since the matrix elements of the inertia tensor are also constant. If the

>This is essentially due to the following facts: i) every real symmetric matrix is diagonalizable; ii) its eigen-
values are all real, and iii) two eigenvectors of a real symmetric matrix corresponding to different eigenvalues are
orthogonal. From these three facts it easily follows that there exists a (positively oriented) orthonormal basis of
eigenvectors of any real orthogonal matrix.
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vectors €; are defined by (5.25), where A € SO(3) is the proper orthogonal matrix diagonalizing I,
then

Ie; = I;é;, i=1,2,3. (5.26)

In other words, the vector €;, whose components with respect to the basis {e1, e», e3} are the i-th
column of the change of basis matrix A, is an eigenvector of the inertia tensor I with eigenvalue
I;. Since A is a proper orthogonal matrix, the vectors €; (i = 1,2,3) are a positively oriented
orthonormal basis of R3. These vectors are fixed in the body, since their components with respect
to the original set of body axes {ej,e>,e3} are the matrix elements of the constant matrix A.
Hence:

It is always possible to find a set of body axes whose unit vectors €; are all eigenvectors of the
linear map I. In this set of body axes the inertia tensor is represented by the diagonal matrix

I
I = I ,
I3

where I; is the eigenvalue corresponding to the eigenvector €;.

The vectors €; satisfying the relations (5.26) are known as the body’s principal axes of inertia,
and their corresponding eigenvalues I; are called its principal moments of inertia. As is well
known, the eigenvalues of the matrix (I;;), i.e., the principal moments of inertia, are the roots of
the secular equation

det (Iij - )\51']') =0.

Note that the principal axes of inertia, i.e., the directions of the eigenvectors of the matrix (I;;),
are not uniquely determined (up to a sign) unless all the eigenvalues of the inertia tensor are
distinct (i.e., they are simple roots of the secular equation).

o If the set of body axes {eq,e»,e3} is a set of principal axes of inertia Egs. (5.15) and (5.19)
reduce to

1
Lem = D liwie;,  Tror = 5 > Liw? . (5.27)
i i

In particular, if the body rotates around its i-th principal axis of inertia we have

1
Lem = Liw, Trot = §Iiw2-

If the origin of the fixed frame is also a point fixed in the body, expressions analogous to the
previous ones are valid for L. and T replacing I by the inertia tensor Ip- with respect to the
point O’.

e Rigid bodies can be classified into the following three categories, depending on the multiplicity
of the eigenvalues of their inertia tensor:

1. Asymmetric tops: 1I; # I; forall i # j
2. Axially symmetric tops: I; = I; # I (with (i, j, k) distinct)

3. Spherically symmetric tops: I = I = I3.
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5.3.4 Symmetries

We shall next examine how the symmetries of a rigid body Q of mass density p result in simpli-
fications of its inertia tensor.

1) If Q and p are invariant under the reflection x; — —xi, then

I;=0, Vj4i.

Indeed, suppose that (for instance) Q is invariant under reflection of the x; coordinate and
p(—x1,x2,x3) = p(x1,Xx2,x3). Performing the change of variables

X1=-X], X2=X,, X3=Xj
in the integral for I ; (with j # 1), which by hypothesis maps 2 to itself, we obtain
-1 -:j r)Xx x-dSr:—j —X7,X5, X~ x’x'-d3r'=—J X!, xh, xa)x xt A3 =1,
1j QP() 1Xj Q,p( 1, X0, X3)X] j Qp( 1, X2, X3)X] j 1j
= I;;=0, j#1.

2) If Q and p are invariant under the exchange x; — xj, then

Iij =15,  Iix = Ijg (k#i,j).‘

Indeed, if (for instance) Q is invariant under x; — x7 and p(x», x1,x3) = p(x1,X2,x3), perform-
ing the change of variable

4

X1 = Xo, Xzzxi, X3 ZXé
in the integral for I;; we obtain
In= | PG dr = | p(cg, i, xp) (B 4 = | (g, x5, x4) (i x5) d = Do,
Likewise,
~hs = JQP(F)X1X3 d’r = JQ, p (x5, X7, x3)x5x5 dr' = JQ p(x1, x5, x5)x5x, 31 = —Ip3.

Analogous results hold for the coordinates of the body’s center of mass. For instance, if Q and
p are invariant under the reflection x; — —x; then the i-th coordinate of the CM vanishes, since
(taking, for definiteness, i = 1)

MX; = J p(r)x; d3r = —J p(—x1,x5,x5)x; A3’ = _J (), X, x5)x, 3 = —MX,
Q Q' 0
= X1 =0.

Similarly, if 2 and p are invariant under the permutation x; — x; then X; = Xj.

Example 5.1. Consider a homogeneous (i.e., p = const.) rigid body Q in the shape of a solid of
revolution around a certain axis. Taking the z axis of the set of body axes in the direction of
the body’s axis of revolution, in cylindrical coordinates? (v, @, z) the body is described by an
equation of the form

O0<sr<f(z), z1<z<zy, 0<@<2Tm.

The symmetry under rotations around the z axis implies the invariance of the body under the
transformations
X1~ —X1, X2 — —X2, X1~ X2.

Hence the body’s center of mass is a point on the z axis, which we shall take as the origin of
coordinates since we are interested in computing the inertia tensor with respect to the CM. By

172



5.4 Equations of motion of a rigid body

the above symmetries, the components of the inertia tensor satisfy
hy=Ix, ILij=0 ({#]).

Hence in this case the inertia tensor is diagonal, with principal moments of inertia I; = I;; given
by

22 f(z) 2T
11=Iz=pJ dzJ dTJ rde - (22 + r?sin® @)
z1 0 0

2 22 TP (2 4
=1TpJ zf(z)dz+—J f*(z)dz
Z1 4 Z]1

z2 f(z) 2Tt Z2
Igsz dz{ drj rde -r? = MJ f4(z) dz|.
zZ1 0 0 2 Fal

The mass density p can be expressed in terms of the body’s total mass M through the formula
M M

p=0 =z -
4 Tl'J f?(z)dz
z1

Note that, in general, I = I> # I3; more precisely, we have

L =D = 113 + 1'rpjz2 2 () iz
2 z
Thus a solid of revolution is in general an axially symmetric top. Note also that in this case the
axis of revolution is a principal axis of inertia, as is any axis perpendicular to it.
For instance, in the case of a cylinder of radius a and height h we can take f(z) = a,
z1 = —h/2 and z> = h/2, since by symmetry the CM of a cylinder is equidistant from its bases.
Hence

h/2 1 h/2 1 1
z%dz = fMa2+2Trpa2J z?dz = = Ma? + — mpah3
0

_ 1 2
11—I2—213+Trpaj 1 B

—h/2 4
_1 2 hz)
—4M<a + 3 )

In particular, a cylinder is a spherically symmetric top if and only if h = /3 a.

aWe are temporarily denoting the distance to the z axis as v instead of the usual notation p to avoid confusion
with the mass density.

5.4 Equations of motion of a rigid body

5.4.1 Equations of motion of a rigid body in an inertial frame

Since a rigid body has (in general) 6 degrees of freedom, it should be expected that its motion
is determined by 6 differential equations. The first three of these equations are obviously the
equations of motion of the body’s CM, which, as we saw in Chapter 1, read

2
M(d R) =F. (5.28)
f

de2
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In the RHS

F=> Fq
(44

denotes the sum of the external forces acting on the particles making up the body (remember
that, by Newton’s third law, the sum of the internal forces vanishes). The remaining three differ-
ential equations can be taken as the equations of motion of the body’s angular momentum with
respect to the origin O’ of the fixed frame, namely

dL
(E)f =N. (5.29)
Here
N = >'ry xFq,
(6.4

denotes the total torque (with respect to O’) of the external forces acting on the body. Indeed, as
we saw in Chapter 1, if we assume that Newton’s third law holds in its stronger sense the torque
of the internal forces vanishes.

In equation (5.29) both the angular momentum and the total torque of the external forces are
computed with respect to the origin O’ of the fixed frame. In fact, Eq. (5.29) still holds if we
replace L by Lcy and N by the total torque of the external forces with respect to the CM, given by

Nem = D 1o X Fg. (5.30)
X

Indeed, from the relation L = MR x V + Lcy and the CM’s equation of motion it follows that

dary _ dLCM) o )
(dt)f_< dt f+RXF_N_%(R+ra)XFa—RXF+NCM,

and thus

( dLcM
dt

)f =NcMm.- (5.31)

In general, if the total force acting on the body vanishes the torque N is independent of the
point with respect to which it is computed.

Indeed, if F := >y Fx = 0 and a is a fixed vector we have

Dy +a) XxFy=>ryxFy+axF=>ryxFq.
6.4 (04 X

Exercise. Show that the necessary and sufficient condition for a generic rigid body to be at
equilibrium in an inertial frame is that F = N = 0.

Solution. In general, the body is at equilibrium in an inertial frame —i.e., vy = 0 for all ¢ and
for all x— if and only of V = w = 0, since4

Vu=V+wXry.

Suppose, to begin with, that the body is at equilibrium. Then V = w = 0, and therefore
L = MR XV + [w = 0. Substituting into the equations of motion (5.28)-(5.29) we immediately
obtain F =N = 0.

Conversely, suppose that F = N = 0 and that initially the body is at rest in some inertial frame.
We shall then show that the body is at equilibrium in that frame, i.e., that V(t) = w(t) = 0 for
all t. Indeed, by hypothesis the body’s particles are all instantaneously at rest in an inertial
frame, i.e., V(0) = w(0) = 0. From F = 0 and the equation of motion for R we deduce that V is
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5.4 Equations of motion of a rigid body

constant in the fixed frame. Since initially V(0) = 0, we must therefore have V(t) = 0 for all .
Moreover, F = 0 implies that Ncy = N = 0, and therefore

( dLcm
dt

)f =Nem=0 = Lem=Lem(0) =Iw(0) =0 V.
If the body is generic its inertia tensor I is invertible, and hence
Iw=0 = w=0 Vt.

We have thus shown that V = w = 0, so that by Eq. (5.4) the body is indeed at rest in the inertial
frame considered.

9Indeed,
V+wxry=0, Va = wx(ry—-13)=0, Va#p.

It follows that w = 0, which implies that V = 0. Indeed, if w # 0 then ry — rg would be parallel to w for fixed
and all « # B, and hence the body would lie on the straight line parallel to w passing through rg.

Remark. The condition V(0) = w(0) = 0 is essential to guarantee that the body is at equilibrium
when F = N = 0. Indeed, we shall see in Section 5.5 that when F and N vanish the body can
still rotate with constant angular velocity around a principal axis of inertia passing through the
CM. [ ]

Exercise. Show that the condition for equilibrium of a rigid body found above is equivalent
toF = Ncum = 0.

Solution. If F = 0 the torque of the external forces does not depend on the point with respect
to which it is taken, so that in this case N = Ncum.

A particular case which often occurs in practice arises when the external forces F, acting on
the rigid body are due to a constant external field f, to which the particles couple through a
“charge” A. In this case

Fx = Aof, x=1,...,N, (5.32)
where f is independent of « and A is the charge of particle «. For instance, Earth’s gravitational
forceis of this form if the body’s extension is small compared to its distance to Earth’s center, so
that Earth’s gravitational field is approximately uniform inside the body (in this case Ay = my,
f = g). The same is true for the electric force due to a uniform electric field (in this case Ay = ey
is the electric charge, f = E). If the external forces are of the form (5.32) we have

F=>Fu=fYAa=Af, N=(YAuxy)xf,
(24 (64 X

A= 4 Ay being the body’s total charge. If (as is the case with the gravitational force) A # 0, we
define the body’s center of charge by the equation

1 ;1 1
X:Z%AarO(:X%Aa(RJrra)=R+X%Aar(x_ (5.33)

Note that the point X is fixed in the body, since its position vector with respect to the CM (also
fixed in the body)

X—R:leara =: Xcum
AO(

is a constant vector in the frame of body axes. In particular, for the gravitational field X = R and
Xcum = 0. In terms of the vector X, the torque N can be concisely expressed as

N=XXxF. (5.34)

In other words:

175



RIGID BODY MOTION

If the total charge doesn’t vanish, the total torque of the external forces coincides with the
torque of the total external force applied at the center of charge. In particular, when computing
the torque of the gravitational forces acting on a rigid body we can always assume that they
are applied at its center of mass.

Likewise, if A # 0 the torque of the external forces with respect to the CM is given by
(04

In the case of the gravitational force Xcy = 0, and hence Ny = 0. In other words:

The torque with respect to the CM of the gravitational forces Fy = myg vanishes (assuming
again that the body’s size is negligible compared to its distance to Earth’s center).

Note, finally, that the forces (5.32) are clearly conservative, with potential

U=—f-> Auly = —Af-X = -F - X,
44

where the last two equalities are valid only when A # 0. Thus (assuming again that A # 0)
when computing the potential energy we can assume in this case that the total constant external
force F is applied at the point X. In particular, the potential energy of a rigid body due to Earth’s
gravitational field is simply

U=-Mg-R.

Note. If the total charge A vanishes the center of charge cannot be defined by Eq. (5.33). In this
case the total torque of the external forces is clearly independent of the point with respect to
which it is taken, since the total external force F = Af vanishes.

5.4.2 Euler’s equations

Since the relation between angular momentum and angular velocity is particularly simple in a
frame of principal axes of inertia fixed in the body, it is convenient to formulate the equation of
motion of the angular momentum in such a frame. To this end, we shall assume that the point
P with respect to which L, I and N are computed is either the CM or (when it exists) a point
simultaneously fixed in the body and in an inertial frame, that we shall take as the origin O’ of
the latter frame. To cover both situations we shall use the more descriptive notation Lp, Np, and
Ip to respectively denote the angular momentum, torque, and inertia tensor taking as origin the
point P (in our old notation, Lc = Lem, Lor = L, Ne = Nem, Nor = N, and I¢ = I). With this
notation we can write

dLp

=2 - Lp=1 E:=-w-Lp=
(dt>f Np, p=Ipw, w-Lp {

where Ip is constant in the frame of body axes (since P is by hypothesis fixed in the body). We
shall usually drop the subindex, and simply write

dL 1
<E>f—N, I_.—IUJ, EwL—E (535)

to deal with both cases at the same time. From Eq. (4.11) we then obtain the relation

L+wxL=N,
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5.4 Equations of motion of a rigid body

where as usual the dot denotes time derivative with respect to the frame of body axes. Using the
relation between L and w, and taking into account that I;; is constant in a frame of body axes,
we immediately obtain

Iw+wx (Iw) =N. (5.36)

If the body axes are principal axes of inertia the i-th component of this vector equation is simply

Liw; + wjIrwy) — wrTjwj) = Nj, i=1,2,3,
or equivalently
Ii(bi—(fj—lk)ijk =Ni, i= 1,2,3, (5.37a)
where
(i, j, k) = cyclic permutation of (1,2,3). (5.37b)

Equations (5.37), i.e., the system

Lwy — (I — I3)waw3 = Ny,
Lhwy — (I3 —I)wiw3z = Ny, (5.38)
Iz3ws — (I —I2)wiwz = N3,

are known as Euler’s equations. We emphasize that these equations are valid if both N and I
are computed either with respect to the CM or (when possible) to a point simultaneously fixed
in the body and in the inertial frame. Moreover, the quantities w; and N; appearing in Euler’s
equations are the components of the vectors w and N in a frame of principal axes of inertia (in
general not inertial).

If the total torque of the external forces vanishes and the origin O’ of the inertial frame is a
point fixed in the body, Lor = L and T are conserved. Similarly, if Ncy vanishes then Lcy and
the rotational energy Ty are conserved.

Proof. Using the notation in Eq. (5.35), we only need to show that

=0, E=0.

dL)
f

(Note that E is a scalar, so that it is not necessary to specify the frame with respect to which the
time derivative is taken.) The conservation of L (in the fixed frame) follows immediately from
its equation of motion (5.35), while the conservation of E is obtained differentiating the third
relation (5.35) in the frame of body axes (which is correct, since E is a scalar). Indeed,

d d
—(w - Iw) = fZIi(UZ = 2zliwid)i =2w-Iw
dt dt - t ,

1
From Euler’s equations in their vector form (5.36) with N = 0 it then follows that
E=w-Iov=-w- (wx Iw)) =0
(as w X (Iw) is perpendicular to w). [ ]

Remark. Since L = |L| and E are both scalars, when N = 0 they are also constant (i.e., time-
independent) in the body frame. [ ]
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5.5 Inertial motion of a symmetric top

We shall study in this section the rotational motion of an axially symmetric top when the total
torque of the external forces with respect to either the CM, or a point simultaneously fixed in the
body and in an inertial frame (when such a point exists), vanishes. This will obviously happen
(in both cases) if the body is free, that is, in the absence of external forces. More generally, as we
saw at the end of Section 5.4.1, the torque Ncy will vanish provided that the only external force
acting on the body is Earth’s gravity (assuming the body’s size to be negligible compared to its
distance to Earth’s center). Before starting our analysis, it is convenient to prove the following
fact regarding the angular velocity vector w:

The instantaneous angular velocity w of a set of axes with respect to another is additive.

In other words, let Sy, S1, and S» be three sets of axes, and suppose that at a certain time t
the axes of S; have angular velocity w; relative to those of Sy, and that the axes of S» have in
turn angular velocity w> with respect to those of S;. Then the angular velocity of the axes of S»
relative to those of Sy is

w=w] + w>. (5.39)

Indeed, let {e]}1<i<3, {€i}1<i<3, and {e}'}1<i<3 respectively denote the axes of the frames Sy, $1,
and S»>. By definition of angular velocity,

(%) = W] X €; de; = w; x e de; =wxe;
dt Jo TP ac ), T2 at ), ~ i

144 144
dei dei ’r I 124 ’r
= +wp xXe =wz2Xe; +w;xXe; = (w; +w)Xe;,
0 1

But then

dt dt
whence Eq. (5.39) follows.

Note. Recall that we are denoting by L and I the angular momentum and the inertia tensor with
respect to either O’ or the CM, depending on whether N = 0 or N¢y = O (in the first case, it is
assumed that O’ is simultaneously fixed in the body and the inertial system). [ ]

By definition, in an axially symmetric top two principal moments of inertia, which we shall take
as I; and I», coincide, while the third one (i.e., I3) differs from the other two. In other words, we
have I = I> # I3. In this case the e3 axis is a principal axis of inertia (with moment of inertia I3),
as is any axis perpendicular to it (with moment of inertia I;). In particular, from the discussion
in Example 5.1 it follows that a solid of revolution around the x3 axis is an axially symmetric
top with symmetry axis along the vector e3. This is not, however, the most general example;
for instance, a homogeneous rectangular parallelepiped with sides I; = I # I3 is also an axially
symmetric top with I; = I # I3 (exercise).

Substituting N = 0 and I; = I> in Euler’s equations (5.38) we obtain the simpler system

Lwi — (1 —I3)w2w3 =0,
Lwy — (I3 -I)wiws =0, (5.40)
Izwsz =0,

whence it immediately follows (assuming that I3 # 0, i.e., that the body is not collinear) that

w3 = const.
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5.5 Inertial motion of a symmetric top

Calling

_ ws.
I 3

the first two equations read
a')1=—!2w2, d)2=(2w1

or, in complex notation,
d)l + id)z =iQ (w7 + iwz) .

The solution of this linear first-order equation is
w1 +iwz = (w1(0) +iwz(0))el !, (5.41)

From (5.41) it follows that

w3 + w3 = |w; +iw2|2 = w1(0)? + w2(0)? =: w}

is constant, and so are w = w/w(z) + w% and the angle «x = arctan(wq/w3) between the vectors w
and e3. We have thus shown the following:

The magnitude of the projection of w onto the plane perpendicular to ez, w3, w, and the angle
« between the vectors w and ez are all constant.

In real terms, Eq. (5.41) can be written as
wie; + woez = R3(Q1) - (wie1(0) + wzez(0)),

where R3 (@) is a rotation around the e3 axis by an angle . On the other hand,
w3e3 = R3(Q2t) - (w3e3) = R3(Qt) - (w3(0)e3),

since w3 is constant. Adding both equations we finally obtain

w = R3(Qt) - w(0).

In other words:

In the frame of body axes the vector w rotates around the e3 axis with constant angular velocity
Q (cf. Fig. 5.1).

The latter result could have been deduced directly from Euler’s equations, since
w = (blel + (i)zez =0Q(—woe; + wier) = ez X w.

Note also that the angular velocity Q is positive for I3 > I, (“flat” body), whereas it is negative
for I3 < I (“tall” body); indeed, I3 — I = [, p(r) (x? — x3) d°r.

Remark. A particular solution of the Euler equations consists in a rotation around a principal
axis of inertia with constant angular velocity. Indeed, in this case w = 0 and Iw || w, so that
Iow + w x (Iw) = 0. (Note that in this case the axis of rotation w/w is also fixed in space,
since w holds both in the body and in the fixed frame). We shall in what follows disregard
these (trivial) solutions. For this reason, we can assume that w3 and « do not vanish. Indeed,
if « = 0 then w = w3e;3 is constant and hence the body rotates with constant angular velocity
around its symmetry axis, which is a principal axis of inertia. Likewise, if w3 = 0 then Q = 0,
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1 w?
O/~ — > X2

wie; + wrer

X1

Figure 5.1. Procession of the vector w about the e3 body axis.

w = wie; + wrer is constant, and thus the body rotates again around a principal axis of inertia
perpendicular to the axis of symmetry with constant angular velocity. Furthermore, since we
are assuming that w3 # 0 we can choose the direction of the e3 axis so that w3 > 0 and hence
x € (0,11/2). In terms of the angle & we can write

W3 = W CoS &, wo = w sin «, w1 +iwy = w sin x e+ (5.42)

where f8 is the angle between the vectors w;(0)e; + w>(0)er and e; (which could be taken as
zero choosing appropriately the initial time). [ ]

The previous results can be expressed in a more geometric language as follows:

Relative to the frame of body axes, the vector w moves tracing out a cone with axis e3 and
half-angle o, with constant angular velocity Q. This cone is called the body cone or, more
correctly, cone fixed in the body.

The motion of the angular momentum L relative to the body axes is easily determined from the
relation (5.27), which can be written using complex notation as

Ly =I3w3 = [3wcosx = const., Ly +ily = I;(w; +iw») = I w sin oel(@E+A) (5.43)

In other words, L lies on the plane determined by the vectors e3 and w, with L3, L% +13 L and
the angle 0 between L and ej3 all constant with respect to the frame of body axes. Note that the
fact that L is constant in the latter frame follows also from the fact that it is constant in the fixed
frame (since N = 0). Similarly, that the vectors e3, w, and L are coplanar can be proved directly
remarking that

e;-(wxL)=(I—-I)wiw2 =0.

From the previous discussion it follows that:

Relative to the frame of body axes, the angular momentum L rotates with constant angular
velocity Q around the e3 axis.

The angle 9 between L and ej is easily computed noting that

VLI+13  Lwo T
tan 0 = = = — tan ;
L3 3wz I3
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X3

Space cone

Body cone

X1

Figure 5.2. Space and body cones (in the case I; > I3).

in particular, 0 > « for a “tall” body. Note also that the angle between L and w is |0 — «].

Relative to the fixed frame the vector L is constant, since by hypothesis the torque of the
external forces vanishes. The direction of the latter vector, which is therefore constant with
respect to the fixed frame, is known as the invariant direction and is usually taken as the e;
axis:

L

!
e, = —.
3L

The vectors w and e3 both rotate around L since, as we have just seen, the angle between the
latter vectors and the angular momentum, as well as their magnitude, are constant. Moreover,
w and e3 rotate with the same angular velocity ,, since they are coplanar with L. In other
words:

Relative to the fixed frame, the vector w moves tracing out a cone of axis L and half-angle
|0 — | with angular velocity Q,. This cone is known as the space cone (more precisely, cone
fixed in space).

Note that the body and space cones are tangent at all times along their common generatrix
parallel to the vector w (cf. Fig. 5.2).
To compute the angular velocity ,, consider a third system of axes e’ (i = 1, 2, 3) with

Lie; + Lye e3 XL e3 XL
"o_ 1€1 2€2 eé/:eélxe// 3 _ 3

144
el —e e = -~ :
3 35 1 1

VL2 + L3 les XL 12 412

Note that by construction the vectors e} and e; = e3 span the same plane as L and e3, i.e.,

lin{e;’, ey} =lin{L,e3}.

Thus the angular velocity w’ of the axes {e]'}<i<3 with respect to the fixed frame {e}};<;<3 is
equal to the angular velocity with which the plane spanned by e3 and L rotates around e; = L/L,
which coincides with the angular velocity 2,e; = Q,L/L of the rotation of the vector e3 around
the invariant direction e3. On the other hand, the angular velocity w” of the body axes {e;}1<i<3
relative to the frame {e;'} <i<3 is equal to —Qe3, since the plane lin{L, e3} = lin{e}’, e} rotates
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Figure 5.3. Vectors L, w, and e3 in the inertial motion of a rigid body symmetric about the e3
axis (in the case Iy > I3).

with angular velocity Q around ej relative to the body axes {e;}<i<3. By the additivity of angular
velocities, the angular velocity w of the body axes {e;}<i<3 with respect to the fixed frame
{e;} 1<i<3, 1S given by

w=w+w’ =0, % — Qes. (5.44)

The previous equation, together with the argument leading to its proof, shows that the body’s
motion can be described as the composition of a precession of its symmetry axis e3 about the
invariant direction (i.e., L/|L[) with angular velocity 2, and a rotation around its symmetry axis
with angular velocity —Q.

From Fig. 5.3 it follows that
wo = wsinx = Qpsino,

and hence

X _ wsintx# £ (5.45)

sin 0 'L% +L% - I

szw

From Egs. (5.43) we finally obtain

w -1
sz—\/lfsin2a+l§c082a=w 1+ 21 cos? .
I I3

In particular, 2, < w for a “tall” body, whereas Q, > w for a “flat” one.

Exercise. Deduce Eq. (5.45) directly from Eq. (5.44).
Solution. Taking the scalar product of Eq. (5.44) with e3 we obtain

w3l3 Is -1 I3 w3
= + 0 = + =
I w3 w3 I w3 I

L3

as before.

Exercise. Study the stability of the rotation of an asymmetric top (i.e., I; # Ij for i # j) around
one of its principal axes of inertia in the case of inertial motion.

Solution. Suppose, for instance, that the body is rotating around its principal axis of inertia e3
with angular velocity w = ws3e3. Note, first of all, that w3 must be constant, as is easily
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deduced from Euler’s equations with N = 0 and w; = w> = 0. Let us next see what happens if
we slightly modify the initial conditions

w1(0) = w2(0) =0, w3(0) = w3

leading to the previous solution. To first order in w; and w3> the product w;w> can be taken
as zero, so that the third Euler equation implies that w3 remains approximately constant.
Differentiating with respect to time the first two Euler equations (with w3 constant) we easily

obtain
2

o w .
Wi+ -3 -Hw; =0, i=1,2.
L

The solution w; = w» = 0, w3 = const. will be stable provided that the solutions of the
latter equations are oscillatory, and unstable otherwise. Thus the stability condition is that the
product (I; — I3) (I2 — I3) be positive, namely that either I3 < I » or I3 > I ». In other words:

The inertial rotation around a principal axis of inertia of an asymmetric top is stable if and
only if the corresponding principal moment of inertia is either maximum or minimum.

Exercise. Study the inertial motion of an asymmetric rigid body with I, > I> > I3 in the case
L? = 2IE.

Solution. In a frame of principal axes of inertia the conservation of the magnitude of the angular
momentum and the (rotational) kinetic energy read

dIPw?=1%, > Lw?=2E.
i i

Combining these equations we obtain
(I —I1)w3 + I3(I3 — w3 = L - 2LE, L1 — )w? + L(I» — I3)w3 = L? - 2I3E,

whence it follows that

L2—213E—12(12—13)w2 I, — I3
2 2 2
w9 = = 2E - hws35),
1 LI —1I3) 11(11—13)( 203)
L2 —2LE - (I, — ) w3 L -1 LI — 1)
2 2 1— I 2 11 —1I2) >
w3 = = 2FE —Dbhw5) = —— w5.
3 I3(I3 - I1) 13(11—13>( 202) U —-I3) !

The Euler equation for w3 is thus

. (I, — I3) (I — I2) <L2 2)
= I — =
w2 _\/ I3 I3 w2 )

whose general solution is

+v(t — tg) = arctanhh(lhbw> /L) <= Wy = i%tanh(v(t — 1))
2

A\

_L (I -13)(I1 - I2)
I> L3 )
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Choosing appropriately the origin of t and the direction of the x» principal axis we can simply
write

L
w»? = — tanh(vt).
I

From the previous equations for wi,3 we then obtain (taking into account that, by the Euler
equation for w», w; and w3 must have opposite signs, and changing the direction of the x;
principal axis if necessary)

I -1I3 h-I
wi =L,/—————— sech(vt), w3 = —L, /| ————— sech(vt).
! N 11> (I — I3) 3 N LI3(I7 — I3)

Thus when t — o we have

L
w2 - —, w13 — 0;
I,

in other words, in the limit ¢ — o the body rotates around the x» principal axis of inertia with
constant angular velocity.

Remark. In the generic case I; # I for i # j, the solution of Euler’s equations with N = 0 can
be found by quadratures using the conservation of E and L?. Indeed, let us suppose as in the
previous exercise that I; > I > I3. Proceeding as before we can solve for w3 in terms of L and

E to find
L? = 2I5E — I (I — I3) w3 2LE -1 - (I} - ) w3

LI - I3) ’ I3(I1 - I3)
From these equations it follows that the motion is only possible if 2EI3 < L? < 2EI;. Note that
L? = 2EI3 implies that

(5.46)

w3 = w3 =

2ILE - L2

3L -1I3)’

so that the body is rotating around its third principal axis of inertia with constant angular ve-
locity, and similarly if L2 = 2EI;. To exclude these trivial solutions, we shall suppose in what
follows that 2EI3 < L? < 2EI;. From the Euler equation for w; we then obtain

w1 =wy =0, w3 =

dw> N t—1to

J JILZ = 2LE — (I — I3)w3][2LE - L2 — (I - L)w3]  12VIis

(5.47)

Once w> (t) is found from this equation (which can be explicitly done in terms of Jacobian elliptic
functions), w; (t) and w3(t) can be immediately found using Eq. (5.46). [ |

Exercise. Show that w> in Eq. (5.47) behaves as the x coordinate of a particle moving in a
certain effective one-dimensional potential. Find the particle’s effective energy and potential.
What can you say about the qualitative features of the motion of w>?

Solution. From Eq. (5.47) it immediately follows that

1.
Ew%JrU(wg) =0,
with

U(wg) = —(2L1313) (L2 = 2I3E - L (I - I3)w3) (2L E - L2 - I (I — I2) w3) .

Thus w» behaves as the x coordinate of a particle of unit mass and zero energy subject to the
one-dimensional potential U(w3>). Since the coefficients

L? - 23E =:a%, Ix(Ip —1I3) =:b%, 2LE-L%:=a3, I -1I) =:b3,
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5.5 Inertial motion of a symmetric top

are all positive, the effective potential behaves as shown in Fig. 5.4 with

a, ap ay a
rl—mln{bl b }, rg—max{bl bZ}
Since, by Eq. (5.46)
—b?w3 =1L -I3)w? >0, as — bsw3 = (I — I3)w? >0,

we conclude that |w>(t)| < min { ﬁll ‘;i } = 71. Hence the motion of w> (and, as a consequence,

w1 and w3) is always bounded. Moreover, an elementary calculation shows that the absolute
maximum Upax of U(w>) is reached for

r2 + 13\ 12
w2 == —F—— )

and that )
b3b3
U -11)?>0
M T S 12T (rg =79)

Since the effective energy is zero, it follows from Fig. (5.4) that w»(t) —and, hence, w1 (t) and
w3 (t)— is a periodic function of t if Umnax > 0, whereas when Upax = 0 the motion of w»(t) is
bounded but not periodic (and similarly for w; (t) and w3 (t)). Note, finally, that

Unx =0 <= 12=7 < a?bi=a3bh? <= (L°>-2LE)I; L) = QRLE-L*I;—I3)
= L?=2ED

(cf. the previous exercise).

U(w?)

-1 -1 71 2

Figure 5.4. Effective potential U(w3).
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6 Introduction to relativistic mechanics

6.1 The principles of special relativity

As we saw in Chapter 1, the laws of mechanics have the same form in all inertial frames. More
precisely, consider (for instance) the Galilean boost

t'=t, x] = x1 —vt, X5 = X2, X5 = X3, (6.1)

relating the space-time coordinates (t,x,x2,x3) of an event in an inertial reference frame S
with their counterparts (t', x}, x5, x3) in another inertial frame S’, whose origin O" moves with
constant velocity ve; with respect to S and whose axes are parallel to those of S. Newton’s
second law in the S frame

ma = F(t,r,T)

then becomes in S’
ma =F (', r,1r), with F (t',r,t') =F(t,r,tr) (' =r—-vte;, I =T —vej).

In other words, in both frames the particle’s acceleration is the quotient between the force acting
on it and its mass, the force being the same in both frames but expressed in terms of the particle’s
coordinates and velocities in each of them. An equivalent way of stating this principle, known as
Galileo’s relativity principle, is the following:

No mechanical experiment can discriminate between two inertial frames.

Indeed, mechanical experiments are ultimately based on Newton’s second law, which determines
the acceleration of particles, and this acceleration is the same in S as in S’:

;. d?

a =t =-——=(@-vte;) =f=a.
a2 ¢ 1)

In other words, the following (Galilean) relativity principle holds:

All inertial frames are equivalent from the point of view of Newtonian mechanics.

At the end of the 19th century, the question arose whether Galileo’s relativity principle also
applied to Maxwell’s equations, which govern electromagnetic phenomena —in particular, the
propagation of electromagnetic waves, including light. Stated differently: is it possible to dis-
tinguish between two inertial frames by some kind of electromagnetic (in particular, optical)
phenomenon? To answer this question, recall that in empty space the electromagnetic potentials
Ag:=®/c and A = (A1, A, A3) obey the wave equation!

10%A, i 324,
c? ot? 0x?

=0, u=0,...,3, (6.2)
i=1

where
1

JEHo

I'We shall suppose in this chapter that the electromagnetic potentials verify the Lorenz gauge (1.51).
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INTRODUCTION TO RELATIVISTIC MECHANICS

is a universal constant depending on the constant parameters &g, Ho appearing in Maxwell’s
equations. How does Eq. (6.2) transform under the Galilean boost (6.1)? To answer this question,
note first of all that

A;,(t’,r') = Au(t, 1),

since Ag = &/c is a scalar and, although A is a vector, the axes of S and S’ are parallel by
hypothesis. Hence the transformed potentials A, (t',r") also satisfy Eq. (6.2), that is?

1 924, 2 0°A;
T -> =0, u=0,...,3.

2
i-1 0X;
Taking into account that
0 0 0 0 .
at "o Vax'  axi ax LT had

we immediately obtain
2 A 277 3 4247 2 77
15Au_(_y2>aA“_ZaA“ 2v aAu

1 v V2O o, p=0,...,3,
cZ ot c2 ) ax2 ox? ¢ or'ax; H

i=2

which is not a wave equation in the space-time coordinates (t’, x1, x5, x3) for any value of3 v # 0.

The fact that the wave equation (6.2) (or, equivalently, Maxwell’s equations) is not invariant
under Galilean transformations raises the following three possibilities, which can only be decided
by experiment:

1. There exists a privileged reference frame in which Egs. (6.2) (or, equivalently, Maxwell’s
equations) are valid, and electromagnetic waves propagate with speed ¢ = 1/./€ofig. Con-
sequently, the relativity principle —namely, the equivalence of all inertial frames— holds
only for mechanics but not for electromagnetism.

2. The relativity principle holds both for mechanics and electromagnetism, but Maxwell’s
equations are incorrect.

3. The relativity principle holds both for mechanics and electromagnetism, but Eq. (6.1) —
which follows from a fundamental tenet of Newtonian mechanics, namely the absolute
character of time— is not the correct formula relating the space-time coordinates of the
same event in two inertial frames.

At the end of the 19th century it was generally believed that the correct hypothesis was the first
one. The theoretical basis for this opinion was the belief that electromagnetic waves propagated
in a material medium filling all space called the ether, and therefore that Egs. (6.2) —or, equiva-
lently, Maxwell’s equations— only hold in an inertial frame at rest with respect to the ether. It
was also thought that this privileged inertial frame coincided with that of distant stars, usually
identified with Newton's “absolute space”. If this hypothesis were true, it would be possible in
principle to experimentally detect the motion of an inertial frame relative to the ether (“absolute
motion”) by measuring the velocity of electromagnetic waves in it.

In 1887, Michelson and Morley conducted a very sensitive interferometric experiment to detect
Earth’s motion with respect to the ether. The experiment was based on studying the trajectory

2In fact, since the wave equation (6.2) is linear this result would still hold if the potentials transformed linearly

among themselves, i.e., if
3

At x') = > AL(WA(tr), p=0,..,3.

v=0

3Note, however, that for v < ¢ the wave equation is approximately invariant under a Galilean boost.
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6.1 The principles of special relativity

half-silvered
mirror

R B 1

mirror

mirror

Figure 6.1. The Michelson-Morley experiment.

of a light beam that is divided by a half-silvered mirror into two perpendicular rays (cf. Fig. 6.1),
so that the time taken by each of these rays to return to the mirror is different if the device is
moving with respect to the ether. Even if this effect is very small (of the order of v?/c? ~ 1078,
where v is Earth’s speed relative to the ether, believed to be approximately equal to its speed
with respect to the Sun), it is possible to observe it by studying the interference fringes produced
when both rays recombine. Although the experiment was repeated numerous times, a negative
result was always obtained, i.e., no relative speed of Earth with respect to the ether was detected.
This result was totally unexpected and certainly surprising, since, even admitting that at some
point in its orbit Earth’s speed relative to the ether vanishes, Earth’s velocity varies along its orbit
as well as throughout the day (due to Earth’s rotation around its axis).

During almost two decades Michelson-Morley’s experiment remained without an explanation
consistent with other known phenomena (like the aberration of light or the speed of light in
moving material media) discarding the theory of ether drag. Finally, in 1905 Einstein observed
that the negative result of this experiment (as well as the all of the above mentioned phenomena)
can be explained on the basis of the following two fundamental assumptions:

1. The laws of physics are the same in all inertial frames (relativity principle).

2. The speed of electromagnetic waves in vacuo is the universal constant ¢ = 1/./€olo.

These two postulates are the foundations of the special theory of relativity* (SR). The first
postulate is evidently an extension of Galileo’s relativity principle to all laws of physics (includ-
ing electromagnetism), not just mechanics. Combining this postulate with the second one we
immediately reach the following conclusion:

The speed of electromagnetic waves in vacuo is equal to ¢ in all inertial frames.

Of course, this principle satisfactorily explains the negative result of Michelson-Morley’s experi-
ment, since it implies that the two light rays in the latter experiment travel with the same speed
c. It is, however, profoundly anti-intuitive from the point of view of Newtonian mechanics, since
it violates the familiar law of addition of velocities

r=r +ve;

which follows immediately differentiating Eq. (6.1). As a consequence, the Galilean transforma-
tion (6.1) cannot be correct. The same conclusion is reached by noting that the wave equation

4The general theory extends the relativity principle to non-inertial frames, thereby developing a theory of
gravitation (based on space-time geometry) compatible with the postulates of special relativity.
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INTRODUCTION TO RELATIVISTIC MECHANICS

(6.2) for the electromagnetic potentials —which is equivalent to Maxwell’s equations— is not
invariant under the Galilean boost (6.1), in contradiction with the two postulates of special rela-
tivity.

6.2 Lorentz transformations

6.2.1 Deduction of the equations of the transformation

As we have just remarked, the Galilean boost (6.1) is not compatible with the postulates of the
special theory of relativity. We shall apply in this section the latter postulates, together with the
homogeneity and isotropy of space-time?, to deduce the correct equations of the transformation
relating the space-time coordinates (t,r) and (t’,r’) of the same event in two different inertial
frames S and S’. We shall assume, as in the previous section, that the axes of both frames are
parallel, their origins coincide at some instant and the velocity of the origin O’ of S’ relative to
S is% v = vey. Choosing suitably the origin of time in § and S’, we can always arrange for O and
O’ to coincide att = t’ = 0, so that

xy=0, u=0,....,3 = x,=0, Vu=0,...,3, (6.3)

where we have introduced the notation

X0 :=ct, Xg:=ct .

From now on we shall tacitly assume that condition (6.3) is satisfied, unless otherwise stated.

i) To begin with, using the homogeneity of space-time it can be shown that the transformation
relating the coordinates x,’, and x is linear, i.e., that

3
X;IJZZAHV(’U)XVs u=0,...,3,
v=0
where the coefficients Ay, (v) depend only on the relative velocity between both frames.
Indeed, consider a clock moving with constant velocity with respect to S, and hence (by the

first postulate of SR) to S’. If x;(t) and x;(t") (i = 1,2,3) are the clock’s spatial coordinates in
the frames S and S’ we then have

d?x; dzx; .

— = = =1,2,3.

T T
On the other hand, from the homogeneity of space-time it follows that the time T measured by
a moving clock must satisfy

dl = const T = const
dt " de’ '

From this equation it easily follows that

dle' dle,' .
drz “drz 0 LB

and hence, calling xo = ct, x;, = ct’,

dzxu d2x’
dr2 dT?

>Space-time must be homogeneous, i.e., all its points must be equivalent. Likewise, space should be isotropic,
by which it is meant that all spatial directions must be equivalent.

6Throughout this chapter, v shall usually denote the x; component of the velocity of the origin of the frame
S’ relative to S, which can thus be positive or negative. To avoid confusion, the magnitude of the velocity shall be
denoted by |v| = |v].
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6.2 Lorentz transformations

But then
dx’ 3. 9x! dx d2x’ 3. 32x!,  dx. dx 2x!
u p dXxy u u v UXg u
- = = = \v =0,...
dr Z ox, dt ' dt2 Z 0xy0xys dt dT 0 = 0Xy0X 0, v,0=0,...,3,
v=0 v,0=0
since dx,/dt (4 =0,...,3) is arbitrary.

ii) Secondly, it is easy to check that the spatial coordinates transversal to the velocity v must
be equal in both frames, i.e., that

4 4

Indeed (for instance), since the transformation x, ~ x,’J is linear we must have

X5 = Z“u(v)xu,
u
where the summation index ranges from O to 3 (in general, from now on Greek indices will always
range from O to 3 and Latin ones from 1 to 3). Since x» = 0 implies x5 = 0 (recall that the axes
of S and S’ are parallel), all the coefficients a, vanish except for a,, and hence

X, =ax(v)xy.
By the isotropy of space, the coefficient a, can only depend on |v], i.e.,
az(v) = ax(-v).
By the relativity principle, the velocity of O relative to O’ must be —vej, and hence
X = az(—v)xé =ax(—v)arx(v)x2 = a%(v)xz = a»(v) ==1.

By continuity (since a»(0) = 1) we must have a; (v) = 1, which implies the equality of x» and x5.
Obviously, a similar argument applies to x3 and x3.

iii) Since the origin of S moves with velocity ve; relative to S, the coordinate xi must vanish
when x; — vt = 0, and thus (since the relation between x,, and x, is linear)

x1=yWw)(x; —vt), (6.4)

where y is an even function of v by the isotropy of space. The relativity principle implies the
analogous relation
x1 =y)(x] +vt'). (6.5)

Solving for t in the latter equation and using the value of x; from Eq. (6.4) we obtain
’ ’ _ X
x1=y*(w)(x1 —vt) +y(w)vt’ = t =y(v)[t+(y(v) 2—1)71]. (6.6)

Equations (6.4)-(6.6) determine the transformation (t,x;) ~ (t’,x]) in terms of the unknown
coefficient y (v).

So far we have only applied the relativity principle (the first postulate of SR) and the homo-
geneity and isotropy of space-time. If we assumed at this point that t’ = t (i.e., that time is
absolute), from Eq. (6.6) we would immediately conclude that y(v) = 1, which yields the Galilean
boost (6.1). We know, however, that this transformation is incorrect, so that necessarily t" # t.
This contradicts one of the fundamental assumptions of Newtonian mechanics, namely the ab-
solute character of time. In fact, in order to find the correct relation between t and t’ we must
apply Einstein’s second postulate, which so far had played no role in our argument. More pre-
cisely, according to this postulate the equation x; — ct = 0 (which describes the propagation of

191
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a plane electromagnetic wave in the x; direction emitted at t = t’ = 0 from the origin of both
frames) must imply x| — ct’ = 0. Substituting these relations into Egs. (6.4) and (6.5) we obtain

ct' =yw)(c-v)t, ct=yw)(c+v)t'.

Multiplying both equations and canceling the common factor tt’” we easily arrive at the relation

2 =y*(w)(c®>-v?) = yw) ==

We must again take, by continuity, the “+” sign (since v = 0 we must have t = t’, and hence
y(0) = 1), so that

y() = ——. (6.7)

Substituting into Egs. (6.5)-(6.6) we finally arrive at the sought-for equations relating the coordi-
nates x, and x,, in both inertial frames:

t’=y(v)(t—”c—’§1), X =y)(xi —vt), xp=xi (k=2,3). (6.8)

The transformation (6.7)-(6.8) between the coordinates x, and x;,, which replaces the Galilean
boost (6.1), is known as a Lorentz boost (in the x; direction). Note that in terms of the coordinate
xo = ct (which has dimensions of length), and using the dimensionless parameter 8 := v/c, the
previous equation adopt the more symmetric form

xy =y (W) (xo — Bx1), x1 =y ) (x1 — Bxo), Xy = Xk (k=2,3). (6.9)

The following facts are a direct consequence of Eq. (6.8) for a Lorentz boost:

i) From Eq. (6.7) for the function y(v) it follows that the relative speed between two inertial
frames must be strictly less than the speed c of electromagnetic waves in vacuo.

ii) In particular, the speed of all material particles (i.e., with non-vanishing mass) is necessarily
less than c, since a set of such particles can be used to construct a reference frame.

iii) In fact, it is easy to show that the propagation speed of any physical signal cannot exceed
¢, where by physical “signal” is meant the exchange of information between two observers.

To prove the last assertion, suppose that a signal is sent from a point P to a second point Q with
speed u > ¢ measured in an inertial frame S. Let us choose the axes of S in such a way that P
and Q both lie on the x; axis with a spatial separation Ax; > 0, and let At > 0 be the time taken
by the signal to reach Q according to S (cf. Fig. 6.2). By Egs. (6.7)-(6.8), the corresponding time
measured in the second inertial frame S’ is

At' = y(v)(At - v?;“) = y(v)At(l - Lé—g) .

If the speed v of the origin of S’ relative to S satisfies

c2
—<v<c,
u

which is possible since 1 > ¢ by hypothesis, we shall have At’ < 0. In other words, according to
S’ the signal is received by Q before it was emitted by P, which violates the causality principle (a
cause must always precede its effect).
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ct

ctr

cty

Ax1 >

P Q

Figure 6.2. Transmission of a signal from P to Q with sped u > c relative to an inertial frame S.

Exercise. Show that in general the Lorentz transformation between to inertial frames S and S’
with parallel axes is given by
t’=y(v)(t—v—'zx>, x’=x—y(v)vt+(y(v)—1)v—'zxv, (6.10)
c v
where v is the velocity of O’ relative to S.
Solution. Setting n = e; = v/v we have
X-V X-V
X1=NnN-X=-—, X2€2+X363=X—X1H=X—72V
v v
and hence
t = w>@-¥é§) Xﬂzﬂv%§¥X—vQX+x—§;Xv
v cz )’ v v ve
which upon simplification yields Eq. (6.10).

6.2.2 Relativistic addition of velocities

Although we have just shown that the two postulates of SR lead to the equations (6.7)-(6.8) of a
Lorentz boost, we must still check that this transformation is actually consistent with the latter
postulates. As to the first postulate, using the the Lorentz transformation equations and setting

_dxy o, dxp dx{/dt’

Wit Wit g T ar [oar e T L3

we immediately obtain

, dxp w v ,dxg Uk _
I ytv e

Thus if a particle moves with constant velocity u with respect to S it also moves with constant
velocity u’ relative to S’. This is consistent with Newton’s first law (i.e., if the law of inertia
applies in the inertial frame S it will also apply in S’).

The expression of u as a function of u’ can be obtained solving for u; in terms of u; from the
previous equations, or simply (by the relativity principle) replacing v by —v and u; by u; in the
latter equations:

7 u’
w =Y = k. (k=2,3). (6.11)
ujv W v
1+ CT y(’U)(l + CT)
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This is the relativistic law for the addition of velocities which replaces its Galilean analogue
u=1u +ve;. From Eq. (6.11) it easily follows that

2,72 2 _ .2

VU us-c
(u’22+u’32)+v2—c2— 21 =—
c ys(v)

1N 2
(1 + uc%v) w?—-c?) =uf? + y21v)
Since Iu'll < c and |v| < ¢ the term in parentheses in the LHS is always positive, and therefore
u? — c? and u'? — c? have the same sign. In particular, if |[u’| = ¢ then |u| = ¢, which is consistent
with the second postulate of special relativity. Moreover, from the previous equation it also
follows that if |u’| < ¢ then |u| < ¢. In other words, the addition of two speeds smaller than the
speed of light produces a speed which is also smaller than c.

Exercise. Show that in general (i.e, when the relative velocity v between the inertial frames S
and S” with parallel axes is not necessarily directed along the e; = e} direction) the relation
between the velocities u and u’ is
u/
u= + V.
u-v
(1)
y(v) ( 02
Solution. When v = ve; equation (6.11) yields
u ve; _ useq
u= et i+ (1-y(1)?) —
y() o2 c2 c2
v2u]
u’ vV + C2 u
= T i I e = e +vey.
v 1+#) 1+—L= v(1+#>
yw) 1+ ! y)(1+%4
Setting ve; = v and u’l =1u’ - v/v we obtain the sought-for relation.

6.2.3 Interval

Consider the propagation of a light signal (in general, an electromagnetic pulse) emitted from
the origin of S at the time t = 0, governed by the equation

2t —x> =0, x:=(x1,x2,X3)

in an inertial frame S. By the second postulate, the equation of the wave front in the frame S’
whose origin O’ coincides with O att = t" = 0 should be

c’t”? -x?%=0.

Hence c?t? — x> = 0 must imply c?t’? — x’2 = 0. In fact, using the Lorentz transformation
equations (6.7)-(6.8) in the expression c?t’? — x’2 we readily obtain

2472 _ 12 2 vx)° 2 2 2 2
ctc-x"=y (v)(ct—T> -y (W) (x1 —vt)° — x5 — x5

2
v
= y?(v)(c? —v?)t? - yz(v)<1 - C—2>xf — x5 - x%=c%t? - x%.

We have thus shown the following fundamental property of Lorentz transformations:
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> X1

Figure 6.3. In this figure we have represented 5 events &, 9Q;, Qi’ (i = 1,2), where for the sake
of simplicity we have taken x» = x3 = 0. The intervals Q; — & are time-like, whereas
the remaining intervals Q; — (P are space-like. The event Q; is in the future of %
(t(Q1) — t(P) > 0), while Q is in its past (t(Q2) — t(P) < 0). The event Q) cannot
have influenced &, nor Q| have been influenced by .

The quadratic form c2t? —x? = x3

—x? is invariant under the Lorentz transformation (6.7)-(6.8).

In general, the interval between two events with space-time coordinates x,, and x, + Ax, (with
X0 = ct) is defined as

3 3
As? = cPAt? - Y Ax? = Ax§ - > Ax? = Ax§ — AX®. (6.12)
i=1 i=1

Note that, in spite of what the notation might suggest, the interval As? may be negative. Since
the Lorentz transformation (6.7)-(6.8) is linear, the differences Ax, transform in the same way
as the coordinates x, and hence:

The interval between two events is invariant under the Lorentz transformation (6.7)-(6.8):

As? = Ax3 — AX® = Ax@ — AX'2. (6.13)

Thus the interval between two events is an intrinsic property of their mutual relation, indepen-
dent of the reference frame used to describe them.

By definition, the interval between two events is time-like if As? > 0, light-like if As? = 0, and
space-like if As? < 0 (cf. Fig. (6.3)).
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Note that
A2 0 e Axg 40, | X1,
AXo
A2 <0 s |ax| 40, 18%l
| AX|
Axog =0, |Ax|>0 A 0,
= Axy | AX| or X0 # Axo'
5 AX
Asc =0 < Axp=14Ax]=0 or Axg #0, |— | =1.
Axo

It follows that two events separated by a time-like (or light-like) interval can influence each other
(in particular, one can be the cause of the other), since it is possible to transmit a signal from
one to the other at a speed |Ax|/|At| not exceeding the speed of light. On the contrary, two
events separated by a space-like interval cannot influence each other, since a hypothetical signal
transmitted from one to the other would travel at a speed greater than c.

If the interval between two events is time-like, there exists an inertial reference frame relative
to which they occur at the same point in space.

Indeed, let us choose the axes of the original inertial frame S so that
Axo = Ax3 =0,
and consider a second inertial frame S moving with velocity ve; relative to S. Since
Axy =Ax5 =0,  Ax] =y(Ax; —vAt),

in order to guarantee that Ax’ = 0 it suffices to take

Ax1
At

This is certainly possible, since As? > 0 implies that

Ax1 ’
AXxg

The time lapse At’ between both events, measured in the frame S’ relative to which they take
place at the same point in space, is known as the proper time lapse and is usually denoted by
AT. It follows from the invariance of the interval that in any other inertial frame S we have

AX?

As® = CPAL? — AX® = CPAL? = ¢PAT? = |AT=At |1-
Ax§

where we have taken into account that AT = At’ and At have the same sign’ (cf. Eq. (6.14) below).
Thus the coordinate time lapse At is always greater than or equal to the proper time lapse, and
in fact only coincides with the latter in the inertial frame with respect to which both events take
place at the same point in space.

“Since P and Q are separated by a time-like interval, it is possible to transmit a signal from # to Q or vice
versa. If At and At’ had opposite signs the effect would precede the cause in either S or S’, which would of course
violate the causality principle.
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If the interval between two events is space-like, it is possible to find an inertial frame relative
to which they appear to be simultaneous.

Indeed (supposing, again, that Ax> = Ax3 = 0), since

, VAX]
At =y<At— o2 )

At” will vanish provided that
_C2At cAxg
Ax1 AXl )

This is again possible, since As? < 0 implies that

|v| AXo
— = || <1.
c Axq
Note also that in this case
V—As? = |Ax]]

coincides with the distance between both events in the reference frame relative to which they are
simultaneous, known as the events’ proper distance. Since

Ax] | = V=As? = \Jax2 — AxE < |Ax]

the proper distance is always less than or equal to the spatial distance |Ax| in any other inertial
frame, and only coincides with the latter in a frame in which both events are simultaneous. Note,
however, that the concept of proper distance is different (and less useful) than that of proper
length that we shall define below.

Finally, if two events are separated by a light-like interval

As? = c2At? - Ax? = 0,
and hence both events lie along the path of a light ray.

« Consider two events separated by a space-like interval, like /# and 27 in Fig. 6.3. As we have
just seen, although in the inertial frame S the event /P precedes Q7 there is an inertial frame
relative to which # and Q; are simultaneous. In fact, it is easy to show that there are inertial
frames S”" in which Q| precedes & (exercise). In other words:

The concept of simultaneity is not absolute, but depends on the inertial reference frame used.

This fact is called the relativity of simultaneity, and is one of the most radical differences
between the special theory of relativity and the Newtonian concept of time.

e It is important to realize that the relativity of simultaneity does not violate the causality princi-
ple, since it applies to events separated by a space-like interval, between which there can be no
transfer of information (indeed, a hypothetical signal connecting both events would travel with
a speed |Ax|/|At| greater than c¢). Thus two events separated by a space-like interval cannot
influence one another.

o On the other hand, if the interval between two events  # Q is time-like or light-like, and P
precedes Q in an inertial frame S, the same must be true in any other inertial frame S’ related
to S by a Lorentz transformation (6.7)-(6.8), since otherwise the causality principle would be
violated. Indeed, the coordinate time lapses At and At’ between both events satisfy®

At = y(v)At(l _v %) ,

¢ Axo (6.14)

where the term in parentheses is always positive if As? > 0 (since |v|/c and |Ax1|/|Axo| are
both less than 1).

8Recall that if two different events are separated by a time-like or light-like interval the coordinate time lapse At
cannot vanish in any inertial frame.
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6.2.4 Minkowski product

If x = (x0,x) and v = (»0,y) denote the coordinates of two events in a certain inertial frame S,

from the invariance of the interval and of the quadratic form x3 — x? it follows that

(Vo —x0)° = (y—=%x)2 = ¥§ —y* + x3 — x> — 2(x0)0 — Xy)
— (y(’) —X6)2 _ (Y/ _X/)Z _ y(’)Z _y/2 +X62 _X/2 _ Z(X(,)_’)/(,) _le/)

= yg -y%+ x% . 2(xpy) —XY),
and thus
X0Y0 — XY = X0 — XY . (6.15)
In other words, the bilinear form
X - Y =X0)Yo — Xy, (6.16)

known as the Minkowski product, is also invariant under Lorventz transformations (6.7)-(6.8).
Note that, according to this definition,

x?i=x-x=x3-%x, As®=(Ax)%. (6.17)

The vector space R* whose elements are the space-time coordinates of events (or space-time,
for short), endowed with the Minkowski product (6.16), is usually known as Minkowski space.
Note that, since the quadratic form (6.17) associated with the Minkowski product (essentially,
the interval) is not positive definite, Eq. (6.16) does not define a true scalar product in Minkowski
space. We can, however, use the Minkowski product to define a geometric structure in Minkowski
space which is of great help in uncovering the properties of space-time in SR.

6.2.5 Lorentz group

Let S and S’ be two inertial frames whose origins coincide for t = t’ = 0, and denote by v the
velocity of the origin of S’ relative to S. In order to find the relation between the space-time
coordinates x and x’ of a certain event respectively in S and S’, we can proceed as follows. First
of all, consider an inertial frame S" at rest relative to S, whose x|’ axis is in the direction of the
relative velocity v. We then have

x"" = Rix,

where R; is a rotation of the spatial coordinates:
xy =x0, X' =Rx,

with (R € SO(3). Secondly, let S”" be a new inertial frame moving with velocity v = ve} (with
v = |v| > 0) relative to S, with axes parallel to those of §”" and whose origin coincides with that
of §" for t” = t"”” = 0. Hence the coordinates in "’ and S""" are related by

xl// — L(v)xll’

where L(v) is the Lorentz transformation (6.7)-(6.8) with x replaced by x"’ and x’ by x’"’. Finally,
since S’ and S'"' move with the same velocity v with respect to S, and their origins initially
coincide, the space-time coordinates x’ and x’’’ are related simply by a spatial rotation R», i.e.,

x/ - RZX/// .
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6.2 Lorentz transformations

Combining these equations we finally obtain

x' =R L(V)R1x =: Ax. (6.18)

The transformation A, which is known as a general Lorentz transformation, is the most general
transformation relating the coordinates of the same event in two inertial frames whose space-
time origins coincide (i.e., t = x; =0 < t' = xg = 0 ). Obviously, if we do not make the latter
assumption then we obtain the Poincaré transformation

x'=Ax+a,

with a € R* constant.
The Lorentz transformation (6.7)-(6.8) can be written in matrix form as

x"=L(v)x, (6.19)
where L(v) is the 4 x 4 matrix
y(v) -Bw)y(w) 0 0
L) = _B(v(;y(v) y(ov) ol Bw) = 2. (6.20)
0 0 01

Using matrix notation, the Minkowski product of two four-vectors x,y € R* can be expressed
as

x-y=x'Gy,

where x, y in the RHS are regarded as column vectors and G is the diagonal matrix

G- _ (6.21)

The invariance of the Minkowski product under the transformation (6.8) can be written in matrix
form as

x' -y = (LWx) GLW)yY)=x"LW)TGLW))y =x -y =x"Gy, Vx,y € R,

or equivalently
L(w)'GL(v) =G. (6.22)

On the other hand, the Minkowski product is also invariant under rotations, since they do not
affect time and leave invariant the scalar product of the spatial components of two four-vectors:

R'GR =G (6.23)

for any rotation R. If A = RpL(vV)R; is a general Lorentz transformation, from Egs. (6.22)-(6.23)
it immediately follows that

ATGA =G. (6.24)

In other words:
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The Minkowski product, and hence the interval, are invariant under general Lorentz transfor-
mations.

From the mathematical point of view, the set of matrices satisfying Egs. (6.24) make up a group
usually denoted by O(1,3) and known as the Lorentz group, of fundamental importance in
physics. It can be shown that general Lorentz transformations (6.18) are a subgroup of the
Lorentz group, denoted by SO, (1, 3) and known as proper orthochronous, defined by Eq. (6.24)
and the additional conditions detA = 1 and Agg > 0.

e Consider, again, the Lorentz boost in the x; direction (6.7)-(6.8). Since B(v) € (-1, 1), there is
a unique ¢ € R such that
B(v) =tanh .

In terms of this parameter, usually called rapidity, y(v) is given by

y(v) = L = !
\/1 - B(v)? \/1 — tanh?® ¢

= cosh ¢,

and thus the matrix L(v) adopts the following simple expression

cosh¢p —sinh¢

0
L) = —sinh¢ cosh¢ (1) (6.25)
0

0 0
0 0

= o O O

Suppose that we successively perform two Lorentz boosts with velocities v; = ctanh¢; and
v = ctanh ¢,. Using the addition formulas satisfied by cosh and sinh it is easy to show that
the resulting transformation is another Lorentz boost, with rapidity ¢ 1 + ¢». The velocity of this

boost is thus
tanh¢p; +tanhpo vy + 12

1 + tanh ¢ tanh ¢pp 14 e’

Y
We obtain in this way the relativistic law for the addition of two parallels velocities v;e; and
voep, which is a particular case of Eq. (6.11)).

v = ctanh(¢y + ¢p2) = ¢

6.3 Physical consequences of Lorentz transformations

Equations (6.7)-(6.8) have important physical consequences that we shall briefly review in this
section.

6.3.1 Time dilation

Let, again, S and S’ be two inertial frames with parallel axes® moving with relative velocity vej,
and consider a clock attached at the origin of S’. According to S’, X’ = 0 for all ¢’ along the
clock’s trajectory. Hence when the clock records a time t’ the corresponding time ¢ measured in
S is given by

t:y(v)(t’+%) ) = — s (6.26)

2 ] v2
— o2

9From now on, we shall tacitly assume that the origins of S and S’ coincide at t = t’ = 0 unless otherwise
stated.
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In other words, the clock attached to the origin of S” appears to run slow relative to the clocks in
S. For small velocities v compared to the speed of light ¢ the difference t — t’ is very small, since

2

t= t’(l + — + O(v4/c4)> .
2c?

However, for velocities comparable to ¢ this difference can be arbitrarily large, since it tends to

infinity as v — c. For instance, if v = 3¢/5 we have t = 5t’/4. It is important to bear in mind the

following considerations:

e The effect just described, known as time dilation, is symmetric among both inertial frames,
in accordance with Einstein’s first postulate. In other words, if we attach a clock to the
origin of S the relation between the time t recorded by this clock and the corresponding
time t’ measured by the clocks in S’ is

t'=yw)t, (6.27)
since now x = O for all t.

e The apparent discrepancy between Egs. (6.26) and (6.27) is explained taking into account
that in these equations both ¢ and ¢’ denote different times. The point is that in both cases
there is a clear asymmetry between the proper time measured by a single clock at rest in
a certain inertial frame and the coordinate time recorded by the clocks in another frame
relative to which the clock is moving —necessarily more than one, since the “ticks” of a
clock at rest in an inertial frame occur in different positions as seen from another inertial
frame. It would be incorrect to say that time flows more slowly in S than in S’, or vice
versa, since all inertial frames are equivalent, and there is no absolute motion (or rest). It
is however true that the proper time of a clock runs more slowly than the coordinate time
measured by the clocks in any inertial frame in motion with respect to the clock.

e Time dilation is constantly being verified in experiments measuring the half-life of elemen-
tary particles. By definition, the half-life ;,, of a certain particle is the lapse of time after
the particle is produced for which the probability that the particle decays reaches 1/2. In
other words, given a large sample of such particles produced at t = 0 about half of the
sample will have decayed at t = t1,2. If the half-life of a particle is At in an inertial frame
relative to which the particle is at rest —i.e., in the particle’s rest frame—, its half-life in
the laboratory frame will be

At = y(v)Atg, (6.28)

v being the particle’s velocity with respect to the latter frame. The half-life Aty can often
be computed using quantum field theory techniques, which makes it possible to check the
validity of Eq. (6.28) by measuring v and At. All the (extremely numerous) experiments
performed to date have confirmed the validity of Eq. (6.28). For instance, muons present
in cosmic rays can reach a speed

v =0.999¢

when they enter Earth’s atmosphere. For this value of v, the muon’s half-life measured in
Earth’s frame (approximately inertial) is given by

At

At = JI—(1-103)2

=~ 22.3663 Aty .

In the case of muons,

Atg~1.5-10%s = At~3.35-10"°s.
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Note that the distance traveled by the muon in the time At is
VAt ~ 10Km,

while the distance traveled at that speed during the time At is merely
VAtg ~450m.

Thus if it weren’t for time dilation muons in cosmic rays would decay long before reaching
Earth’s surface.

Example 6.1. Twins paradox. Suppose that a traveler departs from the origin O of an inertial
frame S with velocity ve; and after a certain time At/2 (measured in S) reverts its velocity,
arriving back to O at a time At (cf. Fig. 6.4). What is the time elapsed according to the traveler?
In the first part of the trip (until reaching the event denoted by / in Fig. 6.4 left), the traveler’s
reference frame is an inertial frame S’ moving with constant velocity ve; with respect to S.
Thus the time assigned to the event [P by the traveler is

. At
17 2y(v)

(cf. Eq. (6.26)). In the second part of the trip (from & on), the traveler’s reference frame is
another inertial frame S’ whose velocity with relative to S is —ve;. The travel time according to
S for this part of the trip is again (by symmetry) At/2, while for the traveler the corresponding

time lapse will be
At At

2y(-v) ~ 2y()”
Thus the trip’s total duration according to the traveler is

At} =

At V2

At = At + AL, = 25 = v
1 27 y(v) c?

which can be considerably less than At if v/c is close to 1. This result may seem paradoxical,
since one might think that from the point of view of the traveler it is the observer at O who has
moved with speed ¥ve;, and hence the duration of the trip measured by the traveler should
be y(v)At > At. The fallacy consists in assuming that the relation between the observer at
O and the traveler is symmetric, which is very far from being true. Indeed, while O is at
rest in an inertial reference frame at all times, the traveling twin is at rest with respect to no
inertial frame during the whole trip, due to the change in the direction of his velocity at . In
other words, while the observer has not been subject to any acceleration, the traveler has felt
an (infinite) acceleration when changing course. It is clear that this will happen regardless of
the trajectory described by the traveler. Indeed, since this trajectory begins and ends at the
origin of the inertial frame S, the traveler must necessarily feel an acceleration at some point
(otherwise he or she would move away from the observer with constant speed).
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X0 X0
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> X1 > X1
Figure 6.4. World line of the traveler in the twins paradox (left) and of the material particle
used in the definition of proper time (right).

More generally, suppose that a material particle follows a trajectory C with equation
x =x(t), ti<t<ty,

relative to an inertial frame S. We shall define the particle’s proper time lapse as the time
elapsed between the two events P = (cty,x(t1)) and Q = (ctp,Xx(t2)) according to a clock (i.e.,
an observer) traveling with the particle, i.e., for which the particle is at rest at all times. Since
such an observer does not define an inertial frame unless its velocity x(t) is constant, in order
to compute the proper time we subdivide the particle’s trajectory in Minkowski space, known
as its world line, in small, approximately straight arcs. In each of these arcs the coordinate
time of S varies between t and t + dt, and the particle’s velocity is approximately constant and
equal to x(t) (cf. Fig. 6.4 right). Hence the proper time dt taken by the particle to trace out this
infinitesimal arc is equal to the proper time lapse measured by an inertial frame S’ moving with
speed x(t) relative to S, namely

72
dr = 1- X0 g (6.29)
C

“Adding up” all these infinitesimal proper times dT, i.e., integrating with respect to t, we obtain
the following expression for the total lapse of proper time AT (C) as the particle travels from

to Q along C:
AT(C) = J A1 (6.30)

Note that AT (C) is invariant under Lorentz transformations by its own definition. This can also
be checked directly, since by Eq. (6.29) we have

2

dr? = Ciz(c2 dt? — dx°) = %
Obviously AT (C) is always less than or equal to the coordinate time lapse At = tp — t1, and
AT(C) = At if and only if x(t) = 0 for all t € [t1, t2], i.e., if the particle is at rest relative to
S. It is also important to realize that the proper time At depends in general on the trajectory
followed by the particle, and not just on the initial and final events (t;,x(t;)), i = 1,2, thereof
(cf. Fig. 6.5).
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cty
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Figure 6.5. World lines connecting two events /¥ and Q.

Exercise. Let /P and Q be two events separated by a time-like interval. Prove that the world line
with endpoints & and Q along which the elapsed proper time is maximum is a straight line
(corresponding to rectilinear motion with constant speed). What happens if the two points are
separated instead by a space-like or light-like interval?

Solution. Suppose, first of all, that the events /¥ and Q are separated by a time-like interval,
and let C denote the straight world line from & to Q. Since AT is Lorentz invariant, we can
compute the proper time AT(C) along the world line C in any inertial frame. In particular,
choosing the frame S in which # and Q take place at the same point in space (i.e., the proper
frame for the latter events) we have

t2 o2
AT(C) = tr — 1 >J J1-% (Zt) dt,
t C

where the last expression is the proper time elapsed along an arbitrary path x = x(t). This
shows that the proper time AT is maximum along C, as claimed. On the other hand, if ¥ and
Q are joined by a space- or light-like interval, no curve joining % and Q can be the world line
of a material particle (i.e., no material particle can travel from /# to Q). Indeed, along the world
line of a material particle we must have

t2
<J IX(t)| dt < cAt = As®>0.

t

Jtz x(t) dt

t1

|AX| =

(Note also that if the interval separating # and Q is space-like then both events are simulta-
neous in an appropriate inertial frame, which also implies that no material or even massless
particle can travel from & to Q.)

Note. If /P and Q are separated by a light-like interval, and we only assume that v < ¢ along
the path from & to Q, it can be shown that the only possible world line joining both events is
that of a light ray. Indeed, from the above argument it follows that in this case [x(t)| = ¢ for
all t (exercise). If I(C) denotes the (spatial) length of the trajectory C we then have

_UC)  |Ax]
¢ ¢

At I(C) = |Ax],
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so that the path is indeed a straight line traced out with constant speed c.

6.3.2 Lorentz-Fitzgerald contraction

Let, again, S and S’ be two reference frames with parallel axes moving with relative speed ve;.
Consider a ruler at rest in S’, which we can assume to be determined by two marks at the points
x1 and x] + lp on the x| axis (with Iy > 0). The distance lo, i.e., the ruler’s length in its proper
frame S’, is known as the ruler’s rest length. To determine the ruler’s length [ in the frame S, it
is necessary to measure the coordinates x; and x; + [ of its endpoints at the same time t. Using
Egs. (6.7)-(6.8) of the Lorentz transformation relating S to S’ we obtain

I vz
_y(v)_lO L=z

Ax] =1l =yW)(Ax; —vAt) =yWw)Ax1 =y(w)l = 1 <lp.

1/2
Thus in the frame S the ruler appears to be contracted by a factor 1/y(v) = (1 — g—:) , a
phenomenon known as the Lorentz-Fitzgerald contraction.

e Note that this contraction only occurs in the direction of the velocity of the inertial frame S’
(relative to which the ruler is at rest) with respect to S, since in the transversal directions x; = x,’c
(k =2, 3).

e Again, it should be stressed that this phenomenon is symmetric with respect to both reference
frames. In other words, rulers at rest in S also appear to be contracted in S’ (along the x|
direction) by the same factor 1/y(v).

e The asymmetry is again between the inertial reference frame in which the ruler is at rest and
any other inertial frame. Indeed, in the ruler’s proper frame its length can be determined directly
(comparing it, for example, with a calibrated ruler), without the need of measuring simultaneously
the spatial coordinates of its two endpoints.

More precisely, in the ruler’s proper frame the world lines of its endpoints are the vertical lines

(¢,0,0,0),  (t',10,0,0),

where for simplicity’s sake we have taken x] = 0. In another inertial frame S these world lines
become the lines

(Y t',y)vt,0,0),  (y)(t'+40),y() (o +vt),0,0).

According to S, when the observer in the ruler’s proper frame measures the distance between its
endpoints he/she is doing it at two different instants t = y(v)t’ and t + At, separated by a time

difference
_yvlp

At o2

In this time At the right endpoint has moved, according to the observer in S, by

b2
VAL = o y(w)lo.

Thus from the latter observer’s point of view at the time t = y(v)t’ the endpoints of the ruler
are located at the points

2
’ ’ v
x1 =yw)vt', X1 +Ax1=y(v)(lo+vt)—ij(v)lo,
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and the ruler’s length measured in S is therefore

> 2
l:Axl — y(’u)lo— %y(v)lo = y(v)l0<1 — %) = yﬁ(;)) .

We see, in particular, that the Lorentz-Fitzgerald contraction is closely related to the relativity of
simultaneity.

6.4 Four-velocity and four-momentum. Relativistic kinetic energy

In Newtonian mechanics, the velocity and momentum of a particle of mass m are related by
p=mv, (6.31)
and the particle’s equation of motion is Newton’s second law

dp _

dt
The previous relations are incompatible with the postulates of special relativity. For instance, if
m and F are constant the previous equation implies that

F. (6.32)

v(t) =v(0) + Et,
m

so the particle’s speed will become greater than c for |t| large enough. It is clear, therefore,
that Egs. (6.31)-(6.32) cannot be valid (at least for speeds comparable to ¢), and thus the ques-
tion arises of what are the correct equations that should replace them. A fundamental guiding
principle in this endeavor is the principle of relativity, according to which the correct equations
should have the same form in all inertial reference frames. In other words, they must be Lorentz
covariant, i.e., they should maintain their form when we apply to them any Lorentz (or more
generally, Poincaré) transformation. In general, the easiest way of obtaining Lorentz covariant
equations is writing down a relation between two scalars (such as the Minkowski product x - y,
the interval x? = x - x, etc.), vectors (such as space-time coordinates x) or, in general, tensors,
under Lorentz transformations. The problem here is that v, p and F are vectors in R3, covariant
only under rotations. An even more serious issue is that, while in Newtonian mechanics the time
t is a scalar (essentially invariant under Galilean transformations), according to the theory of
special relativity t actually depends on the reference frame.
The simplest generalization of the Newtonian definition of velocity
V=(LX X = (x1,Xx2,X3)
dt’ e ’

which is manifestly covariant under Lorentz transformations is the four-velocity

_dx

u= ac (6.33)

In the latter equation T is the particle’s proper time, which as we know is related to the coordinate
time t in any inertial reference frame by

_vE o dt
2 yw)’

dr =4/1 (6.34)

To show that u transforms as a vector under a general Lorentz transformation x’ = Ax, it

suffices to note that
dx’ = Adx,
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whereas dt is a Lorentz scalar (dT = dt’), and therefore
, _dx’  dx’ dx

dr’  dr ~dtr’

ie,,

u =Au.

This shows that u € R* is indeed a vector under Lorentz transformations, since it transforms in
the same way as the coordinates x of a space-time event. In fact, u is actually a vector under
Poincaré transformations x' = Ax + a, since differentiating the latter equation it still follows that
dx’ = Adx. Let us write

u =: (ug,u), with u= (uy,u»,u3) € R3.

The spatial coordinates of the four-velocity in an arbitrary inertial frame are then given by

dx dx dt
u—a—aa—y(v)v. (6.35)
In particular, if the particle’s velocity is much smaller than ¢ then y(v) =~ 1 and u = v. As to the

time-like coordinate 1,

_dxo _dt _
Ug = ar - c T - cyw), (6.36)

and hence
u=yw),v). (6.37)

From the previous equation it immediately follows the important relation

u?=c2. (6.38)

This identity can also be deduced directly from the definition of u, since
dx? = c?dt? — dx?® = c?dT?.

Note. The vector u is not the particle’s velocity in any inertial frame. For instance, since

2
u’ = y?(v)v? =

lu| > cif v > ¢/+/2, and in fact |u| — « for v — c. n
In view of the definition of the four-velocity, it is natural to define the four-momentum p by

i, (6.39)

where m > 0 is the particle’s mass. By Egs. (6.37)-(6.38), the components of the four-momentum
are

p=my)(c,V), (6.40)
and its square is given by
p® =m?c?. (6.41)
In particular,
pi=my@)vi, i=12,3, (6.42)

so that for small velocities compared to ¢ we have

pi = mv; (v xo).
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From now on, we shall denote by p the vector

p = (p1,p2,p3) = my(v)v, (6.43)

which coincides with the non-relativistic momentum v only in the limit v — 0. We shall refer
to p as the relativistic three-momentum.

On the other hand, the time-like component pg of p is given by

po=mcy(v) =mc > 0.

Using the identity (6.41), written as
ps = p* + m?c?, (6.44)

and taking into account that pg > 0, we obtain

Po = \P? + m?c?. (6.45)

Since u and p are proportional we have

uw_v_pr _ v (6.46)
Uy € po po
and hence, by Eq. (6.45),
v= 2”’22: p/mz . (6.47)
\/p + mec \/1 n %

Note that the previous equation implies that the velocity of a material particle (with non-vanishing
mass) must be less than ¢, in accordance with the principles of special relativity. We can also use
Eq. (6.45) to solve for y(v) in terms of p:

1
y) =20 - oz - mac2. (6.48)

If v <« ¢, expanding cpg in powers of v/c and keeping only the first non-constant term we obtain

v2\ 2 v2 1
cpo = mc2(1 - C—2> = mc2<1 toz T O(v4/c4)) =mc? + imv2 +0W?*/c?), (6.49)

which, apart form the constant mc?, coincides to first order in v2/c? with the non-relativistic
kinetic energy. The previous equation suggests defining the relativistic kinetic energy T by

T = cpo — mc? =mc?(y(v) - 1), (6.50)

and hence

po = %(mc2 +T). 6.51)

208



6.5 Four-momentum conservation. Relativistic energy

6.5 Four-momentum conservation. Relativistic energy

Newton’s first law establishes the conservation of the (non-relativistic) momentum p = mv of a
particle subject to no external forces. The most natural Lorentz covariant generalization of this
principle is the conservation of four-momentum for a relativistic particle moving in the absence
of external forces, namely

p = const.,

or equivalently
cpo = mc? + T = const., pi = my(v)v; = const..

These equations reduce to the conservation of non-relativistic kinetic energy and momentum in
the limit v < c. As in the Newtonian case, by Eq. (6.46) both conservation laws are equivalent to
the constancy of the components v; of the ordinary velocity (in any inertial frame).

Consider next the collision of N particles of mass m, (n = 1,...,N) on which no external
forces act. The total four-momentum P is then defined by

N
P=> pn=:(P,P), (6.52)

n=1

where p,, is the four-momentum of the n-th particle. Hence

M=

N N N
Py = Z Pno=C muy(vn), P= Z Pn = Z mMpy (Vn) vy . (6.53)
n=1 n=1 n=1

n=1

According to Newtonian mechanics, even if the collision is not elastic the system’s total linear
momentum should be conserved. Moreover, this non-relativistic momentum tends to P in the
limit in which the speeds v, of all the particles are small compared to c¢. This fact makes it
plausible to postulate the conservation of P also in relativistic mechanics, i.e.,

P, = Py, (6.54)

where P; and Py denote the total four-momentum respectively before and after the collision.
This equation is not Lorentz covariant, since only involves the spatial components of a four-
vector. However, if Eq. (6.54) holds in all inertial frames then the full four-momentum P is also
necessarily conserved, i.e., we must have

P =Py (6.55)

Indeed, suppose that P; = Py holds in some inertial frame S, and consider a second inertial frame
S’ moving with velocity we; relative to S. Since by hypothesis P; = P;c should also hold in §’, it
follows that

7 w , w
Pi,l = )’(W) (Pi,l - ?Pi,o) = Pf,l = y(W) (Pf,l — ?Pf,0> .

From P;; = P;; and the latter equation it follows that P; o = P;o, and hence P; = Py. Actually,
the relativistic law of four-momentum conservation (6.55) has been (and is being) experimen-
tally verified in multiple situations for speeds arbitrarily close to c, especially in the analysis of
collisions taking place in particle accelerators.

The conservation of the time-like component of the four-momentum can be expressed as

Z(mncz +Tn)i = Z(mncz +Tn)y,
n n

209



INTRODUCTION TO RELATIVISTIC MECHANICS

or equivalently

(Mc* +T); = (Mc* +T);,

where

M=>mp, T=>Tn
n

n

respectively denote the system’s total mass and total kinetic energy. It is important to note at
this point that in relativistic mechanics the number of particles before and after a collision need
not be the same, since, as we shall see below, particles can be created or destroyed under the
appropriate conditions. For this reason, from now on it shall be understood that the sums over n
appearing in expressions like the previous ones are tacitly extended to all particles in the system
before or after the collision, without explicitly specifying their number N; (before the collision)
or Ny (after the collision).

In Newtonian mechanics the total mass M is conserved!?, and therefore the conservation of Py
is equivalent to that of the system’s kinetic energy

Ty =Ty.

According to what we have just seen, however, in relativistic mechanics only cPy = Mc? + T need
be conserved, not M and T separately. In particular:

There may be processes in which the system’s total mass decreases (resp. increases), provided
that this decrease (resp. increase) is compensated by a corresponding increase (resp. decrease)
of the kinetic energy.

More precisely, denoting by AM = My — M; and AT = Ty — T;, the conservation of Py can be
expressed as

AT = —A(Mc?). (6.56)

In other words:

Kinetic energy can be transformed into mass, and vice versa, the conversion factor energy/mass
being equal to the square of the velocity of EM waves in vacuo.

This is one of the most important predictions of the theory of special relativity, which so far has
been experimentally corroborated without exception.
By the previous discussion, we are practically forced to interpret the quantity

CPy =D cpno = (Mpc® +Tp) =Mc*+ T
n n

as the system’s total relativistic energy E (in the absence of external forces). We thus have

(cPy=Mc2+T=E, (6.57)

and the system’s total momentum can be expressed as

P=(E/c,P)

10The conservation of the total mass in classical mechanics is a consequence of the conservation of total mo-
mentum and Galilean invariance. Indeed, applying a Galilean boost with velocity w to the equality P; = P we
obtain:
Pi=> My, => Muy(Vyi—W) =P ~M;w =P} =Py —Myw = M;=M;.
n n
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6.6 Massless particles

For a single particle
p = (po,p) = (E/c,my(v)V),

and from Eq. (6.48) it follows that relativistic energy can be expressed in terms of the particle’s
velocity by the formula

E =cpy = mc?y(v). (6.58)

Note that the total relativistic energy E is necessarily positive. In particular, when v = 0 the

particle possesses a rest energy
Eg = mc2 .

Note also that from Eq. (6.44) and (6.57) it follows the important relation

E = cy\p? + m2c? (6.59)

between relativistic energy and momentum. Writing this relation as

/ 2
_ 2 p
E =mc 1+m2c2

and expanding in powers of p? we obtain

2
E =mc? + 2p—m +0(Ipl*/(m3c?)).

Note finally that from Egs. (6.46) and (6.59) we obtain the following relations follow the particle’s
velocity, energy and momentum:

c’p
= —. 6.60
V=% ( )

Note. An alternative formulation of the previous results consists in defining a velocity dependent
mass m
mv) :=myv) = ——,
in terms of which the relativistic momentum and energy are simply given by
p=m@)v, E=m(v)c’.
Note, however, that the previous formula for the kinetic energy
2

T=(mw)-m)c*,

does not reduce to the classical expression replacing m by m(v). At any rate, we shall not use
the concept of variable mass in these notes.

6.6 Massless particles

As we have just seen, the four-momentum p of a particle of mass m > 0 has components

p=(Elep),  with E=e\p? +mic?.

These relations also make sense if the particle’s mass vanishes. Indeed, if m = 0 the last equation
reduces to

E =clpl, (6.61)
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and hence

p = (Ipl,p). (6.62)

Moreover, for a massive particle velocity and relativistic three-momentum are related by Eq. (6.60).
Taking the limit as m — 0 of this equation, and using Eq. (6.61), we immediately obtain

v=cP (6.63)
Ipl

Thus the speed of a massless particle is equal to c.

The only known massless particle!! is the photon, which is the quantum of energy of the
electromagnetic field (i.e., the particle carrying the EM field’s quanta of energy-momentum). Ac-
cording to quantum mechanics, the relation between the energy of a photon and the frequency
w of its associated electromagnetic wave is given by Planck’s equation

E:hw:hv=%, (6.64)

where A is the wavelength and
h = 21th = 6.62606957 - 10734 s

is Planck’s constant. From the relations!?

w = clk|, vV = (6.65)

CL
K|

and Egs. (6.61), (6.63), and (6.64), it follows that the wave vector k of the EM wave associated to
the photon is given by

wvV wp wp p
kziiziizizf :hk.
cc clpl E h - r

This suggests defining a wave four-vector k = (kg,Kk) by

k=p/h,

with time-like component

I'The existence of a massless particle mediating strong interactions, called gluon, has been experimentally
confirmed, although gluons are not directly observable because they are confined inside hadrons. For theoretical
reasons, it is believed that a similar massless particle known as graviton should also exist for the gravitational
field.

12Recall that in a plane wave propagating with speed ¢ the angular frequency w, the period T, the wave vector
k, the wavelength A and the propagation velocity v are related by

_2m 27T ck A Aw w

w=—7 K= Ve T r T T

All of these relations easily follow from the fact that in a plane wave the wave fronts are moving planes with
equation wt — k - x = const.
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X3

> X1

k

Figure 6.6. Geometry of the relativistic Doppler effect.

It is important to note that k is a vector under Lorentz transformations, being proportional to the
four-momentum p of the wave’s photons. In other words, if S’ is another inertial system and
x' = Ax we have

k' =Ak. (6.66)

More generally, if two inertial frames S and S’ are related by a Poincaré transformation
x'=Ax+a, (6.67)

where A is a general Lorentz transformation, we know that u’ = Au. For m > 0 momentum and
velocity are proportional, and thus

p' =Ap.

Since this relation is independent of the particle’s mass, taking the limit m — 0 we conclude that
it must also hold for massless particles. Finally, since k is proportional to p we conclude that
the transformation law of the wave four-vector k under the Poincaré transformation (6.67) is still
given by Eq. (6.66). In other words, the wave four-vector is a vector under Poincaré transforma-
tions.

6.6.1 Relativistic Doppler effect

The Lorentz covariance of the wave four-vector k makes it easy to deduce the equations of the
relativistic Doppler effect. Indeed, let S’ be an inertial frame traveling with speed ve; relative
to the laboratory inertial frame S, with axes parallel to those of S and origin not necessarily
coinciding with that of S at £ = 0. Suppose that an electromagnetic wave with frequency wg
and wavelength Ag = 21tc/wg is emitted from S’ (wg and Ay are respectively called the wave’s
proper frequency and proper wavelength). Let us choose the axes so that the wave’s propagation
direction lies in the plane x> = 0 and makes an angle 1t + « with the x; axis according to the
observer at S (cf. Fig 6.6).
k = —|k|(cos &, 0, sin &) .

(Note that we can assume without loss of generality that 0 < & < 11/2, changing the orientation
of the x; axis if necessary.) By the remark at the end of the previous section, we can find the
wave four-vector k' in the frame S’ in which the wave was emitted by applying to the wave
four-vector k a Lorentz transformation L(v) with velocity ve;, namely

kK =L(w)k.
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Since k5 = k» = 0, the spatial components of k' are also of the form
k' = —|K'|(cos’,0,sinx’) .

On the other hand, the time-like component kj, is given by

ko = % = (k0—3k1> =y(%+[3|k| COSO() = %(1+BCOSO(),

and hence

wo

C=y0+ Beosw) A=y +Bcosx)A. (6.68)

The relation between the angles & and o is also easily computed from the equations
ki =y(k1 — Bko) = y(k1 — Blk]) = —ylkl(cosex + B),  kj =k3=—|k|sin«,

whence

, k3 sin &
tanx’ = = y(B +cosa) (6.69)

A particularly important case is the so-called longitudinal Doppler effect, in which «’ = 0, i.e,
the electromagnetic wave propagates in the direction of the relative motion between the observer
S and the source S’. From the above formulas it follows that & = 0 and hence

1+8
1-B

A=y(d+B)A = Ao . (6.70)

Thus if the source S’ moves away from the observer S (i.e, if § > 0) then A > Ag, so that the
observer perceives a shift towards the red in the wavelength of the electromagnetic wave emitted
by S’. On the contrary, if the source moves towards the observer then B < 0, and hence A < Ag.
Thus in this case the the wavelength of the electromagnetic wave emitted by S’ appears shifted
towards the blue to the observer in S.

On the other hand, if « = /2, i.e, when according to the observer in S the wavefront is
perpendicular to the direction of the emitter’s velocity, from Egs. (6.68)-(6.69) we obtain

, 1
tanx = —, A=yAo>Ag.

yB

Hence in this case the observer perceives a shift towards the red regardless of the sign of v. This
is the so-called transversal Doppler effect, which does not have a classical analogue.

6.6.2 Compton effect

We shall consider next the so-called Compton effect, which occurs when a photon is scattered
by an electron. In the inertial frame in which the electron is at rest (which usually coincides with
the laboratory frame) the initial momenta of the photon and the electron are respectively

E E
p)’:(E!|p|!oso>zz(1!11010)l pez(mC!O!O!O)l

m being the electron’s mass. Let us choose the axes of the frame S so that the collision takes
place in the x3 = 0 plane, and denote by 6 the angle between the three-momentum of the
scattered photon and the x; axis. The photon’s momentum after the collision is then given by

4

py = E? (1,cos 9,sin 0,0) .
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6.7 Relativistic collisions

By the law of momentum conservation we must then have
Py + Pe = Py + Pe,

or equivalently
Pe + (Py — Py) = Pe-

Squaring and taking into account that

I
3

py=py =0, pi=p,
we arrive at the relation
pe(py — P3) = PyPy,

in which we have eliminated the momentum p, of the scattered electron. Substituting the previ-
ous expressions for py, p;, and p, we obtain

EE’
C2

(1-cos0) = mc? (l—l> =1-cos0,

m(E-E') = T

and taking into account Eq. (6.64) we finally arrive at the relation

Moa=-"" 1 coso) 6.71)
mc

known as Compton’s equation. We thus see that the wavelength of the scattered photon is
always greater than or equal to that of the incoming one.

Exercise. Show that the angle —0, between the scattered electron and the x; axis and its kinetic
energy T, are determined by the equations

E
1+ WZL—]C; csc2(0/2)

cotO, = (1+i2) tan(0/2), T, =
mc

6.7 Relativistic collisions

The conservation of the (four-)momentum of a system of particles on which no external forces
act is of fundamental importance in the study of collisions in the framework of the special theory
relativity. Indeed, as we saw in the previous sections, in the absence of external forces the
system’s total momentum P is conserved, so in particular the momentum P; immediately before
a collision must coincide with the momentum Py after it (cf. Eq. (6.55)). This conservation law is
equivalent to the conservation of relativistic energy

Po =D Pno = . yWn)Mnc (6.72)

along with the conservation of three-momentum

P=D>pn=2yWn)MuVy. (6.73)
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6.7.1 Center of momentum frame

The relation (6.55) is valid in any inertial reference frame. In the analysis of the collisions of
a system of ultra-relativistic particles (moving at speeds comparable to c) there is, however,
a particularly useful inertial frame known as the center of momentum (CM) frame. This is a
frame, analogous to the center of mass system in Newtonian mechanics, in which the spatial
components of the system’s total momentum vanish, i.e., in which the equality

P=0

holds. In order to establish the existence of such a frame, it suffices to show that the total
momentum P of a system of particles is a time-like four-vector, i.e., that P2 > 0 (cf. the discussion
on p. 196). In fact, this fact is a consequence of the following general result:

The sum P = 3, pn of any number of future time-like four-vectors p, (that is, p2 > 0 and
Pno > 0 for all n) is also a future time-like four-vector.

Proof. Indeed, since p,, is a future time-like vector we have

Pa=pio-pa>0 = [pnol=pno>Ipnl.

Thus, if p,, is another such vector then

Pn - Pm < [PullPm| < PnoPmo

and therefore
Pn - Pm = Pn0oPmo0—Pn Pm>0.

Hence ,
pz:(zpn> =S pn =St S pu-pm >0,
n n,m n n+m

and of course (since p; o > 0 for all n)

Pozzpn,0>0. |
n

e It is easy to see that the previous result extends to the case in which some of the four-vectors
(but not all) are light-like, i.e., it is valid as long as p2 > 0 for all n and p,% > 0 for some k (with,
as before, py,0 > 0 for all n).

6.7.2 Threshold energy

Consider a process like
a+b-a+b+c,

in which two particles a and b collide producing a third particle ¢ as a result of the collision.
In the laboratory frame one of the particles (for instance, b) is the target (i.e., pp = 0), while
the other one (the projectile) has a three-momentum p,; # 0. What is the threshold energy of
particle a, that is, the minimum energy that this particle must have so that the creation of the ¢
particle is possible? Obviously, the conservation of relativistic energy requires that

E / 4 14

C% +mp = May (V) + mpy (V) + mey (v)),

where the primes indicate the speeds after the collision in the laboratory frame. Since y(v;) > 1,
from this relation it follows that

E; = (mg + me)c?.
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However, in order to achieve equality in the previous inequality it is necessary that y(v)) =
y(v,) =yl = 1,1ie, vy = v, = v, = 0. This is, however, impossible, since by momentum
conservation p, + pi, + P, = pa # 0, so the speeds of all three particles cannot vanish after the
collision. Hence the threshold energy for the process is strictly greater than (mg, + me)c2.

Let us next compute the threshold energy Eni, in the more general case

a+b—’cl+"'+CN; (674)

in which the production of an arbitrary number of additional particles c¢; of mass m; > 0 is
allowed. To this end, we analyze the collision in the center of momentum (CM) frame, in which
the total momentum (before or after the collision) is given by

PCM=ECTM<1,0,0,0>.

Computing the CM energy Ecy after the collision we obtain

Ecm = Zmiy(vi)cz > Zmicz = Mc?.
1 2
Note that in this case equality can be achieved if all the particles are at rest in the CM system
—i.e., if all of them move with the same speed v in the laboratory frame—, which is of course
possible since none of them has zero mass. Therefore the minimum value of the energy in the
CM frame is simply Mc?:
Ecm > Mc?.

In order to find the threshold energy of particle a in the laboratory frame it suffices to apply the
law of momentum conservation and the invariance of the Minkowski product, which yield the
relation

EZ
Péy = % =P = (pa + pp)* = c*(mi + m}) +2pa - pp. (6.75)

Here Py is the initial momentum in the laboratory frame and p,, p, the momenta of particles a
and b before the collision in the laboratory frame:

E
pﬂ: (Ta;pa>, pb:mhc(]ﬂoioao)
Substituting into Eq. (6.75) and operating we obtain
E2
% = c?(m2 +mj) + 2Eamy .
Thus the energy of particle a in the laboratory frame is given by

2 2

c E¢m 2 2

Ej=—|—-m5;-m;|.
“ 2mb<c4 a b

In particular, replacing Ecy by its minimum value Mc? we obtain the formula

2
C
Emin = 72

- (M? - m32 —m3). (6.76)

Note that the previous result is also valid if the a particle (the projectile) is massless.
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Exercise. A proton collides with another proton at rest in the laboratory frame, producing a
proton-antiproton pair as a result of the collision (p +p — p +p + p + p). What is the minimum
kinetic energy of the incident proton for this process to be possible?

Solution. Since the mass of a particle is the same as that of its antiparticle, we can apply the
latter equation with
Mg =mp =:m, M =4m,

where m ~ 938.272046 MeV/c? is the proton’s mass. We thus obtain

2
Emin = —— (16m2 — 2m?) = 7mc2.
2m

Hence the minimum kinetic energy of the incident proton is

Trin = Emin — mc? = 6mc? ~ 5.63 GeV.

Exercise. Show that an isolated photon cannot decay into an electron-positron pair (y + e~ +e™).
Prove that, however, the process y + N — N + e~ + e* (where N is a heavy nucleus) is possible,
and that the photon’s threshold energy is in this case approximately equal to 2m.c?.

Solution. Let us check, to begin with, that the process y — e~ + e* is impossible regardless
of the photon’s energy. Indeed, in the center of momentum frame of the e~-e™ pair the final
three-momentum P vanishes, and hence the photon’s three-momentum should also vanish in
this frame. But this is impossible, since for a massless particle p = 0 implies that E = c|p| = 0,
i.e., the particle would have zero energy or momentum. (According to the special theory of
relativity the energy of any particle must be strictly positive, even when for zero mass.) Let us
next consider the process
y+N—-N+e +et

mediated by a heavy nucleus N. Using Eq. (6.76) with
mg =0, myp = my, M =2m, + mn

we obtain
c? 2 2 2 M,
Emin = [(2me + mN)© — my ] = 2mec (1+
2mpy

) 2 2”mec2 ,
mn

since m, < my.

6.8 Relativistic dynamics

6.8.1 Four-force and relativistic force

In Newtonian mechanics, the motion of a material particle is governed by Newton’s law

dp _

ar - F, (6.77)

which holds in any inertial frame. From the point of view of the special theory of relativity, the
most natural generalization of the previous equation is

dp
ar - f, (6.78)
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where
fi=(fo,f) eR? (6.79)

is a four-vector known as four-force, depending in general on the particle’s space-time coordi-
nates and velocity. Indeed, this equation is Lorentz covariant, since p is a vector under Lorentz
transformations and the proper time 7 is a scalar. In addition, we shall next see that Eq. (6.78)
essentially reduces to Newton’s second law for small speeds compared to c.

By analogy with Newtonian mechanics, we shall define the relativistic force F so that Newton’s
second law (6.77) holds if we interpret p as the relativistic three-momentum. Since

dp dpdr 1 dp f

dt drdt yw)dr y@w)’

where v is the particle’s velocity, the four-force and the relativistic force are related by

= (6.80)

Note that Eq. (6.77) can be written as

d mv

a (yvymv) = — | ——
dt Sdt | [, .2
1 - Ciz

Obviously, for a given force F (for instance, for constant F) the previous equation tends to its
classical analogue for particle speeds much smaller than c.

=F. (6.81)

Remark. The fact that the relativistic force F is related to the space components f of a four-
vector f by Eq. (6.80) ensures that if Eq. (6.77) is valid in an inertial frame it is valid in all of
them. Of course, Eq. (6.80) imposes very stringent conditions on relativistic forces; in particular,
note that although F is a vector under rotations it does not transform as the spatial components
of a four-vector under Lorentz transformations. [ |

Let us next show that the time-like component of the four-force is determined by the spatial
ones. To this end, it suffices to differentiate with respect to T the identity

p?=p-p=mic,

which yields

p-f=0. (6.82)

In other words, the four-force and the four-momentum are orthogonal (with respect to the
Minkowski product) at all times. From the definition of Minkowski product we thus obtain the

relation
_tp vy,

po c c
where we have taken into account Eq. (6.46). Hence the four-force f can be expressed in terms
of the relativistic force F by the equation

Sfo v, (6.83)

F-v
f= y(v)(—c ,F). (6.84)
In Newtonian mechanics dT
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where

1
T = = mv?
5 mv

is the particle’s kinetic energy. The relativistic analogue of this equation is obtained from the
time-like component of the equation of motion (6.78), namely

dpo _
dr fo-
Indeed, by Eq. (6.83) we have
dpo _ dpo dt _ dpo _ . _y()
dr ~ at ar YW g ~Ho="FV
which vields the identity
d _d . 2 _| 4T _
ar (cpo) = ar (mc=+T) = =it F-v. (6.86)

Thus Eq. (6.85) is still valid, if we interpret T as the relativistic kinetic energy and F as the
relativistic force.

Suppose now that, in a certain inertial frame S, the relativistic force F can be obtained from a
time-independent scalar potential V (x) through the usual equation

oV (x)
ox

This is the case, for instance, for a constant time-independent force, with V = —F - x linear in the

particle’s spatial coordinates. If Eq. (6.87) holds we have

dx oV dx dV

dt” Tox drCdt’

F=-—

(6.87)

F-v=F-

and Eq. (6.86) can be written as
d—dt(cpo +V(x))=0. (6.88)
Thus in this case the total relativistic energy

E=cpo+V(x) = me2 + T+ V(x) = mczy(v) + V(x) (6.89)

is conserved.

Exercise. Find the general solution of the equation of motion of a relativistic particle moving
in one dimension under a potential V (x) (in a certain inertial frame).

Solution. By conservation of energy we must have
mc?y(x) +V(x) = E,

where the constant E is the relativistic energy. Since y(x) > 1, the motion is only possible
in the region V(x) < E — mc?, where E — mc? is the analogue of the non-relativistic energy
(indeed, for small velocities |x| we have E — mc? = %micz +V(x) +O0(|x]*/c?)). Squaring and
solving for x we obtain

2 (E-V(x)°

x? m2c? ) m2c4
l-S=———>5 = X=xc|l-——
(E-V(x))

and hence

t_+1J dx
s 1— m2c4

(E—V(x))z
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Note that the expression under the radical is non-negative, on account of the inequality V (x) <
E —mc?.

6.8.2 Lorentz force

The most important example of a relativistic force is the Lorentz force
F=¢q(E+vVvXxB) (6.90)

where v denotes the particle’s velocity. Indeed, it is an experimental fact that the equation of
motion of a particle of charge g in an electric field E and a magnetic one B is exactly (even at
speeds arbitrarily close to c¢) Eq. (6.77) with the Lorentz force (6.90). We shall check in this section
that if the fields E and B transform appropriately under Lorentz transformations the equation of
motion (6.77)-(6.90) is indeed valid in any inertial frame.

Notation. As is customary in most textbooks on relativistic mechanics, in this section we shall
denote by a* the components in a given inertial frame S of a four-vector under Lorentz trans-
formations a := (a%,a); in particular, a = (a!,a?,a?). The components a’* of the same vector
in another inertial frame S’, related to S by a Poincaré transformation x’ = Ax + x|, can be
obtained from the formula
at=> A ay (6.91)
%

in terms of the matrix elements (A, )o<yu,v<3 Of the Lorentz transformation A. This relation
can be expressed in matrix form as
a’ = Aa,

where a = (a®a! a?a?®)7 is a column vector (and similarly a’). Consider next a linear map
B :R* — R, which in the inertial frame S is defined by an equation of the form

B(x) = > bux*
H

for certain coefficients b, € R. In a different inertial frame S’ this equation becomes

B(x) = > b,x™.
u

To find the relation between the components (by) and (b,) of the linear form B in the frames
S and S’ it suffices to note that

B(x) = > bpx'" = Y byAtyx¥ =3 byx” = by =Y AMb,.
M 1A% v M

Note that this relation can be written in matrix form as
b=Db'A,

where b = (b° b! b2 b3) is a row vector (and similarly b’). We can invert this relation using the
defining equation (6.24) of Lorentz transformations, which yields

b =bGIATG.
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Note that, although G~! = G by Eq. (6.21), we have chosen to distinguish G~! from G since in
general relativity G-! need not be equal to G. Denoting by (Guv)o<u,v<3 and (g"")o<u,v<3 the
matrix elements of G and G~1, respectively, we have

b= > byg" A vguu =S AVby, ALY =D gueg” ARy, (6.92)

v,V v v’

where we have made use of the identity gy = gy u-

We thus see that the transformation law (6.91) of the components (a#) of a four-vector
a is different from the analogous law (6.92) for the components (b,) of a linear form B. To
emphasize this distinction linear forms are often called covectors, and four-vectors are referred
to as contravariant vectors. An important example of a covector is the (four-)gradient of a scalar
function ¢ (x), whose components ¢ ,(x) are defined by

0p(x) _

OxH

d),u(x ) =
Indeed, it suffices to note that the functions ¢ ,(x) are the components of the linear form (in

dx)
dp(x) = 3 2P qn.

u
“ax

Given a contravariant vector a := (a*), it is straightforward to check that the quantities
Au = Zg,ﬂ,a"
v
transform under Lorentz transformations as the components of a covector. Indeed, since

Zaux“ = Zguva"x“ =a-x,
u JTRY

the numbers (a,) are the components of the linear form x — a - x. It is thus customary to
refer to the numbers (ay) as the covariant components of the vector a, and in the same vein
call (a#) its contravariant components. Note that from the definition (6.21) of G it follows that

ap =al, a;=—at.

In general, an 7 -contravariant and s-covariant tensor T in Minkowski space can be defined as a
set of 4"+ quantities (T}}") —or, more precisely, an assignment of 4”*5 numbers (T{!:5")

to each inertial frame S— which transform under a Lorentz transformation A as

’

PHY by ! g vi Vg el - Uy
T o B z Aulﬂl 0o 'AHVNVAV{ 0o AVS’ STVL..VS .

In other words, the contravariant indices p; transform as the components of a contravariant
vector (cf. Eq. (6.91)), while the covariant indices v; transform as the components of a covector
(cf. Eq. (6.92)). (More formally, T is a mapping from (V*)” x V5 to R, where V = R and V* is
the dual space of V, which is linear in each of its v + s arguments. Note, in this respect, that a
vector space V is canonically isomorphic to its bidual V** := (V*)*.)

The condition (6.82), or equivalently u - f = 0, is a strong constraint on the form of the
covariant four-force f. To begin with, it implies that a nonzero four-force f must necessarily
depend on the particle’s velocity, since even if f is independent of v in a certain inertial frame
S its time-like component f° = f - v is velocity-dependent. The simplest example of nontrivial
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6.8 Relativistic dynamics

covariant four-force is a linear function of the four-velocity u, i.e.,

fH=> Fh(x)uY. (6.93)

From the condition u - f = 0 we then obtain

Zf“uu = ZF“v(x)u"uu = Z GuoFHy(x)uvu? =0,
u u,v W,Vv,o

or equivalently
D> P (x)uuuy, =0,  with F(x):=> g"7 Fly(x).
u,v o

Note that from the equality
G G6=1 = zgp”gua =0°q,
u
where 6?4 is Kronecker’s delta, it follows that
FH,(x) = ngoFuU(X) =ng“"(x) . (6.94)
(o

Since the condition

ZF“V(x)uuuv = Z <F“"(x) +F"“(x))uuuv =0

u,v U<V

N | —

must hold for all values of u,, it follows that

FHY(x) = —FYH(x).

Thus the matrix (FFY (X)) <,y <3 1S antisymmetric, and has therefore 6 independent components.
The relativistic force f associated with the linear four-force (6.93) has components

. i .ouV . . . . .. .

Fio S > Fl,—— = cFly(x) + > FL(x)v/ = cF%(x) - > FU(x)v/.
yv) % y(v) ; r

This expression is reminiscent of the Lorentz force acting on a charged particle, since it consists

of a term independent of the velocity (proportional to the electric field strength) and another one

linear in the velocity (associated with the magnetic field). In fact, let us define

E'(x):= cF(x) = —cF%(x). (6.95)
Moreover, since Fi/(x) is antisymmetric we can write

Fi(x) = -> &puBX(x), (6.96)
k

where & is Levi-Civita’s completely antisymmetric symbol; indeed, BX = -3 3; ; €ijiFY (x). We
then have
Fi=E'(x) + > &jv/B*(x) < F=E(x)+vxB(x).
Juk
This is the correct form of the electromagnetic force for a unit charge. For an arbitrary charge g
the electromagnetic four-force is therefore

FH=ad F*(0)uY = q ) F*Y (x)uy, (6.97)
H H
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where the elements of the 4 x 4 matrix F#Y (x) are related to the electric and magnetic fields E(x)
and B(x) by Egs. (6.95)-(6.96). The corresponding relativistic force is the familiar Lorentz force

F = q(E(x) +vxB(x)). (6.98)

It follows that the relativistic equation of motion of a charge g in an electromagnetic field
(E(x),B(x)) is simply

dp _

ar q(E(x) +V X B(x)) ,

where p = my(v)v is the relativistic three-momentum. Note that this equation is exact (i.e., it
holds for particle speeds arbitrarily close to ¢) and is valid in every inertial frame.

From Eq. (6.97), and the fact that f and u are contravariant vectors, it follows that the quan-
tities (FHV) are the components of a twice contravariant antisymmetric tensor under Lorentz
transformations, which in turn implies that (FH,) is a once covariant and once contravariant
tensor (cf. next exercise). By Egs. (6.95)-(6.96), the components of the tensor (FHY), which is
known as the electromagnetic field tensor, are related to the fields E and B by

0 -ElY¢ -E?/c -E3/c

El/c 0 —B3 B2

HVY —

(FHY) E2jc B3 0 gt (6.99)
E3/c —B? Bl 0

Exercise. Show that the quantities (F#V) transform under a Lorentz transformation x’ = Ax
between two inertial frames S and S’ as the components of a twice contravariant tensor.

Solution. Indeed, note that, since

u-f

- = F“vuuuv = Z Fuvuuuv
! v v

is a Lorentz scalar, we must have

v, r_ uv _ uv Au’ v’ ’ ’ 4
Z Frru,u, = zF UyUy = Z FFYAT (AT yuu,,, Vu e R*,
1Y% v IR
and hence
FHY =3 AF AV JFHY, (6.100)
[TRY

as claimed. Note, finally, that from the latter equation it easily follows that (F¥,) is a once
covariant and once contravariant tensor. Indeed,

FHy =3 gy FHP = 3 gup AW AP JFRY = 5 guiy AR AP, gV FH

p [ TRY P u,V,0
! o
= > A¥ AL TFH,,
u,o

where in the last step we have made use of Eq. (6.92). Likewise, (Fy,) transforms as a rank
2 (antisymmetric) covariant tensor, which is defined by some authors as the electromagnetic

224



6.8 Relativistic dynamics

field tensor instead of (F*V). Since

Fuy = Z JupGvo FP7 = guugvwF*”,
p,0

by Eq. (6.99), the components of (Fyy) are given by

0 El/c E?/c E3/c
“El)c 0 -B® B2
-E%/c B3 0 -B!
-E3/c -B? B! 0

(Fuv) =

Exercise. Find the transformation law of the fields E and B under a Lorentz boost in the x!
direction with velocity v.

Solution. In this case the only nonzero components elements of (A*,)
A=Al =yw), A% =Al=-By(v), A%=A%=1,
so that after an elementary calculation we obtain
E'' = Fl, E'? = y(E? - vB3), E” = y(E® + vB?), (6.101)
B! = B!, B2 = y<B2 + CU—ZE3) B = y<B3 - :—2E2> . (6.102)

Denoting respectively by E; and E, the components of E parallel and perpendicular to the
velocity v, and similarly for B, the above equations can be written as

’ ’ ’ \'%

Taking into account that

= Vv, E.=E-E

E|= 02

(and similarly for E’, B, B’), and using the identity

_ 2 2,2
oyt _ B
1+y 1+y

after a straightforward calculation we obtain

2 2
E = y(E+vxB) - " (E-B)B, B’=y(B—CXZ><E)—1Y+—y<B-ﬁ>ﬁ,

where B := v/c. Note that, since these equations are written in vector form, they are in fact
valid regardless of the direction of the relative velocity v between the reference frames S and
S’.
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6.8.3 Hyperbolic motion

The simplest example of relativistic force is that of a constant force!3
F =ma,

with a € R3 a constant vector with dimensions of acceleration. We shall next see that in this case,
just as in non-relativistic mechanics, the particle’s equation of motion can be exactly solved. We
shall suppose, for the sake of simplicity, that the particle is initially at rest at the origin of
coordinates, i.e.,

x(0) =p(0) =0.

Integrating the equation of motion
dp _ ma
dt

with the initial condition p(0) = 0 we have

p = mat.
Substituting in Eq. (6.47) we obtain
d t t
v = d—’t‘ -—r 2 7 = = | (6.103)
\/p2+mzcz m2c? + m2a \/1+acg

Note that, regardless of the magnitude of the force F (i.e., of the constant acceleration a), from
the previous equation it follows that v < ¢ for all t. Integrating the last equation with respect to
t and taking into account that x(0) = 0 we derive the law of motion:

+ 5 -1

bt sds c’a a2t?
X=a| = = Tl a 1 c? '
O 14+ 3

Note that for a|t| < ¢ Egs. (6.103) and (6.104) approximately reduce to their analogues in New-
tonian mechanics

(6.104)

v = at x—lat2
— at, =3 _

On the contrary, for t — +o the velocity v tends to =ca/a and, therefore, the particle’s speed
tends to c (cf. Fig. 6.7), whereas x ~ c|t|a/a.
If we choose the axes so that a = aeq, the law of motion (6.104) reduces to

2 242 2\ 2
c a-t c c
x1=( 1+2—1) = (x1+—> —x(z)z—z, x1=0].
c a

(6.105)

a

This is the equation of a (branch of an) equilateral hyperbola (cf. Fig. 6.8) centered at the point
(0, —c?/a), whose axis is the x; axis and having as asymptotes the straight lines

c2
X1+ — ==%£X¢.
a
Note that in Newtonian mechanics the particle’s world line is the parabola

x; = -2 x2
1 =
2c¢2 70
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6.8 Relativistic dynamics

Figure 6.7. Component in the e; direction of the velocity of a relativistic particle of mass m sub-
ject to a constant force mae; as a function of time (blue curve) and its two asymptotes
v1 = =c (dashed red lines).

X0

S > X1

Figure 6.8. World line of a relativistic particle of mass m subject to a constant force ma in the x;
direction (blue line), along with its analogue in Newtonzian mechanics (red line). The
dashed green lines represent the asymptotes x; = —% + xo of the particle’s world
line.

(cf. Eq. (6.105)).
From Eq. (6.103) it immediately follows that

dr 1 1+a2t2
dt  y

e t ds
— —— ) = T= J —_——,
C / 242
0 1 acic

where for simplicity’s sake we have taken T(0) = 0. Performing the change of variable as/c =
sinh z in the integral we easily obtain

C2

242
T = £arcsinh(at/c) - log at +4/1+ at) . (6.106)
a a c

13The statement that the force acting on a particle is constant is not Lorentz invariant, but depends on the
inertial frame considered. In other words, even if F is constant in a given inertial frame S it need not be constant
in another frame S’ in motion relative to S. It can be shown, however, that if F is constant in an inertial frame S it
will remain constant in any other frame S’ whose velocity with respect to S has the same direction as F, and in this
case F' = F (see the exercise at the end of this section).
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Thus the coordinate time t is related to the proper time T by

t= % sinh(at/c). (6.107)

Note, in particular, that for T > c¢/a we have

t~ C eatlc (T>cla),
2a
i.e., coordinate time increases exponentially with proper time.
It is also of interest to compute S(v) and y(v) as functions of the proper time 7. First of all
(taking, as before, a = ae;), the parameter B(v) is easily obtained from Egs. (6.103) and (6.107):

sinh(at/c)

= tanh(at/c). (6.108)

U1
B(v) = — =
¢ 1 +sinh?(at/c)

As for y(v), it can be derived from the previous expression or more directly taking into account

that it is just the derivative of the coordinate time t with respect to the proper time T:

dt
y(v) = ar cosh(at/c). (6.109)

By Eq. (6.50), the particle’s kinetic energy is given by

T =mc?(y(v) — 1) = mc?(cosh(at/c) — 1) = | 2mc? sinh?(at/(2¢)) |. (6.110)

This is the energy that must be supplied to the particle to maintain its constant acceleration a
between the proper times 0 and 7. By the law of conservation of relativistic energy (6.89), this
energy must be equal to the work F - x = ma - x done by the constant force F = ma during this
period of time. This fact is also easily verified using Egs. (6.104) and (6.107):

azt?

ma-x:mcz( 1+C2—1> = mc?(cosh(at/c) —1). (6.111)

Again, for proper times T > c/a this energy increases exponentially T:

T ~ %mc2 edT/c (1> c/a).

Exercise. Show that if a force F is constant in an inertial frame S it is also constant in any other
inertial frame S’ moving in the direction of F relative to S, and that moreover F’ = F.

Solution. Let us take the x; axis of S in the direction of the force F and the axes of S’ parallel
to those of S, and denote by w = we; the velocity of the origin O’ of S’ relative to S. In the
original frame S the four-force f has components

f1=yW)F, fo=@F-V=y(v)%F, fo=f3=0,
and therefore
_ V1
f —Fy(v)( - ,1,0,0).

The components of the four-force in the frame S’ are obtained applying a Lorentz boost of
velocity w in the direction of the x; axis:

v —w

vlw)

fo = v (fo-2 fi) = Ey@)y(w) S =y (-2 o) = Fy@yy) (1-23

and of course f> = f3 = 0. Taking into account that the x; component of the particle’s velocity
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in the frame S’ is given by the relativistic law of addition of velocities

r_ v —w
vl_l_vlw
c2

we obtain )
, viw\ [V )
=F 1-——|(—,1,0,0]).
f y(v)y(w)< 2 )(C 103
From the identity

vlw) = y(")

y(w)yw)(1- 23
(exercise) it then follows that )
F = Fy@)(%,1,0,0),

and in particular
F/ _ fl -
y(’)

e; =Fe; =F.

Exercise. The proper acceleration of a particle is its instantaneous acceleration relative to its
proper inertial frame. i) Express the proper acceleration as a function of the particle’s acceler-
ation a = dv/ dt measured in an arbitrary inertial frame. ii) If the particle’s velocity relative to
a certain inertial frame is always parallel to the vector e;, show that in that frame the proper
acceleration equals du/dt.

Solution. i) To compute the proper acceleration at a certain time t, let us first find how the
acceleration a = % measured in a certain inertial frame S transforms under a Lorentz boost
with velocity we;. To this end, it suffices to differentiate the law of relativistic addition of
velocities, with the result

o - dun dt’ Dai+(wi-w)%* g a,_DakJrvk‘%w k=2.3)
L= dt / dt y(w)D3 ~ y(w)3D3’ k™ y2(w)D3 Ty
where we have set i
L 1
D:=1- 7C2 .

The vector a’ = (a}, a5, a3) is the particle’s acceleration measured in an inertial frame S” (with
axes parallel to those of S) moving relative to S with velocity w = we;. If we assume that at
some instant ¢ the particle is moving in the direction of the axis e, that is if v = ve; at that
time, taking v1 = v = w (and therefore D = y(v)~2) and v» = v3 = 0 in the previous equations
yields the particle’s acceleration in its proper frame S’ at that instant t:

ay=yw)ar, ap=yw)ilax (k=2,3).

Obviously, in an arbitrary inertial frame (whose e; axis need not coincide with the direction of
the particle’s velocity at time t) the previous formulas should be replaced by

ay=yw)ay, a\,=yw)ia,,

where a[l and a’| respectively denote the components of a’ in the direction of the particle’s
velocity at time t and its perpendicular.

ii) If the particle moves at all times in the direction of the x; axis with velocity v (not necessarily
constant) in a certain inertial frame S then x» = x3 = 0 for all ¢, and therefore ap, = a3 = 0.
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From the previous formulas it then follows that

& —ywra —ywP ¥,  ay-aj-0
dt
Hence
duy _ d (v dl_( 3112)dv_ sdv
e dt(y(v)v) =(y'(v)v +y)) e y() +y() ) a =y) a - M

as was to be shown. In particular, from the equation of motion under a constant force F = Fe;
it follows that

F 1dp du

m  mdt dt
Hence in the hyperbolic motion studied in this section the proper acceleration of the particle
is constant and directed along the x; axis.
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acceleration, 7
centripetal, 15
in cylindrical coordinates, 12
in spherical coordinates, 11
accessible region, 35
action, 98
allowed region, 35
angular velocity, instantaneous, 146
aphelion, 69
apoapsis, 69
apoastron, 69
apocenter, 69
apogee, 69
apsis, 69
axes
body, 161
fixed, 143
moving, 143
terrestrial, 149
axis of rotation, instantaneous, 146

boost
Galilean, 21
Lorentz, 192, 199

calculus of variations, 87
center of mass, 50
center of momentum frame, 215
Compton effect, 213
cone
body, 180
space, 181
conservation
of angular momentum, 23
of energy, 23
constant of motion, 22
constraint, 104
ideal, 104
coordinate
systems, orthogonal, 8
curves, 8
cyclic, 113

ignorable, 113

system, positively oriented, 8
systems, curvilinear, 7

vectors, unit, 8
coordinates
cylindrical, 11
generalized, 104, 107
spherical, 8, 9
covariance, 99
curl, 2, 23

degrees of freedom, 107
derivative

total, 95

variational, 95
Dirac’s delta function, 27
divergence, 2
Doppler effect, 212

effective gravity, 151
energy
integral, 91, 94
kinetic, 23, 53
internal, 53
of a rigid body, 165
relativistic, 207
potential, 23
relativistic
total, 209
rest, 210
rotational, 166-168
threshold, 215
total, 23, 53
equation
Binet’s, 62
Compton’s, 214
Euler-Lagrange, 90
Laplace’s, 27
Poisson’s, 27
secular, 171
wave, 29
equations
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Euler’s, 177
Euler-Lagrange, 93, 109
Hamilton’s canonical, 131
Lagrange’s, 109
Maxwell, 28

equilibrium, 34
stable, 44

field
electric, 27
electromagnetic, 28, 102
magnetic, 28
scalar, 2
vector, 2
first integral, 22, 90
force
central, 23, 25
centrifugal, 149
conservative, 23, 53
constraint, 104
Coriolis, 149
electromagnetic, 28, 220
external, 50
fictitious, 21
inertial, 21
irrotational, 23, 24
Lorentz, 28, 220
reaction, 104
relativistic, 218
Foucault’s pendulum, 155
four-force, 218
four-momentum, 206
total, 208
four-vector, 198
wave, 211
four-velocity, 205
frame
center of mass, 58
fixed, 147
inertial, 18
moving, 147
proper, 204
frame, orthonormal, 8
functional, 87

gradient, 2
group
Galilean, 21
Lorentz, 199

Hamiltonian, 131
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in spherical coordinates, 134
of a charged particle, 135
in spherical coordinates, 135

inertia

moment of, 167
principal axes of, 170, 171
principal moments of, 171
product of, 167
tensor, 166, 167

integral of motion, 22
interval, 194

light-like, 195
space-like, 195
time-like, 195

invariant direction, 181

Jacobi identity, 137

Lagrangian, 98, 105, 108

in spherical coordinates, 100
of a charged particle, 103

Laplacian, 2

law

of addition of velocities, 194
of areas, 60

of momentum conservation, 209
of universal gravitation, 26

laws

conservation, 22, 51, 113, 132
Newton’s, 16

line element, 8
Lorentz-Fitzgerald contraction, 204
Lorenz gauge, 29

mass, 16

gravitational, 26
inertial, 26
reduced, 57

Minkowski product, 197
momentum, 16

angular, 22, 51

internal, 51

of arigid body, 165, 166
canonical, 113
linear

of arigid body, 164
total, 51

natural mechanical system, 114
normal

coordinates, 122



frequencies, 122
modes, 122

periapsis, 69
displacement of, 70
periastron, 69
pericenter, 69
perigee, 69
perihelion, 69
period, 37
of small oscillations, 44, 46
phase map, 43
photon, 211
Poisson bracket, 136
potential, 23
effective, 61
gravitational, 27
Kepler, 67
scalar, 29
vector, 29
principle
equivalence, 26
Fermat’s, 88
Galileo’s relativity, 187
Hamilton’s, 97, 98
of least action, 99
of stationary action, 99
of virtual work, 106, 107
relativity, 189
product
triple, 1
vector, 1
proper distance, 196

rest length, 204
rigid body, 161

simultaneity, relativity of, 197
space
configuration, 107
Minkowski, 198

phase, 136
theorem
Euler’s, 143

Jacobi-Poisson, 137
Noether’s, 115
Steiner’s, 168

time
derivative, partial, 4
derivative, total, 4
dilation, 200

Index

proper, 196, 200, 202
torque, 22
of external forces, 52
transformation
canonical, 138
Galilean, 21
Legendre, 131
Lorentz, 198
general, 198
Poincaré, 198
turning point, 35

variation, 95
velocity, 7
angular, 16
generalized, 113
in cylindrical coordinates, 12
in spherical coordinates, 10
virtual displacement, 106

work, 24
world line, 202
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