Chapter 2
Lagrangian Mechanics

Abstract In this chapter, we lay out the foundations of Lagrangian Mechanics.
We introduce the basic concepts of Lagrangian mechanical systems, namely the
Lagrangian, the action, and the equations of motion, also known as the Euler—
Lagrange equations. We also discuss important examples, such as the free particle, the
harmonic oscillator, as well as motions in central force potentials, such as Newton’s
theory of gravity and Coulomb’s electrostatic theory. Highlighting the importance
of symmetries, we study integrals of motion and Noether’s theorem. As an applica-
tion, we consider motions in radial potentials and, further specializing to motions
in Newton’s gravitational potential, we conclude this section with a derivation of
Kepler’s laws of planetary motion.

2.1 Lagrangian Mechanical Systems and their Equations of
Motion

Definition 2.1 A Lagrangian mechanical system is a pair (M, £) consisting of a
smooth manifold M and a smooth function .Z on T M. The manifold M is called the
configuration space and the function .Z is called the Lagrangian function (or simply
the Lagrangian) of the system.

More generally, one can allow for the Lagrangian to depend explicitly on an extra
variable interpreted as time.

Example 2.2 The Lagrangian of a point particle of mass m > 0 moving in Euclidean
space R" under the influence of a potential V. € C*(R") is

1
LW = Em(v, vy—=V(x), veTlR" xeR",

where (-, -) denotes the Euclidean scalar product. Given a smooth curve t — y () in
R", the quantities Fy, () = %m(y/(t), y'(®)) and Ep(t) = V(¥ (¢)) are called the
kinetic energy and the potential energy at time ¢, respectively. Their sum
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E(t) = Exin(?) + Epot(t)

is the fotal energy at time .
By specializing V one obtains many important mechanical systems:

1.

The free particle: V = 0.

2. The harmonic oscillator: n =1 and V = %kxz, where k is a positive constant

3.

known as Hooke’s constant.
Newton’s theory of gravity: n = 3 and

kmM

)

r

where » = |x| denotes the Euclidean norm of the vector x, M > 0 is the mass of
the particle (placed at the origin 0 € R?) generating the gravitational potential,
and « is a positive constant known as Newton’s constant. (Notice that in this case
V is not defined at the origin, so the configuration space is R? \ {0} rather than
R3)

Coulomb’s electrostatic theory: n = 3 and

V= kteQ2’
r

where ¢ is the charge of the particle of mass m moving under the influence
of the electric potential generated by a particle of charge ¢, and k. is a posi-
tive constant known as Coulomb’s constant. Notice that up to a constant factor
Coulomb’s potential is of the same type as Newton’s potential. However, contrary
to Newton’s potential, the Coulomb potential can have either sign. As we shall
see, this corresponds to the fact that electric forces can be attractive or repul-
sive, depending on the sign of the product q;¢», whereas gravitational forces are
always attractive. Another important difference is that the gravitational potential
contains the mass m as a factor whereas the electric potential does not. As we
shall see, the former property implies that the acceleration y” of the particle in
Newton’s theory of gravity is independent of its mass.

Example 2.3 More generally, given a smooth function V on a pseudo-Riemannian
manifold (M, g), one can consider the Lagrangian

1
L) = 58(", vW—VXx), veT,M, xeM.

Definition 2.4 Let (M, %) be a Lagrangian mechanical system. The action of a

smooth curve y : [a, b] — M is defined as

b
S¥) 1=/ Z(y'®)dt.
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A motion of the system is a critical point of S under smooth variations with fixed
endpoints. (This statement is a mathematical formulation of Hamilton’s principle of
least action, which should better be called principle of stationary action.)

Next we will derive the equations of motion, which are the differential equa-
tions describing critical points of the action functional. These are known as the
Euler-Lagrange equations and are given in (2.3). For this we introduce coordi-
nates (x', ..., x") on an open subset U C M. They induce a system of coordinates
q.9)=(@q",...,q",4",...,4") onthe open subset TU = 7' (U) C T M, where
7w : TM — M denotes the canonical projection. The induced coordinates are defined
by

¢ =x"om, §¢'(v):=dx'(v), veTU.

Lety, : [a,b] > M, —e < s < ¢, & > 0, be a smooth variation of y : [a,b] > M
with fixed endpoints. Then in local coordinates as above we compute

0.Z d .
L) = (—(y ) — N c}'(yo)
s=0
d g
_Z(_( ) asoyx)’

where ¥ :=x' oy and y' := (y")’. Note that here and throughout the rest of the
book, we use an adapted version of Einstein’s summation convention, where repeated
upper and lower indices are to be summed over. This is indicated by a plain sum
symbol (see also p. xi). If we denote by ¥ := the variation vector field
along y, then we can rewrite this as

0.%¢ .
L= (—i(y/)"ﬂ’ +
dag L

—Z( "0 = e ))% +f,

where ¥ := dx'(¥) = ¢'(?) are the components of ¥ and

ds

qi !

s=0 s=

3L
+ =)
aq

s=0

da s= Oys

ds

s=0

Notice that the local vector field ¥V = > ”//’ 7 along y’ is independent of the
choice of local coordinates and, hence, defines a global vector field along y’. This
follows from the fact that it corresponds to ¥ under the canonical identification of
T,y M with the vertical tangent space

Ty (TM) = Kerdr|, C Ty (TM).
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Using this vector field we can rewrite the function f as
[=7"(Dly.

This shows that also f is globally defined on the interval [a, b] and vanishes at the
endpoints. Therefore we have
S(ys) =

bd

Ly, (t))dt = —

S |s—o ds o 0/ (s (@) /a ds

bra

/(G

where the integrand is a globally defined function on the interval [a, b] with the
following local expression:

Ly t)dt (2.1)

s=0

Ly, 1) — f/(t)) dt, (2.2)

s=0

ds

Ly0) - f=> ( G ) V).

s=0

Theorem 2.5 Let (M, L) be a Lagrangian mechanical system, n = dim M. The
motions of the system are the solutions y : [a, b] — M of the following system of
ordinary differential equations:

daf

i 30 i=1,...n. (2.3)

o =

Proof Letus first remark that for every vector field ¥ along y the function > o; ¥ =
% 02 (yy) — f'is coordinate independent and thus globally well-defined. From
this we can deduce that o = Zaidxi|y is a well-defined one-form along y (cf.

Appendix A, Exercise 1). In virtue of (2.2), we see that y is a motion if and only if

b
/ a(¥)|,dt = 0.

for all vector fields #” along y vanishing at the endpoints. To see that this implies that
a(typ) = O for all ty € (a, b) we take § > 0 such that y ([t — 8, 7o + §]) is contained
in a coordinate domain and consider ¥ = he;, where & > 0 is a smooth function
on [a, b] with support contained in (ty — §, tp + &) such that 4 (fy) > 0. This defines
a smooth vector field ¥ along y vanishing at the endpoints and 0 = f b a(?)|dt =
f’“J”S h Zazdt now implies that a(#)) = 0. This proves that «|, 4 = 0 and, by
continuity, @ = 0. g

Definition 2.6 The one-form « along y will be called the Euler—Lagrange one-form.
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Example 2.7 Let (M ,g) be a pseudo-Riemannian metric and consider the

Lagranglan L) =3 Lg(v,v), v € TM.In canonical local coordinates (¢', ..., q",
q ,.--»q") on TM associated with local coordinates (x',...,x™) on M it is
given by

= Y i,
where g = > g;jdx'dx/ and g;; = g;; o w. We compute
9<L _ _Zagk/Ak ]Z_Z(agkj . )Akq 7
aéi =2 &d’.

gk/

Py,
’ —Zgij(y)?f,
dos ;
T =25 g’(y)y P+ i ()P

dt 9q
; dg; d
—a =D &P + = Z( By )+ﬁ(7/)— gk’( ))

—Zg,z(y) 1z +Z pRC2L A

0L ]
ag T2

This shows that the Euler-Lagrange equations are equivalent to the geodesic equa-
tions

1 +z LYY =0, e=1,....n

Using the covariant derivative V they can be written as V,y" = 0 or (%y/ =0.

Proposition 2.8 Let V be a smooth function on a pseudo-Riemannian manifold
(M, g) and consider the Lagrangian

L) = %g(v, v)=V(@#m®), veTM, 2.4)

of Example2.3. Then a curve y : I — M is a motion if and only if it satisfies the
following equation

\Y
E)/ +grad V|, =0 (2.5)
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Proof We have already shown that the Euler—Lagrange one-form in the case V = 0

isgivenbyo = —g (%y , ) It remains to compute the contribution of the potential
V to the Euler-Lagrange one-form, which is

dVom) ., ., v i
—ZT(;/ )dx =—Zﬁ(y)dx =—dV,.

So in total we obtain
—a = —y' ) +4dV
o g( Yty ) ly

and, hence,

—g la = v "+ grad V|
8 _dty g Vo

1

where g7 : T*M — T M denotes the inverse of the map

g:TM — T*M, vi> g(,-).

2.2 Integrals of Motion

Definition 2.9 Let (M, .Z) be a Lagrangian mechanical system. A smooth function
f on T'M is called an integral of motion if it is constant along every motion of the
system, that is for every motion y : I — M the function f(y’) is constant.

Obviously, the integrals of motion are completely determined by the equations
of motion and do not depend on the precise Lagrangian. Therefore, the notion of
an integral of motion is meaningful if we are just given a system of second order
differential equations' for a curve y : I — M in a smooth manifold M.

Proposition 2.10 (Conservation of energy) Let V be a smooth function on a pseudo-
Riemannian manifold (M, g) and consider the Lagrangian
1
L) = Eg(v, v)—V(@®m), veTM, (2.6)

of Example 2.3. Then the total energy

1
vie> E(v) = Eg(v, v) 4+ V()

ISuch a system will be usually given by a consistent specification of a system of second order
differential equations for the components of the curve in each local coordinate system. A typical
example is (2.3).
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is conserved, that is it is an integral of motion. If V is constant then the motion is
geodesic.

Proof We compute the derivative of t — E(y’(t)) along a motion y:

0.

d (1 ;o \Y% @5
— | ze(y, 1% =gl —y.y' ) +dV],y =
o (zg(y y)+ (J’)) g(dty V)+ lyy
If V is constant then the equation of motion (2.5) reduces to the geodesic

equation. ]

Remark The last statement of the proposition is related to conservation of momen-
tum in Newtonian mechanics. Recall from Chap. 1 that the momentum of a particle
y : I — R" of mass m moving in Euclidean space is p = my’. Newton’s second
law of mechanics has the form p’ = F, where F is the force acting on the particle,
which may depend on the position ¥ and momentum p of the particle. Obviously,
F = 0 implies that the momentum is constant along every motion. The conservation
of energy holds in Newtonian mechanics if the force field 7' depends only on the
position and is a gradient vector field. In fact, then we can write F = —grad V for
some function V on R” and hence, Newton’s equation is a special case of (2.5).

Definition 2.11 Let (M, ) be aLagrangian mechanical system. A diffeomorphism
¢ : M — M is called an automorphism of the system if

L(dyv) = Z(v),

forallv € TM. A vector field X € X(M) is called an infinitesimal automorphism if
its flow consists of local automorphisms of (M, ).

Theorem 2.12 (Noether’s theorem) With every infinitesimal automorphism X of a
Lagrangian mechanical system (M, £) we can associate an integral of motion f =
dLXY, where X" € X(T M) denotes the vertical lift of X. (In local coordinates
we have X" = > (X' o n)% fx=>Xx=
Proof Let us denote by ¢, the flow of X. For every motion y : I — M of the system
with values in the domain of definition of ¢; the curve y; = ¢, o y is again a motion

and
S
Vs = agsy 35 .

where

deos(v)

- ad
TM3vis X(v) = —
ds s=0

denotes the vector field on 7'M the flow of which is dg;. Differentiating the equation
7 odys = ¢ o T withrespectto s, we obtaindm o X = X o . In local coordinates
(x) on M and corresponding local coordinates (¢', §') on T M this means that
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X:Z((Xfon)—”l ) X = leaxt'

The locally defined functions Y on T M can be computed at v € T M as follows:

i NE ni 9 dg;
Yio) =diiXm = 50| d'dem) = o) Z fax,@
0 ~8(pi .
= P25 axi ),
s AZO;‘} ox/ )

where ¢! := x' o ¢, and we have used that -~ |A -0 ¢! = X'. The above implies that

ad - 0.7 ; 0.7 :
O = - g ’ = dJX r = e Xl vl Xm !
55| L0 ly Z(aq, X0+ | axien
2.7)
Using the Euler—Lagrange equations we can now compute
0.7 ;
—f( h=— Z p X’(y)
d 8.,2” @n,
= — X' dx'
Z(d; 5 y,) (>+Zal X =
N—

_ iz
aqt

v/

O

Proposition 2.13 The group of automorphisms of the Lagrangian system of
Example 2.3 is given by the Lie subgroup

Aut(M, %) = {p € Isom(M, g)|V op = V} C Isom(M, g).
Its Lie algebra consists of all Killing vector fields X such that X(V) = 0.

Proof See Appendix A, Exercise 6. (I

Corollary 2.14 Let V be a smooth function on a pseudo-Riemannian manifold
(M, g) and consider the Lagrangian £ (v) = %g(v, V)= V(@E®»), veTM, of
Example2.3. Then every Killing vector field X such that X(V) = 0 gives rise to
an integral of motion f(v) = g(v, X(w(v))),ve TM.

Corollary 2.15 (Conservation of momentum) Consider, as in the previous corollary,
the Lagrangian of Example 2.3. Assume that with respect to some coordinate system
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on M the metric g and the potential V are both invariant under translations in one
of the coordinates x'. Then the function

pi=» &g’

is an integral of motion on the coordinate domain.

Since the Euclidian metric is translational invariant we have the following special
case of Corollary2.15.

Corollary 2.16 Let V = V(x2,...,x") be a smooth function on Euclidean space
R" which does not depend on the first coordinate and consider the Lagrangian
L) = %m(v, v) — V(r(v), ve TR", of Example2.2. Then the first component
p1 of the momentum vector p = Y. p;e; is an integral of motion, where p;(v) :=
m(v,e;), ve TR

Note that the result still holds if we replace the Euclidean scalar product by a
pseudo-Euclidean scalar product, such as the Minkowski scalar product.

Corollary 2.17 (Conservation of angular momentum) Let V be a smooth radial func-
tion on R\ {0}, that is V depends only on the radial coordinate r, and consider the
Lagrangian £ (v) = %m(v, V) = V(@®), v € TR\ {0}). Then the components of
the angular momentum vector

X v
L) =70) xpw) =m | x> | x [ ?
x3 v

are integrals of motion. Here, x', x>, x> denote the components of x = w(v).

Proof This can be proven either directly from the equations of motion or by applying
Noether’s theorem (see Appendix A, Exercise 9). The first proof uses the fact that the
moment of force y x F(y), F = —grad V, is zero forevery curve y : I — R3\ {0}
and yields also the following proposition. (]

Definition 2.18 A vector field F on R? \ {0} is called radial if there exists a radial
function f on R3\ {0} such that F(x) = f@) gy forall x € R3\ {0}.

Proposition 2.19 Let F be a smooth radial vector field on R \ {0}. Then the angular
momentum is constant for every solution of Newton’s equation %p(t) = F(t), where
we are using the usual notation p(t) = p(y’(t)) and F(t) = F(y(1)).

Remark A function or vector field on R* \ {0} is radial if and only if it is spherically
symmetric, that is invariant under SO(3) (or, equivalently, O(3)), see Appendix A,
Exercises 11 and 12. The name is due to the fact that SO(3) is the group of orientation
preserving isometries of the sphere S? and O(3) = Isom(S?).

In the next section we will see how to use the conservation of energy and angular
momentum to analyze the motion in a radial potential.
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2.3 Motion in a Radial Potential

We consider the Lagrangian .2 (v) = %m(v, v) — V(r) on R3\ {0}, where V is a
smooth function of the radial coordinate » = |x| alone. Since the mass can be
absorbed into the definitions of V and .Z (denoting .’/m and V /m again by .Z and
V) we may as well put m = 1. So from now on we consider a particle of unit mass.

We know by the results of the previous section that the energy E(f) = %(y’(t),
y'(t)) +V(ly(®)]) and angular momentum L(¢) = y(¢) x y’(¢) are constant for
every motion y : I — R3\ {0} of the system.

The first observation is that the conservation of angular momentum implies that
the motion is planar, that is contained in a plane.

Proposition 2.20 [f the vector L = y x y' is constant along the curve y : I —
R3\ {0} then y is a planar curve.

Proof If L = 0O then y is aradial curve (see Appendix A, Exercise 7) and thus planar.
Therefore we can assume that L is a nonzero constant vector. Since the cross product
of two vectors is always perpendicular to both of them, we know that y (t) € L* for
all . So y is contained in the plane L*. O

By a change of coordinates we can assume that the motion is restricted to the plane
e3l and use polar coordinates (7, ¢) in that plane rather than Cartesian coordinates
(x', x?) to describe the motion. In these coordinates, the Euclidean metric is dr> +
rzdga2 and, hence,

1 .
E= (P2 4+ r*¢*) + V(r). (2.8)
To compute the cross product y x y’ in polar coordinates we recall that
0, =cos@d; +sin@d,, 09, = —rsin@ad; +r cos@a,,

where we have abbreviated 9, = 3/dr, d, = 3/d¢ and 8; = 9/dx'. From these rela-
tions we easily obtain
0, X 0, =re3

and hence

L=y xy' =rd x (fd, + ¢d,) = r’ges.

Changing the time parameter ¢ to —7, if necessary, we can assume that the constant
r2¢ > 0 and, hence,
L :=|L| =r%p. (2.9)

Substituting ¢ = L/r? into the energy equation (2.8) we arrive at

1. L?
E= Erz + Verr(r), Ve(r) :=V () + 5,2 (2.10)



2.3 Motion in a Radial Potential 15

where Ve is called the effective potential. As a consequence, we obtain the following
result.

Theorem 2.21 Consider a particle of unit mass moving in a radial potential V (r)
in R3. Then the radial coordinate obeys the equation of motion ¥ = —Vig(r) of a
particle t — r(t) > 0 moving in the Euclidean line under the potential

L2
Ve (r) :=V(r) + 2,2 (2.11)

which reduces to the first order equation

F =42 (E — Ve (r)) 2.12)

solvable by separation of variables. The angular coordinate is then given by

td
¢<t>=L/ S 400,
0

r(s)?
where the initial value ¢(0) is freely specifiable or, as a function of r, by

r ds
ro S22 (E — Ve (5))

Proof The energy equation (2.10) immediately implies (2.12), which can be solved
by separation of variables:

(r) ==xL + @(ro).

dr
R
V2 (E — Veg(r))

Integration yields ¢ as a function of r. Then r as a function of ¢ is the inverse of
that function. Differentiating (2.12) gives Newton’s equation ¥ = —V/;(r). Given
r as a function of ¢, the angular coordinate is now determined from ¢ = L/r? by
integration as claimed. Finally, to express ¢ as a function of r one does not need to
know the inverse of the function r +— #(r) but can proceed as follows:

=dt.

d . .dt _ 4 L
! T T TR A Ve

O

Next we specialize the discussion to Newton’s potential V (r) = — % , from which
we will derive, in particular, Kepler’s laws of planetary motion.
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2.3.1 Motion in Newton’s Gravitational Potential

By (2.11) we know that the motion in Newton’s gravitational potential is governed
by the following effective potential

L2

= (2.13)

M
f(r) = Vegr(r) = -+
We will assume that L > 0; the case L = 0 is treated in Appendix A, Exercise 8. The
qualitative behavior of the effective potential is essential for the qualitative analysis
of the possible orbits. The proof of the next proposition is elementary.

Proposition 2.22 The function f : R*% — R defined in (2.13) has the following
properties:

LZ

2M°

2. Itis positive for r < rog and negative forr > r.
3. lim,o f(r) =00, lim, o f(r) =0.
4

1. f has a unique zero, at ry :=

. .. . 2 . .
. has a unique critical point, at ryin ‘= % > ro, where f attains its global
q p 7 8
o . M2
minimum [ (rmin) = — 577

5. f is strictly decreasing for r < rmin and strictly increasing for r > rumin.

Proposition 2.23

(i) The range of possible energies for motions with nonzero angular momentum
in Newton’s gravitational potential is given by the interval [—%, oo) The
motions are unbounded if E > 0 and bounded if E < 0. The orbit of minimal
energy Enn = —% is a circle of radius Lﬁz

(ii) The perihelion distance rpe;, that is the minimal distance to the origin, for a given

energy E > 0 (and L > 0)is given by the unique positive solution of the equation
r? + %r — % = 0, which is rpe; = % (—1 +4/1 —}—26&—5). For Epin < E <

0(and L > 0) the distance to the origin varies between the two positive solutions

of the equation r*> + %r - % =0, which are rper = % (1 —/1+ ZL;I—E)

and Tapy = % (1 +./1+ ZL;I—f) (the aphelion distance, that is the maximal

distance to the origin).

Proof The first part follows immediately from Proposition 2.22. For the second part
note that at the points of minimal or maximal distance to the origin we have 7 = 0 and,
hence, E = Vi = f. The last equation is equivalent to the quadratic equation r2 +
%r — % = 0, which has a unique solution for E = E;, (the radius of the circular
orbit), two positive solutions for E,, < E < 0, and only one positive solution for
E > 0. (]
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Next we will solve the equations of motion. The function ¢ + r(¢) is determined
by

.. M L?

r:—f/(r)z——2 + =

r r

To solve this equation we make the substitution # = 1/r and compute

du  du dr 7 T
do dt |, de r’g 1(9) L t(w>’
which implies
d’u o Fdr ir? _ fl(ryr? M
de>  Ldy L  L> L2 L2
So we obtain the equation
d’u M
ﬁ +u= E,

the general solution of which is

M
u=kcos(¢ — o) + 75

where k > 0 and ¢ are constants. By choosing ¢y = 0, this allows us to write

p _L? . kL?

=" =—, &: . 2.14
" 1+ ecosg p M M ( )

For 0 < ¢ < 1 this is an ellipse of eccentricity ¢.

For ¢ = 1 it is a parabola and for & > 1 a component of a hyperbola. (Observe
that for the parabola and hyperbola the angle ¢ is constrained by the condition that
gcosg > —1.) Recall that for an ellipse with major half-axis ¢ and minor half-
axis b the distance between the two focal points is 2c, where ¢ = a? — b?, and the
eccentricity and parameter are given by

see e.g. [10, VIIL.43] for a detailed discussion of conic sections.
Summarizing we obtain:

Theorem 2.24 The motions of a particle (with nonzero angular momentum) in
Newton’s gravitational potential are along conic sections with a focus at the ori-
gin. The bounded motions are ellipses.
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The latter statement is the content of Kepler’s first law (of planetary motion):
The planets move along ellipses with the sun at a focal point. Kepler’s second law
asserts that the area swept out during a time interval [¢, r 4 s] by the line segment
connecting the sun and the planet depends only on its duration s and not on the initial
time 7. This is a simple consequence of the conservation of angular momentum as
shown in Appendix A, Exercise 13:

Proposition 2.25 Lety : I — R3\ {0} be the motion of a particle in a radial force
field F according to Newton’s law my" = F (y). Then the angular momentum vector
L is constant, the motion is planar and the area A(ty, t|) swept out by the vector y
during a time interval [ty, t|] is given by

L
A(tg, 1) = 5(11 — 1),

where L is the length of the angular momentum vector.

As a corollary we obtain Kepler’s third law:

Corollary 2.26 The elliptic orbits in Newton’s gravitational potential are periodic
with period

T — 2_”a3/2’

v M
where a is the major half-axis of the ellipse.

Proof For a given initial time 7y € R let us denote by T = T (¢y) the smallest positive
real number such that (r, ¢)|;,+r = (r, 9)4,, Where t — (r(t), ¢(t)) is an elliptic
motion of the system. Since A(fy,to + T) = %T is the area of the ellipse, T is
clearly independent of 7y, which shows that the motion is periodic. The area of the
ellipse is A = wab and, hence,

2 Ao 2rab .4 2mab 2ma’?

LT L T UM Im

T =
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