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Preface

This book is based on graduate courses taught by the authors over the last fourteen years
in the mathematics department of Stony Brook University. The goal of these courses —
the one year sequence Mathematical Physics I and II — was to introduce second year
mathematics graduate students with no prior knowledge of physics to the basic concepts
of classical mechanics and classical field theory, and then to quantum mechanics and (very
introductory) quantum field theory.

Classical physics, especially classical mechanics and theory of electromagnetism, was
an integral part of mathematical education up to the early twentieth century, with lecture
courses given by Hilbert and Poincaré. To revive this tradition, the sequence Mathematical
Physics I and IT was created, with the goal to make classical and quantum physics accessible
to graduate students and research mathematicians. The monograph [Tak2008] partially
filled the gap by exposing mathematicians to the apparatus of quantum mechanics.

There are many excellent physics textbooks on theory of electromagnetism, special
relativity and theory of gravity, starting from the classic text [LL1971], and every textbook
on quantum field theory starts with succinct review of the first two topics. Development in
the twentieth century, especially the advent of the theory of gauge fields — the Yang-Mills
theory — revealed the geometric origin of classical field theories and put geometric methods
at the forefront. This led to the great advances in fundamental mathematics, especially in
topology and geometry of 4-manifolds, with several monograph dedicated to this subject.

However, a graduate student or a working mathematician can find few sources on classi-
cal field theory. The most comprehensive are lectures [DF1999] by P. Deligne and D. Freed
at the special year 1996-1997 on Quantum Field Theory at the Institute for Advanced Study,
Princeton.

The present book gives a comprehensive pedagogical treatment of classical field theory
from a mathematics perspective. It is intended as an introduction rather than an in-depth
monograph; yet we believe it touches all the important topics in classicl filed theory — with
a notable expection of supersymmetry.

X1



xii Preface

As the warm-up, the book starts with Part 1 devoted to classical mechanics and special
relativity. This material is quite standard; our exposition is based on Hamiltonian approach
and emphasizes the Hamiltonian action of the relevant Lie groups. Thus in Chapter 6 we
show how the Galilean group acts naturally on the phase space of a free particle, and show
that this action is Hamiltonian, while in Chapter 8 we exhibit the Hamiltonian action of
the Poincaré group on the phase space of a free relativistic particle. In the same chapter
we discuss the no interaction theorem in special relativity, which explains that relativistic
invariance requires that physics phenomena is described by fields. These topics are not
usually covered in mathematics textbooks. Also in Chapter 7 we discuss Hamiltonian
systems with constraints. This formalism goes back to Dirac and is fundamental for the
quantization of gauge theories. Surprisingly, a popular mathematical notion of Hamiltonian
reduction is the special case of Dirac formalism.

Part 2 bridges classical mechanics and classical field theory. Here we, as in [DF1999]
develop all necessary tools: Lagrangian formulation of the classical field theory, conservation
laws and Noether theorem and Hamiltonian formulation. Compared with more abstract
[DF1999], our approach can be considered as “neoclassical”. We give all necessary facts
about jet bundles, multivariable calculus of variations, etc; however, we mostly skip the
analytic subtleties necessary to develop rigorous geometric methods for infinite-dimensional
manifolds, leaving it to a more sophisticated and interested reader. Instead, we do things
more at a formal level (like physicists). Continuing the line of group actions on phase
spaces, in Chapter 13 we discuss the Hamiltonian action of the Poincaré group on the
infinite-dimensional phase space of a free scalar field.

In Part 3 we discuss the gauge field theory: Maxwell’s theory with the abelian structure
group U(1), and the Yang-Mills theory with the structure group being semi-simple compact
Lie group. For the convenience of the reader, in Chapter 17 we collect all necessary facts
about connections and curvature in vector and principal bundles. Using Dirac formalism
developed in Chapter 7, we carefully discuss Hamiltonian formulation of the Maxwell’s
and Yang-Mills theories. These theories play a fundamental role in the Standard Model
of elementary particles, and we briefly discuss their couplings with matter fields. From
mathematics perspective, we also discuss self-duality equations and Hitchin’s equations,
which play important role in fundamental mathematics. Finally, in Chapter 19 we introduce
the Chern-Simons theory, the basic example of topological field theory, which plays a very
important role in low-dimensional topology.

In Part 4 we briefly discuss theory of gravity, the Einsten’s general relativity. Since there
are plenty of physics and mathematics sources, our goal here is a coherent mathematical ex-
position of the basic notions. Thus in Chapter 21 we carefully discuss basic properties of the
spacetime in general relativity and emphasize the notion of globally hyperbolic spacetime.
In Chapter 22 we give a standard derivation of the Einstein’s field equations with matter.
In Chapter 23 we discuss the so-called Palatini formalism, an approach to Hilbert-Einstein
action when 10 matrix elements of the metric tensor and 40 components of the symmetric
Christoffel symbols are independent variables. We also briefly discuss Hamiltonian formal-
ism for Einstein equations and their special solutions, with and without the cosmological
constant.



Preface xiii

Though we freely use all the necessary tools of modern mathematics, for convenience
of the reader we motivate and remind them. Each chapter in the book concludes with a
special Notes and references section, which provides references to the necessary mathemat-
ics background and physics sources. A courageous reader can actually learn the relevant
mathematics by studying the main text and consulting these references, and with enough
sophistication, could “translate” corresponding parts in physics textbooks into the math-
ematics language. For the physics students, the book presents an opportunity to become
familiar with the geometric foundation of the classical field theory.

There are several ways to study the material in this book. A casual reader can study
the main text in a cursory manner, and ignore numerous remarks and problems, located
at the end of the sections. This would be sufficient to obtain basic minimal knowledge. A
determined reader is supposed to fill in the details of the computations in the main text,
which is the only way to master the material, and to attempt to solve the basic problems.
Finally, a truly devoted reader should try to solve all the problems (probably consulting the
corresponding references at the end of each part) and to follow up on the remarks, which
may often be linked to other topics not covered in the main text.
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Chapter 1

Lagrangian Mechanics

We assume that the reader is familiar with the basic notions from the theory of smooth
(i.e., C*°) manifolds, and recall here the standard notation. Unless it is stated explicitly
otherwise, all maps are assumed to be smooth, and all functions are assumed to be smooth
and real-valued. For a smooth mapping of manifolds f: M — N we denote by f.: TM —
TN and f*: T*N — T*M, respectively, the induced mappings on tangent and cotangent
bundles.

We will frequently use local coordinates: a choice of a coordinate chart (i.e. an open
subset U C M and an embedding ¢: U — R™) defines local coordinates q = (¢',...,¢") in
U. For a real-valued function f defined on U, we will use the shorthand notation

of _(9f of
%_ <8ql,7aqn>

for the gradient of f.

For a vector field X on M, we will denote by Ox the corresponding differential operator;

in particular, given a choice of local coordinate system ¢‘, we will denote J; =

gt
Other notations, including those traditional for classical mechanics, will be introduced
in the main text.

1.1. Generalized coordinates

Classical mechanics describes systems of finitely many interacting particles. Position of
a system in space is specified by the positions of its particles and determines a point in
some smooth finite-dimensional manifold M, called a configuration space of the system.
Coordinates on M are called generalized coordinates of a system, and the dimension n =
dim M is called the number of degrees of freedom.

A state of the system at any instant of time is described by a point ¢ € M and by
a tangent vector v € Ty M at this point. The basic principle of classical mechanics is the
Newton-Laplace determinacy principle, which asserts that a state of the system at a given
instant of time completely determines its motion at all times ¢ (in the future and in the

3



4 1. Lagrangian Mechanics

past). The motion is described by a classical trajectory — a path (t) in the configuration

space M. In generalized coordinates v(t) = (¢'(t),...,¢"(t)), and corresponding derivatives
. dq
q = dfqt are called generalized velocities.

The Newton-Laplace principle is a fundamental experimental fact. It implies that gen-
d2 7

dt?
and the generalized velocities ¢*, so that classical trajectories satisfy a system of second

order ordinary differential equations, called equations of motion.

eralized accelerations ' = are uniquely determined by the generalized coordinates ¢’

1.2. Principle of least action

Classical mechanical systems are most commonly described using Lagrangian formalism.
In this approach, a mechanical system with a configuration space M is determined by a
smooth, real-valued function L on TM x R, called the Lagrangian function (or simply,
Lagrangian).

The motion of a Lagrangian system (M, L) is described by the principle of least action
formulated as follows.

Definition 1.1. For a path v: [tg,t1] — M, its action S(v) € R is defined by

t1
S(y) = / Liy(£),4(2), )dt.

0

Principle of Least Action. Classical trajectories of a Lagrangian system are critical
points of the action functional on the space of smooth paths with fixed endpoints

P(M)I = {y: [to,t] — M | 7(to) = qo. ¥(t1) = a1}

Note that the path space is infinite-dimensional. One can rigorously define the notion
of a critical point on such space using the language of Fréchet manifolds and Gateaux
derivatives. However, it is also possible to define the notion of a critical point in a simpler
way: a path v € P(M) = P(M)ql’t1 is a critical point of the action functional, if for any

qo,to
one-parameter family of paths v. € P(M) with 79 =+, one has
d
1.1 — S =0.
( ) dE —o (PYE)

The critical points of the action functional are called extremals; thus, the principle of
least action states that a Lagrangian system (M, L) moves along the extremals.

Remark 1.2. The principle of least action does not state that an extremal connecting
points qo and ¢ is a minimum of S, nor that such an extremal is unique. It also does not
state that any two points can be connected by an extremal.

1.3. Euler—Lagrange equations

The extremality condition (1.1) can be rewritten as a system of differential equations, called
equations of motion, or the Fuler—Lagrange equations. In this section, we will write these
equations in local coordinates on T'M.



1.3. Euler-Lagrange equations )

Specifically, the equations of motion have the most elegant form for the following choice
of local coordinates on T'M.

Definition 1.3. Let (U, ) be a coordinate chart on M with local coordinates ¢ = (¢, ..., ¢").
Coordinates

(q')v) = (q17"'7qn7U17"'7vn)
on a chart TU on TM, where v = (v!,...,v") are coordinates in the fiber corresponding
0 0
to the basis —, ..., —— for T, M, are called standard coordinates.
dq* oq" 1

For a path ~(¢) in M, let 7/(t) be the canonical lifting of v to T'M:

(1.2) V'(t) = (v(£),5(t)) € TM,

where the dot stands for the time derivative. We will call v/(¢) tangential lift of ~v. In
this case, it is immediate that if v in local coordinates on U is described by q(t) =
(¢ (t),...,q"(t)), then +/(t) in standard coordinates is given by

(a(t),4(t) = (a'(t),...,q"(£), 4" (t),....d"(t).

Motivated by this and following a centuries long tradition', we will usually denote standard
coordinates by

(q7Q) = (ql?"'7qn7q17"' 7qn)7
where the dot does not stand for the time derivative. Since we only consider paths in T'M
that are tangential lifts of paths in M, there will be no confusion?.

Any change of local coordinates in M induces a change of standard local coordinates
in TM. We leave it to the reader to check that under such changes, for any function f on
T M, components of the vector

of ([ of of
&i_<6ql"”’8w>

transform in the same way as components of a one-form on M; in particular, this implies
that

_dq’
o "

(1.3) 0 =

i=1
is a well-defined 1-form on T'M which does not depend on the choice of local coordinates.

Theorem 1.4. The equations of motion of a Lagrangian system (M, L) in standard coor-
dinates on T'M are given by the Euler-Lagrange equations

(1.4 Setatn.a0.0 -~ 4 (Geta.a0.0) -

lUsed in all texts on classical mechanics and theoretical physics.
2We reserve the notation (q(t),v(t)) for general paths in T M.



6 1. Lagrangian Mechanics

Proof. Suppose first that an extremal ~(¢) lies in a coordinate chart U of M. Then a
simple computation in standard coordinates, using integration by parts, gives

d
0= % 8705(%)
d t1 .
T ode, /0 L(q(t,€),q(t,¢),t)dt

[ (s )

- 0L d OL . " OL .
= - — —— | dq"dt + —0q"
Z/to <6q’ dt@qz) ! ; a¢ ! to

=1

where, as usual in the calculus of variations, we denote

: 0
0q'(t) = —
¢'(t) = 5
The second sum in the last line vanishes due to the property dq'(to) = dq'(t1) = 0, i =
1,...,n.

q'(t,e).
e=0

The first sum is zero for arbitrary smooth functions d¢’ on the interval [tg,#;] which
vanish at the endpoints. This implies that for each term in the sum the integrand is
identically zero,

oL d <6L

qu (q(t)7Q(t)at) - % W(q(t),d(t),t)) = 0, 1= 1, oy n.

Since the restriction of an extremal of the action functional S to a coordinate chart on M
is again an extremal, each extremal in standard coordinates on T'M satisfies Euler-Lagrange
equations. 0

Remark 1.5. In calculus of variations, the directional derivative of a functional S with
respect to a tangent vector V € T, P(M) — the Gateauz derivative — is defined by

d
6 = —
VS de o S(’}/E))

where . is a path in P(M) with a tangent vector V' at vy = . The result of the above
computation (when 7 lies in a coordinate chart U C M) can be written as

s =[5 (55 - Gk ) o a v o
(15) - [ (G- £55) wvdt.ovoar

0
Here v(t) = Zv’( )a— is a vector field along the path v in M with v(tp) = v(¢t1) = 0,
' q'
=1
representing a tangent vector V' € T),P(M). Formula (1.5) is called the formula for the first
variation of the action with fized ends. The principle of least action is a statement that

dyS(y)=0forall Ve T,P(M).



1.3. Euler-Lagrange equations 7

—

Remark 1.6. It is also convenient to consider a space P(M) = {~: [to,t1] — M} of all

smooth parametrized paths in M. The tangent space T, P(M) to P(M) at v € P(M) is the
space of all smooth vector fields along the path v in M (no condition at the endpoints). The
computation in the proof of Theorem 1.4 yields the following formula for the first variation
of the action with free ends:

oL d oL oL
1. = = 2=
( 6) (5\/5 o <aq dt 8q> v

In expanded form, the Euler-Lagrange equations are given by the following system of
second order ordinary differential equations:

8L( 5= d 8L( 0
a 3 q q7 - d 8 3 q q?
’L

n aQL ] aQL A 9
i+ 5@ 4.t & . ' i=1,...,n.
Z <aqza =(q,9,1) ¢ + 0300 (4,4,1) ¢ ) + aqzat(q,q,t), i=1,...,n

to

In order for this system to be solvable for the highest derivatives for all initial conditions in
TU, the symmetric n X n matrix

, 0L "
HL(quat):{a 7‘8 ](q7q7 )}
i,j=1

)

should be invertible on TU.

Definition 1.7. A Lagrangian system (M, L) is called non-degenerate if for every coordi-
nate chart U on M the matrix Hr(q,q,t) is invertible on TU. Otherwise the Lagrangian
system is called singular.

It is easy to see that the condition det H, # 0 does not depend on the choice of standard
coordinates.

Inverting the matrix Hy, we can write Euler-Lagrange equations for a non-degenerate
Lagrangian in the form

(1.7) i =F'q,q,t), i=1,...,n.

Remark 1.8. Let (L, M) be a time independent non-degenerate Lagrangian system and
let v(¢; go,vo) be the solution of differential equation (1.7) with the initial conditions

Y(to) =qo € M and +/(to) = vo € Ty, M.

It follows from basic theorems of the theory of ordinary differential equations that there
exist some t; > 0, a neighborhood Vj of vy in Ty, M, and neighborhoods Uy of ¥(¢; qo, vo) in
M for times ty < t < t1, such that the mapping

(1.8) Vo 2 v q(t) =~(t;qo,v) € Uy

is a diffeomorphism. It is said that the extremal ~o(t) = (¢; o, vo) is included into the
central field of extremals v(t) = ~(t, qo,v) for times tg < t < t1, where v € Vj. In standard
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coordinates the mapping (1.8) is given by ¢ — q(t) = v(; go, ¢). We define the action as a
function of coordinates (also called the classical action) by
t

S(q,t: o to) — / L(+/(r))dr,

to

where (7) is the extremal from the central field connecting qo and q € U;, ., <; Ur-

1.4. Newtonian spacetime

The Newtonian space E? is a 3-dimensional Riemannian manifold which is isometric to the
standard Euclidean space R? with the usual metric. Note, however, that we do not fix a
choice of an isometry between E3 and R?; such an isometry is called a frame in E3. Since
it is known that any isometry of R? with itself is an affine transformation, it follows that
any two choices of a frame in E3 are related by an affine transformation

r—g-r+7ro, g€0(3), 7R

The Newtonian spacetime is defined as direct product E® x R. Points in the spacetime
are called events. Two events (r,t) and (v, t’) are called simultaneous if t = t'. The distance
can be defined only for simultaneous events and is the Euclidean distance |r — r’|.

An inertial reference frame in the Newtonian spacetime E? x R is an isomorphism
E? x R — R3 x R which has the following properties.

e It preserves the notion of simultaneous events; for such events, it also preserves
the distance between events.

e It preserves time intervals and time direction.

An obvious choice of an inertial frame is choosing a frame in E2, i.e. an identification
¢: B3 — R3, and extending it trivially to £ x R. However, this is not the most general
choice. It is easy to show that composing any inertial frame with a transformation of R? x R
given below gives again an inertial frame:

0o (7)o (om0

for some g € O(3), 7o € R3, v € R3, tg € R. Conversely, any two inertial frames can be
obtained from each other by applying a transformation of this form.

The group G of all transformations of R3 x R of the form (1.9) is called the Galilean
group. This group is a semidirect product G' = Gy x R*, where Gy is the homogeneous
Galilean group, consisting of transformations

() C)

In particular, transformations with g = e, the identity in O(3), describe a uniform motion of
spacetime. Again, it is easy to see that Gy is just the Euclidean group E(3) — a semidirect
product E(3) = O(3) x R3; it can be explicitly described as a subgroup in GL(4,R):

E(3)={<g ;’) g€ 0(3), 'veR3},
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acting on the spacetime R? x R by

T g v r\ (g-r+uvt
a1 (1)~ G 0007
Thus, the final description of the full Galilean group is

(1.11) G =E(3) x R,

This is a 10-dimensional Lie group. Its action on the spacetime can be described by the
following subgroup in GL(5,R):

r g v 719 r g-r+vt+1rg
(1.12) tl— (0 1 ¢t t | = t+1o
1 0 0 1 1 1

One of the fundamental principles of Newtonian mechanics is the relativity principle,
formulated by Galileo.

Galileo’s Principle of Relativity. The laws of motion are invariant with respect to the
Galilean group.

In particular, it shows that in Newtonian mechanics, the space is homogeneous (laws of
nature are invariant under translations) and isotropic (invariance under rotations) and the
time is homogeneous. Note, however, that the time in Newtonian mechanics is absolute (up
to translations).

The Galilean invariance imposes restrictions on Lagrangians of mechanical systems. In
particular, the Lagrangian of a closed system® in Newtonian mechanics does not explicitly
depend on time.

1.5. Lie algebra of the Galilean group

For future use, it will also be convenient to have an explicit description of the Lie algebra
of the Galilean group. It is easy to see that it is given by

(1.13) g=(s0(3) x R®) x R*

where

(1.14) s0(3) ={acgl(3)|a +a=0}

is the Lie algebra of skew-symmetric matrices. This Lie algebra has a standard basis
00 O 0 01 0 -1 0

(1.15) Ji=10 0 —-1], Jo = 00 0], Js=11 0 0],
01 0 -1 0 0 0 00

corresponding to one-parameter subgroups of rotations around x, y, and z axes. More
concisely, they can be defined by the following formula, where as usual we assume summation
over repeating indices:

(116) Jiej = €ijkCk

3A system is called closed if its motion is not influenced by the outside material bodies.
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where e; is the standard basis in R3 and €k is the fully antisymmetric tensor:
(1.17)
sgn(o) if (i, j, k) is obtained from (1,2,3) by applying a permutation o,

€ijk = .
J 0 otherwise.

It is easy to check that these generators satisfy the commutation relations
[Ji, Dol =5, [Js, il =, [a, Js] =,
which is commonly written as

(1.18) i, Jj] = €iji k-

It follows from (1.18) that the Lie algebra so(3) is isomorphic to the vector space R3,
considered as a Lie algebra with respect to the cross-product (see Exercise 1.6 for details);
the latter also gives the action of s0(3) on R3. This fact will be very useful later, when
we discuss angular momenta (see Example 2.2). However, the isomorphism so0(3) ~ R? is
a pure coincidence, a special property of the three-dimensional space. In other dimensions,
there is no isomorphism between so(n) and R", and R™ does not have a natural Lie algebra
structure (other than the zero one). The proper generalization of commutation relations
(1.18) to so(n) will be given in Exercise 2.6.

We can also give an explicit basis in the Lie algebra se(3) of the homogeneous Galilean
group E(3) = O(3) x R?, by combining the basis J; € s0(3) defined above with the standard
basis in R?, which we denote by K;, i = 1,2,3. We leave it as an exercise to the reader to
check, using (1.10), that the commutation relations of se¢(3) in this basis are given by

[Ji, Jj] = €ijrr,
(1.19) [Ji, K] = €1 Kk,
[K;, K] = 0.
The Lie algebra g of the Galilean group is obtained by adding to the basis J;, K; elements

P; and Py, corresponding to the standard basis in R? x R. As it follows from (1.11), they
satisfy commutation relations

[P, Pj] =0, [P, R =0,
(1.20) [Ji, Po]l =0, [K;, Pyl =P,
[Ki, Pj] = 0.
Commutation relations (1.19)—(1.20) describe the Lie algebra g of the Galilean group.

Remark 1.9. The Lie algebra g of the Galilean group is not semisimple and admits a
one-dimensional central extension

g=g®Rz.
Here z is the central element and the commutation relations in g are given by (1.19)—(1.20)
except relations [K;, Pj] = 0, which are replaced by
(1.21) [Kl‘, PJ] = (52']'2:

(in fact, it can be shown that this is the only non-trivial central extension of g, see Sec-
tion 7.4).
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We leave it to Phe reader to show that this central extension can be lifted to define a a
central extension G of the Galilean group G:

05R—-G—G—0.

1.6. Examples of Lagrangian systems

Physical systems are described by special Lagrangians, in agreement with the experimental
facts about the motion of material bodies.

Example 1.1 (Free particle in Euclidean space). The configuration space for a free particle
is M = R3, and the Lagrangian is given by

L =1ims?
Here m > 0 is the mass of a particle’ and 7? = [#]? is the length square of the velocity

vector 7 € T,R? ~ R3.
This system is invariant under Galilean transformations. Indeed, under the Galilean
transformation r — r + vt we have

d
(1.22) L=3mi* L =im@F+v)=L+ S(mro+ 1v?t),

so that Lagrangians L and L’ have the same equations of motion (cf. Exercise 1.2). Specif-
ically, Euler-Lagrange equations give Newton’s law of inertia,

T =0.

More generally, it is not hard to show that # = 0 is the only possible equation of motion in
R3 which is invariant under the Galilean group.

Example 1.2 (Interacting particles). A system of N interacting particles in R? with masses

mi,...,my is described by a configuration space
M=R¥»N=R3x...xR3
\_\]\7_/
with a position vector » = (r1,...,7x), where 7, € R? is the position of the a-th particle,

a=1,...,N. The Lagrangian is given by
N
L=) img}-V(r)=T-YV,
a=1
where

1 -2
§ma’l°a

WE

T =
1

is called the kinetic energy of a system and V' (r) is the potential energy. The Euler-Lagrange
equations give Newton’s equations

e
Il

maereq = La,

where oy
F,=—

“ or,

4Condition m > 0 is necessary for the action functional to be bounded from below.
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is a force on the a-th particle, a = 1, ..., N. Forces of this form are called conservative. Thus
the interaction of particles is through the action of potential forces, and is an instantaneous
action at a distance: change in positions of particles produces instantanous change in the
forces exerted by these particles on other parts of the system.

It follows from the homogeneity of the space that potential energy V(r) of a system of
N interacting particles with conservative forces depends only on relative positions of the
particles, i.e., V(ri +c¢,...,rn +¢) = V(rq,...,ry) for all ¢ € R3, which leads to the

equation
N
Y F,=0.
a=1

In particular, for a system of two particles F} + F5 = 0, which is the equality of action and
reaction forces, also called Newton’s third law.

The potential energy of a closed system with only pairwise interaction between the
particles has the form
V(’I‘) = Z Vab(ra — Tb).
1<a<b<N
It follows from the isotropy of the space that V(r) depends only on relative distances
between the particles, so that the Lagrangian of a system of N particles with pairwise
interaction has the form

N
L:Z%maf"g— Z Vap(|ra — Tb])-

a=1 1<a<b<N

Example 1.3 (Universal gravitation). According to Newton’s law of gravitation, the po-
tential energy of the gravitational force between two particles with masses m, and my is
V(re —my) = —Gr
|ra — 7
where G is the gravitational constant. The configuration space of N particles with gravita-
tional interaction is

M={(r,...,7n) €R¥N .9, £y fora#b,ab=1,...,N}.
Example 1.4 (Particle in an external potential field). Here M = R? and

L=1imi* —V(r,1),
where potential energy can explicitly depend on time. Equations of motion are Newton’s

equations

oV
m¥ 5
If V =V(|r|) is a function only of the distance ||, the potential field is called central.

Example 1.5 (Harmonic oscillator). Consider a particle of mass m on a line M =R in a
1

potential field V' (z) = $ka?, i.e. with the Lagrangian
(1.23) L(z) = mi?® — Jka®.
In this case, the Euler-Lagrange equation of motion takes the form

mi = —kx.



1.7. Exercises 13

Denoting w = W, we can rewrite this equation in the familiar form
i+ wiz =0.
Solutions of this equation are
x = Acos(wt + «)
and describe periodic motion with frequency w and with period T' = 27 /w.

This system is called the harmonic oscillator and is probably the simplest mechanical
system after the free particle.

We will consider generalizations of this system in the next chapter.

Example 1.6 (Free particle on a Riemannian manifold). Let (M, ds?) be a Riemannian
manifold with the Riemannian metric ds?. In local coordinates !, ..., 2" on M,
ds? = g (x)drtdz",

where we are using summation over repeated indices. The Lagrangian of a free particle on
M is

L(v) = 3(v,0) = 5]lv[|*, v € TM,
where (, ) stands for the inner product in fibers of T M, given by the Riemannian metric.
The corresponding functional

t1 t1
s =4 [ laoPa =1 [ gt

to to
is called the action functional in Riemannian geometry. In this case, it can be shown that
the variation of the action is given by

t1
55 = - [ (Vi o),
t

0
where V is the Levi-Civita connection — the unique torsion-free metric connection in the
tangent bundle T'M — and V¢ is the covariant derivative with respect to the vector field
€ € Vect(M). Extremals of this action are the geodesics on M, traversed with constant
speed: [|¥|| = const.

1.7. Exercises

Exercise 1.1. Show that the action functional is given by the evaluation of the 1-form Ldt on
TM x R over the 1-chain 4 on TM x R,

s = [ Lt
5
where 4 = {(7/(t),t);t0 <t < t;} and Ldt (w, c%) =cL(q,v), w € Tig)TM, c € R.
Exercise 1.2. Let f € C°°(M). Show that Lagrangian systems (M, L) and (M, L+ df) (where df
is a fibre-wise linear function on T'M) have the same equations of motion. In general, L'(q, g,t) =
L(q,q,t) + %f(q, t) have the same equations of motion. Thus the Lagrangian is defined up to an
addition of a total time derivative of a function of coordinates and time.

Exercise 1.3. Give examples of Lagrangian systems such that an extremal connecting two given
points (i) is not a local minimum; (ii) is not unique; (iii) does not exist.
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Exercise 1.4. Show that every extremal can be included into the central field, introduced in
Remark 1.8.

Exercise 1.5 (Action as a function of coordinates). Let S(q,t; qo,to) be the classical action,
introduced in Remark 1.8. Using formula (1.6) show that

oS oL oS oL
—(q,t) = =—(q,q d — =L(q,q9) — ¢=—(q,q).
8q(q, ) aq(q,q) and  —- = L(q,9) qaq(q,q)
Exercise 1.6. Consider the following vector space isomorphism
R? — 50(3)

r—= 7 =rJ +roJy+ 133
where J; € s0(3) are defined by (1.15).
Prove that then
(1) a-v=uxwv
(2) [4,9) =u x v
where u X v is the usual cross-product in R3, given by e; X e; = €;;x€x, or equivalently,
U2V3 — V2U3
u X v = | ugv; — VU
ULVg — VU2

Exercise 1.7. Consider the Lie algebra u(2) of skew-hermitian matrices. This algebra has a
standard basis i0g, 701, 103, 103, where o, are so-called Pauli matrices:

1 0 0 1 0 —2 1 0
(124) o9 = <0 1), g1 = (1 0>7 02 = (Z 0>7 03 = (0 _1)

In particular, matrices io1, iog, i03 form a basis in the algebra su(2) of traceless skew-symmetric
matrices.

Define a linear map s0(3) — su(2) by
1
Jk — ?Za'k
Show that this map is an isomorphism of Lie algebras. (It can be shown that this isomorphism lifts
to an isomorphism of Lie groups SO(3) ~ SU(2)/Z,.)
As an immediate corollary, we see that the same formulas also give an isomorphism of complex

Lie algebras
50(3,C) = s1(2,C).



Chapter 2

Integrals of Motion and
Noether’s Theorem

To describe the motion of a mechanical system one needs to solve the Euler-Lagrange
equations — a system of second order ordinary differential equations for the generalized
coordinates. This could be a very difficult problem. However, in many cases this problem
can be simplified by using conservation laws.

Definition 2.1. A smooth function I: TM xR — R is called an integral of motion, or first
integral, or conservation law for a Lagrangian system (M, L), if

d

SIO(),4(0),0) = 0

for all extremals ~ of the action functional.

In this chapter we discuss how one can construct such integrals of motion.

2.1. Conservation of energy
The best known example of a conserved quantity of a mechanical system is the energy.

Definition 2.2. The energy of a Lagrangian system (M, L) is the function E on T'M x R,
defined in standard coordinates on T'M by

. "\ 0L, . .
i=1

oL
It follows from the fact that components of — transform in the same way as components

gt
L
of a one-form on M (see Section 1.3) that the expression (j? is independent of the choice

of local coordinates, and thus the energy is well-defined on T'M x R.
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Proposition 2.3 (Conservation of energy). The energy of a Lagrangian system in which
the Lagrangian has no explicit dependence on time is an integral of motion.

Proof. For an extremal v put E(t) = E(v(t),5(t)). We have, according to the Euler-

Lagrange equations,
de d (0L .+07L.._37L._87L.._37L
1799 9g? ™ 947 ot

dt — dt \ 9q
d (0L oL\ . OL oL
-(#(5) )15 o
oL o :
Thus — = 0 implies that the energy is conserved. ]

ot

This proof is not very illuminating; to understand the true meaning of the energy
conservation law, we will need to understand the relation between integrals of motion and
the symmetries of a system, which will be done in the next section.

2.2. Noether’s theorem

In Section 1.1, we discussed that one of the postulates of Newtonian mechanics is invariance
of the equations of motion under the group of Galilean transformations of the spacetime.
This a common phenomenon: in many cases, mechanical systems we consider have some
symmetries. The definition below makes it precise. For simplicity, we begin by considering
only Lagrangians which have no explicit dependence on time; more general case will be
considered later (see Remark 2.8).

Definition 2.4. A Lagrangian L: TM — R is invariant with respect to a diffeomorphism
g: M — M if L(g«(v)) = L(v) for all v € TM. In this case, the diffecomorphism g is called
a symmetry of the Lagrangian system (M, L).

A Lie group G is a symmetry group of (M, L) (group of continuous symmetries) if there
is a left G-action on M such that for every g € G the mapping M — M:x — g-x is a
Symimetry.

In particular, it is immediate from the definition that if ¢ € Diff(M) is a symmetry
of the system, then the set of extremals is invariant under g. Note that converse is false:
a transformation can preserve the extremals and yet not preserve the Lagrangian. For
example, Galilean transformations of the spacetime do not preserve the Lagrangian of the
free particle, see Example 1.1.

The fundamental theorem of Emmy Noether establishes a relation between continuous
symmetries and conservation laws.

Theorem 2.5 (Noether). Suppose that Lagrangian L: TM — R is invariant under a one-
parameter group {gs}ser of diffeomorphisms of M. Then the Lagrangian system (M, L)
admits an integral of motion I — the Noether integral — given in standard coordinates on
TM by
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where £ = E §i(q)aai is the vector field on M associated with the flow gs:
; q
i=1

_ dgs(q)

¢ ds

s=0

Proof. In Section 1.2 we have shown (see Remark 1.5) that for any one-parameter family
of trajectories 7. (not necessarily with fixed endpoints), we have

d oL d oL oL
S - / < - ) dt + —

de
where £ = = ve (for simplicity, we drop the indices).
€le=0

Let us apply it to the one-parameter family . = g-(y). Since g. is a symmetry of the
Lagrangian, S(.) is constant and thus the left-hand side of the previous formula is zero. If,
in addition, v is an extremal, then by Euler-Lagrange equations the integrand is identically
zero, so we get

t1

b
to

oL oL
—&(tg) = ==¢&(¢
8q€( 0) aqf( 1),
S . oL . .
which is another way of writing that a—q{ is a first integral. O

Corollary 2.6. Let G be a Lie group of symmetries of a system (M, L), and let g be the
Lie algebra of G. Then every element a € g defines a one-parameter group of symmetries
gs = exp(sa), s € R, and thus an integral of motion I, of the system.

We will later show that in fact one can define a Lie algebra structure on the space of
integrals of motion, so that a — I, is a morphism of Lie algebras.

Remark 2.7. Theorem 2.5 has an infinitesimal analog, in which diffeomorphisms are re-
placed by vector fields. Namely, a vector field X on M is called an infinitesimal symmetry,
if the corresponding “time s” local flow gs of X is a symmetry: Lo (gs). = L on Us.

Every vector field X on M lifts to a vector field X’ on T M, defined by a local flow on
T M, induced from the corresponding local flow on M.

It is easy to verify that X is an infinitesimal symmetry if and only if dL(X’) = 0 on
TM. We leave it to the reader to modify the proof of Theorem 2.5 to show that in this
case,

oL
I )= —X =0r(X
(0.9) = 5 L(X7),
where 67, € Q' (T M) is defined by (1.3), is an integral of motion.

Remark 2.8. Noether’s theorem generalizes to time-dependent Lagrangians L: TM xR —
R. Namely, on the extended configuration space My = M x R define a time-independent
Lagrangian L, by

Li(q.7.q,7) =L (q, ‘.’,r) 7,
T
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where (g, 7) are local coordinates on M; and (g, T, q,7) are standard coordinates on T M.
The Noether integral I for a closed system (M, L) defines an integral of motion I for a
system (M, L) by the formula

I(qaqat) = Il(qat7(j7 1)
When the Lagrangian L does not depend on time, L; is invariant with respect to the

. . oLy .
one-parameter group of translations 7 — 7 4 s, and the Noether integral I} = 8—1 gives
T

I = —FE. This explains the energy conservation law discussed in the previous section: energy
conservation is a corollary of time-independence; energy is the first integral corresponding
to the time translations.

Noether’s theorem can be generalized further: instead of requiring dL(X’) to be zero,
we can require it to be a complete derivative.

Proposition 2.9. Suppose that for a given Lagrangian L: TM — R there exist a vector
field X =570, Xim on M and a function K on TM such that for every path v in M,
q
/ / d
dL(X")( (1)) = 7K (1)),
where, as before, v is the tangential lift of y. Then

1=Y xi(q) 2L
=1

is an integral of motion for the Lagrangian system (M, L).

Proof. Using Euler-Lagrange equations, we have along the extremal ~,

a4 <8LX> aLX aLX = d—K O
0q dq dq dt
For a closed, non-degenerate Lagrangian system (M, L) this result can be generalized
further by allowing coefficients X?(q) of the vector field X to depend also on ¢. Namely,
rewrite Euler-Lagrange equations as in (1.7), and consider a vector field X on TM, given
in the standard coordinates by

1) X=)X(g.d);
=1

L3 (PP P G @) o

1,7=1

Proposition 2.10. Suppose that for a closed, non-degenerate Lagrangian L there exist a
vector field X on TM of the form (2.1), and a function K on T M such that for every path
v i M,

(22) ALK (1) = KO/ (0).

Then
) .
I=>'X (q,q)afq.i(q,q)—K(q,q)
=1

s an integral of motion.
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Proof. Along the extremal ~(t),
dl 0L oL ., dK - d
—=—X+=X =dL(X
it oq " Toaq"

2.3. Examples of conservation laws

Example 2.1 (Conservation of momentum). Let M be an affine space associated with the
vector space V, and suppose that a Lagrangian L is invariant under translations gs(q) =
q + sv for some vector v € V. According to Noether’s theorem,

" 9L

is an integral of motion. In particular, if L is invariant under translations by any vector v,
this implies that each of the quantities
oL

2. P= "
(23) 5

is an integral of motion.

As a special case, consider the Lagrangian system of N interacting particles in R3

discussed in Example 1.2. We have M = V = R3V_ and the Lagrangian L is invariant

under a simultaneous translation of coordinates v, = (x},22, 23) of all particles by the

same vector ¢ € R3. Thus for every ¢ = (c!,c?,¢®) € R3, the Lagrangian L is invariant

under translations by a multiple of v = (¢,...,¢) € R3V | which implies that

N

oL oL oL
_ 1 2 3 1 2 3
Ie = azzl <C ol ¢ 012 ¢ a¢g> sehtahtceh

is an integral of motion. The integrals of motion Py, P», P35 define the vector

N
oL
P_az:l(%aeR

(or rather a vector in a dual space to R3), called the momentum of a system. Explicitly,

N
P = E MaTq,
a=1

so that the total momentum of a closed system is a sum of the momenta of individual
particles. Conservation of total momentum is a fundamental physical law which reflects the
homogeneity of the space.

4 oL

Traditionally, for any Lagrangian system with local coordinates ¢*, expressions p; = Ey

q

, oL

are called generalized momenta corresponding to generalized coordinates ¢*, and F; = 0
q

are called generalized forces. In these notation, the Euler-Lagrange equations have the same
form

p=7F,
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as Newton’s equations in Cartesian coordinates. Conservation of momentum implies New-
ton’s third law.

Example 2.2 (Conservation of angular momentum). Let M = V be a vector space with
Euclidean inner product. Assume that the Lagrangian L is invariant under the action of
some subgroup G C SO(V). Denote by g C so(V) the Lie algebra of G. As discused in
Corollary 2.6, in this case every u € g defines an integral of motion

= ; OL

i=1

In particular, let (M, L) be a Lagrangian system of N interacting particles in R3, considered
in Example 1.2. We have M =V = R3" | and the Lagrangian L is invariant under a simul-
taneous rotation of coordinates r, of all particles by the same orthogonal transformation
in R3. Thus, in this case G = SO(3) is a group of symmetries of this system, and for every
u € s0(3),

N

oL oL oL
Iu: 'ali . a27 . a37
QE_1<(u rq) (%é+(u Ty) (%g—l—(u T4) 81‘2)

is an integral of motion.

Let v = u'Jy + u?Jy + u?J3, where Jy, Jo,J3 is the standard basis in so(3) ~ R3,
introduced in Section 1.1. Then u -1, = u x 74, where u = (u',u? u3) (see Exercise 1.6)
and we have

I=u'M; +u’M, + u3M3,

where M = (M, Ms, M3) € R3 (or rather a vector in a dual space to s0(3)) is given by

N
oL
M = X —.
Z Ta or,
a=1
The vector M is called the angular momentum of a system. Explicitly,

N
M = Z Tq X MgPq,
a=1
so that the total angular momentum of a closed system is a sum of the angular momenta
of individual particles. Conservation of angular momentum is a fundamental physical law
which reflects the isotropy of the space.

In particular, for a single particle in R3, the generator .J; of s0(3) corresponds to the
following integral of motion
oL

(2.4) M; = (7 X p)i = €62 i, p=—_-.
or
Generalizations of these formulas from R3 to R™ is duscussed in Exercise 2.6.

Example 2.3 (The center of mass). Let (M, L) be a Lagrangian system of N interact-
ing particles, considered in Example 1.2. Under a one-parameter group of simultaneous
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Galilean transformations of all coordinates r, — gs(r,) = 1, + svt, and corresponding
transformations of velocities 7, — 74 + sv, using (1.22) we have

N
d
L—L =L+ pn aZ:lma(srav + $s%v%t).

Therefore for an infinitesimal Galilean transformation — the time-dependent vector field

N
~ 0 0
X = Z (tvﬁra “’am)

a=1

equation (2.2) holds, where the function K is given by

N
K= E MTa.
a=1

According to Proposition 2.10, the vector
N
I=tP — Z MaTq
a=1

is an integral of motion, I = 0 on the solutions of the Euler-Lagrange equations. This is
equivalent to the statement that the center of mass of the system

where m = Zfl\f:l my is the total mass, moves with the constant velocity V- = P/m.

Of course, in case of a free particle we have rather obvious integrals motion, components
of the vector tP — mr.

2.4. Exercises

Exercise 2.1. Prove that a Lagrangian system (M, L) is non-degenerate if and only if the 2-form
dfy, on T'M is non-degenerate.

Exercise 2.2 (Second tangent bundle). Let 7: TM — M be the canonical projection and let
Ty (T M) be a vertical tangent bundle of T M along the fibers of m — the kernel of the bundle mapping
e : T(TM) — TM. Prove that there is a natural bundle isomorphism i: 7*(T'M) ~ Ty (T M), where
7*(TM) — TM is the pullback of the tangent bundle TM of M under the map .

Exercise 2.3 (Invariant definition of the 1-form 67,). Let 6, be the one-form on T'M associated
with a Lagrangian L (see (1.3)). Show that 0 (v) = dL(m.v), where v € T(TM) and 7 is the
projection map TM — M.

Exercise 2.4. Prove that if a vector field X on M is an infinitesimal symmetry of the Lagrangian
system (M, L), then Lx:(8) =0, where Lx stands for the Lie derivative along X’.

Exercise 2.5. Prove that a path v(¢) in M is a classical trajectory for the Lagrangian system
(M, L) if and only if

vy (1) (d01) + dEL(Y' (1)) = 0,
where 4/(t) is the velocity vector of the path +/(t) in TM and 25/(;) stands for the interior product
with 4/ (¢).
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Exercise 2.6. Let E;; be the standard basis of matrix units in the algebra of n x n real matrices.
Define

Obviously, M;; = —M;j; and M;;, ¢ < j, form a basis in the Lie algebra so(n) of skew-symmetric
matrices.

(1) Prove that so defined M;; satisfy commutation relations
(2.6) [Mij, M) = 05, Mg, — 056 My — 05 Mji + 036 M.

(For n = 3, the basis of M;; coincides with the basis J; introduced in (1.15): M;; =
€ijkJk, €.8. Mo = J3. Thus, formula above generalizes the commutation relations (1.18).)

We will generalize this further, replacing R™ by an arbitrary vector space with a non-
degenerate bilinear form, in Exercise 7.1.

(2) Consider a mechanical system with configuration space R™ and a Lagrangian L which is
invariant under the group SO(n). Show that in this case, the angular momenta

. , oL
(2.7) Mi; =q'pj —&’pis  pi= ¢

are integrals of motion of this system. (Compare with Example 2.2).




Chapter 8

Integration of
Equations of Motion

In this chapter, we give several examples in which one can not only write down the equations
of motion, but can also solve them explicitly.

3.1. One-dimensional motion

The motion of systems with one degree of freedom (i.e., when the configuration space is
one-dimensional) is called one-dimensional motion. In the simplest case M = R, with global
coordinate x, the Lagrangian takes the form

L=1imi®—V(z).

The conservation of energy
E = imi® + V(z),

(see Section 2.1) allows one to solve the equations of motion in a closed form by separation

of variables. We have
dx 2
o \/ E(E - V(z)),

T
2 E—-V(z)
The inverse function z(t) is a general solution of Newton’s equation
av
——=
with two arbitrary constants, the energy E and the constant of integration.
2

so that

mx =

Since kinetic energy %mx is non-negative, for a given value of E the actual motion
takes place in the region of R where V(z) < E. The points where V(z) = E are called
turning points. The motion which is confined between two turning points is called finite.

23
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The finite motion is periodic — the particle oscillates between the turning points z; and
r9 with the period

()= [ -
VE— V
If the region V(z) < E is unbounded, then the motion is called infinite and the particle
eventually goes to infinity. The regions where V(x) > FE are forbidden. Thus on Fig. 1
the motion between points x1 and x5 is periodic, and in the region x3 < x the motion is
infinite; all other regions there are forbidden.

AV

Figure 3.1

On the phase plane with coordinates (z,y), where y = md is the momentum, Newton’s
equation reduces to the first order system

. . av
mr=y, Y==
Trajectories correspond to the phase curves (z(t),y(t)), which lie on the level sets

2
v _
o +V(z)=

of the energy function. The points (z,0), where z( is a critical point of the potential
energy V' (x), correspond to the equilibrium solutions. The local minima correspond to the
stable solutions and local maxima correspond to the unstable solutions. For the values of
FE which do not correspond to the equilibrium solutions the level sets are smooth curves.
These curves are closed if the motion is finite.

3.2. Harmonic oscillator and small oscillations

The simplest non-trivial one-dimensional system, besides the free particle, is the harmonic
oscillator with V(z) = $ka® (k > 0), considered in Example 1.5. The general solution of
the equation of motion is

x(t) = Acos(wt + ),
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where A is the amplitude, w = 4/ % is the frequency, and « is the phase of a simple harmonic

motion with the period T' = %” The energy is £ = %mwQA2 and the motion is finite with
the same period T for E > 0.

More generally, consider a particle of mass m in R™ moving in a potential field V' (q),
and suppose that potential energy V' has a minimum at ¢ = 0. Expanding V' (q) in Taylor
series around 0 and keeping only the quadratic terms, one obtains a Lagrangian system
which describes small oscillations from equilibrium. Explicitly,

L = $mg® - Vo(q).

where Vj is a positive-definite quadratic form on R™ given by

1 " 9%V ;s
_1 i.J
7,7=1

Since every quadratic form can be diagonalized by an orthogonal transformation, we can
assume from the very beginning that coordinates ¢ = (¢*,...,¢") are chosen so that Vy(q)
is diagonal and

n
(3.1) L=3mg’ - 3> wi(d)

=1
where w1, ...,w, > 0. Such coordinates q are called normal coordinates. In normal coordi-

nates Euler-Lagrange equations take the form
G +wi=0, i=1,...,n,

and describe n decoupled (non-interacting) harmonic oscillators with frequencies wy, . . ., wp,.

3.3. Coupled harmonic oscillators

Consider a system of n particles on real line; for simplicity assume that each has mass 1
and the Lagrangian of the system has the form
)

where ¢ = (¢',...,¢") are coordinates of the particles.

, , ov
If V(g) = > V(q"), then Euler-Lagrange equations become ¢' = i this is a system
0q
of n independent equations, each involving only one of the variables ¢*. In this case, physi-
cists say that the particles are non-interacting. Otherwise, the particles are interacting, or
coupled.

The simplest case of a system of interacting particles is given by the Lagrangian
(3:2) L(q) = 54" — V(a),

where V(q) = % > aijqiqj is a positive definite quadratic form. In this case the same argu-
ment as in the previous section shows that one can find an orthogonal change of coordinates
Q" = ¢;j¢’ such that in new coordinates, the Lagrangian becomes

L=1) (@) - @)
=1
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where frequencies w; can be computed from the fact that A\; = wf are eigenvalues of matrix
(ai;).
Thus, after the change of coordinates, the system becomes equivalent to a system of n
decoupled harmonic oscillators, and
Q'(t) = Ajcos(wit + i), i=1,...,n.

In physics literature, such solutions are called normal modes of the system.

Remark 3.1. If quadratic form V(q) is only positive semi-definite, the normal modes Q"
with w; = 0 will represent free particles.

Example 3.1 (One-dimensional crystal). Consider the Lagrangian

N N
(33) L(g,4) =3 (@) =35> (@ —d)? ¢V ="

Jj=1 Jj=1
Here periodic boundary condition ¢¥*! = ¢! mean that we have a system of N harmonic
oscillators on the circle with the nearest-neighbor interaction. This system describes a one-
dimensional “crystal” — a large polyatomic molecule. At the equilibrium its atoms are
evenly spaced on a circle, and g; is the displacement of a j-th atom from its equilibrium.

Lagrangian (3.3) has the form (3.2) with symmetric positive semi-definite N x N matrix

A = {aij}:

2 -1 0o - 0 -1

-1 2 -1 .- 0 O

) ) 0 -1 2 0 O
=w

0 0 0o --- 2 -1

-1 0 o .-~ -1 2

To diagonalize A, we use the Zy symmetry of the problem. Namely, let B = {d;11,;} be
the N x N cyclic shift matrix, where the indices are considered modulo N.

It is easy to see that matrices A and B commute, so that A preserves the eigenspaces of
B. Diagonalizing the matrix B is easy: it satisfies BN = I, the N x N identity matrix, so
its eigenvalues are the N-th roots of unity. Denoting by ( a primitive N-th root of unity, it
easy to check that the eigenvalues of B are exactly ¢¥, k = 0... N —1, each with multiplicity
1; the corresponding eigenvectors are

k
1<'

— | |, k=o0...,N-1,
\/N CNIC

V =

(they have been normalized to form an orthonormal basis). Since A commutes with B, each
of these vectors is an eigenvector for A, and explicit computation shows that Avy = Apvg,
where

Me=w?2-CF=¢%), k=o0,...,N—1.

(This computation is just a simplest case of a general approach to diagonalizing oper-
ators using symmetries. Readers familiar with representation theory will observe that the
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same approach works for any system with a symmetry described by a finite or compact
group G. In this case, eigenvectors of B should be replaced by irreducible representations

of G.)

The eigenvector vy corresponds to the eigenvalue A\g = 0 and reflects the motion of the
center of mass (see Example 2.3). Using the symmetry vy = vy_g, it is easy to write down
the corresponding orthonormal basis in R™V and to introduce the normal modes Q', ..., Q" .
Correspondingly, Lagrangian (3.3) takes the form

N
(3.4) L=5@QY+3> (@) —w2@?).
=2
where for even NV
l
Wo = W41 :2wsin7r—, = 1,...,5 —1 and wy = 2w,
and for odd N
owsin, (=1, N-1
Wo] = W = 2wsin — =1,...,—.
21 20+1 N, ) ) 2

3.4. Two-body problem

The motion of a system of two interacting particles — the two-body problem — can also be
solved completely. Namely, in this case (see Example 1.2) M = RS and

-2 -2
mar mor
5t~ V(I —mal).

L=

Introducing on RS new coordinates
miri + mar
r—r—ry and R— "ATLTM2T2
my + m2
we get,
L=1imR*+ s — V(|r|),

mi1mes9

where m = mj + mg is the total mass and p = is the reduced mass of a two-body

mi 4+ ma

system. The Lagrangian L depends only on the velocity R of the center of mass and not
on its position R. A generalized coordinate with this property is called cyclic. It follows
from the Euler-Lagrange equations that generalized momentum corresponding to the cyclic
coordinate is conserved. In our case it is a total momentum of the system,

p=L_

OR

so that the center of mass R moves with constant velocity. Thus in the reference frame
R = 0 the two-body problem reduces to the problem of a single particle of mass y in the
external central field V (|r]).

It follows from the conservation of angular momentum M = pur X 7 that during the
motion position vector 7 lies in the plane P orthogonal to M in R3. Choosing the z-axis
along M, the plane P becomes the xy-plane and in polar coordinates

mR,

rT=rcosp, y=rsingp

the Lagrangian takes the form
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(3.5) L= 3pu(i* +r2¢*) — V(r),

which describes the motion of a particle of mass p in a central force field with potential
V(r).

The coordinate ¢ is cyclic and its generalized momentum ur?¢ coincides with | M| if
¢ > 0 and with —| M| if ¢ < 0. Denoting this quantity by M, we get the equation

(3.6) pr?p = M,

which is equivalent to Kepler’s second law". Using (3.6) we get for the total energy

2
(3.7) E=Lu?+r2?) +V(r) = i + V(r) + 2
Thus the radial motion reduces to a one-dimensional motion on the half-line » > 0 with the
effective potential energy

M2

+ 2ur?’
where the second term is called the centrifugal energy. As in the previous section, the
solution is given by

Ve (r) = V(r)

(3.8)

t:@/%-

It follows from (3.6) that the angle ¢ is a monotonic function of ¢, given by another quad-
rature

M / dr
3.9 = ’
(3.9) Vi) By v
yielding an equation of the trajectory in polar coordinates.

The set Veg(r) < E is a union of annuli 0 < 7, < 7 < g < 00, and the motion
is finite if 0 < rpin < 7 < riae < 00. Though for a finite motion r(t) oscillates between
Tmin and Tpae, corresponding trajectories are not necessarily closed. The necessary and
sufficient condition for a finite motion to have a closed trajectory is that the angle

M Tmazx
Ap = 2
TV S B Vo)

is commensurable with 27, i.e., Ap = 21 for some m,n € Z. If the angle Ay is not

n
commensurable with 27, the orbit is everywhere dense in the annulus 7, <7 < e If

lim Veg(r) = lim V(r) =V < oo,
r—00 7—00
the motion is infinite for £ > V' — the particle goes to oo with finite velocity ,/ %(E -V).

11t is the statement that sectorial velocity of a particle in a central field is constant.
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3.5. Exercises

All problems below discuss the motion of a particle in a central force field described by
(3.5).

Exercise 3.1. Show that if
liH(l] Vet (1) = —o0,
r—

then there are orbits with r,,;, = 0 — “fall” of the particle to the center.
Exercise 3.2. Prove that all finite trajectories in the central field are closed only when
V(r)=kr?* k>0, and V(r)= —g, a>0.
T
Exercise 3.3. Prove that trajectories for the Kepler problem V(r) = —a/r are conic sections.

Exercise 3.4. Show that the Kepler problem has three additional integrals of motion — the
Laplace-Runge-Lenz vector W, given by

W=rXxM - %7 r = (2!, 2% 2%).
r
Exercise 3.5. For the Kepler problem, consider vector fields Y = (Y1, Y2 Y3) on R®, defined

iy o o iy 2ar
by (2.1) with a¥(r,7) = 24" — 2'27 — 6Yr - 7. Prove that they satisfy (2.2) with K = 2T
T

(K', K% K?), and show that corresponding integrals of motions are components of the Laplace-
Runge-Lenz vector.

Exercise 3.6. Using the conservation of the Laplace-Runge-Lenz vector, prove that trajectories
in Kepler’s problem with E < 0 are ellipses. (Hint: Evaluate W - r and use the previous exercise.)






Chapter 4

Hamiltonian Formalism

In the previous chapters, we have discussed the Lagrangian formalism, where a state of the
system is described by a point in the tangent bundle T'M to the configuration space M,
and equations of motion are derived from the principle of least action. In this chapter we
will discuss an alternative approach, called the Hamziltonian formalism, in which a state of
the system is described by a point in the cotangent bundle T*M.

4.1. Legendre transform

Let T*M be the cotangent bundle of an n-dimensional manifold M. As in case of the
tangent bundle, a choice of local coordinates q = (¢q',...,¢") on open chart U C M defines,
for any point « € U, a basis dq* in the cotangent space T)x M and thus a choice of coordinates

(pvq) = (ph o apnvqlv cee ’qn)
on T*U. Such coordinates will be called standard coordinates.'
Definition 4.1. The 1-form 6 on T* M, defined in standard coordinates by
n .
(4.1) 60=> pidq =pdg,
i=1

is called Liouwille’s canonical 1-form.

It is easy to show that € doesn’t depend on the choice of local coordinates and thus is
well-defined on T* M. It also admits an invariant definition:

O(u) = p(mi(u)), where wu € Ty, \T"M,

and 7: T*M — M is the canonical projection.

1Following tradition, the first n coordinates parametrize the fiber of T*U and the last n coordinates parametrize
the base.
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OL
Recall (see Section 1.3) that given a function L on T'M, the partial derivatives 9a =

q
(2.2

20D n) transform as a one-form and thus can be considered as a point in the
q q

cotangent bundle T*M.

Definition 4.2. Legendre transform associated with the Lagrangian L is the fiberwise
mapping 77,: TM — T*M given in the standard coordinates by

. oL .
71.(q,4q) = (p,q), where p:%(q,q),

The element p € T;M is called the momentum, and the space T*M is called the phase
space.

The Legendre transform also admits an invariant definition: it is uniquely defined by
the condition
0 = 77.(0)
. oL

~dq’ (see (1.3)) and @ is the Liouville’s canonical 1-form on T*M.

where 0, => ", By
q

Lemma 4.3. The mapping 71, is a local diffeomorphism if and only if the Lagrangian L is
non-degenerate (see Definition 1.7).

Example 4.1. Let M = R" and let the Lagrangian be given by
L(g,q) = 3m¢” — V(q).

In this case, it is immediate that the Legendre transform is given by p; = mg‘, or p = mgq.

More generally, if M is a Riemannian manifold, and L = %m(q, q) —V(q), where (, ) is
the inner product defined by the Riemannian metric (see Example 1.6), then p € T, M is
defined by (p,v) = m(q,v) for any v € T, M, where (, ) is the canonical pairing between
the tangent and cotangent spaces. Thus, up to a factor of m, in this case the Legendre
transform 77, is just the fiberwise isomorphism between a vector space and its dual, defined
by the bilinear form (, ).

4.2. Hamilton’s equations

Let (M, L) be a Lagrangian mechanical system, and let 7,: TM — T*M be the Legendre
transform defined in the previous section. Assume that 77 is a diffeomorphism. Then we
show that in this case the equations of motion of the system (M, L), when rewritten in
terms of the phase space T* M, take an especially simple form.

Definition 4.4. Suppose that the Legendre transform 7: TM — T*M is a diffeomor-
phism. The Hamiltonian function H: T*M — R, associated with the Lagrangian L is
defined by

. OL

H(p,q) = ErL=q 9 L, where (p,q) = 72.(q, q)-
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In other words, the Hamiltonian is the energy function of the mechanical system, as
defined in Section 2.1. In standard coordinates, the Hamiltonian is given by

(4.2) H(p,q) = (pd— L(g,4))| _oL -
oq

oL
where ¢ is a function of p and g defined by the equation p = ?(q, q) (recall that we are
q

assuming that 77, is a diffeomorphism).

Theorem 4.5. Suppose that the Legendre transform tr,: TM — T*M 1is a diffeomorphism.
Then the Euler-Lagrange equations (1.4) on TM are equivalent to the following system of
first order differential equations in standard coordinates on T* M :

oH ., OH

4.3 = e =
(4.3) p o U= o

These equations are called Hamilton’s equations (or canonical equations).

1=1,...,n.

Proof. We have

OH OH
dH = ——dp + —d
op P+ dq 9
. oL oL
= |pdq+qdp— ——dq— ——dq
0q 0q p=9L
aq
. oL

Thus under the Legendre transform,

. d oL 0L OH
g=— an = = O

op P dog " 9qa " oq

It follows from the energy conservation law (Proposition 2.3) that the Hamiltonian is
constant on the trajectories of the Hamilton’s equations; we will give an independent proof
of this result later (see Corollary 4.18).

Remark 4.6. Let S(q,t; qo,to) be the classical action, introduced in Remark 1.8. It follows
from Exercise 1.5 that

oS oS
(4.4) p= a—q and H = o

where p is determined by the velocity q of the central field extremal at time t.

4.3. Examples of Hamiltonian systems

For the Lagrangian
L=imi* - V(r)=T-V, reR’
of a particle of mass m in a potential field V(r) we have
or

(4.5) P mr.
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Thus the Legendre transform 7r: TR? — T*R3 is a global diffeomorphism, linear on the

fibers, and
2

H(p,r)= (pi — L)|,_p = ;’4 YV =T+ V.
m m
In this case Hamilton’s equations
. OH p
"= op “m’
. OH 0V
P= % = or
. . . oV
are equivalent to Newton’s equations with the force F' = -

For the Lagrangian system describing small oscillations, considered in Section 3.2, we
have p = mgq, and using normal coordinates we get

2

(@6)  Hp.a) = (pd— Ll d),_p = 2 Vola) = 5 (0 + P 3 B0

Similarly, for the system of N interacting particles, considered in Example 1.2, we have
p=(p1,...,pPN), where

oL
7,
The Legendre transform 77: TR3YN — T*R3V is a global diffeomorphism, linear on the
fibers, and

Po = =MaTq, a=1,...,N.

N
H(p,r)= (pr — L =T+4+V.
1
In particular, for a system with pairwise 1nteract10nb,
N p2
Hp,r)=Y =+ > Valra—m)
a=1 @ 1<a<b<N

In general, consider the Lagrangian

n

L= ja;(@id —V(g), geR",
2,7=1

where A(q) = {ai;(q)}}';—; is a symmetric n x n matrix. We have

L g
ql:Zaij(q)qj, i=1,...,n,
j=1

and the Legendre transform is linear on the fibers. It is a global diffeomorphism if and only
if the matrix A(q) is non-degenerate for all g € R™. In this case,

H(p.9) = (pd~L(a.))|,_or = Z 307 (@)pip; + V(q),
4 ij=1

where {a"(q)}}';—; = A7'(q) is the inverse matrix.
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Remark 4.7. Writing equation (4.5) in coordinates gives p; = mi?’, which looks like a
rather disheartening mixing of vector and covector indices. Of course, in this case we have
a Lagrangian system with the matrix a;;(r) = md;j, so raising and lowering the indices is
done by using the Euclidean metric on R3.

4.4. Symplectic manifolds

Hamilton’s equations on the phase space T* M can be rewritten in an invariant form, without
using a choice of local coordinates. To do so, observe that T*M has a structure of a
symplectic manifold.

Definition 4.8. A symplectic manifold is a manifold .# together with a 2-form w € Q?(.#)
which is closed (dw = 0) and non-degenerate: for every z € .#, the pairing T, . # Q Ty M —
R, given by w, is non-degenerate.

Example 4.2. Let .# = T*M, and let w = df, where 6 € Q' (T*M) is the Liouville form
(4.1). Then .# is a symplectic manifold, with the symplectic form w = df.
Indeed, in standard local coordinates we have § = pdg = ;" | p; dq’, and

(4.7 w:dp/\dq:dei/\dqi,
i=1

which is easily seen to be non-degenerate.

Not every symplectic manifold has the form T*M (for example, the two-dimensional
sphere S? with the volume form is an example of a compact symplectic manifold); however,
it is easy to see that any symplectic manifold is even-dimensional, and Darboux theorem
states that locally any symplectic manifold admits coordinates p;, ¢* such that the symplectic
form takes the form (4.7). Such coordinates are called canonical or Darbouz coordinates.

Example 4.3. A non-degenerate Lagrangian function L: TM — R provides a tangent
bundle T'M with a structure of a symplectic manifold. Indeed, the 2-form w; = df;, where
01, is defined by (1.3), is obviously closed and is non-degenerate (see Exercise 2.1). In this
case, if the Legendre transform 77: TM — T*M is a global diffeomorphism, it is also an
isomorphism of symplectic manifolds.

On a symplectic manifold .#, the symplectic form w defines an isomorphism
(4.8) J: T M —TH
between tangent and cotangent bundles, given by
w(u, J9) = (u, ), weTpd, )T, #,

or equivalently
w(ul,uQ) = <U1,J71(’U,2)>, uy, g € Tp M .

The mapping J induces the isomorphism

QYA ~ Vect(A)
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between the infinite-dimensional vector spaces of 1-forms and vector fields on .#, which is
linear over the ring C°°(.#'). Namely, if 9 is a 1-form, then the corresponding vector field
X = J(9) on A satisfies

(4.9) w(V,X)=(Y,9) forall Y € Vect(.#),
and, correspondingly,
(4.10) ¥ =JX) = —ixw.

As a corollary, we see that on a symplectic manifold .# any function H € C*®(.#)
defines a vector field Xy = J(dH), called the Hamiltonian vector field. This vector field
satisfies

(4.11) dH = —1x,w.
In canonical coordinates, this vector field is given by

b% _znj OH 0 0H 0\ _0H 9 OH I
= op; 8¢ 9dq' Op;) Op dq Oq Op

(4.12)
i=1
In particular,

0 0

Xp=+ and Xg=-——.

dq op
Assume now that .#Z = T*M and H = pq — L is the Hamiltonian function defined in
Definition 4.4. Comparing the formula for Xz given above with the Hamilton’s equations

(4.3), we see that these equations can be rewritten in the simple form
(4.13) = Xy,

where x = (p,q) € T*M and H is the Hamiltonian.

Motivated by this, we will call any pair (#, H), where .# is a symplectic manifold and
H € C™(#) a Hamiltonian system, and will call (4.13) equations of motion, or Hamilton’s
equations, for this system.

If the vector field Xy on .# is complete, i.e., its integral curves exist for all times, then
the corresponding one-parameter group {g; }rer of diffeomorphisms of .# generated by X
is called the Hamiltonian phase flow generated by H. It is defined by g¢;(z) = x(t), where
x(t) is a solution of Hamilton’s equations satisfying z(0) = =.

Theorem 4.9. Hamiltonian phase flow on a symplectic manifold .# preserves the sym-

plectic form.

Proof. It suffices to prove that Lx,w = 0, where Lx, is the Lie derivative along the
Hamiltonian vector field Xp. Using the Cartan identity

(4.14) Lx(w) =d(xw) + 1x(dw)

and the fact that the symplectic form is by definition closed, we get Lyxw = d(2xw). On the
other hand, for a Hamiltonian vector field X = Xy, we have by (4.10) that ixw = —dH,
so Lx,w = —d(dH) =0. O
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The canonical symplectic form w on a symplectic manifold .# defines the volume form

wn

1
=—wA - Aw, n=dim.#Z/2,
——

(4.15) PR

n

on .4, called the Liouville’s volume form.

Corollary 4.10 (Liouville’s theorem). The Hamiltonian phase flow on T*M preserves
Liouwille’s volume form.

4.5. Lagrangian submanifolds and polarizations

The basic example of a symplectic manifold is the cotangent bundle: .Z = T*M. It is
easy to see, however, that not every symplectic manifold has such a form (e.g., a compact
symplectic manifold can never be a cotangent bundle). Instead, we can introduce a weaker
notion.

Definition 4.11. A submanifold £ of a symplectic manifold .# is called a Lagrangian
submanifold if dim . = dim .# /2 and w|, = 0.

It follows from Theorem 4.9 that the image of a Lagrangian submanifold under the
Hamiltonian phase flow is a Lagrangian submanifold.

For example, for .# = T*M, each fiber T, M is a Lagrangian submanifold. This moti-
vates the follwoing definition.

Definition 4.12. Let .# be a symplectic manifold of dimension 2n. A polarization of .4
is a foliation of .# whose leaves are (locally) Lagrangian submanifolds.

Equivalently, the polarization is described by a subbundle V' C T'.# such that

(1) For every point = € #, V, C Ty.# is a Lagrangian subspace.
(2) V is an integrable distribution.

In the case of cotangent bundle .# = T*M, we have a canonical polarization, whose
leaves are fibers of the natural projection T*M — M. In general, polarization can be
thought of as representing .# locally as the fiber bundle with Lagrangian fibers. Note that
not every symplectic manifold admits a polarization.

4.6. Classical observables and Poisson bracket

Let .# be a symplectic manifold, with symplectic form w (for example, .# = T*M). Any
function f € C°(.#) is called an observable; from physicists’ point of view, such functions
represent measurable characteristics of a system, such as coordinates, momenta, or energy.

Functions on any manifold form a commutative algebra with respect to pointwise mul-
tiplication. However, it turns out that on a symplectic manifold, the algebra of functions
has an additional structure, called the Poisson bracket.

Recall that on a symplectic manifold any function f gives rise to a Hamiltonian vector
field Xy = J(df), defined by

w(v, Xy) = (v, df) = 0uf

for any vector field v on .Z.
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Definition 4.13. Let f,g € C°°(.#). Their Poisson bracket {f,g} € C(.#) is defined

by
(4.16) {f.9} = 0x,9 = w(Xy, X).

This definition immediately implies that for any observable H, we have
(4.17) Ox,f={H, [}

It follows from (4.12) that in canonical coordinates the Poisson bracket takes the form

"(Wﬁg 3f89>_3f59 9f 9g

(4.18) {figy=>_ opi0¢  0qiop;)  opdq qop

=1
In particular,
{pipj} ={d", ¢’} =0,
{pi,d’} = ..

These relations are commonly called the canonical relations.

(4.19)

Theorem 4.14. The Poisson bracket has the following properties.
(1) It satisfies the Leibniz rule:

{f,gh} ={f,gth+g{f h}.

(2) It is skew-symmetric: {f,g9} = —{g, f}.
(3) It satisfies Jacobi identity:
{£ 49,03} +{n.Af.9}} + {9, {h, f}} = 0.
(4)
Xy = X5 X,
where the [, ] in the right hand side is the commutator of vector fields, which is

defined by
Ot = OOy — Oy
Proof. The Leibniz rule and the skew-symmetry immediately follow from the definition

(4.16) of the Poisson bracket.

Jacobi identity can easily verified by a straightforward computation using formula (4.18)
for the Poisson bracket in canonical coordinates. The more conceptual proof goes as follows.

Let £ be a Hamiltonian vector field on .#, and let ¢; be the time ¢ flow of ¢ (defined
for small ¢ in a neighborhood of some point). By Theorem 4.9 we have ¢} (w) = w, which
together with (4.16) implies that the Poisson bracket is equivariant with respect to y:

oitf 9y ={vif 019}

Taking derivative at { = 0, we get

el f, 9t ={0:f. g9} +{f, Oeg}-
In particular, if £ = X}, so that d¢f = {h, f}, we get

{h,{f, 9y} ={{h, [} 9} +{f {h. g}}
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which is equivalent to Jacobi identity.

The last part follows from the Jacobi identity: indeed, rewriting it in the form

{{fvg}ah}:{fa{.g?h}}_{gv{f?h}}

we see that
8X{f,g}h = aXfanh - anath'

Parts (2)—(4) of the theorem can be restated as follows.

Corollary 4.15. The Poisson bracket defines on the space of observables C°(.4) a struc-
ture of a Lie algebra, and C*°( M) — Vect(A): f — Xy is a morphism of Lie algebras.

Remark 4.16. A manifold P with a bilinear operation {, } on C°°(P), satisfying properties
(1)=(3) of Theorem 4.14 is called a Poisson manifold; thus, Theorem 4.14 can be restated
by saying that any symplectic manifold is also automatically a Poisson manifold. Converse
is obviously false (e.g., one can take the Poisson bracket to be identically zero).

Using Poisson bracket, one can rewrite Hamiltonian equations of motion in terms of
observables as follows.

Lemma 4.17. Let (.#,H) be a Hamiltonian system. Let x(t) be a classical trajectory, i.e.
a solution of Hamilton’s equations. Then for any observable f € C*°(.4), we have

(4.20) & at) = {H, F) ().

d
Proof. By (4.13), we have & = X, so d—“}; =0x,f={H, [} O

As before, we say that an observable f is an integral of motion (or conserved quantity)

d
if it is constant on classical trajectories: o f(z(t)) =0.

Corollary 4.18. An observable f € C®°(.#) is an integral of motion of a system (M, H)
if and only if {H, f} = 0.

In particular, this immediately implies that H itself is an integral of motion: since the
Poisson bracket is skew-symmetric, we have {H, H} = 0.
4.7. Completely integrable systems

Let (.#,H) be a Hamiltonian system.

Lemma 4.19. The space T C C*°(A) of all integrals of motion of a system (A ,H) is
closed under the Poisson bracket.

Proof. By Corollary 4.18, an observable f is an integral of motion iff {H, f} = 0. Now the
result follows from Jacobi identity: if {H, f} = {H, g} = 0, then

{H,{f 9}}=UH, f}, 9y +{f,{H,9}} =0. O
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Of special interest is the case when we have a collection of integrals of motion Iy,..., Iy
such that {I,, I} = 0 for all a,b. In this case we say that these integrals of motion Poisson-
commute, or that they are in involution. If, in addition, we have an open subset U C .#
such that the covectors dI;(x),...,dI;(z) € T # are linearly independent for every point
x € U, then we say that Iy,..., I, are independent on U.

Lemma 4.20. Let I1, ..., I be integrals of motion in involution, which are independent on
open U C M, and let X1 = Xy, ..., X = X1, be the corresponding Hamiltonian vector
fields. Let D C T.# be the subbundle generated by Xi,...,Xg. Then D is an integrable
distribution, so that through every point x € U there is a unique (locally) submanifold
N 3 x of dimension k such that X; are tangent to N. Moreover, this integral submanifold
is isotropic: restriction of the symplectic form w to TN is zero.

This lemma is a very special case of general Frobenius integrability criterion: since the
functions I, are in involution, the vector fields X, commute. The fact that N is isotropic
follows from w(Xg, Xp) = {Ia, I} = 0.

Let dim .# = 2n. Since it is well-known that the dimension of an isotropic subspace in
2n-dimensional symplectic vector space can not be more than n, we see that one can not
have more than n independent integrals of motion in involution.

Definition 4.21. A Hamiltonian system (.#,H), dim.#Z = 2n, is called completely in-
tegrable if there exist n integrals of motion Ii,..., I, in involution which are independent
everywhere on /.

Remark 4.22. Sometimes the requirement of being everywhere independent is replaced by
the requirement of being independent on an open dense subset.

A fundamental result of Liouville shows that every completely integrable system is in
a certain sense exactly solvable. We present it here, without proof, in a modern form due
to Arnold. Before stating it, recall that a (multivalued) complex function of one variable is
expressed by quadratures if it can be obtained from constant functions by using arithmetic
operation, logarithm, exponential function, differentiation and integration. Similarly, a
differential equation is solved by quadratures if its solutions are expressed by quadratures.
It should be noted that this is a rare and wonderful event: general differential equation,
even in one variable, is not solvable by quadratures.

Theorem 4.23 (Liouville-Arnold). Let (#,H), dim.# = 2n, be a completely integrable
system, with independent integrals of motion in involution H = Ii,1,...,1,. For a =
(a1,...,an), let Mg ={xz € A | I;(x) = a;} be the level set of I1,...,1I,. Then

(1) For each a, Mg is a smooth Lagrangian submanifold in .4, invariant under the
flow of each of vector fields X; = X1, (in particular, under the flow of Xp ).

(2) Assume additionally that Mg is compact. Then each connected component M of
My is a torus: M ~T"™, where T = R/2nwZ. Moreover, there exist a neighborhood
Uas CR” of a, a neighborhood U of M and an isomorphism
U~UsgxT": uvr— (I,....,In,01,...,pn) such that the Hamiltonian H only
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depends on I = (Iy,...,I,), and the symplectic form w is given by
w=dl Ndp = dI; Adgp;.
i=1

Coordinates I;, w; are called action-angle variables.

(3) Hamilton’s equations on M are solved by quadratures.

In action-angle variables Hamilton’s equations take form

I; =0,

OH
‘i: :iI7
b= 50 wi(T)

and the trajectories are quasiperiodic: time ¢ flow is given by
I;(t) = const,
wi(t) = @i (0) + wi(I)t mod 27Z.

The Liouville-Arnold theorem explains a special role of integrable systems in classical
mechanics; essentially all systems we can solve explicitly are completely integrable.

Example 4.4. Let dim.# = 2, so that n = 1. In this case any such system is completely
integrable (assuming that dH # 0): one can take I; = H.

Example 4.5. Consider a particle in a two-dimensional central field: .# = T*R?, with

2

p
H=-— .
2m —|—V(|7‘|)

The Hamiltonian system (., H) is completely integrable, as one can take energy F and
the total angular momentum M = |p X r| as two independent integrals of motion.

4.8. Exercises

Exercise 4.1. Suppose that for a Lagrangian system (R™, L) the Legendre transform 7, is a

diffeomorphism and let H be the corresponding Hamiltonian. Prove that for fixed g and q the
. . . . oL
function pg — H(p, q) has a single critical point at p = 35
q
Exercise 4.2. Give an example of a non-degenerate Lagrangian system (M, L) such that the
Legendre transform 77, : T'M — T*M is one-to-one but not onto.

Exercise 4.3. Let (.#, H) be a Hamiltonian system. Show that if all level sets of H are compact
submanifolds of .#, then the Hamiltonian vector field X g is complete.

Exercise 4.4. Prove that Ly, (0) = d(—H + 6(Xg)), where 6 is Liouville’s canonical 1-form.

Exercise 4.5 (The principle of least action in Hamiltonian mechanics). Consider the Hamil-
tonian system .# = T*M, H € C*>°(.#). For a path v: [to,t1] — .# in the phase space, let 4 be
its lift to the extended phase space . x R: F(t) = (y(t),t). For such a path, define the action
functional by

S(y) = [pdq— H dt.

3
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Show that then for any pair of points gg,q1 € M, extremals of the action on the space
P(M)grts = {7: [to,t1] = 4 | a(to) = qo, a(t1) = a1}
are exactly the solutions of the Hamiltons’ equations (4.3). Note that we only fix the generalized
coordinates g(to), g(t1); there are no restrictions on the momenta p(to), p(t1).
Exercise 4.6. Let .# = T*R3, and let My, My, M3 be the components of the angular momentum
M =17 x p (see (2.4)): ‘
M; = €527 py.
(1) Show by explicit computation that the Poisson brackets of M; are given by
{M;, M} = —eij. My,
(these could also be derived from general theory, see Example 5.3).

(2) Prove that M? = M? + M3 + M3 Poisson commutes with each of M;, i.e. {M? M;} = 0.

Exercise 4.7. Let .# be a symplectic manifold, and let V be a polarization of .#. For an open

subset U C .#, denote by Ay (U) C C*°(U) the space of functions which are locally constant along
the leaves of the foliation:

Ay(U) = {f € C=(U) | 9f = 0V€ € V)
Prove that then the Poisson bracket vanishes on Ay (U): for any f,g € Ay (U), we have {f,g} =

In particular, in the case .# = T* M, with canonical polarization, we get Ay (#) ~ C°(M).

Exercise 4.8. Let g be a finite-dimensional real Lie algebra, and let g* be its dual space. Define
a Poisson bracket on g* (considered as a smooth manifold) by letting, for f,g € C*°(g*)

{f,9}(w) = (u, [df (u),dg(u)]),  weg,
where ( , ) is the pairing between g* and g, and we use a natural identification T g* = (g*)* = g
to consider df (u), dg(u) as vectors in g. Prove that { , } defines on g* a structure of a Poisson
manifold. (This Poisson bracket was introduced by Sophus Lie and is called linear, or Lie-Poisson
bracket.)
Show that {f,g}(u) = 0 for all g if and only if ad* a - u = 0, where a = df (u) € g and ad™ is the
coadjoint action: (ad*a - u,b) = —(u, [a, b]).

Exercise 4.9. In the notation of the previous problem, let G be a connected Lie group with Lie
algebra g. Let Ad* be the coadjoint action of G on g*, defined by (Ad* g - u,x) = (u,Ad(g™?) - ),
where u € g*, = € g.

For an element u € g* let O, = G - u be the orbit of the coadjoint action containing u.
(1) Let f € C*(g*); as before, let a vector field X; on g* be defined by dx,(g9) = {f, g},

where { , } is the Lie-Poisson bracket. Show that then, for any u € g*, Xf(u) is tangent
to the coadjoint orbit O,,.

(2) Show that the Lie—Poisson bracket descends to a Poisson bracket on O,.

(3) Show that the Poisson structure on O,, defined above is non-degenerate and thus, @, has a
canonical structure of a symplectic manifold. The corresponding symplectic form is called
the Kirillov-Kostant-Souriau form.



Chapter 5

Hamiltonian Action
and Moment Map

5.1. Hamiltonian actions

Let G be a Lie group with Lie algebra g, and let p: G — Diff (M) be an action of G on a
smooth manifold M, which we will simply denote by ¢ - x. In this case, every a € g defines
a vector field £, on M, a generator of the one-parameter group gs; = e¢*® of diffeomorphisms
of M.

Lemma 5.1. The map

g — Vect(M)

(5.1) st

(note the minus sign!) is a morphism of Lie algebras:

_g[a,b} = [_éav _gb]a a, be g
where, as before, commutator of vector fields is defined by Jj¢ ) = OcOp — 0y 0¢.

Proof. It immediately follows from the fact that we have an action of G on the space
C>(M), defined by (g - f)(z) = f(g'x), where g € G, f € C®(M), so

_4d
ds s=0

—&a(f)(2) fle™>x)

is the action of Lie algebra g. 0

Note that without the negative sign in (5.1), the lemma would fail.

Assume now that .# is a symplectic manifold with the symplectic form w, and G acts
on . by symplectomorphisms: for any g € G, ¢*(w) = w. In this case, for every a € g, the
corresponding vector field &, satisfies L¢, (w) = 0, where L is the Lie derivative. It is easy to
show (see the proof of Theorem 4.9) that this implies that locally, &, is a Hamiltonian vector
field: there exists (locally) a smooth function H, such that Xp, = —&,, where X = J(dH)

43
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is the vector field defined by (4.12). The global existence on M of such a generating function
H, is not guaranteed, so we adopt the following definition.

Definition 5.2. An action of a Lie group G by symplectomorphisms on a symplectic
manifold .# is called Hamiltonian if we are given, for every a € g, a function H, € C*° ()
such that

(1) For any a € g, =&, = Xp,.

(2) The map g = C>°(#): a — H, is linear.

(3) {Ha, Hy} = Hpgp)-

In other words, in this case we have a commutative diagram

a—Hg

g C*°(M)

(D—)& AXH

Vect(M)

Note that all maps in this diagram are morphisms of Lie algebras. Also note that —&, = Xy,
is equivalent to the condition

(5'2) ga(f) = _{Haa f} - {fa Ha} forall f € COO(‘/[)

It is easy to show that if G is connected (which we will always assume below unless
explicitly stated otherwise), conditions (1)—(3) imply that the map g — C*°(.#), given by
a v Hg, is G-equivariant: Haqg.a = g"H,, for any g € G, where Ad stands for the adjoint
action of G on g.

For future use, we elucidate the role of condition (3) in this definition. Namely, it follows
from Theorem 4.14, Part (4), and Lemma 5.1 that conditions (1)—(2) imply that
X, my = X, X, = Xuy,
SO
{Haa Hb} = H[a,b] + c(a, b)
for some locally constant function ¢(a,b). In case when .# is connected, c(a, b) is constant,
and we get a skew-symmetric function

c:g®g— R
It follows from the Jacobi identity that c is a Lie algebra 2-cocycle:
([z,y],2) + c(ly, 2l ) + e([z,2],y) =0, z,y,2€9
(we refer to Section 7.4 for the discussion of the Lie algebra cohomology). Note that
conditions (1)—(2) determine the Hamiltonians H, up to the addition of a linear function

(A, a) for some A € g*. Tt is easy to see that under such change, cocycle c(a,b) is changed
by a coboundary:

c(a,b) — c(a,b) + d1A(a,b) = c(a,b) + (A, [a, b]).

In other words, such a change allows one to make the cocycle ¢ zero if and only if its
cohomology class' [c] in H?(g) is zero, and this is the meaning of condition (3). In particular,

1 notation of Section 7.4, H? (g) = H?(g,R), where R is considered as trivial g-module.
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if Lie algebra g is semisimple, it is known that H?(g) = 0, and condition (3) is satisfied
automatically.

If the cohomology class [¢] € H?(g) is non-zero, we can use it to define a central extension
g of g, by letting g = g ® R - z with the commutator given by

la,blg = [a,b] + c(a,b)z, [z,a] =0, acg.

In this case, extending the map g — C®°(.#) by letting H, = 1, we see that this map is
a morphism of Lie algebras. In other words, in the situation when [c] # 0, the Poisson
brackets of Hamiltonians H, satisfy the relations of a central extension g of g.

An alternative way of describing Hamiltonian actions is by using the moment map.

Definition 5.3. Let p: G — Diff(.#) be a Hamiltonian action, with the Hamiltonian
functions H,. Then the moment map p: .# — g* is defined by

(u(z),a) = Hoy(z), €M, acy,
where (, ) is the pairing between g* and g.

It follows from the definition of the Hamiltonian action that for connected G, the mo-
ment map g is G-equivariant,

Ad* g - p(x) = ply - @),

where Ad* is a coadjoint action of G on g*, and that for any vector field v on .Z,
(5-3) Ou(p(z),a) = OpHa(z) = w(v, —&)(x), acg.

Conversely, it is easy to see that if we have an action of G on .# and a G-equivariant
map p: # — g* satisfying (5.3), then this action is Hamiltonian, with H,(x) = (u(x),a).

Example 5.1. Let M be a manifold with an action of a Lie group G. Then the corre-
sponding action of G on .# = T*M is Hamiltonian, and the moment map is given by

Ho(p,q) = (u(p,q),a) = —(p,&(q)), pETGM, qe M, acyg.

Indeed, in this case it is easy to see that the Liouville one-form 6 = pdqg on T*M is
G-invariant, so for any a € g

Le (0) = 0.
Here & is the vector field on on T*M, induced by the vector field &, on M, and L is the
Lie derivative. It follows from the Cartan’s formula (4.14) that

0= L¢ (0) =igw+d((0,&,)), where w=db.
Therefore, i¢sw = dH,, where H, € C°°(T*M) is given by
Ho(p.q) = —(0.£,)(p, @) = —(p.&())-

We leave it as an exercise to check that so defined Hamiltonians satisfy {H,, Hy} = H{q -

In particular, if M = V' is a vector space, so that T*V =V @ V*, G = GL(V), then
¢.(q) = a - q and thus

H.(p,q) = (u(p,q),a) = —(p,a- q), peV* qeV.
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Choosing standard coordinates ¢’, p; on T*V, we see that the Hamiltonian function for a
matrix a = (a;5) € gl(n) is

n
Hy=— Y aipid’.

ij=1

5.2. Noether’s theorem

Recall that in Section 2.2 we have proved Noether’s theorem in Lagrangian mechanics:
any one-parameter group of symmetries of a Lagrangian system gives rise to an integral of
motion. In this section, we give an analog of this result in Hamiltonian mechanics.

Theorem 5.4. Let (A ,H) be a Hamiltonian system, with a Hamiltonian action of a Lie
group G which preserves H. Then for each a € g, the corresponding Hamiltonian function
H, is an integral of motion of (M ,H).

Proof. The proof is immediate: since the action of GG preserves H, it implies that 0¢, H = 0
for any a € g. On the other hand, §, = —Xg,, so ¢, H = —{H,, H}; now the result follows
from Corollary 4.18. g

Note that not only each a € g gives rise to an integral of motion, but by the definition
of the Hamiltonian action, Poisson brackets of these integrals satisfy the same relations as
commutators in g: {Hq, Hp} = Hig .-

Let us consider a special case of this theorem. Consider a Lagrangian mechanical system,
with the configuration space M and a non-degenerate Lagrangian L(q, q). As discussed in
the previous chapter, in this case we can use Legendre transform to define a Hamiltonian

H(p,q) = (pd — L(qa,9))| _or
p= q
on A =T*M (see (4.2)).

Assume now that we have an action of a Lie group G on M which preserves the La-
grangian. In this case, every element a € g defines an integral of motion [, of the Lagrangian
system (see Corollary 2.6). On the other hand, by Example 5.1, action of G on M lifts to a
Hamiltonian action of G on .# = T*M, so every element a € g also defines H, € C*°(.#).
The following proposition shows that these two constructions coincide up to a sign.

Proposition 5.5.

(1) Given an action of G on M which preserves the Lagrangian L(q,q), the corre-
sponding action of G on M = T*M defined in Example 5.1 is Hamiltonian and
preserves H.

(2) For every a € g, the Hamiltonian H, € C(.#), defined in Theorem 5.4, af-
ter Legendre transform coincides with the integral of motion I, in the Lagrangian
mechanics, defined in Corollary 2.6 up to a sign:

Hau(p.q) = —Iu(q; d)lp:% :
q
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oL
The proof is obvious since by Theorem 2.5 I, = 96 ¢4(q), and according to Example
q

5.1 we have H, = —p - &,(q). This also explains the origin of the minus sign: it appears
because of the minus sign in the map g — Vect(M): a — —&,, which in turn was necessary
to make this map a morphism of Lie algebras.

Example 5.2. Consider the action of R™ on itself by translations: r — 7 + a. In this

.0
case, the corresponding vector field is given by & = > 1", GZT. By Example 5.1, the

x’L
corresponding action on T*R" is Hamiltonian, with the Hamiltonian functions

H,(p,7)=— Z a‘pi.
i=1

This also can be verified directly using (5.2), since in this case

ga(f) = {f7 Ha}'

In other words, the integrals of motion corresponding to generators of translation in
directions are negative of the corresponding momenta p;. Compare with Example 2.1,
where we derived the same result without the minus sign in the Lagrangian picture.

Example 5.3. Consider the action of G = SO(3) on M = R? and thus on T*R3. By
Example 5.1, this action is Hamiltonian: for any a € so0(3), the corresponding Hamiltonian
isH,=-> aijpiqj . In particular, if we take a = J; to be the infinitesimal rotation around
i-th coordinate axis (see (1.15)), then the matrix entries of Jr are given by (J;)jx = —€ijk,
so the corresponding vector field is & = eijkxj Ok, and the corresponding Hamiltonian is
exactly the i-th component of the angular momentum M = r X p with minus sign:

Hj, = —M; = —€,27pi;

(compare with Exercise 4.6). Thus, the Poisson brackets of M, Ma, M3 which we found in
Exercise 4.6 by explicit computation, immediately follow from the commutation relations
for the standard generators of so(3) discussed in Section 1.1.

5.3. Galilean group action in 7*R3

Here we consider the Galilean group G = E(3) x R?, introduced in Section 1.4. It naturally
acts on the Newtonian spacetime R* = R x R by formula (1.9), which we rewrite as

(5.4) Risz—\-z4+aeRY

(g v [ (7o
/\—<0 1) and :c—(t>, a—<t0>.
Recall that here g € O(3), r,79,v € R3 and t,t; € R.

Note that G acts on the spacetime R3 x R and not on the space R3. Yet it turns out
that one can define a natural action of G' on the phase space T*R3. To do so, consider
first the set 2~ of all solutions of equations of motion for the free particle of mass m in R3;
we consider each such solution as (unparametrized) trajectory in spacetime R3 x R. Since
the Galilean group acts on R* preserving equations of motion of a free particle, this action
descends to an action on £; thus, we have a natural action of G on Z .

where
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On the other hand, for each (p,r) € T*R3, there exists a unique solution satisfying the

initial conditions 7(0) = r, = p. Thus, we have an identification of the phase space

L
071y
and 2; therefore, the action of G on 2" automatically gives an action of G on T*R3.
It is easy to write this action explicitly in coordinates. Solutions of classical equations
of motion for a free particle are straight lines; thus, every solution has the form

r(t) = ro + tvg

for some rg, vy € R3. Using p = mwy, we see that the correspondence between T*R3 and
Z is given by
(pr) = 1={(r+t20} ez
m teR
This gives the following action of the Galilean group G on T*R3:
(5.5)
—(q- P (9 _ ("o

()\,a)(p,’r)— (g p+mvvg r tog m t0”+7°0>7 A (0 1>7 a (to) .
It is easy to see that restriction of this action to SO(3) C G coincides with the obvious
action induced by the action of SO(3) on R3. Tt is also easy to see that elements of G

preserve the Hamiltonian H of a free particle, except for the pure Galilean transformations,
which act on T*R? by (p,r) + (p + mwv,r) and do not preserve H.

It is natural to ask whether this action of G is Hamiltonian. It turns out that it is not
quite true; to make it Hamiltonian, we need a central extension of G. Recall that we have
defined a central extension G of G in Remark 1.9. The action of G on T*R? is given by the
same formula (5.5), where we let the center act trivially.

Theorem 5.6. The action of the central extension G of the Galilean group on the phase
space T*R3 is Hamiltonian.

The Hamiltonian functions corresponding to generators J;, K;, P; of the Lie algebra of
the Galilean group (see Section 1.5) and the central element z are given by

Ji = —=M; = —€iapy,
KZ' = mxi,
2
A b
= H = —,
0 2m
i — —Pi, i:17273a
Z=m.

The Poisson brackets of these functions are given by
(5.6) {pupj} ={P, R} ={Ji,P} =0, {J, jj} = eijkjka
(5.8) (Ki, P}y = PB;, {Ki,Pj}=méj, {Ji,Pj}=eijubr.
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Proof. The result follows from explicit computations, based on (5.5). The Hamiltonian
functions for space translations P; and space rotations J; have already been computed in
Examples 5.2 and 5.3.

r
t 4+ to

For the time translations (;) — ( ) the formula (5.5) gives

(pu T) = <p7lr - tﬂg) )
m

0
so the corresponding vector field is £ = —Ea—, and —¢ is generated by the Hamiltonian
m or
2
function H = L since
2m
§(f) ={¢ H}

Finally, pure Galilean transformations act on R* by

(1)~ (")

0
and on T*R3 they act by (p,r) — (p+mw, r). The corresponding vector field is &, = mug s
D

so —¢ is is generated by the Hamiltonian function H, = mwv - r since

fv(f) = {f’ Hv}'

Taking v to be one of the basis vectors in R?, we get the Hamiltonian functions K; = ma'.
For the central element, the corresponding vector field is zero, so we can take any
constant function as a Hamiltonian.

The Poisson brackets of the Hamiltonian functions are obtained by an elementary com-
putation, which is left to the reader (see Exercise 5.3). We emphasize that it is the relation
{K;, P;} = md;; which warrants the central extension of the Lie algebra g of the Galilean

group. Namely, in g we have [Kj, Pj] = 0, whereas in the central extension g we have
[K;, Pj] = 6;52z. Thus, setting £ = m, we see that Poisson brackets (5.6)—(5.8) exactly
match the Lie brackets of g. 0
. ) . 3 . oL
Remark 5.7. Note that we also identify 2~ with T*R> by setting r(ty) = r, o7 =p
t=to

for some fixed ¢y (not to be confused with the arbitrary time translation ¢y in in Galilean
group!). Then corresponding Hamiltonian functions will be the same, except for those
associated with the pure Galilean transformations. Namely, we obtain

K; = ma' + toP,

and the Poisson brackets (5.7)-(5.8) will be the same. Since {H, K;} = —P;, the observables
K; are not integrals of motion, while components of the vector I = tP —mr in Example 2.3
(note that P = —P), considered as functions on T*R3 x R, are obviously conserved.
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5.4. Hamiltonian reduction

If we have a Hamiltonian system with a symmetry group G, one can ask if it is possible
to take the quotient by the action of this group, considering states which can be obtained
from each other by action of G to be physically equivalent. Common examples of this
situation is when the group G acts by changes of a basis, or changes a trivialization of
some vector bundle. The proper mathematical formalism for such constructions is known
as Hamiltonian reduction.

We begin with some differential geometry preliminaries. Recall that an action of a Lie
group G on a manifold M is called proper if the map

MxG—MxM
(mvg) = (m7g : m)
is proper. This is equivalent to the requirement that for every compact subsets K1, Ko C M,

the set
{9eG|gKiNKy# 2} CG
is compact.
It is easy to show that if G is compact, then its action is automatically proper.

Properness condition guarantees that we have a good local model of the action. In
particular, for a proper action one can show that any G-orbit G -x C M is a closed smooth
submanifold of M of dimension dim G —dim G, where GG, is the stabilizer of . Moreover, if
in addition the dimensions of stabilizers dim G, are constant on some open subset U C M,
then the quotient space U/G has a canonical structure of a smooth manifold of dimension
dim M —(dim G—dim G). In particular, if the action is free and proper, so that dim G, = 0,
then M /G is a manifold of dimension dim M — dim G. (Note that properness condition is
required: just having a free action of G is not enough).

Let us now consider group actions on symplectic manifolds. In this case, one can not
hope to get a symplectic structure on M/G (for example, if G-action is free and dim G is
odd, then dim M/G = dim M — dim G is also odd). The correct construction makes use of
the moment map.

Recall that the action of a Lie group G on a symplectic manifold .# is called Hamiltonian
if we have a moment map p: .# — g* which, among other things, is required to be G-
equivariant. This implies that for every coadjoint orbit © C g*, its preimage p~'(O) is a
G-invariant subset of .Z (see Exercise 4.9 for the discussion of coadjoint orbits). We will
denote by O, the orbit of u € g*.

Theorem 5.8. Let .# be a symplectic manifold with a proper Hamiltonian action of a real
Lie group G, and let y: # — g* be the corresponding moment map. Let u € g* be such
that the following conditions hold:

(1) The point u € g* is a reqular value of p, so u~'(u) C A is a submanifold.
(2) The action of the stabilizer G,, C G of u (under the coadjoint action of G on g*)
on p~t(u) is free and proper, so that p=1(u)/G. is a smooth manifold.

Then p=*(u)/Gy = u=1(0y)/G has a canonical structure of a symplectic manifold, inherited
from # . This manifold is called the reduced phase space.
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Example 5.4. Let M be a C'°° manifold with a free proper action of a Lie group G; let
w: T*M — g* be the corresponding moment map (see Example 5.1). By Theorem 5.8,
£~ 1(0)/G has a canonical structure of a symplectic manifold, inherited from T*M. Then
we have a symplectomorphism

T*(M/G) ~ u~(0)/G.
5.5. Exercises

Exercise 5.1. Consider the two-dimensional sphere S? C R3. Let w be the volume form on S?
induced by the metric in R3; this defines on S? structure of a symplectic manifold. Let G = S!
act on S2 by rotations around z-axis. Show that this action is Hamiltonian, and the corresponding
moment map is given by u(z,y,z) = z.

Exercise 5.2.

(1) Let V = R? be the two-dimensional symplectic vector space with coordinates p, ¢ and let
w =dp Adg. Let G = SL(2,R) acting on V in the obvious way. Show that this action is
Hamiltonian and write the corresponding moment map.

(2) Consider the bilinear form on g = gl(2,R) given by (a,b) = tr(ab). Show that this form is
non-degenerate and thus gives an isomorphism g* = g; therefore, this allows us to consider
the moment map of the previous part as a map V — g. Show that then, for any v € V|
p(v) is nilpotent.

Exercise 5.3. Prove formulas (5.6)—(5.8).

Exercise 5.4. Consider the space V = End(C") of complex n x n matrices. Consider the action of
the group G = U(n) on V given by conjugation: g-A = gAg~!. Show that this action is Hamiltonian,
with the moment map given by

p(A) = 514,47

where A* is conjugate transpose of A, and as in Exercise 5.2, we identify g = g* using the bilinear
form (a,b) = tr(ab).

Exercise 5.5.

(1) In the assumptions of the previous problem, show that p=1(0) consists exactly of those
matrices A that can be diagonalized by a unitary change of basis. Deduce from it that
p=1(0)/U(n) = C"/S,.

(2) Let X = p=1(0)/U(n) = C"/S,; it is not a smooth manifold, but it contains an open
dense set X% C X consisting of conjugacy classes of diagonalizable matrices with distinct
eigenvalues. By Theorem 5.8, X° has a canonical symplectic structure. Describe this
symplectic structure explicitly in terms of coordinates x; = Re(\;), y; = Im()\;).






Chapter 6

Hamiltonian Systems
with Constraints

The construction of a reduced phase space by Hamiltonian reduction, discussed int he
previous chapter, is a special case of a more general procedure, developed by Dirac for
Lagrangian and Hamiltonian systems with constraints. As we will see later, such systems
naturally occur in gauge theories and in the theory of gravity.

6.1. First order Lagrangian formalism

Definition 6.1. A mechanical system in first order Lagrangian formalism is a pair (M, L),
where M is a smooth manifold and a £ € C*°(T'M) is the Lagrangian function which is
linear in generalized velocities: if (% a =1,..., N are local coordinates in M and (£, fo‘)
are corresponding coordinates in 7'M, then £ has the form

N
(6.1) L(&E) =) fal)*—H(E), N=dimM.
a=1

This is a special case of Lagrangian formalism developed in Chapter 1. In particular,
for a path v: [to,t1] — M one can define the action

t1

(6.2) St = [ L/(t)de= / (3 full)de® — H(E)dl)

to

where +/ is the lifting of v to TM, and 4 = {(y(¢),t)} € M x R. We can then study
extremals of this action, which are defined by Euler—Lagrange equations. Note, however,
that Lagrangian (6.1) can not possibly be non-degenerate in the sense of Definition 1.7, so
existence and uniqueness of solutions, even locally, is not guaranteed.

We will denote by ¥, the one-form on M x R which appears in the formula for action:

(6.3) Op =Y fal€)de™ — H(€)dt.
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This form is obviously invariant under translations in ¢ direction. Conversely, it is obvious
that any 1-from on M x R which is invariant under time translations has the form above,
and thus can be described as ¥, for some first order Lagrangian £. Thus, a first order
Lagrangian on M is effectively the same as a time-independent 1-form on M x R.

Note that it is obvious from (6.2) that adding a full derivative to ¥, doesn’t change
equations of motion: if first order Lagrangians £, £ are related by 9, = 9, + dS for some
function S € C*°(M), then the Euler-Lagrange equations for these Lagrangians have the
same solutions.

Even though technically first order Lagrangian systems are special cases of Lagrangian
systems described in Chapter 1, their physical interpretation is quite different. Namely, as
the examples below show, in this case the manifold M plays the role of the phase space
(and not the configuration space!) of the system.

Example 6.1. Let (M, L) be a Lagrangian system with the Lagrangian L being non-
degenerate as defined in Definition 1.7. Let M = TM and define the Lagrangian £ on M
by

S 0L oL, . :
(64) ‘C(qav7qa’v) = Z 3vi (q -v ) +L(qvv) = %(q_v) +L(q,’0), n = dim M.
i=1

Then Euler-Lagrange equations for system (M, £) are equivalent to Euler-Lagrange equa-
tions for (M, L).
Indeed, the Euler-Lagrange equations for (M, L) are

doL oL doL oL
(6.5) @8—4—8—(1—0 and @%_87@_0

Since gﬁ = 0, the second equation in (6.5) gives
_%_82L(_ )_@+%_82L('_ )
Tov 9wl T 50 T o Bwaw 1T Y

Since Lagrangian L is non-degenerate, this is equivalent to

g=v.
Using this relation, we can rewrite the first equation in (6.5) as
_doL_@L . 0L doL oL
dtdv  Oqov q dq dtov Ogq
which are exactly the Euler-Lagrange equations for the Lagrangian system (M, L).

Note that Euler-Lagrange equations for (M, L) are a system of 2nd order differential
equations in n variables ¢' (see (1.7)), while Euler-Lagrange equations for (M, L) is a
system of first order differential equations in 2n variables ¢*,v’. Thus, this example is a
special case of a familiar phenomenon in the theory of differential equations: a system of
second order differential equations in n variables can be replaced by a system of first order
differential equations in 2n variables.

Example 6.2. As in Chapter 4, consider a Hamitonian mechanical system, described by a
symplectic manifold (M, w) and the Hamitlonian function H € C*°(M).
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By Darboux theorem, we can choose local coordinates p, g in M such that the symplectic
form is given by

w=dpAdgq.
Define (locally) the first order Lagrangian on M by
(6.6) L=pq—H(p,q)

(compare with Definition 4.4).

Then it is easy to see that the Euler-Lagrange equations for (M, L) are exactly the
canonical equations of Hamiltonian mechanics (see Theorem 4.5):

. OH

Thus, in this case the Hamiltonian system (M, w, H) can also be described (locally) by
the first order Lagrangian formalism.

Thse two examples are closely related. Recall that given a non-degenerate Lagrangian
system (M, L), we can define Legendre transform 77, : TM — T*M. We leave it to the reader
to check that in this case, the Legendre transform identifies the first order Lagrangian (6.4)
on T'M with the first order Lagrangian (6.6) on T*M.

Motivated by the last example, we give the following definition.

Definition 6.2. Lagrangian £ given by (6.1) is called non-degenerate if the 2-form

Y « Y afﬁ « B
(6.8) we=d Y fal€)d™ ) =) fee (6 N d
a=1 a,f=1

is non-degenerate on M.

In particular, it is easy to see that the Lagrangians (6.4), (6.6) in examples above are
non-degenerate.

If the Lagrangian £ is non-degenerate, it follows from Darboux theorem that N = 2n is
even and there exist local canonical coordinates (p,q) = (p1,---,Pn,q",-..,q") on M such
that

w=dpAdq and 9y =pdq— H(p,q)dt+dS

for some function S on M. Since adding d.S doesn’t change the equations of motion, without
loss of generality we can assume that in this case

(6.9) L=pq—H(p,q)

and therefore, we are exactly in the situation of Example 6.2.

6.2. Singular Lagrangians

Let us now consider the more general case of first order Lagrangian system where we do
not assume that the 2-form w, defined by (6.8) is non-degenerate. For reasons that will be
clear shortly, let us change the notation and use letter M to denote the manifold; thus, we
have an N-dimensional manifold M and a first order Lagrangian £ € C™ (T/\/l)
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Assume for simplicity that w, has constant rank rkw,z = 2n in a neighborhood of some
point p of M. Then by Darboux theorem, one can choose local coordinates (p,q,\) =
D1y Py @ @ A, -, Am),y 20+ m = dim M, such that

wgzdp/\dq:dei/\dqi

(6.10)
Ye=pAdq— H(p,q,\)dt +dS

for some function S on M. Since adding dS doesn’t change the equations of motion, without
loss of generality we can assume that

Y, =pAdq+ H(p,q,\)dt

6.11 .
(6.11) L=pq—H(p,q,A).

In this case, the Euler-Lagrange equations for the Lagrangian £ have the following form

. _oH
O
6.12 y =
(6.12) 4=,
OH
o

The last equation in (6.12) shows that solutions of equations of motion must lie in the
subset

—~ —~ OH

Mo = {(Pa(b)\) eM| DN —0}
0’H

OAgONp

function theorem that / /\70 is a submanifold in M of dimension N — m = 2n, and p, q are
local coordinates on My: one can express A in terms of p,q. Thus, the original system is

m
If the m x m matrix { } is non-degenerate, it follows from the implicit
b=1

equivalent to the first order Lagrangian system on M, defined by

H(p,q) = H(p,q,\(p,q)) and L =pq— H(p,q),

The latter system is a non-degenerate Lagrangian system, so in this case we are back to the
situation discussed in the previous section.

0’H
OGOy
simplicity, let us consider the extreme case, when this matrix is zero in a neighborhood of

m
Let us therefore consider the case when the matrix { } is degenerate. For
b=1

a point in My (it can be shown using same ideas as above that the general case can be
reduced to this one). This means that for fixed p,q, H is a linear function of A, so £ has
the form

(6.13) L=pg—H(p,q) — > la¢"(P,q).
a=1
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In this case the Euler-Lagrange equations (6.12) become

: OH <~ 0p°
6.14 =2 3 N = {H+ S At pl,
(6.14) P= 3 ; g~ > Xag”,p}
) OH <. 9p®
6.15 = ——+)> M- ={H+ ) Mv".q},
(6.15) Q= 5 azl oy~ > X q}
(6.16) o (p,q) =0, a=1,...,m.

where {, } is the Poisson bracket defined by the symplectic form dp A dgq.

Note that there are no equations for the time evolution of A; instead, A plays the role
of Lagrange multipliers, used in multivariable calculus for finding conditional extrema of
functions. It is convenient to write

M= M xR™

(locally), where M is a 2n-dimensional manifold with coordinates p, g, and X are coordinates
in R™, and consider equations (6.14)—(6.16) as describing a trajectory of a point in M which
depends on additional parameters A.

The functions ¢°(p, q) are called constraints, and equations (6.16) determine a subset

(6.17) Mo =A{(p,q) | ¥*(p,q) =0} C M.
¢ 0"
dp;” Oq'
of M of dimension 2n — m. Thus, adding term > A,¢%(p, q) to the first order Lagrangian
effectively constrains the solutions to the submanifold My C M.

In case when m x 2n matrix ( has rank m on My, the set My is a submanifold

To write down the corresponding Lagrangian system on My, one needs to restrict the 1-
form ¥, on My xR and use Darboux theorem to obtain corresponding coordinates (p, q, \).
If the result is a non-degenerate Lagrangian system, than it corresponds to the Hamiltonian
system and we are done. If it results in a singular Lagrangian, we need to repeat the above
construction and obtain a submanifold M7 of My, and so on. To apply Darboux theorem
at each step of this procedure one needs to solve the constraints (6.16), which could be a
very difficult problem. However, there is important class of constraints for which one does
not need to solve equations (6.16).

6.3. First class constraints and reduced phase space

As in the previous section, consider the Lagrangian (6.13) on M = MxR™ and assume that
0p® dp“
dp; " 9¢'
must be constrained to the submanifold My C M, given by equations ¢*(p,q) = 0. To
simplify further, we will assume that the inclusion map i : My — M is a proper embedding.

the matrix < ) has rank m. We have shown that solutions of equations of motion

This naturally leads to the following questions.

e Can one restrict to the manifold My equations (6.14)—(6.16)? In other words, do
all trajectories (p(t),q(t)) of the Hamilton’s equations (6.14)—(6.15) lie on My if

(p(0),¢(0)) € Mo?
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e Can we describe the algebra of observables whose evolution does not depend on
the arbitrary parameters Aj,..., Ay, in (6.14)—(6.15)?

Let o/ = C*°(M) be the algebra of observables of our system, and let o/ = C*°(My).
Since My C M is a proper embedding, we have

o= o |T

where Z C &/ is the structure ideal of My, the ideal consisting of functions on M that
vanish on M. For every function f € .o we have

f= f‘MOa
where f € o is defined mod Z .
0p® 0p®
dp;” Oq'

Condition that the matrix ( > has constant rank m on Mg leads to the fol-

lowing result.

Lemma 6.3. Ideal T is generated by the constraints @', ... ™.

It is remarkable that, as was discovered by Dirac, an affirmative answer to both questions
asked in the beginning of this section is provided by the following definition. Let { , } be
the Poisson bracket on M associated with the symplectic form dp A dgq (see Definition 4.13).

Definition 6.4. Constraints ¢!, ..., ™ for the singular Lagrangian (6.13) are called first
class constraints if {o®, *Y, {H,p*} € T for all a,b=1,...,m.

In other words, there are smooth functions g2® and hi on M such that
m m
(6.18) {% " = g and {H,o"} = hie".
=1 b=1

Throughout the remainder of this section, we assume that ¢%(p, q) are the first class
constraints.

Lemma 6.5. For the first class constraints, trajectories (p(t), q(t)) of the Hamilton’s equa-
tions (6.14)—(6.15) lie on My if (p(0), q(0)) € M.

Proof. It follows from (6.14)—(6.15) that

Sba = {Hv Soa} + Z )\b{QDba QDQ}:
b=1

and it follows from (6.18) that ¢* = 0 on My. Thus ¢*(p(t),q(t)) = ¢*(p(0),q(0)) = 0,
a=1,....,m. ]

In general, according to (6.14)—(6.15), the evolution of arbitrary f € o is given by

(6.19) F={H. [} + Nl

a=1
and it follows from (6.18) that restriction of this equation to My does not depend on the
choice of a representative of f mod Z and defines the evolution in the algebra o« = <7 /T.
Still, this evolution depend on the choice of parameters Aq,..., \n,.
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Definition 6.6. Admissible observables are functions f on M, whose extensions f to M
satisfy

(6.20) {f,0Hm, =0, a=1,...,m.
We will denote the space of admissible observables by .«7;":
(6.21) Ay ={f e | {fi ¢ Hrme =0, a=1,...,m}.

In particular, H|,, is an admissible observable. It follows from Lemma 6.3 and (6.18)

that condition (6.20) does not depend on the choice of extension f. The Poisson bracket of
admissible observables is defined by

{fag}o - {f?g} Mo’

where f, g are extensions of f, g respectively. It follows from (6.20) that <7 is a Poisson
algebra. For admissible observables equation (6.19) takes the form

(6'22) f = {H‘Moa f}O

and no longer depends on on the choice of arbitrary parameters Ai,..., An,.

According to the above definition, the algebra of admissible observables ) is a sub-
algebra in the quotient </ /7. Alternatively, 2/ can also be defined as a quotient of a
subalgebra in . Namely, let

S ={fed | {f,¢"Hp, =0, a=1,...,m}.

Lemma 6.7. &/* is a Poisson subalgebra of <7 : if f,g € &/*, then fg € &/* and {f,g} €
/*. Moreover, T C &/* is a Poisson algebra ideal of o/ and

AT ~ .
Proof. Follows from Lemma 6.3, equations (6.18) and the Jacobi identity. g

In other words, we have the following commutative diagram, where columns are algebra
embeddings and horizontal lines are surjective algebra morphisms (restricting to My).
g —— 9
(6.23) V) U
A —— A
The functions f € < depend on 2n—m —m = 2(n —m) parameters and in many cases

can be thought of as functions on the reduced phase space — symplectic manifold M of
dimension 2n — 2m. This can be described geometrically as follows.

Let X o € Vect(M) be the Hamiltonian vector fields corresponding to the functions ¢*
on M. We have, according to part (4) of Theorem 4.14 in Chapter 4,

(6.24) [Xwa, wa] = X{cpa#)b}, a, b= 1, e, M.

We also have
w(tiavXapb) = {90a7 Sob}v
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so that
w(Xga, Xp) e = 0.

Denote by Y, the vector fields Xy restricted to My. It follows from (6.18) that Y, are
tangent to My and

wir, Yo, ¥5) =0, a,b=1,...,m.
Thus the closed 2-form wy — a restriction of the symplectic form w to My — has an m-
dimensional kernel, generated by the vector fields Y, € Vect(My). It follows from (6.18)
and (6.24) that

[cha7 X(,Db] = Zgngwc.
c=1

This means that the vector fields Y7, ...,Y,, generate a smooth involutive distribution on
My — a subbundle P of the tangent bundle 7'My such that[X,Y] € P if X,Y € P.
By Frobenius theorem, My is a foliation with m-dimensional leaves given by the integral
manifolds of the distribution P.

Theorem 6.8. Assume that the foliation P defined above is a fibration: there is a smooth
manifold Mg and a map w: Mo — Mg such that © is a fiber bundle and fibers of ™ are
exactly the integral manifolds of P.

Then Mg is a manifold of dimension 2n—2m which has a closed non-degenerate 2-form
w* such that the 2-form w|a, defined above is the pullback of w*: w|am, = 7*(w*).

Moreover, C*®°(M{) = < is the Poisson algebra defined above.

In other words, (M, w*) is a symplectic manifold, the reduced phase space. Though
not every foliation is a fibration, one can always find an open subset in U C My such that
the restriction of the foliation to U is a fibration. Thus, we can always define the reduced
phase space locally.

One can show that one can also define (locally) space M* so that we have the following
geometric analog of diagram (6.23).

M D My
(6.25) l l
M DM

Remark 6.9. Hamiltonian reduction, considered in Theorem 5.8 in Chapter 5, is a special
case of the Dirac formalism. Namely, let M be a symplectic manifold with a proper Hamil-
tonian action of a real Lie group G and let p: M — g* be the corresponding moment map.
Choose a basis £* € g and define the constraints

¢*(m) = (u(m),&").
Then it is easy to see that ¢ are first class constraints; in this case,
Mo = {m e M| ¢®(m) =0} = p~(0).
The integral manifolds of the distribution P are the orbits of G-action, so in this case

Mi =71 (0)/G
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which coincides with the definition of Hamiltonian reduction.

Note that the construction above defines the reduced phase space M as a quotient of
M by an appropriate equivalence relation. However, it is often convenient to define M
as a submanifold in My (at least locally). It can be done by choosing a transverse slice,
a (local) submanifold S C Mg which is transversal to the integral manifolds of P. Then
since locally every integral submanifold intersects S at exactly one point, one can identify
MG ~ S. We will later see that this construction is very common in gauge theories, in
particular in Maxwell’s theory of electromagnetism and in the Yang-Mills theory, where it
is usually referred to as “gauge fixing”. It is important to note that the choice of such
transeverse slice is not unique: there are many ways to choose it (in the language of gauge
theory, there are many different ways to fix the gauge).

The easiest way to define a transverse slice is by imposing additional m equations

(6'26) X(l(p’q) :O7 a:]""'?m?
called additional constraints. Condition
(6.27) det ({Xa, ng})mb_l £0

guarantees that the submanifold S C My, defined by (6.26), intersects transversally the
integral manifolds of the distribution P.

If we choose the additional constraints so that

(6.28) {Xasxp} =0, a,b=1,...,m,
then one can easily find canonical coordinates on M. Indeed, by Darboux theorem, one
find canonical coordinates p;,¢*, i = 1,...,n on M such that p,_mie = Xq and
n
w = Z dp; A dg'.
i=1

Transversality condition (6.27) becomes

Op® >m
aqn b a,b=1
By the implicit function theorem, it means that one can use constraints ¢%(p,q) = 0 to
express ¢"~ ™% in terms of remaining variables. Thus, the reduced phase space

My~ S ={(p,q) | ¢"(p,q) = xa(P,q) = 0}
is given by the equations

n—m-+ta — fa(

pm—n+a:O, q p*,q*), azl,...,m,

where p* = (p1,..,Pn-m), ¢ = (¢", ..., q
in these coordinates,

n=m). Thererore, p*, q* are coordinates on Mg;

w* = dp* Ndq*.
We also have f*(p*,q¢*) = f(0,p*, ¢*(p*,q*),q") and

« i Of"0g"  Of" Og*
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Remark 6.10. For the Hamiltonian reduction, considered in Example 5.4 in Chapter 5,
additional constraints x, determine an embedding of M = u~1(0)/G into Mo = p=1(0
by choosing a representative in each orbit.

6.4. Exercises
0*°H
OXgONp

locally choose coordinates A = (A1, ..., Ayn) such that A1, ..., Ay are expressed in terms of p and g,
and the Hamiltonian H is a linear function in the remaining Ag41,..., Ap.

m
Exercise 6.1. Prove that when the matrix { } has constant rank & < m, one can
a,b=1

Exercise 6.2. Prove Lemma 6.3.

Exercise 6.3. Prove (6.29) by computing Poisson bracket {f,g} on M in coordinates n =
(Pa, P*, 9", 4").

Exercise 6.4. Constraints ¢ for which det ({¢, wb})Tb:l # 0 (this implies m = 2k is even) are
called the second class constraints. Define the Dirac bracket on M by the formula

2k
{f7g}DB = {fvg} - Z {f7 Spa}cab{wb?g}u

a,b=1
where { , } is a Poisson bracket on M associated with the symplectic form w, and Cjy is the inverse
matrix to ({¢?, ¢°}).
(1) Prove that Dirac bracket is a Poisson bracket on M.

(2) Prove that Dirac bracket is degenerate and its center consists of the functions F(p!,... ¢
where F': R?* — R.

(3) Prove that Dirac bracket restricts to Mj as a non-degenerate Poisson bracket that corre-
sponds to the symplectic form wy.

Qk)

)

Exercise 6.5. Let ¢©%(p, q) be the first class constraints on the symplectic manifold M and x,(p, q)
be the additional constraints.
(1) Show that ¢* and x, can be combined into the second class constraints.

(2) Prove that Poisson bracket on the reduced phase space M* for the first class constraints ¢
coincides with the restriction to M* of the Dirac bracket for the second class constraints

©% Xa-



Chapter 7

Special Relativity

In this chapter, we formulate the main principles of Special Relativity, in which the New-
tonian spacetime E3 x R, described in Chapter 1, is replaced by the Minkowski spacetime
M* = RY3 with the Minkowski metric. Correspondingly, the Galileo’s principle of relativity
is replaced by the Special Principle of Relativity, which we state in the modern form below.

7.1. Minkowski spacetime and the Lorentz group

Recall that in Section 1.1, we have defined the Newtonian spacetime E? x R; choosing a
frame, we can identify it with R?® x R, where R? is considered with the usual Euclidean
metric. We also defined the Galilean group G' = E(3) x R*, where F(3) ~ O(3) x R3 is the
homogeneous Galilean group, consisting of transformations

(r,t) — (g-r+wvt,t)

Finally, we formulated one of the main principles of Newtonian mechanics: the laws of
motion are invariant under the action of the Galilean group.

Note, however, that the Newtonian spacetime was not given a metric: we only defined
the notion of distance for two points in spacetime (events) which are at the same time.
Moreover, the action of the Galilean group preserves the notion of simultaneous events:
time in Newtonian mechanics is absolute.

However, by the end of 19th century it became clear that the Galileo’s relativity principle
is not compatible with Maxwell’s formulation of electrodynamics. The latter is not invariant
with respect to the Galilean group; instead, it is invariant with respect to a deformation of
the Galielan group — so-called Lorentz group (see below).

The solution was found by Einstein, who formulated the special theory of relativity in
1905. It was observed by Minkowski in 1908, based on the earlier 1904 paper by Poincaré,
that in the special theory of relativity the space and time are unified into a four-dimensional
continuum, the Minkowski spacetime.

Namely, denote by R the 4-dimensional real vector space with the Minkowski metric

(7.1) ds? = nydrtde” = (dz°)? — (dzt)? — (do?)? — (dz®)?,



64 7. Special Relativity

where n = diag(1,—1,—1,—1). We will commonly use Greek letters for the spacetime
indices ranging 0, 1,2, 3, and Latin letters for the spacial indices ranging 1, 2, 3. Minkowski
metric allows us to identify the dual vector space to R1'3 with RM3. Denoting corresponding
vectors by (zg,x1,x2,x3), as it is commonly used by physicists, we have

_ v 2 _ vo__
x, =nwx’, and z°=nuatz’ =t

Correspondingly, x# = n#x,, where n*¥ is the inverse matrix to 7,,. It is also common to
introduce a variable ¢ (time) such that z° = ct, where c is the speed of light in vacuum;
thus, in terms of ¢, the metric is given by

(7.2) ds® = c2(dt)* — (da")? — (dz?)* — (da®)*.
A vector x € R'3 is called time-like if 22 = x#x, > 0, and space-like if 22 < 0. Vectors

with 22 = 0 are called light-like; the set of all such vectors is called the lightcone. The
picture below illustrates this (for R1:2).

Figure 7.1. Light cone

Definition 7.1. The Minkowski spacetime M* is the pseudo-Riemannian manifold which
is isometric to R13.

We will refer to a choice of isometry M* ~ R as an inertial frame, or simply a frame.

By definition, any two frames are related by an isometry of R'3. This group plays an
important role in special relativity and has a special name.

Definition 7.2. The Poincaré group B is the group of all isometries of R'3.

It is easy to show any such isometry has the form

r—=g-r+a
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for some a € R* and g € O(1, 3); thus,
(7.3) P~ 0O(1,3) x R,

In particular, this implies that M* has a canonical structure of an affine space. Points in the
spacetime M* are thought of as representing events. We call a pair of events Py, P, € M*
space-like if the vector P; — P (the interval between events) is space-like, and similarly for
time-like and light-like.

The group O(1,3) of linear transformations of R3 preserving the Minkowski metric is
called the Lorentz group and is denoted by £:
(7.4) £=0(1,3).

As we will later show, in the limit ¢ — oo the Lorentz group becomes the homogeneous
Galilean group E(3) introduced in Section 1.1, and the Poincaré group becomes the full
Galilean group. Exact meaning of the limit will be clarified in Section 7.4.

Orbits of the Lorentz group in R'? have the form
Om = {z € RM | 22 = m}, m € R.
For m > 0, these orbits are two-sheeted hyperboloids; for m < 0, they are one-sheeted
hyperboloids, and for m = 0, they are cones (see Fig. 7.1).

It follows from the transitivity of the £-action on orbits that for any pair of timelike
events Pj, P, € M* there is a frame such that these two events take place in the same
point in space: P; = (cty, @), Py = (cte,x) so that P, — Py = (c¢(t2 — t1),0,0,0). Similarly,
for any two space-like events there is a frame such that they happen at the same time:
Py = (ct,x1), P» = (ct,x32), so that Po — P; = (0,2 — x1).

Finally, the Galileo’s principle of relativity is replaced by

Special Principle of Relativity. The laws of motion are invariant under the action of
the Poincaré group in the Minkowski spacetime M*.

In particular, it implies that if a particle is traveling at the speed of light in one frame

(i.e. its velocity vector is light-like), it will also travel at the speed of light in any other

frame: speed of light is the same in any frame’.

7.2. Structure of the Lorentz group

In this section we discuss the structure of the Lorentz group £ = O(1,3). By definition,
this group consists of 4 x 4 matrices A = {AL} satisfying

(7.5) A'npA =17,

where 1 = diag(1,—1,—1,—1). The group £ acts linearly on R"3, z + 2/ = Az, where
' = AbxY. Tt easily follows from the definition that

0\2 1\2 2\2 3\2 __
(A)” = (Ag)” — (Ap)" — (Ap)” =1,
1Olriginally, Einstein formulated the special principle of relativity as invariance of the laws of physics under a

shift of inertial reference frames and the invariance of the speed of light in vacuum. It is equivalent to the modern
formulation stated in the text.
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so that AJ > 1 or AJ < —1. We also have det A = +1, so that the Lorentz group £ has at
least four connected components determined by the signs of AJ and det A.

Definition 7.3. The restricted Lorentz group £1 is the subgroup of £ which preserves
orientation and time direction:

el ={Ae&|A)>0, detA=1}.

It can be shown (we skip the proof) that 21 is connected and thus is the connected
component of identity in £. Other connected components are obtained from it by applying
the space inversion P = diag(1,—1,—1,—1) or the time reversal T = diag(—1,1,1,1), or
PT.

The restricted Lorentz group £1 is a six-dimensional connected Lie group. It can be
shown that it is generated by the subgroup SO(3) of spacial rotations and the Lorentz boosts,

described below.

Consider the two-dimensional z°z'-plane. Denoting for simplicity z' = z, 2° = ¢t,

consider the transformation of this plane given by (¢, z) — (¢, 2), where
x = 2’ cosh ) + ct’ sinh ),

(7.6) e ,
ct = x' sinh ¢ + ct’ cosh 1.

for some ‘angle’ 1) € R. It is easy to see that this transformation preserves the form ¢*t? —z2.
It can be trivially extended to R'3, leaving 22, 2% unchanged; so defined transformation lies
in the Lorentz group. Replacing z! by x? or x3, we get similar transformations acting in

planes %22 and 223, respectively. Transformations of this form are called Lorentz boosts.
Putting
v
cosh = , sinhy = ¢ __,
v? v?
1-—= 1—
c? c?
where |v| < ¢, we get
/ /
2 4ot t+ —T
(7.7) x = L, t=——E .
v? v?
1-— 2 1— 2

This transformation relates coordinates (¢,z) in the inertial reference frame K with the
coordinates (¢',2’) in the inertial reference frame K’ moving relative to K with velocity v
along the z-axis. The formula for (¢, z’) in terms of (¢, x) is given by replacing v by —wv.

Remark 7.4. Transformations (7.7) have a number of elementary but rather surprising
corollaries such as the Lorentz contraction (length of a rod measured in a moving frame is
less than in a frame in which it is at rest), the time delay (the time between events occurring
at the same place in a moving reference frame is always smaller than the time between these
events in a reference frame at rest) and many others, which are discussed in great detail in
introductory physics textbooks.
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7.3. Lie algebra of the Lorentz and Poincare groups
The Lie algebra so(1,3) of the Lorentz group is a Lie algebra of 4 x 4 matrices X satisfying
X'n+nX =0,

which is obtained from (7.5) by setting A = e*X = I + sX + O(s?). Equivalently, it means
that so(1,3) consists of matrices of the form

0 ’Ut 3
(7.8) (U u) , veR’  weso(3).

This implies that as a vector space (but not as a Lie algebral), so(1,3) is the direct sum
50(3) @ R3. In particular, dimso(1,3) = 6.

Thus, we can easily define a basis of so(1,3). Namely, recall the basis .J; of s0(3) which
was defined in Section 1.1. Using the embedding so(3) < so(1,3), we can consider J; as
elements in so(1,3):

000 O 0 00 0 00 00
000 O 0 00 1 00 —-10
@ hi=lg o0 1|0 2o o000 B=|o1 00
001 0 0 -1 0 0 00 00

In addition, taking the vector v in (7.8) to be one of the standard basis vectors in R?, we
get three more basis vectors in so(1,3):

(7.10) K = Ky =

O O = O
o O O
oS O OO
o O O O
o= O O
o O OO
o O O
o O OO
&
I
_ o O O
oS O OO
o O O O
o O O

Using

oxp [ 5 0 1)\ (coshs sinhs

P 1 0)) \sinhs coshs
it is easy to see that the one-parameter subgroup generated by K is exactly the group of
0,.2

Lorentz boosts in 2%2! plane described by (7.6); similarly, K5, K3 generate boosts in 2%z
and 223 planes.
Elements J;, K; form a basis of s0(1,3). An explicit computation shows that in this
basis, the commutation relations are given by
[Jis J5] = €,
(7.11) [Ji, Kj] = €iji K,
(K, K] = —eiudi,

where ¢, is the fully antisymmetric tensor, see (1.17).

We can also give a basis in the Lie algebra p of the Poincaré group B = O(1,3) x R*.
Denoting by P, the generators of p corresponding to spacetime translations, we obtain the
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following set of relations:
[P, Pj] = [P, By] = 0,

(7.12) [Ji, Pol =0, [Ji, Pj] = €iji P,
(Ki, Po) = P, [K;, Pj] = 0;;P.

It is also common in physics literature to use generators M, of s0(1,3), a, 5 =0, 1,2, 3,
defined by the following formulas

(713) Mi]’ = *Ez‘jk!]k, M[)i — —iVly0 — K’L i)j = 172a3'

This is a special case of a more general definition, which works for any non-degenerate
bilinear form 7, see Exercise 7.1. Then relations (7.11), (7.12) can be rewritten in the
unified form:

[Puv Pl/] =0,
(7.14) [M)\/u Pl/] = nAVP,u - anP)\a
[M)\;u Mpa] = nApMua - 77)\0Mp,p + nuaM)\p - nupMAm

often used by physicists. (We leave derivation of these relations to the reader; see Exer-
cise 7.1).

Remark 7.5. In Example 2.6, we used generators M;; defined by M;; = €;;,J;, which
differs by sign from the formula above. The reason for this sign change is that now we use
a different metric, so now 7n;; = —1 for i = 1,2, 3.

It is also common to “raise indices”, defining P* = n*P,, MM = phonvh M,z so that

(7.15) MY = M;; = —ei.J, MY = —My = —K;, 4,j=1,2,3.
We leave it to the reader to check that so defined generators satisfy

[P*, P"] =0,
(7.16) [MA“, PY] = N PR — v P,

[M’\“, MP?] = n/\pMW _ n’\“M“p + nuffM/\p _ n“pM’\”.

Remark 7.6. Note that for Lie algebra of the Galilean group, we had a relation [K;, P;] = 0
in g, but that Lie algebra allowed a central extension, in which that relation was replaced
by [Kj, Pj] = d;jz (see Remark 1.9). For the Lie algebra of Poincaré group, we now have
(K, Pj] = 0i; Py, so this commutator is non-zero even without taking a central extension.
In fact, one can show that p has no non-trivial central extensions (see Section 7.4 below).

Formulas (7.11) look almost like two copies of the relations for generators J; of Lie
algebra s0(3). More precisely, we have the following result. Let sl(2,C)r denote the Lie
algebra sl(2, C) considered as a 6-dimensional real Lie algebra.

Lemma 7.7. Consider the map
50(1,3) — sl(2,C)r
(7.17) Ja > 204

1
Ka — §O'a
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where o4, a = 1,2,3, are Pauli matrices (see Ezercise 1.7). Then this map is an isomor-
phism of real Lie algebras.

The proof is immediate from an explicit computation (compare with Exercise 1.7).

It can be shown that this isomorphism lifts to an isomorphism of real Lie groups
(7.18) SL(2,C)/Zy = £

We give an explicit construction of this isomorphism in Exercise 7.4. Note that since
SL(2, C) is simply-connected, this shows that SL(2, C) is the universal cover of the restricted
Lorentz group.

As an immediate corollary, we get the following description of the complexified Lie
algebra of the Lorentz group

(7.19) s0(1,3) ® C = 5l(2,C) @ sl(2,C)

which will be very useful in the future. In particular, this shows that so(1,3) is semisimple.
An explicit construction of this isomorphsim is given in Exercise 7.2.

7.4. Lorentz group as the deformation of Galilean group

If instead of using coordinates x°,..., 2% in RY3 we use (t,2!, 22, 23), where 2° = ct, then
in these coordinates the Lie algebra of the Lorentz group is given by

thc + ncX = 07

where 7. = diag(c?, —1,—1,—1). Solutions of this equation are matrices of the form

(7.20) 0 o' veER3, weso(3)
’ v u )’ ’ ’
Thus, we can choose a basis J;, K;, where K; are defined by
(7.21)
0 1/c2 0 0 0 0 1/c2 0 0 0 0 1/
- 1 0 00 - 00 0 O . 000 O
Bi=to o ool %=1 0 0o ol ™= |oo0oo0 o
0 0 00 00 0 0 100 0

It is easy to see that these generators satisfy commutation relations
[Ji, Jj] = €ijidi,
(7.22) i, K] = e K,
[K;, Kj) = — e
One can view these relations as defining a family of Lie algebras, depending on parameter
¢, on the same vector space, with basis J;, Kj;.

Note that for any ¢ # 0 these Lie algebras are isomorphic (indeed, each of them is
obtained from the usual so(1, 3) by a change of basis in R'3). However, in the limit ¢ — oo,
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we get a different Lie algebra structure: in this limit, the commutation relations become

[Ji, Jj) = €,
[Ji, Kj] = 1K,
[Ki,Kj] =0

and coincide with the commutation relation in the Lie algebra se(3) of the homogeneous
Galilean group E(3) = O(3) x R3, see (1.19).

This is a special case of a general situation commonly called deformation of Lie algebras.
Namely, a formal deformation of a finite-dimensional real Lie algebra g with a Lie bracket
[, ] is a Lie algebra g = g ® R[[h]] over R[[h]], a ring of formal power series in the variable
h, with the Lie bracket

[z, yln = [z, y] + hmi(z,y) + B2ma(z,y) + - - -

In particular, setting h = 1/c2, we see that the family of Lie algebra structures given
by (7.22) is a deformation of Lie algebra se(3).

It is natural to ask whether one can classify all deformations, up to a suitable notion of
isomorphism. Namely, we say that two formal deformations [ , |5, [, ]}, are equivalent if
there is an automorphism

F(z)=xz+ hf(z)+--- € End(g)[[h]]

such
[z, yli, = F~H([F(2), F(y)]n)-

Replacing in the definitions above R[[h]] by the quotient R[[A]]/(h?), i.e. keeping only
terms of degrees 0 and 1 in h, we get a definition of the infinitesimal deformation. It turns
out that the set of isomorphism classes of infinitesimal deformations admits a description
in terms of the Lie algebra cohomology.

Remark 7.8. The relation between infinitesimal deformations and formal deformations is
non-trivial: for example, not every infinitesimal deformation can be extended to a formal
one. We will not discuss the details here, restricting ourselves to the study of infinitesimal
deformations.

Recall that for any g-module M, one can define the cohomology of g with values in M
using the general formalism of Ext functors:

(7.23) H'(g, M) = Ext'(R, M),
where Ext functors are computed in the category of g-modules (or, equivalently, category

of modules over the universal enveloping algebra Ug).

These cohomology also admits a more explicit definition using the Chevalley-Eilenberg
complex:

C*(M) = Hom(A*g, M)
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with the differential & : C* — C**! given by

k+1
(6kf)($17 ) l’k+1) = Z(—l)l—i_lxi : f(xl, A ,.fi, c. >$k+1)
=1
+ Z (_1)i+jf([xiaxj]7mla"'7'@1'7"'7'@]'""1'164-1)‘
1<i<j<k+1

Cohomology of this complex coincides with the cohomology defined before via Ext functors
(this follows from using a very special resolution for computing the cohomology).

Remark 7.9. Consider the case when g = Vect(X) is the Lie algebra of vector fields on a
compact smooth manifold X, and M = C*°(X). Since g is infinite-dimensional, the space
of all linear maps Hom(A¥g, M) is too large. Instead, notice that we have a natural pairing
AFg @ QF(X) — O®(X), where Q¥(X) is the space of differential forms of degree k on
X. Thus, we have an embedding Q¥(X) — Hom(A*g, M). Restriction of the Chevalley-
Eilenberg differential to the subcomplex 2°(X) coincides with the exterior derivative on
differential forms. Thus, in this case (properly understood) Chevalley-Eilenberg complex is
exactly the de Rham complex Q3 (X, R).

Theorem 7.10. Isomorphism classes of infinitesimal deformations of a finite-dimensional
Lie algebra g are in bijection with the space H*(g,g), where g is considered with the adjoint
g-action.
Proof. Any infinitesimal deformation of g
[xay]h = [Ivy] + hm(x)y) mod h2
is determined by the linear function m(x,y), which clearly must be skew-symmetric and
thus can be considered as an element of C?(g) = Hom(A2g, g).
Jacobi equation on [, |, gives the following condition on m:
[m(z,y), 2] + m([z, 2], y) + [m(y, 2), 2]
(7.24) +[m(z,2),y] + m([z, 2], y) + m(ly, z],2) = 0

for all z,y,z € g. Comparing it with the differential of the Chevalley-Eilenberg complex,
we see that this condition is equivalent to dom = 0. Thus, m defines a Lie algebra structure
if and only if it is a 2-cocycle.

Similarly, if two cocycles m,m’ define isomorphic deformations:
[z, 9], = F~([F(x), F(y)ln) mod h?
for F(x) =z + hf(z) mod h?, then
m'(z,y) —m(z,y) = [z, f(Y)] =y, f(@)] = f([z,y]) = 61f(z,y)

is a coboundary, so [m] = [m/] in H?(g,g). Conversely, if m’ —m is a coboundary, then the
corresponding deformations are isomorphic. ]
As an immediate corollary, we see that if H?(g,g) = 0, then g has no non-trivial

infinitesimal deformations. Such Lie algebras are called stable. It can be shown that for
stable algebras, there are also no non-trivial formal deformations: small deformations of a
stable Lie algebra gives an isomorphic Lie algebra.
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Any semisimple Lie algebra is stable. However, for the Lie algebra g = se(3) we
have H f(g, ~g) = R; the generator of H? is the 2-cocycle m with the only non-zero val-
ues m(Ki, Kj) = Eiijk~

The corresponding infinitesimal deformation is given by

[Ji, Jj] = €,
[Ji, K] = eiji K,
[Ki, f{]] = hEilel~

Setting h = —1/c2, we get exactly the relations (7.22) of Lorentz Lie algebra. In this case,
this is not only an infinitesimal deformation but an actual deformation defined over R[A]:
Jacobi identity holds perfectly, and not just mod hZ.

The Lorentz Lie algebra so(1,3) is semisimple and therefore is stable. Thus, the pas-
sage from the Newtonian spacetime to the Minkowski spacetime is a deformation from the
unstable structure to the stable one, so the special relativity is a natural deformation of the
Newtonian mechanics.

In a similar way, one can show that central extensions of a real Lie algebra g are classified
by cohomology H?(g,R). For the Lie algebra of Galilean group, we have H?(g,R) = R,
so this Lie algebra has a non-trivial central extension, which is unique (up to rescaling the
central element); this central extension has been constructed in Remark 1.9. For the Lie
algebra of the Poincaré group, we have H?(p,R) = 0 (which is related to the fact that
p =s0(1,3) x R*, and s0(1,3) is semisimple); thus, it has no non-trivial central extensions.

7.5. Exercises

Exercise 7.1. Let V be n-dimensional real or complex vector space with non-degenerate symmetric
bilinear form 7. Let SO(n) be the group of automorphisms preserving n and the orientation and let
s0(n) be the corresponding Lie algebra.

(1) For any vq,ve € V, define the linear operator M,, ,,: V — V by
(7.25) My, v, (w) = n(vy, w)ve — n(ve, w)vy.
Prove that vy A vy — M, ., gives an isomorphism
A2(V) =5 s0(n).

(2) Let eq be a basis in V, and let 7, be matrix of 7 in this basis: 7.8 = 1(eq,es). Let n**
be the inverse matrix.
Define M, gz, M®# € so(n) by

MO‘B = Meaveﬁﬂ
M = o tpPr,,.

Show that then matrix entries of M? are given by

(Mag)h = nauég — 1104

(MOPYs = nfh53 — .

In particular, for n = diag(1,—1,—1,—1) this coincides with (7.13), and for V = R"

with the standard inner product, so defined M,z coincide with generators introduced in
Exercise 2.6.

(7.26)
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(3) Show that M*? M,z satisfy the following commutation relations:

797 [M/\;u Mpo] = 77/\pM;w - 77/\<7Mup + nquAp - nupMz\a
( . ) []\4)\#7 Mpa] — nApM;m' _ nAoM,up + ,q,uUM)\p _ ,r]upM)\U

(compare with Exercise 2.6).

Exercise 7.2. Consider the following basis of so(1,3) ® C:
I = L £iKy).

Show that so defined elements satisfy

I, I = e I = a7 Y, =,

and deduce from this that the map
50(1,3)c — 50(3,C) ®s0(3,C)
I s (T, 0)
T (0, )
is an isomorphism of Lie algebras.
Since 50(3,C) = sl(2,C) (see Exercise 1.7), this gives another construction of the isomorphism
50(1,3) ® C 2 5((2,C) & sl(2,C) (compare with (7.19)).
Exercise 7.3. The goal of this problem is to describe the group Spin(4) — the universal cover of
SO(4).
Recall that the algebra of quaternions H is the four-dimensional algebra over R with basis
1,4,7,k and relations

PP =3 =k =ijk=-1
] = —Ji, tk=—-ki, jk=—-kj.
The complex conjugation and norm in H are defined by letting for h = a + bi 4+ ¢j + dk

h=a—>bi—cj— dk,
|h|? = hh = a® + b* + % + d*.
(1) Consider the embedding of H into the algebra of 2 x 2 complex matrices given by

a-+bi c+dz’>

a+bi+cj+dk — <—c+di a— bi

Show that this embedding identifies the group of unit quaternions U= {h € H | |h| = 1}
with SU(2).
(2) Consider the action of U x U on H given by
(X,Y)-h=XhY
Show that this action preserves the norm and thus defines a morphism
U x U =SU(2) x SU(2) — SO(4).
(3) The morphism defined in the previous part gives rise to a morphism of Lie algebras su(2) &
s5u(2) — so0(4) and thus to a morphism of their complexiofications

5((2,C) @ s1(2,C) — s0(4,C).

Show that this morphism is an isomorphism. (After identifying s0(4,C) = so(1, 3)¢, this
isomorphism coincides with the isomorphism constructed in the previous problem.)
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(4) Show that the morphism defined in part (2) is surjective and its kernel is
{(I,I),(—1,—1I)} = Zs, thus establishing an isomorphism

SO(4) = (SU(2) x SU(2))/Zs.
Exercise 7.4. In this problem, we describe the group Spin(1,3) — the universal cover of the
Lorentz group.

Consider the following isomorphism between vector space R™3 and the space of Hermitian 2 x 2
matrices:

o ,1 .2

04 .3 .1_ ;.2
- +x T —x
:cz(as,x,1:,xg)|—>X:x000+x101+x202+x303=< ),

zt +iz? 20— g?

where o, are the Pauli matrices defined in Exercise 1.7):

10 01 0 —1 10
(728) gy = <0 1) 5 g1 = (1 0> 5 09 = (7/ OZ> , 03 = (0 _1> .

(1) Show that x? = det X.

(2) Use the previous part and the action of SL(2,C) (considered as a real Lie group) on
the space of Hermitian matrices given by X ~ AX AT (here { stands for the Hermitian

conjugation) to define a morphism of real Lie groups SL(2,C) — 21, given explicitly by
At = 1 Tr(o, Ao, AT).

(3) Show that the morphism constructed in the previous part gives rise to isomorphism of real
Lie algebras defined in Lemma 7.7.

(4) Show that the morphism constructed in part (2) gives an isomorphism of real Lie groups
£ ~SL(2,C)/{+1},

so that SL(2,C), considered as a real Lie group, is the universal cover of 21.



Chapter 8

Relativistic Particle

In this chapter we give Lagrangian and Hamiltonian descriptions of a free relativistic par-
ticle, i.e. the particle whose motion is invariant under the action of the Poincaré group.

We show that the Poincaré group acts naturally on the phase space of a free particle and
this action is Hamiltonian. Finally, we explain that special principle of relativity imposes
strong restriction on the interaction between the particles, which can be only described
through their interaction with a field and not by potential forces.

Here we continue to use the Minkowski spacetime M*, defined in the previous chapter.
We will often assume that we have chosen an inertial frame, so there is an identification
M* = RY3 with the standard coordinates 20 = ¢t, z!, 22, 23 in RY3. However, we will be
careful that all our constructions are actually independent of the choice of frame.

8.1. World line of a particle

A motion of a particle in M* is described by a world line, connecting timelike events
Py = (cto,r0) and Py = (ct1,71). By definition, it is a map v: [r0, 71] — M*, y(7) = 2#(7),
such that v(19) = Py, v(m1) = P1, and at each 7 € [rg, 71] the tangent vector 4'(7) is timelike
(see Section 7.1).

Note that in this case 7 should not be considered as time: it is just a parameter along the
trajectory. Moreover, trajectories which only differ by a reparametrization are physically
equivalent. Thus, it is common to choose the parameter in a special way.

The simplest choice is to use time ¢ (relative to a chosen inertial frame) as parameter
so that v(t) = (ct,7(t)). In this case, 7'(t) = (¢, v( , and

Ty F

where v(t) = |v(t)| is the Euclidean length of a vector v(¢) in R3. Another choice is to use
the natural parameter s, the Minkowski length along the trajectory:

s= [W@lar
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which manifestly doesn’t depend on the choice of a frame or any other choices (up to adding
a constant).

The relation between these parametrizations is given by

s(t) = ¢ /tt Ji- ”20(27) dr.

In particular, if we choose a frame in which the particle is stationary (r(¢) doesn’t depend
on t), then s(t) = ¢(t — to). For this reason, the quantity ¢~'s(7) is frequently referred to
as proper time along the trajectory. In terms of the natural parameter the tangent vector
of unit length is

dax* 1
(8.1) o (5) = Y o u? = uut = 1.

ds 02’ 02
Vl‘cz C%‘cz

8.2. The principle of the least action

As in Chapter 1, our goal is to define trajectories of motion as extremals of the action

Note however that in this case, we want the Lagrangian to be independent of reparametriza-
tion of the trajectory and invariant under the action of the Poincaré group. Also, since space
and time are now unified into the Minkowski spacetime, the configuration space of a rela-
tivistic particle is M* and not R3; time in a given reference frame is just one of possible
parameterizations of a world line.

The simplest and most natural choice of a Poincaré invariant action is

Py T
(8.2) S(v) = —a/ ds = —a/ |0rz|dr, |Orx| = \/OraH0rx,,

Py 0

dx*
where 0,2#* = ——. Here integration goes over the world line v with timelike velocity

-
vectors that connects initial and final events Py and P;, and « is a constant.

If we use 7 =t as the parameter, then this action can be rewritten as

t1 2
(8.3) S(v) = / L(v'(t))dt, where L=—ac\/1— U—Q and v=|7<c
t C

0
(note that |#|> = 7 - 7 stands for the Euclidean metric in R?).

We can now consider the extremals of this action on the space of trajectories with
fixed endpoints. As before, we only consider the situation when the interval between the
endpoints is timelike.

Theorem 8.1. Extremals of action the (8.2) are straight lines in Minkowski space with
timelike velocity vectors.
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Proof. Choosing 7 = t as a parameter, from (8.3) we immediately obtain that in this

reference frame
t1
/ ds =c / /1 —tp).

Thus, if a > 0, then S(v) > —ac(t; — to), w1th the equality only if v(¢) = 0 on 7. This
corresponds to straight line trajectory r(t) = const. Thus for a > 0, such a trajectory is
the absolute minimum of the action functional. (|

To compare L with the Lagrangian for a free particle in classical mechanics, let us
consider the limit ¢ — co. In this limit,

2 2

L=- 1—2—2——040—1—%—1—0(040*3).

Thus we see that letting & = mc and omitting the constant term —ac, which does not affect
the equations of motion, this expression matches the Lagrangian of a free non-relativistic
paricle:

1)2

(8.4) L= Vo e T -2 =
. = —ac 1—02——mc+ 5 +0(c™7), a=mec.

Therefore, we set & = mc in (8.2) and define the action for a free relativistic particle of
mass m by

(.5) S(1) = —me [ Y= | e

Po 0
with the Lagrangian function

(8.6) L = —mcy/0rx, 072k

In particular, if we choose parametrization 7 = ¢, this becomes

1)2

8.7 L=- 1—-—
(5.7 ot

As in Section 1.3, we can easily write down corresponding FEuler-Lagrange equations in
relativistic invariant form.

Proposition 8.2. The Euler-Lagrange equations of a free relativistic particle are
du*
=

where u* is the unit tangent vector (8.1).

Thus, solutions of these equations describe motion with constant velocity.

Proof. Since ds = /dx,dz", we have along the worldline -,
1 fdwy o, dzt
=uldox,

N
= d(utdx,) — %(ﬁﬂd&
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and using oz, (FPy) = dx,(P1) = 0, we obtain

P Prqut
0S8 = —mc d(ds) = mc/ — 0z, ds. O
Py P ds
We also have the variational formula with free ends (cf. Remark 1.6),
Py dut
(8.8) 08 = mc/ %Mcuds —me u“éxu\llj; :
Po

As in Chapter 2, we define the momentum covector (p,) € T*R* by
0L
Pu = 90,2m)”

Since the Lagrangian L with arbitrary parameter 7 along the world-line is given by
L = —me\/0;x#0; 2, we can rewrite the previous formula as

me Oyt
8.9 =
( ) Pu ’87—1‘|
Choosing 7 =t as a parameter, we get
oL mu' )
pl:a,l)z:71 U27 'L:172,3
-2
8.10 ¢
(8.10) e
Po =
Y
2

where v' = & and v = /> (v%)? is the particle speed (computed in the usual Euclidean
metric on R3).

The component pg can be interpreted in terms of the energy of the particle. Following
Definition 2.2, we define the energy of a relativistic particle by

(8.11) E=—v—L=—=+mc

At v = 0 we obtain the rest energy & of the particle,

2
&y = mc*,

which is proportional to the mass of the particle. At small velocities v we obtain
2

5:&+@%+OW¢

which, except for the rest energy, is the classical expression for the kinetic energy of a free
non-relativistic particle.

Comparing the formula for py with (8.11), we see that pg = —&/c.
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It is common in physics to define the energy-momentum 4-vector p = (p*) € TR* by
oL
0(Opz")

note the minus sign!), which gives us p = (p°, p), where
g g

(8.13) P’ =&/c= my

mc
— p=—F7— and p’=nup'p’ = (")’ - p’=m’c.
[ (%

Equations (8.13) imply the following identities, which we will frequently use:
0

(8.14) DO = rmEE, p=Lo
C

Remark 8.3. There are several reasons for introduction of negative sign in (8.12). First,
it makes the component p° positive: p® = &/c. More importantly, it means that the
spacial momentum vector p is given by the familiar formula p = g—ﬁ, where, as in classical
mechanics, we identify 3-dimensional vectors and covectors using the usual Euclidean norm
in R3; this guarantees that in the limit ¢ — oo, our formulas for p match non-relativistic

formulas (see Example 2.1).

(8.12) P =-n"p, = -

Remark 8.4. For fixed Py € M* we define the classical action S(P) (cf. Remark 1.8) as
—mec times the Minkowski length of the timelike interval between points Py and P. In other
words,
P
S(P) = —mc/ ds,
Py

where integration goes along the straight line connecting points Py and P in M*. Denoting
by x* the coordinates of P, we get from (8.8):

(8.15) % = —mcuy,
SO
oS

As was observed in Remark 4.6, there is a difference in sign in the formulas expressing the
energy and momentum of a non-relativistic particle in terms of the classical action. However,
in formula (8.16) the time and spacial components of the energy-momentum 4-vector are
introduced in a relativistic invariant way.

8.3. Noether integrals
Here we give a more invariant derivation of integrals of motion. Recall that the Lagrangian
(8.7) of a free relativistic particle is invariant under the Poincaré group action
at o' = Al 4 at
on RL3,

Since Poincaré group is 10-dimensional, according to Noether theorem — Theorem 2.5
in Chapter 2 — there are ten integrals of motion corresponding to the generators P, and
M, of the Lie algebra p of the Poincaré group in Section 7.3.
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Namely, the Lagrangian I with arbitrary parameter 7 along the world-line is

L = —mc|0rx| = —mcy/0raF0ray,.

Therefore, the Noether integrals of motion for the abelian Lie algebra R* are given by

7 oL __mcE)Ta;M
B 0(0pam) |0-x|

and are reparametrization invariant.

Choosing 7 = ¢, we see that I, = p, are exactly the components of the momentum
covector defined by (8.9).

We can also define the integrals of motion corresponding to generators M*” of the
Lorentz Lie algebra, defined in (7.15). Namely, the corresponding vector field on R is

0 0

— (Vb TRV
Freaal Ut e b

and the Noether integral associated with this vector field is

oL

vV __ v v _ v v _ v v
"= ™z —na") <ai,g> = (7"t =0 )py = x"pt — aFp”.
Thus we obtain components of the total angular momentum

2

XM = (MM - )"

12— g2 — 2l — 2% — 2%p?, —IBL = o3pl — 1B,
and the integrals of motion corresponding to Lorentz boosts
19 = pOgi — 201,
Note that though I% depend explicitly on ¢, they are still integrals of motion:
dIOz’
dt

=v'p? — ep’ =0,

due to the relation (8.14).

8.4. The Hamiltonian formulation

Since in the special relativity all velocities are less than the speed of light, instead of a
tangent bundle TR? in Newtonian mechanics, one uses a subbundle of TR? whose fibers
are open balls B(0, c) of radius ¢ in R3, centered at the origin. Of course, this fibre bundle
is just the product R? x B(0,c). According to the Definition 4.2, the Legendre transform is
the map 77 : R? x B(0,¢) — T*R3,

R3 x B(0,¢) > (r,v) — (p,7) € T*R?,

where canonically conjugated momentum p = 77,(v) is given by’

oL muv
(8.17) p=— = ——,
Ov 2
l=-3
C
oL 0L OL
Here we again identify a momentum 3-covector (ﬁ’ P02 8—3> — an element of T*R3 — with a 3-vector p
v v v

— an element of TR3 — using Euclidean inner product in R3 and not the metric 7.
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which is the formula (8.13). It is remarkable that 77, is a diffeomorphism between R3 xB(0, c)
and T*R3,
As in Section 4.2, T*R? is a symplectic manifold with the symplectic form
w=dp Adr = dp' Adzt 4 dp® A da? + dp? A dax?

and the Poisson bracket

The Euler-Lagrange equations for a free relativistic particle are the Hamilton’s equations
o

. o .
(818) p_{%vp}__W7 T_{%ar}—Tp

with the Hamiltonian function 7 = & o TL_l. Explicitly,

H = cp® = en/p? + m2e2,

and for small p we have

2 2
~ mc2 + p—.
2m

p

9
JC = mc 1+m2c2

8.5. Hamiltonian action of Poincaré group on T*R?

Recall that in Section 5.3 we defined the action of the Galilean group G on the phase space
T*R3 of a free particle, and have shown that this is a Hamiltonian action of the central
extension of G. In this section, we give a relativistic analog of this result: Poincaré group
P also acts naturally on the phase space T*R? of free relativistic particle, and its action is
Hamiltonian.

Namely, as in Section 5.3, let 2™ be the set of all classical trajectories of a free relativistic
particle, the set of timelike straight lines in R13. Since the Poincaré group 8 group acts on
R preserving equations of motion of a free particle, this action descends to an action on
% ; thus, we have a natural action of 8 on 2". On the other hand, for each (p,r) € T*R3,
a—i _ = p. Thus,
we have an identification of the phase space and Z; therefore, the action of G on 2~
automatically gives an action of 9 on T*R3.

there exists a unique solution satisfying the initial conditions r(0) = r,

It is easy to write this action explicitly in coordinates. Solutions of classical equations
of motion for a free particle are straight lines; thus, every solution has the form

rit)=r+tv, |v|<c

so 2 = {(r,v)} = R3 x B(0,c). According to (8.14), the correspondence between T*R?
and Z is given by

(8.19) (p,7) s | = {<r +t;’0’,t> }teR e,

Correspondingly, this defines the action of 8 on T*R3. We won’t write down an explicit
formula for that action since it is rather messy; we just note that this action is not linear.
The action of SO(3) € SO(1,3) is, of course, just the regular action of SO(3) on T*R3.
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It is also easy to see that the elements of B preserve the Hamiltonian 7 = cp® of a free
relativistic particle, except for the pure Lorentz boosts which do not preserve 7.

Theorem 8.5. The action of Poincaré group B on the phase space T*R? of free relativistic
particle with mass m is Hamiltonian.

The Hamiltonian functions corresponding to generators J;, K;, P; of the Lie algebra of
the Poincaré group (see Section 7.3) are given by

Ji = —Gijkl‘jpk,
K; = 2'/p? + m2¢2,
A= = VP,

P=-p', i=1,2,3.

The Poisson brackets of these functions are given by

(8.20) (P, P} = {P,, By} = {J;, By} =0, {Ji, J;} = eijii,
(8.22) (Ki,Po} = P, {Ki, P} =6;;P, {Ji,P;} = eijub.

This theorem is an analog of Theorem 5.6, in which we had established a similar result
for the Galilean group. Note, however, that for the Galilean group we needed to introduce
a central extension in order to get a Hamiltonian action. For the Poincaré group, this
problem does not arise: the Poisson brackets of the generating functions exactly match the
commutation relations (7.11)—(7.12) in the Poincaré Lie algebra p. This is to be expected,
as P has no non-trivial central extensions, see remark at the end of Section 7.4.

Proof. As we already have seen in Section 5.3, the action of the Euclidean subgroup E(3)
of the Poincaré group 8 is Hamiltonian with the Hamiltonian functions? P, = —p' and
J, = —ewk:cjp 1=1,2,3.

The one-parameter subgroup of translations in z° direction acts on 2 by | — [ +
(s,0,0,0), or (r,v) — (r - %, v). Using (8.14), this gives the following action on T*R3:

p—p, TeT— %
p
. . p 0
Thus the corresponding vector field is &y = ——08—. On the other hand we have
w _p
op p”’

so the vector field —¢&; is generated by the Hamiltonian function Py = p® = /p? + m2c2.

Computation of Hamiltonian functions K; for the generators of Lorentz boosts is more
involved, so we outline it in the Exercise 8.2.

2Note that canonically conjugated momenta to x? are components p® of the 3-vector p.
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The Poisson brackets of the Hamiltonian functions are verified by direct computation;
the key step is the following relation:

‘,L,Z’pﬂ = 0"

' r =75

We leave the details of this computation to the reader. O

Remark 8.6. As in the non-relativistic case (see Remark 5.7), we can identify 2~ with
0L

T*R3 by setting r(tg) = r, —

or |,y
=to
for those associated with the Lorentz boosts, which will become

K; = 2'\/p? + m2c® + cto P, = x'p° — ctop'.
Observables K; = x'p® — ctop® are not integrals of motion, while 2'p® — 2%p’ are Noether
integrals.

= p. The Hamiltonian functions will not change, except

We can also easily compute the Poisson brackets of the generators of Poincaré Lie algebra
and coordinate functions on R3:

(8.23) {jz', ﬁUj} = fijkxka
(8.24) C{Ki, 2} =2 A, 20} = ca:i]]j;,

These Poisson brackets exemplify that R® is a phase space of a relativistic particle.

8.6. No-interaction theorem

Recall that the interaction of particles is described by a field of force. In classical me-
chanics, one can say that particle creates a field around itself, a certain force then acts
instantaneously on every other particle in the system. The field is just a mode of describing
the interaction of particles. The situation changes drastically in special relativity, since
in a given inertial frame of reference, a change in position of one particle influences other
particles only after a certain period of time. The special relativity principle imposes a very
strong restriction on Hamiltonian systems: it implies that the interaction of finitely many
relativistic particles is not possible!

For precise formulation, we introduce the notion of a Hamiltonian system of n relativistic
particles. It is a system with the phase space R6" = (T*R3)", the canonical symplectic form

n
w= Z dpg N drg,
a=1
where r, and p, are coordinates and momenta of the a-th particle, and with the Hamiltonian
function /. The Hamiltonian system (R%",w, .7#’) describes n relativistic particles, if the
principle of relativity holds in the following precise form.

a) There exists a set of ten generators of the Poincaré Lie algebra — ten functions
Py = /c, P;, J; and K; on R®" with Poisson brackets (8.20)(8.22).
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b) The coordinates of each particle transform correctly under the Poincaré group —
coordinates 7, and the generators of the Poincaré Lie algebra have Poisson brackets
(8.23)—(8.25).

In addition, the system is called non-degenerate, if

0>
det —— #0
IpaOp,,
Theorem 8.7. Let (R, w, ) be a non-degenerate system of n relativistic particles. Then
the acceleration of each particle vanishes,

{HA{H,r,}} =0, a=1,...,n.

Equivalently, there are Darbouz coordinates p, and 7, (the coordinates of the particles are
unchanged) and the constants mq > 0 such that

n
P=-) pa,
a=1
n
H = Zc\/ﬁg + m2c?,

a=1
n
. .-
Ji=— E €ijkTh Dy,
a=1
n
. Py
K;, = g zo\/ P2+ m2c3.
a=1

This result is a manifestation of the fundamental fact that relativistic invariant Hamil-
tonian systems of interacting particles in Minkowski spacetime should have infinitely many
degrees of freedom, and the interaction is described by a field theory. As physicists say,
the field itself becomes a physical reality. The basic example of classical field theory is the
theory of electromagnetism, where charged relativistic particles interact with the external
electromagnetic field. Another fundamental example in classical physics is the theory of
gravity, where massive relativistic particle interacts with the external gravitational field.

8.7. Exercises

Exercise 8.1. Verify that Hamilton’s equations (8.18) give equations of motion of a free relativistic
particle.

Exercise 8.2. The goal of this exercise is to prove the formulas for the generators K; of the
Lorentz boosts given in Theorem 8.5. Denote by A(¢)) = exp(¥ K1) € £ the one-parameter subgroup
of Lorentz boosts in x%z!-plane:

A()z = (2° coshp + 2t sinh ), 2° sinh ¢ + 2' cosh e, 22, 2%), ¥ € R.
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(1) Show that the action of A(¢)) on 2" is given by (r,v) — (A(¢)(r), A(¥)(v)), where

1 1,2 o 1,3 o
cx x v* sinh ¥ xv° sinh
2 3 ~ 1 .
( PR = y T — p ) ¥ = v~ sinh ¢ + ccosh ¥,

0] 0]
cv! cosh ) + ¢?sinh) cv? cv® )
~ y T~ 9~ .

Ll ~

v v v

A =

(2) Show that under identification X ~ T*R3 given by (8.19), the action of A(¢)) on T*R3 is
given by
x'p? x'p? sinh 4 x'p3 sinh v
Az/Jr:( e ~ ,xd — ~ ),
(¥)(r) ; ;

A(W)(p) = (p' cosh®p + p°sinh g, p?, p®).

3) Show that the vector field £x, on T*R? is given by

1
zip 9 0 O

ST P g

p = p'sinh + p° cosh e,

and dervie from it that the corresponding Hamiltonian function is Ky =zl p? +m2c2.
In a similar way one gets the expressions for Ko, K3.

Exercise 8.3. Prove the no-interaction theorem for n = 1.






Chapter 9

Spinors and Dirac
Operator

In this section, we introduce spinors — special representations of group SO(n) which play
important role in physics. Informally, they are sometimes described as “square roots of
vectors”; exact meaning of that is clarified below.

Spinors are especially useful in constructing the Dirac operator — “square root of
Laplace operator”, described in Section 9.5 below.

9.1. Spin group and definition of spinors

Let G = SO(n); for simplicity, we will always assume that n > 3. It is a compact semisimple
Lie group, which is a compact form of the complex semisimple Lie group G¢ = SO(n, C).
We will denote by g = so(n,R) and gc = so(n,C) Lie algebras of G, G¢ respectively. As is
well-known, gc is a simple Lie algebra (except for n = 4, in which case it is only semisimple);
if n = 2k is even, the corresponding Dynkin diagram is Dy, and if n = 2k + 1 is odd, then
the Dynkin diagram is of type Bj, as shown below. For n = 4, the Dynkin diagram is
A U A;.

k-1
1 2 /

50(2k) =Dy: o—e—e— - —@
e

k—1
50(2k + 1) = By: — o o . —o—e

Figure 9.1. Dynkin diagrams for so(n). Numbers on vertices are indices used to number
roots.



88 9. Spinors and Dirac Operator

Group G (and thus Lie algebra g) naturally acts on R™; this is usually called the defining,
or tautological, representation of G. It is convenient to pass to complex representation
V = C", which is naturally a representation of G¢ and gc¢; abusing the language, we will
also refer to it as the tautological representation.

The tautological representation V' is irreducible (one can show that for n > 4, the
tautological representations is the irreducible representation whose highest weight is the
fundamental weight w; if the roots are indexed as in Figure 9.1).

We will be interested in the irreducible representations corresponding to the fundamental
weights from the opposite end of the Dynkin diagram. Namely, for s0(2k+1) = By, consider
the fundamental weight wy corresponding to the righmost node in the diagram and denote
the corresponding complex irreducible representation by S; for so(2k) = Dy, consider the
fundamental weights wy_1, wy corresponding to the two endpoins of the “forked” end of the
Dynkin diagram and denote the corresponding irreducible complex representations S*,.S~.

Definition 9.1. Representations S (for odd n), S* (for even n) are called spinor represen-
tations of so(n, C).

These representations have a number of useful properites. Most importantly, one can
show that the fundamental representation V' is a subrepresentation of S ® S (for odd n) or
St ® S~ (for even n); for example, for n = 3 one has V = Sym?2S (see more low-dimensional
examples below). For this reason, one frequently refers to spinors as square roots of vectors.

An important feature of spinor representations is that they do not lift to a represen-
tation of SO(n). Recall that the group SO(n) is not simply-connected; instead, we have
m1(SO(n)) = m1(SO(n,C)) = Zy (for n > 3). Thus, one can write

SO(n) = Spin(n)/Za,
SO(n,C) = Spin®(n)/Z;

where Spin(n) is the universal cover of SO(n) and thus is a connected simply-connected Lie
group with Lie algebra so(n); similarly, Spin®(n) is a connected simply-connected complex
Lie group with Lie algebra so(n,C). These groups are called the spin groups. It is easy to
see that Spin(n) is a compact real form of Spin®(n). In some low-dimensional cases, these
groups admit more explicit description, see the next section.

By general results of Lie theory, any representation of so(n) lifts to a representation of
Spin(n); however, it turns out that for spinor representations, the non-trivial element of
Zy C Spin(n) acts on S by —1 and thus these representations do not descend to represen-
tations of SO(n) or SO(n,C).

9.2. Low-dimensional examples

In some special cases, the spin group and spinor representation can be described very
explicitly.

If n = 3, then it is well-known that SO(3) = SU(2)/Zy (compare with Exercise 1.7)
and thus in this case Spin(3) = SU(2), Spin®(3) = SL(2,C). For this group, the spinor
representation S = C? is the defining representation of SU(2); equivalently, it can also
be described as the irreducible representation of sl(2,C) with highest weight 1, or in the



9.3. Clifford algebra construction 89

physical language, with spin % The tautological representation V = C? of SO(3,C) is the
irreducible representation with highest weight 2, or with spin 1, and it is related to the
spinor representation by

V = Sym?S.

If n = 4, then the Dynkin diagram is Dy = A;U Ay, and the corresponding Lie algebra is
50(4,C) ~ sl(2,C)®sl(2,C). Therefore, in this case we have Spin®(4) = SL(2, C) x SL(2, C),
Spin(4) = SU(2) x SU(2). Explicit construction of isomorphism

SO(4) ~ (SU(2) x SU(2))/Z»
was given in Exercise 7.3.

In this case the spinor representations ST are both 2-dimensional. On each of them, one
of the copies of SU(2) acts trivially and the other acts by the tautological representation:

St~C?®C,
ST ~C®C?
where we denote by C? the tautological representation of SL(2, C).

One can check that the relation between the tautological representation V = C* of
SO(4,C) and the spinor representations is given by

V=5t®s".
One can also give an explicit description of the spin group and spinor representations
for n =5 (in which case the spin group is the symplectic group due to equality of Dynkin

diagrams By = C3) and for n = 6 (in which case the Dynkin diagram is D3 = Ag so that
Spin(6) = SU(4)).

9.3. Clifford algebra construction

Spinor representations admit an explicit construction in terms of so-called Clifford algebra.
In this section we give an overview of this construction.

Let V be a real vector space with a symmetric bilinear form B; we denote by Q(v) =
B(v,v) the corresponding quadratic form. Let n = dim V.

Definition 9.2. Clifford algebra CI(V) is the unital associative algebra over R generated
by vectors v € V with defining relations

(9.1) vow+w-v=2B(v,w)-1.
It is easy to check that these relations are equivalent to relations
v = Q) -1, veV.
Equivalently, one can define the Clifford agebra by
C(v)=1(v)/J

where T'(V) is the tensor algebra of V' and J is the two-sided ideal generated by elements
vRuv—QW)-1,veV.
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In a similar way one defines the Clifford algebra for a complex vector space with a
symmetric bilinear form B, using the same defining relations (9.1). In this case, C1(V) is a
complex associative algebra.

In particular, we will denote by Cl(n) the Clifford algebra corresponding to an n-
dimensional complex vector space with a non-degenerate quadratic form. Since any two
non-degenerate quadratic forms are equivalent over C, this implies that up to isomorphism,
Cl(n) doesn’t depend on the choice of the quadratic form.

Clifford algebra has a number of useful properties, which we summarize below. Unless
specified otherwise, these properties hold both in real and complex case.

(1) It is a filtered algebra: if we denote by F, C Cl(V) the subspace spanned by
products of at most p elements of V', then

C=FCcFcC..., JF =cuv

and F, - Fy, C Fp14.

The corresponding graded algebra gr(Cl(V')) = @ Fp/F,—1 is canonically iso-
morphic to the exterior algebra AV. In particular, this implies that dim C1(V) = 2"
if dimV =n.

(2) The Clifford algebra is naturally Zs-graded: C1(V') = Clo(V)@®Cly(V); this grading
is uniquely determined by the requirement that elements v € V are odd: v €
Cli (V). As usual, we will refer to Cly, Cl; as even and odd parts of CL

(3) Given two vector spaces V1, V, with quadratic forms, one has a natural isomorphism
Cl(V; @ V) ~ Cl(V1) ® Cl(V2), where the algebra structure on the tensor product
is given by the usual sign rule:

(v1 ® v2) - (w1 ®ws) = (—1)P V1w ® vawy, vg € Cly,w; € Cly.

This allows one to give an explicit description of the Clifford algebra. Indeed, given a
vector space W of dimension k, consider V=W @ W* with the bilinear form given by

B(wvf):B(fvw):%<f7w>7 we W, fEW*,
B(wi,ws2) = B(f1, f2) =0, w; €W, fie W*

where (, ) is the natural pairing between W and W*. It is easy to see that this form is
non-degenerate.

Theorem 9.3. Let V =W @& W* as above. Then one has a natural algebra isomorphism
Cl(V) ~ End(AW).

Proof. For w € W, f € W*, consider operators a,,is: AW — AW defined by
Qu: N = WA,

iprwyp A - /\me (fyw)wi A== AW A+ A Wiy,
!

where as usual, the hat means that the corresponding factor in the wedge product should
be skipped. Explicit computation shows that these operators satisfy the relations of the
Clifford algebra CI(W @ W*) and thus define a morphism CI(W & W*) — End(AW). It
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is easy to show that this morphism is surjective. Since dimEnd(AW) = (2F)? = 2% =

dim CI(W @& W*), this map is an isomorphism. O

Note that the vector space AW, and thus the algebra End(AW), are naturally Zs graded:
End(AW)o = End(A®“"W) @ End(A°¥W)
End(AW); = Hom (AW, A°¥W) @ Hom (AW, AC"W).

It is easy to see that the isomorphism CI(W & W*) ~ End(AW) constructed above is an
isomorphism of Zs-graded algebras.

Since any two non-degenerate quadratic forms over C are equivalent, we immediately
get the following corollary.

Theorem 9.4. Denote by Mat,,(C) the algebra of complex n X n matrices.

(1) If n = 2k is even, then Cl(n) ~ Maty:(C) (as a non-graded algebra) and Cly(n) ~
Mat2k—1 (C) D MatQk—l ((C)

(2) Ifn =2k+1 is odd, then Cl(n) = C1(1)®@Cl(2k). In this case, Cl(n) ~ Matqyr (C)®
Matqr (C) as a non-graded algebra, and Cly(n) ~ Matqr (C).

Indeed, the first part is immediate from Theorem 9.3. To prove the second part, note
that C1(1) = C[e]/(¢? = 1) is isomorphic as a non-graded algebra to C & C, and for any Z
graded algebra A, we have (Cl(1) ® A)g = Ay @ €A ~ A as an (ungraded) algebra.

Since it is well known that the matrix algebra Maty(C) has a unique simple module,
namely the tautological representation C%, Theorem 9.4 immediately implies the following
result.

Corollary 9.5. Let n = 2k be even. Then the algebra Cly(n) has two different simple
modules, each of dimension 2F~1. For odd n = 2k + 1, Cly(n) has a unique simple module
of dimension 2F.

The relevance of Clifford algebra to representations of SO(n,C) is explained by the
following simple fact. Since the action of the group SO(V') preserves the quadratic form
on V, it also gives an action of SO(V') by automorphisms on the Clifford algebra CI1(V'),
and an action of so(V') by parity-preserving derivations of Cl(V') which we will denote by
x—a-x,x € ClV), acso(V).

In the case when Cl(V) is a matrix algebra, since it is known that every derivation of
Mat,,(C) is inner, it gives a map f: so(V) — C1(V) such that for a € so(V), x € CL(V) we
have

a-z=[f(a),x]
This only defines f(a) up to addition of a scalar which we can fix by requiring that f(z) €
Cl(V') ~ Mat,,(C) is traceless (or, equivalently, f(a) € [C1(V'),Cl(V')]). This also guarantees
that f([a,b]) = [f(a), f(b)]; in other words, f: so(V) — Cl(V) is a morphism of Lie algebras.
Moreover, since the derivation x — a -  must be parity preserving, it follows that f(a) €
Clp(V) for any a.

In the case when Cl(V) is direct sum of two matrix algebras, this argument requires a
little modification which we leave to the reader. However, one can also define the morphism
f explicitly as follows.
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Lemma 9.6. Let V = C" with the standard symmetric bilinear form B(x,y) = Y i | Ty;.
Let e; be the standard basis of C™ and E;j the corresponding basis of matriz units in Mat,,(C).

Define a linear map f: so(n,C) — Clyp(V) by
(9.2) foMj— —1les, e,
where M;; = Ej; — E;; are the generators of so(n,C), see Exercise 2.6.
Then
(1) For any a € so(n,C), x € C(V), we have a-x = [f(a), x].

(2) The map f extends to a morphism of associative algebras Uso(n,C) — Cly(n),
where Uso(n, C) is the universal enveloping algebra of so(n,C).

The proof is by explicit computation which we leave to the reader. Note that for ¢ # j,
elements e;, e; anticommute in the Clifford algebra, so one can also write (9.2) as

1 . .
Mij — *561‘63‘, 1 75 7-

This lemma implies that any module over Cly(n) is automatically a module over Uso(n, C),
and thus is a representation of so(n,C) and of the spin group Spin®(n). A more general
version of this lemma, which works for arbitrary non-degenerate symmetric bilinear form
B, is given in Exercise 9.3.

We can now use this lemma to give a construction of spinor representations.

Theorem 9.7. Let n = 2k be even. Then the two simple modules over the Clifford algebra
Clg(n) constructed in Corollary 9.5, considered as so(n,C) modules via map (9.2), are
ezactly the spinor modules ST described in Definition 9.1.

Similarly, for n =2k + 1, the unique simple module over Cly(n) considered as so(n,C)
module is the spinor module S.

We omit the proof of this theorem.

One can also use the Clifford algebra and the group Clj of invertible elements in Cly
to give an explicit construction of the spin group Spin® (n). We omit this construction as it
is not necessary for our purposes.

9.4. Lorentz group and Weyl spinors

So far we were mostly discussing spinor representations of the complex group SO(n, C) or its
compact form SO(n). However, one can also consider spinor representations for other real
forms of SO(n,C). For example, since SO(p, q) is a real form of SO(p, ¢; C) ~ SO(p + ¢,C),
we can restrict a spinor representation S of SO(n,C) to SO(p,q), n =p+ q.

We will be mostly interested in the restricted Lorentz group 21; recall that it is the

connected component of O(1,3) (see Section 7.2). Combining the inclusion 81 C SO(1,3) C
SO(1, 3; C) with the isomorphism SO(1, 3;C) = SO(4,C), we get an inclusion

¢l cS0(4,0).

Recall that Spin®(4) ~ SL(2, C) x SL(2, C); thus, we have the universal cover SL(2, C) x
SL(2,C) — SO(4,C) (which is two-fold); restricting it to 21 C SO(4,C) we get a two-fold
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cover of 21. It can be shown (we skip this argument) that this is the universal cover of 21.

On the other hand, we had shown in Exercise 7.4 that the universal cover of 21 is SL(2,C)
(considered as a real group). Thus, we have a commutative diagram

SL(2,C)r C SL(2,C) x SL(2,C)

|

¢l C©80(1,3;C) 2 S0(4,C)

in which horizontal lines are real forms of complex groups, and vertical arrows are (two-fold)
universal covers.

By results of the previous section, the group Spin®(4) = SL(2,C) x SL(2,C) has two
spinor representations:

sSt=C’eC,
ST =C®C?
called the Weyl spinors (the left-handed and right-handed spinors).

Definition 9.8. The module S = ST & S~ over Spin®(4) is called Dirac bispinor module.

Note that it is different from the defining (or tautological) representation V' of SO(4, C):
the tautological representation is given by V' = ST ®S~, while Dirac bispinor representation
is S = ST @S~ and is only defined for the universal cover Spin®(4), not for SO(4, C).

At the level of Lie algebras, Dirac bispinor module can be described through Clifford
algebra construction: by Lemma 9.6, we have a morphism

f:Uso(4,C) — Clp(4) C Cl(4).
In this case, Cl(4) = Mat4(C) (as an ungraded algebra) and has a unique nonzero simple
module S = C* so that Cl(4) = End S. Restricting it to Clp(4) = Mats(C) @ Mats(C), we

get S = ST @® S, where S* is the defining module over the two copies of Maty(C); and
pulling back S* via f to so(4,C) gives us the spinor modules.

For future use, we can give explicit formulas for the action of the Clifford algebra and
of 50(1,3;C) in the spinor representation. Let ,, u = 0,1,2,3, be the generators of the
Clifford algebra Cl(1,3) (over C):

(9-3) MWV + Vur = 20
where n = diag(1, -1, —-1,—1).

Lemma 9.9. The following formulas define a 4-dimensional representation of C1(1,3):

(94) o (o %)

where o, are Pauli matrices (see (1.24)) and o* = n*0,, so that

o’ = oy, o' = —oy, 1=1,2,3.
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The proof is by explicit computation which easily follows from
ai =1,
[007 Ua] - 07
[0a; 0b] = 2i€qpe0re,
0q0p +0p0, =0, a#b.
Since we already know that CI(1,3) is isomorphic to the matrix algebra Maty(C) and
thus has a unique non—trivAial module S which has dimension 4, we see that in a suitable
basis action of Cl(1,3) in S is given by (9.4).

In physics literature, 4 x 4 matrices v, satisfying (9.3) are called Dirac vy-matrices. The
matrices (9.4) give the so-called Weyl or chiral basis of y-matrices; the Dirac basis is given

by the choice vy = <é OI> and the same matrices v;, i = 1,2, 3.

We also have an explicit formula for the morphism Uso(1,3) — CI(1, 3), obtained by a
minor modification of Lemma 9.6 (see Exercise 9.3):

(9.5) My, = =3[, vl
In terms of the generators of s0(1,3), introduced in Section 7.3, we have

Ko — _%’YO'Yaa Jo — _%6abc[7b7’yc]-

9.5. Dirac equation

Let M = R'3 be the Minkowski spacetime. Consider the space of functions C*°(M, S)
with values in the Dirac bispinor module defined in the previous section. As before, we use
notation v, for generators of CI(1,3); they act in S as described in Lemma 9.9.

Definition 9.10. Differential operator on C*° (M, S) defined by the formula below is called
the Dirac operator

P= YO

0
- 1o — v
Dk and y " y,.

where, as usual, we denote 0, =

From (9.3) we immediately get
(9.6) YA it = 2
which gives us the following lemma.

Lemma 9.11. Dirac operator satisfies

3
& = 0,0M, = (ag -3 af) I,
=0

where 14 is 4 X 4 identity matriz.
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The scalar operator in the right-hand side is commonly called the D’Alembert operator
(or simply box operator) and denoted by [:

3
(9.7) O=0,0" =0 — Y 0.
i=0

The equation
(9.8) (it — m)p =0,
is called the Dirac equation. Here tp € C®(M, 5‘)7 the classical spinor, describes spin %
particle of mass m.

Using S = ST @& S, we can write ) = ¢ + ¢, = € C°°(M, S¥). The components
YT are called Weyl spinors; note that since S* are not modules over the Clifford algebra,
in general we can not restrict Dirac equation to 1*. Instead, observe that Lemma 9.11
implies the following fundamental property

(m +i@)(m —i@) = (O +m?) I
which shows that each spinor component ¢+ satisfies the Klein-Gordon equation’
(O 4+ m?)yp* =0.
Thus Dirac equation can be thought of as the square root of the Klein-Gordon equation.
In the massless case m = 0, the Dirac equation decouples into the Weyl equation

a“@,ﬂ/ﬁ = (I0y — 0101 — 0202 — 0303)Y" =0,
and its conjugate equation

0,0~ = (100 + 0101 + 0202 + 0303)Y™ =0
for the left-handed (respectively right-handed) Weyl spinors ¢+ € C>(M, S%).

9.6. Exercises

Exercise 9.1. Let 7, be generators of Cl(1,3) as in (9.3). Define 75 = 70717273. Prove that
2 = —1 and
Y5V + Y5 =0, p©=0,1,2,3.
Exercise 9.2. Prove the so-called Pauli lemma: if 7, and ’Y;IL are two sets of 4 x4 matrices satisfying
(9.3), then there is a non-degenerate 4 x 4 matrix S such that
S8 =1,

Equivalently, Clifford algebra CI(1, 3) has a unique (up the equivalence) 4-dimensional representa-
tion.

Exercise 9.3. Prove more general form of Lemma 9.6: if 5 is a symmetic non-degenerate bilinear
form on a finite-dimensional complex vector space V', and M, ,, € s0(n) is defined as in Exercise 7.1,
then the linear map f: M,, », — —[v1, v2] extends to a morphism of associative algebras Uso(n) —

Cly(V), satisfying a - x = [f(a), z]. !

11t should be better called Klein-Fock-Gordon equation.






Chapter 10

Notes and References

We refer the reader to the classic textbooks [Arn1989] and [LL1976], which are written,
respectively, from mathematics and physics perspectives. The elegance of [LL1976] is
supplemented by the attention to detail in [Gol1980], another physics classic.

The treatise [AM1978] and the encyclopedia surveys [AG1990], [AKIN1997] provide
a comprehensive exposition of classical mechanics, which includes the history of the subject,
references to the classical works and to the recent development.

Arnold’s book [Arn1989] is based on his lectures in Moscow State University in 1967-69,
where he was the first to use systematically the language of differential symplectic geometry.
These lectures were aimed at the undergraduate students, so [Arn1989] covers the calculus
of differential forms and vector fields on smooth manifolds. Nowadays, this material is a
part of the standard graduate mathematics curriculum, and we use it freely in the main
text. The reader can find necessary differential geometry background in the numerous
textbooks and monographs; we just mention [War1983|, [DFN1984|, [DFN1985] and
[Ste1983], as well as the lecture notes [Bry1995]|. Same applies to the background in the
theory of Lie groups and Lie algebras; all necessary material can be found in [Kir2004] and
[Kir2008|. In addition, the lectures [God1969] provide an introduction to the differential
geometry of classical mechanics. In particular, the important role the second tangent bundle
in Lagrangian mechanics is emphasized in [God1969] and [Bry1995].

Our exposition follows the traditional outline in [LL1976], [Arn1989] and in [Tak2008].
It starts with the Lagrangian formalism and introduces the Hamiltonian formalism through
the Legendre transform. As in [Arn1989|, we made a special emphasis on precise math-
ematical formulation of the basic principles, starting with the principle of the least action
and the notion of Newtonian spacetime and the Galileo principle of relativity in Chapter 1.
Exposition in Chapter 2 follows [Arn1989| and [Tak2008|, and some of the nontrivial
exercises have been taken from [Bry1995]. Material in Chapter 3 is pretty standard; since
our goal is introduce the reader to the classical field theories — systems with infinitely
many degrees of freedom — we skip many topics, including the Euler equations and ro-
tation of a rigid body, Kepler problem, theory of oscillations, etc. Some of these topics



98 10. Notes and References

have been relegated to the exercises; in particular, Exercises 3.4-3.6 introduce the cele-
brated Laplace-Runge-Lenz vector, whose components are extra integrals of motions for
the Kepler problem.

Example 3.1 in Chapter 3 plays an important role in the explanation of the passage
to the systems with with infinitely many degrees of freedom in Part 2. Chapter 4 is a
succinct introduction to the Hamiltonian formalism and the basics of symplectic geome-
try — the study of symplectic (and, more generally, Poisson) manifolds. The notion of
a Poisson bracket will play a fundamental role in classical field theories. We also just
touched a very important notion of completely integrable Hamiltonian systems and formu-
late the celebrated Liouville-Arnold theorem, proved in [Arn1989]. We refer the reader to
[AKN1997] and references therein for a comprehensive exposition, and to the monograph
[FT2007] for the Hamiltonian approach to the theory of integrable systems, especially for
the case of infinitely many degrees of freedom. Exercises 4.8 and 4.9 are very important:
the former provides with a rich class of Poisson structures, while the latter introduces the
reader to the beautiful orbit method in the representation theory. The basic references here
are [Kir1976] and [Kir2004].

In Chapter 5 we introduce a very important notion of a Hamiltonian action of a Lie
group and corresponding moment map, having many applications in mathematics. As an
illustrative example, in Section 5.3 we consider the Hamiltonian action of the central ex-
tension of the Galilean group on the phase space of a free classical particle. This example
is not widely known and may be considered as a non-relativistic limit of the Hamiltonian
action of the Poincaré group, constructed in [Arel971]; note that the central extension of
the Galilean group was introduced in the classic paper [Bar1954]. In Section 5.4 we dis-
cuss the Hamiltonian reduction, a powerful methods of obtaining a symplectic quotient of
a symplectic manifold with the Hamiltonian group action. The main result — Theorem 5.8
— is due to Marsden and Weinstein; we refer the reader to [AM1978, Theorem 4.3.1] for
the proof. In Chapter 6 we discuss Lagrangian and Hamiltonian systems with constraints.
This formalism was developed by Dirac [Dir1958] for the Hamiltonian formulation of gauge
theories and general relativity, the theories whose Lagrangians are singular. The Hamilton-
ian reduction in Section 5.4 is a special case of the Dirac formalism. Our exposition is based
on the Faddeev’s classic paper [Fad1969] and his lectures at Leningrad State University in
the early 70s. The Dirac formalism, widely used by physicists, is practically unknown to
the mathematicians, so we think that it worthwhile to make it popular. The Chapters 1-6
close our very brief exposition of the classical mechanics.

The Chapters 7 and 8 are meant to be a succinct introduction to the special relativity,
written from a mathematics perspective. Thus in Chapter 7 we define the Minkowski space-
time, state the special principle of relativity and introduce Lorentz and Poincaré groups.
Mathematicians will find explicit formulas for the generators of the corresponding Lie al-
gebras of these groups, extensively used by physicists. In Section 7.4 we show, in a precise
mathematical sense, that the Lorentz group is a deformation of the homogenous Galilean
group, and introduce necessary notions from the Lie algebra cohomology. This very sim-
ple result has important philosophical consequences: the Lorentz Lie algebra is simple and
therefore is stable under the deformations, so the passage from the Newtonian spacetime to
the Minkowski spacetime is a deformation from the unstable physical structure to the stable
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one, and the special relativity is a natural deformation of the Newtonian mechanics. This
point of view, advocated in [Fla1982] and [Fad1998], can be summarized by saying that
the change of a fundamental physics paradigm is an ‘evolution’ rather than a ‘revolution’.
Mathematical background on the cohomology theory of Lie algebras and its relation to the
deformation theory can be found in [FF2000] and in the monograph [dAI1995], written
for physicists. The fact that Poincaré Lie algebra admits no non-trivial central extensions,
in [dAI1995] was attributed to Wigner. We refer to [Gal1967] for a concise proof of this
result.

Material in Sections 8.1-8.4 is rather standard and is a careful mathematical exposition
of the corresponding sections in physics classic [LL1971], while the content of Sections 8.5
and 8.6 is not so well-known. Namely, in Section 8.5 we consider a Hamiltonian action of
the Poincaré group on the phase space of a relativistic particle. Our exposition follows the
paper [Arel971]; the corresponding Hamiltonian action of the Galilean group, described
in Section 5.3, is a non-relativistic limit of this action. In Section 8.6 we consider a no-
interaction theorem in the special relativity, which states that a system of several relativistic
particles which admits a Poincaré group action' actually describes the free particles. In
other words, the special principle of relativity implies that the interaction of finitely many
relativistic particles is not possible! This result (see paper [Leul965] for the proof) has an
implication that one needs to pass from particles to fields in order to describe the relativistic
nature of the physical world.

The material in Chapters 7 and 8 is needed for the relativistic classical fields theories
In Part II. There are plenty of textbooks on special relativity, written from physics and
mathematics perspectives. In addition to the physics classic [LL1971], we mention modern
mathematical exposition in [DFN1984, DFN1985| and references therein. It should be
noted that the choice of a signature (4, —, —, —) for the Minkowski metric in Chapter 7
is just a convention. Equivalently, one can use the metric diag(—1,1,1,1) of signature
(—,+,+,+). Each choice of a signature has advantages and disadvantages. Thus our choice
(called ‘Landau-Lifshitz sign convention’ or ‘West Coast convention’) is more convenient for
the field theory (classical and quantum), while there are some extra negative signs for 3-
vectors as in Chapter 8. The opposite choice of a signature (called ‘Pauli convention’ or
‘East Coast convention’) keeps Euclidean metric for the spacial variables, and is often used
in general relativity.

In Chapter 9, we discuss the notion of spinors and Dirac equation, used for describ-
ing quantum particles with spin 1/2 (like electrons and positrons). Our presentation is
very basic and elementary; detailed mathematical exposition can be found in the books
[LM1989] and [Del1999]. For application to quantum field theory, we refer to the mono-
graph [BLOT1990].

IFor the validity of the no-interaction theorem it is essential that the Minkowski spacetime is four dimensional.
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Chapter 11

Lagrangian
Formulation of Field
Theory

In this section, we lay a foundation of classical field theory. Informally fields are systems
with infinitely many degrees of freedom, parameterized by the points in the physical space,
as will be explained below. In analogy with the classical mechanics, where Euler-Lagrange
equations are ordinary differential equations, equations of motion for classical fields are
partial differential equations. This is reflected in the Lagrangian formalism, where corre-
sponding Lagrangian densities should be local. It is described in Section 11.5, together with
the derivation of corresponding Euler-Lagrange equations.

11.1. From particles to fields

Here we explain, at a physical level of rigor, how classical fields can be thought of as
continuous limit of systems of classical particles when the number particles go to infinity.
Namely, consider Example 3.1 in Section 3.3: a system of N coupled oscillators with the
Lagrangian function

N -1

(11.1) L(g,q) =Y 3@ — > swk(gir1—¢)* avy =
j=1 =1

<

Corresponding equations of motion are

(11.2) i = w g1+ -1 —2g), j=1,...,N,

where it is understood that ¢y = qn. A passage to the continuous limit is an assumption
that there is a smooth function ¢(x,t), defined on the circle R/LZ (or equivalently, on an
interval [0, L] with periodic boundary conditions), such that for each N

L
q;(t) = p(xj,t), where z;=jo, 6= N and wy = g

103
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for some constant ¢ > 0. In the simultaneous limit N — oo and § — 0 such that Né = L
is fixed, the points z;, j = 1,..., N, become uniformly distributed on the circle R/LZ.
By elementary calculus, we obtain that the system (11.2) of ordinary differential equations
turns into the partial differential equation

e _ 0%

o2 ~ ¢ 9a2

— the wave equation for the function ¢(x,t) on the interval [0, L] with periodic boundary
conditions.

(11.3)

This example shows how the system with N degrees of freedom, describing N particles
moving on the real line, in the continuous limit becomes a system with infinitely many
degrees of freedom, described by a classical field — a real-valued smooth function ¢(z)
on the circle. Note that in this limit the index j turns into the spatial variable x, which
parameterizes infinitely many degrees of freedom.

Moreover, it follows from the basic calculus that the finite sum (11.1) turns into the
integral over [0, L] as N — oo, so that Lagrangian function L(q,q) becomes the following
functional

L
(11.4) L(gp):/o L(p(x,t))dx, where ZL(p(z,t))=
0 d

e Op = e As it is well-known in the calculus of variations, the wave
x

equation (11.3) corresponds to the critical points of the action functional

t1

(115) Slo] = / L(p)dt,

0

((Bep)* (2, 1) — (D) (2. 1))

DN |

and we put 0, =

defined on the space of fields ¢(z,t) with fixed values at the endpoints, ¢(z,ty) = @o(z)
and p(z,t1) = p1(x).

11.2. Classical fields

Returning to the general situation, physicists think of a field as an assignment of a physical
quantity to every point in the space-time. For a mathematical definition', we assume that
we are given a (n+1)-dimensional orientable manifold M, which plays the role of spacetime,
and a real or complex vector bundle & — M.

Definition 11.1. A field ¢ on M is a smooth section over M of the bundle £, and the set
F =T(M,E) of all smooth global sections is the space of fields.

In some cases we will also impose some conditions of fast decay at infinity in spacial
directions; this will be discussed separately.

It is standard to call ¢ a real or complex vector field> when € = M x V is a trivial
vector bundle over M, where V is an r-dimensional real or complex vector space; when £
is a trivial line bundle, ¢ is called a scalar field. Choosing a basis in V allows to represent
fields by smooth vector-valued functions on M, p(z) = (¢ (z),...,¢"(2)), € M.

Iater we extend this definition to include gauge fields and gravitational field.
2Not to be confused with a vector field on a manifold!
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In most examples (with the notable exception of the theory of gravity) M = M x R,
where M is a n-dimensional orientable manifold, and the bundle £ is a pull-back of some
bundle F over M by the natural projection M — M. The manifold M plays a role of
a physical space. It is usually assumed that the space-time M = M x R is equipped
with a (pseudo) Riemannian metric, obtained from a Riemannian metric on M and the
standard metric on R; in a relativistic field theory M = R is the Minkowski space-time.
If ¢ = (2!,...,2") are local coordinates on M, then z = (2°, ), where we put 2° = ¢, are

local coordinates on M. The set
F=I(M,E)

of all smooth global sections of E is a field theory analog of the configuration space — the
space of all fields at any given time t = tg. Again, for non-compact M we will frequently
impose additional conditions of fast decay at infinity; exact conditions depend on M.

Since configuration space F is infinite-dimensional for n > 1, classical field theory
describes a system with infinitely many degrees of freedom. Finally, as in Section 1.2, we
introduce the path space

P(F) = P(F)Z!

®o,to?

— the space of all smooth parameterized paths v: [to,t1] — F with fixed endpoints, v(ty) =
o and y(t1) = 1. Slightly abusing notation by using £ for the restriction of the bundle £
to M x I, we have

P(F) = {cp el'(M xI1,E): tp\to = ©0, 90!151 = 901}, where I = [to, t1].

Similarly, the space of fields % is a space of all smooth R-parameterized paths in F.

One can also define nonlinear fields as maps from M to another finite-dimensional
manifold N; M is a called a source manifold and N — a target manifold. In case M = M xR
the configuration space is F = C*°(M, N).

Remark 11.2. In case M = {pt} we have F = C*®°(pt, N) ~ N, which is exactly the
configuration space in classical mechanics, so the fields are trajectories in N. Thus one
can consider classical mechanics as a special case of classical field theory, namely a (0 + 1)
dimensional field theory.

11.3. Calculus of variations

The configuration space F and the space of fields .# are infinite-dimensional Fréchet mani-
folds. We will later define action functional on the space of fields and talk about its critical
points. To do so rigorously, we need to remind basic notions of the calculus of variations
and introduce the de Rham complexes on F and .% with the de Rham differential 6. For
our purposes, it will be sufficient to explain the differential § on O-forms and to introduce
the spaces of 1-forms and vector fields on .%.

Note that since .7 is a vector space, for any ¢ € .#, the tangent space at ¢ is naturally
identified with .7 itself: T, 7 = 7. We define the cotangent space T;;.7 to be the space
Z* of all continuous linear functionals on 7.
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Let F': % — R be a functional on .%. The directional derivative 0:F of F' at a point
¢ (the Gateaux derivative) in the direction { € T,.# = .F is defined by a calculus formula

OcF)lel = o

provided that the limit exists for all ¢ and £&. We also assume that for 0:F[¢] all ¢ is
continuous linear functional of £. Similarly, we define higher order directional derivatives
by

Flp + &,
s=0

ak
11.6 oF o= — F . ,
( ) ( &1---&g )[@} 831 . aSk S [80 + 5151 + —+ Ské-k]
assuming that the limit exists for all ¢ and &;,...,& and is a continuous multlinear func-
tional.

Definition 11.3. A functional F': % — R is called smooth if it has partial directional
derivatives of all orders.

Example 11.1. Consider the simplest case of a trivial vector bundle £ = M x V| where V/
is r-dimensional real or complex vector space. Choosing a basis of V' allows us to represent
fields by smooth vector-valued functions on M, ¢ = (', ... ©").

Choose a point xy € M. Then the evaluation functional

Flg] = ¢* (o)
is smooth:
O Flg] = % (o).
and higher derivatives vanish (it is a linear functional).

More generally, let K,(x), a =1,...,r, be a collection of compactly supported smooth
functions on M and consider the functional

/ (Z [ )dn+1

where d"*1z is a top degree differential form on M. Then it is easy to see that so defined
F' is also smooth, with derivative

D¢ Fly) / (Z £z ) g

By definition, the O-forms are smooth functionals F': % — R. A 1-form ¢ on .# assigns
to each p € F a vector ¥, € T3.# = .F*. Thus, given a point ¢ € .F and a tangent vector
EeT,F = F, we get areal number ¥, (§) = (Jy, {) where (, ) is the pairing between .7 *
and 7.

As in calculus, we define the total differential of a smooth functional F': .% — R to be
the 1-form 6 F', defined by
(11.7) 6Fp(§) = OcF o]

for all p € # and { € T,.7 = .%. We use 0 for the exterior derivative on .# so it is not
confused with the exterior derivative on M.
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It is very convenient to use physics notation that stem from the calculus of variations.
First, recall the familiar finite-dimensional situation, in which we are studying smooth
functions on a finite-dimensional vector space V. In this case, we can choose coordinates
v® in V, writing each vector v as v = (v!,...,v"). The corresponding one-forms dv’ form
the basis (over C*°(V')) of one-forms on V, so for any f € C°°(V) and a tangent vector

£ e T,V =V, we can write

dfzzggidvi,
of .
agfzzajigl.

Let us write an analog of this formula when we replace a finite-dimensional vector space
by the infinite-dimensional space of fields .#. As before, consider the simple case when
E =M xV, where V is r-dimensional real or complex vector space. Choosing a basis of V'
allows to represent fields by smooth vector-valued functions on M, ¢ = (¢!,...,¢"). The
values of ¢%(x) for all x € M and a = 1,...,r, play the role of coordinates on .%, similar to
coordinates v* in the finite-dimenional case, and dp®(z) — variations of fields ¢® at points
x — are 1-forms on %, similar to dv®: for £ € T,.% = .F, (§p*(x),§) = £*(x).

To write an analog of formula (11.8), we need to sum over index a and also over all x;
since z € M, it means we need to choose a volume form d"*'z on M and integrate over
M. Thus, we write

(11.8)

5F
oF, = / S (z)d" Mz,
e =2 T )

(11.9)
oFlel = Y [ se@ata.

This formula should be taken as the definition of “partial derivatives” Indeed,

OF
dp*(x)
by definition of a smooth functional, J:F[¢] is a continuous linear functional of £ and
thus can be written in the form [, >, Ko(2)€%(x)d" 2 for some generalized functions

(distributions) K.

Note that is not necessarily a smooth function - it is a distribution. For example,

OF
Sp(x)
if Flp] = ¢%(zo) is the evaluation functional considered in Example 11.1, then 0z F'[¢] =
4 (wo) = [ §*(x)d(x — wo)d"Ha, s0

dp®(x0)
ot ()

where §(z) is the Dirac’s delta-function.

(11.10) = 0p0(z — x0),

11.4. Lagrangian density

Equations of motion in classical mechanics are Euler-Lagrange equations in the one variable
calculus of variations. It is quite remarkable that equations of motion in classical field theory
are also Euler-Lagrange equations in the ‘multivariable’ calculus of variations.
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Namely, in classical mechanics Lagrangian is a function on the tangent bundle® of a con-
figuration space, so it seems natural to define field-theoretical Lagrangian L as a functional
on TF — a smooth map L: TF — R (in the Fréchet space topology). Correspondingly,
the action S — a functional on the path space P(F) — is defined by the same formula as
in Section 1.2, namely

t1
(11.11) Sle] = / L(+'(t))dt.
to
Here a path v € P(F) is a field ¢(x,t), and its lift 4/(¢) to a path in TF is (p(z,t), p(z,1)),
where dot stands for the partial time derivative. As in classical mechanics (see Section 1.2),
we formulate the principle of least action.

Principle of Least Action. Time evolution in classical field theory is described by critical
points of the action functional S[¢| on the set P(F) of smooth paths in F with the fixed
endpoints. This can can be written as

d

11.12 —
(11.12) il

Slpe] =0

for any one-parameter family of paths ¢. in P(F) such that ¢o(x,t) = ¢(z,t). Since F is a
linear space, it is sufficient to consider only the paths ¢. = ¢ + cu, where ‘variation’ u has
compact support on M x (tg,t1), so u(z,ty) = u(x,t;) =0 for all z € M.

Using the differential ¢ introduced in (11.7), we can rewrite (11.12) in a more compact
form, commonly used by physicists:

08
(11.13) — =0.
op
The following remarks are in order. First, the space of all Lagrangians — smooth

functionals on T'F — is ‘too large’ to give interesting time evolution. Second, in the formula
(11.11) for the action, the time ¢ plays a special role. However, in special relativity, time is
no longer absolute and is included into the spacetime, so we would need to find a different,
relativistic invariant way of writing the action.

To address both of these issues, we will only be studying theories where the Lagrangian
is given by some kind of integrals over the space slices M x {t} of the spacetime M:

(11.14) L(p, t)dt = / L(y).

Mx{t}

(we will clarify what kind of object £ is below) and thus, the action is given by

(11.15) slel= [z

Here we tacitly assume that the integral over M converges. This is automatically so if M
is compact; see Remark 11.8 for discussion of non-compact case.

The quantity £ is called Lagrangian density. It should satisfy the following properties:

SHere we only consider Lagrangians that do not explicitly depend on time.
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e In order for the integral (11.15) to make sense, for every ¢ € % the expression
L(¢) should be a top degree differential form? on M = M x R. Thus, £ should be
a map

L:.F — Q"TH(M).

e (Locality) For every ¢ € .Z the value of a differential form L£(yp) € Q"F1(M) at a
point x € M depends only on the values at this point of the field ¢ and its partial
derivatives up to an order k with respect to all variables. This condition can be
reformulated in terms of the jet bundle; we do so below.

e Finally, we will usually also require that £ has no explicit dependence on x € M
— the only dependence on M comes from the metric on M. As we will show later,
this automatically guarantees relativistic invariance of the action.

Since .# is infinite-dimensional, one must be careful when talking about functions on
it. However, there is an easy way to avoid analytic difficulties by using the notion of the jet
bundle.

Definition 11.4. Given a point x € M and a vector bundle £ over M, the k-jet space
(&, x) 1s the set of equivalence classes of sections ¢ o over some nel orhood of z,
Ji(€,x) is th f equival | f sections ¢ of & ighborhood of
where two sections ¢, ¢’ are equivalent if
a] @ 8[ 4,0,
Bl ) = Gar )

for any multi-index [ with || < k.

Note that this definition requires a choice of local coordinates near = and a choice of local
trivialization of £; however, it is easy to show that Ji (&, x) is independent of these choices.
One immediately sees that the k-jet space is a finite-dimensional manifold. Moreover, it is
not very difficult to show that there exists a canonical fiber bundle Ji(€) over M such that
its fiber at any point x € M is the jet space Ji(€,x). This fiber bundle is called the k-jet
bundle of £. There is a natural map

e D(M,E) — Ji(E)
@[]k

which assigns to every section its class in the jet bundle.

(11.16)

Remark 11.5. Jet spaces can be also defined for the smooth maps of manifolds. In par-
ticular, for the maps f: R — N, the space of k-jets of f at any x € R is called the k-th
order tangent bundle TJIZ’(I)N . Of course, T'N = T'N, the tangent bundle.

Then the locality condition for the Lagrangian density £ can be stated as follows.

Definition 11.6. A a map F': .# — Q4(M) is called local if there exists a number k > 0
such that the map F' can be written as a composition

F = J(E) = QIM)

4More accurately, it is a density on M = M Xx R, and after fixing an orientation on M, it can be identified with
the top degree form.
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where the first map is the natural projection (11.16), and the second map is a smooth
morphism of bundles over M:
F: J, (&) —» QYM).

In a similar way, one defines locality condition for maps
NPTF — QIM)

as maps which are linear along on fibers of APT.% — % and factor through appropriate
k-jet space.

Note that F is not required (and usually is not) to be a morphism of vector bundles:
for example, it can depend exponentially on the value ¢(z).

This definition not only gives rigorous notion of locality, but also removes all analytic
difficulties with defining forms and functions on infinite-dimensional space ., reducing it
to a smooth morphism of finite-dimensional bundles on M.

Note that it is natural to interpret maps APT.# — Q4(M) as (p, q) forms on .F x M.

Thus, we will use the notation
(11.17) OP9(F x M) = {local maps APT.Z — QI(M)}.
We define operators

§: QPUT x M) — QPTHI(F x M)

d: QPUF x M) — QPITH(F x M)
as the exterior derivatives in .# and M respectively, choosing signs so that ¢, d anticommute.
For example, for a functional F € Q(0)(.%Z x M), we have

oF

(dOF)(p,x) = dat A (0, 0F)(p,x) = =0, ((s(p(x)&p(x)> A dzt.

11.5. Euler-Lagrange equations

As in classical mechanics, the principle of least action leads to the Euler-Lagrange equations
for classical fields.

As in all physics textbooks, we consider first the basic case, when M is Euclidean space
R" with coordinates z!, ..., 2" and the volume form d"z = da' A --- A dz™. This also gives

local coordinates z°, !, ..., 2" and the volume form d""'z on M = M x R, where we let
20 =1t.

We consider a trivial rank r vector bundle £ = R™ x V over R", where V is real
or complex r-dimensional vector space, so that .# = C®(R"*! V). Choosing a basis

in V allows to represent fields by smooth vector-valued functions on the spacetime, @ =
(')

We consider the Lagrangian density which only depends on the 1-jet of a field ¢, i.e. on
the value p(x,t) and first derivatives O, p(x,1):
(11.18) Lp) = L (gl )d = L (p(a,1), (i, 1)) A"

for some function .Z on the 1-jet space.
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Thus in this case we see that the basic formulas (11.14) and (11.15) for the Lagrangian
and the action can be now written as follows

(11.19) L(y) = an g(@(xﬂt)valt(p(xvt)) d"x

and

(11.20) S[e] = / “Lvdi= [ 2 o0
to R xT

As before, here we assume that ¢ is such that the integral converges.

Using the multivariable calculus of variations, we obtain the following basic result.

Theorem 11.7. A field ¢ is a critical point of the action (11.20) if and only if
0L 0 0%
11.21 — =0 =1,...,7
( ) 8()@@ 81’“ 8(8M()0a) ) a bl 7T

(As usual, we use summation over repeated indices.)

Proof. Consider a family

@E(SU’ t) = QO(:E, t) + 55@($7 t)v
where the variation d¢ has compact support on R™ x [ and 90|t0 = ¢|;, = 0, so that the
integral in the definition of S[p.| is convergent if S[¢| was convergent. We have, using
summation over repeated Greek and Roman indices,

d d
— Slpe] = . L(p+edp, 0,0+ Eﬁu&o)d"“x
e=0 JR*xI

de
0.7 0L 950
- 92 500 4 92 4"y,
/Rn>d<3<pa LARNETENED axu>

where the differentiation under the integral sign is easily justified. Using the Stokes’ theorem
(integration by parts), we can now rewrite it as

d B 0. 9 0¥ B
de e:oS[%] _/R"XI(aSOG Oz 6(3ugoa)>&p .

e=0

Note that there are no boundary terms because d¢ = (§p',...,d¢") has compact support
on R™ x I and vanishes at t =ty and ¢t = t5.

Now it is immediate that if this integral is zero for any such d¢, then the expression in
parentheses must be zero, which gives us the statement of the theorem. ]

It follows from the chain rule that Euler-Lagrange equations (11.21) are generally non-
linear partial differential equations of the second order. More generally, if the Lagrangian
density £ is a function on the jet space Ji(E), then the corresponding Euler-Lagrange
equations will be a system of partial differential equations of order 2k. We leave it to the
reader to write down these equations explicitly.

Remark 11.8. The definition of action (11.20) and derivation of Euler-Lagrange equations
only make sense if the field ¢ is such that the integral in (11.20) converges. For example,
one could require that ¢ be compactly supported.
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However, restricting our consideration to such fields is not a viable option: in many
cases, solutions of Euler-Lagrange equations are such that the integral in (11.20) does not
converge.

In this case, we take the point of view that uses the Lagrangian density £ (and not the
action S) as the primary object of the theory. Then for any compact region R C M (i.e. a
top-dimensional submanifold with boundary), we can define the action S[p]r by the same
formula as in (11.20), but with integration over R rather than M, even if the full action
S[g] over the whole M is not defined. We say that ¢ is a critical point of the action, if
for any compact region R C M and for any variation §¢ whose support is contained in the

interior of R, we have

d
— S ) =0.
=l [+ edplr
It is easy to see that with this new definition of the critical point, Theorem 11.7 holds:
a field ¢ a critical point if and only if it satisfies the Euler—Lagrange equations (11.21).

11.6. Coordinate-free form of Euler-Lagrange equations

It is not difficult to consider a general case when M is a Riemannian manifold. As before,
the fields are the sections of a vector bundle £ over spacetime M = M X R, and a local
Lagrangian density £: .# — Q"1(M) is assumed to depend on 1-jet of ; it defines the
action functional by (11.15),

Slel = L(p).

MxI

In order to derive the Euler-Lagrange equations, we introduce the variational derivative
oL: TF — Q"HM

which can also be considered as a (1,n + 1) form on .# x M. Following physics tradition,
we write elements of T.% as pairs (¢,dp). Note that §L is linear in dp, but can include
first derivatives of de.

Before stating the general result, let us summarize the derivation of Euler-Lagrange
equations in coordinates, for simplicity just in the case of the scalar field. In this case, the
key step in the proof of Theorem 11.7 is the following formula:

0. 0%
oL = 5o+ 9,0 }d"+193
{&p 7T 8(0,p) M7
0L 0L 0%
_ i 5o+ 0 (5 )}d
{(090 ”amo)) N0,
= (0L) — dy
where
0L 0L
11.22 SL); = -9 Sod iy
(11.22) (L) <3<P “a@m) ®

and ~y is a local (1,n) form on % x M (or equivalently, a map T.% — Q" M). Right now
exact expression for -~y is irrelevant, since in the integral defining the variation of action
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functional, it vanishes:

05 = 0L = (0L);.
MxI MxI
The advantage of this rewriting is that since (6£); is of the form
(11.23) (6L); = F(p,0up)0pd"

it is easy to conclude that 6S(¢) = 0 for all d¢p if and only if F(p,d,¢) is identically zero.
Note that we couldn’t use the same argument with original §£ as it also included terms
depending on derivatives d,,d¢ (these terms went into 7).

We can now formulate the invariant form of Theorem 11.7.

Theorem 11.9.

(1) For any local Lagrangian density L: .F — Q"M M which only depends on 1-jets
of o, there exist a local form v € QL (F x M), called the variational form, and a
local form (6L£); € QL (F x M) such that

(11.24) 0L = (0L); — dn.
(2) Locally in M the form (0L); is given by
(11.25) (6L); = Folep, 0up)dp"d"

for some functions F,.
(3) The critical points of the action functional are given by the Euler—Lagrange equa-
tions:

(11.26) (0L)i(p) =0, or Fu(p,0up)=0.

It is important to note that condition that (6L£); locally has form (11.25) can be restated
in coordinate-free way: it is equivalent to requiring that (§£);, considered as a map T.%# —
QL M, is linear over functions: (6£);(¢, f(z)5p) = f(x)(6L)i(p, 6p) for any f € C®°(M).

Proof. Since it is sufficient to consider only variations d¢ with compact support, by a
partition of unity on M we can reduce finding a 1-form ~ to a local question. Specifically,
in a coordinate chart U use local coordinates z* on U x I and trivialize the bundle £
as (U x I) x V. Introducing local coordinates in the fiber, we can write the field ¢ as
o= (p',..., ") and the Lagrangian density as

L= 2", 8Mg0“)d”“x, where d"tlz = d"z A dt,

and for simplicity we assumed that .# does not depend explicitly on x*#. Then we basically
repeat the same computation as in the proof of Theorem 11.7:

o8 . 0%
L= {&p“ o A(Oup

0L 0% 0L
= — —0,—— | dp* 40 <5 “)}/\d"“a:.
{<aw “5’(%@“)) R TERED

If we now intoduce the local (1,n)-form v at a point (¢,z) € .% x M by

0%
11.2 = 55— ) 6" i
( 7) 7 <8(8u90a)> (5SO /\Z,U«(d .’L’),

3 (%5@“} Adi g
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where 1, is the interior product with 0,,, then since d and ¢ anti-commute, we have

0L 0Z
dy = =6(dp®) A () 1 (dV ) — 6 “/\d()z d"tly
WA Gy ) 10 =08 N iggmy )
0L )
=0, | =60 ) Nd" g,
! (8(au‘:0a) i
so that
0L 0L )
0L = -0 St Ad" o — dy
(890“ " 0(0u ")
0Z 0Z
L) =0L+d :( =’ >5a/\dn+1x
which completes the proof of part (1) and (2). The proof of part (3) is immediate. O

Note that in general case the Euler-Lagrange equations (11.21) are written in terms of
local coordinates on M and a local trivialization of a vector bundle £; we leave it as an
exercise to the reader to verify that in fact the Euler-Lagrange equations are independent
of these choices. We also leave to the reader to write down the Euler-Lagrange equations
for the case when £ depends on k-jets of ¢ for k > 1.

Example 11.2. It is instructive to see what these equations give for classical mechanics,
considered as 0 4+ 1 dimensional classical field theory as in Remark 11.2.

Namely, let M = R be the 1-dimensional spacetime, and the space of fields is % =
C>(R, N), where the manifold N is the configuration space. In this case, fields are the
same as trajectories of a point in N; following the notation of Chapter 1, we will denote a
field by q(t) € Z.

If £ € QY(F x M) is a local Lagrangian density which only depends on 1-jet of q(t),
it must have the form .#(q,t) = L(q(t),q(t),t), where L € C*°(TN x R) is a Lagrangian
function considered in Section 1.3. The corresponding action functional is defined by

t1

(11.28) Slal= [ Z(q,t)dt.

to
By Theorem 11.9, its critical points are given by the Euler-Lagrange equations (11.26),
(0L); =6L+dy =0,
where v € Q10(F x R) is the variational 1-form. In this case, the definition (11.27) of the
variational form ~ becomes
oL
11.29 = —dq=10r,
( ) Y aq q L

is the Liouville 1-form on T'N, so

Therefore, we recover Euler—Lagrange equations in Section 1.3:
oL doL
oq dtoq
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11.7. Relativistic fields

In this section we consider fields on Minkowski spacetime M%. A choice of the frame
fidentifies M* with the vector space R"3 with coordinates z = (20, 2!, 22, #3) and Minkowski

metric
Nudatde” = (dz%)? — (dz')? — (dz?)? — (dz?)?,
where we put ¢ = 1 so that 2% = ¢. Recall that by results of Section 7.1, we have a natural

action of Poincaré group 8 = £ x R* on R*, where £ = O(1,3) is the Lorentz group.

Leaving aside the gauge fields and gravitational field for the later discussion, here we
define relativistic fields, which transform according to (irreducible) representations of the
Lorentz group, introduced in Section 7.2. Namely, let (p, V) be a representation (single-
valued or two-valued) of the Lorentz group £ in the real or complex vector space V, and
let

F={p:R' =5V}

be the set of classical fields, sections of the trivial bundle £ = R* x V.

There is a natural action of the Poincaré group B on the space .%, given by

o(x) — (g-9)(x) = p(N)p(g'z) € Z,

where g = (A, a) € PB. The space .Z# of classical fields with this action of the Poincaré group
is called the space of relativistic classical fields corresponding to the representation (p, V)
of the Lorentz group. Clearly, this action extends to the action of the Poincaré group on
the space Ji (%) of k-jets.

Definition 11.10. A relativistic classical field theory is a theory with the Lagrangian
function .Z on the 1-jet space Ji(€) which is invariant under the action of the Poincaré

group,
Z(Q%@L(Q‘P)):Z(%au )7 gem

Remark 11.11. For the Poincare group action physicists use notation
o(x) = o' (') = p(A)p(z), where 2’ =Ax+a and (A,a) €P.

If p is an ordinary (single-valued) finite-dimensional representation of Lorentz group £,
the fields ¢(x) are called tensor, or pseudo-tensor fields; in case when representation p is
two-valued, the fields are called spinor or pseudo-spinor fields. In case of single-valued
irreducible representations, for the tensor fields the space inversion P and the time reversal
T (see Section 7.2) act trivially on .Z#,

(P-p)(x) = p(z) and (T-¢)(z) = ¢(z),

while for pseudo-tensor fields they act by multiplication by —1.

The difference between scalar and pseudo-scalar fields (or, more generally, between
tensor of pseudo-tensor fields) is important only when one considers interaction with other
fields, and will be ignored in this discussion.
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11.8. Examples of relativistic field theories

Example 11.3 (Real scalar field). The real scalar field ¢(x) corresponds to the trivial
representation of the Lorentz group in the one-dimensional vector space V = R. Thus the
field (z) is a smooth real-valued function on R*. The Lagrangian of the scalar field theory
is

1

(11.30) L(p(@), Qup()) = 5 (Oupl)0p(w) — m?6*(2)) = Vi (9()),

where 0t¢p = 9" 0, and n*” is the inverse matrix to 7,,. From physics point of view,
the term Vip((2)) describes self-interaction of field ¢; it is determined by a single smooth
function Vi, € C*°(R), called the interaction potential. If Vi, = 0, we get the free scalar
field theory. The coefficient m > 0 is called the mass; if m = 0, the theory is called
massless.”

The corresponding Euler-Lagrange equation is

(11.31) (O+m?)p + Vi () =0, where O=0,0" =05 —07 — 03 — 03

is the d’Alembert operator (compare with (9.7)).

In invariant notation,
1 1
L= Sdp Axdp — S (m?e? + 2Viw(p))d'x € QT x MY,

where « is the Hodge star operator of the Minkowski metric (we will discuss it in more
detail in Section 15.2). Since d and § anti-commute, we have

0L = —ddp N *dp — 5¢(m2g0 + i;t(go))d‘lw
= —8¢p (dxdyp + (m*p + Vi (9))d'z) — d(6¢ A xdp)
= —6p(0p +mPp + Vip )d'z — dy

where v = dp A xdp € QY3 (F x M*?) is the variational 1-form.
In the case of free field theory (Vint(¢) = 0), (11.31) becomes the Klein-Gordon equation

(11.32) (O4m?)p =0.

Another commonly studied example is the so-called ¢* theory, in which the interaction
potential is given by Viy () = gp?/4!; in this case, Euler-Lagrange equation becomes

3
(11.33) (D+m2)¢+g% = 0.

It is a nonlinear Klein-Gordon equation with cubic nonlinearity.

Example 11.4 (Complex scalar field). Here V = C, and the complex scalar field ¢(z) is
a smooth complex-valued function on R*. Corresponding Lagrangian function for the free
field has the form

(11.34) Z(p(x), dup(x)) = Oupdrp(z) — m*p(x)p(x).

5The reason for this terminology can only be properly explained using quantum field theory, where m becomes
the rest mass of the particles; we will not attempt to explain it here.
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In addition to the invariance with respect to the Lorentz group action, this Lagrangian
function is also invariant with respect to the so-called gradient transformations — the
circle action, given by

o(z) — eianp(a:), o(z) — e*io‘@(:r), a € R.

The Euler-Lagrange equations for free complex field are
(11.35) (O+mPp=0, (O+m*)p=0.

As we will see later, complex fields commonly appear in the theory of electromagnetism,
where they describe charged particles that carry electric charge, while the real fields describe
neutral particles that carry no charge.

It is trivial to generalize to the case V = C" and to write down the Lagrangian for a
free C"-valued field, which is invariant under the U(n) action.

Example 11.5 (Vector field). The basic example is given by the vector (defining) rep-
resentation of the Lorentz group when V = R?. Denoting the corresponding field by
U= (U,): R* = R*, we have the Lagrangian function

1
(11.36) L(U,0,U) = =5 (0,U,0"U" — m2U,U"),
which gives the vector Klein-Gordon equation
(O+m*U, =0.

Note the difference in signs between Lagrangians (11.30) and (11.36). This is because
OHUi(?“Ui = —0,U;0"U;, and we want spacial components U; to enter (11.36) in the same
way as the scalar field ¢ enters (11.30). This causes the total energy of the field to be
unbounded, since contribution of the component Uy to the Hamiltonian H is negative (see
Exercise 13.1 in Chapter 13). From physics perspective, this creates a number of problems.
To avoid them, one can modify the Lagrangian, writing instead the following Lagrangian,
introduced by Pauli:

1 2
Lp(U,0,U) = FuF" — %U,,U”, where Fl, = 9,U, — 0,U,.

The corresponding Euler-Lagrange equations are

(11.37) O F" +m*U” =0,

and one can show that for m # 0, they are equivalent to the system
0, U" =0

(11.38) 9
H+m U, =0.

In other words, this new Lagrangain gives the same equations of motion as (11.36) but with
additional constraint 9,U" = 0.

Example 11.6 (Spinor field). Here V = S , the Dirac bispinor module described in Sec-
tion 9.4. Corresponding equations of motion is the Dirac equation

(098 — m)y(z) =0,

where v, are Dirac y-matrices (see Section 9.5), and ¢ € V = C* is a Dirac bispinor.
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Dirac equation is a first order partial differential equation, so it can not be derived from
a variational principle involving only a spinor field ¥. In the quantum theory, Dirac spinors
are fermions, so it is natural that in the classical theory components of i (z) have anti-
commuting values. We refer the reader to more advances sources for further information
on this very interesting subject.

However, Dirac equation can be formally obtained from the Lagrangian

(11.39) LW (@), (x)) = i (x)y"utp(z) — m(2)p(),
where
v =9l
the adjoint spinor, is considered to be independent from the field ¢ (here, using physics

notation, ' is a transpose of a complex conjugate ¢» € C*). Then clearly, the Euler-
Lagrange equation

0z .
ﬁ = ’L’y“@#@b — mw =0
gives the Dirac equation, while
0L 0% — —
-0 = —id, YY" —mip =0
00~ o) T

is the adjoint Dirac equation.

Example 11.7 (General sigma model). Let (M, g) and (N, h) be Riemannian (or pseudo-
Riemannian) manifolds and let .# = C°°(M, N) be the space of smooth maps f: M — N.
(When M is non-compact, one considers maps with compact support, or rapidly decaying
at infinity if M = R%.) The metrics g and h define metrics in the corresponding tangent
and cotangent spaces to M and N, so that for df (z) € Ty, N @ T; M its norm ||df (z)]| is
well-defined. The corresponding action functional is

S(6) =3 | ldr@)|Pauia),

where dv(x) is the volume form on M. The physicists prefer to write down the action in
terms of the local coordinates (z',...,2™)on M and (y',...,y") on N. Denoting by g, and
h¥ corresponding metric tensors, for the differential of the map f(x) = (f(z),... f*(x))
we have

ldf (@)% = g*° (@) hi; (f () af*(x) O f (x)

and

1

S() =5 [ o™ @i (7@)0uF @0 (@) et g

Corresponding Euler-Lagrange equations describe harmonic maps.

When the ‘target’” N is a semisimple Lie group G with the pseudo-Riemannian (or
Riemannian if G is compact) metric induced by the Cartan-Killing form, we have the so-
called principal chiral field model.
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11.9. Exercises

Exercise 11.1. Write down the Euler-Lagrange equations if the Lagrangian density . is a function
on the k-jet space Ji(&).

Exercise 11.2. Prove that the Euler-Lagrange equations (11.21) are independent of a choice of
local coordinates on M and of a local trivialization of a vector bundle £.

Exercise 11.3. Show that equations (11.38) in Example 11.5 are equivalent to (11.37). (Hint:
apply 0, to left-hand side of (11.37))

Exercise 11.4. Derive Euler-Lagrange equation for the harmonic maps in Example 11.7.






Chapter 12

Conservation Laws

As we have seen in Chapter 2, symmetries in classical mechanics lead to the integrals of
motion. Similarly, symmetries in classical field theory lead to the conservation laws, to be
described below.

We will continue using the notation of Chapter 11. In particular, we will denote by the
Z the space of fields of the theory (usually, sections of a vector bundle on spacetime M).
The theory is described by a Lagrangian density £ € Q0"+ (# x M). We also remind
that we have introduced the variational form v € Q'"(.# x M) by the condition that the
(I,n 4+ 1) form

(0L); = 0L+ dy
has the form
(6L)1 = F(p, Oup)dpd™a

(and thus, doesn’t include derivatives 6(d,)).

12.1. Symmetries and Noether’s theorem

Let us start with the classical mechanics, considered as (0 + 1) classical field theory as in

Example 11.2. In this case, the space of fields is # = C*>°(R, N), the Lagrangian density is
L

L(q,t) = L(q(t),q(t),t) dt, and the variational form + is the Liouville form v = yéq, SO
q

that

L L
(0L); =L+ dy = <aq - da.) 5q A dt.

Let us now consider the symmetries of this system. Generalizing Definition 2.4 in
Chapter 2, define a symmetry of such a system as a smooth automorphism G: .F — % of
the field space such that

(12.1) L(G(q),t) = L(q,1).

We assume that G is time-preserving: values and derivatives of G(q) at time ¢ only depend
on values and derivatives of g at same time ¢ (and possibly on ¢ itself).
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Similarly, we say that a vector field £ on .Z is an infinitesimal symmetry if

(12.2) Qe = SL(E) = 0.

d
It is easy to see that if G is a one-parameter group of symmetries, then £ = Ts Gy is
s

an infinitesimal symmetry. We have the following obvious result.

Lemma 12.1. If ¢ is an infinitesimal symmetry of (0 + 1) field theory, then
I =1ve€C®(TN xR)

s an integral of motion.

Proof. By the definition of infinitesimal symmetry,
166L = 0:L = 0.
Thus, on solutions of equations of motion 0L + dy = 0 we have 2cdy = 0. Using anti-

commutativity of 2 and d, for I = 1y we have

dl = —1edy=0. U

Let us now consider a special case when the infinitesimal symmetry & comes from a

, 0
vector field X = vz(q)ﬁ on the configuration space N. Then we have
q

so I is precisely the Noether integral of motion described in Theorem 2.5.

In a similar way we can formulate the most general form of Noether’s theorem in classical
mechanics — Proposition 2.9 in Chapter 2. Namely, we define a generalized infinitesimal
symmetry as a vector field £ on % such that

(12.3) 9L = da

with some a € Q%°(F x R), where we use notation QP4(.F x M) for the space of local
forms, see (11.17). Using again equations of motion 6L + dy = 0 and anti-commutativity
of 2¢ and d, we obtain

(12.4) d(1ey — o) = 0,

so that I = 1y — « is an integral of motion.

In particular, consider the case when ¢ is induced by a vector field X = v%(q) 5 on N,
and «a depends only on 1-jet of g and is given by a function K on T'N. Then we have
oL
I = —_— U — K,
dq

so [ is precisely the Noether integral in Proposition 2.9 in Chapter 2.

It is remarkable that these arguments can be naturally generalized to classical field
theories. However, in this case it makes sense to have symmetries that act non-trivially on
the spacetime M.
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As in Chapter 11, consider the classical field theory on a spacetime M of dimension
n + 1, with the space of fields # = I'(M, ) for some vector bundle £ over M and the
Lagrangian density £ € QO"+1)(.Z x M). Suppose that a Lie group G acts on M and on
the vector bundle £, which gives a natural G-action on .%. We say that such action of G on
Z is local, if for all g € G the k-jet of g - ¢ at point gx € M only depends on the k-jet of
¢ at z (compare with the Definition 11.6). This defines a G-action on .# x M, so for each
g € G we have a map g*: QO (F x M) — QO+ (FZ x M), given by the pullback of
differential forms.

Definition 12.2. The group G is a symmetry group of the theory with the Lagrangian
density L, if
g L=L foral ge€a@qG.

Note that the locality of G-action on .# is necessary for the map ¢g* to preserve locality
condition in the definition of QP4(.Z# x M).

In a similar way, one can define the notion of infinitesimal symmetry: given a vector
field X on M and an endomorphism of £, one can define a vector field £ on .% that naturally
extends X (we leave it to the reader to write this explicitly). As before, we then define
vector field f =¢+4+ X on F x M. We say that such a vector field é is an infinitesimal
symmetry if

(12.5) Lé(ﬁ) =0,
where L: QD (Z 5 M) — QO (F x ) is the Lie derivative.
Expllc1tly, since L¢ f = O¢ f for a function f on .#, and Lxw = d(1xw) for a top degree
form w on M, we can rewrite (12.5) as
(12.6) O¢L+d(ux L) = 0.

More generally, we say that such a vector field £ = £ + X on .# x M is a generalized
infinitesimal symmetry, if

(12.7) Lé(ﬁ) = 855 + d(ZX[,) = da
for some a € QU (F x M).

In classical mechanics, symmetries (or infinitesimal symmetries) lead to conservation
laws — integrals of motion. A similar statement is also true in classical field theory, with
the proper definition of a “conservation law”.

Definition 12.3. An n-form J € QU"(F x M) is a conservation law for a classical field
theory with a local Lagrangian density £ € Q" *1(% x M), if dJ = 0 on the solutions of
equations of motion.

Importance of a conservation law is that for M = M x R, the quantity

I(t) = / J,
Mx{t}

assuming that the integral is convergent, is a integral of motion:
dl

)
dt
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on the solutions of equations of motion. Indeed, we have by Stokes’ theorem (again assuming
that the integral is convergent)

0= / dJ = I(tr) — I(to).
MX[to,tl]

We now have the following field theory version of the Noether theorem, Proposition 2.9
in Chapter 2.

Theorem 12.4. Let (é, a) be a generalized infinitesimal symmetry for a field theory with the
local Lagrangian density £ € Q" F1(F x M) and the variational 1-form v € QY (F x M).
Then

J=wuvy+ixL—-ac Qo’n(ﬁ? x M)

18 a conservation law.

Proof. By definition of infinitesimal symmetry, we have 0¢L + d(1x L) = do.. On the other
hand, on solutions of equations of motion, 6£ + dy = 0, so 0:L = 1¢0L = —1¢dy. Using
anti-commutativity of 7¢ and d, we get

dJ = digy +dix L —da = 0L+ dixL —da=0. O

Note that once we fix a volume form on M — a nowhere vanishing (n + 1)-form w —
we can identify n-forms on M with vector fields. Every vector field X defines an n-form
1xw; in local coordinates, this form is given by X “zud”“m, and conversely, representing
a n-form in this way, we get a vector field X. Thus, we can consider J as a vector field
J = J"0,, where JH are defined by

(12.8) J(p) = JFa,d" .

In this language, equation dJ = 0 is the statement that the corresponding vector field
is divergence-free:

(12.9) V.J=0,J"=0.

In physics, the conservation law J in Noether’s theorem is called the Noether current,
and the integral of J over M x {t} — the Noether charge. A field theory version of Noether’s
theorem is the statement that Noether charge is constant on equations of motion.

Example 12.1. Consider a theory in which the fields are functions with values in a finite-
dimensional real or complex vector space V:

F =C®(M,V)
and the Lagrangian density has the form £ = £ (¢, d,¢)d" 1 z. Choosing a basis of V we

represent the fields by ¢ = (p!,..., ").

Given an action of a Lie group G in V, let p: g — End(V') be the corresponding action
of the Lie algebra g of G. For u € g, denote by p(u)j the matrix of p(u) in the basis of V'

(p(u)p)® = p(u)ge®.
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Then the vector field &, on .%, which corresponds to the endomorphism p(u) of a trivial
vector bundle M x V' — M, at a point ¢ € .Z is given by

)
_ a dn+1 .
e
This simply means that &, at ¢ € .Z is the tangent vector (p(u);¢?, ..., p(u)i?) € T, 7 =
F.
Assume that the Lagrangian £ is invariant under the action of G. In this case, ap-

plying theorem Theorem 12.4 with X and a equal to zero, we see that the corresponding
conservation law has the form

Ju = Z§u7a
and using formula (11.27) for the variational 1-form -, we obtain at (¢, z) € .F x M,
0L (p, 0p)(x) 1
12.10 Ju = (p(u)p(z))* ——=2—0y (d™H ).
(12.10) (o)pla) S B0

Equivalently, in this case the vector field J defined by (12.8) is given by
0 0L (p, 0p)(x)

(™)

As we will see below, in case of the charged scalar field, where V' = C, the conservation
law (12.10) gives conservation of charge.

(12.11) J =J*0,, J" = (p(u)p(z))

12.2. Stress-energy tensor

Consider now another special case of symmetries of field theories. As before, the field space
is & = C*®(M,V), where V is a real or complex vector space and the Lagrangian density
has the form £ = (¢, d,p)d" .

Let G be a Lie group acting on M. We extend this action to .# by letting it act trivially
on V, so

(12.12) (9-9)(x) = plg~"2)

(later we will also allow non-trivial action on V' by incorporating results of Example 12.1).
This also gives, for every u € g, a vector field X,, on M and a vector field &, on %,

which extends it. Introducing local coordinates, we will write

Xy = X0,

= = [ Xt@0 ) s

Now suppose that local Lagrangian density £ is invariant under the action of G on .% x M.

Applying Theorem 12.4 with « equal to zero, we see that the corresponding conservation
law has the form

(12.14) Ju = 16,7 +1x, L.
Using formula (11.27), we obtain at a point (¢, x) € F x M,

(12.13)

0Z
12.1 w= | —-XV0,p* ———— + XH ).
(12.15) J, < WO SO0 + u.i”) 1, (d" )
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This motivates the following definition.

Definition 12.5. The stress-energy tensor (or energy-momentum tensor) 7} is defined by

0L
12.16 TH = 8,002 iy,
(12.16) ? 300"

Note that this tensor only depends on the Lagrangian and is independent of any group
actions.

Using T}, we can rewrite the conservation law (12.15) as
(12.17) Ju = = XUTHy,(d" ).
or, equivalently, that the corresponding vector field is
Ju = JI0,, JI=-XITk.
Results of this section can be easily generalized to the case when G acts both on M

and on V (see Exercise 12.3), or, more generally, when we are given an action of G on M
and a G-equivariant vector bundle on M.

Remark 12.6. Stress—energy tensor can also be defined in another way, in terms of variation
of spacetime metric. We will discuss it later when talking about general relativity, see
Lemma 22.4.

12.3. Examples

Here we continue to consider the situation where fields are sections of a vector bun-
dle on spacetime M of dimension n + 1 and the Lagrangian density has the form £ =
ZL(,0up)d" ™ z. Other examples — gauge theories and the theory of gravity — will be
considered later.

Example 12.2. (Real scalar field) Here M = R" xR and the fields are real-valued functions
on M. The most general local Lagrangian density is

L=ZL(p,0up)d" .

The abelian group G = R™*! acts on M by translations and on .# x M by the formula
(12.12). If . does not explicitly depend on x € M, the Lagrangian density L is obviously
G-invariant, and according to (12.17), corresponding conservation law is

(12.18) Jy = —u"Tl,(d" ), we R
Specifying u to be standard basis vectors in R™*!, we obtain n + 1 conserved currents
Jy = =T, (d" ).

The conservation laws

imply that

(12.19) TH = O, p—
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is divergence free on the solutions of equations of motion,
(12.20) o0, T = 0.

Thus we see that the stress-energy tensor is the conserved Noether current associated with
the spacetime translations.

Remark 12.7. In physics textbooks, (12.20) is also proved as follows. Since .Z does not
depend explicitly on z#, we have by the chain rule

0.7 0.
8,2 = 2L 0,0+ 29,8
90 C T 0(0,0) MY
0. 0.7 0.
- —9 O+ 0 <ay )
<3<P g 8(%@)) PN\ ()

Thus on the solutions of the Euler-Lagrange equations
0L
0L -0, =——0 =0,
Y g (8(8Mg0) Y )
which is (12.20).

It is very instructive to verify directly the infinitesimal symmetry conditon

Lé(ﬁ) = 7,55,6 + d(ZX,C) = 0,

where X and ¢ are given by (12.13). We have
d(x L) = (u9,L)d"
while using the formulas

1(0p(x)) = —u"Oup(x),
16(000(z)) = —u”0,0,0(x)
and

0L 0L
L=—0p+ —-0,0 )d”“x,
<(9s0 7 0) M

we obtain

0% 0%
— M o= n+1
ngﬁ U <890 8#90(:16) + 8(8V(,O) 8#&/90) d"" .

Thus Lé(ﬁ) = 0 by the same chain rule, used in the ‘physics computation’ above!
It follows from (12.20) and Stokes’ theorem that the corresponding charges

(12.21) Q, = / Tod"x
are conserved on the solutions of the Euler-Lagrange equations,
80@1/:0, VZO,l,...,TL.

Of course, here we are tacitly assuming that for all ¢ the solution ¢ decays sufficiently fast
as © — 00, so integrals in (12.21) converge. This is so in the next example, where the
Euler-Lagrange equations are hyperbolic and the decay conditions are uniform in time.
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Example 12.3. (Complex scalar field) As in Example 11.4, consider Lagrangian .2 (¢, 0,¢)
for the complex-valued field ¢: M — C, invariant under the U(1)-action, the phase ro-
tations: p(z) — e@p(z), p(z) — e @(z), where a € R. According to (12.10), the
corresponding conservation law is
0L 0%
J=i(p ) _)z d" ).
( 9(Oup) 9(0u9) 2 )

In particular, for the Lagrangian (11.34) we obtain
J = Jty,(d" ), where J* =i(pd e — @o"p).

(12.22)

Conservation law

OuJ" =0
leads to the conservation of charge: if M = M x R, then on the solutions of the equations
of motion, the total charge

Q= / JOd"r = z/ (90°p — ¢d°p)d"x
M M

is conserved,
dQ
o 0.

Example 12.4. (Relativistic scalar field) Specializing the discussion in Section 11.7, here
we take M = R be the Minkowski spacetime and consider the relativistic scalar field
@: RM — R, where R is taken with the trivial action of the Lorentz group £. Corresponding
Lagrangian Z(p,0u) is relativistic invariant — invariant under the action of Poincaré
group P in the sense of Definition 11.10,

L(plg™'w),0u0(g 'x)) = L(p(x),0u0(x)), g€P.

In Example 12.2 it was shown that invariance under the spacetime translations leads to
the conservation of the stress-energy tensor, equations (12.20). Putting TH = n T)’f , wWe
get

0L
(12.23) TH = 0" -t
9(Oup)
We introduce the energy-momentum vector (p°, p) by letting
07
0 00 0
7 9(00)
and
; 0L
01 703 703 0i 0
p=T"",TT7), T"=0 .
( ) 7 0(0ip)
The conservation law (12.20) reads
0, T" =0
Putting in it v = 0, we get
o 0
(12.24) D v.p=o,

ot
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which leads to the conservation of the energy of the field,
E
dE =0, where FE :/ P’ .
dt R3

Correspondingly, the conservation laws (12.20) with v # 0 lead to the conservation of the
total momentum of the field,

P

e 0, where P = IRig)pd?)az.
In particular, if .Z is as in Example 11.3, we have
1 . .
(12.25) 7% = 3 ((009)* + (V)? + m?0® + Vi ()  and T = 0%0d'e.

Now consider invariance under the Lorentz transformations. Namely, let ©v = M®? ¢
50(1,3) be the generator of the Lorentz Lie algebra, defined by formula (7.26) in Section
7.3. We have

Xl = (M )a = e —nha,

so for the conserved current (12.17), which for u = M*? we denoted by J*# = JoPHy, (d" 1),
we obtain
(12.26) JeBr = kB _ gBma
which should satisfy the conservation laws

0, JPH = 0.
Combining this with the conservation law 9,T"" = 0, we get 0 = 0,,J abp — paB _ The Iy
other words, relativistic invariance implies that the stress-energy tensor 7" is symmetric:
(12.27) TH = TV,

The conservation laws 0,,J aB = () lead to the conservation of the components of relativistic
total angular momentum

(12.28) LW = / (T%z” — T 2" de, u,v=0,1,2,3.
R3
Namely, on the solutions of the equations of motion
dLm
dt

The integrals of motion L% correspond to the space rotations, while L% correspond to
the Lorentz boosts and depend explicitly on ¢. From (12.28) we have

70 — / (T — OT%) 3 = / 2ip) —tP,
R3 R3

so by (12.24) and integration by parts

dLOi 0 0 0 7
:/ aﬂpd%—P,-:—/ L By P =0.
dt R3 8t R3

It is trivial to generalize these results to the general Minkowski spacetime M = RL™
with the Minkowski metric n** = diag(1, —1,...,—1).
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Example 12.5 (Spinor field). As in Example 11.6, consider Lagrangian
L(h(x), () = ip(2)7* b (x) — myp(a)y(x).

Its stress-energy tensor is obtained as in (12.23) and is given by
0L
A(0,)
In particular, the energy-momentum vector (p°, p) = (T, 701, 702 T93) of the spinor field

is

T = 9"y L = W — L.

P’ = =i O + mipp,  p = iy,
Conservation law 9, T*” = 0 gives the conservation of energy of the spinor field.

As in case of the complex scalar field (see Example 12.3), we see that the Lagrangian
of the spinor is invariant under the U(1)-action ¥(x) + e¥)(z), 1(z) — e ¥)(z). The
corresponding conservation law is'

_ 0% _
OuJ" =0, where JV= —izﬁ—a = pyHa.
”w
Corresponding conserved quantity
Q= | J'dz= / Oy dw
R3 R3
plays the role of electric charge.

12.4. Exercises

Exercise 12.1. Extend results in Section 12.1 to the Lagrangians densities that depend on a k-jet
of the field ¢.

Exercise 12.2. Prove conservation laws in Example 12.4 by direct computation.

Exercise 12.3. Extend the results of Section 12.2, deriving conservation laws for the case when
the group G acts both on spacetime M and on space V.

Here in comparison with (12.22) we put a negative sign in the formula for J* in order to get a conserved current
pyH1p. From the quantum theory point of view, it is more natural to use anti-commuting variables when no negative
sign is needed.



Chapter 13

Hamiltonian

Formulation of
Classical Field Theory

In this chapter, we present Hamiltonian formulation of classical field theory, similar to the
Hamiltonian formalism in classical mechanics, presented in Chapter 4. For simplicity, we
only consider the case of a free real scalar field in Minkowski space-time R, and use a
system of units in which ¢ = 1, so 2" = ¢t. Hamiltonian formalism for gauge theories will be
considered later.

13.1. The phase space and algebra of classical observables
We define the configuration space of a scalar field theory as the Schwartz space

M = 7R3 R)

of real-valued functions on R3, rapidly decaying as |z| — oo with all derivatives. It is a
Fréchet vector space with the topology defined by the system of the semi-norms

/1

ap = sup |z*D7 f(z)|.
xeR3

Since . is a vector space, it is natural to identify the tangent space T,.# to . at every
point ¢ € .4 with ., so the tangent bundle T.Z is isomorphic to .# x .# .

In classical mechanics, the phase space is the total space of the cotangent bundle to
the configuration space. However, in our infinite-dimensional case a topological dual vector
space to . is the space of tempered distributions and is ‘too large’, so one needs to choose an
appropriate subspace. For our purposes it will be sufficient to mimic the finite-dimensional
case and consider the space of Schwartz class functions as the subspace in the space of
tempered distributions. In other words, we define the phase space 2 is to be

X =S R3R) x L (R3 R),

131
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so points in 2" are represented by a pair (7(x), p(x)) of Schwartz class functions.

The advantage of using the phase space 2 is that we can easily define an algebra &7
of classical observables on it (cf. Section 4.6).

For this purpose, we will extensively use calculus of variations, developed in Section 11.3.
Namely, let F': 2" — R be a smooth functional in the sense of Definition 11.3. Since Z~
is a linear space, we have T, ,) 2" ~ 2" and use notation { = (u,v) for a tangent vector
§ € Tir,p)Z . Specializing formula (11.6) for multiple directional derivatives to our case, we
have

S E (m, o)
O i PYm) = [ oo [ S ST
Re  Jrs Om(@1) - 0T (@ )00 (Y1) - - 00 (Yn)

xu(xy) -+ u(Tm)v(yr) - - v(ym)d?’wl e -d3xmd3y1 s d?’ynv

which introduces multiple variational derivatives of F' as symmetric in variables x1, ... %,

!

and y1, ..., yn distributions in .7 (R3("+") R)',
Definition 13.1. A smooth functional F' is called admissible if for all m,n > 0 and all
(m,p) € 2, variational derivatives
SME(m, )
om(@1) -+ 6 (Tm ) (Y1) - - - 0p(Yn)
belong to the Schwartz space . (R3(m+7) R).

Example 13.1. Let K(x1,..., ;) be a symmetric Schwartz class function on R3*. Then
the functional

F(m, ) :/ | K(xy, .. xp)e(e) o) dPey . Py,
R3 R3
is admissible.

However, the functional
1
F(rg) = [ olafd's

is not admissible:
5°F

Solan)oplay) T2

is not of Schwartz class.

Clearly the product of admissible functionals is an admissible functional.

Remark 13.2. For a smooth functional F': 2" — R its differential dF" at a point (7, ¢) € 2
is a continuous linear map dF: 2" — R, so that dF € . (R3 x R?)". For an admissible
functional F, its differential at (m, ¢) is represented by a Schwartz class function, so

_ SF(m, p) OF(m, p)
dF (u,v) = /RS <57r(:13)u($) + Wv(m)) Bz
for all (u,v) € 2, and
SF(m,¢) SF(m, p)

ReIUER ) 3 3 or\m, p) 3. o3
5 (x) e (R’ x R?), 5o() e (R’ x R?).
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Definition 13.3. The algebra @7 of classical observables on 2 is the algebra of all admis-
sible functionals on 2.

13.2. Symplectic form and Poisson bracket

We formally define the symplectic form on the phase space £ by

(13.1) Q- /R (or(z) A Sip()) da,

so that m(x), p(x) play the role of infinite-dimensional Darboux coordinates. This means
that the symplectic form €2 is a continuous skew-symmetric bilinear form on 7, .,y 2" = 2,
defined by

(13.2) 0(6,6) = [ (@) - w@)(@) da.

where &1 = (u1,v1), & = (u2,v2) € Z". The symplectic form (2 is (weakly) non-degenerate:
Q(&1,&) =0 for all & € 2 implies & = 0.

As in case of finite-dimensional symplectic manifolds (see formula (4.11) in Section 4.4),
for each F' € &/ we define a Hamiltonian vector field Xr on 2 by

dF = —lXFQ,
Slo)
(13.3) dF(€) = Q¢ Xp) forall &= (u,v)e 2.

Similarly to the finite-dimensional case (see formula (4.12) in Section 4.4), from (13.3) we
obtain that at a point (7, p) € 2,

_ [ 6F(m, ) 6F(m )
XF‘( Sol@) " on(w) )E%'

As in Section 4.6, the Poisson bracket on algebra of observables is defined by the same
formula (4.16):

{F,G} =Q(Xp,Xqg), where F.Ge .
Thus

0F  6G 0F  6G
13.4 F = _ 3
. (010 = | (e ~ B imter) £
where variational derivatives are evaluated at (7, ¢) € 2.

The following result succinctly summarizes symplectic and Poisson geometry of the
infinite-dimensional phase space 2 .

Lemma 13.4. The symplectic form Q endows the algebra of observables o/ with the Poisson
algebra structure given by the Poisson bracket (13.4).

Proof. It follows from the definition of admissible functionals that {F,G} € & for F,G €
o/ . It is also clear that the bracket given by (13.4) satisfies the Leibniz rule. As in case of
the canonical Poisson bracket on R?" (see Section 4.6), the Jacobi identity for the bracket
(13.4) is proved by a direct computation. O
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The Darboux coordinates (), ¢(x), considered as evaluation functionals of (7, ) at
x € R3, do not belong to «7. Nevertheless, we have in the distributional sense,

Sr(@) o) Gple) | elw)
srw) TV Gay) M ) T by Y
and it follows from (13.4) that
(Forla)} = =52 and {Po(e)} = 50

Remark 13.5. In physics textbooks, Poisson structure (13.4) on « is defined by the
following Poisson brackets

(13.5) {r(x),7(y)} = {o(x),p(y)} =0 and {m(z),p(y)} =d(z —y),

understood in the distributional sense.

13.3. Legendre transform and Hamilton’s equations

We can now introduce the Hamiltonian formalism for classical field theory, similar to the
presentation in Section 4.1 for classical mechanics. Namely, we consider a Hamiltonian
function H on 2" which has the form

H(m )= | H(n(@)p@)d'
for some Hamiltonian density (7 (x), p(x)); as before, we assume that % only depends on

1-jets of m(x), ¢(x) at . Then the time evolution in 2" is defined by canonical Hamilton’s
equations

(13.6) 9 ww) = {H,m(x)) = _521(1)’
(18.7) 5i9(@) = (H.o(@)) = 5

It is easy to see that these equations imply that for any observable F' on 2, we have

OoF = {H,F}, where 2°=t.

As in classical mechanics, a Lagrangian system can be rewritten using the Hamiltonian
formalism. We do it for a scalar field described in Example 11.3; recall that for this theory,
the Lagrangian density is given by

with the Euler-Lagrange equation

(13.8) (B +m?)p + Vi () = 0.

(Oup(2)0" () — m*p*(x)) — Vins (p())

N

In this case, the Legendre transformation is given by

0ZL
m(x) = W = dop(x).
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By analogy with finite-dimensional case (see (4.2)), we define the Hamiltonian functional
density 7 (m, ) by

H(n(z), p(x)) = m(x) - dop(x) — L (p(x), 0up(2))] gy pr

_ % (72(z) + (Vep(x))? + m?@%(x)) + Vi (0(2))

so that the Hamiltonian is given by
1
139) 1= [ A@Pe= [ (5@ (Vo) +mPP@) + Vinlola) ) .

In this case, Hamilton’s canonical equations (13.6)—-(13.7) coincide with Euler-Lagrange
equations (13.8). Indeed, using the calculus of variations, we obtain

0H

dop(x) = m(m@) = 7(x)
%M@Z—Jz&mszﬂﬂ—m%@%Wh@@m

where as usual A = 327 92, so that (13.6)-(13.7) yield

=11
B (x) = Ap(x) — m*p(x) — Vi (e(2)),
where x = (¢, x), which is equivalent to (13.8).

Note that though Hamiltonian H is a smooth functional, it is not admissible in the strict
sense of the Definition 13.1 (see Example 13.1). However, its first variational derivatives
dH/ém(x) and dH/dp(x) belong to the Schwartz class, so canonical Hamilton’s equations
(13.6)—(13.7) make perfect sense. Same applies to the smooth functionals which are integrals
over R? of local densities, polynomials of () and 7(x) and their partial derivatives at x.

13.4. Representation of the Poincaré group

In this section we describe the relativistic invariance in the Hamiltonian formalism (again,
only for the free scalar field).

Recall that in the Lagrangian formulation relativistic invariance, introduced in the Def-
inition 11.10, means that the Lagrangian of the theory is invariant under the action of the
Poincaré group I on the space of classical fields .7, defined by (g - ¢)(z) = p(g~1x). This
implies that the set of solutions of Euler—Lagrange equations is also preserved by the action
of B.

Defining the action of the Poincaré group on the phase space in the Hamiltonian for-
malism is much less obvious. Indeed, definition of the phase space starts with choosing a
time slice t = tg; such a time slice is obviously not preserved by the action of the Poincaré
group, so it is not even clear if one can define an action of 3 on 2.

In this section, we show that for the free scalar field one can indeed define an action of
P on the phase space, and this action preserves the symplectic form (13.1). Our approach
will be similar to the one used in the case of a free relativistic particle in Section 8.5. We
will work at a formal level, leaving functional analysis details for the interested reader.
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Namely, consider the set X of solutions of Euler—Lagrange equations for the free scalar
field. Since the Lagrangian of this theory is invaraint under the action of the Poincaré
group, we have an obvious action of ¥ on X defined by

(13.10) o)~ (g-9)(x)=p(g'z), zeRY gePp.

On the other hand, once we fixed the time slice t = #y, each solution is uniquely
determined by the initial conditions ¢(x) = p(to, ) and 7(x) = drp(t, T)|,_,- Conversely,
for every ¢(x), w(x) there is a unique solution p(x) of equations of motion with these initial
conditions. Thus, we have an embedding

X =X

of the phase space into the space of solutions. Therefore, we use the action of ¢ on X to
define the action of 3 on Z":

(13.11) g-(m,0)(x) = (gt(g o)t x)

t=to

(g @)(to,w)> :

We assume that the action of %3 preserves the phase space Z; in other words, if a solution
©(x) of equations of motion is such that ¢(tg, ) and (Opp(t, x))|i=t, are of Schwartz class,
then the same is true for p(g~'z). This is not automatic; for the free field it follows from
Lemma 13.9 which we will prove in the next section.

As usual, action of P on 2 gives rise to its action on the algebra of observables <7

(9 F)(m,¢) = F(g~'(m,9)).
For example, if g € O(3) x R3 is an affine transformation of R3, then
(9-F)(m,0) = Fg~'(m, ¢)) = F(n(gz), p(9))
In particular, if we take F' to be the evaluation functional: F(p) = ¢(xg), which we had
previously (somewhat confusingly) denoted simply by (@), then we get
ge(xo) = ¢(gz0)-
Once again, p(xo) here is an observable, a function on 2 .

As in Section 5.1, the Lie algebra p of the Poincare group acts on 2 by vector fields.
Namely, to each a € p one associates a vector field £, on 2~ by

d sa
§a\(m0) == . (e (m,0) € Ty X forall (m,p)c 2.
Correspondingly, the Lie algebra p acts on the algebra of observables: for F' € &/, we have
d —Ssa
—CalF)(m ) = o) F(e™ - (m,9)),
S 1s=0

and the mapping g — Vect(Z") given by a — —&, is a morphism of Lie algebras (cf. Section
5.1).

As in the case of a free relativistic particle, we claim that this action is Hamiltonian:
for every a € p, we have a Hamiltonian functional H, on 2" such that

_ga(F) = {HaaF}
and {Hy, Hy} = H{qp) (cf. with (5.2)).
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The construction of these Hamiltonians is given in the theorem below (compare with
Theorem 8.5 in Section 8.5). As expected, these Hamiltonians are exactly the conserved
quantities corresponding to the one-parameter subgroups in 3, except for Hamiltonians of
the Lorentz boosts (since they do preserve that Hamiltonian H of the field, cf. Section 8.5).
We have already discussed these conserved quantities in the Lagrangian formalism in Sec-
tion 12.3; here we present them in the Hamiltonian picture.

Theorem 13.6. The Hamiltonian functions corresponding to spacetime translations, space
rotations and Lorentz boosts are

Py=H = H(x)d>x
R3

Z-:/ 7(x)0;p(x)d>x
Rg

(13.12)
Ji= g [ an@ouele)de
R3
Ki= | a'h(@)dz+1toP;, i=1,2,3
R3
where

1
H (@) = 5 (7(x) + (Vo) (@) + m*p*(x))
1s the Hamiltonian density of a free relativistic real scalar field.

The Poisson brackets of these functionals are the same as in Theorem 8.5:

(13.13) {pz‘,f)j} ={B, B} ={Ji,P} =0, {J, Ji} = Gijkjk;
(1314) {IA{Z,KJ} = _Ez’jkjka {jl,f{]} = fijkf{ka
(13.15) (Ki,Po} = P, {Ki, P} =6;;P, {Ji,P;} = eijub.

Proof. First we show that indeed &,(F) = {F, H,} for the generators Py, P;, J; and K; of
the the Poincaré algebra, defined in Section 7.3.

For the generators P; of space translations it is easy to see, using formulas (13.10)—
(13.11), that vector fields {p, at a point (7, ) in 2" are the vectors (—0;m, —0;p) € Z,

SO
oF oF
(F = — ——0, ——0; dz.
n (P ) = [ (5os0m(e) + 5 dpla) ) e
Now a very simple computation using (13.4) shows that the right hand side of this formula
is indeed the Poisson bracket {F, F;}. Similarly, for the vector fields &, corresponding to

generators J; of the space rotations we have

0F OF
1 (F)mp) = e [ (e Oun(@) + 5o hela) ) da.
and the right hand side is again the Poisson bracket {F,.J;}.
For the generator Py of the time translation, using (13.6)—(13.7), we get
0H 0H )

tn, = (=0m(@),~0p(@) = (55 )
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so that

- SF OH _ GF SH \
§P0<F)‘Aa<6w<w>aw<w> w(a:)&r(w))d {5 H.

Finally we consider the Lorentz boosts. From formulas (7.6) and (13.10)—(13.11) we
obtain

ng‘ (F) =
oF

— O T (x) + 2 x) — mlo(x 27 diole) - in(x) | B
[, (o 00o(2) + 00in () + 0 (Aple) = mp(a)) + 5 (tadipla) + a'n(a) ) .

and we again see that the right hand side is equal to {F, IA(}}

The computation of Poisson brackets (13.13)—(13.15) between these Hamiltonians is left
as an exercise for the reader. 0

It is quite remarkable that these Hamiltonian functionals are exactly the conserved
quantities, obtained in Example 12.4 by using Noether theorem in the Lagrangian formalism.
Namely, in case of a free field (Vi () = 0) we obtain from (12.25) that components 7% of
the stress-energy tensor at x = (tg, ) for fixed ¢y are

T%x) = s (x) and T%(x) = —n(x)dip(x), where ()= dop(to,x).

(Remember that 9%y = —d;¢). Thus the Hamiltonian functionals Py and P are the Hamil-
tonian H and total momentum —P of the field. Similarly, we have from (12.28)
LY = €,

so Hamiltonian functionals J correspond to the conserved total angular momentum. Finally,
for the integrals of motion L% corresponding to the Lorentz boosts we have that at fixed
t = to,

L%(ty) = K;.

Note that while L% are integrals of motion, the Hamiltonian functionals K; are not (cf.
Remark 8.6). Namely, according to (13.15) they satisfy the Hamilton’s equations

dK; X R R R
p L(t)={H,K;} =-PF, Kt = K,
t t=to

which can be easily solved

Ri(t) = /R aih(t,2)d + to .

Here h(t,x) is the Hamiltonian density, evaluated on the solution (7 (t, x), ¢(t,x)) of canon-
ical Hamilton equations (13.6)—(13.7). Indeed, using (12.24) and integration by parts, we

obtain A
dK; , .
(t) = / 'V - (nV)d*x = —P;.
dt R3

On the other hand, the integrals of motion L% have the form

LOi:/ 2 h(t, x)dz + P,
R?’

and coincide with K;(t) only at t = .



13.5. Free scalar field as a completely integrable Hamiltonian system 139

Remark 13.7. One can also define the Hamiltonian action of the Poincaré group on the
phase space of a real field with the interaction potential Vini () in Example 11.3, if the
following conditions are met.

I. The Cauchy problem for the Euler-Lagrange equation
(O +m?)p + Viy(e) =0,
@)=ty = ¢(®),  Qp(x)]i=y, = 7(®)
for p(x), n(x) € . for all t has a unique solution ¢(z) such that for each ¢ one
has ¢(t,x), dop(t, x) € 7.

II. If (x) is a solution with the Schwarz class initial data at t = ¢¢, than for each
g € P the solution ¢(g~'z) also has a Schwarz class initial data.

We leave it to the interested reader to provide all necessary details.

13.5. Free scalar field as a completely integrable Hamiltonian system

In this section, we show that the free scalar field can be treated as a (continuous) collection
of non-interacting harmonic oscillators. We start with the Euler-Lagrange equation for a
free real scalar field, which is the Klein-Gordon equation
(13.16) (04 m?)p(x) =0,
with m > 0.

To solve it, we use the Fourier transform,

o) = 75

/R4 e*To(x)d*x, where k-x=k'z, = k%" — ke,

so that (13.16) is equivalent to the following equation on ¢:
(13.17) (B> = m*)p(k) = 0.

Its general solution is a distribution supported on the “mass shell” — two-sheeted hyperboloid
O, defined by equation k% = (k°)? — k? = m?, or equivalently,

(13.18) O = twk, wk = VEkZ+m2>0.

The ‘positive-energy part’ kg > 0 of O,, is denoted by O} .
Obviously, the general solution of (13.17) is given by

p(k) = p1(k)3(K” — wie) + pa(k)O(K° + wr),

and reality condition ¢(k) = @(—k) gives pa(k) = pi(—k). For future convenience', we

rewrite the previous formula in the following form
V2T —
13.19 Akzi(kéko— k)5 (k° )
(13.19) p(k) md()( w) +a(—k)o(k” + wi)
where a(k) is an arbitrary complex-valued distribution on R3. Substituting this ¢(k) into
the inverse Fourier transform

o) = o [ R

ITo have simple Poisson brackets in Theorem 13.10.
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and changing in the second integral k by —k we obtain

1 —ik-x — ik-x dgk _
(13.20) go(x):(Qﬂ_)g/Rs (a(k)e = + a(kye® )ﬁ where k= (wi k).

Formula (13.20) gives a general solution of the Klein—-Gordon equation; it depends on an
arbitary complex-valued distribution a(k).

Remark 13.8. The Minkowski metric induces a pseudo-Riemannian metric of signature

(—,—,—) on the hyperboloid O,,. A simple computation shows that the Lorentz invariant
3

volume form of this metric is proportional to o In physics textbooks this volume form
WE

is introduced by

S(k3 —wi) = zik (8(ko — wi) + (ko + wg)) ,

which follows from the elementary change of variables formula in the theory of distributions.

As discussed in the previous section, this also allows us to give a description of the phase
space 2. Namely, for (7(x), o(x)) € 2 = .7 (R3 R) x.7(R3 R) consider the solution ¢(z)
of the Klein—Gordon equation with the initial conditions

0(0,2) = p(x) and (0, x) = 7(x).

From

z) = 1 a eikm a e—ik::c dgik:L a al(— eik:cd:sik
o) = Gogf o (1 a0 ) T = o5 [ 0 walkp e

T) = — wi (a(k)e™®® — a(k)e~ 7d3k
i) = g [ (e —ate ) S
S wg (a(k) —a(— eikmidgk
‘m)z/ﬂ@ i (alk) — (k) e+ =

it is easy to express a(k) in terms of Fourier transforms ¢(k), 7(k) (see Exercise 13.5):

20) ol = (vEret) + T ). otk = o (vERet-k) - T )

where a(k) € .7 (R3,C), the Schwartz space of complez-valued functions on R3. Using this
representation, we can prove the following result.

Lemma 13.9. Let ¢(x) be a solution of the Klein-Gordon equation with the Schwarz class
initial data at t = 0. Then for each g € B solution ¢(gx) also has Schwarz class initial
data.

Proof. It follows from (13.20) that the statement is trivial for the subgroup R* of spacetime
translations. To prove it for the Lorentz group £, we rewrite (13.20) as

_ 1 i efik:-:p dgi
o) = oy [ (e .

<Y

(k)eik-m>
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where k = (wg, k) € O,, and a(k) = \2wia(k) € . (R3,C). Using invariance of the volume
form on O,, under £, it is sufficient to verify the statement for the restricted Lorentz group
81 (see Section 7.2). We have for g € 21,

1 : : d*k
— alk —ik-gr | = k tk-gx ) © ™
olon) = o [ (a0 a0
1 .1 - —1 d?)k
— a(k)e %9 k-x alk)e'd kx) ® ™
gt o (007
1 N )
— ala -k —ik-x ala -k ik-x by
7 Lo (30 e w R )

where ¢ - k stands for the action of g € 21 on R3 induced by the isomorphism O, ~ R3.
Clearly a(g - k) is a complex-valued Schwarz function, so the statement follows. O

The formulas (13.21) give an isomorphism of the phase space 2 and the Schwartz
space . (R3,C), which is a complex manifold with complex coordinates a(k). It is very
beneficial to use a complex geometry language in field theory (especially for the purposes of
quantization), and to treat a(k) and their complex conjugates a(k) as coordinates on 2.
We have the following simple result.

Theorem 13.10. Under the identification 2~ ~ .7 (R3,C), we have the following formulas
for the Poisson bracket for the complex coordinates
(13.22) {a(k),a(l)} ={a(k),a()} =0 and {a(k),a(l)} =id(k—1).
The Hamiltonian is given by
(13.23) H= | wpa(k)a(k)dk.
R3
Proof. Formulas for the Poisson bracket immediately follow from the formulas for Poisson
brackets of ¢, 7 given in Exercise 13.5:

{n(k), 7(D)} = {¢(k),p(1)} =0 and {#(k),p(1)} = d(k +1).

For the Hamiltonian, we use Plancherel’s theorem, which implies

=35 [ @@+ (Vor) + m(@) d'e
1

=5 [, (0P + i)

= / wi a(k)a(k)d® k. O
RS

An important corollary of these computations is that when rewritten in terms of Fourier
modes, Hamilton’s equations (13.6)—(13.7) decouple:

a(k) = (H,a(k)} = —iwa(k)
i(k) = {H.a(k)} =  iwgalk),
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so we can easily solve them:
a(t, k) = e “rla(k), a(t, k) = e“*ta(k).

One can also introduce real coordinates in the Fourier transformed phase space:

N _ i _
Pk) = a(k)+a(k)), k)= a(k) —a(k)).
(k) ﬂ(() (k)) Q()m(() (k)
We leave it to the reader to check that in these coordinates, the Poisson brackets are given
by

{P(k), P()} ={Q(K),Q()} =0,  {P(k),Q)} = 5(k —1)

so that the symplectic form € is given by

Q= / (6P(k) A 6Q(k)) d*k
RB

and the Hamiltonian of the Klein-Gordon model takes the form

H = ;/Rj (P?(k) + wi@*(k)) d°k.

Comparing this with the Hamlitonian description of a system of harmonic oscillators given
in Section 4.3, we see that a free scalar field is a completely integrable Hamiltonian system,
which in terms of Fourier modes is described by infinitely many non-interacting harmonic
oscillators with the frequencies wy, = Vk2 + m2, parametrized by k € R3.

13.6. Exercises

Exercise 13.1. Find the Hamiltonian H for the Lagrangian (11.36) in Example 11.5, and show
that the term 73 (x), where 7, (x) are canonical momenta, enters H with a negative sign.

Exercise 13.2. Prove that for each ¢ solutions of the Hamilton equations of motion (13.6)—(13.7)
satisfy the same Poisson brackets (13.5).

Exercise 13.3.

(1) Let s#(x) be the Hamiltonian density defined in Theorem 13.6; we consider it as a func-
tional on the phase space 2. Prove that then

{7 (), o(y)} = m(x)d(z - y)

{7 (), n(y)} = —m*p(x)d(x — y) — Vo(z)  Vad(z — y)

{(H(x), #(y)} = 1(@)Ve(y) - Vyd(x —y) - n(y) Ve(x)Vai(z - y).
(2) Derive the Poisson brackets (13.13)—(13.15).

Exercise 13.4. Prove the formula for generators K; of Lorentz boosts, given in Theorem 13.6,
and prove the formulas for Poisson brackets (13.13)—(13.15).

Exercise 13.5. Define Fourier transform of coordinates w(x), ¢(x) on the phase space 2 of a
free scalar field by

A 1 —zk‘ 3
90 271_)3/2 /80 Td’x
(13.24) /
~ —zk‘m 3
27r)3/2 /7r d’x

(note the sign in the exponent).
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Prove that then the Poisson brackets of these observables are given by

{n(k),7()} = {¢(k),p(1)} =0 and {7(k), p(1)} = (k +1).
Exercise 13.6. Show that the total momentum P = (P!, P?, P3) of a free scalar field in terms
of a(k) is given by
(13.25) P = [ ka(k)a(k)dk.

R3

Exercise 13.7. Show that the generators L;; = ejlkjk of the angular momentum and generators
Ly; = K ; of the Lorentz boosts of a free scalar field in terms of a(k) are given by

3
Ly = Z/R a(k) (@fkl _ kl;’m)(ma(k)) %

. _ 0 d*k
Ly; = z/}R:3 wka(k:)w(\/Ea(k)) NoT

Exercise 13.8. Verify that for the coordinates on 2~ given by
p(k) = la(k)[> and (k) = —arga(k),
the symplectic form and the free scalar field Hamiltonian take the form
Q= / (6p(k) ANSO(k))d*k and H = [ wrp(k)d®k
R3 R3
(such canonical coordinates are called the action-angle coordinates, see Theorem 4.23).






Chapter 14

Notes and References

Every physics textbook starts with the Lagrangian formulation of classical field theory, see
e.g. [BS1983], [Ryd1996], and the monograph [DFN1984] for the discussion from the
mathematics perspective. Inspired by the exposition in [DF1999], in Chapter 11 we present
Lagrangian formalism in a more invariant form. We define classical fields in Section 11.2
as smooth sections of some vector bundle over the space-time, so this definition does not
include gauge fields and gravitational fields, to be considered later in Parts III and IV.

In Section 11.3 we start with the invariant formulation of the classical multi-dimensional
calculus of variations (see, e.g. [GF1963]), give an invariant definition of the Lagrangian
density in Section 11.4, and in Section 11.5 derive general field-theoretic Euler-Lagrange
equations. As in [DF1999], we introduce the notion of local Lagrangian densities and
in Theorem 11.7 derive the Euler-Lagrange equations in a standard form as in physics
textbooks, and in Theorem 11.9 give their invariant formulation. Following [DF1999],
in Chapter ?? we introduce the notion of infinitesimal symmetries and give an invariant
formulation of the Noether theorem in classical field theory. In Sections 12.2 and 12.3
we define the stress-energy tensor, and for simple relativistic field theories present explicit
conservation laws: the conservation of charge, of total energy-momentum and of angular
momentum.

In Chapter 13 we develop the Hamiltonian formalism for the scalar field. Specifically, in
Section 13.1 we define admissible functionals on the phase space of a scalar field and show
that they form the algebra of observables. In Sections 13.2 and 13.3 we introduce, rather
at a formal level, the symplectic form and a Poisson bracket for the scalar field observables,
and show how the Hamiltonian formalism extends to a classical field theory. In Section
13.4 we explicitly describe the Hamiltonian action of the Poincaré group on the phase space
of a free relativistic real scalar field, which is analogous to the action of Poincaré group
on the phase space of a free relativistic particle, discussed in Section 8.5. This shows how
relativistic invariance is formulated in Hamiltonian formalism. We leave it to the interested
reader to turn these computations into rigorous statements in some well-defined version of
symplectic geometry on an infinite-dimensional manifold. Finally, in Section 13.5, using the
Fourier transfrom, we explicitly solved the Klein-Gordon equation with Schwarz class initial
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data and show that it is completely integrable Hamiltonian system. The phase space of the
theory has a natural structure of a complex manifold, and in Theorem 13.10 and Exercises
13.6 and 13.7 we express Hamiltonian functionals for the Poincaré group action in terms of
the complex coordinates.
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Chapter 15

Maxwell’s Equations

In this chapter, we describe what is probably the best known classical field theory: Maxwell’s
theory of electromagnetism. We will concentrate on the mathematical formalism, referring
the reader to numerous physics textbooks for practical applications and computations.

Throughout this chapter, we work in Minkowski spacetime M ~ RU3. As before, we

use coordinates x° = ct, x', 2%, 23 and the metric n = diag(1, —1,—1,—1). We will also
1 .2 3).

commonly write points in R as pairs (r,t), where r = (2!, 2%, x

15.1. Physics formulation

Maxwell’s electromagnetic theory describes interactions between electrically charged par-
ticles and fields created by such particles. From mathematical standpoint, the objects
described by this theory are

e Electric field E(r,t) and magnetic field B(r,t), both of which are time-dependent
vector fields on R3.

e Electric charges, described by a (signed) real-valued charge density function p(r,t)
so that the total charge of a volume V' C R? (at time t) is

Q) = [ sty

It is also common to allow the density function to be a distribution; in particular,
physicists commonly consider density functions of the form

N

p(r) = ead(r —rq)

a=1
which describe collection of N point particles, each with charge e, and position r,.

e Currents, which describe motion of charges. A current is described by a time-
dependent vector field j(r, ). In the simplest case of point particles, charge e at
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a moving point 7o(t) produces a current

. dro(t

Jj(r,t) = eqv(t)d(r —ro(t)), where w(t)= c(i)t( )

(as before, coefficients of this vector field are distributions, not smooth functions).
In general, relation between the current and charge density is given by the

charge conservation law: if we denote by Q(t) the total charge contained in (time-

independent) region V' C R3, then the time derivative o is equal to the total flux
of vector field j through the boundary of V' with the minus sign:

8/ 3 .
— pt,rdr:—/ j-ds.
ot v( ) av

This gives the continuity equation:

. op
15.1 = _2F
(15.1) Vi=-3,
where, as usual in the multivariable calculus,
: 9ji
V.j= .
J ox*

is the divergence of vector field j = (j1, j2,73)-

From physical standpoint, E is generated by electric charges, and B by moving charges.
FExact meaning of this is captured by Maxwell equations, which summarize the basic laws
of electromagnetism. In a free space these equations have the following beautiful form'

1
(15.2) V.E = s (Gauss law)
0

— the electric flux leaving a volume is proportional to the charge inside;
(15.3) V-B=0 (Gauss law for magnetism)

— there are no magnetic charges, the total magnetic flux through a closed surface is zero;

B
(15.4) V xE = —aa—t (Faraday’s induction law)

— the voltage induced in a closed circuit is proportional to the rate of change of the magnetic
flux it encloses;

) OF . . .
(15.5) V x B = 1j + HoS0 5~ (Ampere’s circular law with Maxwell’s addition)
— the magnetic field induced around a closed loop is proportional to the electric current
plus displacement current (rate of change of electric field) it encloses.
Here the constant g is called the permitivity of the free space and the constant pg is
called the permeability of the free space or magnetic constant. They satisfy

1
(15.6) fofo = 3,

e are using standard notations for the divergence and curl from the multivariable calculus.
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where ¢ is the speed of light in vacuum.”

Maxwell equations imply all laws of the electromagnetism: Coulomb law, Bio-Laplace-
Savart law, etc.

15.2. Maxwell’s equations in the language of differential forms

In order to better understand the mathematical structure of Maxwell equations, let us
rewrite them using the language of differential forms. To do that, we first remind some
basic facts about Hodge x operator.

Let V be an oriented n-dimensional real vector space with a non-degenerate symmetric
bilinear form (, ) (not necessarily positive-definite). We extend this form to exterior power
space A*V by

(wr A Aug, v1 A -+ Awog) = det((ug, v5)).
Let w € A™V be the volume form on V' — an element in A"V with positive orientation and
such that (w,w) = 1.
Then for v € A*V its Hodge dual is a vector v € A" *V | satisfying

(15.7) uA*v = (u,v)w forall ueA*V

(it is easy to see that this uniquely defines xv).

In particular, given an oriented pseudo-Riemannian manifold X of dimension n, we can
apply the Hodge * operator in each V =T X, getting an isomorphism

(15.8) *: QF(X) = Q" F(X)

which is linear over C*°(X).

It is easy to give explicit formulas for . Namely, assume that in local coordinates
the volume form w is given by

1
(15.9) w=dz' A ANda™ = —'qd:nj
n!

where we assume summation over all multiindices I = (i1,...,4,) (we do not assume that
i1 < <ip), dz! = dz™ A --- Adx', and € is the fully antisymmetric tensor:

(15.10)

sgn(o) if i = o(k) for some o € S,
€ =
! 0 otherwise

In this case, consider a k-form

1

F_k!

F[d:L‘I,

2In the SI system of units g = 8.85 x 10712C2N~'m~2, where C = Coulomb and N = Newton, and puo =

47 x 107"NA~2, A = Ampere. In the Gaussian system of units (a part of CGS system of units based on centimetre-

gram-second) g9 = ﬁ, o = 47” and Ecgs = ¢ 1 Egy.
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where as before we assume summation over all I with |I| = k, and F7 is antisymmetric.
Then one can show (see Exercise 15.2) that

1

F=—"(%F);dz’ J=n—k
(15 11) * (n—k:)'(* )J X, | ‘ n 5
' 1
(*F)J:HFIEIJ,

where €77 = €;y.ipjr..j,_, 1S the fully antisymmetric tensor (15.10), and F! are the com-
ponents of the polyvector field F' € AFT (X)) corresponding to F' under the isomorphsim
OF(X) ~ A*T(X) given by 7:

F[ — nIJFJ
where !/ = niit | pitik and |J| = k. Physicists usually say that F! is obtained from F;
by “rasing the indices”.

In particular, this implies

1 /
(15.12) *xdz! = o Z sgn(a)nfa(‘])eu/d:c‘],
’ oc€Sk
where |J| = k and J' is the complement of J: J' = {1,...,n} — J, written in increasing

order: ji < jy < --- < jl_, (thus, there is summation over J but no summation over J' in
the last formula, as J' is fully determined by J).

This and other properties of Hodge * operator are given in exercises at the end of this
chapter. Another useful property discussed in the exercises is the following:

on QP(R3),

(15.13) © =t
' *2 = (=1)P*L on QP(RYH).

For example, for X = R? with the usual (positive definite) inner product
ds? = (dz")? + (dz*)* + (da®)?,
and orientation defined by w = dx! A dz? A da?, the Hodge x operator is given by
*xdz’ = e pda? A da®,
(15.14) o E
*(dz* A da?) = €5da”.

E.g. we have xdz! = dx? A dx?® and (dz? A dx3) = dx!, etc.

Moreover, in this case one can identify the space of one-forms and space of vector fields
using the inner product: Vect(R?) ~ Q}(R3). Combining it with the Hodge x operator, we
can also identify Q2(R3) ~ Q!(R3) ~ Vect(R3) and Q3(R?) ~ Q°(R3) = C°°(R?). Under
these identifications, the exterior derivative operator Q'(R3?) — Q2(R3) becomes the curl
operator

Vect(R?) — Vect(R3): € = V x &,
and d: Q?(R3) — Q3(R?) becomes the divergence operator

Vect(R?) — C®(R3): £ —» V - €.
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Thus, the de Rham complex of differential forms on R? becomes

0 —— C®(R3) —Y Vect(R3) —=5 Vect(R3) —Ls C%(R3) —— 0

H l&wé l&»*é lfo &Pz

0 —— QOR3) —4 5 QY(R3) —L— O2(R3) —2— Q3R3) —— 0
where for a vector field ¢ = £°0;, we define one form §~ by
§=¢gda', & = gi¢
where g;; is metric in R3. Since in the standard coordinates gij = 05, in this case we simply
get & = &', s0 £ = &da'.

Going back to Maxwell’s equations, define the time-dependent one-form EM) € Q!(R3)
and the 2-form B? = «BM ¢ Q?(R3), corresponding to vector fields E, B respectively
under isomorphisms Vect(R3) ~ Q!(R3), Vect(R3) ~ Q?(R?) described above:

EW = Eidz' + Eyda® + Esdz?,
B® = Bydx* A da® + Byda® A dxt + Byda! A da®.

Then Maxwell equations (15.3) and (15.4) become

dB® =,
(15.15) oOB®

dEMW — 7=
ot

making them easy to understand. (Here d is the exterior derivative for forms in R3.) The
other two equations will be discussed shortly.

Moreover, equations (15.15) can in fact be united into a single equation. Namely, let us
define the following 2-form in 4-dimensional spacetime R!3, called the electromagnetic field
tensor,

FeYa9 A BV _ BO
C
(15.16) = 1B da® Adat + 1By de® A da® + L B3 da® A da?

— By dz? A dx® — By da® A dat — By dz!' A da?.

Then it is immediate that equations (15.15) are equivalent to the following equation on
2-form F:

(15.17) dF =0,

where d is now the full exterior derivative operator in R3.

It is very convenient to write F' in coordinates:

(15.18) F=1F, da" A da”
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(as before, indices p, v run over 0,1,2,3), where F},,, is represented by the following skew-
symmetric 4 X 4 matrix
0 1 1B 1E
-1, 0 —=B3 B
ig, B, 0 -B
g, B, B 0

Then an explicit computation shows that (15.17) is equivalent to the following equation,
called the Bianchi identity

(15.20) OvFy\y +O\Fy + 0, F =0, Ap,v=0,1,23.
Note that there is no summation in this identity: it has to be satisfied for every triple A, p, v.

This gives an easy way to write two of the four Maxwell equations, namely (15.3) and
(15.4).

To rewrite the second pair of Maxwell equations, equations (15.2) and (15.5), we observe
that in the absence of the sources (charges and currents), these equations can be obtained
from the first pair (15.3)—(15.4) by the electro-magnetic duality

1 1
(15.21) -E— —-B and B+~ -E.
C C

This duality can be easily understood in terms of the 2-form F': it sends F' to xF', where
% is the Hodge dual operator in the 4-dimensional space R1® with the Minkowski metric
(+,—,—,—) (see Exercise 15.4):

*F = —dz° A BMY - LE®)
(15.22) = —Byda® Ada' — Byda® A da?* — By da® A da?
— %El da? A dz® — %Eg da3 A dxt — %Eg dzt A da:2,

so that equations (15.2) and (15.5) can be written as

dE® =0,
15.23 2
( ) dB<1>:iaE()
2 ot
where d is exterior derivative for forms in R3, or, equivalently, as a single equation in R3:
(15.24) dxF = 0.

To summarize, Maxwell equations in an empty space (without sources) can be written
succinctly as

dF =0

(15.25) IeP — 0,

where « is the Hodge star operator in the Minkowski spacetime R3.

As an immediate corollary, we obtain that Maxwell equations are relativistic invariant.

Theorem 15.1. Mazwell equations in empty space are invariant under the action of Poincare
group on RY3 if E, B transform as components of 2-form F as in (15.16).
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Explicit formulas for transformations of E, B under the action of Poincare group are
given in Exercise 15.6.

Remark 15.2. The different signs in Maxwell equations (15.4) and (15.5) play a fundamen-
tal role, reflected in the electro-magnetic duality. It forces the use of a pseudo-Riemannian
metric and naturally introduces the Minkowski spacetime.

15.3. Maxwell’s equations with sources

To write Maxwell’s equations with sources (charges and currents) in the language of differ-
ential forms, we combine the charge density p and current j into a single 1-form J = J,dz*
in R13, defined by
(15.26) Jo=cp, Ji=—j1,J2=—j2,J3 = —J3,
so that

J = cpda® — jidxt — joda?® — jada®.
We will also frequently use the 3-form xJ; using explicit formulas for Hodge x operator in
R'3 given in Exercise 15.4, one easily sees that

*xJ = cpdxt A da® A dad — j1da® A da® A da? + Goda® A dat A da® — j3da® A dat A da?
In this language, the continuity equation

op .
Poiw.i5=0
ot TV

is rewritten as
dxJ = 0.
Now using relation pgeg = 1/¢? and formula (15.22), we obtain the following result.

Theorem 15.3. Let F', J be defined by (15.26). Then Mazwell’s equations (15.2) and
(15.5) are equivalent to

(15.27) *d*xF = —pg.

Equivalently, since > = 1 on the space of 3-forms on R'3, (15.27) can be rewritten as

(15.28) dxF = —pgx,
Note that this immediately implies the continuity equation dxJ = 0.

Yet one more way of rewriting (15.27) is given by “raising indices” of F' and J. Namely,
define

P — o Fyg,

15.29
( ) J/,L — n/.l,l/JV7

where 7"V is the Minkowski metric in RY3. It follows from the explicit formula (15.11) for
the x operator, that F'*” is related to the dual field tensor by

(*F),LLI/ = %EuyaﬁFaB.
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Then the second pair of Maxwell equations can be written in the following form

(15.30) O F" = poJ”,
often used in physics textbooks, and the continuity equation becomes
(15.31) ouJ" = 0.
To summarize, the Maxwell’s equations on R* have the following form
dFF =0
(15.32) A% F = — 1o,

where the four-current J satisfies the continuity equation d*J = 0.

15.4. Vector potential and Lagrangian

Our next goal is to show that Maxwell’s equations can be obtained as a special case of
general theory developed in Chapter 11, i.e. as Euler-Lagrange equations for an appropriate
Lagrangian. To do that, we need to decide first what we consider to be the fields of the
theory. The natural idea is to consider the electric and magnetic fields E and B (or,
equivalently, the 2-form F') as the primary fields of our theory. However, for many reasons
it is better to start with something else: the four-potential.

By Poincaré lemma, the first Maxwell equation — equation dF = 0 in (15.32) — has a
solution

F=dA where A= A,dx",

so that
(15.33) F =31F,da" Ndz”,  F, =09,A, — 0,4,
Physicists call (Ag, A1, A2, A3) the electromagnetic four-potential.

It is also common to introduce scalar potential ¢ and vector potential A defined by

1
(1534) AO =—¢, A= (A17A27A3) = _(AI)A2>A3)
c

(this last equality is a special case of raising the indices: A" = nA;).

Then explicit computation shows that the equation F' = dA is equivalent to

B=VxA,
(15.35) 0A
E=-Vop——.
LT

The 1-form A, a solution to the first Maxwell equation, is defined up to a gauge trans-

formation

(15.36) A A+ df,

where f is a smooth real-valued function on R'3. It is natural to identify gauge equiv-
alent 1-forms and define the space % of classical fields as equivalence classes of A under
transformations (15.36),

(15.37) F = QYRY3) /dQ°(RY).
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In terms of the four-potential A, Maxwell equations are written as

*d*dA = —pod.

Equivalently, if we introduce the operator d* = xdx (see Exercise 15.7 for discussion of
this operator and its properties), then Maxwell’s equations take the form

(15.38) d*dA = —pgdJ.
In the special case when J = 0, this equation simplifies and becomes

(15.39) dxF = dxdA = 0.

Remark 15.4. In Section 18.2 we will reveal that true geometric meaning of electromag-
netic four-potential as unitary connection d+4A in the U(1)-line bundle over the Minkowski
spacetime. Correspondingly, transformations (15.36) are indeed the gauge transformations,
defining the action of the gauge group on the space of connections. In physics terminology,
A is called abelian gauge field.

General discussion in Section 11.5 in Chapter 11 can be easily adapted to the space .#
of classical fields. The Maxwell equations with sources satisfying the continuity equation
can be obtained from the principle of least action. Namely, consider the Lagrangian density

L(A) = Z([Ah)d'z,
where
1
15.40 ZL([Ah) = ——
(15.40) (1)) = 1o

Equivalently, in coordinate-free form for the Lagrangian density £(A) we have the following
expression (see Exercise 15.2):

Fl FH — Z—;;A“J“ and  F, = 0,4, — 9,A,.

1
(15.41) L(A) = —S—(F A*F +2ugAN*J), where F =dA.
™

In particular, if J = 0, then
1 1 /1
L(A) = ——(F A+F :—(—Ez—BQ)d‘* .
(4) 87'('( *F) 8t \c2 v
Now consider the action functional

1

(15.42) S(A) = [ L(A)=—— | (Fu,F" +4A,J")d*s,
R4 167 R4

where it is tacitly assumed that 1-form J and 2-form F' = dA have compact support (or

decay sufficiently fast at infinity).

Note that while the Lagrangian density £(A) is not invariant under gauge transforma-
tions (15.36), it easily follows from Stokes theorem and the continuity equation dxJ = 0
that the action is gauge-invariant: S(A 4 df) = S(A).

Then exactly as in Theorem 11.7, the critical points of the action functional satisfy the
Euler-Lagrange equations

(15.43) 02 5,902

04, " %oy~
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Using (15.40), we readily obtain that equation (15.43) gives the second Maxwell equation
O F* = J¥. One can also use a more abstract Theorem 11.9, where the variational 1-form
v is given by the following simple formula

0L

(15.44) 7 =0A4u(z) A (f?(auAy(x))

or

1
) 1 (d*z) = — 04 N FHy,(d*z),

1
v=——0ANXF,
4dr
which are readily obtained from (11.27).
We summarize this discussion it in the following statement.

Proposition 15.5. The critical points of the action functional S(A) are given by the
Maxwell equations.

This statement can be also verified directly, without using the general formalism in
Section 11.5. Namely, using the symmetry property of the Hodge star operator

aAxB =0 N*a
and Stokes’ theorem, we have for compactly supported a € Q(R*),

d

6S(4) = —

S(A+ea)
e=0

1
= —M/(da/\*F—i—,uoa/\*J)
R4

1
=—— /a A (dxF + poxJ).
47
R4
So equation 05(A) = 0 for all a yields
dxF = —poxJ.

15.5. The stress-energy tensor

It is easy to adapt a general discussion in Section 12.2 to the case of free electromagnetic
field. In this case the space of classical fields .# is now a quotient (15.37) of the space
of 1-forms over the space of exact forms, so the action of the Poincare group 8 on & is
different from the action (12.12) on the space of scalar fields. This also means that we can
not use explicit formula for stress—energy tensor given in Section 12.2; instead, we need to
repeat the arguments of that section with necessary changes.

Specifically, suppose that a Lie group G acts on a manifold M. Corresponding G-action
on differential forms is given by pullbacks, and the Lie algebra g of G acts by Lie derivatives;
if X € g, the Lie derivative Lx is given by the Cartan formula

Lx =1xod+doux.
In particular, for a 1-form A we have

LxA:ZxF—I—d(ZxA), F =dA.
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Here the second term represents the gauge transformation (15.36), and the first term is
gauge invariant, so the action on the space .# of gauge equivalence classes of 1-forms A is
given by

(15.45) Lx(A) =uxF.
Applying this to the group of space-time translations G = R13, where the corresponding
vector fields are X, = 0, it follows from (15.45) that
(LxA), = Fu,
so the vector fields {,, = {x, on ¥ take the form
(15.46) €, = —/ Fuu(x)id‘*m.
R4 6Ay(z)

The corresponding conserved current is given by formula (12.14)

Ju =1¢,v +1,.L,
where £ is given by (15.40) with J# = 0, and ~ is given by (15.44). It can be written as

Ju = —T:zy(d4x),

where
v 1 va 1 v af
(15.47) Tu = Fo 7% + Z(SuFa[gF .
In addition to the conservation laws
o0, T =0,
the tensor T} is traceless,
T[j =0,
and the tensor
1 1
(15.48) T = nhoTY = = (—%BF’“‘O‘F”B + 477’“’Fa5F°‘6>

is symmetric, TH" = TV,

The tensor TH is the stress-energy tensor of the electromagnetic field. Its components

contain the energy density

1 /1

TOO - 7E2 B2

87 (c2 *

and the momentum density
1 . 1
TV = —F%F* = —(ExB);, i=1,2,3.
4 471'0< o T
The vector S = E x B is called the Umov-Poynting vector.
The conservation law
9, T =0

can be written as

8T00
o~ VS
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and implies that the total energy of the electromagnetic field

&= | Tr
R3
is conserved. Of course, this can be verified directly using Maxwell’s equations and the
calculus formula
V-(axb)=b-(Vxa)—a-(Vxb).

Remark 15.6. Instead of the transformation law (15.45), physics textbooks often use a
naive formula dx,A4, = 9,4,. It gives a non-symmetric tensor, that requires an ad hoc
addition of a divergence-free term to get the symmetric tensor (15.48). We emphasize that
the correct action of the vector fields d,, on the space .# is given by (15.45).

15.6. Exercises

Exercise 15.1. Let V be an n-dimensional real vector space with non-degenerate symmetric
bilinear form 7 and orientation given by volume form w.

(1) Show that *x1 = w, and *w = (—1)"~, where n_ is the number of minuses in the signature
of n.

(2) Show that for 1-form a € A'V = V, we have xa = 15w, where & € V* is the covector
corresponding to a under isomorphism V ~ V* given by n: if a = a;e’, then & = n" ae;;,
where €', e; are dual bases in V, V* respectively.

In particular, for a 1-form o = o;dx’ on a manifold M, we have xa = 15w, where
a = nijaiaj.

Exercise 15.2. Let V be an n-dimensional real vector space with non-degenerate symmetric

bilinear form 7 and orientation given by volume form w. Let €, i = 1,...,n be a basis in V; as
in Section 15.2, for a multiindex I = (iy,...,i;) we denote e/ = e* A --- Ae'* € AFV. Show the
following.

(1) (el,e!) = > oess 0D sgn(o), where n!/ = nitit | pisis,
2) Let A= LAre! € A*V (as before, the sum is over all multiindices I with |I| = k, and A;
il
is antisymmetric), and similarly for B. Then
1 I

where B! = 1!/ Bj, so that
1
k!
(3) Assume that the volume form w is given by

AN*B = —(A;B'w.

1
w= —erel, Il =n
n!

(as before, we assume that €; is antisymmetric). Then for B = %B;el € A*V, we have
1

*B =T

(xB)je’, |[J| =n—k,

where

1
(*B)J = EBIEIJ

Exercise 15.3. We keep notation and assumptions of the previous problem.
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(1) Show that for a multiindex I with |I] = k,

1 /
xel = y(el,eJ)eJer‘]
where J' = {1,...,n} — J written in the increasing order (thus, there is no summation

over J', as it is fully determined by J).
(2) Assume additionally that e’ are orthogonal: 7 = 0 for i # j. Show that in this case,

’
*GI = 7}1161116[ .

In particular, if e’ are orthonormal, then
7
*GI = €5y’ €I .

(3) Prove that the operator x2: A¥V — A*V is given by

K| pwy = (—1)"- TR,

where n_ is the number of minuses in the signature of the form 7.

Exercise 15.4. In this problem, we discuss the relation of Hodge x operator in R3 and R%3.

Let N be an oriented n-dimensional Riemannian manifold with (positive-definite) metric gy;
denote by voly the volume form on N determined by the orientation and metric. Let M =R x N
with metric (d2°)? — gn and volume form dx® A voly. Denote by a7, xxy Hodge operators in M, N
respectively.

Show that if B € QF(N) is a time-dependent k-form, then
*m B = dz® AxnB
*xar(da® A B) = (=1)"%nB.

Most common application of this formula is when N = R3 M = Rb3,

Exercise 15.5. Use the previous problem to deduce the following explicit formulas of Hodge
operation in R13.

*(daxt Ada? Nda®) = da®, *xdx’ = da' A da® A dad,
*(dz® A dx? A dx?) = dat, xdxt = da® A dax? A da?,
*(da® A dxt A da®) = —da?, *xdx? = —da® A dat A da®,
*(dz® A dxt A dx?) = da?, xdx® = da® A dat A da?.

Exercise 15.6. Consider change of coordinates in R':3 described by Section 7.2: new coordinates
(z#)" are related to old coordinates z* by

! /
'+ ot/ t 4+ —T
(15.49) T = —, t=—C .
v? v?
1- 2 1-— 2
where we denote for simplicity 20 = ct, ' = z and similarly for 2/,¢; coordinates z2, 2> are

unchanged (see (7.7)).

Show that then the components of the four-potential A in coordinates z* and (z#)" are related
by

v
o+ EAl
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where ¢ = cAg . Deduce from this that the electric and magnetic fields E, B transform by

/ E} + - Bj E} — —-B)
(15.51) Ei=F,, Ey=——C¢ " FEy=__¢C6 "
! 1)2 U2
-3 -3
! v / ! /

_ = B -
(15.52) B, = B] B—M B3 = e
. 1 — 1 2 — U23 3 — v2
1—C2 1—62

Exercise 15.7. Let M be an n-dimensional oriented pseudo-Riemannian manifold with volume
form w. Define inner product of forms a, 3 € QF(M) by

(@)= [ @dw=[ ans

(assuming that «, 8 are compactly supported or decay fast enough for the integral to converge).
(1) Prove that then
(do, B)) = (e, d"B)), € QH(M), B € Q"(M)
where the operator d*: QF (M) — QF~1(M) is given by
d* = (—1)Fx"Ldx.
In particular, if n is even, and the metric is positive definite, then
d* = —xdx

and for M = RY3, we have d* = *d*.

(2) Show that for a 1-form A = A, dz*, we have
d*"A=—-0,A".

where as usual, A* = p*” A, and we assume that the coordinate system z* is chosen so

that the volume form is given by w = da! A ... dx"™.
(3) Consider the operator

d*d +dd*: QF — QF.
Show that for & = 0, this operator, up to a sign, consides with the Laplace-Beltrami
operator:

(d*d+dd")f = =0,(0"f) = 0,(n"" O, [)
where, as before, we assume that the volume form is given by w = dz! A ...dz".
In particular, for R3 coincides with negative of the d’Alembert box operator:

(d*d+dd*)f = -0Of = —0,0" f.
(compare with (11.31)).
(4) Show that more generally, for a k-form F = & 3" Fyda! € QF(RY3), we have
1
(dd* 4 d*d)F = 1 (OF)dx".
Forms satisfying condition (dd* 4+ d*d)F = 0 are called harmonic.

Exercise 15.8 (Charged particle in electromagnetic field). Consider a relativistic particle of
mass m and electric charge e in the external electromagnetic field with the potential A = A, dxz*.
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(1)

Show that the Euler-Lagrange equations for the action functional

Py e Py t1 2 e
S(y) = —me ds — - Audm“z/ —mc? -5 +-A-v—ep|dt
Py c Py to C c

have the form

dp
T _F
dt ’

where p is the relativistic momentum and F' is the Lorentz force,
v
F=c(E+2xB).
c
Show that canonically conjugated momentum P and the energy & of the particle are given

by P=p-+ fAand & = cy/m2c2 + p? + ep.
c

Show that the Euler-Lagrange equations can be written in the Hamiltonian form

Pf_% 7',:%
or’ OP’
where
Efngof%, B=VxA,

and the Hamiltonian function ¢ is obtained from & by replacing p by P — ‘aA.
c






Chapter 16

Gauge Fixing and
Hamiltonian Formalism
in Electromagnetism

16.1. Gauge fixing

As discussed in the previous chapter, Maxwell’s equations in the empty space take the form
(16.1) dFF =0 and dxF =0

where F' = %F wdxh A dx? is a 2-form on the Minkowski space R'. The general solution
of equations (16.1) is F' = dA, where A = A, dz* is a one-form satisfying

(16.2) *dxdA = 0.

For given F', the choice of such 1-form A is not unique: if A is a solution, then for any
smooth function f on RY3, we have F = dA = d(A + df), so A + df is also a solution (this
is closely related to the fact that the equation (16.2) is not hyperbolic). Solutions A and
A + df are commonly called “gauge equivalent”; as we will disucss later in a more general
setting, these solutions are obtained from each other by the action of a so-called “gauge
group”. Physically, these solutions are considered to be equvalent.

It is common in physics to impose additional constraints on the form A to eliminate
or at least reduce this ambiguity. It is commonly referred to as “gauge fixing”. There are
several possible approaches; the most popular is using the Lorenz' gauge condition:

(16.3) dxA =0,

or, equivalently, d*A = 0" A, = 0, where d* = xd* (see Exercise 15.7). We will show below
that for any A that satisfies Maxwell’s equations, there is a gauge equivalent form which
also satisfies the Lorenz gauge condition.

INamed after Danish physicist and mathematician Ludvig Lorenz, not to be confused with the Dutch physicist
Hedrick Lorentz!

165
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Together with Maxwell’s equations d*dA = 0, Lorenz gauge condtion implies that A
satisfies the equation
(d*d+dd*)A =0
which, by results of Exercise 15.7, is equivalent to
(16.4) 0A, =0 for all p

where
0=0,0"=0; — 07 — 03 — 03
is the D’Alembert box operator. Note that equation (16.4) is hyperbolic.

Lorenz gauge condition does not fully fix the choice of A: if A is a solution of Maxwell’s
equations satisfying (16.3), then so does A + df for any function f satisfying Of = 0.
To further reduce ambiguity, we can impose an additional gauge condition, namely the
Hamilton gauge condition Ag = 0. Together with Lorenz gauge, this gives the Coulomb
gauge conditions

d*xA =0,

16.
(16.5) Ay = 0.

Coulomb gauge conditions can be rewritten in terms of the scalar potential ¢ = cAy
and vector potential A = (A!, A% A3), where A® = —A; (see (15.34)). Namely, they are
equivalent to requiring that ¢ = 0 and the vector potential A satisfies

V- -A=09A=0.

Lemma 16.1. Let A € QY (RY3) be a solution of Mazwell’s equations in free space (p = 0,
7 = 0) such that for each time slice t = to, A(ty,x) is of Schwartz class. Then one can find
a unique gauge equivalent form A = A+df which satisfies Coulomb gauge conditions (16.5)
and is again of Schwartz class on each time slice.

Proof. First, gauge transformation A — A + df, where f is chosen so that dyf = —Ap
allows us to replace A by a gauge equivalent form satisfying A9 = 0. It is easy to check
that Schwartz class condition is preserved.

0A
Next, if Ag =0, then E = ——— (see (15.35)) which together with Maxwell’s equation

ot
V - E = 0 implies that
0
5i(7-4) =0

In other words, V - A is time-independent.

Let x be a function on R? which satisfies the equation

Axy=-V-A

where A = V2 = §? 4+ 02+ 93 is the Laplace operator in R?. As is well-known, this equation
has a solution, which can be written in terms of Green’s function. Then it is easy to see
that V - (A4 V) =0, so the gauged transformed A = A + dy satisfies the Lorenz gauge
condition together with Ag = 0.

Uniqueness follows from the fact that a solution of Ay = —V - A is unique if we require

it to be of Schwartz class: indeed, if x1, x2 are two solutions, then y; — x2 would be a
harmonic function of Schwartz class. But the ony such function is zero. O
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Remark 16.2. Note that Lorenz gauge conditions are relativistic invariant, i.e. invariant
under the action of Lorenz group £ = SO(1,3). Condition Ag = 0 is not relativistic
invariant.
Remark 16.3. Maxwell equations with sources in the Lorenz gauge have the form

A = J*H.

To summarize, in the Coulomb gauge Maxwell equations in free and empty space take
the form

0A
(16.6) V-A=0, OA=0 and E:_E’ B=VxA,
which implies
(16.7) OF =0 and 0OB=0.

16.2. Plane waves

Consider the simple case when vector potential A depends only on coordinates = z! and
t. In the Coulomb gauge Maxwell equations (16.6) reduce to

PA_L0PA

e 2r
ot? Ox?
and have a general solution

Alt,z) = A, (t—%) +A_ (t+§),

where A, A_ are arbitrary vector-valued functions of single variable. They describe plane
waves moving in positive and negative directions of the z-axis. We begin by analyzing the
wave moving in a positive direction of the z-axis:

x
A=A(t-7).
The Coulomb gauge condition V - A = 0 gives
0A!
or 0

so Al = at, where a is a constant. It is sufficient to consider a special case A! = 0, since
according to (15.35) the general case is obtained by adding a constant electric field in the
z-direction.

Introducing the direction of propagation of the wave — the unit vector n = e; — we
1
have A 1 n. Since )1A = —-0; A and 0, A = 034 = 0, we obtain
c

VxA:—lnxﬁtA.
c

By (15.35), this gives the following formulas for the electric and magnetic fields
1 1

(16.8) E=-9A and B=--—nxgA=-nxE.
c c

Thus we see that electric and magnetic fields E and B are perpendicular to the direction
n of propagation of the waves. In physics terminology, electromagnetic plane waves are
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said to transverse waves. Moreover, the electric and magnetic fields are orthogonal with

E
the strengths £ = ¢B. Tho summarize, vectors n, B form an orthonormal positively
oriented basis of R3.
The above discussion can easily be generalized to electromagnetic wave propagating in

any direction: for a unit length vector n, we consider a solution of Maxwell’s equations of

the form o
Acaer),

and formulas (16.8) hold.

The components of the energy-momentum tensor of a plane wave are easily found to be
(see Section 15.5)
E? 1 E?
TOO:—2 and S=SExnxE=—n,
c c c
so that (T%)% = §2.
An important special case of electromagnetic wave is a monochromatic plane wave:
A =Re {Age_iw(t_%)} ,
where n is a unit vector in the direction of propagation of the wave, and Ay € C3 is a
constant complex vector such that Ag -7 = 0. The number w is called the frequency.

. w . .
Introducing the wave vector k = —n, we can rewrite the previous formula as
c

A =Re {Aoe“’““*wt)} :
Using (16.8), we get
E = Re {Eoe“k”‘—wt)} and B = Re {Boei(’”—wt)} :

where
E() = ion and BO =1k x A().

It is easy to show that one can choose coordinate axes y and z, perpendicular to n and
to each other, such that in the new coordinates we have

(16.9) Ey=bicos(wt—k-r—a) and FE,=Zxbysin(wt—k-r—a),
for some non-negative by, b and a phase «. If by, by are non-zero, we have
E? F?
2
by b3

so that at each point in space the electric field vector E rotates in the plane perpendicular
to the direction of propagation filling an ellipse. Such wave is called elliptically polarized.
If by = b, the wave is called circularly polarized, and in case by or by is zero, the wave is
called linearly polarized.

Remark 16.4. Introduce the 4-vector (k*) = (g,k:> and (k,) = (g, —kz) with the prop-
c c
erty k,k* = 0. We have k, a# = wt — k - 7, so that

A(z) = Re {Aoe_ikﬂxu} .
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The electromagnetic waves describe photons, massless particles with 4-wave vector satisfying
k¢ = k2.

16.3. The general solution

As in Section 13.5, we show that the electromagnetic field can be treated as a (continuous)
collection of non-interacting harmonic oscillators. For this aim, we obtain a general formula
for solution of Maxwell equations in Coulomb gauge.

We assume that we are given initial conditions, i.e. the values of vector potential A(t,r)
and its time derivative 9, A(t,r) at t = 0. Thus, we need to solve the following Cauchy
problem:

A =0,
(16.10) A(Ovr) = AO(T)a
oA 0,7) = Ai(r)
g (07) = Aulr),

where O = 0,,0". Here Cauchy data Ag(r) and A;(r) satisfy Coulomb gauge condition
V-A():O and V-A1:0

and rapidly decay as |r| — oc.
As in Section 13.5, Cauchy problem for the wave equation in R* is solved by the Fourier
transform. Namely, let

r) = 1 eik~ra 3
Ar) = s [ otk
(16.11) | N 3

Aquwﬂgéf a1 (k)d*k

Since Ag(r), Ai(r) are real-valued, we have ag(k) = ao(—k), a1(k) = ai(—k); similarly,
conditions V- Ag =0, V- A; =0 are equivalent to k - ag(k) = k - a1(k) = 0.

Theorem 16.5. General solution of Cauchy problem (16.10) is

1
(2m)?

(16.12) A(t,r) = / @4@w*ﬂa@)+aww*ﬂa@»d%;
R3
where wg, = clk| and
1 1

Zan(k) & —
ao(k) + 55 ™

a(k) = 5

(k),
with ap, ay defined by (16.11).

Proof. Each component of A satisfies Klein-Gordon equation with zero mass, so general
solution — formula (16.12) — is obtained from the corresponding formulas (13.20)—(13.21)
by setting m = 0 and remembering that t° = ct. O
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For electric and magnetic fields we have
0A
E=—
ot
7 / W (e—i(wkt—k-r)a(k) _ ei(wkt—k-r)a(k)) Bk
R3

~ (2m)?
and
B=VxA
- / ko (7R g k) - kg k) ) dk.
(2m)2 JR3
By Plancherel theorem we have for total energy of the electromagnetic field,
P LB B?) &
81 Jps \ 2
1 1, _ - 3
= — —wia(k)ak) + (kxa(k))-(kxa(k))|dk
47 R3 C2
1 _
=53 /Rd wy a(k) - a(k)dk,
where we have used the identity (k x a(k)) - (k x a(k)) = |k|>a(k) - a(k), which follows
from k- a(k) = 0.
Similarly,
Iy (E x B)dr
47 s  dwe Jgs
1
= _— ca(k) x (kxa(k)dk
2me R3
1
= — k)-a(k))kd’k.
5 | (alh)-atk)
1 _
Q) = 5= (alk) - a(k))

Finally, putting
Wi _
(a(k) +a(k))

Pk) =
(k) 2e\/T
we obtain a representation of the energy and momentum of electromagnetic field in terms

E? + 32) d3r = 1/ (P?(k) + wi@*(k))d’k
R3
(wy " P? (k) + wpQ* (k) kd*k,

of the oscillators
1 1

81 Jr3 \ 2
1

= (ExB)d3r:C/

2 Jps

4dme Jgrs

where the normal modes P(k) and Q(k) satisfy
k-Pk)=k- Q(k)=0.
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16.4. Hamiltonian formalism in classical electrodynamics

In this section, we describe Maxwell’s equations in Hamiltonian formalism. For simplicity,
we work in the system of units where ¢ = 1. In this case, the Lagrangian function of
classical electromagnetic theory in the absence of sources is given by the following formula
(see Section 15.4):

1 1
16.13 ZL(A) = -——F, F" = —(E* - B?).
As in Section 15.4, we consider .Z as a function of the 4-potential A = (Ag, A1, Az, Az) =

(Ap,—A) and its time derivative dyA, expressing E, B in terms of A as follows:

B=VxA
E=-VA)—-JA

or, equivalently

B = —€u0k Ay,
E;, = 0pA; — 0;Ap.

However, we can not just repeat the same steps we did for a free field theory to get
a Hamiltonian description of Maxwell’s theory of electromagnetism, since the Lagrangian
(16.13) is singular, so the Legendre transform is not an isomorphism. This is immediate
from observing that Z(A) does not depend on dyAp; a deeper reason for this degeneracy
lies in the fact that E, B depend only on the gauge equivalency class of A — we will discuss
this in more detail later.

To get the Hamiltonian description, we will follow the method described in Chapter 6,
rewriting (16.13) as a first order Lagrangian. To do this, we observe the trivial identity
E? = 2(0yA; — 0;Ag)E; — E?, which allows us to rewrite the Lagrangian as
(16.14) ) )
=—|-E-0)A—E -VAy— -(E*+ B?) ).

A < 0 0 - lE )>
Since E - VAy = —(V - E)Ay + V(AoE) and by Stokes’ theorem, an integral of total

divergence is zero, we obtain the following formula for the electromagnetic field Lagrangian

(16.15) L= i 3 (~E(@)-00Ax) - }(B*(@) + B*(x)) + Aolw) V - B(w)) d*a.

We will consider Ay, A, E as independent variables, and B = V x A as a function of
A.

Let us compare (16.15) with the first order Lagrangian studied in (6.13):
m
L=pi—Hp.q) - > rat"(p.q)
a=1

One can see that (16.15) is indeed an infinite-dimensional analog of (6.13) as follows:
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e A(x) is an analog of g, E(x) is an analog of p, and the term — fE )00 Ai(x)

1
plays the role of pg term. Thus, the conjugate momenta to Az(a:) is 4—Ez(a:)
T

e The energy H(p, q) is the total energy of the electromagnetic field:

(16.16) H = siw /(E2(m) + B%(x))d’z, B =V x A.

e The term — on )V - E(x) is an analog of the term \,p%(p, q); thus, Ao(x)

are Lagrange multlphers and V- E(x) are the constraints. For future convenience,
we introduce the notation

C(x) =V - E(x).

e The phase space M = {(E, A)} is the following infinite-dimensional real vector
space’
M = 7R3} R?) x .7(R3 R?)
with the symplectic form 2

(16.17) Q- ﬁ (dEy(x) A dAy(@)) dPe,

so that the pairs (E;(x), Az(m)) are Darboux coordinates on M with the canonical
Poisson brackets

(16.18) {EZ(:B), Aj(y)} = 471'5@‘5(213 - y), i,j = 1, 2, 3.

According to general formalism in Chapter 6, the Maxwell’s equations — the Euler-
Lagrange equations for the Lagrangian £’ (A) — can be written as Euler-Lagrange equations
(6.14)—(6.16), which in our case become

%Ei(m) _(H—-C,E(z)}, C= ﬁ /RS Ao(@)C (@) dP,
(16.19) d

Ai(x) = {H — C, Ay(x)},
C(x) =0.

dt

It is very instructive to verify it directly. Namely, using canonical Poisson brackets
(16.18), it is easy to check that we have the following relations (see Exercise 16.2):

{H, Ai(z)} = Ei(=x),
{H, Ei(x)} = ez]kak:B (x), Bj = (V x A); = —€j110k A,
(16.20) {C(x), Ei(y)} =
i(y

{C(2), Ai(y)} =

S0(z —y).

This readily implies that for C deﬁned in (16.19) we have
(16.21) {CAij(z)} = —0; Ap(),
)} =

(16.22) {C,Ey(=

2Here Z(R3,R3) stands for the space of R3-valued Schwartz functions on R3.
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Thus, we can rewrite Euler-Lagrange equations (16.19) as
d

%EZ(CC) = €10k Bj (),
(16.23) % Ai(@) = Ei(z) — 8;Ao(),
C(x) =0.
or, equivalently,
0E =V x B,
(16.24) E=-Vdo =04,
V-E=0.

Since B = V x A, we see that these equations coincide with the Maxwell’s equations
(15.2)—(15.5) in the absence of sources.

Thus we have shown that the Lagrangian of electromagnetic theory can be written as
a first order Lagrangian in the form (6.13), and that the Euler-Lagrange equations for this
Lagrangian are exactly Maxwell’s equations.

Since the Lagrangian is singular, we can not use the Legendre transform to rewrite this
as a Hamiltonian system on M. Instead, we will follow the approach of Section 6.3 and
show that this system is equivalent to a Hamiltonian system on a reduced phase space M.

Lemma 16.6. The constraints C(x) = V-E(x) = 0 for x € R3, are a first class constraints
as defined in Definition 6.4.

The proof is immediate since
Cx),C(y)} =0,
(16.25) {C(z),C(y)}
{Ha C(w)} =0,
which is easy to derive from (16.20).

As in Section 6.3, the construction of the reduced phase space is done in two steps.
First, we define
Mo={(E,A) e M|V -E=0}.
Next, we need to take the quotient by the infinitesimal action of the vector fields on M,
generated by the constraints C(z). To do that, define

! / o(@)C(x) d

a7
where ¢ is a Schwartz class function on R3. Then (16.20) implies
[CoE@)} =0, {Cp Ai(2)} = —0ip(a).
Thus, the Hamiltonian vector field on M generated by C, is
0E(x) =0, 0A(x) = Vp(x),
and the flow of this vector field is the transformation
(16.26) (E,A)— (E, A+ sVy).

These are exactly the gauge transformation of A, discussed in the previous chapter.

Co
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Theorem 16.7. Define the reduced phase space M{ as the set of gauge equivalence classes
(E,A) € My under the gauge transformations (16.26).

(1) The symplectic form Q descends to M and defines on it a structure of an infinite-
dimensional symplectic manifold. Similarly, the Hamiltonian function H given by
(16.16) aslo descends to M§,.

(2) The Euler-Lagrange equations (16.23) on M coincide with equations of motion
of the Hamiltonian system (M, Q, H).

Note that in particular, this shows that the solutions of equations of motion on Mg do
not depend on the choice of Ag(x). Thus, if we are only interested in solutions modulo the
gauge equivalence, we can choose Ag(x) = 0.

This theorem shows that choosing gauge condition such as Coulomb gauge can be viewed
as choosing a slice in M transversal to the foliation P defined by the vector fields generated
by constraints, as in Section 6.3. For example, one can use the Lorenz gauge:

D(x)=-V-A(x) =0,

which, together with Ag(x) = 0, gives Coulomb gauge conditions (16.5). By Lemma 16.1,
this allows one to choose a unique representative in each gauge equivalence class, which
strongly suggests that this slice is transversal to the foliation.

One can show transversality by showing that the integral operator with the kernel
{C(z), D(y)} is non-degenerate in L?(IR?) (this is the infinite-dimensional analog of condi-
tion det ({xa, @b})szl # 0, see (6.27)). Indeed, it follows from (16.18) that,

82
- Ox' Oyt

which is the integral kernel of the operator —A, Laplace operator of the Euclidean metric
on R3.

Thus the reduced phase space M) of classical electrodynamics can also be defined as a
linear subspace in M defined by

M ={(E(z),A(z)) e M |C(z) = D(x) =0, zeR}.

{C(z), D(y)}

é(x —y),

Since
{D(z), D(y)} = 0,
Darboux coordinates for the symplectic form Qp = ] Mg can be found by the general
procedure described in Section 6.3.

Using Exercises 6.4 and 6.5 in Chapter 6, the Poisson bracket { , }o on M§, associated
with the symplectic form €2y, can be written as a restriction of the Dirac bracket on M,
associated with the second class constraints C(z), D(z) for all z € R3. Namely, we have

(F.Ghon = (R.G}+ [ [ ({P.C@)6w - 2){Dw).6)-

(16.27) - {F,D(@)}G(z — y){C(y), G} ) Pad’y,
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where G(x — y) is a distribution satisfying

. G(z — 2){C(2), D(y)}d’z = 8(z — y),

Gla) = / Gy
- (27[')3 R3 k2 '

Using (16.18) we readily compute that

(16.28) {Ei(z), Ej(y)}ps = {Ai(z), Aj(y)}p = 0
and
(16.29) {Ei(x), Aj(y)}pp = 4n6j;(z — y), =,y € R,

where the distribution (51# (x) is the transverse §-function,

1 kik; . ..
(16.30) 51.5(9[;):(27#,,/]@ (52.3._ k;>e”“d3k, 123

It satisfies

Oi055(x) =0, j=1,2,3

Thus Dirac bracket (16.27) yields a ‘transverse’ Poisson structure { , } on M, deter-
mined by (16.28)—(16.29). It is degenerate and its center is generated by C(x) and D(x)
for € R3. The Dirac bracket { , }pp restricts to M} and yields a non-degenerate Poisson
bracket { , }o associated with the symplectic form . Since

/Rs 5@#(% —y) fi(y)d*y = fi(z)

for any f(x) € #(R3 R3) satisfying V - f(x) = 0, it immediately follows from previous
computations that Hamilton’s equations on Mg

E(x) = {H, E(z)}o,
A(z) = {H, A(z)}o,
yield
oFE 0A

— =V xB, where B=VxA and — =-FE.
ot ot

Together with the Gauss law, they give the full set of Maxwell equations in the Coulomb
gauge.

16.5. Coupling electromagnetiic field with matter

Recall that the Lagrangian density of the electromagnetic field in the presence of sources is
given by (15.40),

1

The equations of motion read

v Ho
F,FH — EAM‘]“ and Fj, =0,A, —0,A,.

" = g ",

where J# is a conserved current, 9, J" = 0.
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The current J* can be realized as a conservation law for the spinor field with the Dirac
Lagrangian density

LW, ) = Wy Ounp — mapi),
considered in Example 11.6. Namely, we have in Example 12.5 that the current
T = Pyt

is a Noether conservation law. Thus it is natural to couple the electromagnetic field with
the spinor field and consider Lagrangian density

1

(16.31) £ = o (yFw 00— ) — e A )

where instead of pg we introduced a constant e. Corresponding equations of motion are
(16.32) O, F" = epytp and  iy* (0, + ieAu) Y —map = 0.

As we have seen in Section 15.4, Maxwell’s equations are invariant under the gauge
transformations A, — A, + 0, f, while Dirac equation is only U(1)-invariant. However,
coupling with the electromagnetic field promotes global U(1)-invariance to gauge invariance
with the structure group U(1). This means that Lagrangian (16.31) is invariant under the
transformations

A— A+df and ¢(x)+— e*ief(x)w(:c), P(x) eief(x)z/;(a;)

for arbitrary smooth real-valued function f(z) on R%.

As we will discuss it Section 17.2 nad 18.2. 9, +1A,, are covariant directional derivatives
for a connection V in the principal U(1)-bundle (or in the line bundle u(1)p) over R* with
the one-form ieA. As it customary in physics textbooks, here we use u(1) = iR and not
identify it with R, as in Section 18.2 (see Remark 17.3). Introducing physicist’s notation

D =~"Dy = +"(0u +ieAy),
we can rewrite the Lagrangian (16.31) as

(16.33) L = S (—1FWF‘“’ +(ilp — m)z/;) .
41 4

Remark 16.8. It is remarkable that (16.33) is the Lagrangian of quantum electrodynamics
(QED), the relativistic quantum field theory describing the interaction of light and matter.
Specifically, photons, a quanta of the electromagnetic field, interact with the electrons
and their anti-particles — positrons — a quanta of the spinor fields ¢» and 1. Photons
are massless elementary particles of spin 1 (bosons) and carry no electric charge, while
electrons and positrons are massive elementary particles of spin % (fermions) and carry
electric charges e and —e. The total electric charge

=€ 7.’17 0 xr 3.’13
Q=c [ ilen vl

is conserved, and in the quantum theory is an integer multiple of e (i.e. is an operator with
the eigenvalues e times the number of particles minus the number of anti-particles).
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In a similar way we can couple the electromagnetic field with the complex scalar field,
considered in Example 11.4. We know from Example 12.3 that corresponding conserved
current is

JH = i(pdt'p — pdty),
and we obtain a U(1)-gauge invariant Lagrangian by promoting partial derivatives to co-
variant derivatives,
1 1 v - 2 2
(16.34) £ = = <—4FWF“ + D,pD'g —m®|p| ) .

This procedure is known as minimal coupling. Correspondingly, the current J* is being
promoted to a current

JH = i(pDFe — pDMp),
where partial derivatives are replaced by the covariant derivatives, and the Euler-Lagrange
equations for the electromagnetic field are Maxwell’s equations with the current JH.

16.6. Exercises

Exercise 16.1. Derive formulas (16.9).
Exercise 16.2. Prove formulas (16.20) for Poisson brackets on M.

Exercise 16.3. Similarly to what was done in Section 13.4, show that Poincaré group acts on the
reduced phase space M in a Hamiltonian way and find the corresponding Hamiltonian functionals.

Exercise 16.4. Express the Hamiltonian functionals from the previous exercise in terms of normal
modes a(k) and a(k).

Exercise 16.5. Derive equations of motion for the Lagrangian (16.34).






Chapter 17

Connections and
Curvature

In the previous chapter, we discussed Maxwell’s theory of electromagnetism. It turns out
that it is a very special case of a large class of theories, known as Yang—Mills theories.
Such a theory depends on a choice of a compact Lie group, called the structure Lie group
of the theory; for electromagnetism, the structure group is the group U(1). To formulate
the Yang-Mills theory for arbitrary compact Lie group G and explain its relation with
Maxwell’s theory of electromagnetism, one needs to use differential geometry of principal
and vector bundles. It is succinctly summarized below; readers familiar with this material
can skip this chapter, returning to it as needed.

17.1. Vector bundles and G-bundles

We begin by reminding the key facts about vector bundles and G-bundles.

Let m: E — M be a complex vector bundle of rank r over a manifold M (later, we will
take M to be the spacetime of our theory). We denote by E, the fiber of E at point x € M
and by &£ the sheaf of smooth sections of F; thus, for an open U C M, E(U) =T'(E,U) is
the vector space of all sections of E over U.

Choose an open cover M = |J,c 4 Ua such that the restriction of E to each U, can be
trivialized: we have an isomorphism of vector bundles

(17.1) vo: Ely, ~U, x C".
Then on each U,g = U, NUg, we have two trivializations ¢, ¢g which are related by
(17.2) Pa = Jazp on Us NUp

for some functions gog on U, N Ug with values in the group GL(r,C). These functions are
called the transition functions; they satisfy the cocycle conditions:

JaB898a = 1 on Uy, N Ug,
(17.3) apdpe o«
9apdBy = Gay O UangﬂUw

179
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and thus define a class in the Cech cohomology group H'(M,GL(r,C)).

In terms of local trivializations, sections of F can be described as collections of functions
St Uy — C" such that

(17.4) Sa = gapsg on Uy NUg.

So far, all our transition functions took values in the group GL(r,C). However, it
frequently happens that one can choose trivializations for which all transition functions
take values in some closed subgroup G C GL(r,C). In such a situation, we say that vector
bundle E has the structure group G. For example, if E carries a Hermitian structure (i.e.
a positive definite Hermitian form), then one can choose local trivializations which identify
the Hermitian form with the standard inner product in C"; thus, in this case all transition
functions will take values in the group G = U(r).

The real vector bundles of rank r over M are introduced in the same way by replacing
the vector space C" by R".

In fact, there is a way to define a G-bundle for arbitrary Lie group G, whether or not
it is a subgroup in GL(r,C). This can be done using the language of principal G-bundles.

Definition 17.1. Given a Lie group G and a smooth manifold M, a principal G-bundle
over M is a fiber bundle 7: P — M with a smooth right G-action: every g € G defines a
bundle map P — P: p — pg such that the action of GG on each fiber P, is free and transitive.

By definition, there is an open covering M = J,c4 Ua such that over each U, there is
a local trivialization, i.e. a diffeomorphism

(17.5) Ya: Plu, = Uy x G,

which commutes with the right action of G: if p(p) = (z, h), then ¢(pg) = (=, hg). Here we
use notation P|y = 7~ 1(U).

As before, this implies that on the intersection U,g = U, N Ug we have two different
trivialization ¢, @g. Thus, we can consider composition ¢, o @El: Uap X G — Uyp X G.
Since every diffeomorphism G — G which commutes with the right action of G on itself
must be given by left multiplication by some element of G, we see that

(17.6) Yo © 95 (2, 9) = (2, gas(z)9)

for some collection of transition functions gn.g: Usg —+ G. These transition functions are
analogs of transition functions for vector bundles defined in (17.2); they satisfy the same
cocycle conditions (17.3). Conversely, it is easy to show that every collection of transition
functions g,z satisfying the cocycle conditions defines a principal G-bundle.

As before, sections of a principal G-bundle can be described locally by collections of
maps Sq: Uy — G, satisfying
(17.7) Sa = gapSs ON Uag.

The relation between the notions of a principal G-bundle and a vector bundle is given
by the following construction. Given a Lie group G, a principal G-bundle P over M, and a
representation R: G — GL(V') of G in a complex or real vector space V, there is a vector
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bundle Vp — M of rank » = dim V, associated with P. It can be defined as the quotient
(17.8) Vp=PxqgV =(PxV)/G,
where the right G-action on P x V is given by

(p,v)-g=(p-g,R(g~ " )v), peP, veV.

In particular, given a local section s of P over some open U C M and a vector v € V,
we can define a section sv of Vp as the composition U — P x V — Vp, where the first map
is x — (s(x),v).

If g§ 5 € G are the transition functions of P, then the transition functions for the vector
bundle Vp are given by 9;4//3 = p(goljﬁ) € p(G) € GL(V). In particular, applying it to
the case when G C GL(V) and p: G — GL(V) is the tautological representation, we see
that in this case the principal G-bundle and the associated vector bundle have the same
transition functions, so conversely, one can recover the principal G-bundle from the vector
bundle. Thus, in this case the notions of a principal G-bundle and of a vector bundle with
a structure group G are effectively equivalent.

An important example of a vector bundle associated with a principal G-bundle comes

from the adjoint representation of G. Denote by g the Lie algebra of GG; it has a natural
adjoint action of G. Thus, for every principal G-bundle P we can define a vector bundle

(17.9) gp =P xa g,

called the adjoint bundle (notation ad P is also used). In particular, if G = GL(V'), then
one can easily check that so defined vector bundle is given by gp = End E, where F is the
vector bunde associated with the tautological representation of GL(V): E = P xgrv) V.

The vector bundle gp has an alternative description. Namely, let us say that a tangent
vector & € T, P is vertical if 7,6 = 0, where m: P — M is the projection of P onto M.
Equivalently, ¢ is vertical if it is a tangent vector to the fiber P, containing p. We will
denote by TV P C TP the subbundle of vertical vectors:

(17.10) T, P={{€T,P|m&=0} =T,P;, x=n(p).

This subbundle is preserved by the action of G on TP (induced by the right action of G on
P).

One easily sees that the right action of G on P induces, for every point p € P, a vector
space isomorphism

g~ T}}/P,
(17.11) d
— — aty,
L, (pe™)
We will denote the inverse isomorphism by ,:
(17.12) tp: T P = g.

Using this isomorphism, one can show (see Exercise 17.2) that one has natural isomor-
phism

(17.13) ap=T"P/G,
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where TV P = {(p,£) | p € P, { € T,) P} is the total space of the vertical tangent bundle of
P.

17.2. Connections

Let E be rank r vector bundle over M, whose fibers are isomorphic to a real or complex
r-dimensional vector space V (R” or C"). Denote by Q¥(E) the sheaf of smooth k-forms on
M with values in E, and by QF(M, E) the vector space of global sections of this bundle,
i.e. the space of smooth k-forms on M with values in FE.

Definition 17.2. A connection in a vector bundle E is a homomorphism of sheaves
V: QYE) — QY(E), which satisfies the Leibniz rule

(17.14) V(fs) = df ® s+ f(Vs)

for any local smooth section s of E and a smooth function f.

If we use local trivializations (17.1), then in each chart U, the connection is given by
(17.15) Vsa = dsq + A%Ssq,

where d is the de Rham differential and A® € QY(U,) ® gl(V) is a matrix-valued one-form.
(From now on, we use the notation gl(V') for the space End V', considered either as an
associative algebra or as a Lie algebra.)

It is easy to show that these one-forms satisfy the transformation law
(17.16) A* = gAP¢™' —dgg™' on Uags
where g = g, are the transition functions, or, equivalently,
(17.17) AP =g71A% +g7dg on U
Here, notation dg g~* and g~ 'dg should be understood in the most naive sense: g (and

thus g~ !) is a matrix-valued function on M, so dg is a matrix whose entries are 1-forms,
and g~ 'dg is the product of matrices:

(97" dg)ij = Y (97 indgnj,
k

(dgg")ij = Z(g_l)kjdgik
k

(17.18)

(see (17.28) below for a generalization).

Connection can be thought of as a way of differentiating sections of F: given vector
field X on M and a section s,

(17.19) Vx(s) = X(Vs).

In terms of local trivialization, the covariant derivative is given by
Vx(sa) = 0xSa + X(A%4).

1

In particular, given local coordinates =", ..., z"™ on a chart U C M, we can define covariant
partial derivatives V,, = Vj, corresponding to coordinate vector fields; then

(17.20) Vs =V,(s)dz", where V,=0,+A4, and A= A,dz".
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Note that A, depend both on the trivialization of the bundle over U and on the choice of
local coordinates x*.

Remark 17.3. In physics literature, the 1-form of the connection is usually defined by
V, = 0y + igA,, where g is some positive constant (in Maxwell’s theory, g = e is the
elementary charge). Thus, when comparing our formulas to formulas in a physics texbook,
you need to include appropriate power of ie.

Connections can be used to identify fibers of F at different points. Namely, given a path
v:[0,1] — M connecting points o = 7(0) and xz; = (1), for any initial value sy € Eq,
there is a unique way to extend s to a section of E over v so that Vys(t) = 0 for any
t € [0,1] (here dot stands for derivative with respect to ¢, so if we think of () as trajectory
of a moving point, then §(t) € T, ;)M is the velocity vector at time t). This gives rise to
holonomy map

(17.21) Hol,: Eyy — Eyy,

which sends a value sg € E,, to the value s; = s(1) where s is the section satisfying
Vi) (s(t)) = 0.

Note that in general, holonomy depends not only on the starting and final points but
also on the choice of path ~; we will discuss it later when talking about curvature.

If E has structure group G C GL(V'), it makes sense to only consider connections
compatible with this structure group. The easiest way to define it is by requiring that for
any path v which is completely contained in one of charts U,, the holonomy map Hol,
(which, after choosing a local trivialization, can be considered as a map V' — V) isin G. It
is easy to show that this condition is equivalent to requiring that in the formula V = d+ A®,
the one-form A® takes values in End g, where g is the Lie algebra of G.

17.3. Connections in principal G-bundles

Many of the above constructions can be repeated for principal G-bundles. Informally, a
connection in a principal G-bundle 7: P — M is a way of lifting paths in M to paths in P.
More precise definition is as follows.

Note that in any bundle 7: P — M, we have a natural notion of vertical tangent
vector, defined by (17.10). However, the bundle structure by itself does not give us a notion
of horizontal vectors. Instead, this needs to be given as additional structure.

Definition 17.4. A connection in a principal G-bundle is a choice of subbundle H C TP,
which is preserved by the right action of G and such that for every p € P, the map
my: TP — T, M, x = 7(p), induces an isomorphism Hy, ~ T, M.

Note that the condition that 7, : T,P — T, M is an isomorphism is equivalent to requir-
ing that for every p € P, we have T),P = TpVP ® Hp, where Tg/ P is the subbundle of vertical
tangent vectors. This allows us to define for every tangent vector £ € T, P its “vertical”
and “horizontal” components:

(17.22) ¢=¢"+¢, enyp, P eHh,
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Example 17.1. Let P = M x G be the trivial bundle. Then at each point p = (z, g), we
have a canonical isomorphism 7),P = T, M © T,G and thus we can define a connection by
H, =T,M. So defined connection is usually called the trivial connection.

A connection in a principal G-bundle gives rise to equivariant path lifting.

Lemma 17.5. Let P be a principal G-bundle P with a connection.

(1) For every path ~: [0,1] — M, there exists a horizontal lift: a path 4:[0,1] — P
such that w(4(t)) = v(t) and for every t, the tangent vector %’Ay(t) is horizontal.
Any two such lifts can be obtained from each other by the right action of G on P;
such a lift is unique if we fix the starting point 4(0) € 7~1(~(0)).

(2) For a path v in M, define the holonomy operator along v by

Holy: Pyo) = Py),

17.23 X
( ) p = A(1),

if 4 is the horizontal lift of v with starting point 5(0) = p € Pyy. Then this
operator commutes with the right action of G.

Note that in particular, if P = M x G is the trivial G-bundle so that each fiber is
identified with GG, then each holonomy operator is given by left multiplication by an element
of G, which follows from the trivial observation that every map G — G which commutes
with the right action of G is given by a left action by some element of G. Thus, in this case
the holonomy gives a group morphism (M) — G. For example, for the trivial connection
described in Example 17.1, we have Hol, = e for any +.

Using Lemma 17.5, one can define a relation between connections in a principal bundle
and in the associated vector bundle.

Theorem 17.6. Let P be a principal G-bundle with a connection and let Vp be the associ-
ated vector bundle as defined in (17.8). Then there is a unique connection V in V' such that
for every horizontal path 4(t) in P and a vector v € V, the path (§(t),v) in Vp is horizontal
with respect to V.

We will discuss another, more algebraic, way of relating connections in principal bundles
and in associated vector bundles in the next section (see Lemma 17.12).

17.4. One-form of a connection

Instead of describing a connection in principal G-bundles by specifying a horizontal subbun-
dle, one can also describe it by an appropriate 1-form, whose kernel consists of horizontal
vectors.

Let P be a principal G-bundle. Recall that for every p € P we have an isomorphism
Py TZY P — g, where T;/ is the subbundle of vertical vectors, see (17.12).

Definition 17.7. A connection 1-form is a form A € Q!(P,g) such that
(1) For any vertical v € TZE/P, we have A(v) = 1, (v).
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(2) For any g € G, u € T,P, we have
(17.24) Apy(g.w) = Ad(g™) - Aylw),

where g.: T, P — T, P is the isomorphism of tangent spaces induced by the right
action of g.

The last condition is just a statement that form A is equivariant with respect to the
right action of G on P (and adjoint action of G on g).

Lemma 17.8. Let H C TP be a connection as defined in Definition 17.4. Define the form
A€ QN(Pg) by

A(u) =0, wu€H,
A(u) = p(u), wue TIYP.
Then A is a connection 1-form as defined in Definition 17.7.

Conwversely, given a connection 1-form A, one can uniquely construct a connection H

by Hy, = Ker(4,).

This lemma shows that instead of describing a connection by the choice of horizontal
subbundle, we can as well describe it by the connection 1-form A. Thus, we will frequenlty
refer to such a 1-form as the connection. This is usually a much more convenient (even
if less intuitive) way of describing connections. As an easy application, we can prove the
following result.

Theorem 17.9. For a principal G-bundle P, the set of all connections is an affine space
over the vector space QY (M, gp). We will denote it by A(P).

Proof. Let A, A’ be connection 1-forms. Then w = A’ — A is a g-valued 1-form on P
such that for a vertical vector u, w(u) = 0. Thus, wy(v) depends only on the projection
¢ = m(v) € TM and on point p. Moreover, it follows from (17.24) that if p,p’ are two
points in the same fiber P,, p’ = pg, then

wpg(€) = Ad g~ (wp(€))

and thus the class of pair (p,w,(€)) in Py X g doesn’t depend on the choice of p. Therefore,
w(&) is well-defined as an element of (gp),. Conversely, it is easy to prove that if A is a
connection 1-form, and w € Q' (M, gp), then A + w is also a connection 1-form.

To complete the proof, we need to show that the set of all connection 1-forms is non-
empty, i.e. that there exists at least one connection. To prove it, note that if we choose a
covering of M by open sets U, such that P|y, can be trivialized, then on each U, there
exists a connection one-form A% corresponding to the trivial connection. The general result
now follows by the partition of unity argument: if ¢, € C°°(M) are such that Y ¢, =1
and support of ¢, is contained in Uy, then A = > ¢, A% is a connection 1-form on M. [O

Example 17.2. Let P = M x G be the trivial G-bundle (with a fixed choice of trivializa-
tion). This bundle has a distinguished connection, namely the trivial connection, defined
in Example 17.1. Thus, Theorem 17.9 shows that in this case, we have an isomorphism

A(P) ~ QY(M,g).
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In the above construction, the connection is described by a 1-form on P. However, this
information is redundant: since A is equivariant under the right action of G, it suffices to
know A, at one point of the fiber P, to uniquely recover it everywhere. Thus, if we choose
a local section s: U — P|y of the bundle P, we can uniquely recover A from the 1-form

(17.25) A® = 5"(A) € Q1(U, g)

or, equivalently,

As(é—) = As(x)s*(g)a reM, €T, M.

It depends on the choice of a section s; to stress this dependence, we will use notation
As. For example, it is immediate from the definition that A% = 0 if and only if s.(&) is
horizontal for any £ € TM. We will call such sections “horizontal”. Note, however, that
existence of such sections is not guaranteed, see Theorem 17.14.

Remark 17.10. Note that for a principal G-bundle, choosing a local section s is the same
as choosing a local trivialization ¢: P|y — U x G. Indeed, a choice of a trivialization defines
a section

s(x) = ¢~z e),
and it is easy to see that conversely, a choice of section determines . Thus, we can also
think of A® as determined by a local trivialization ¢; for this reason, we will also use the
notation A¥ and refer to A¥ defined above as “local trivialization” of A:

(17.26) A? = s*(A) € Q' (M, g), s(z) =9 (z,e).

It is natural to ask how connection 1-form A® changes when we change the section s
(or, equivalenlty, how the form A¥ changes when we change the trivialization ¢). To do
that, we first need to introduce some notation.

Recall that for a function g with values in the group GL(r,C) we had defined matrix-
valued 1-forms g~ 'dg and dg - g7!, see (17.18). We now need to define analogs of these
1-forms for arbitrary Lie group G.

For an element g € G, let L,: G — G be operator of the left multiplication by g. This
induces isomorphism of tangent spaces (Lg)«: TG — T,,G. In particular, we have the
isomorphism
TG ~ g

5 — (Lg—l)*£ .

For brevity, we will use the notation g~! - ¢ for (Lg-1)+«&. In a similar way, one can also

define an isomorphism T,G ~ g: £ — (R,-1)«{ induced by the right multiplication by g b

again, we will use shorter notation & - gL

(17.27)

Consider the g—valued 1-form 63,0 on G defined by

(17.28) Ouc(€) =(¢g7") (g, EeT,G.

This form is called the Maurer—Cartan form and is traditionally denoted just by ¢~'dg. It
is uniquely defined by the conditions that it is invariant under the left action of G on itself
and Oprc(€) = € for € € T.G = g (see Exercise 17.5).

In a similar way we define the g-valued form dgg~! on G by
(17.29) (dgg™ ', &) =¢-g7" €eT,G.
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Theorem 17.11. Let A be a connection in a principal G-bundle P, and let s,, sg be two
local sections of P, related by sg(x) = sa(x)g(x) for some function g: M — G. Denote by
A® = A’ AP = A% corresponding trivializations of the connection 1-form, as defined in
(17.25).

Then A%, AP are related by
A% = gAPg ! —dgg,
AP = g1 A% + g7 dyg.

Note that instead of using sections s,,sg in the statement of the theorem, we could
have used local trivializations ¢, g, related by ¢, = gpg, see Remark 17.10.

As one might expect, connections in principal G bundles can be used to construct
connections in vector bundles with structure group G.

Lemma 17.12. Let P be a principal G-bundle over M with connection given by a 1-form
A€ QY P,g), let R: G — GL(V) be a representation of G and let p : g — EndV be the
corresponding representation of g = Lie(G). Then the associated vector bundle Vp has a
unique connection V. = d4 with the property that for every section s of P and a vector
veV,

(17.30) (da(s(2)0),€) = p(A* ()0 = p(A(s.(E)))v, & € TuM,

where s(x)v € P xq V is considered as a section of Vp.

Moreover, in terms of a local trivialization ¢: Ply — U x G of P, which also gives a
local trivialization of Vp, one has

(17.31) da = d+ p(A%),
where AY € QY(U, g) is defined by (17.26).

We leave the simple proof of this lemma as an exercise to the reader.

In particular, for the adjoint bundle gp formulas (17.30)—(17.31) become
(17.32) das =ds+[A,s],

where s is a local section of gp, and for brevity we denoted A¥ simply by A.

17.5. Gauge transformations

The gauge group G(P) of a principal G-bundle P consists of bundle isomorphisms f: P — P
that commute with the right action of G. For the trivial bundle P = M x G, the gauge
group is the group of all G-valued functions on M, which acts on G by left multiplication:
G(P) = C*°(M,G). This immediately follows from the fact that every diffeomorphism of
G which commutes with the right action is given by left multiplication by some element
xz € qG.

More generally, using local trivializations (17.5), we see that elements of the gauge group
G(P) are collections { fo }aca of smooth functions f,: U, — G which satisfy the following
relation:

fo = 908393 on U, N Us.
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From this, one immediately sees that the Lie algebra of the gauge group G(P) is
Lie(G(P)) =T'(M, gp).

The gauge group acts on the space A(P) of all connections in P; this action is usually
referred to as “gauge transformations”, and its orbits are called “gauge equivalence classes”
(of connections).

Since gauge transformation {f,}aca change local trivializations by ¢q — @0 = faPa,
it acts on local connection 1-forms A = A”¥ by

(17.33) A A=gAg~' —dggt,

where we put A = A® and g = f,,. Thus the gauge transformations are exactly the trans-
formations of Theorem 17.11. In particular, for the trivial bundle a choice of trivialization
gives an isomorphism A(P) ~ Q'(M,g) (see Example 17.2), and we have global gauge
transformations

(17.34) A gAg~t —dgg™, AcQ'M,g), g€ G(P)=C>®(M,G).

We leave it to the reader to check that in general the action of the Lie algebra I'(M, gp)
on A(P) in locall trivialization is given by
(17.35) u-A=u,A —du, u€T(Uyg), AcQ (U, g)

(“infinitesimal gauge transformations”).

17.6. Curvature of a connection

For simplicity, we begin with the discussion of curvature for a connection in a vector bundle
E. Recall that in this case, we defined the connection as a linear map V: Q°(E) — Ql(E)
satisfying (17.14).

Lemma 17.13. A connection V in a vector bundle E can be uniquely extended to a map
Q% (E) — Q*YY(E) which satisfies the Leibniz condition
(17.36) VinAw)=(dn) Aw+ (=DfpAvVw,  nef we (),

where QF stands for sheaf of smooth k-forms on M.

Indeed, we can define the extension by
(17.37) V(i @ s) =dp ®@s+ (—1)¥) A Vs,
where s € Q°(E) and v € QF.

If the vector bundle £ = Vp and connection V come from a principal G-bundle P with
a connection A, as described in Section 17.4, we will also denote the operator V: Q°*(E) —
Q*TY(E) by da; in terms of local trivialization of P (and thus Vp), where the connection is
described by 1-form A, we have

(17.38) da(p @v) =dip @ s+ (=D A p(A)w, e Q¥ veV.
We will use notations V and d4 interchangeably.

Consider now the map

V2 Q%E) - Q*(E).
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Then (17.36) implies for f € Q°,
V3(fs) = V(df @ s+ fVs)
= —df ANVs+df ANVs+ fV%s = fV?s.
This means that the map V2: Q0(E) — Q2(E) is linear over Q0 and is determined by a

2-form F € Q?(M,End E):
V2s = Fs.
Using local trivialization ¢, of E on U, in which V = d + A%, A% € QY (U,, gl(V)), we
see that
V254 = (d+ AY)(dsq + A%4)
=dA%s, — A Ndsq + A% ANdsy + AY N A%s,,
= (dA® + A% A A%)sg,

where A, A A, is understood as a product in the matrix algebra gl(V') together with the
usual exterior multiplication. Thus, in trivialization ¢, we have

(17.39) F® = dA® + A* A A%

Using (17.17) and the Maurer-Cartan formula (see Exercise 17.5), one easily sees that under
the change of trivialization, F'“ transforms as

(17.40) Fa:gaﬁFﬂg;g on  Ug,

which once again shows that F' € Q?(M,End E). It also implies that under gauge transfor-
mations (17.33),

(17.41) F — F=gFg '
For future use, it is convenient to rewrite (17.39) in a slightly different form, namely
(17.42) F® = dA” + J[A% A A%,

where [Ay A Ay] is understood as the commutator in gl(V'), together with the usual exterior
multiplication. We will often use notation

F=Fy=dA+ANA=dA+ i[ANA].

In local coordinates x!',...,2" on a chart U C M the connection is given by V =
d+ Audxt, where A,: U — gl(V), so
v 0A 0A
(17.43) F =1F,da" ndz”, where F,, =[V,,V,]= &U: - 8x5 + (AL A,

and [A,, A,] is the commutator in gl(V'). This notation is used in physics textbooks.

It is also possible to define the curvature of a connection for a principal G-bundle. We
skip the details of this construction, just mentioning that in this case, the curvature of a
connection A is a 2-form F4 € Q?(M, gp), which in terms of a local trivialization is again
given by the formula (17.42), only now [, ] is the commutator in the Lie algebra g. Similarly,
in terms of local coordinates, formula (17.43) holds if we understand the commutator to be
the commutator in g.
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As discussed in the previous section, a connection A in a pricipal G-bundle P automat-
ically defines a connection in any associated vector bundle Vp. In particular, a connection
A in P defines a connection d4 in the adjoint bundle gp by formula (17.32), and thus, by
Lemma 17.13, an operator

dAI QP(M,QP) — Qerl(MagP)a

(17.44)
w i dw + [A A w]

(as before, we are using a local trivialization of A). Correspondingly, Fa € Q*(M,gp)
defines a linear over functions map

d124: QP(M’ QP) — Qp+2(M7 gP)a

(17.45) w i [Fa Aw).

Applying (17.44) to the curvature F)y we get the Bianchi identity,

1
(17.46) daFa=dF +[ANF]=[dANA]+[AN(dA+ L[ANA])] = SIANTANA] =0,
The last equality follows from the Jacobi identity in g.

Bianchi identity can also be obtained from the Jacobi identity for covariant derviatives:
[[v‘u, vl/], Va'] + [vl/, VU]7 V,_L] + [Vg—, V#], VZ/] = O.

In particular, if the group G is commutative, then Bianchi identity becomes dF = 0,
which trivially follows from F' = dA.

Curvature of a connection measures the failure of this connection to be flat. Recall that
a connection V (either in a vector bundle or a principal G-bundle over M) is called flat if
its holonomy Hol, depends only on the homotopy class of v and, therefore, determines a
representation of the fundamental group of M. In this case, one can choose local trivializa-
tion ¢, so that the one-form of the connection vanishes: A% = 0; for a principal bundle, it
is equivalent to choosing a section s which is horizontal. However, not every connection is
flat.

Theorem 17.14. A connection is flat if and only if its curvature is zero: F = 0.

As before, we refer the reader to standard textbooks in differential geometry for the
proof of this fact.

17.7. Chern—Weil theory

Connections allow one to define invariants of vector bundles (or of principal G-bunldes).
This is known as Chern—WEeil construction, and the resulting invariants are called the char-
acteristic classes. The most famous example of them are the Chern and Pontryagin classes.

Let P be a principal G-bundle. Let ®: g — C be a polynomial function on the Lie
algebra g, homogeneous of degree k, and invariant under the adjoint action of G. Invariance

under the adjoint action shows that for every section s of the adjoint bundle gp, the function
O(s) € C°(M) is well defined.
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Choose a connection A in P and let F € Q%(gp) be the curvature of this connection.
Then the same argument as above shows that we can define

(17.47) ®(F) € Q* (M, C).
The following theorem summarizes the main results of Chern—Weil theory.

Theorem 17.15. Let F4 be the curvature of a connection A in principal G-bundle P and
let (F) be as defined above. Then we have the following results.

(1) The 2k-form ®(F) on M is closed:
d®(F) =0.
(2) Cohomology class
[@(F)] € H*(M, C)
does not depend on a choice of a connection A in P.
(3) A map
O — O(F)
1s a homomorphism of the commutative algebra of invariant polynomials on g into
the commutative algebra H®V" (M, C) of differential forms of even degree on M.

The map ® — ®(F) is called the Weil homomorphism, and cohomology classes [®(F)]
are called the characteristic classes of a bundle P.

The algebra of invariant polynomials is well known for all compact Lie groups. In
particular, for G = U(r) and more generally for GL(r,C), this algebra is a free algebra
generated by elements P¥, deg P*¥ =k, k = 1,...r. These generators are called elementary
invariant polynomials and are defined by

det(X +tI) =Y PHX)t"",  where X €gl(r,C), P’=1.
k=0

Thus, if X has eigenvalues A;, then
PYX) =)\ = tr(X),
PA(X) =) i\,

1<j

Pr(X) =[] = det(X).
Differential forms

(17.48) cr(F) = P* (;ﬁF>

are called Chern forms, and the corresponding cohomology classes are called Chern classes.

If F is a complex vector bundle of rank r, then its Chern classes are in fact integral
cohomology classes:

cx(E) = [Pk (;F>] e H**(M,7), k=1,...,r

s
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Here H?#(M,Z) stands for the Cech cohomology with coefficients in the constant sheaf Z,
and ¢ (E) is understood as an image of a differential form (17.48) under the Cech-de Rham
isomorphism.

If F is a real vector bundle of rank r, then a choice of a Riemannian metric on F allows
to reduce its structure group from GL(r,R) to O(r). Since its Lie algebra o(r) consists of
skew-symmetric matrices, we have

det(tI + X) =det(tI — X), X €o(r),

so P*(X) =0 for odd k. Integral characteristic classes

™

pe(E) = P* (;F> e H*(M,R)

are called Pontryagin classes. They are related to the Chern classes of the complexified
vector bundle £ ®r C by the following simple formula

pk(E> = (—1)k62k(E QR C)
(note that cop41(E @ C) = 0).

Example 17.3. An easy calculation shows that tr(X?) = P!(X)?—2P?(X) for any matrix
X. Thus, we have the following formula, which is frequently used: if E is a complex vector
bundle of rank r, and F' is the curvature of some connection in F, then

[tr F A F] = 472 (2¢2(E) — ¢3(E)) € HY(M).
In particular, if E is a SU(r)-bundle, then c¢1(E) = 0, so [tr F A F] = 87%c3(E), and if E is

a real vector bundle, then

pi(E) = [tr F A F].

T2

17.8. Exercises

Exercise 17.1. Let 7 : P — M be a principal G-bundle. Show that the pullback bundle 7*P — P
is a trivial principal G-bundle.

Exercise 17.2. Prove formula (17.13): gp = TV P/G.

Exercise 17.3. Find local trivializations for a vector bundle defined by (17.8), and show that in
this case definition (17.14) reduces to (17.16).

Exercise 17.4. Prove that for G = GL(r, C), the definition of Maurer—Cartan form g~'dg given
in (17.28) agrees with the definition given in (17.18).

Exercise 17.5. Show that the Maurer—Cartan form (17.28) is left-invariant (if we let G act trivially
on g). Deduce from this the Maurer—Cartan formula

do+ [0 A0] =0
where [0 A 6] stands for the wedge product of 1-forms combined with commutator in g.

Exercise 17.6. Show that extension of a connection V given by (17.37) satisfies formula (17.36)
in Lemma 17.13.
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Exercise 17.7. This problem generalizes results of Exercise 15.7 to forms with values in vector
bundles with connection.

Let M be an n-dimensional oriented pseudo-Riemannian manifold with volume form w; let P
be a G-bundle on M, with a connection A. Let V be a representation of G and and let Vp be the
associated vector bundle. Assume that we have chosen a G-invariant symmetric bilinear form ( , )
on V, and define, for o, 8 € Q¥(M, Vp),

(@)= [ @dw=[ @nrs

where for a = ;X; € Q¥(M,Vp), 8 = B;Y; € QF(M,Vp), with «;,3; being scalar k-forms and
X;, Y local sections of Vp, we define

(a, B) = Z(Xuyﬂ(auﬁj),
(a AxB) =D (X5, Y] ) AxBj.
(1) Prove that then
(dac, B) = (0, d3B)), € Q1 (M, Vi), B € QX(M, Vp).
where d*% : QF(M,Vp) — QF~1(M, Vp) is given by
diy = (=1 tdax
(2) Show that for a 1-form o = o, dz*, we have
dho = fVﬁa" = fVﬁ‘(n””al,)

where 7 is the metric in M, and as in Exercise 15.7 , we assume that the volume form is
given by dzt A --- A dz™.

Exercise 17.8. Show that part (1) of Theorem 17.15 follows from the Bianchi identity (17.46).

Exercise 17.9. Prove part (2) of Theorem 17.15 (Hint: the set of connections is an affine space
and thus any two connections can be connected by a path).

Exercise 17.10. Prove that for every closed complex-valued 2-form F on a compact manifold M
with the property

[;WF] € H*(M,7),

there is a complex line bundle L — M and a connection V =d + A in L such that F = dA.






Chapter 18

Yang—Mills Theory

In this chapter, we define one of the most important field theories in modern physics, the
Yang—Mills theory. It depends on a choice of compact Lie group G; special cases of Yang—
Mills theory include Maxwell’s theory of electromagnetism for G = U(1), theory of weak
interactions for G = SU(2) and theory of strong interactions for G = SU(3).

Throughout this chapter, G is a compact real Lie group with the Lie algebra g. We fix
a choice of a positive definite invariant symmetric bilinear form

(,)g®g—R

on g. It is known that such form always exists; if g is simple, then it is unique up to a
scalar factor — for example, one can take the negative of the Killing-Cartan form: (u,v) =
—tr(ad, oad,). Another common choice for su(n) is

(u,vy = —tr(uwv).

All results of this chapter hold for any choice of form ( , ).

We will frequently combine this metric on g with the wedge product of differential forms
on M: for a =}, au; € W (M,g), B =3, Bjv; € (M, g) we define

(18.1) (@A B) = (uvj)ai ABj, wiv; €9, o € QP(M), B; € QU(M).

1,

18.1. Yang—Mills theory

Let M be an oriented pseudo-Riemannian manifold of dimension n + 1; usually we will take
M = RY3. This manifold will play the role of the spacetime in our theory. We denote by
d" 12 the corresponding volume form on M and by % the Hodge star operator as defined
in Section 15.2. We also fix a principal G-bundle P on M (see Chapter 17). Note that for
M = RY3, every principal G-bundle on M is necessarily trivial.

The space of fields of Yang—Mills theory is the space A(P) of all connections in P; recall
that by results of Section 17.4, this is an affine space over the vector space Q(M, gp). For

195
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a connection A, we denote by Fu € Q?(M, gp) the curvature of this connection. We recall
that in local coordinates on M,

. 94, 0A
F =1iF,dz" Ndz”, where F,, =[V,,V,]= o axj +[Au A

(see formula (17.43)).
We define the Lagrangian density for a connection A by

(18.2) £A) = —%(FA AxFR) = L(A)d ',

where * is the Hodge star operator, and
1 v
(18.3) Z(A) = —Z<FW,F“ )

(compare with Exercise 15.2).
Thus the action of Yang—Mills theory is defined by

(184)  S(A) = /M L(A) = —% /M<FA A *Fa) = —i /M<F#1,,F“”)d”+1a:,

where as before, we assume that A is such that the integral converges.

Lemma 18.1. The Yang-Mills Lagrangian (18.2) is invariant under gauge transformations
A — gAg—' —dgg~!, where g € G(P).

Indeed, according to (17.41), the curvature F4 transforms under gauge transformations
by Fa — gFag~ !, and the bilinear form ( , ) is invariant under the adjoint action of G.

Theorem 18.2. Critical points of Yang—Mills action (18.4) are given by
(18.5) dA*FA =0
Note that by Bianchi identities (17.46) we have d4 F4 = 0.

Proof. Critical points of the action are given by 5 = 0. Since F4 = dA + %[A A Al it is
immediate that 0F4 = d(6A) + [0A N A] = da(0A). Thus,

1
08 =~ /<5FA AxFy+ Fy A*5FA> = - /<5FA N*Fa)

_ _/<(d5A +[6ANA) /\*FA>7

where we used a A+ = 8 A xa, see (15.7).

Since the form ( , ) on g is G-invariant, we have ([a,b],c) = (a,[b,c]). Together with
Stokes’ theorem, we can use it to rewrite

0S5 = —/<5A/\<d*FA+ [A/\*FA])>.

Thus, 65 = 0 for any variation dA if and only if
dxF4 + [A/\*FA} =0,
which is exactly the equation dq xF4 = 0, see (17.44). O
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Remark 18.3. The proof can be somewhat simplified if we use Exercise 17.7:
0S5 = —((dadA, Fy)) = —((0A,d4 Fa))
so 05 = 0 for any 0A if and only if dy Fiy = £xdsxFy = 0.
Most of the time we will assume that the spacetime M has the form M = N x R, with

N playing the role of space. As usual, we will use 2° = ¢ for time coordinate in R, and 27,
i=1,...,n for coordinates in the space N. We assume that the metric in M is given by

(18.6) n = (dz°)? — g;jda’ da?,

where g;;dz’ da’ is some (positive definite) Riemannian metric on N.
In this case, we can write

A = Apdz® + A,

F =d2° A E(x) — B(x)

where A = A|y is a time-dependent connection on N, and E € Q'(N,gp), B € Q*(N,gp)
are time-dependent differential forms on N (compare with (15.16)):

E = El dl’i, El = FOi

(18.7)

B = %Bijd:ni A da?, B;; = —F;;.
Then Lagrangian (18.3) can be rewritten in the form
(18.) 2(4) = 5 (1BF - |BP),
| are defined using the (positive definite) metric g;; in N:

|BI* = g7 (E;, Bj) = —(Foi, ),

where the norms | -

(18.9) 1 ., . 1 g

|B|* = iglkg]l<Bij7Bkl> = §<FijaFU>7

where, as usual, we use the metric 7 for raising indices: F* = ptep¥P Fop.
In this case, Bianchi equation d4F = 0 is rewritten in terms of F, B as

(18.10) daB=0, daE=-V{B,

where dg now stands for the exterior derivative operator Q*(N,gp) — Q¥1(N,gp) on
forms on N defined by connection A = A|y, and Vé“ is the covariant derivative operator
on N defined by A: V{'B = 0yB + [Ag, B].

By Exercise 15.4, we have «F = —dxz? A xyB — «y E, where xy is the Hodge operator
on N defined by metric g. Thus, the equations of motion daxF = 0 become
(18.11) da*E =0, dsxB=V}(+E).
N N N

These formulas are analogs of Maxwell’s equations (15.23).

We note that in local coordinates 2° on N, equation dg *yE = 0 is rewritten as
(18.12) VAE = VA(GYE;) =0,

see Exercise 17.7 (compare with the Gauss law — Maxwell’s equation V - E = 0).
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18.2. Line bundles and Maxwell’s equations

Let us now consider a special case of Yang—Mills theory, when the group G is the unitary
group U(1) with the Lie algebra u(1). We choose a generator X of u(1) and the bilinear
form on u(1) such that (X, X) = 1/47. Thus we can identify

u(l) ~ R,

aX — a,
and under this identification, the bilinear form becomes (aX,bX) = Z—b.
T

As before, we assume that we have chosen a principal U(1)-bundle P — or equivalently,
an associated line bundle L = u(1)p — and a connection in this bundle; in local trivialization
of P, the connection is described by one-form

A% € QY (U,,u) ~ QY (UL, R).

Since the group U(1) is commutative, some of the formulas above are simplified. In
particular, the curvature of this connection is given by

F = dA,

and thus is a closed form: dF = 0 (which can be considered as a special case of Bianchi
identity).

The Yang—Mills action functional (18.4) on the affine space A(L) of unitary connections
on the line bundle L takes the form

1 1
18.13 S(A) = —— FAxF = ——— EF, Fdr
(18.13) () =~ [Frs 16W/Mu z
M

(in case M is non-compact it is assumed that the connection is such that the integral with
F = dA is convergent).

Now consider the simplest case when when M = R is the Minkowski space and P is
the trivial U(1)-bundle, and compare it with the results in Section 15.4. We see that the
action functional of the U(1) Yang-Mills theory — formula (18.13) — coincides with the
action functional of the Maxwell’s theory in the absence of sources — formula (15.42)! In
this case, the main statement of Theorem 18.2 reduces to what we had previously computed
for the electromagnetic theory in Section 15.4: the critical points of the functional S(A) are
given by the Maxwell’s equations

(18.14) dxFy =d*dA=0.

18.3. Stress-energy tensor for Yang—Mills theory

As in Maxwell’s theory, we can define the stress-energy tensor for the Yang—Mills theory.
It is computed exactly in the same way as for Maxwell’s theory, see Section 15.5. The only
place that requires a minor change is the proof that

(18.15) Lx(A) = 1xF4
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modulo gauge equivalence, which now requires the use of formula (17.35) for the infinitesimal
gauge transformations. The final answer is given by

1
(18.16) TH = —nog(Fre FYP) 4 11" (Fag, FoBy,

Note that this tensor is traceless (7}, = 0) only for n = 3, i.e. when the spacetime is
4-dimensional.

In particular, in the situation considered at the end of Section 18.1, where M = N xR is

a general spacetime with the pseudo-Riemannian metric (18.6), we define the energy density
of the Yang—Mills field by

. . 1
& =T = =y (F", F) + S| F|”

1 1
= SUBP+1BP), [P = 5 (Fup, F*),

where |E|?, | B|? are defined by (18.9).

The same arguments as in Maxwell’s case (see Section 15.5) give the following result.

Theorem 18.4. Total energy of the Yang—Mills field:

H:/ E(x,t)d"x
N

18 conserved: OgF = 0.

18.4. Coupling Yang-Mills field with matter

Like in Section 16.5, we can couple the Yang-Mills field over Minkowski spacetime R!3
with other relativistic fields. For instance, consider a spinor field that transforms by the
fundamental (defining) representation G — GL(V') of the structure group G. In case
G = U(r) it is a spinor-valued vector

wl
=11,
w?”
and we have the following generalization of the Dirac Lagrangian density:
(18.17) L (Y, ) = ipy" 9 — mapap,
where 9 = (1!, ...,4") is the adjoint spinor-valued vector, considered as independent field.

Clearly, Lagrangian (18.17) is invariant under the action 9 — gp, 9 — g~ !, g € G.

Now let P be a principal G-bundle, A be a connection in P and £ (A) be the Yang-
Mills Lagrangian density (18.3). It admits a coupling with the spinor Lagrangian (18.17):
according to the minimal coupling procedure, discussed in Section 16.5, we replace partial
derivatives 0, by the covariant derivatives

(18.18) Dy =0, + p(A,),

where p : g — V is the fundamental representation. The resulting Lagrangian

(18.19) LA, ) = _i@”’ FPY 4 (i) —m)ep, where 1) = Dyt
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is invariant under the gauge transformations

Ay = gAug ™t = 0,997, Y = g¥, Y — g

where g € G(P) = C®°(R*, G).

Remark 18.5. In case G = SU(3) Lagrangian (18.19) is the Lagrangian of quantum
chromodynamics (QCD), describing the interaction of eight gluon fields — components
of A,(x) € su(3) with respect to some basis of g = su(3) — with six quark and anti-quark
fields, component of the spinor-valued vectors 1 and @. The quarks and antiquarks are
massive elementary particles of spin % (fermions) and fractional electric charges —%e, %e and
%e, —%e, while gluons are massless elementary particles of spin 1 (bosons) that mediates
the strong interaction between quarks and carry no electric charge. In physics terminology,
three components 1; of ¥ and three components v; of 1 are distinguished by three “colors”
(say green, red and blue) and by three “anti-colors” (anti-green, anti-red and anti-blue);
components of A,(x) are also described by color and anti-color indices. The composite
subatomic particles like protons and neutrons are made of quarks and antiquarks and carry
zero “color charge”.

In a similar way we can couple the Yang-Mills field with the complex vector field ¢.
Namely, let V' be the fundamental representation of the structure group G — a finite-
dimensional complex vector space with the Hermitian inner product. The Lagrangian for
field ¢ : R* = V is

(18.20) L(.0u0) = Duipl 0 — V (|6p]2).

Here ¢! is Hermitian conjugate of the vector ¢, so ¢fp = |p[?, and V : Ry — R is some

potential. According to the minimal coupling procedure, we should replace d,, by D,, as in

(18.18), and consider the Lagrangian
1
4

It is invariant under gauge transformations
Ay = 9Aug™ = 8,997, @ = gp, g €G(P)=CPR,G).

Remark 18.6. In case G = SU(2) and V (|¢|?) = p?|p|? — Me|?*, where 2 > 0 and A > 0,
Lagrangian (18.21) describes the famous Higgs field from the Standard Model of elementary
particles. This model unifies three out of four fundamental interactions: electromagnetic,
weak and strong (the gravity is excluded), and classifies all known elementary particles.
Lagrangian of the Standard Model is gauge invariant with the SU(3) xSU(2) x U(1) structure
group, and is too complicated to be presented here.

(18.21) L(A,0,0up) = == (Fu, F*) + D™ Do — V ([op]*).

18.5. Hamiltonian formalism in Yang—Mills theory

Let us now describe the Hamiltonian formalism in the Yang—Mills theory. We had already
done that for the Maxwell’s theory in Section 16.4; here we generalize it to arbitrary struc-
ture group G. For simplicity, we will only consider the Minkowski spacetime M = RU3;
however, most results can be generalized to other spacetimes as well, see Remark FIXME.
Do we need it?
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As in Section 18.1, we let A be a connection in a principal G-bundle P, and consider
the Yang—Mills Lagrangian density

L(A) = —%(FA A*Fa) = L(A) dz,

where Fy is the curvature of connection A, and .Z(A) is the Lagrangian function, which in
local coordinates takes the form

1
L(A) = ——(Fu, F'), Fu =0,A, —0,A,+ A Al
4

As in case of classical electrodynamics, we can rewrite .Z in the first order formalism.
Namely, note that

|E'|2 = Z<E1,El> = 2<80Az — 0;A0 + [AO)AZ]’E1> - |E|2

Thus, we have

1 1

SUEP = |BJ?) = (00Ai — 9: Ao + [Ao, A, Bi) — S(|1B]” +|BJ),

2 2

Using invariance of the inner product, we can rewrite ([Ao, 4;], E;) = (Ao, [4;, Ei]). Also,
(0; A0, Ei) = —(Ao, 0:E;) + 0;(Ao, E;).

Since adding a total derivative does not change the action

(18.22) & =

S(A) = | ZLdiz,
R3

and thus does not change the equations of motion, we can replace the original Lagrangian

by
1
£ = (00Ai, E;) + (Ao, 0i B + [Ay, Ei]) — §(|E|2 +|BJ%)

(18.23) .

= (E;, 0o Ai) — 5(’]5\2 +|BJ*) + (Ao, C()),
where
(18.24) C(x) = OiE; + [As, Bi) = VAE; = —d, F,

(see Exercise 17.7).

As in Section 16.4, we see that this is a singular first order Lagrangian of the form
(6.13):

L=pqg—H(p,q)—> X" (p,q),
a=1

with A;(x) playing the role of generalized coordinates q, E;(x) playing the role of generalized
momenta p, and H(p, q) given by the total energy of the Yang—Mills field
(18.25) H= [ &x)dz= 1/ (|E)? +|B]*) d*x.
R3 2 Jps
Then Ag(x) play the role of Lagrange multipliers \,, and C(x) are the constraints.
We define the phase space of Yang—Mills theory to be the following infinite-dimensional

real vector space
M = {(A(x), E(z))} = Q,(R% g) x (R, g),
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where 1 (R3, g) stands for the space of one-forms on R? with all components being Schwartz
class functions.

To introduce coordinates on the phase space, we choose a basis X, € g, where a =
1,...,7r =dimg, so that every u € g can be wrriten as

u = u*X,.

Denote by Kgp, t, the structure constants of the bilinear form ( , ) and the Lie bracket in

this basis:

u, v) = Kgpu®,
(18.26) (u,v) b
[u, v] = t5, uv’ X.

Then the scalar-valued functions E¢(z), A%(z), ¢ € R?, a = 1,...,dim g, play the role of
coordinates on the phase space .Z .

The symplectic form Q on . is
(18.27) Q= Ky / 3 (5Eg(x) A 5A§?(x)) B,
and gives rise to the following Poissoﬁ brackets on .#:
(B (x), AS(y)} = 65, K™0(x —y), i,j=1,2,3 and a,b=1,...,dimg,
{Ef (), Ej(y)} = {Al(z), A}(y)} = 0.
The Euler-Lagrange equations (6.14)—(6.16) in this case become

(18.28)

(%E (m) = {H C E , C = / AO d T,
(18:29) Ai(w) = {H C, Ailw >}
C(e) =

Note that the equation C (as) = 0 is equivalent to d% E' = 0, which is, as discussed in (18.11),
one of equations of motion.

To write these equations explicitly, it is convenient to introduce the following notation.
Let f € .7(R3,g) be a test function and define

Cr = /RS<C(33),f(m)>d3as.

This is a scalar-valued function on the phase space. Clearly, conditions C'(x) = 0 for all x
are equivalent to Cy = 0 for all f.

Lemma 18.7. We have the following Poisson brackets on A :

18.30) {Cy. Ei(x)} = [f(z), Ei()],
) {Cr, Ai()} = [f(z), Ai(x)] — 0 f ()
) {Cr.Cq}t = —Clrg)>
18.33) {H,Ai(x)} = Ei(=),
) {H, Ei(z)} = (d4B)i,
) {H,C;} =0.
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where the operator d*y: QF(R3, g) — QFY(R3, g) is defined in Ezercise 17.7. Note that some
of these relations involve Poisson brackets of a scalar-valued function on .4 such as Cy and
a g-valued function such as E;j(x). We define such Poisson brackets in the obvious way:

{Ei(z),Cr} = {E}(z), Cr} Xa-

Proof. The straightforward proof of this lemma can be obtained by writing everything
in terms of components, as commonly used by physicists. Namely we write E(x) =
E(x)X,dxt, B(x) = B%Xadxi/\d:vj and use canonical Poisson brackets (18.28) to compute
Poisson brackets of Bj; with E,l;, Az and then use them to compute Poisson brackets of H
with F, A,C (see Exercise 18.2). However, the computations are rather tedious and not
very illuminating.

A more invariant approach is as follows. Assume that we have a (scalar-valued) observ-
able, i.e. a function F' on the phase space .# such that

(15.36) SFAE) = [ (0A@) (@) + (E@). pa(a)d’e
R
for some Schwartz class one-forms 1, g2 € QL(R3, g). Here, as in Exercise 17.7, we define
the pairing of k-forms on R3 with values in g by combining the pairing on forms induced
by the (positive definite) metric in R? with the pairing (, ) on g. In such situation, we will
say that
oF oF
m = ¢1(x), W = pa(x).

Then it follows from canonical Poisson relations (18.28) that for observables F, G, we have

(18.37) {6y = /Rg ( ((52’1(1:)’ 62%;)) B (621(;)7 52?1:))) &z,

This formula is a straightforward generalization of the formula (13.4) for a scalar field
theory:

B OF _5G__ 6F  8G \
{F,G}(W,SO)—/R3 <57r(zc)6cp(w) 5¢(w)6ﬁ(x)>d '

Now it is not difficult to check (we leave it to the reader, see Exercise 18.3) that

5C 5C
2 2
(18.38) g'ﬂ;) =0, ?JEE@‘) =2E(z),
sIBI* . . sIBI*
A 2B OE(@)
where
2 233 2 233
1BI? = [ 1B@PEe. B = [ |B@)Pd,

and |E(x)|? is given by (18.9), so that H = %(||E||* + || B||?). Combining these formulas
with (18.37), we get the statement of the lemma. O
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Using Lemma 18.7, one can show that the Euler-Lagrange equations (18.29) are equiv-
alent to

E=—dAy+ ViA=—dAy+ oA+ Ao, A],
dYWE = -VAE; =0,
d'yB = Vi «E,
where d is the exterior derivative in R3,  is the Hodge operator in R3, A = A;dz’ is the

restriction of connection A to R?, and B is given by B = —F4 = —dA — 3[A A A.

The first equation and the formula for B are equivalent to the equation
1

in R, where F = da® A E — B, while the second pair is equivalent to the equation
da*F =0 (see formula (18.11)). Thus, the Euler-Lagrange equations (18.29) for the first
order Lagrangian (18.23) are equivalent to the equations of motion d% F4 = 0 — which of
course was to be expected.

Lemma 18.7 immediately implies that the Yang-Mills theory is a Hamiltonian theory
with a first class constraints as defined in Section 6.3. Thus, we can restrict the equations
of motion to

Mo ={(E,A) € M | C(z) = —d*4 E = 0}.

As in the case of Maxwell’s theory (see Section 16.4), the Poisson brackets with con-
straints Cy are exactly the infinitesimal gauge transformations (17.35). In other words, the
flow of the Hamiltonian vector field on the phase space M defined by Cy is given by the
gauge transformations

(18.39) (E,A) — (9Eg~',9Ag " —dgg™"), g(x)=exp(sf(x)).
Thus, we get the following result.

Theorem 18.8. Define the reduced phase space M{ as the set of gauge equivalence classes
(E, A) € My under the gauge transformations (18.39).

(1) The symplectic form (18.27) descends to M and defines on it a structure of
infinite-dimensional symplectic manifold. Similarly, the Hamiltonian function H
given by (18.25) also descends to M.

(2) The Euler-Lagrange equations (18.29) on M{ coincide with the equations of motion
of the Hamiltonian system (M, Q, H).

As in the U(1) case, we can also introduce additional constraints, identifying the re-
duced phase space M = Mj/(gauge transformations) with a submanifold defined by the
equations C(x) =0, D(x) = 0. The common choice is using a non-abelian Coulomb gauge

D(m) = 8kAk(m) =0.
Putting D(x) = D*(x)X,, we readily compute
2

a (& a
Gt~ Y) AR @) o )

(18.40) {C%(@), D"(y)} = K*
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Thus M®(x,y) = {C%x), D’(y)} is an integral kernel of the differential operator
(18.41) M=—-A+ad Ak(w)ak,

on L?(R3,g), where A is the Laplace operator of the invariant metric ( , ) on g. As in
the U(1) case, this operator is formally invertible, at least for small Ay (), which allows to
define the reduced phase space of the theory.

Remark 18.9. The differential operator M plays an important role in the path integral
approach to the quantum Yang-Mills theory, and is called Faddeev—-Popov operator.

18.6. Self-duality equations

Yang—Mills theory and thus, equations of motion (18.14), can be defined for any pseudo-
Riemannian manifold M. In particular, we can consider the case when M is Riemannian,
though corresponding equations do not have natural physical interpretation. However, in
case when M is a compact Riemannian 4-manifold, the absolute minima of the Yang-Mills
action functional are described by rather simple first order nonlinear partial differential
equations, called self-dual and anti-self-dual equations. These beautiful equations play a
fundamental in the Donaldson’s theory, the study of the topology of 4-dimensional mani-
folds, and are used in the quantization of non-abelian gauge theories.

From now on, we assume that M is a compact oriented Riemannian 4-manifold and P

is a principal G-bundle on M. Moreover, we assume that G is a connected simple compact

Lie group (G = SU(2) for Donaldson’s theory). For a 2-form w € Q?(M, gp) we define
1 i‘
@) = & i),
(WA *w) = |w(x) > d'e,

where ( , ) is the negative of the Cartan-Killing form on g, and d*z is the volume form
defined by the orientation and Riemannian metric. Note that |w(x)|?> > 0, with equality
only if w(x) = 0.

We also define

ol = [ W@Pdte = [ s

Note that || - ||? is a positive definite quadratic form on Q?(M, gp): for any w € Q*(M, gp),
we have [|w||? > 0, with equality if and only if w is zero.

The Lagrangian density (18.2) can be rewritten as
1
2(4) = L |Faa)

and it is convenient (as we will see below) to define the Yang-Mills action functional by
1

1
18.42 A= —— | PA)drr = | Fa2.
(18.42) S(A) = =5, | LA dz = l|Fa|

On a 4-dimensional Riemannian manifold M the Hodge operator x: Q?(M) — Q?(M)
satisfies 2 = 1, so we have the decomposition

(18.43) 0?(M) = Q3 (M) @ Q2 (M),
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where Q4 (M) are eigenspaces of Hodge x-operator corresponding to the eigenvalues 1 and
—1 respectively. The 2-form F on M is called self-dual or anti-self-dual if F' € Qi(M) or
F € Q2 (M) respectively:

*F=+F.

This definition trivially extends to forms with values in a vector bundle, in particular,
to F € Q%*(M,gp). We will call a connection A in a principal G-bundle P self-dual or
anti-self-dual if its curvature 2-form Fy4 is self-dual or anti-self-dual respectively. Of course,
anti-sef-dual connection can be obtained from the self-dual by changing the orientation
of M. It follows from the Bianchi identity that self-dual and anti-self-dual connections
automatically satisfy Yang-Mills equations

dA*FA =0.

Remark 18.10. In the pseudo-Riemannian case x> = —1 on 2-forms, and analog of de-

composition (18.43) is valid only for complex-valued 2-forms. Corresponding self-duality
equations take the form

*F=+iF
and have no solutions in Q?(M, g). in other words, these equations have only “non-physical”
solutions.

It trivially follows from the relation (o A x3) = (B A *a) that if a € Q2 (M, gp), B €
02 (M, gp), then (a Ax8) =0, so

(18.44) (o -+ B) Ax(a+ B)) = {a Axa) + (BAB).
Writing

Fp=F +F_,
where F the self-dual and anti-self-dual components of the curvature 2-form F4, we readily
obtain

(18.45) S(A) = 3 (1F? + IFJ1).

The vector bundle gp has a topological invariant, the first Pontryagin number (called the
instanton number by physicists) — an integer k, given by evaluation of the first Pontryagin
class pi(gp) on the fundamental cycle [M] € Hy(M,Z). Using (17.45), definition (??) of
the invariant metric on g, and representing p;(gp) by a 4-form on M as in Example 17.3,

we obtain .

1
k=——= | tr(FaNFy)=— Fa N Fy).
372 /M rFAN D) = g /M< AN

We also have

((a+B)A(a+p)) = ((a+ ) Axla—=pB)) = (aAxa) = (BAXB),

SO
1 2 2
(18.46) k= s (1P = IFJ?).

Theorem 18.11. Let P be a principal G-bundle over on a connected compact oriented 4-
manifold M. If k > 0, then absolute minima of the Yang-Mills action functional are given
by the self-dual connections, and if k < 0 — by the anti-self-dual connections.
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Proof. From (18.45)—(18.46) we trivially have
1 1
S(A) — 2k > —|F_||*> and S(A)+ 2k > —|F |
4dr i

Thus S(A) > 27|k| and for & > 0 the minimum is attain at the self-dual connections, for
k < 0 — at the anti-self-dual connections, and for £k = 0 — at the flat connections. O

The existence of such connections is a highly non-trivial analytic problem, and we refer
the reader to a special literature. In case M = S* and G = SU(2) it can be shown that
self-dual connections exist for £ > 1 and depend on 8% — 3 parameters, forming the so-called
moduli space of instantons.

18.7. Hitchin’s equations

Let G be a compact real form of a complex Lie group, and denote by * the corresponding
anti-involution on a complex Lie algebra gc = g ®g C. Consider the self-duality equations
in a trivial bundle gp over R? with the Euclidean metric. A connection A = A,d" is a
g-valued 1-form on R* with the curvature 2-form

F= %Fw,dx“ Ndx¥,  Fu, = 0,A, — 0, A+ [Au, Ay
The self-duality equations F' = xI" take a simple form
Fio = Fs4, Fi3=Fy2, F14= Fbs.
Now consider a dimensional reduction of the self-duality equations: suppose that A,

do not depend on z3 and z*. Introducing the so-called Higgs fields — g-valued functions
1 = Az, ¢o = Ay on R2 — we can rewrite the self-duality equations as

Fig = [¢1, ¢2] = Fou,

Fig = [V1,¢1] = [¢2, V1] = Fuo,

Fiy = [V1,¢2] = [Va2,01] = Fas.
Denote by

F = Fio = alAQ — 82A1 + [Al, Ag]

the curvature form of a connection A;dz! 4+ Asdz? on a trivial gp bundle over R?. Intro-
ducing the complex Higgs field ¢ = ¢1 — i¢o, the above equations can be written as
(18.47) F= %[qﬁ, ¢*] and [Vy+ iV, ¢ =0.

Put z = 2! + iz? and introduce a connection 1-form
A = Ayda’ + Ayda® = AVdz + A% dz
in the complex vector bundle g& = gp ®g C over C ~ R? — a complexification of a real
vector bundle gp. Denoting
d=1¢dr € QM0(C,g5), @ =1¢*dz e Q" (C,g5),
we can rewrite equations (18.47) as
F+[®,9"] =0,

18.48 5
( ) 04® =0.
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Here
[P, D" ]| =DPAD*"+P*AND
is a graded Lie bracket on g%—valued 1-forms, and d4 is a (0, 1)-component of
da =0+ AYdz+ 0+ A™dz =04 + 0a.

It is remarkable that equations (18.48) make sense over an arbitrary Riemann surface
M! Namely, consider a principal G-bundle P over M, a connection A in the adjoint bundle
gp and the Higgs field ® € Q'0(M, g%). The pair (A, ®) satisfies Hitchin’s equations over
a Riemann surface M, if
(18.49) F(A)+[®,®]=0 and 04® =0.

The second equation states that ® is a holomorphic section of the complex vector bundle
gp ® QYY(M, C) with respect to the complex structure in g%, determined by the Cauchy-
Riemann operator 94 = 9+ A%! and the natural complex structure in Q%°(M, C). Solution
(A, ®) of the Hitchin’s equations (18.49) determines a flat connection d+ A+ ®+ ®* on g&.

18.8. Exercises

Exercise 18.1. Derive equations of motion for the Lagrangians (18.19) and (18.21).

Exercise 18.2. Use the canonical Poisson relations (18.28) to derive the following Poisson brackets:
{Ef(x),C"(y)} = —0(x — y)tI"Ef,
{47 (@), C(y)} = —(tAf(z) + K0,:)d(x — y).

Exercise 18.3. Complete the proof of Lemma 18.7.

Exercise 18.4. The group C*®(R?,G) of gauge transformations acts on the phase space .# by
g (&, Ar) = (969~ 1, gAg™! — Orgg™!). Prove that this action is Hamiltonian and find the corre-
sponding moment map.

Exercise 18.5. For M = $* and G = SU(2) find a self-dual connection with k& = 1 (this is the
famous instanton solution of the Yang-Mills equations).

Exercise 18.6. Prove formula (18.15).



Chapter 19

Chern—Simons Theory

In this chapter, we discuss one more model of a classical field theory, the Chern—Simons
theory in dimension 3. As in Yang—Mills theory, fields in Chern—Simons theory are con-
nections in a G-bundle, where G is a simple compact Lie group such as SU(n). The most
important feature of this theory is that unlike Yang—Mills Lagrangian, the Lagrangian of
Chern—Simons theory doesn’t depend on the metric of spacetime; such theories are called
topological.

Throughout this chapter, M is an oriented 3-dimensional manifold which will play the
role of spacetime of the theory; unless specified otherwise, we assume that M is connected
and compact to avoid problems with convergence of integrals. We also fix a connected
simply-connected simple compact Lie group G; our main example is the group G = SU(n),
but most features can already be studied for G = SU(2). We will denote by g the Lie
algebra of G.

19.1. Topology of simple Lie groups

Before defining the Chern—Simons theory, we need some information about topology of Lie
group G.

Theorem 19.1. Let G be a connected simply-connected simple Lie group. Then the homo-
topy groups of G are

m(G) = m(G) = {1}, =3(G) =7Z.
This immediately implies that
(19.1) H3(G,Z) =7
and thus, H3(G,R) = R. Moreover, we can easily describe the generator of H3(G,R).

Let (, ) be a positive definite G-invariant symmetric bilinear form on the Lie algebra
g; as discussed in Chapter 18, such a form exists and is unique up to a scalar factor. We
will fix the normalization shortly.

Lemma 19.2. Let A € Q3(G)be defined by

209
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(1) X is left-invariant

(2) Fora,b,ce€g=1T.G, we have
(19.2) Aa, b, c) = (a, b, c]).
Then X is closed and H3(G,R) = R[\].

From now on, let us fix the normalization of the bilinear form ( , ) by the following
condition:

(19.3) / A =2m, C — generator of H3(G,Z).
C

Note that there are two choices of a generator of H3(G,Z) ~ Z; we fix the choice of C' by
the condition that [, A > 0 for positive definite form ( , ).

Example 19.1. Let G = SU(2). Then there is an embedding 2: SU(2) — R?* which
identifies SU(2) ~ S3 C R* (see Exercise 19.1). Moreover, an explicit computation given
in Exercise 19.2 shows that in order to satisfy normalization condition (19.3), the bilinear
form (, ) should be taken to be

(19.4) (a,b) = %(z*a, 1:b)ra = —ﬁ tr(ab), a,b € su(2),
and thus,
(19.5) Aa,b,c) = {(a,[b,c]) = —% tr(alb, c]).

Moreover, the same formula holds for G = SU(n) (see Exercise 19.3).

These results can be reformulated in terms of the Maurer—Cartan form. Recall that the
Maurer-Cartan form 6 € Q'(G, g) is the left-invariant form such that for a € T,G = g, we
have 6(a) = a, see (17.28); for matrix groups, we have § = g~'dg.

More generally, given a manifold M and a smooth function g: M — G, we define
(19.6) 0, = g0 € Q' (M, g).

As in (18.1), we use notation (a A ) for the g-valued differential forms. It immediately

follows from the definition of the Maurer—Cartan form that (# A ) = 0 and for a,b,c €
T.G = g,

(19.7) (O N[O AO])(a,b,c) =6(a,[b,c]).

We have the following simple result.

Lemma 19.3. Let § € QY(G,g) be the Maurer—Cartan form and let C € H3(G,Z) be the
generator of H3(G,Z) as in (19.3). Then

/(em 0 A 0]) = 127.
C

For G = SU(n) this can also be rewritten as

_1 r = 2472
/Ctr(ﬁ/\ﬁ/\é?)—2/ct(9/\[9/\«9]) 2472,

Proof. This immediately follows from (19.3), since by (19.7) we have (A A[OA6]) = 6). O
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19.2. Chern—Simons action

After these preliminaries, we can now define the Chern—Simons theory. Let M be a compact
oriented 3-manifold without boundary, and let P be a principal G-bundle on M. As in
Section 17.4, we denote by A(P) the infinite-dimensional affine space. of connections in P.
The space of fields of Chern—Simons theory is defined to be the space of gauge equivalence
classes of connections:

(19.8) F=A(P)/G(P)
where G(P) is the group of gauges transformations as defined in Section 17.5.

Before proceeding, we make the following observation.

Lemma 19.4. Any G-bundle on a 3-manifold M is topologically trivial.

Proof. For readers familiar with the theory of classifying spaces, the simplest proof is as
follows. As is well known, the isomorphism classes of G-bundles on a manifold M are
classified by the homotopy classes of maps M — BG. On the other hand, vanishing of
fundamental groups 71(G), m2(G) (see Theorem 19.1) implies that 7 (BG) = {1} for k < 3.
By standard results of algebraic topology, this implies that any map of a 3-manifold to BG
is homotopic to a constant map. ]

In other words, any G-bundle P on M can be trivialized: we can choose a trivialization
p: P — M x . However, such a trivialization is not unique, which will play important
role in what follows. In particular, this implies that the gauge group G(P) is isomorphic to
C*®(M,G): any two trivializations are related by
o

©*(p) = g(m(p))¥” (p)

for some function g: M — G.

Let us assume that we have chosen a trivialization ¢. Then a connection can be described
by a 1-form A € Q'(M,g). We define the Chern-Simons action by

(19.9) Scs[A] = — /M wes(4),
where
(19.10) wes = (ANdA) + L(AN[ANA]) € Q3(M)

is the Chern-Simons form. For G = SU(n), by results of Example 19.1, the action can be
rewritten as

1 1
(19.11) SeslA] —/ tr(AAdAJr%A/\A/\A) :4/ tr(AANdA+ JAN[AN A)).
M M

A4r ™

We will provide motivation for this definition later.

The first question we need to answer is whether the Chern—Simons action is independent
of the trivialization of the bundle, or, equivalently, whether the Chern—Simons action is
gauge equivalent. Recall that by Theorem 17.11, under a gauge transformation g: M — G
the one-form of the connection transforms as

A A9 =g Ag+ g dg
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(for technical reasons, here we use the right action of the gauge group on connections rather
than the left action).

Thus, in order for the Chern—Simons action to be independent of trivialization we need
to check whether Scg[A9] = Scs[A].

Theorem 19.5. Let M be compact. Then
Scs[A9] — Scs[A] = 2nd,

where d € 7 is defined by [g(M)] = d[C] € H3(G,Z), and C' is the generator of H3(G,Z) as
in (19.3).

Proof. Let wes(A) € Q3(M) be defined by (19.9). Then using the invariance of the form
(, ) and the Maurer-Cartan equation df + 3[0 A 6] = 0 (see Exercise 17.5), one can show
by a rather lengthy computation that

(19.12) wes(A%) — wos(A) = — 40y A6, A 0,]) — d(B, A g~ Ag).

Details are left to the reader in Exercise 19.5. Since for closed M the integral of exact form
is zero, by Lemma 19.3 we have

Scs(A%) — Scs(A) = % /M<99 A [0g A b))

1
_ 6/9(M)<9/\[9/\G]>

= 2md. U

Thus, we see that the Chern—-Simons action is not invariant under the group G(P) of
gauge transformations. However, it is invariant under the normal subgroup G(P)y of gauge
transformations homotopic to identity. Under the general gauge transformations, we can
only claim that Scg is well-defined as an element of R/27Z. In particular, this implies that
exp(iScg) is well-defined.

19.3. Chern—Simons form as a secondary characteristic class

The fact that Chern—Simons action changes by an integer multiple of 27 under the gauge
transformations can be described in a different (but closely related) way, in terms of inte-
gration over 4-manifolds.

We begin by recalling the following classical result of low-dimensional topology.

Theorem 19.6. Any oriented compact 3-manifold M without boundary can be written as
a boundary of some 4-manifold: M = 0X, for some (not unique) 4-manifold X .

Let now P be a G bundle on M. By Lemma 19.4, P can be trivialized. Let us choose
a trivialization; it identifies P with the trivial bundle and thus allows us to extend P from
M to a bundle P on X. Moreover, it is easy to show that a connection A on P can be
extended to a connection in P.
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Lemma 19.7. Let X be a 4-manifold (possibly with boundary). For A € QY(X,g), let
wes(A) € Q3(X) be defined by (19.9). Then

dwes(A) = (Fg NFa) € Q4(X),
where Fy = dA + 3[A N A] € Q2(X, g) is the curvature of A. For SU(n), this becomes

1
dwcs(A) = _E tr(FA A FA).

Proof. Using (19.10) and Ad-invariance of the bilinear form ( , ), we readily obtain
dwes(A) = (dANdA) + (dA N [A A A)).
Now the result follows immediately from the following observation:
([ANAIAN[ANA]D) =(AN[AN[ANA]]) =0.

Here the first equality is the invariance of ( , ), and the second equality holds since by the
Jacobi identity [A A [AA A]] = 0. O

Corollary 19.8. Let M be a 3-manifold without boundary, with a G-bundle P and a con-
nection in P. Choose a trivialization p: P — M X G of P and let A be the one-form of the
connection in this trivialization.

Let X be a 4-manifold with boundary such that 0X = M then trivialization P ~ M x G
allows one to extend P to a bundle P ~ X x G on X. Let A be an extension of A to P.
Then

Sesld] = - /M wes(A) = — /X (Fi A Fy).

Note that the right-hand side depends on the choice of X, on the trivialization (which
is used to extend P to X) and on the extension of a connection to X.

This gives another way to explain why the Scg[A] is well-defined up to an integer
multiple of 27, at least for G = SU(n). Let X3, X3 be two 4-manifolds such that 0X; =
0Xo = M. Given a G bundle P on M with a connection, choose two trivializations 1, 9
of P; let Aj, As be the one-forms of the connection in each of these trivializations.

Using trivialization ¢1, we can extend P to a (trivial) bundle P~ X; x G on X1, and
choose an extension 1211 of A1 to X;. Similarly we can use ¢2 to extend the connection to
Xo.

Consider now the manifold X = X; U (—Xj3), obtained by gluing X;, Xy along the
common boundary M (the minus sign indicates that we consider Xy with the opposite
orientation). Then X is a smooth manifold without boundary, and the bundles Py, P,
can be glued together to give a G-bundle Pon X (which might not be trivial, as the
trivializations ¢; and @9 might be different), with a connection Al

Then Corollary 19.8 implies
1
Scs[Ar] — Scs[As] = 4/ tr(F5 A Fj).
X

7

LOne needs to be careful so that the gluing gives a smooth connection on X; it can be achieved by making a
suitable gauge transformation in a neigborhood of the boundary. For details, we refer the reader to paper by D. Freed
cited in Chapter 20.
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We can now use the result of Example 17.3, which shows that for G = SU(n) the
right-hand side can be written as

1 -
yp /Xtr(FA NFj) = 2mcy(P).
Since ¢3(P) € H*(X,Z) ~ Z when X is connected, we conclude that

Scsl[A1] — ScslAg] € 2nZ

(compare with Theorem 19.5).

19.4. Equations of motion in the Chern—Simons theory

Recall that for any classical field theory, the classical equations of motion are given by the
critical points 0S[p] = 0 of the action functional S. Let us apply it the Chern—Simons
theory.

Lemma 19.9. Using standard notation

55@5[14] S[A—l—&“- (5A],

e=0

_d
 de
we have the following result

dScs[A] =2 /M<FA N SA).

Proof. Using (19.9), Stokes theorem and Ad-invariance of the bilinear form ( , ), we obtain

5Scs[A] = — /

<<5A NdA) + (ANdSA) + 1((SA N[AN A])
M 3

1 1
+3 (AN AN A + (AN [AMAD)
_ _/ (GAN (2dA + [A A A))
M

:2/M<FA/\5A>. ]

This result can be interpreted as follows. Let A be the space of all connections in the
trivial G-bundle on M; as discussed in Theorem 17.9, this is an infinite-dimensional affine
space associated with the vector space Q!(M, g), so at any point A € A, the tangent space
is T4 A = QY(M, g). Since we have a non-degenerate pairing

Q*(M,g) ® Q' (M,g) = R

n®wH/ (nAw),
M

we can think of Q%(M, g) as the cotangent space: T5A := Q?(M, g).

Then the curvature of a connection admits a natural interpretation as 1-form on A,
since to every connection A € A it assigns its curvature Fy € Q*(M, g) ~ T4 A. From this
point of view, Lemma 19.9 is interpreted as the identity

d Scs[A] = 2F4 € QY(A)
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of 1-forms on A, where d is the exterior differential on A.

Lemma 19.9 immediately implies the following result.
Theorem 19.10. Critical points of Chern—Simons action are the flat connections on M :
0Scs[A] =0 < F4=0.

Remark 19.11. Note that F)4 = 0 is a first—order differential equation in components of
A, and not of a second order as one would normally expect. This makes Chern—Simons field
theory very different from more common field theories such as Klein—-Gordon or Yang—Mills.
In those theories, if our spacetime is of the form N x R, and we fix the initial conditions
©li—p» Pli—g, then there is a unique solution of equations of motion with these conditions.
For Chern—Simons it is not so: if M = N x R, then in order for a connection on N to be
extendable to a solution of equations of motion, it is necessary that it is flat. Moreover, if
this is the case, a flat extension is not unique.

Let us now consider the set of gauge equivalence classes of flat connections:
{Ac A(P) | Fa=0}/G(P).
Assuming that M is connected, it is well-known that we have a bijection
{Ae€ A(P) | F4 =0}/G(P) ~Hom(m(M),G)/G

given by the holonomy of a connection (see discussion in Section 17).

Since 71 (M) is finitely generated, space X = Hom(m(M),G)/G is finite-dimensional.
In general, it is not a smooth manifold (it is a stratified space), so usually one considers one
of the approaches below to replace it by a better behaved space.

(1) We can consider simple connections, which are characterized by the property
that the centralizer of the image of m1(M) in G is finite. It is known that such
connections form an open dense subset R® C Hom(m (M), ), and the quotient
X% = R%/G is a smooth finite-dimensional manifold (but non-compact).

(2) Alternatively, one can replace (real) Lie group G by a complex algebraic group
G® (e.g., replace SU(n) by SL(n,C)). Then the set Hom (7 (M), G®) is an affine
algebraic variety, called the representation variety of M, and we can consider the
geometric invariant theory quotient

X (M) = Hom(m (M), G%) //GE.

This is again an affine algebraic variety (generally, not smooth), called the character
variety of M.

We will say more about the structure of Hom(m; (M), G)/G in the case M =R x N in
Section 19.6.
19.5. Chern—Simons theory for manifolds with boundary

So far, we have studied Chern—Simons theory on a closed 3-manifold. Let us now consider
whan happens if we allow manifolds with boundary.
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Let M be an oriented compact 3-manifold with boundary: M = N; as before, let P be
a G-bundle on M and let A be a connection in P. Choose a trivialization of P and define
the Chern-Simons action Scg(A) by the same formulas (19.9)-(19.10).

As before, so defined action depends on the choice of trivialization. In addition, we get
an extra term coming from the boundary: it follows from (19.12) that

(19.13) Scs(Ag) — Sos(A) = /8M<99 A gilAg> + é/M<99 A [99 A 99]>,

so we can not claim that Scs(A) is a well-defined real number modulo 27. Instead, we will
show that for every choice of a connection A on a 2-manifold N = dM, we can define a
one-dimensional vector space Ly (A) so that e?5¢5(4) is well-defined as an element in Ly (A).

Recall that every compact oriented 2-manifold N without boundary is a boundary of
some (not unique) 3-manifold M. Moreover, it is easy to show using Theorem 19.1, that
every function g: N — G can be extended to a function g: M — G.

Lemma 19.12. For a compact oriented 2-manifold N and a function g: N — G, define
1

Wilo) =5 [ 051 185705)

where M is a compact 3-manifold with boundary such that OM = N and g: M — G is an
extension of g: N — G. Then Wx(g) mod 27 only depends on N and doesn’t depend on
the choice of 3-manifold M and extension §.

Proof. Let My, M5 be two 3-manifolds such that OM; = OMs = N. As in Section 19.3,
form a new manifold M = M; U (—Ms), obtained by gluing M; and My (with reversed
orientation) along N. Then

1 1 1
5 ) Contonod—g [ @onwnnh =G [ 000,80 <2z

0

Remark 19.13. The functional Wy (g) is a two-dimensional analog of the Wess-Zumino
term in the theory of quantum anomalies. It plays a fundamental role in two dimensional
conformal field theory and is called the Wess—Zumino—Novikov—Witten (WZNW) action.

With the help of Lemma 19.12 we can rewrite (19.13) in the following form:
Scs(A7) — Ses(A) = C(4,g) mod 2

C(A,g) = Wi(g) + /N (0,7 g~ Ag).

Note that C'(A,g) mod 27 only depends on restrictions of a one-form A and function g to
the boundary N = dM.

(19.14)

Corollary 19.14. For any A € AN, 1,92 € G, we have
(19.15) C(A,g192) = C(A, g1) + C(A%,g2) mod 2.

Proof. Indeed, using A9192 = (A9')92 and (19.14), we have
Scs(AN92) — Scs(A) = Scs((A7)%) — Seg(A9) + Scs(A?) — Ses(A). O
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Equation (19.15) admits a simple interpretation in terms of group cohomology. Recall
that given a representation V of a group G, the cohomology H!(G,V) are defined by
HY(G,V) = Ext'(C, V), where Ext is considered in the category of representations of G' (or,
equivalently, C[G]-modules). These cohomology can be computed explicitly using the bar
resolution:

(G, V) = CHG, V) = C*G, V) — ...
CHG,V)={f:GF >V}
In particular C'(G,V) = {f: G — V'}, and the differential d: C' — C? is given by
df (91, 92) = 91f(g2) — f(g192) + f(g1)

(the general formula for the differential can be found in standard textobooks on homological
algebra). Thus, the space of 1-cocycles is given by

ZNG V) ={f: G= V| f(gqr92) = f(91) + 91f(g2)}-

Let us now apply this to the group G = C*°(N, G) of gauge transformations, and take
V = Q% Ap) be the space of complex-valued functionals ¥: Ay — C (“wave functions” in
the physics terminology). It is a left G-module with the action

(g-W)(A) = W(A9)

where as before, A9 = g1Ag + g~'dg. Considering C(A4,g) as an element in Q°(Ay),
we immediately see that (19.15) is equivalent to dC = 0 mod 27; in other words, C' is a
1-cocycle of group G with values in Q°(Ay) mod 27.

Remark 19.15. In physics terminology, the term C(A,g) is called “quantum anomaly”.
The 1-cocycle condition allows to define a representation U of the gauge group G on the
space Q0(Ay) (the Hilbert space of wave functions in the physics terminology) by the
formula

(U(9)¥)(4) = A u(49).

Using (19.14), we can construct a one-dimensional complex vector space Ly (A), which
depends on N and connection A in a G-bundle on N, so that exp(iScs(A)) is well-defined
as an element of Ly(A). To do that, we use the following approach: we first construct a
vector space Ly (A, ) which depends on some auxiliary data (namely, trivialization ¢ of the
bundle Py) and then construct canonical isomorphisms fy,: Ly (A, ) = Ly (A, ). This
allows one to identify all the spaces Ly (A, ¢) for different choices of ¢ and thus construct
a single space Ly (A). More formally, we will use the following lemma.

Lemma 19.16. Given a set X, consider the category €x, whose objects are collections of
vector spaces Vo, € X, together with isomorphisms fgo: Vo — Vg satisfying foo = id,
f'ny,Ba = f'yoz-
Then €x is equivalent to the category of vector spaces, with the equivalence given by the
following functor:
I': €x — Vect

(Vou fﬁa) =V = {(er S Va)aEX | f,@ava = vﬂ}-
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In other words, a collection of vector spaces V, together with collection of canonical
isomorphisms V, ~ V3 can be replaced by a single vector space. A common example of
such a situation is when X is a contractible topological space, and V is a local system over
X in this case, I' is the functor of global sections.

Now, let A be a connection in a G-bundle P on N; as discussed before, such a bundle
is automatically trivializable. Let X be the set of all trivializations of P; for each such
choice of a trivialization ¢, define the vector space V,, = C and let A¥ be the one-form
of connection in this trivialization. Recall (see Theorem 17.11) that if we are given two
trivializations ¢, ¢g related by

Yo = gpp, g€ CT(N,G)

then
AP = g7 A% + g7 dg = (A™)9.

For such a pair of trivializations, define isomorphisms fg,: Vo ~ V3 by
(19.16) fa = exp(iC(A%, g))

where C'(A®, g) is defined by (19.14). It follows from the cocycle condition (19.15) that so
defined [, satisfy foo =1id, fy8f8a = fya-

This shows that we can canonically identify vector spaces V, for different choice of
trivialization ¢, and thus, by Lemma 19.16, we can replace this collection by a single
vector space which doesn’t depend on the choice of trivialization and is thus defined by the
connection A on N. We will denote the resulting one-dimensional vector space by Ly (A).

Lemma 19.17. Let M be a compact oriented 3-manifold with boundary N = OM. Let
A be a connection in a principal G-bundle P on M ; denote by Ay the restriction of this
connection to N. Then exp(iScs(A)) is well-defined as an element in one-dimensional
vector space Ly (AnN).

Proof. Choose a trivialization ¢ of P; abusing the language, let A¥ be the one-form of
connection A in this trivialization. Define the number z, = exp(iScs(A¥)) € C by formula
(19.9); we will consider it as an element in the vector space V,,. Then it follows from (19.14)
that given two trivializations ¢., @3, we have

zB = fﬁaza
which shows that z = exp(iScs(A)) is well-defined as an element of Ly (A). O

19.6. The phase space of Chern—Simons theory

Recall that in classical mechanics, for a system with configuration space N we had the
spacetime R x N and the phase space TN (or T*N — in non-degenerate case, Legendre
transform gives an isomorphism T'N ~ T*N). For field theories such as the scalar field
theory, the configuration space is taken to be the space of fields on N, and the phase space
is the space of 1-jets of fields.

For Chern—-Simons model, the situation is different. As discussed before, equations of
motion for Chern—Simons theory are first order equations, and not every connection on N
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can be extended to a solution of equations of motion on R x N (it can only be done for flat
connections). Thus, the approach above doesn’t work for Chern—Simons theory.

Instead, we can use an alternative definition. Recall that in classical mechanics, for every
(q,q) € TN, there is a unique solution of equations of motion on R x N with this initial
conditions. Thus, one can alternatively define the phase space as the space of solutions of
equations of motion on R x N; we have used this in Section 5.3 to define the action of the
Galielean group on the phase space.

Following the same idea, for a compact oriented 2-manifold N we define the phase
space of Chern—Simons model X (N) to be the space of solutions of equations of motion
on M =R x N, or, equivalently, the space of gauge equivalence classes of flat connections
on M. Since N and R x N are homotopy equivalent, this is the same as the space of flat
connections on N up to gauge equivalence; as discussed in Section 19.4, this gives

(19.17) X (N) = Hom(m (N), G)/G.

As discussed in Section 19.4, X is a finite-dimensional space, which in general is not
smooth.

Theorem 19.18.

(1) Let us call an element p € Hom(w1(N),G) simple if the centralizer in G of image
of p is finite; denote by Hom®(m(N),G) the set of simple morphisms. Then for
a surface N of genus g > 1, the set of simple morphisms is open and dense in
Hom(mi(N), G), and the quotient space

X%N) =Hom (7 (N),G)/G
s a smooth manifold of dimension
dim X°(N) = (2g — 2) dim G.

(2) The manifold X°(N) has a canonical symplectic structure.

We skip the proof of this theorem, referring the reader to papers listed in Notes.

This phase space can also be constructed in a different way, via the Hamiltonian re-
duction. Namely, choose a principal G-bundle P over N (note that P must be necessarily
trivializable) and consider the space A(P) of all connections in P. Recall that A(P) is an
affine space over the vector space Q' (N, gp).

Lemma 19.19. The space A(P) has a natural structure of (infinite-dimensional) symplectic
manifold.

Proof. Since A(P) is an affine space, at every point A € A(P) the tangent space T4 A(P)
is the space Q'(N, gp). Define the 2-form w on A(P) by letting

(19.18) w@8)= [lans).  afeiNar)
N
It is easy to show that this 2-form is non-degenerate and closed. O

Recall that the space of connections has a natural action of the gauge group G(P)
described in Section 17.5.
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Lemma 19.20. The action of G(P) on A(P) is Hamiltonian; for a € Lie(G(P)) =
I'(N,gp), the corresponding Hamiltonian function on A(P) is

Ho(4) = [ (Faa).
N
where Fa € Q2(N, gp) is the curvature of A.

In other words, if we define the (restricted) dual of I'(V, gp) to be Q?(N, gp), with the
pairing given by [y (F,a), then the moment map p: A — Q2(N, gp) is given by

(19.19) u(A) = Fyu.

Proof. To check that H, is the Hamiltonian function corresponding to a, we need to check
OnH, = w(&armn)
(see (5.3)).

As is common in calculus of variations, we use notation § A instead of 7 for the tangent
vector at A. Then, using 0F4 = ddA + [0A N A], we get

5Ha:/N<5FA,a>:/]V((d5A+[5AAA]),a>
:/<(5A/\(da+[A,a])>
N
_ / ((—da + [a, A]) A 6A) = w(—da + [a, A], 6A).
N

On the other hand, by formula (17.35) for the action of a € T'(N, gp) on A, we see that
the vector field corresponding to a is

& = —da+ [a, Al.
Thus, 0H, = w(&,,0A), which shows that H, is indeed the Hamiltonian function corre-
sponding to a € I'(N, gp).
We leave it as an exercise to the reader to verify that {H,, Hy} = H{q - g

As an immediate corollary, we get the following theorem.

Theorem 19.21. The phase space X (N) of flat connections in G-bundle P on N modulo
gauge equivalence coincides with the Hamiltonian reduction of A(P) by the group of gauge
transformations:

X(N) = A(P)//G(P).

It can be shown that the symplectic structure on X°(N) mentioned in Theorem 19.18
coincides with the symplectic structure obtained by the Hamitlonian reduction. This gives
a conceptual construction of this symplectic structure.

It is natural to ask if X°(N) is a cotangent bundle — or, in a weaker form, if it has
a natural polarization (see Section 4.5 for the discussion of polarizations). It turns out
that there is no natual polarization on X°(N) in the sense of Definition 4.12. However,
by choosing a complex structure on N, we can obtain a complex polarization of X°(V);
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this plays an important role in Wess—Zumino—Witten model. We refer the reader to papers
listed in Notes to this Part for further discussion.

19.7. Exercises
Exercise 19.1.
(1) Show that a 2 x 2 matrix g is in SU(2) iff it has the form

g:(_% g) o,BeC, |+ =1.

(2) Deduce from it that the map
1: SU(2) — C? =R*

(19.20) (_% g) ()

identifies SU(2) with the unit sphere S3 C R%.

(3) Let (, )rs be the metric on SU(2) obtained as the pullback of the standard metric on R*
under the embedding (19.20). Show that the matrices below form an orthonormal basis of
s5u(2) with respect to (, )ga:

. 0 1 . 0 4 . ;0
Xl = j0g = (1 0) , X2 =401 = (Z (Z)) , X3 =103 = ((Z) Z) .
Deduce from this that

(a,b)pa = —% tr(ab), a,b € su(2).

Exercise 19.2.
(1) Let A € Q3(SU(2)) be the left-invariant form normalized by the condition

AX1, X2, X3) =1,

where X1, X5, X3 are gieﬁned in the previous exercise.
Show that fSU(2) A = 272 (for appropriate choice of orientation on SU(2)).

(2) Show that

Aa,b,c) = —i tr(alb, c]).

Exercise 19.3. Let 1,: SU(2) — SU(n) be the embedding given by
1

Ut g 9 g in positions k, k + 1

It is known that for any k, the map 1, induces an isomorphism Hs(SU(2),Z) — Hs(SU(n),Z).
Deduce from this that for any n > 2, the left-invariant 3-form on SU(n) given by

1
Ma, b, c) = i tr(alb, c])
satisfies the normalization condition (19.3).
Exercise 19.4. Prove formula (19.7).

Exercise 19.5.
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(1) For a one-form A € Q'(M, g) and a function g € C*°(M, G), denote A’ = g~ Ag. Prove

that then dA' = —[0,, A'|+ g~ -dA - g.
(2) Using the previous part and the Maurer-Cartan equation df + 1[0 A 6] = 0, prove (19.12).
Exercise 19.6. For a connection A on a 2-manifold N, let Ly (A) be the one-dimensional vector

space defined in Section 19.5. Prove that if N = Nj U Na, then one has natural isomorphisms
LN(A) ~ LN1 (A) ® LN2 (A)



Chapter 20

Notes and References

From the physics perspective, there are many excellent introductions to classical elec-
trodynamics, from the classic text [LL1971] to the monographs [Gril999], [Jac1998],
[Ryd1996]. Correspondingly, we start Chapter 15 with the physics formulation of Maxwell’s
equations in Section 15.1, and give their invariant formulation by using the differential forms
in Section 15.2. The key role there is played by the Hodge star operator in the 4-dimensional
space R'3 with the Minkowski metric.

In Section 15.4 we show, in invariant form, that Maxwell equations are the Euler-
Lagrange equations for the action functional of the electromagnetic 4-potential, a 1-form
A. In Section 15.5 we derive the stress-energy tensor of electromagnetic field by using the
action of Poincaré group on the space of gauge equivalence classes of A. The obtained
tensor is symmetric, so there is no need in ad hoc addition of a divergence-free term, as it is
customary in physics textbooks. The integration on Riemannian manifolds and properties
of the Hodge x operator are discussed in many textbooks on differential geometry, e.g. in
[War1983] and [DFN1984].

The Hamiltonian formulation of Maxwell’s equations in Section 16.4 is based on the
Dirac formalism [Dir1958], as developed in [Fad1969]. We are following [FS1991] and
unpublished Faddeev’s lectures on Feynman path integral and gauge fields (Leningrad State
University, 1974). In Section 16.5 we briefly mention QED (quantum electrodynamics); the
interested reader can find its detailed account in the classic textbook [Weil995].

Chapter 17 serves as a crash course on connections and curvature on principal and
vector bundles and theory of characteristic classes. The reader can find more details in
[MS1974], [ DFN1984]|, [KN1996a|, [KN1996b], [Fra2012], and in many other sources.
For complex vector bundles, standard references are [GH1994] and [Wel2008].

Based on the material in Chapter 17, in Section 18.1 we introduce Yang-Mills fields as
connections in a principal G-bundle over a pseudo-Riemannian manifold. In Section 18.2
we show that this theory naturally generalizes the abelian gauge theory — classical electro-
dynamics — to the non-abelian case, and in Section 18.3 we derive the stress-energy tensor
for the Yang-Mills field on the Minkowski spacetime. It should be noted that this theory, for
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the basic case G = SU(2), was introduced by C. N. Yang and R. L. Mills in the classic paper
[YM1954]. Nowadays there are many lectures and books introducing classical theory of
Yang-Mills fields, written from mathematics and physics perspective. They include classic
lectures [Ati1979], introductory texts [NS1987] and [BM1994], and books [Rub2002],
[Nak2003] for mathematically oriented physicists.

Yang-Mills equations on the Minkowski spacetime are nonlinear partial differential equa-
tions, so one cannot use Fourier method for solving the Cauchy problem, and we refer
to [EM1982] and [CS1997] for global existence of solutions. In Section 18.4 we briefly
mention relation with the quantum chromodynamics (QCD) and the Standard Model of
elementary particles; for more information, see [Weil996| and references there.

Our exposition of the Hamiltonian formalism for the Yang-Mills theory in Section 18.5
follows [Fad1969], [FS1991] and Faddeev’s 1974 unpublished lectures. Hamiltonian formu-
lation is fundamental for the quantization of the Yang-Mills fields, and we refer to [FS1991].
The Faddeev-Popov operator M plays a fundamental role in developing perturbation theory
(Feynman rules). It was rigorously proved in [Sin1978]| that for large Ay (x) the operator M
may have a zero eigenvalue, so that the Coulomb gauge condition can intersect the orbits of
gauge group more that once — the so-called Gribov ambiguity. However, in does not affect
the perturbation theory, based on the Hamiltonian formulation of the Yang-Mills theory.

Section 18.6 is devoted to the self-duality equations, introduced in the classic paper
[BPST1975]; for complete description of solutions in case M = $* and G = SU(2), we
refer to Atiyah’s lectures [Ati1979], and references therein. These equations were used by S.
K. Donaldson [Don1983] for the study of topology of 4-manifolds. For detailed exposition
of the Donaldson’s theory, we refer to the monographs [DK1990] and [FU1991]|. The
Hitchin equations were introduced by N.J. Hitchin in [Hit1987a]. With each solution
(A, @) of Hitchin’s equations, where A is a connection in a complex vector bundle F, one
associates a Higgs bundle — the pair (F,®). In [Hit1987b], the Higgs bundles were
used to define the Hitchin integrable system, which plays important role in many areas of
mathematics.

Finally, in Chapter 19 we introduce a very different kind of gauge theory, the Chern—
Simons model. This model is based on Chern—Simons form, an example of secondary char-
acteristic class, which was introduced by Chern and Simons in 1974 in [CS1974]. This
form was used by physicists as an additional, “topological” term in gauge field theories in
1980s; pure Chern—Simons theory, which had no other terms, was studied in [Zuc1987]. (In
special case of abelian groups, it has appeared earlier in the work of A. Schwarz [Sch1977]).
Since this theory is purely topological (the action doesn’t depend on metric), it was mostly
considered a toy model by physicists — until the publication of Witten’s paper [Wit1989],
in which he showed that quantum Chern—Simons theory can be used to construct invari-
ants of knots, in particular the Jones polynomial. This led to an avalanche of papers on
Chern—Simons theory, invariants of knots and 3-manifolds, and topological quantum field
theories in general; a review of some of related results can be found in [Fre2009].

Invariant definition of the functional Wy in Section is due to S.P. Novikov [Nov1982]
and E. Witten [Wit1984]. The Chern-Simons and Wess-Zumino actions play a prominent
role in theory of quantum anomalies, and we refer the reader to [FS1984| and references
therein.
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Our exposition mostly follows [Fre1995], to which we refer the reader for details. Most
topology results we use in that section are standard; proof of Theorem 19.6 (every 3-
manifold is a boundary) can be found in [Kir1989, Chapter VII]. For the description of
the symplectic structure on the space of gauge equivalence classes of flat connections on
a surface, we refer the reader to the original papers [AB1983], [Gol1984]; note that this
was found independent of realization of this space as the phase space of Chern—Simons field
theory.
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Chapter 21

General Relativity

General relativity — Einstein’s theory of gravity — is the geometric theory describing
gravity as property of space and time. It generalizes special relativity by postulating that
the metric of spacetime is not constant but is itself a field described by appropriate equa-
tions of motion which generalize Newton’s law of universal gravitation. Here we introduce
the general notion of a spacetime and briefly recall the necessary basic from Riemannian
geometry.

21.1. Spacetime in general relativity

Definition 21.1. A smooth connected n-dimensional manifold M is called a Lorentzian
manifold if it carries a pseudo-Riemannian metric

ds* = g (v)dz*dz”

with the signature (1,7 — 1) at every x € M. Such a metric ds? is called Lorentzian metric.

In particular, a 4-dimensional Lorentzian metric has signature (+,—,—,—), so g =
det g, < 0.
The basic example of a Lorentzian manifold is Minkowski space R13; a more general

example is M = R x N, where N is an (n — 1)-dimensional Riemannian manifold, and the
metric on M is defined by gy = dt? — gn. However, these are not the only examples.

Theorem 21.2. Let M be a connected n-dimensional manifold. Then the following are
equivalent

(1) M admits a Lorentzian metric.

(2) The tangent bundle TM can be split as TM = L @& Q, for some vector bundles L
and Q of ranks 1 and n — 1 respectively.

Proof in one direction is quite easy: since it is well-known that any manifold M admits
a Riemannian metric g, given a splitting TM = L & @) we can define the Lorentzian metric
on M by g = g|r — glg. We refer the reader to standard texbooks for the proof in the
opposite direction.
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As an immediate corollary, we get the following result.

Corollary 21.3.

(1) Every non-compact connected manifold admits a Lorentzian metric.

(2) A compact connected manifold admits a Lorentzian metric if and only if its Fuler
characteristic is zero.

(3) A connected manifold admits a Lorentzian metric if and only if it admits a nowhere
vanishing vector field X .

As in the case of Minkowski metric in Section 7.1, a tangent vector v € T, M is called
e timelike if g(v,v) >0
e null (lightlike) if g(v,v) =0
e spacelike if g(v,v) <0
A curve v: [uy, ug] — M is called timelike if 7/(u) is timelike for all u € [uq, ug] and is
causal if if 4/ (u) is timelike or null for all u € [uq, ug).

It is easy to see that for every point z, the set of all timelike vectors is not connected
and has two connected components. It is natural to think of one of them as going in positive
time direction and the other, in the negative time direction. This motivates the following
definition.

Definition 21.4. A Lorentzian manifold M is called time-orientable if admits a timelike
vector field X € Vec(M).

(Note that by definition, a timelike vector filed is non-vanishing.)

Such a vector field defines time orientation: a timelike or null vector u € T, M is future-
directed (or past-directed), if u- Xz > 0 (or u- X, < 0).

Similarly, a timelike curve 7: [u1, us] — M is future-directed (or past-directed), if v'(u)
is future-directed (or past-directed) for all u € [uy, ug).

Note that not every Lorentzian manifold is time-orientable; however, it easily follows

from Corollary 21.3 that every Lorentzian manifold admits a (possibly different) Lorentzian
metric which is time-orientable.

We have just introduced all notions necessary for the definition of a spacetime in general
relativity.

Definition 21.5. A spacetime of general relativity is time-oriented Lorentzian four-manifold
M.

Denote by .# be the space of all Lorentzian metrics on M, and by G = Diff(M) —
the group of all diffeomorphisms of M, so there is a natural G-action on .# by pullbacks.
Explicitly, for ® € G and ds? = g, (z)dz*dz” we have
00 (z) 0P8 (x)

oxr Oz

From a physicst point of view, this amounts to a change of coordinate systems on the

spacetime M. In general relativity, the action of G on M replaces the Poincaré group action

(21.1) @ -ds® = (D" g )(v)datdz”, where ®*g,,(7) = gas(P(2))
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on the Minkowski spacetime R'3, discussed in Section 7.1. Correspondingly, the special
principle of relativity is replaced by

General Principle of Relativity. The field equations — the laws of motion — are in-
variant under the action of the diffeomorphism group G of the spacetime M.

Remark 21.6. It should be noted that all physical theories are diffeomorphism invariant:
the physical laws do not depend on a coordinate system chosen to write them down. The
general relativity describes the dynamics of spacetime, so its diffeomorphism invariance —
a “general covariance” in physics language — manifests the geometric nature of the theory.
As the result, the field equations are written in a covariant form in terms of tensors.

We have the following analogs of future and past lightcones of each point in Minkowski
spacetime (see Section 7.1). Namely, the chronological future IM (x) of z € M is the set of
points that can be reached from = by future-directed timelike curves, and the causal future
JM(x) of x € M is the set of points that can be reached from z by future-directed causal
curves and of x itself. Similarly, the chronological past I (z) and causal past J(z) of
x € M are defined by using past-directed timelike and causal curves.

Note that z € I JJXI (x) if and only if there exists a timelike curve starting and ending at
x. From physical point of view, it means that our system admits time travel, which leads
to numerous difficulties.

Proposition 21.7. If the spacetime M is compact, there exists a closed timelike curve in
M.

Proof. The family {I(z)},en is an open covering of M. By compactness, M = I (z1)U
c U T (). If 2y ¢ T (21), then z1 € IM(20) U -+ U I¥(2,,), then 21 € I} () for
some 2 < k < m. Then I (z;) C I} (xy), so we can omit I (z1) from the covering. If
x9 & L]y(wg), then by the same argument we can remove Iy(mg) form the covering, and so
on, until we find some z; € I (z;). O

Thus compact spacetime allows for the time travel, so we will consider only non-compact
spacetimes.

We say that a spacetime M satisfies the causality condition if it does not contain any
closed causal curve. A spacetime M satisfies the strong causality condition if there are no
almost closed causal curves. That is, for each x € M and for each open neighborhood U
of x there exists an open neighborhood V' C U of z such that no causal curve in M passes
through V' more then once. Clearly the strong causality condition implies the causality
condition.

Definition 21.8. A space-time M is globally hyperbolic if it satisfies the strong causality
condition and for all z,y € M the intersection J (z) N JM(y) is compact.

The following fundamental result describes the structure of globally hyperbolic space-
times explicitly: they are foliated by smooth spacelike hypersurfaces.

Theorem 21.9. Let M be a spacetime. Then the following are equivalent.
(1) M is globally hyperbolic.
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(2) M is isometric to R x N with the Lorentzian metric fdt> —~;, where 3 is a smooth
positive function on M, and vy, is is a Riemannian metric on N depending smoothly
ontéeR.

It is obvious from the construction that every timelike curve - intersects every hypersur-
face N = {t} x N C M at most once, and in fact, every such curve can be reparametrized
and extended so that intersects each N; exactly once. Hypersurfaces with these properties
are called Cauchy hupersurfaces.

Corollary 21.10. On every globally hyperbolic spacetime M there exists a smooth function
h: M — R whose gradient Vh € Vect(M) is timelike and future-directed, and all level sets
of h are spacelike Cauchy hypersurfaces. Moreover, given a Cauchy hypersurface N in M,
there is a function h with the property N = h=1(0).

Such function h is called a Cauchy time function, and its gradient Vh is defined by
OO

Vh=g Ozt OzV’

where g"” is the inverse matrix.

To better appreciate the importance of Theorem 21.9, let us discuss, from physics per-
spective, the basic notions of space and time in general relativity. Let M be a spacetime
(we do not assume it is globally hyperbolic) and let (z°, 2!, 22 2%) be an arbitrary local
coordinate system with the only condition that gog > 0. Thus the vector field 9/9z° is
timelike, so we can think of 2° as local time coordinate and of » = (z', 22, 23) as space

coordinates.

Such a choice of local coordinate system allows one to talk about events happening at
the same point in space: we say that two events (z9,71) and (29, 72) happen at the same
point in space if 71 = 72 (note that this notion depends on the choice of coordinate system).
As in Section 8.1, we introduce a proper time for an observer at point 7 in space by defining
the time interval between events (z9,7) and (29, 7) to be

1 [
AT = / vV g00(z0,7) dz®.
€ Ja

This defines a proper time 7 at point 7 in space, which is defined uniquely up to adding a
constant (depending on 7).

Next, we need to define a notion of simultaneous events at different points in space,
which of course depends on the choice of coordinate system. This is done by “synchronizing
clocks”, using physicists terminology. Namely, suppose that we have two nearby points A
and B in space with coordinates r and r + dr. Suppose that at some time at B we send
a signal from to point A, propagating at speed of light along -, and as soon as it reaches
point r at 2, we immediately send it back. It is very easy to see that the signal should be
send from B at time 2 4 dz9, and it comes back to B at time z° + dz9, where al:c(l]y2 are
two roots of the quadratic equation'

(21.2) ds® = goo(2°,7)(dz")? + 2g0:(2°, 7)dadz’ + g;; (2", r)da'dz? = 0.

1t is the condition that lift 4 of a curve 7 to spacetime is lightlike.
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Then we say that the events (2%, 7) and (2% +dz° v +dr) in the spacetime are simultaneous
(or that the clocks at points r and r + dr in space are synchronized), if

1
2%+ da® = §(x0 + dxd 4 2° + da).

Using (21.2), we readily obtain

da® = — 9% gy,
goo
This definition allows to synchronize clocks along any curve v(u) = 7(u) in space; events
(2°,7(0)) and (z°(u), 7(u)) are simultaneous (in a given coordinate system), if 2°(u) is the
solution of the following nonlinear ordinary differential equation
de®(u) _ goi(2°(w),r(w)) da'(u) _ 0
= — , T (u)’ =z
du goo(2O(u),r(u)) du u=0

However, this depends on the choice of v connecting two points in space. Thus, in general

it is impossible to synchronize clocks at all points in space, even locally.

However, if our coordinate system was chosen so that gg; = 0 for all ¢ = 1,2, 3, then
it follows from this formula that one can synchronize clocks, just by declaring two events
simultaneous if they have the same z' coordinate. Such coordinate systems are called
“synchronous”.

It is not very difficult to show that locally, any spacetime admits a synchronous coordi-
nate system and thus, locally one can find a way to synchronize the clocks. The importance
of Theorem 21.9 is that it implies that for a globally hyperbolic spacetime, one can also
synchronize the clocks globally, which is a highly nontrivial result.

21.2. Particle in a gravitation field and Levi-Civita connection

The action of a relativistic particle of mass m in a gravitational field described by the metric
tensor g, (x) has the same form as in Section 8.2,

dxt

21.3 S(y) =—-mc [ ds = —mc uhtuvds, ut = —.
(21.3) (7) / / V9w s
In other words, the action functional is —mc times the length functional in the pseudo-
Riemannian geometry. Correspondingly, (cf. Example 1.6 in Chapter 1), the Euler-Lagrange
equations are the geodesic equations with respect to the natural parameter for the met-
ric ds? = g, dztdz” (there is no difference between Riemannian and pseudo-Riemannian
cases).

It is well-known that the geodesic equations can be written down explicitly in terms of
Christoffel’s symbols of the Levi-Civita connection.

Recall that a Levi-Civita connection for the metric g, (z) on the spacetime M is a
unique connection V in the tangent bundle T'M such that

ax<Y7Z> = <ny7Z>+<Y,VXz>7
VxY —Vy X = [X,Y]

for all X,Y,Z € Vect(M) — sections of TM, where ( , ) is the pseudo-inner product
of vector fields, determined by the metric on M, and covariant derivatives Vx, Vy were

(21.4)
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introduced in (17.19). In other words, Levi-Civita connection is a metric connection with
no torsion.

As was discussed in Section 17.2, a choice of local coordinates xz* on a chart U C M
gives a trivialization of the tangent bundle TM over U, so V = d+ A, where A = A, (x)da*

0
and A, (x) € End T, M. Using the basis 0, = —— of vector fields over U, we can represent

] oxH
A, by matrices
A
(21.5) (Au), =T,
so covariant derivative of a (1,0)-tensor — a vector field V' = v#(x)d,, — is given by
o
A A
(216) (VNV) == w FV/,LUV'

Also, for X = at(x)0,, Y = b*(x)0d, we have
(X, Y) = g (2)a! (2)b" (z).

As it is written in standard differential geometry textbooks, from here we readily obtain
that unique solution of equations (21.4) is the connection d + A with coefficients Ffw given
by

1 09 O0vs  O0guy
21. F)\ i Ao 1 _ M
(21.7) w =59 ((%U” T T Oao ) ’

the Christoffel’s symbols.
Covariant derivatives can be defined for a (0, 1)-tensor — a section of the cotangent
bundle T*M, a 1-form 0 = a,dx* — by

Oay Y

(218) (V,ﬂ))\ = @ — )\#ay7

as well as for an arbitrary (p, ¢)-tensor, a section of the bundle TM®P @ (T*M)®4. Equations
(21.4) can be written succinctly as

(21.9) Vaguw =0 and I‘ﬁy = Fl),‘u.

Remark 21.11. In classical tensor analysis, tensors of type (p,0) are called contravariant
tensors, and tensors of type (0, q) — covariant tensors.

Thus the Euler-Lagrange equations for the action (21.3) of a free particle in a gravita-
tional field is the geodesic equation
d%a) \ dzt dx”

21.10 I — =0
( ) ds? t ds ds ’

written in terms of the natural parameter.

It is very instructive to consider the case of a weak gravitational field in R*, when

1 1
(21.11) G (T) = Ny + C—zgl(ﬁj)(x) +0 <63> as ¢ — 00,

where 7, is Minkowski metric, and as in Section 7.4, we consider ¢ as a parameter.
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As a special case, consider the gravitational field given by

2
(21.12) ds* = <1 + cf) (dz)? — dr? = (® + 2¢p)dt* — dr?

for some function ¢ = (2%, 7) on R%. In this case, using /1 +x =1+ g + O(2?), we see
that natural parameter along a curve +y is given by f,y ds, where
2

s %) v 1 dr
ds = d82:c<1+c2_262>dt+0<c2> and 'U:E.

Therefore, the action (21.3) can be rewritten as

S:—mc/ds:/Ldt+O(1>,
~ c
5 mu?

L=—-mc +T—mg0

(compare with Section 8.2).

Thus, in the limit ¢ — 0o, motion of a particle in this gravitational field is the same as the
motion of a classical particle in Newtonian mechanics in R? with time-dependent potential
function V' = mey. By results of Example 1.4, this motion is described by equation

dp
—

Introducing the potential force
dp
F=—-m—"—,
or
we obtain Newton’s equation m# = F'.

Remark 21.12. Alternatively, one could obtain the equations of motion for a particle in a
weak gravitational force by using the equation for geodesic lines (21.10) and analyzing the
behavior of Christoffel symbols as ¢ — co. We leave this as an exercise to the reader.

21.3. The Riemann curvature tensor

According to Section 17.6, the curvature of the Levi-Civita connection V = d + A is
F=dA+ANA,
a 2-form on M with values in End TM. We have
04, 0A,
ozt Ozv
On 2-forms B with values in End T'M the connection V acts by
VB =dB+[A N B,

F =1F,dz" ndz”, where F), = + [AL, AL

which gives the Bianchi identity
VF =0
for the curvature 2-form. Equivalently,

V)\F,uu + VuFu)\ + VVF)\;L =0.
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(compare with (17.46). )

Representing F),, € EndTM as a matrix introduces a (1, 3)-tensor on M, the Riemann
curvature tensor

R/\ - (Fw’)z )

and using (21.5), we obtain
A A
_ar), or),

A A 1o A o
(21.13) R, = Bt By + 1500, — 15,1,
The Bianchi identity for the Riemann tensor has the form
A A A
(21.14) VoR,,, + VR, + VR, =0
The Ricci curvature tensor is a (0, 2)-tensor on M, defined by
RMV = R)\u)\w
and we have an explicit formula
ary, or,
A A
(2115) Ryl/ = 8.’;;‘” - 8;’ + F/u/ ?\—0' - FZ)\FO'V'

It follows from (21.7) that

F)\)\ — lg/\a <agua 8.9)\0 aguk)
n

2 oz + ozk  Ox°

1 20990
21.16 — —gro2doA
( ) 29 ozt
1 dg  Olog+/—yg
- 2g0xr Ozt

where we used Jacobi’s formula for the derivative of the determinant of a matrix: if a(z) =

det A(z), then
da dA
-1 -1
a —=tr{ AT — .
dx < dx >
Thus we see that the Ricci tensor is symmetric, R,, = R,,, and determines a symmetric
bilinear form Ric = R, dxz"dx" on the tangent spaces.

Finally, the scalar curvature R is the trace of the Ricci curvature tensor,
R =R} =g"Ry.
Contracting A and v in the Bianchi identity (21.14), we get
2V, Rye —VoR,, =0
and using (21.9) we obtain
2V, R) — VR, = 0.
Finally contracting p and p we obtain the identity
2V, R —V,R =0,

or

(21.17) P (R‘,,‘ - ;5,@‘1&3) = 0.
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The tensor

(21.18) Gl =RV — %553

v

is often called the Finstein tensor. It follows from (21.17) that the tensor Guw=R~— %g,wR
satisfies
VEG,, =0, where V! =g'"V,.

21.4. Exercises

Exercise 21.1. Let g,, be the Lorentzian metric tensor with the condition goo > 0. Prove that
7i; is positive-definite 3 x 3 matrix if and only if

g g goo goi Ygo2
det( 00 01) <0, det | g10 911 ¢gi2| > 0.
gio 9g11
g20 g21 g22

Physicists say that these conditions hold for any choice of coordinates on M, which can be realized
with the aid of “physical bodies”.

Exercise 21.2. As in Theorem 21.9, let M = R x N be a spacetime with the metric ds? =
B(dz®)? — ~;;(t,z)dx'dzI. Show that

10log o _ 1dlogp o _ 1 O i 1,08 i 1 3.0k

2 920 0 0T 9 g 0 U T 98900 T T 90 i T T 97 g0
and F;k = vék — Christoffel’s symbols of the metric 7;; (¢, z)dzda?.

0 _
1_‘OO_

Exercise 21.3. Show that for the weak gravitational field (21.12), we have the following formulas
; 1 ;0900 1 Op
e — _—g¥ O _ i
00 29 ox c2 0z’
g = 0(1/¢?)

and all other Christoffel’s symbols are of order O(1/c?) or zero.

i=1,2,3,

Exercise 21.4. Show that the curvature F' of the connection V on T'M can be also defined by
the formula
F(X,Y)=[Vx,Vy]=Vixy], X,Y € Vect(M).

Exercise 21.5. Show that Ric,(u,v) for u,v € T, M is the trace of the linear map T, M > £ —
Fo(&uv e T, M.






Chapter 22

Einstein Equations

Gravitational field on a spacetime M is a Lorentzian metric ds?> = guvdxtdz”, and we
denote by .# the space of all gravitational fields on M. The Einstein field equations relate
the gravitational field and the distribution of matter and energy on M.

22.1. Einstein field equations

Let g, () be a gravitational filed on the spacetime M, interacting with matter and energy.
The latter are described by the stress-energy tensor T} of the matter fields, which we will
carefully introduce and discuss in Section 22.3.

The FEinstein equations are given by the following beautiful relation between (1,1)-
tensors

8rG

[Ta—T =
Gl = kT)', where k= -

Here G is the Newtonian constant of gravitation, and & is called the Einstein gravitational
constant. Equivalently,

1 8rG
R;w - §guuR = 7T,uua

where R, is the Ricci curvature, R is the scalar curvature and T}, is the stress-energy
tensor of matter fields.

When fully written out, the Einstein equations are a system of ten coupled, nonlinear,
hyperbolic-elliptic partial differential equations. Solutions of the Einstein equations are
metrics on the spacetime. The exact solutions of Einstein equations play an important role
in cosmology, describing different models of the evolution of the universe.

The initial value formulation of Einstein equations is rather non-trivial and for strongly
hyperbolic spacetime consists of prescribing the initial data on a Cauchy hypersurface,
subject to constraints that follow from the Gauss-Codazzi relations in differential geometry.
We refer to Section 23.2 for more details and to Chapter 24 for references to general relativity
textbooks.

239
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It follows from the Bianci identity (21.17) that Einstein equations imply
vV, TF=0, v=0,12,3
which confirms the conservation laws in Section 22.3.

Taking traces of the Einstein equations
1
RE — 55,5]% = RrTH,
we obtain

R=—kT, where T =T}.

Thus Einstein equations can be also written as
1
(22.1) RE =k <T,ﬁ‘ — 56,5‘ T> .

In particular, the Einstein equations in an empty space (nor matter or energy) are Ricci
flat equations
R, =0.

It is very instructive to derive the Newton’s law of universal gravitation from the Einstein
equations, applied to a slowly moving particle in a weak gravitational field on R*, when

2¢(x)

go()(l’) =1+ 2

. Gij = —0ij, goi =0.

To find the metric g,, and hence the potential ¢, we need to use Einstein equations in
the presence of matter. Namely, suppose that we have a macroscopic body, discussed in
Remark 22.6. As it is explained there, its energy-momentum tensor is

T = M (z)cutu?,

where M (x) is the mass density of the body and u* is a four-velocity vector. If the macro-
scopic motion of the body is slow, we can put ©«° = 1 and v* = 0, i = 1,2,3. Thus M
depends only on space variables and the energy-momentum tensor takes the form

T} = Mc*5}5y.
It follows from formula (21.15) and formulas in Exercise 21.2 that in a weak gravitational
field Rl = O(1/c?), so the only nontrivial contribution to the Einstein equations (22.1) is
ArG ArGM

RO = T —
0 ! 2

c
It follows from Exercise 21.3 that

or 1 1 1
RI="940(Z)|=5Ve+0( =),
oxt * c3 EAS * c3
so Einstein equations for the weak gravitational field reduce to the Poisson equation

V2p = 4nGM

for the potential p. Namely,

p(r) = —G/ ,i/[_(r;),yd?w
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and in case M (r’') = Md(r — r’) we obtain a Newtonian potential

olr) = -1

Thus the force acting on a slow particle of mass m in a weak gravitational field generated
by a particle of a mass M is Newtonian universal gravitation force!

22.2. Hilbert action

On the space .# of smooth Lorentzian metrics on the spacetime M consider the celebrated
Hilbert (or Einstein-Hilbert) functional

S(g;w) = /M R\/jg d4l’,

where R is the scalar curvature of the metric ds? = gudxtdx” € M, g = detg,, and
v/—gd*z is the corresponding volume form on M. However, since our spacetime is non
compact, convergence of the integral is rather a non-trivial issue, as we will see in the next
section.

Thus for deriving equations of motion we take the point of view that as in Section 11.5.
Namely, for any open D C M with compact closure we define the action Sp as the integral
of the scalar curvature R over D,

Sp(g) = /D Ry =g d'e.

Then the metric tensor g,, is a critical point of the action, if for any such D and any
variation u,, = 6g,, with support in D,

d

e=0

Proposition 22.1. The Gateauz derivative of the Hilbert functional Sp in the direction u
is given by

1
5“52‘/D<Rw—2gWR) W =gd'e, where w = "¢ uyy,

Thus the Euler-Lagrange equations of the Hilbert action are Einstein equations in empty
spacetime.

Proof. For a (p, q)-tensor Iﬁ‘llft\f; which depends on g, put
ST d A
ping T g0 - iig (G + EUpw)-
e=0

Writing
SD(gp,l/) - /D guyRuy vV —3 d4$,
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we obtain
duS d Sp(guw + eupw)
urPD — S D v v
de|._g a K
= / (69" Ry + g"0R,,) /—g d*z + / Ré(v/—g)d*z,
D D
where 0g*” = —uM”. By Jacobi’s formula we have
d 9y v v
dg = |, det(gu + euu) = @uw = 99" uw = —9 909",
SO

(22:2 5(V=9) = ~3V/=G 9",

and we obtain
1
6uSp = /D <RW - 2gw,R> SgM/—gdiz + /D 9" S Ry/—g d*a.

It remains to compute 0R,, (x). It follows from (21.15) that
ore,  org

6R,, = 12 — 12
K ox° ox?

Since Christoffel’s symbols F/’)V are matrix elements of a Levi-Civita connection on T'M,

+ 5rfw 7, — 5rzAr§V + rfw(srgg - rgxargy.

their variations 5F/);V are (1,2)-tensors on M. This can also seen from the formula

1
(22.3) 5Ff;l, = Qg’\”(vuuw + Voo — Vouu),
which easily follows from (21.7). Using formulas (21.6) and (21.8), we see that the above
formula can be written in a covariant form

SRy = Vo4, — V,00%

po
called the Palatini identity.
Since V,g*” = 0, we obtain from the Palatini identity
9" 6 Ry = Vo (g"oly,) — Vi (9" o17,),
so that
9" O0R, = VW7, where W7 = g"l7, — "ol .
Using formula (21.16) — the relation

y 0
F/,LI/ = 3. 10g(\/ *g),

OxH
we obtain
oW+ 1 0
B TH v — —(+/— K,

\ni4 g, + uuW \/—7983:”(\/ g WH)

Thus we have
y 1 0

(22.4) PR = = (V=g WP)

/=g O
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and by the Stokes theorem
0
/ g RN —g dtz = / V.WH—g dte = / —((/—gWH) =0
D D p Ozt
since it follows from (22.3) that (5Fﬁy =0 on dD. O

Remark 22.2. The basic identity

(22.5) VX" = \/Laiu(r)(ﬂ),

where X#0,, is a vector field on M, is used in for deriving many formulas in general relativity.

Remark 22.3. It follows from (21.7) and (21.15) that Lagrangian of the Hilbert action
vV—9R = /—gg"" Ry, contains second derivatives of the metric tensor g,,. However, by
adding a total divergence term, we can have a Lagrangian containing only first derivatives
of the gravitational field, as was customary in Part 2. Namely, the Lagrangian

L =V=99" R + 5 (F 9" —V=99"T%;)
o/ —gg"” 0v/—
=1y, NIy OVITT g (1,15, - TOT,)

vo axu vo a m
contains only first derivatives of the metric tensor g, . It follows from the proof of Proposi-
tion 22.1 that Euler-Lagrange equations for this Lagrangian are Einstein equations in empty
spacetime.

(22.6)

22.3. Einstein equations with matter

Here we consider the interaction of a gravitational field g,, with the matter fields, denoted
by ¢ and described by some field theory with the Lagrangian Zatter (g, ¢) that also depends
on the metric and its first derivatives. The corresponding action functional is

Smatter g, / gmatter g’ )\/ d4

where we tacitly assuming that the integral is convergent. Since the Hilbert functional S(g)
is invariant under the action of the group G of diffeomorphisms of M, the functional Shatter
should also be G-invariant.

This is so for the following examples of the matter fields.

(1) A scalar field ¢ : M — R with the Lagrangian
1 174
Z =5 (6" VueVup = V(p)).

Note that though for a scalar field V¢ = 0,0, covariant derivatives are used for
deriving Euler-Lagrange equations. We have

p) = /M L =gd'e = ;/M(dso Axdp —V(p)xl),

where % is the Hodge operator for the metric g,, on M, so S(g,¢) is invariant
under the action of G on ¢ € C*°(M,R).
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(2) The electromagnetic field with the Lagrangian

1 1
Loy = ——F, ,FW = —_— _ghegBp |
EM 167 pv 167Tg g prdaf,

where A is a connection in a principal U(1)-bundle over M and F,, = V,A, —
V,A, = 0,A, — 0,A,. We have

1
SEM(9>A):/ -i”EM\/—gd‘lx:—/ F AXF,
M 8T Jm

so Sga(g,A) is G-invariant under the action of G on connections A by pullbacks
on 1-forms.

(3) The Yang-Mills field with the Lagrangian

1 1
v = _Z<Fuu7 1) = _Zgﬂagyb)(FuwFaﬁ%

where A is a connection in a principal G-bundle over M and F),, = 0,4, — 0, A, +
[Ay, Ay We have

1
SYM(gaA) = / fYMv—gd% = —2/ <FA/\*FA>,
M M
so Sga(g, A) is G-invariant under the action of G on connections A by pullbacks
on 1-forms.

The following simple fact is fundamental.

Lemma 22.4. Suppose that the functional Smatter 1S invariant under the G-action (it is
assumed that there is also a G-action on the matter fields). Then the Noether current
2 6Smatter
N
— the stress-energy tensor of the matter fields — satisfies conservation laws
vV, Tl =0

on the solutions of the classical equations of motion.

(227) Tul/ =

Note that for the Hilbert functional we have by Proposition 22.1 that T, = 2G .,
where G, is Einstein tensor (21.18), so the conservation law is the corollary (21.17) of the
Bianchi identity and is satisfied for all metrics.

Proof. Let &, be a one-parameter subgroup of G,

d
X=— O, € Vect(M)
ds|,_
be the corresponding vector field, and Lx be the Lie derivative. It follows from formula
(21.1) that

LXguu = aAguVX)\ + gauauXa + g,uﬂauXB
= auXu + auXu + (8)\9,“/ - aug/\u - 8Vgu)\)X/\

= V. X, + Vi X,
SO
Lxgh = —VIXY — VVX",



22.3. Einstein equations with matter 245

Using the invariance of Spatter under the one-parameter subgroup ®;, the Euler-Lagrange
equations for the matter fields and the symmetry 7}, = T,,,, we obtain

6Smatter 4
0= / —omatter i g iy
M Ogh

1
=5 / T (VEXY + VY XH)/—gd'z
M

= / T, V' X" /—gd'x
M
= / V. (TEXY)/ —gd*z — / (V. THX"/—gd*.
M M
It follows from (22.5) and the Stokes theorem that the first integral is zero, so
/ (V. THX"/—gd*z =0
M
for all X € Vect(M), and we obtain V, T} = 0. O

We emphasize that thus defined stress-energy tensor 7}, is symmetric. If the Lagrangian
Zatter depends only on the metric g, and its first derivatives, then

(22 8) T = 2 a(\/jg"gmatter) _ 0 a(\/_;gcgmatter)
. 1224 \/jg 8guy axA a}\guu .

When Lagrangian Zjatter depends only on the metric g, and not on its derivatives, due
to the relation

09 _ 99",
0gw
formula (22.8) simplifies
aagm tter
T;w = QWT - g;uzgmatter

It can be shown that in the special case of Minkowski spacetime R, this definition of
stress-energy tensor coincides with the one defined earlier for (see (12.17)). For example,
for a scalar field (22.7) gives

1
Ty = VupVyp — §gMV(v/\90V)\(P - V(QD)):

for the electromagnetic field we get
T = S —go‘ﬁF oFus+ flg FogF8
nv 4 1z 14 4 nv Y

and for the Yang-Mills field
ap 1 P ap
Tw/:_g <FMO“FVB>+ZQ <FozﬁaF >

When M is a Minkowski spacetime with the Minkowski metric, we get formulas obtained
in Example 12.2 in Chapter 7?7, and in Sections 15.5, 18.3.
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Remark 22.5. This approach can be used for a more geometric definition of the stress-
energy tensor 7}, of a relativistic field theory in the Minkowski spacetime M 4 with Minkowski
metric 7,,,. Namely, let S(g) be the action of the theory in an external gravitational field
on M, described by a metric g,,. Then we have

6S(g)
dghv

Ty = 2

Guv="uv

Finally, we can write down the total action of a gravitational field in the presence of a
matter fields described by the Lagrangian Znatter (g, ¢), which depends only on g, and its
first derivatives. It is, in the form used in physics textbooks,

3
167G

1
(22.9) S(g,¢) = — /M Ry/—gd'z + - /M Lrnatter (9, )V —g d'z,

and its Euler-Lagrange equations are Einstein equations with matter

1 G

Ruu - *QWR = 7

5 Ty.

Remark 22.6. Besides the fields, the matter in a spacetime could be a collection of particles
like the dust, or a macroscopic body, described by the laws of statistical mechanics. The
result is the following formula for the energy-momentum tensor of a macroscopic body:

Tyw = (p + €)uptty — PGy

where u, is velocity vector, p is the pressure and ¢ is the energy density of the body. Thus
for macroscopic body with mass distribution M (z) at zero pressure, discussed in Section
22.1, we have

Ty = M(x)cPu,u,.

It should be noted that for a complete determination of the distribution and motion of the
matter one must add to Einstein equations equation of the state of the matter, that is,
equation relating the pressure density and the temperature. This equation must be given
along with the Einstein equations.

22.4. Asymptotically flat spacetime

In physics, asymptotically flat spacetime M describes the situation when gravitational bod-
ies and matter fields are located in a finite space. The simplest example is when M = R*
with the Lorentzian metic g, (z), satisfying at fixed z° as r = |&| — oo,

(2210)  gu(2) = 1 + O (i) . Oygul(z) = O <:2> and T7,(z) = O ( ! > ,

2
where 1), is Minkowski metric. Corresponding condition on the stress-energy tensor of

masses and matter fields is
1
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The subgroup Gy of the diffeomorphism group G that preserves asymptotically flat con-
ditions (22.10) consists of the diffeomorphisms ®(z) satisfying as r — oo,

OH(x) = Az" + a4+ O (;) ,

B, (z) = A + O <:2> . 0,0,0Mz) = O (7;”)
for some ¢ > 0, where (A, a) € B, the Poincaré group. The group Gy has a normal subgroup
N for which AY = 6/ and a* = 0, and
Go/N = .
Then it follows from estimates (22.10) that modified Lagrangian (22.6) satisfies

1
i

g:0< > as 1 — 00,

so the correct action for the asymptotically flat gravitational field is

(22.11) S(g) = ZLd’dPx,
IxR3

where I is a finite time interval. It is not difficult to show that S(g) is invariant under the
action of the Lie algebra Lie(Gp), and we leave this computation to the reader.

22.5. Exercises

Exercise 22.1. Prove formula (22.3) by direct computation, and by using Riemann normal coor-
dinates.

Exercise 22.2. Prove formula (22.3).

Exercise 22.3. Derive equations of motion for the Lagrangians of matter fields in Section 22.3.






Chapter 23

Hamiltonian
Formulation and Exact
Solutions

Consider the gravitation field action for the asymptotically flat space

= / Ldx,
M

8 Hy 8 174 g g
(23.1) £ =19, Vaxg — T, Qg +v=gg" (T3, I, = T95L5,)

where

is the modified Lagrangian (22.6). It contains 10 independent fields — components of
the metric tensor g, (x) — and is quadratic in the first derivatives of the metric. As
was discussed in Section 22.4, the action is invariant under the action of the Lie algebra
Lie(Gp), so Lagrangian .% is singular, like in case of gauge theories. According to the Dirac
formalism (see Chapter 6, Section 16.4 and Section 18.5) for the Hamiltonian formulation
of the Einstein equations we need to rewrite (23.1) as a first order Lagrangian.

23.1. Palatini first order formalism

In this approach we use the same Lagrangian (23.1), but consider the metric tensor g,, on
the spacetime M and a torsion-free connection V = d + A on the tangent bundle TM as
independent fields. Since F;\W = (AM))‘ are symmetric, FA = F,))H, it contains 50 = 10 + 40
independent variables.

Consider the following functional, called the Palatini action,
S0 = [ ¢ Ruvgd.
M

249
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where R, is given by the formula (21.15),
A A
ory,, B 2]
dxA oY
Regardless of the convergent of the integral (according to Section 22.4, for asymptotically

flat spacetime the integral of . over M is convergent), we define its variational derivatives as
in Section 22.2. Then since Lagrangian (23.1) and /—g g"” R,,,, differ by a total divergence,

/g“”Rul,\/—gd43::/ ZLd*z.
D D

We have the following result.

R, = +T,T%, —T9.T5,

Proposition 23.1. Fuler-Lagrange equations for the Palatini action are Finstein equations.

Proof. Since Ff‘w are symmetric, variation of the tensor R, is given by
ory, B oy,
0x° ozr?
whereas variation of /=g is given by the formula (22.2),

1
0(V=9) = —5V=9 g™
Denoting R = g"” R,,,,, we readily obtain

6Sp = / (Ruyég“”+g””5Ru,,+R5(V )) V=gd'z
D vV

1 17 v
= /D (RW, — 2gu,,R> ogt \/—gd4x+/Mg“ (5RW\/—gd4:C

1 v
— /D ((R,w — 2gWR> 59" + Q4 5P3,,) V—gdiz.

Using (23.2) and Stokes’ theorem, we can transform the last integral as

/M g SRy —g dia = /M Q‘;”(SF/AW\/—Q d*z,

(23.2) SR, =

+ 0T, IS, — 6T9\I5, + 17,005, — T9\0T5,,

where

v 1 6 V_gg'uy vTo oV vo
Ql/\t == /jg ( O >+gM F)\a_gu F/\U_g Fl)fo-
Lo (L 9W—99")

A\ V=g 0z’

+ gp"I";g) )

Thus equation 65 = 0 yileds
1

Ry, — §9WR =0 and Q)" =0
Using
0/ 89““
Oz 991" ggx
and the definition of covariant derivative,

uy o agw ov v ;w'
V)\g — 8 + F)\O.g + F
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we can rewrite equation QY =0 as

1 1
(23.3) = Va9 + 59" 90pVA9"" + 0% (Vog‘“’ - 29“0‘9@%9"”) =0.

Equation (23.3) has free indices A\, p and v. Putting A = v and summing over v gives
1 1
_vugwj + iglwgapvugap +4 <vag/m - 29uagopvagop> = 07

whence
1
Vyglw = iglwgapvugap-

Back substituting this formula to (23.3) gives

(23.4) Vg = %g“”gapvxg"” :
Contracting equation (23.4) with g,, and using g, g"" = 4, we get
9opVrg7F =0,
and putting it back to (23.4) we finally obtain
Vgt = 0.

This shows that V is the Levi-Civita connection. Thus in the Palatini formalism equations
(21.7) for the Christoffel’s symbols appear from the principle of the least action. O

23.2. Hamiltonian formalism in general relativity

Here for simplicity we consider only the case of globally hyperbolic spacetime M, discussed
in Section 21.1, and put ¢ = 1. We leave it to the reader to fill all necessary details for the
general case.

By Theorem 21.2, we can always use syncrhonous coordinates and assume that the
metric in the Palatini Lagrangian density . has the form

ds® = goo(z)(da®)? + gj(z)da’da?,

where goo > 0 and the matrix —g;; is positive-definite. It follows from (23.1) that it is
convenient instead of the metric tensor g,,,, to use the matrix W*" = \/—g g"”, contravariant
tensor density of weight 1 of the metric trnsor g,,, as independent fields. We have

R0 = 7‘_9, h =/=g¢” and A% =0.
goo
Let N be a Cauchy hypersurface in M, given by the equation 2 = const. Consider the

Lagrangian

1 1
L:ZAzmeQAXmﬁmw—mﬁmW+M%my%—mﬁgﬂf@
and collect the terms containing time derivative Op:

(23.5) 19 9ph% — 19 9gh"? = I'},9ph"° — 9 dph*.
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Now observe that Lagrangian .# linearly depends on coefficients I'fj,, which can be
considered as Lagrange multiplies. These terms are

T0o(hTy; + WFTY.) — Tho(0:h™ — RO(T'%, — T4,))

and lead to constraints

(23.6) ROTE + h*TY, =0 and  9;R% — KOO(TE, —TY,) = 0.
Substituting Iy, = —T'%h%*/h% to (23.5), we see that the time derivative terms can be
written as
o 00, ik
(23.7) — héo do(h™R'™),
which suggests that natural dynamical variables are ¢** = —h%h%* and ;, = F?k /h%. Note

that there are 6 independent fields ¢**, where 1 < i < k < 3, and 6 conjugated momenta
m;r Thus kinetic term in the Lagrangian takes a canonical form

1 ,
§7Tik60qm-

Restriction of the matrix ¢** is a contravariant tensor density of weight 2 of the metric
tensor g;z on N and
4 gjk = 10k, v = det g
Since g = h%y and h% is a scalar on N, the matrix ng is a covariant symmetric tensor
density of weight —1 on V.

Coefficients Ff;,/ that are different from F?k are non-dynamical and give additional con-
straints

0L
ars,

%
which can be written explicitly as

' Oxh'? + BT, + W'Ty, — BT = 0.

The solution of equations (23.6) and (23.8) is

?d = ’Ylila
. 1 o 1y
(23.9) 0= "q00"" T3t = 7,009 Tit:
. o h00
0 i
Lip = %Jj TR0

where 'y;. i are Christoffel’s symbols of the Levi-Civita connection of the Riemannian metric
vij(x) = —gij(x) on the Cauchy hypersurface V.

Substituting formulas (23.9) back to the Lagrangian L, we finally obtain

(23.10) L= /N (;mk&)qik — H(x) — )\(w)Co(zc)> P,
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so according to the Dirac formalism, H(x) is the Hamiltonian density, A(x) are Lagrange
multipliers, and Cy(x) are constraints. Explicitly,

1
§(q1]qkl(7rik7rjl — i) — YR3), v = —dety,

where Rj3 is the scalar curvature of the Riemannian metric v;; on N, A =141/ h% and

(23.11) Colz) =

(23.12) H(z) = Co(x) — %Oiakqik(w).

Constraints Cy(x) have a nice geometric meaning: according to generalized Gauss The-
orema Egregium, the right hand side of (23.11) is the formula for the restriction of the
scalar curvature Ry of the metric g, to the hypersurface N. Thus Cy(x) = 0 gives Einstein
equations in the empty spacetime, so

1 .
H(x) = —iaiakq’k(m).

Thus the Hamiltonian density is a total divergence, so one can erroneously conclude
that by the Stokes theorem, the total energy of a gravitational field

(23.13) E= / H(x)d*x
N

is zero. However, this is not so for the asymptotically flat spacetime. Namely specializing
(22.10) to the metric tensor,

M 1
(23.14) go=1, 90=0, ¢j=—0;5(1+—]+0 as 1 — 00,
4mr r2

q(z) = 69 (1 + 2M> +0 (:2)

1 .
E=— lim - 0;0,¢" (2)d*x = — i / —de M.
2 /|| Ok (@) == i Jnarr

Remark 23.2. As in physics textbooks, we can easily restore the dependence on ¢ by
introducing the coefficient 1/ in the definition (23.13), where k is the Einstein constant.

we obtain

SO

M 2
Defining the leading term of the asymptotically flat metric (23.14) to be —d;; (1 + K4 ¢ ),
r

we obtain the relativistic relation E = Mc2.

23.3. The Schwarzschild solution
Consider the case of empty spacetime M = R* with static (time independent) spherically
symmetric metric
ds® = goo(r)cdt* — gy1(r)dr® — r*(d6? + sin?6 dp?),
written in the spherical coordinates
x =rcosfcosp, y=ycoslhsiny, z=rcos.

It describes the gravitational field outside a spherical mass of radius R, on the assump-
tion that the electric charge of the mass and angular momentum of the mass are all zero.
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Computing Christoffel’s symbols Fﬁw where ¥ = ct,z' = r,2? = 6,23 = ¢, and solving
Einstein equations R, = 0, we obtain
a 1
goo(r) =1 — T g1l = 1_797
r

where a is a constant. Thus

2
ds® = (1 — 2) Ad? — La — r2d02,
r

where dQ? is the induced metric on S? C R3. In the limit » — oo we should have

1 1
o =+ 302 +0 (5.

SO
@) ac? _2M G
900 — P 0
where M is the mass of a body creating gravitational field. By definition, the quantity
2MG
a=—;
c

is called the Schwarzschild radius and is denoted by 74’

Thus the Schwarzschild metric is

d 2
1—- 2
r

and this formula is applicable for » > R, the radius of the body. At r = r; we have event
horizon and r < ry describes the black hole, where the time coordinate ¢ becomes spacelike
and the radial coordinate r becomes timelike. The singularity at r = rs is apparent and
can be eliminated by the change of coordinates, called Gullstrand-Painlevé coordinates.

(23.15) ds? = (1 - E) di? —

r

According to Jebsen-Birkhoff’s theorem, the Schwarzschild metric is the most general
spherically symmetric solution of the Einstein equations in empty spacetime R?.

23.4. Cosmological constant and AdS and dS spacetimes

One can add to the Hilbert action a multiple of a volume form of the spacetime. The
resulting action is

S = / (R —2M\)\/—gd'z,
M

where A is called the cosmological constant. The minus sign in the action comes from
thinking of the Lagrangian as “T" — V”: the cosmological constant playing the role of
potential energy V. It immediately follows from the proof of Proposition 22.1, that the
Euler-Lagrange equations for this action are

1
R, — §9WR =—Agu.

1For the Earth r4 = 0.8.9 mm, while for the Sun r¢ = 3 km.
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Taking the trace, we get R = 4A, so substituting this back we obtain
R, = Aguw
— the Einstein equations in empty spacetime in the presence of a cosmological constant.
The basic examples of such spacetimes are provided by Lorentzian mazimally symmetric
spaces. This means that in addition to a transitive action of the isometry group on the space
M, its differential at every p € M acts transitively on T,,M.

The n-dimensional de Sitter space dS,, is a symmetric space O(1,n)/O(1,n —1). It can
be realized as a one sheet hyperboloid in the Minkowski space R™,

(23.16) (29)? => (')’ = -R?,
i=1
with the Lorentzian metric g, induced by the Minkowski metric’. Topologically, the de
Sitter space is isomorphic to R x S”~!. Its isometry group is O(1,n), so dS,, is maximally
symmetric space. Its is easy to compute its curvature tensor and to show that
n—1

(23.17) Ry = SRz I

Remark 23.3. Replacing negative —R? by positive R? in (23.20), one gets a hyperboloid
of two sheets. The negative of the induced metric is positive-definite, and each sheet is a
copy of a hyperbolic n-space.

Considering dS; as the spacetime, we see that its metric g, satisfies Einstein equations
with positive cosmological constant A = 3/R?. Using global coordinates on dSy

t : t :
wO:Rsinh<;), xZ:Rcosh<;)nz, 1=1,2,3,4,
1,2 .3

where n = (n',n%,n3,n?) € S3, de Sitter metric can be written as
t
(23.18) ds® = Adt* — R% cosh? <;> dQZ,

where dQ% is the round metric on the unit sphere S3.

Thus we see that de Sitter metric is a time-dependent solution of the Einstein equations
that describes the expanding spacetime. Indeed, the space — topological 3-sphere S3 —
first shrinks to a minimal sphere with the radius R, and then subsequently expands as
t — oo.

It is also customary to use coordinates

t t
2° = v/R? — r2sinh (;) . z*=+/R2—1r2cosh (;) ,

where r? = |z|? and x = (z!,22,23) are Euclidean coordinates in R3. They are local

coordinates in a coordinate patch r < R and z* > 0, and in these coordinates the de Sitter
metric is static,

2 r? 2 1,2 r? - 2 2 102
(23.19) ds® = 1—ﬁ codt® — 1_ﬁ dr — r<dQs.

2Here R > 0 is a constant and not a scalar curvature.



256 23. Hamiltonian Formulation and Exact Solutions

In general relativity these coordinates are called static coordinates, since the metric tensor
guv does not depend on t. It is instructive to compare the static solution (23.19) for A > 0
with the Schwarzschild solution (23.15) for A = 0.

The n-dimensional anti de Sitter space AdS,, is a symmetric space O(2,n—1)/0(1,n—1).
It can be realized as the following hyperquadric in R™*+1,

(23.20) (@ + () = (@) = R,
i=2

with the Lorentzian metric g, induced by the following pseudo-Riemannian metric on R +1

n

ds® = (d2°)” + (dz')” = (da')’.

i=2
Topologically, the anti de Sitter space is isomorphic to S x R*~!, so its time direction is
compact. The isometry group is O(2,n — 1), so AdS,, is a maximally symmetric space. It
is easy to compute its curvature tensor and to show that

n—1
(2321) Rl’”’ == _TR29UV’
Considering AdSy as the spacetime, we see that its metric g, satisfies Einstein equations
with negative cosmological constant A = —3/R?2. Using global coordinates on AdS,

t t ) )
xochoshpsin<;>, :Ulchoshpcos<;), z' = Rsinhpn', i=2,3,4,

where n = (n?,n3,n%) € S2, anti de Sitter metric can be written as

(23.22) ds® = cosh?p c2dt* — R%*dr? — R*sinh?p d§)3.

Introducing r = Rsinh p, we can rewrite (23.22) as
r2 P2\t
(23.23) ds® = (1 + R2> Adt? — <1 + R2> dr® — r?d3.

Though for several reasons the anti de Sitter space cannot be considered as a model for
the physical spacetime, it serves as a useful mathematical tool.

To summarize, we have seen that Schwarzschild, de Sitter and anti de Sitter metrics
are simplest solutions of the Einstein equations in the empty spacetime for cosmological
constant A being, respectfully, zero, positive and negative.

23.5. Kaluza-Klein theory

In the 1920s the only knows fundamental forces were electromagnetism and the force of
gravity, and the only known elementary particles were electron and proton. Einstein’s idea
of the unified field theory was to obtain electromagnetism and general relativity from a
single fundamental field. Toward this goal, T. Kaluza (1921) and O. Klein (1926) proposed
to consider the five-dimensional spacetime M = M x S} where the fifth dimension in the

circle of a very small radius
[hG
r=4/—3~ 1073 m
c
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— the Planck’s length ¢p, where f is the Planck constant.

Denote the coordinates on M by &%, a = 0,1,2,3,4, where #* = 6, so that using z*,
uw = 0,1,2,3, for coordinates on M, we have z# = z#. Consider the following pseudo-

Riemannian metric on M of signature (+,—, —, —, —),
goo — AoAo  go1 — AoA1 go2 — AoAa  gos — ApAz  Ap
gio — A1y gi11 — A1 Ay g12 — A1 Ay gi13 — A1As Ay
Jab = | 920 — AxAy g21 — ArAq g22 — Az Ay g23 — AAz A
g30 — AsAy g31 — AsAq g32 — AzAy 933 — AzAz  As
Ao Ay Ay As -1
so that

d3? = Gapdi®3® = g, datda” — (A,da” — d6)?,
and assume that the metric g,, dx*dx” and the 1-form A,dz" on M do not depend on 6.
It is easy to establish the following basic properties.
1) For g = det gqp one has g = —g, where g = det g,

2) The inverse matrix §* is given by

gOO 901 902 g03 AO
glo gll 912 gl3 Al
920 g21 g22 g23 A2
g30 g31 g32 933 A3
A0 AL A2 A3 14 ALAM

3) Under the change of coordinates  — 2/ = F(z), 6 — 60 + \(z) we have A, —
AL + 0, A, so that U(1)-gauge invariance is a relativity in the fifth dimension!

From (21.7) we obtain the following formulas for Christoffel’s symbols for the metric gu:

- 1
Lo =Tas + 59" (Aaos + AgFoa).
~ 1
FZLA = §gMUFaaa
~ 1 0A 0A
. 4 B
(23 24) Faﬁ = ANFZB - 5 (A“(AOZF/BN + ABFCX,U) - 8.’13(; - 8$0‘> )
- 1
I, = 5 A Foy,
~§1L4 = 0’
where
P 0Ag  0A,
B gxa T Oxh
Now consider a free particle of mass m on the five-dimensional spacetime M with the
action
dz® dzb
23.25 S=- ds = — Jab—= ds
(23.25) mc/s mc/ Jab—= = d5
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The corresponding equations of motion are geodesic equations with respect to the natural
parameter s,

du® = - dz®
(23.26) ;5 +T¢ubu® =0, where u®= ;j; .
Using formulas (23.24), we obtain from (23.26)
d
(23.27) d—g(u4 — Ayut) =0,

so ut — A, ut = £ is a constant. Observing that 5-vector u® has unit length,

1 = guuru” + (u4 — Auu”)Q,

we obtain g, ufu” =1 — €2, so

Whence

and form (23.26) we obtain
, dzvdzf I3 po Az
g a0
s

A2zt

| Al
ds? tlap ds ds V1—¢2

(23.28)

Finally, putting
e
vm2ct + e2
we see that the right hand side of (23.28) becomes

«
€ op dz

Wg [e 7o ds
Thus from the action (23.25) for a free particle moving on a 5-dimensional spacetime M
we obtained the equations of motion for a charged particle, moving on 4-dimensional space-
time M in external gravitational and magnetic fields! These equations are Euler-Lagrange

equations for the action
e
—mc/ds - - /Auda:“,
c

so the action (23.25) in five dimensions unifies electromagnetic and gravitational actions in
four dimensions. This remarkable result is the so-called first Kaluza miracle.

Next, by a direct and rather lengthy computation we get the following relation between
scalar curvatures of the metrics on M and on M
~ 1
(23.29) R=R+ ZFWFW’
which is Kaluza’s second miracle. The pure gravity action on M is proportional to the
Hilbert action,

3 ~
Spp = ——2 /R\/gd%,
M

167G
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where G is the gravitational constant M. Putting G = 271G, replacing A, by »xA,, where
x=2/G /c?, and trivially integrating over S} we obtain
c

3 1
= — puv 34
Sm 167G /M <R+ 167TCFWF ) gdz.

This is the desired unification of general relativity and electromagnetism! It yields
Einstein equations

1 rG

R,uzz - ingR = CTT;W
with the energy-momentum tensor of the electromagnetic field on M,
1 v o1
T;w = E <_F,u,)\Fuag + 4guuFa6FaB> )

and Maxwell’s equations
V,F* =0

on M in the presence of the gravitational field g,,. Thus the Kaluze-Klein pure gravity
action in the five-dimensional space M naturally produces Einstein-Hilbert-Maxwell action
on the spacetime M.

Though mathematically very elegant, Kaluza-Klein theory is not physical: it gives unre-
alistic predictions for the masses of particles. Thus consider the massless scalar field ®(x, 0)
on M satisfying the five-dimensional wave equation
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where [y = 0#9,, for the Minkowski metric. Corresponding coefficients of the Fourier series
expansion

O(w,0)= Y gulw)e

n=-—oo
satisfy Klein-Gordon equations
(Oa+ mi)@n =0
with the masses

However, these masses are very large! Thus assuming that n = 1 corresponds to the electron,
the obtained mass would m, ~ 3-103° MeV, while the actual electron mass is only 0.5 MeV.

23.6. Exercises

Exercise 23.1. Prove formulas (23.9) and (23.10)—(23.12).

Exercise 23.2. Apply Dirac formalism for a Hamiltonian formulation of Einstein equations for
a general asymptotically flat spacetime, and find a geometric interpretation of corresponding con-
straints.

Exercise 23.3. Derive the formula for the Schwarzschild solution in Section 23.3.

Exercise 23.4. Compute the Riemann curvature tensor for the de Sitter and anti de Sitter spaces
dS,, and AdS,,, and prove equations (23.17) and (23.21).
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Exercise 23.5. Derive formulas (23.24).
Exercise 23.6. Using (23.24), rewrite equations (23.26) as

du”
= + F’;Buo‘uﬁ = —g‘“’AaFUBuauﬁ — g" Foouu?,
5

v —|—AHF’a6u u = —AF  uut + A AoFaou u? + aTgu uP

and derive equations (23.27)—(23.28).

Exercise 23.7. Prove the second Kaluza miracle — relation (23.29).
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Notes and References

There are many excellent textbooks and monographs on general relativity. For basic
physics principles, we refer to classic texts [LL1971], [HE1973], and to unique textbook
[Zee2013], written from the point of view of the action principle. More mathematically
oriented sources include the monograph [Wal1984] and the textbook [CB2015]. The nec-
essary basic material on pseudo-Riemannian geometry can be found in [O’N1983]; see also
[DFN1984, DFN1985] for a succinct introduction to the field.

The proof of Theorem 21.2 about existence of Lorentzian metrics can be found in
[O’N1983, p. 149].

Our definition of globally hyperbolic spacetime in Section 21.1 follows [HE1973|. For
the proof of Theorem 21.9 and other results, we refer the reader to [BS2005, BS2006]; in
[BS2007] it was proved that in Definition 21.8 of a globally hyperbolic spacetime the strong
causality condition can be replaced by the causality condition. The initial value formulation
of Einstein equations is discussed in [Wal1984]; for the definition of the energy-momentum
tensor of the macroscopic body, we refer to [LL1971].

Regarding the Hilbert-Einstein action functional S in Section 22.2, we remark that if
one fixes only the values of a metric tensor g,, on 0D, then its variation 45 will contain
the boundary term. It is quite remarkable that one can add to S the so-called Gibbons-
Hawking-York (GHY) boundary term [Yor1972, GH1977], so that 65 will be still given
by Proposition 22.1. The GHY boundary term is the integral over 0D with respect to the
volume form of the trace of a second fundamental form of the induced metric on dD.

The Hamiltonian approach to general relativity was developed by Dirac and was for-
mulated in geometric terms by R. Arnowitt, S. Deser and C. W. Misner in [ADM1959],
nowadays called the Arnowitt-Deser-Misner (ADM) formalism. Our exposition in Section
23.2 is a simplified version of L.D. Faddeev elegant formulation of the ADM formalism, and
we refer to [Fad1982] for details and further references. Positivity of mass for asymptoti-
cally flat spacetime (the ADM mass) is a non-trivial result, proved by R. Schoen and S. T.
Yau [SY1979] and subsequently simplified by Witten [Wit1981] (see also an exposition in
[Fad1982)).

261



262 24. Notes and References

In Sections 23.3 and 23.4 we present simplest solutions of the vacuum Einstein equations
for zero, positive and negative values of the cosmological constant — the Schwarzschild
metric, the dS metric and the AdS metric. We refer to the textbook [Zee2013] for a
detailed discussion of the properties of these solutions and of the Jebsen-Birkhoff theorem.

In Section 23.5 we briefly discussed Kaluza-Klein theory, a beautiful though unsuccessful
attempt to the unified field theory, which is an important precursor to string theory. We refer
the reader to the book [Leel984] which contains English translation of original papers by
T. Kaluza and O. Klein, and to [Zee2013] for a detailed exposition of Kaluza-Klein theory
and its generalizations.
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