Appendix C

Basic Mathematics

C.1 Introduction

This appendix contains a miscellaneous assortment of mathematical ideas and results.
those topics of relevance to the subject of the report.

C.1.1 Summary of Tensor Calculus

e Linear spaces.

e Curvilinear coordinates

e Curved spaces.

e Vector and tensors: covariant and contravriant.
e Affine and metric connections.

e Differential manifolds.

C.1.2 Linear operators and Matrices

A linear operator T" maps a vector space V onto itself which obeys linearity

T(ai + bjj) = aT(&) + bT(3). (C.1)

If we have a basis {é,,7 =1,...,n} for V, then
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é, (C.3)

where we have replaced each vector T'(¢;) by its component form » 7, T;.é..

Two successive linear transformations 7' and U acting on a space V produce the trans-
formation UT"

UT(
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From which it follows that the components of UT are

> T.U,. (C.5)
j=1

We see that this sum is just the matrix product of the respective matrices.

C.2 Group Theory

A group G is defined as a set of objects or operations (called elements) that may be
combined or multiplied to form a well defined product and that satisfy the following four
conditions. If we label the elements a,b,c, ..., then the conditions are:
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1) If a and b are any two elements, then the product ab is an element.

)

2) The defined multiplication is associative, (ab)c = a(bc)

3) There is a unit element I, with Ja = al = a for all elements a.
)

(
(
(
(

1 1

4) Each element has an inverse b = ¢!, with aa™! = a~'a = I for all elements a.

In physics, these abstract conditions will take on a physical meaning, for example in terms
of transformations of vectors and tensors.

C.2.1 Examples of Groups

Translation in time: ¢ =t + a°
Translation in space: ¥ =7+ d
Rotation in space : 7 = RF

Lie groups

Roughly, a Lie group is a group with an infinite number of elements but which can be
parametrized by one or several real numbers (the total of which is refered to as the
dimension of the Lie group).

The simplest example of a Lie group is SO(2), the group of rotations in the plane. Each
element R(#) is labelled by rotation angel 0, with multiplication acting as R(0,)R(6,) =
R(6, + 0,). Because the angle 6 is defined only modulo 27, the manifold of SO(2) is a
circle S*.

interesting properties of Lie groups is that in neighbourhood of the identity element they
can be expressed in terms of a set of generators 7 as

D(g) = exp(—a,T%) := Z (=) Qg oy T T (C.6)

n!
n=0

where o, € C are a set of coordinates of M in a neighbourhood of i¥.

Internal symmetries

for e.g. SU(2).

finite-dimensional Lie groups of imporance relativity translations, rotations, Lorentz,
Poincare and special unitary group SU(2). Apart from these finite-dimentional Lie groups,
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the infinie-dimensional ones play an important role in GR. These are the Lie group of
diffeomorphisms of the spacetime manifold.

two groups are isomorphic if there is a one-to-one correspondence between their elements
and if they have exactly the same structure.

The neighbourhood of a group element is chararterized by the neighbourhood of the
corresponding parameter set.

Cosets

Let G be a group and H be a subgroup of GG. The set of the form

gH ={gh:he H} (C.7)

for g € G is called the (left) coset of H in G. There is one coset for each g € G.

G
H

Figure C.1: coset. Suppose H is a subgroup of a finite group G, here the elements of H
are listed first. The shaded box are the elements of the (left) coset of g, € G

As we will see now, cosets define an equivalence on GG, where g ~ ¢’ if the set gH is equal
to the set ¢’H, in other words there is an h € H with gh = ¢'.

Cosets have the property that if cosets overlap they are the same coset, i.e., that for
91,9, € G, 9, - 9

91H = gQH (C'8)

or that different cosets do not overlap

g, HNg,H = 0. (C.9)
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Proof: Suppose there is an overlap between the two cosets corresponding to the elements
g, and g,, that is, for some h,, h, € H we have

9yhy = gyh,.

Therefore
_ ~1
91 = Gohohi
If h is any element of H then

g,h = 92h2hf1h = 92h/

where h' = h,h{*h. Since H is a subgroup A’ is also an element of H. Now since no
element of GG appears more than once in each row, if cosets do overlap at all they are in
fact the same coset.

proving (C.8).

[]
Right cosets are defined similarly, they are the sets

Hg={hg:he H}. (C.10)

These also define an equivalence realtion on the group G.

The equivalence class of a particular representative g is denoted

9] (C.11)

Now the set of cosets gH, under the binary operator

9] - 9] = lgg]- (C.12)

forms a group if and only if H is what’s known as a normal subgroup.

Definition Normal subgroups.
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A normal N subgroup of a group G is

he Hif ghg ' € Hforall g € G. (C.13)

We write N <G to indicate that N is a normal subgroup of G.

We need to establish that induced multiplication between equivalence classes is indepen-
dent of the representative chosen, i.e., that [¢,][g5] = [g,][g,], where g, is any element of
lg;] and similarly for g,.

[91][9;] = [91h1][92h2] = [91h192h2] = [9192hh2] = [9192h] = [9192] = [91][92]‘ (C.14)

[hg] = [h][g] = [e]lg] = [eg] = [g] = lge] = [g][e] (C.15)

el = 997" = [9llg~"] = lgllg] " (C.16)

9]t =Tlg7"]

This makes G/N into a group, called the quotient group.

Definition The Quotient group is the subgroup is the collection of cosets, each being
considered an element. The quotient group is denoted G/H.

We will be interested in other mathematical things such as algebras, rings, categories
amongt others. There are analogous notions of the normal subgroups for each of these
goining by the names of ideals, , quotient categories.

Simple and Semi-simple Lie Groups

A Lie group is called simple if it does not possess an invariant subgroup.

A Lie group is called semi-simple if it does not possess an abelian invariant subgroup.
Note that a semi-simple subgroup can possess a non-abelian invariant sugroup.

An invariant subset is an ideal if

[Ai’ Gj] = Z &ijkAk (C.l?)
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Cartan killing form £, ; built from the structure constants

kij = CYz‘abCija (C18)
Cartan killing form
The killing form %, is nondegenerate if the Lie algebra is semisimple

det(k;ij) # 0. (C.19)

Proof:

we have to demonstrate that det(kij) = 0 if there is an abelian ideal. suppose that the
Lie algebra has an abelian ideal. generators belonging to the ideal will be labelled marked
indices. Then for the ¢’ column of the killing form,

det(k;;) = C

iab

Cj’ba = C(ia/bC(j/ba’ (CQO)

as by (C.17) Cipe = 0 for those values of a which do not belong to the ideal. it follows
from (C.20) that

det(k”/) = _Ca’ibcj’ba’ = _Oa’ib’cj’b’a’ (C21)

since C,,;;, = 0 for all b # V' the same reason. [A;, A;] = 0 for an abelian ideal so

Cj’b’a/ =0

holds. As the 5 column of the killing form vanishes it follows that

det(k,;) = 0. (C.22)

Cartan’s condition can be stated that if a Lie algebra is semisimple its killing form is
invertible, that is, there is an inverse & := (k;;)~" for which

Kk, = 0

holds.

716



C.2.2 Unitary Representations of Groups

Group elements.

The collection of group elements

An indexed group element.

Labels irreducible representations.

Matrix representation.

Indexed irriduceable matrix representation.
Labels components of matrix representations
Dimension of group.

Character

ESESERE IO
& =

~
.

= >

Proof Let {A,} be a representation of the group G. Construct the Hermitian matrix
h
H = Zazl AaAt];

h h

HY =) (A AD]T =) (4,41 = ZA (C.23)

From the earlier discussion of matrix algebra, any Hermitian matrix can be diagonalized
by a similarity transformation. Let

h
d=> UAAU =Y (UAU)UTAIU) =) (UTAU)(UTA,U)! (C.24)

« «

Hence, d = ), Aafll where fla = U'A,U = U'A,U. The elements of the diagonal d

matrix are real and positive.

ZZA )AL ZZA )4 = ZZI Wl (C25)

for all j = 1,...,h. Since d is diagonal, we can define its square-root d'/?
4 0 - 0
0 4 - 0
ar= T _ (C.26)
0 0 - 4

and d~'/2 which is given by an analogous expression. Evidently, (d'/?)? and d/2d~/? = 1,
where [ is the identity matrix. Diagonal matrices commute with each other, and we can
write for the identity [
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h
[=d'dd"? =d™ '/ Yy A AT a7, (C.27)

By the rearangement theorem, {A,A_} all a, and any one b is equal to {A} for all a.
Hence,

— VY (AA, AL

d-'?Ad'? <d—1/2 ZAJ%*”) d'’?Ald? (C.28)
using (C.27) in this gives

J — (d—1/21[1bd1/2)(d—1/2Abd1/2)T
(Ut Aud ) d PU T AT )Y (C.29)

Let us define the matrix B, := d~Y2U~1A_Ud"?. 1t is easy to see that B, has the same
multiplication table as A_. If we have A A, = A_, then

B,B, = (d"V*PUA U (dPUA,UdY?)
dVPUTTA,) (UdYPdPUTY) (A dYPU)
d-V2Ut A A, UdY?)

dV?PUAUd?) = B

o~ o~ o~~~

(C.30)

C

Therefore {B,} is a unitary reprsentation of the group G.

Representation of finite groups can always be taken to be unitary. It is essential that the
sum over g € GG converge. This is guaranteed for a finite group, but may not work for
infinite groups. In particular, non-compact Lie groups, such as the Lorentz group, have
no finite dimensional unitary representations.
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C.2.3 Schur’s First Lemma

Theorem C.2.1 A non-zero matrix which commutes with all of the matrices of an irre-
ducible representation is a constant multiple of the unit matrix.

Proof:

We can take these matrices to be unitary without loss of generality. Suppose there is a
matrix M that commutes with all of the A  but which is not a constant multiple of the
unit matrix:

MA, =AM (C.31)
for all a = 1,2,...,|G|. By taking the edjoint of each of these equations, we obtain
ATMT = MTAT. (C.32)
Since A, are unitary
ATMY = MTA (C.33)

Multiplying both this from left and right we obtain

MTA, =AM (C.34)

So that, if M commutes with every matrix of the representation, then so does M. As
such the Hermitian matries

H =M+M' H,=iM-M (C.35)

also commute with every matrix of the representation. We prove the statement of the
theorem for Hermitician matrices. We start with

HA =A H. (C.36)

a a

Since a hermitian matrix H can be diagonalized by some U, D = U 'HU.

U'HUU 'A,U=U"'AUU'HU, (C.37)
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Let A, =U'AU

DA = A D. (C.38)

A non-zero matrix which commutes with all of the matrices of an irreducible representation
is a constant multiple of the unit matrix.

(A,);;(D;; — D;;) = 0. (C.39)

k43 17

(i) Suppose all the diagonal elements of D are distinct: D;; # D, if i # j. Then (C.39)
implies that

(Aa)ij =0, v 7é Js

i.e., the off-diagonal elements of fla must vanish. They form a reducible representatoin
composed of d one-dimentional representations. Since the A, are obtained from the A,
by a similarity transformation, the A are a reducible representaion.

(ii) Suppose p of the diagonal elements of D are equal, but the remaining entries are
distinct from these and from each other. Using similarity transfromations, (for example
(C.40)), we can arrange the diagonal elements so that the first p are equal.

0100 a 0 0 0 0100 b 0 0 0
1000 06 00 1 000 0 a 00
0010 00 c O 0010 | 00¢c¢O (C.40)
0001 000d 0001 00 0d

Hence, we can assume this is the case without loss of generality, i.e. D;; = D,, = --- =
D, D,.,. # D,,, otherwise. The (4;)
entries.

mn, Ust vanish for any pair of unequal diagonal

(B, 0
() e

where B, is a p X p matrix and B, is a (p — d) x (p — d) diagonal matrix.

We have shown that if a Hermtian matrix is not a multiple of the unit matrix and com-
mutes with all the matrices of a representation, then that representation is necessarily
reducible. Thus, if a non-zero Hermtian matrix which commutes with all the matrices of
an irreducible representation that matrix must be a multiple of the unit matrix.
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Given that both M + MT and i(M — M) are both Hermitician matrices that commute
with all of the matrices of an irreducible representation is a constant multiple of the unit
matrix. we have H, = M + M' = c¢,I and H, = i(M — M'") = ¢,I. We have that

M=H,—iH,= (¢, —ic,)]
and hence must be proportional to the unit marix.

L]

C.2.4 Schur’s Second Lemma

Theorem C.2.2 Let {A,, A,,.. .,A|G‘} and {B,, B,, ..., B‘G|} be two irreducible repre-
sentations of a group G of dimensionalities d an d respectively. If there is a matriz M
such that

MA, = B,M

fora=1,2,...,|G|, then if d = d', either M = 0 or the two representations are related
by a similarity transformation. If d # d', then M = 0.

As
MA =B M
then
AT Mt = Mt Bt
using unitary
A'MY = MB (C.42)
Multiplying on the right by M, we get

AYMIM = MTB M. (C.43)

By the group properties B; ' is some B, and A ! is the corresponding A,, and so by the
posulate of the theorem, M A, = B, M, or
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MA =B 'M

substituting this into (C.43), gives

AJ'MIM = MTMA! (C.44)

Thus, the d’ x d’ matrix M M' commutes with all the matrices of an irreducible represen-
tation. By Schur’s first lemma, M M' must therefore be a constant multiple of the unit
matrix,

MM =cI. (C.45)
(i) Say d = d'. If ¢ # 0, equation (C.45) implies that

Mt = 1MT.
C

plus (C.42) can be rearranged

A, = M'B,M,

so the two representations are related by a similarity transfromation and are, therefore,
equivalent and since MM = ¢? it follows that ¢~¢/2M is a unitary matrix. If ¢ = 0 then

(MMT),, Z )iy = > My M =0. (C.46)
k
By setting ¢ = j, we obtain
> MM, Z M, |*> =0 (C.47)
k
which implies that M, = 0 for all 7 and £, i.e., that M is the zero matrix.

(ii) Say d # d'. We take d < d'. Them M is a rectangular matrix with d columns and d’
rows,
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Mn Y Mld
M21 U M2d
: (C.48)
M, o M,,.
We add d' — d columns of zeros
M, M, 0 - 0
M,, M,, 0 0
N=| (C.49)
My, -+ My, 0 - 0
Taking the adjoint of this matrix yields
Mfl M2*1 e Md’l
M12 M22 T Md’2
NV = My M, - M, (C.50)
0 0 ... 0
0 0 0

We have

NNt = MMt = cI.

Taking the determinant
det(NN') = det(N) det(NT) = ¢ = 0.
so ¢ = 0, so that, as before we arrive at
>IN =o0. (C.51)
k

which implies that N, = 0 for all 7 and k, i.e. N is the zero matrix. Hence, M = 0.
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L]

C.2.5 Orthogonality relations

Let D(O‘)(R)ij be the (i,7) matrix elements of the o' irreducible unitary representation
of the element R of G. The range of R will be the h elements of G. The range of o will
be the number of inequivalent irreducible representations. The range of ¢ and 7 will be

the dimension d_ of the o' representation.

Theorem:
> D(R); ,DPN(R),, = s 56
( i'j! ( zj_d_ aBii' "5
Proof:
Let

M = ZD@ R)XDW(R™).

DP(S)M =Y " DP(S) [DP(R) XDV (R™)] DD (S7)DM(S)
R

()M => " [DP(S)DP(R)] X [DV(R™) DM (57| DW(S)

If SR = T, then

D@ (S)DW(R) = D'(SR) = D'“(T) and
DY(RMD@ (S = DRSS = DT

DP(S)M = > DI(T) XD (T V) DY(3)
T
— MDW(S) for all S.

(C.52)

(C.53)

(C.54)

(C.55)

(C.56)

Hence by theorem ands its corollary, M = 0. Now choose X to be a matrix every element

of which is zero except one, which we shall call X rir Xy =1
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M=0 = Y D®MRXD(R™)
R
0 = ZZD(Q’(R)kazD@)(R’l)zj
_ 2(R).. D@
0 = ZD (R,

0 = ZDQ) )i DA (R, (C.57)

The last step follows from the unitarity of the representation.

D@(R™),; = [DY(R)]; = DY(R);, (C.58)

This proves the theorem for i # j

> D (R) > DY(R)* = g5, (C.59)
i J

case(b): i=j=1
We define M = cI =Y, DY(R)DW(R™1). Then just as in case (a)

L]

C.2.6 The Characters of a Representation

First Orthogonal Relation
If o and (3 are irreducible and N, is the number of elements in ¢,
then

Z X e, )X P (e, )N, = hd (C.60)
k

Proof:

Starting with the orthogonality relatioins, theorem and setting ¢ = ¢’ and summing over
1 and j, we get
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Z Y@ (ck)*x(m (cp) N, = hé 5.
R

The Second Orthogonality Relation If D® is irreducible, then

(07 * (07 h
za:x( )(Ck) X( )(Cz) = ﬁlfskl

X = ax"“

XA = > ax(e) - x(e,)

(%

= Zaahéij = haj

(%

Hence,

x(¢) = Z NkX(Ck)X(a)(Ck)X(a)(Cl)%
k,a
Ny,
0= ZX(Ck) T Z XD e X (e) = oy
k a
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C.2.7 Direct Products

‘ Details Direct Product of matrices and vectors.

By definition the vector product of two 2-by-2 matrices is

_ ([ ayB apB
Aeb= ( ay B ay,B )

A more explicit form

ap by apby by aby
ayibyy by agabyy agpbyy

A® B =
Ugi by gy biy  appbyy agybyy
Ug1byy  Agybyy  Ggeby  gybyy
€111 G112 G211 Gio12
O — Ci121 Ci1;22 Cio91 Cioi22

Cor;11 Co1;12 Ci2:11 Co212
Co1,01 Co1;092 Cooi91  Cooi99

(C.69)

(C.70)

(C.71)

In general the direct product C' of two matrices A and B is defined in terms of matrix

elements by

%‘bkz = Cik1-

The row and column labels of C' are composite labels:

M, M, ... M,

i1 4,27 K

whereas the as one goes along a row the read

Cik110 Ciks1,20 - Gkt G210 Gik2,2 -0 Cigangy oo Gk, Cikn2o <o -

the row label, is obtained from the
We prove these direct products have the same operations as matries.

Products

27

(C.72)

(C.73)

C. .
’ Yikin,n,

(C.74)



(A® B)(C'® D) = AC ® BD (C.75)

_ ayB a,B D cppD
deBiceDb) = (%13 ayy B ) ( Coy D oy D

( (apeqq + a12021)BD (a11c12 + ay5Cy0) BD )
(ag ey + a22021)BD (%1012 + QgyCyy) BD

= AC® BD (C.76)
D x D (C.77)
axfB) __ (ax3) - (a) (B)
X = ZD(ii)(jj)(Ga) = ZDZZ (G,) ZDjj (G,) (C.78)
) % j

The character of the representation of the direct product is equal to the product of the
characters of the original representations o and 3, which implies that

X(axﬁ) _ X(a) 'X(ﬂ)‘ (C.79)

Thr representations resulting from (C.77) is in general reducible, that is

D N(G,) = @,m D(G,) (C.80)
1 *  («
m, = EZCPX(W) X,(, )Xff). (C.81)
»

C.3 Continuous Groups, Lie Groups and Lie algebras
We are only interested in symmetery transformations are all based on contiuous quantities
determing how summations over group elements are carried out.

The neighbourhood of a group element is characterized by the neighbourhood of the
corresponding parameter set.

symetries e.g. rotational each point in three spacial manifold).
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Instead of having to consider the group as a whole, for many purposes it is sufficient to
consider the an infinitesimal transformation around the identity. Any finite transformation
can then be constructed by the reapeted application of this infinitesimal transformation.

We will the properties of Lie groups and algebras in terms of specific examples, especially
the two and three dimensional rotation groups and the Lorentz group.

C.3.1 Infinitesmal Generating Technique

A function

flz+6x) = f(x) + (5:1:dj;f) (C.82)
flz 4 20x) = f(z+ dx) + 5:5%1_5@ = f(x)+ 2(5de;(;) + &Ed?;(f) (C.83)
Binomial type expansion
flz+ Nox) = i ol dz” d'/(x) (C.84)
N o rl(N —r)! dx" '

In the limit N — oo the factor N!/(N — r) can be replaced by N". We put Noz = a
where, in the limit N — oo a is a finite number.

fle+a)= Z a_’jd’"f(x) = f(z) + adf(x) + () +... (C.85)

d
f(z+a) =exp (a@) f(x) (C.86)
Rotation operators
1 db . {0 —1
R(00) = ( a1 ) =141idfJ where J—z( 10 ) (C.87)

J2 = ( - ) (C.88)



R(0) = (1 + ﬁ!]) =exp (i0J) =1+ 1iJ + (@)

N 2!

(i0)°*

3
3!J+

J? +

(C.89)

0 6° , VR o
= I{l—a—l—a...]—i-z!][l—i%—ﬂ...]:Icos6’+zJ81n0
_ cosf —sinf
o sinf cosf

7
y' ,,,,,,,,,
yl-------/- W
i 1 X =X - 50X
o y' =y +30y
L
X X

Figure C.2: infintesmal rotation.

Figure C.3: infintesmal rotation.

r=r+dpxr

expressed in component form

1 b, 69,
R=| 66, 1 60,
¢, —6¢, 1
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(I - %&é : IZ) (C.93)

where
0O 0 0 0 01 0 10
L.=(0 0 1], Ly =000 |, L = -1 0 0 (C.94)
0 -1 0 1 00 0 00

Thus, given two vector angles o and (3, there must exist a third one, v, such that

exp(ia - J)exp(if - J) = exp(iy - J). (C.95)

For this to be so the matrices must have to satisfy some condition, which can be found
by considering the angles o and 3’ as small.

- g 1 i g
U(ba,) = I +iax Ji—§Zaa7JiJj+... : (C.96)

Z‘?j

as J, are unitary, i.e. UT(a’) = U7'(a) , then from() we obtain

Ut —ia’J] = U Y a') =T —ia'J,. (C.97)

from this follows the Hermiticity of the generators

Ul =, (C.98)

1 (2

Next we calculate the inverse operator to second order in o’

U af) = I —ial, % (C.99)

L0l o 6) =5 (0 T+ 81 = Ti(al St )~ (oo +a' -0l 531 7) T, ] 0L, J,

2]

(C.100)

o =d(a’ + B, _% (C.101)
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the commutator must be a linear combination of the J, that is

[, J}] = CE . (C.102)

1777

The generators of any Lie group must have such commutation relations. The coefficients
C’fj are called the structure constants

The product of two rotations exp(—iT,)exp(—iT,) can always be written as a single
exponential, say exp(—ia - T) where oo - T = o /T + a, T+ aT,. Suppose we set
exp(—ia - T)exp(—if - T) = exp(—iy - T') and try to calculate v in terms of o and 3. If
we expand the exponentials we find

1 1
[1—ia-t—§(a-t)2 + ...][1—iﬁ-t—§(ﬂ-t)2+...]
1
= exp(—i(a+ﬁ)-t—§[a~t,ﬁ-t]+...) (C.103)
(and this is known as the Campbell-Baker-Hausdorff theorem - see Appendix S). It is

for this reason that we can learn all we need to know about Lie groups by studying the
commutation algebras of the generators

C.3.2 General Structure of Lie Groups

An infinite group is a group that contains an infinite nuber of elements. The rotation
group is an example of such a group.

SO(3) = exp(—i¢ - J). (C.104)
The fact that these matrices are functions of only three fundamental matrices {jk} =
{J,J,J;} allows us to represent them in a simple way.
The set of group elements are characterized by a set of continuous real parameters.

A continuous group G is said to be compact if the parameter space is finite and non-
compact if it is infinite. The rotation group SO(3) is an example of a compact group with
the Lorentz group SO(3,1) as an example of a non-compact group.

— ABC — ACB — BCA + CBA (C.105)
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We now add and subtract the quantities BAC' and C'AB on the right-hand side of this
equation and rearange the resulting expression

[A,[B,C]] = ABC — ACB — BCA+ CBA
_BAC + BAC + CAB — CAB
— —C(AB - BA) + (AB — BA)C
+B(AC — CA) — (AC — CA)B

= —[C,[A,B]] - [B.[C, A]] (C.106)

A simple rearrangement yields the Jacobi identity:

(4, [B,C| + B, [C, A]] + C, [4, B)) = 0 (C.107)
The important properties of the structure constants are the following

(i) They are antisymmetric in their lower indices

k _ k
ch=-—C

Jt

(C.108)

ii) The Jacobi identity defined by the infinitesimal generators (e.g. for the rotation group:
A=J,, B=J, C=J ) leads to the condition on the scructure constants

cner +cop ey +Cn Cp =0 (C.109)

C.3.3 Rotations SO(3) and SU(2)

By a representation we mean a set of matrices 7, T' , and T, with the same commutation
relations as the t’s. The T’s of Eqs() and () are an examples in which the matrices are
3 x 3 and the representation is said to be of dimension three.

We recall the construction in standard quantum mechanics lectures.

[y Do) = idy, [, Syl =iy, [Js, ] = i, (C.110)

It is convenient to define
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J, =iJ; — J,, and its complex conjugate J_ = —iJ, —J, (C.112)

the commutation relations become

J.J)=J,, [, J]=—J_, [J,.J]=2J,. (C.113)
sy = JyJ b = [Jg, J J + T S (C.114)
JJ_ =T = J(J;-1) (C.115)
J_J, =T = J,(J;+1) (C.116)
‘]+J_wjm = [](] + 1) - m(m — 1)] (0.117)
J_J W, =+ 1) —m(m+1)] (C.118)
U = e i (C.119)

1 (01 o (0 —i 3 (1 0
J_(l o)“’—(i 0)’0—<0_1) (C.120)
A T eijka (C,121)

SU(2) is the universal cover of SO(3)

By definition SU(2) is the group of 2 x 2 special unitary matricies with determinant one.

If
a b
-0 0)
where a, b, ¢, d € C then the requirements P—1 = P* and detP = 1 translates to

a=dand b= —c.
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That is

P:(_C%;)

and the condition that detP = 1 gives the condition

aa+bb =1

This says that P is fully determined by a vector (a,b) € C? of length one. If we write a, b
in terms of their real and imaginary parts, then the above condition becomes

2 2 2 2
x1+x2+x3+x4—1

that is the unit sphere S® in R*, which is simple connected as the unit sphere S? in R? is.

Details The Pauli matrices form a vector space

0.
= L 122
=1 (C.122)

7

They form linear independent complete vector space for 2 x 2 matrices

(10 1 (01
=(o1) "= (10).
o (0 —i 3 (1 0
o0° = (Z 0o )= (C.123)
a,0, + 4,0, + a50, +bl =a-o
_ b+a, a; —ia, _ Ay A A (C.124)
a, +iay, b—ay Ay Ay
Trl=2, Tro,=0 (C.125)

Hence,

1 . 1
A=>" 6,5 Tr(AG,) + (STr A (C.126)
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C.3.4 Spin Direct Products

A subspace V is said to be invariant if it is mapped into itself by application of each
matrix element of the group.(refine definition) A less trival example of a reduciable rep-
resentation is the “addition of angular momentum” in quantum mechanics

We combine two irreduciable representations by forming the product space V =V, ® V.

1
Agj 0 1Y (1 0Y_ 1
17 (10 01)" |1 !
1
—i
0 —2 10 —1
~Y —_
= (z 0)®(0 1)_ i :
i
1
. (10 10Y 1
i (D)2 L | em
-1
and
1
oo (10N (0 Y _ |1
2 = (o1 10)" 1]
1
—i
10 0 —: )
~Y —_
02 = (0 1)®<i 0) —i |
i
1
. (10 10\ ~1
i (00)e(2 )| ] ey
-1
Note that
(61,63 =0 (C.129)



for any i,j € {z,y, 2z} as can be shown directly or better still using the rule for multiplying
direct products of matrices :(A® B)(C ® D) = (AC ® BD),

(61,6 =0 DIeé)-(I®é)(6'®l)=("®d)—(6'®s)=0 (C.130)
These operators act on the direct product space V ® V', with, elements

My

n®w:(n1)®<il>: "hs (C.131)
Ny 2 UPL

NoWs

1
0 1 1
e (EONO!
0
0
| . 1 (1 0 0 1
¢(1,0)>_ 1 0 X 1 + 1 ® 0/’
0
0
0 0 0
S [IRGNO)
1
0
1 1 0 0 1
o= = | 5= (3)e () -(0)e (1) com
0
This result
1. .
S;:?a®]+l®a) (C.133)

are generators of a reducible 4-dimensional reperentation of [T1(2). There exists a unitary
matrix U such that

Ss

USUT:( =1 g ) (C.134)
(5=0)
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where 5(3:1) and S(S:O) representaions of dimension 3 and 1, respectively.

1
S? = Z(&®[+I®€r)2

1
= —(6*®I1+2626+1®5%)

4
1. . 3
= S6®64+-I®1, (C.135)
2 2
since 62 = 31.
SF=6"01+1®6* (C.136)
5715, 5% >= §%|5, 5% > (C.137)
$?8,5% >=5(5+1)|9,5° >, S*=-5,...,5; §=0,1. (C.138)
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I will first go through the explicit calculation of the action of the z-component of the angu-
lar momentum, J and the total angular momentum, J j2 , so the reader may have a better
feel for what is going on in the abstract diagrammatic calculatlon (and to appreciate the
simplicity of the diagrammatic version). Moreover, I wish to go through the calculation
for the total angular momentum operator both ways because of its importance in find-
ing the (main sequence of) eigenvalues of the area operator (see appendix on geometric
operators).

é 2
Details
wAB..F(i=0) = 400B0---0r00F0 (C.139)
wap..r(t=1) = 6419B00co - --0E0IF0

+0400B10c0 - - - 9E0dF0
+0400B00c1 ---0E00FQ + - ..

wap..F(i=2s) = 0a10B1...0m10F1 (C.140)

2s+1 53
&Z221®---®1<?>®-~®1 (C.141)
k=1

which written in component form reads

1 1
~3 L ~3
§hO—AA’BB’...E'E’FF’ = §h0'AA/(sBB/...(SFF/

ih&%F,aA A0BB ... 0pE
(AA';BB';...;EE,FF' =0,1). (C.142)
We verify that the “states” w(i) fulfill the eigenvalue equation

hQJ w(i) = h(s — 1)w(7)
i=0,1,...,2s. (C.143)
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Using

and (C.142) we get

+ +

63 = < (1) _01 ) (C.144)

= h%&i&A/BB/...EE/FF/ wap..mp (i =0)
h%af'g 4040080 - .. Op0dFo +

+ 5,407%&%3,53,0 o OB00F0 + ..

+ 040080 - - - 5E0h%&%F/5F’O

h .
= 528(5,40(530 N 5FO) = hSWABmF(’L = 0) (C.145)

1. h .
hiaiA’éA/léBO ... 0g00F0 + 5A1§U%B/53’0 ...0po +

. h
R 5A1530 e 50'%}7/(55'/0 + 5 ?4A15A/05B1 .. -5F0

h
5A0§0'1333/5B’1 .. .(5F0 + ...

h.
(5A0531 e §J%F/5Fq + ...
h
5 [—5A1530 ...0po + (28 — 1) X 041080 ...0F0 +

0400B1 ---0F0 — 0400B1 . ..0F0 +
(28 —3) X d400B1 ... 0F0 + .. .]
h(s — Dwap..r(i = 1), (C.146)

1, .
h§a§1A,5A/1631 .01+ 5A1§0'%B/(5B/1 0101+ ...

h
R (5A1531 e §U%F’5F’1

—hswap.. F(i = 2s). (C.147)
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| Details K1.3

2s+12s+1 &k a_k/
~2
F=> Y 1®---®<?>®-~®<7>®---®1

k=1 k'=1

(7% /4)6% ar BB, P

has eigenvalue 7%s(s + 1)

(5) |
iy ——
4 AA'BB'...FF’ 4

2s+1 6’k6'k
F=> 1®.~®< T >®~~®1
k=1

654 = (6" + (6% + (6%) a0 = 30aar

3

652) w(i=0) = [55 + 3(25 - 1)25] w(i = 0)

..
<ZUAA’UBB’

= s(s+1)w(i=0).

) Sandpo =
1 21 22 A2 ~ N
AA'OBB! + 0AA'0BB! + O'E)Z‘A/O'%B/) 6A/1(SB/0

(/\
1
1 ((+1)6400B1 + (+1)6400B1 + (—1)0419B0)

1, .
<ZUAA’UBB’> (0410p70 +da00p11) =

1
Z(5A05B1 +6410B0)

(C.148)

(C.149)

(C.150)

(C.151)

(C.152)

(C.153)

(C.154)

(C.155)
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C.3.5 Direct Products and Clebsch-Gordan Coefficients

We wish to calculate 7' T‘]J 7—‘ 7—

b=3 18

Ak

5 (C.156)

e (G)eeol

. The terms of (M.-19) for k # k wont contribute to

the commutator as the order of multlplication irrelevant,

2(1@-@(&;)@-@1) (1®~-~®(%M)®-~®1)—(ka’):o (C.157)

<>7J(J> 7J<J>T<> =
= &'\ (& 5\ (&
= 1®- — )= 1—1 — ) (= 1
> |ree(g)(F)eer-tee(3)(5)e e
k=1
N 4 4
k=1
2s+1
= WZl@ ®—® ‘1
:e.Tlf (C.158)
igk " (§) )
A® B
aijbkl = Cipji- (C.159)

the row and column labels of the matrix elements of C' are composite labels: the row label
ik, is obtained from the row labels of the matrix elements of A and B and the column
label, jl is obtained from the corresponding column labels.

A;(0)

(C.160)



2 1 — cos®

AO)A(0)——"df = 5. (C.161)

j
0 27

Since the spinor indices take only one of two values an antisymmetrizable over three
indices of a multivalent spinor 7,5~ is zero. In particular we have the Jacobi identity

€asfop) = 0= €ap€op T €acpp T €anfne (C.162)
1 c
T.AB.. = T.@p).. T 5T . (C.163)
The proof
€anTel —Tup+Tpa =0 (C.164)
1 c
Tlap) = 5€aBTc - (C.165)

Since 7,5 = T(AB) + TiAB the result follows

1
TaB = Tap) T §€ABTCC (C.166)

It should be evident that this result will also apply to the more general case where we
consider only two particular indices of a multivalent spinor 7,5~ of valence > 2, hence
we have the result (C.163).

The same is true for the followings cases.
(a) Case 7,5 we already have

(b) Case 7,50

3Tapc)y = Tawo) T Teac) T Town)
3TA(BC) - (TA(BC) - TB(AC)) - (TA(BC) - TC(AB))

= 3Tumc) — €aOc — €acO3 (C.167)

where o, = EAB(TA(BC) — TB(AC)).

This rearanged gives
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1 1
TaB0) = Tac — 3ncTaD (C.169)
A(BC) ABC T 5¢BCTAD .

Using (C.169) in (C.168) we have the desired expansion for 7,

1 1
D
Tapc = T(apo) + 9¢BCTAD + 3B %c + 3640 95 (C.170)
or more generally
1 L1 1
T apo.. =T (aBo). + ST AD .. + 3648 7 c.. + 36ac O .. (C.171)
where 0, = EAB(T,,,A(BC)..- —T_pac).)
(c) Case 7,
Proof is by induction
Any spinor T4 F)
NTage..r) = Tase..r) VT Teac.r) T T Tese. sy (C.172)
1
TaBep..F) ~ TB(ACD..F) = 5€4B9(CD..F) (C.173)
NTape..ry = "TawmBeo.F) — (TA(BC...F) - TB(AC...F)) - (TA(BC...F) - TF(BC...A))
(C.174)
1 1
TaBe..F) = T(ABC..F) T L aBPc..r) +-+ —EAPP(B...F) (C.175)
where
AB
Pic.ry =€ (Tame..ry ~ TaaC...F)) (C.176)
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C.3.6 Recoupling Theory

Recoupling Theory of Three Angular Momenta - 6-j-Symbols

|j12(j1,j2),j(j12,j3) > = (0'177)

C.3.7 SO0O(3,1) and SL(2,C)

, x+ vt , , ,  t+uox/c?
xr = —, =Y, VA :Z, t = 0178
i—er V7Y i—oP (C.178)
~ =cosh¢, 0B =sinhg, (C.179)
2V cosh¢ sinh¢ 0 0 20
1/ : 1
T | sinh¢ cosh¢ 0 0 x
2 0 0 10 22 (C.180)
ey 0 0 01 23
0100
1000
K,==i| 0 0 0 0 (C.181)
0000
0010 0010
0000 0000
Ky——z Looo | K, =—i 100 0 (C.182)
0000 0000
00 0 0 000 0 0 0 00
00 0 0 000 —1 0 0 10
L=l oo 0o 1" %= ooo o "0 100l
00 —1 0 010 0 0 0 00
(C.183)
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KK, = =i

x)? Yy z
J.,K] =0
UK, = ik,
1 .
A = 5((] + ZK),
1
B = -(J —iK).
2
[AI,Ay} = A, and cyclic perms,
[B,,B,] = iB_and cyclic perms,

[Ax,By} = 0 (i,j =y, 2).

This shows that A and B each generate a group SU(2) SU(2) @ SU(2)

0 3 1 .2
r +x0 x —x
X(z) = ( ot +ix? 20— 23 )

unique vector x*

det X(z) > 0 if xis a timelike vector
= 0 if z is on the light cone

< 0 if x is a spacelikevector

(C.184)

(C.185)

(C.186)

(C.187)

(C.188)

(C.189)

(C.190)

(C.191)

(C.192)



Figure C.5:

C.3.8 SO(4)
(M@=1—%ﬁ@+o, (C.193)

where the J7 are N x N matrices

[, ) = 61T = 6L+ 6,00 = 6]JF . i kl=1,... n. (C.194)
SO(4) = SO(3) @ SO(3). (C.195)

+ 1 /
L* = 5(L + M) (C.196)

The structure constants with respect to this new basis are given by
[(LF) (LFY] = ihe” (L))", (M) (L7)] =0 (C.197)
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C.3.9 Conformal Group

In Minkowskian spacetime a conformal transformation are coordinate transformations
x — o/(x) which are such that the induced change in the metric is a positive rescaling by
a positive function:

ds” = Q(x)? ds? (C.198)

where ((z) is a real-valued function. Geometrically conformal transformations leaves thae
angles but changes distances; it involves dilations (rescalings). Tranformations with this
property are used in the design of geographic maps. Penrose diagrams bring infinity onto

a page.

ds* = dt* — dr* — r*(df* + sin 0d¢?) (C.199)

We introduce double null coordinates

w o= t+r (C.200)
= t—7 (C.201)

dudv = (dt + dr)(dt — dr) = dt?* — dr? and (u —v)? = (t +r —t +7)? = 472 so the line
element becomes

ds* = dudv — i(u — v)%(d6? + sin 0d¢?). (C.202)

p=tan 'u, ¢=tan 'v. (C.203)

ds® = gaﬁdxadxﬁ = % sec® psec? q[4dpdq — sin?(p — q)(d6? + sin §d¢?)] (C.204)
d5* = §,4dz*da” = dpdq — sin®(p — q)(d6” + sin Od¢) (C.205)

Q= i sec® psec? ¢ (C.206)

Now finally we introduce the coordinates
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' = p+gq (C.207)

r = p—gq (C.208)
with the coordinate range
—r <t +r <m, (C.209)
—r <t —7r <m, (C.210)
>0 (C.211)

Figure C.6: Penrose diagram for Minkowskian spacetime.

C.3.10 Group Integration: The Haar Measure

For a compacct group, we can replace the sums over group elements that occur in the
representation theory of finite groups, by convergent integrals over the group elements
using the invariant Haar measure, which is usually denoted by d[g]. The invariance
property is expressed by d[g,g] = d[g]. This allows us to make a change of variables
transfromation, g — g¢,g, identaical to that which played such an important role in
deriving the finite group theorems. Consequently, all the results from finite groups, such
as the existence of an invariant inner product and the orthoganality theorems, acn be
taken over by the simple replacement of a sum by an integral.

As a vector space, R(G) has a distinguished basis given by the characters x,(g) of the
irreducible representations. Recall that the orthog-onality relations for characters are
essentially the same as in the finite group case, with the sum over group elements replace
by an integral
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/xi(g)xj(g)dg =0, (C.212)
where ¢ and j are labels for irreducible representations and dg is the standard Haar
measure, normalized so that the volume of ¢ is 1.

For the case of finite group one important property of these groups is the rearrangement
theoremis given for fixed .S,

> F(R)=)_f(SR) (C.213)

/ F(R)AR = / F(SR)AR (C.214)

To clarify the relation to the finite group rearangement theorem we write the integral on
the left-hand side of (C.213) as an integral over the parameters. the density of group
elements is arranged so that the density of points at SR is the same as that at R.

[ smdr= [ f@utr) da (C.215)
where u(R) is the density of group elements in the parameter space in the neighborhood
of R.

Rotation

/N

areas to be the same

Figure C.7: Haarmeasl.

uniform measure over a 3-sphere S3

Of course the measure is

dU = df cos8d¢ (C.216)

as under a rotation
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Figure C.8: HaarmeasSO3.

df cos Odg — db’ cos @' d¢’

Approach that is easily extended to other Lie groups.

2
dU = 7T_2da1da2da35 <Z a? — 1)
i=1

SU(2) a 3-sphere in 4-dimensional Euclidean space.

3
dU = W_Qdaodald%d%é <Z a? — 1)

=0

n(C) = p(0)/ (%)ao

/dUUij =0
1
dUUiljl Uizjz = §€i1j1 6i2j2
_ 1
/dUUij(U 1)kl = §6jk6il
/ dU|TrU|? =1

(C.217)

(C.218)

(C.219)

(C.220)

(C.221)

(C.222)

‘ Details
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/dUUZj(Ul)kl = Ad;.0,

The constant A is easily found by setting j = k summing over the index

/ dUS, = A5, 5, = 245,

Jgil
noting [ dU =1 implies A = 1/2.

B 1 1
/dU|TrU|2 = /dUUij(UT)kl = /dUUij(U YN = 590 = 505 = 1

(C.223)

(C.224)

(C.225)

For any compact group G the Haar measure is the unique measure dU on G which obeys

invarianc (C.214) and normalization: [, dU = 1.

Oc
dec = — | d
c J{aa} a

where J[0c/da] is the Jacobian defined by

7 [ _ ey, Cysnnnrcy) — det dc,
da day,ay, ... a;) Ja,

7

(C.226)

(C.227)

Example 1: SO(2) R(0,)R(6,) = R(6, + 0,). Thus, from R(¢') = R(0)R(e) = R(0 + ¢),

where R(e) is the infintesimal transformation, we have

0 =0+¢

Accordingly df’/de = 1, so we have that ;(¢) = p,. Through normalization

/ 1(8)d8 = 271, — 1
we obtain u(0) = 1/(2m).
Unitary Group U(2)

The unitary group U(N) has N? generators
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c, .C.1=6 C. —6. C (C.230)

m? T gn jmin ngm’
a representation of U(2) is

where (9,,, denotes the matrix which has a “1” at the intersection of the ith row and the
mth column and zeros everywhere else i.e.

1 0 0 1
CH:(O 0)7 612:<0 0)7
00 00
o (20). cam (20 o

An arbitrary group element of U(2) is given by
2
exp (—7; > %Ckz) (C.233)
k=1

where the “angles” 6 parametrize the group tranformation.
The transition to SU(2) can be made by constructing traceless matrices from the C,,

All in all

11

o
I
/7~

V= o O

21

— O Own-
| =
~__ VI
- ~__
o
[\)
(Y] HQI
I S
|~ N

O O

) (C.234)

o O

o
I
/7~

Finally for p(c) we obtain

p(c)1/J[0c/0al,_, (C.235)

U(2), SU(2) The measure is given by
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wU(2) = |€1 - 52‘2 = |exp(—i911) - exp(—i«922)|2

1. 1.
= |exp (—52(«911 + «922)) \2 X | exp (—52(«911 — 6’22))

1.
| exp (52(911 - 6’22)) |2

= 4sin? (%(911 - 922)) . (C.236)

restriction to SU(2) yields 6,, + 6,, = 0. With 6,, — 6,, = ¢ then

w(SU(2)) = 4sin %d)- (C.237)

Normalization C' f047r wu(SU(2))d¢ = 1 determines constant C;

47 1 C A O 47
O/O d¢ sin® §¢> = 5/0 dp[1 — cos ¢ = 5/0 do =27 (C.238)

C.3.11 Peter-Weyl theorem

The irreducible representation functions DZ(R)”;; satisfy orthogonality and completeness
relations. In fact, they form a complete basis in the space of square integrable functions
defined on the group parameter space. This is the Peter-Weyl theorem. That the ir-
reducible representation functions form a complete basis for square-integrable functions
f(R) € L? can be expressed as

F(R) =" f*D(R) (C.239)

aab

Moreover the Peter-Weyl theorem states that the x, form a basis of the space of square-
integrable class functions on the group GG. That means that every square-integrable func-
tion f(U), obeying

fU)=fvov, (C.240)
can be expanded into characters:
fU)=>_fx.(0) (C.241)
reG
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f = / AU (U)F(U).

(C.242)

(compare with discrete case: A(¢,) =, a,x (¢;) where a, = >, N.x(c,)*A(c,)) the

completeness relation can be written as

Y XU (V) =8V,

reG

[ wpw =3,

The invariant d—function on G is defined by means of

/ dUF(U)SUV) = F(V),

and obeys

The charactres are

:sin(j+%)¢

X(0) sin 1¢
2

1

2m
f, _/0 d sin%d) sin (j+ %) ¢ f(9).

:27r

As an example consider the group U(1)

Dy, (6) = ",

where =0, +1,£2,....

Dy, (6 +27) = D, (6).

The Haar measure is
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(C.244)

(C.245)

(C.246)

(C.247)

(C.248)

(C.249)

(C.250)



O = o do. (C.251)
Theorem applied to U(1) gives
1 —ipf ivh
5r | doeE =35, (C.252)
where 0, £1,4+2, ... .
The Peter-Weyl Theorem applied to U(1) gives the Fourier series theory:
> inf
f(0) = Z.Ofn\/—2—7r, (C.253)
where f(0) € L*(U(1)).
C.3.12 Analogies
[aws@ir@ =10 [ wsorw) = ) (C.250)
Jast-asw = s — [ awsoyhio-re) ©
fl@) =) a.e,(x) <= flg)= Zajxj (9) (flg)=Ff(yor™)
o= [G@f @ = o= [ KW (C.256)
Sx—y)=> e, (@e,(y) < 6d(gz") = ij(g)xj () (C.257)
S(x+a—a) <= 6S(xgz™") =46(g) (C.258)
[t @e @ =d,, = [ D1 0D] 0 = 5,48,,00,,
(C.259)
Xj(x)
/ dye,,(y)e,(z —y) =96,,.¢,(x) < / X5 (9)x;(92)dg = Vo, = (C.260)

‘ Exercise

(a):
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?(ecall lr;ow we prove [ dxd(z)f(z) = f(0) implies [ dyd(y — a)h(y) = h(a) where h(y) =
y—a

make the substitution z =y — a

h(a) = £(0) = / dys(y — a) fly —a) = / dys(y — a)h(y) (C.261)

prove

| avs@w) =10 = [ awswsiw) = 1) (C.262)
define h(U~y~1) = g(U)
h(v) = f(1) (C.263)
(b):
Z ¢y DY) (g (C.264)
Flon90) = 62D (9,)D52) (9,) (C.265)
A1As
f(91,9, = Z @alﬁl D, s (91) (C.266)
a2 B2
a3 (9,) = D Doy (92) (C.267)
A
at = g (C.268)
Using Diu (g)Dl]n(x) = Df;m(ga:)
D7, (g nlgx)dg =066, D, () (C.269)

contracting m, m’ and nn' we egt (C.260).

Riesz-Fishcher theorem

Parseval’s equation :
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S e, 2 :/\f(x)\de. (C.270)

fo@) = (@) (C.271)

converge to the vector f in the sense of L,:

If = f.ll = 0. (C.272)
limit in the mean of the f,’s.
1 = FlP= D el (C.273)
|[k|l=n+1

if ¢, are given complex numbers for which >~ |c, |* converges, then there exists a func-
tion f in L,. If we grant the completeness of L, as a metric space this is easy to prove.

This tells us that the f’s form a Cauchy sequence in L,; and since L, is complete, there
exists a function f in L, such that f — f.

It is apparent that

C.3.13 Clebsch-Gordan

N0
Dy % Dy = 3Dy (C.274)
&Ko

where nffl\,) is the number of times that the A-th irreducible representation occurs in the
product representation (77).

X(ux)(9) = X (1 (9)X () (9)- (C.275)

Thus by

niy = /G dgX () (9)X () (9)X () (9) (C.276)
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C.3.14 Semi-direct Products

A full Lorentz transformation can be decomposed into an ordinary spacial rotaion, fol-
lowed by a boost, followed by a further ordinary rotation.

Definition (First definition)

Suppose N is a normal subgroup of G and H is another subgroup of G such that NNH = E
(the identity of GG) and every element of G' can be written in a unique way as

g=ba, be H, ae N,
then G is said to be a semi-direct product of H and N, written G = H @4 N.

Definition (Second definition)

We form a new group whose elements are the elements of H x N and multiplication given
by

(hy;ny) - (hy,ny) = (hihy s nypy, (ny))  with  py (ny) = hynghy . (C.277)

Note hyn,hi* € N as N is a normal subgroup of G.

Check it forms a group

The identity element of this group is (E, E):
(hun) ) (E7 E) = (h7h hEhil) - (hvn)u
(B, E) - (hyn) = (h, E EnE™) = (h,n).
The inverse of (h,n) is (h~',n’) where n’ = h=n"1h:
(h,n)- (k™ ',n')=(E,nhn'h™') = (E, E),
(Rt n') - (h,n) = (E,n' h'nh) = (E, E).

Associativity [(hy,n,) - (hy, ny)] - (hg,ng) = (hy,ny) - [(Ry, ny) - (By, ny)]:

[(Bysmy) - (hyymy)] - (hg’n3) = (hhy,ny hanhfl) ) (h3>n3)
= (h1h2h37"1 hln2hl_1 h1h2”3(h1h2)_1)
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(hy,ny) - [(hysny) - (hgsmg)] = (hy,ny) - (hyhg,n, h2n3h;1)
= (hyhohy,ny Iy (ny hynghs R

L]

Equivalence of the two defintions
for example H N N might be empty.

for each h € H the inner automorphism z — hxh™! takes N to N and defines an
automorphism

pp(n) = hnh™!

Moreover,

P (Pny, () = py (hynh3') = hyhynhy byt
phl.hg(n)

Thus h — p,, is a homomorphism of H into the group of automorphisms of N, we write
p € Hom(H, Aut(N)).

Sub-groups
The group G is the semigroup product of N by H with homomorphism p.
Recall p(h)(n) = hnh™'. Note that if p € Hom(H, Aut(N))

Obviously there is the subgroup of G composed of elements of the form:

(h;, E) forall h, € H.

H®SI:H

there is the subgroup of G composed of elements of the form:

(E,n,) foralln, e N.

as
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(E,n))-(E,n,) =(E,E,n EhE) = (E,nyn,)

I®yN~N

Conversely, suppose that we are given two groups N and H and a homomorphism
h — p, of H into the group of all automorphisms of N. We may then define a group
H ®4 N with respect to p as follows.

]

Example The group RT is a semi-direct product of the rotation group R(2) and the
group of all trnaslations 7'(2)

Proof:

Example The group 77 is a semi-direct product of the rotation group R(3) and the group
of all trnaslations 7(3)

Proof:

The group of all translations and rotations has six generators p,, p,, Ps, jl, jQ, jg. More
concisely, it is called the transaltion-rotaion group and has the translations (p,) as an
abelian subgroup. It is obvious that

where R is a rotation and T a translation, is again a pure translation 7" (see fig (M.-19)).
Consequently the translation group is an invariant abelian subgroup of the translation-
rotation group.

The group consists of pairs of the pairs (r,t) with ¢t € T, r € O(3,R) and multiplication
rule

(7"17 tl) ) (T27 t2) = (T1T27 tlrltgrfl)- (0.278)

Example The Poincare group P includes the abelian subgroup T'(4) of all translations
in Minkowski spacetime in addition to the Lorentz transformations. The Poincare group
P is a semi-direct product of the Lorentz group L(4) and the group of all translations
T'(4) on Minkowski spaectime, that is,

P = L(4) @4 T(4). (C.279)
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';,U‘>

Figure C.9: TranRotGrF.

Proof:

T(4) is a normal abelian subgroup of P as for t € T(4) and any p € P, ptp~' € T'(4).

An element p € P is then denoted p = (A¥, a*).

Examples from Quantum Gravity

(i) Three diemnsional gravity:

where 1.SU(2) is the (universal cover of the) group of Euclidean transformations. It is the
semigroup:

ISU(2) = SU(2) @4 R? (C.280)

Its elements are written as (u,d) where u is an element of SU(2) and @ is a vector in R3.
We have

(uy, 51) : (u27 52) = (%%7“152 + 51)7 (C.281)

the notation ud means U(u)d where U is the vectorial representation of SU(2).
(ii) black hole gauge group is the semi-direct product of ....
(iii) Gauge group of LQG

The group of these symmetries is the semi-direct product the group of smooth local gauge
transformations with the group of smooth diffeomorphisms on X.
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The Irreducible Representations of Semi-direct Products
C.4 Infinite-Dimensional Group Representations

C.4.1 Group Actions

If G is a permutation group, then every element of the group permutates elements of the
set {1,2,---n}. We say that the group G acts on the set {1,2,---n}.

Group action on a set Let G be a group and let A be a some set. Suppose that we
have a map T : G x A — A such that for every fixed g € G the map a — T(g,a) is a
permutation of the set A.

We require the compatibility conditions:

(i) T(9,, T (g4, a)) = T(g,95,a) for all g,, g9, € G and a € A.

(ii) T(e,a) = a for alla € A

where e = e, the identity of G.

define what is called T" is a group action and that G acts on A by the action of T
We can shorten the notion by writing ¢ - a instead of T'(g, a).

These conditions are designed so that the map G — S, is a group homomorphism.

C.4.2 Countable and Locally Compact Topological Groups

Let S be a set on which some group acts as a group of transformations. Let us write sx
for the transfrom by x of s € S. Then

(sz)y = s(xy) forall s € S,z,y € G.

and

se = S

where e is the identity element of G.

We assume that G is a topological group which is separable and locally compact and .S
comes with a ‘volume element’. We assume that S is a Borel space with a measure y;
that is, that we are given a family B of subsets of S, closed with respect to completions
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and countable uniions, and measure p assigning a nonnegative real number or co to each
subset E € B so that

p(Ey + Ey+ o) = p(By) + p(Ey) + -+

whenever £; N E; = 0 for all ¢ # j. The members of B are called Borel sets. We assume
S is a union of countably many sets of finite measure and that

If S| and S, are Borel spaces, then a function from S, to S, is a Borel function if g~ (E)
is a Borel set in S| whenever £ is a Borel set in S,. Any topological space becomes a
Borel space if we define the Borel sets to be the sets one can obtain from closed sets
by the taking of complements, countable unions, and countaale intersections. We extend
theorems already proven to much more general context as the notion of Borel space and
Borel function are quite general. A function can be widly discontinuous and still be a
Borel function.

We shall say that the measure p is invariant if

u(Ex) = u(E) for all Borel sets E and all z € G. (C.282)

C.4.3 Haar Measure

Given an n—dimensional manifold and a nowhere-vanishing orieneted n—form 7, we can
make a measure on M by defining the integral of f against p to be the integral of the
n—form fn.

It is not hard to show that on an n—dimensional Lie group G, there exists a nowhere-
vanishing n—form that is invariant under left translations and that this form is unique up
to a constant. Integrating fucntions against this form gives a letf-invariant measure (i.e.,
a left Haar measure).

C.4.4 Summary of Group theory

e Unitrary representations.
e Irreduciable representations.
e Schur’s lemmas.

e Orthoganality theorems.
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C.5 DManifolds and Elementary Topology

Roughly, a manifolds are sets on which, at least around each point, everything looks
Euclidean.

Organized set of points with a structure - a division into convenient family of subset
families.

It is this need for care, to ensure we can rely on calculations we do, that motivates
much of this course, illustrates why we empathize accurate argument as well as getting
the “correct” answers, and explains why in the rest of this section we need to revise
elementary notions.

C.5.1 Sets and Mappings Between Sets

We need to be able to talk easily about certain subsets of R. We say that I is an open
interval if

I=(a,b)=x€R:a<zx<b. (C.283)
Thus an open interval excludes its end points, but contains all the points in between. x

is always separated from F' by

In contrast a closed interval contains both its end points, and is of the form

I=la,b)={x € R:a<xz<b}. (C.284)

It is also sometimes useful to have half-open intervals like (a,b] and [a,b). It is trivial

The two end points a and b are points in R. It is sometimes convenient to allow also
the possibility a = —oo and b = +o00; it should be clear from the context whether this is
being allowed. If these extensions are being excluded, the interval is sometimes called a
finite interval, just for emphasis.

Of course we can easily get to more general subsets of R. So (1,2) U [2,3] = (1, 3] shows
that the union of two intervals may be an interval, while the example (1,2)U (3,4) shows
that the union of two intervals need not be an interval.

An open subset V' of X is a subset where if x € V, then there is a 6 > 0 such that an
open ball By(x) is entirely contained in V.
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Notation Meaning
aeA a belongs to A
ACB A is included in B
A=BHB A is identical to B
AUB The union of A and B (U is for uinion)
ANB The intersection A and B (N is for intersection)
A-B The set of elements of A not included in B

X X
@ (b)
Figure C.10: .
X X
@ (b)
Figure C.11: .

C.5.2 Continuity

A function f is continuous at a point p if whenever we can force the distance between
f(z) and f(p) to be as small as desired by taking the distance between = and p to be
small enough.

The definition of continuity of a function f on the real line: f : R — R is continuous at
z, if for any positive number €, there exists a positive number § such that if |y — x| <4,
then | f(y) — f(z,)| < €. The setting for this definition is the real line, a Euclidean space.

We can generalize this definition a little by considering mapping between spaces with a
metric. Let X, Y be two spaces with metrics d; and d,, respectively. Then, f: X — Y is
continuous at x, € X if for any € > 0, there exists § > 0, such that if d,(x, z,) < 0, then

dy(f(2), fy)) <€

However, the notion of continuity does not depend on a metric.
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Figure C.12: (a) (b) f is discontinuous at p,.

We need to be able to talk about a function near a point a. If we want to look at the
points a distance less than d for a. we are looking at an interval (a — d,a + d). We call
such an interval a neighbourhood of a.

Definition A subset U is open if given a € U, there is some § > 0 such that (a—d,a+9) C
U.

@ (b)
Figure C.13: Open sets interior points (b) .

In fact this is the same as saying that given a € U, there is some open interval containing
a which lies in U - a set is open if it contains a neighbourhood of each of its points. This
definition has the effect that if a function is defined on an open set that its behaviour
near point a of interest from both sides.

We can transfer such things as limits and calculus from Euclidean space. A topology
is a structure added to an arbitrary point set which enables one to define a convergent
sequence and to define a continuous function in a general setting.

A topology, T, on a set X is defined to be a specified family of open subsets on X
satisfying the following 3 properties:

(i) The empty set, (), and the space X belong to 7.

(ii) The union of any number (possibly infinite) of open subsets belonging to 7 is also in

7.

(iii) The intersection of any finite number (nor infinite) open subsets in 7 also belongs
to 7.

The set X together with a topology 7 is called a topological space.
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Let f :  — Y be a function between two topological spaces (X,7y), and (Y, 7). If
x € X, then f(z) € Y is the image of x under f. Let U be an open set in X (i.e.
U € 7Ty). The image of U under f is the subset V = f(U) C Y, the range of f with
domain U. If V is a subset of Y, then the inverse image of V' by f. The mapping f is
defined to be continuous when the inverse image of any open set is open. That is, f is
continuous if U = f~1(V) € T, when V € T,..

hy 0 1!

R™ R"™
Figure C.14: (U, ¢,) and (V, ¢,) are two coordinate patches on X. Transition functions,
¢, 0 ¢, 1, are ordinary functions that go from points of one R"™ space onto another, i.e.

¢y0 ¢yt : R* — R™ The domain and range of the transition function are the shaded
regions in R".

The transition functions transform the coordinates of one overlapping patch into another.

The usual Jacobian of ¢, is

(A%) — oYy, Y,)

oxy,...,z,)
oz'! oz'!
Dzl Ban
. (C.285)
oz’ 9z’
ozt T Oz

C.6 Elementary Tensor Analysis

One often needs to do a change of coordinates, either because we prefer to use a different
choice of coordinates valid in some patch, or because we need to transform to new patch
which covers a different portion of the manifold.
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Figure C.15: Mobius.

Einstein summation convention

D ) (e = () (), (C.286)

Contravariant Vectors

T,(M)
Figure C.16: tangtoM.
dz = 8—fdx + a—fdy (C.287)
ox oy

the infinitesimal displacement in two different coordinate systems z® and z'* is related by

al
d — oxr

=257 da® (C.288)
b

where 1% /2" is evaluated at the point p = 2% = 2/%(2%). Einstein summation conven-
tion

or®

al __
dz® = B

da’ (C.289)

We set
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B or®
- Oxb

A (C.290)

The infinitesimal displacement is the prototype of a geometric object which is called a con-
travariant vector. A set of quantities X are said to be the components of a contravariant
vector if they transform, under a change of coordinates, as

al
oz _,

X' = 291
Db (C.291)
Covariant Vectors
of
= 2 dr® = .292
df agcadx 0 (C.292)
af’ B of ox°
et~ Db D (C.293)

f=r@") = fa)=f.

A set of quantities X, are said to be the components of a covariant vector if they transform
as

oz?
Xo = 575 (C.204)
Covariant vectors can be interpreted as linear functionals mapping vectors to R.
V ="V%, =V"¢, (C.295)

It is evident that if the vector V is to be invariant the basis vectors {e,} must transform
under coordinate transformations as the components of a covector. Similarly, basis covec-
tors {e”} must change under a coordinate transform as the components of a contravariant
vector.

Tensors

A set of quantities T, are said to be the components of a covariant tensor of second?? if
they transform as

. O0z¢ Ox?

ab — ax,b ax/a ed —

(C.296)
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Contractions of Tensors

=4 (C.297)

C.6.1 Affine Connection

dxX* = X%(Q)—-X*P)
X(2b 4 dab) — X(a?)
oxe

= dx

ox?

is not tensorial. Under a coordinate transformation a partial derivative of a vector X
transforms as

oxX"" _ 0x® 0 3x'aXd _ Oa° 9" OXT 0P’ Oxf
oz’ 9a’® Oxe \ Oxd 0/ Oxd Oz Jrcdad 9

tensorial inhomogeneous

X (C.298)

This is not a tensorial transformation because of the inhomogeneous term.

have

X
da’V, X = %dwb + % X da® (C.299)
i

For V,X® to transform as a tensor of type (1, 1) then the connection must transform as

o 02 O0x7 O™ 5 02" O%°
By 9xd 9! Ol O - 08 9x'Box!

(C.300)

Any quantity that transforms as (C.300) is called an affine connection. If the second term
on the right-hand side were absent, then this would be the transformation law of a tensor
of type (1,2).

a _ I e
TS =17 —T', (C.301)

is a tensor called the torsion tensor. If the torsion tensor vanishes then the connection is
said to be symmetric or (torsion-free), i.e.
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Figure C.17: connection.

eI w2
e =1, (C.302)

Covariant differentiation can be extended to other types of tensors by demanding that
the covariant derivative obeys the product rule of differential calculus. The covariant
derivative of a scalar field is the same as its partial derivative,

Vo =0,0. (C.303)

Demanding that the covariant derivative obeys the Leibniz rule, then we find

v, X, = 9,X, —T%,X, (C.304)

Vcirba = ach? + FgcTI;i + T FZCT; e (0305)

The covariant derivative contracted with X.

Vo I8 = XV T (C.306)
D .. a--
B = VT (C.307)

C.6.2 Affine Geodesic

A geodesic is the closest thing there is to a straight line curved space time. In we are given
a metric we can define a geodesic as the shortest distance between two points. However,
there is a more general definition of a geodesic is its velocity vector is parallel transported
along the curve it traces out in spacetime (it follows its own nose, so to speak). In
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other words, the parallely propagated vector at any point of the curve is parallel, that is,
proportional to the vector at this point:

dx® dz® dz®

The L.H.S. becomes

Ao ()it 0 (el
du °\ du  du 9zt \ du be du du

o dPar, dat dat
o du? e du du’

We have the geodesic equation
Pt dadxt daz*

W + bc%% = (u) du (0309)
Note that this definition did not involve a metric, it only refers to a connection. Other
geometric notions can also be defined using a connection only. Such description are
desirable when we come to formulate the quantum theory where there is background
metric. In fact LQG is formulated with a connection of a frame field (which we will be
coming to presently). In the next section we shall verify that the differential equation
derived from the principle of shortest distance is as in (C.309) but with the connection
'y as a particular function of the metric. This connection is called the metric connection.

C.6.3 The Metric Connection

The vanishing of the covariant derivative of the metric is equivalent to requiring that the
length of a vector is unchanged under parallel propagation. To see this first consider the
covariant derivative of the length squared [? of a arbitrary vector I#,

0=0,(") =V, (") = V,(g,"")
e ,g,, + 9,0V UV +g, 0V 17
= I"'V,g,,+2L,V 1" (C.310)

ag;w

By assumption the vector vector [ is parallel propagated i.e. V_I* =0
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"V ,g,, =0 (C.311)

since [* was arbitrary this implies,

v 0 (C.312)

ag;w -
(It should be noted that the vanishing of the covariant derivative was motivated by a phys-
ical requirement and not a mathematical one). This condition is sufficient to determine
the connection as a function of the metric. We show this by using

vag,u,u = acrg,w/ + Fgugup + Fgzjg,u,p =

0 (C.313)

r ' . Written out explicitly, with cyclic rotating of indices,

uv,o = 9o Qv

aagbc + I_‘ab,c + Fac,b =0 A (vagab = O)
9,9y, s, +T 0 (V,95,=0)

030, + Ty + T 0 < (V,g,=0) (C.314)

)

VA [ v =

Ap,v VA T

These three equations are identical. But by adding the first two equations and subtracting
the last (and remembering that the Christoffel symbol is symmetric in the lower case
indices), we find:

1
L%, = éng{aagbd + 04900 — 019} (C.315)
Covariant Derivative
vV,=0V +I%V, (C.316)
Metric Geodesic
ds\? dz® dzb
- — - 31
<du) ™ du (C-317)
P2 P2 ] P2 dx® da® 1/2
s = / ds = / & i = / (gabii) du. (C.318)
p1 p du p1 du du
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d?x® dxb dx¢ d*s /ds’\ dx®
oy pe = (/= C.319
du? b du du (du2 du) du’ ( )
u=as+ 3, (C.320)
where a and (3 are constants, then the righthand side vanishes.
we assume ds # 0
equations for a metric geodesic
d*x® da® da*
a7 7 321
ds? e ds ds 0 (C.321)
and
datdi” (C.322)
Jab™gs ds '
where I'y is given by (C.315).
Proof.
d oL 0L
i — = .32
du 0tr*  OJx® 0 (C.323)
We instead minimize this instead. So we use £ = g, i in
d oL 0L
2L | — — = 324
£ [du oze 83:‘1] 0 (C-324)
which can be rewritten as
d (0L oL? oL dLC
— - =2 = 32
du (8:’5“) Ox? oz du (C325)

Substituting for £2, the left hand side gives
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d (oLy oLt ii( 50) _i( 5°)
du \ 0z1° oxe  du | Oz ot o It
d , bee
= @(2gabxb)—(3agbc)xbx
= 2g,i"+20.g,, — 0,9,

a

1
= 2g,i"+ 2¢bj30[§(0cgba +0,9., — 0.,9.)] (C.326)

JOLAE L0 dds
01 du ok du du

_ 2(9 :tb:tc)fl/Zg jd@

be ad duQ

s /d
= 2( i —8) i (C.327)

du2/ du

multiplying through by g%

Lighlike inertial motion cannot be characterized with reference to proper time param-
eterization since the proper time along a null curve vanishes. However, this does not
prevent us from characterizing such motion in the same manner as in the timelike case.
To this end we go back to the more general definition of a geodesic as a curve z*(\) with
the property that the coordinate acceleration d?z®/d\? at every point p is parallel to the
tangent vector.

It is independent of the parameterization of the curve

C.6.4 Curvature

Let £€* be a contravariant vector field with

£(z(7)) = 0. (C.328)

We take the curve to be small so that we can write

£(x) =&+ fﬁ)xb + O(2?). (C.329)
In an affine space without metric the term ‘small’ and ‘large’ appear to be meaningless.
However, since differentiability is required, the small size limit is well defined. Thus, it is

more precise to state that the curve is infinitesimally small.
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If there is a strong gravitational field the contravariant vector may not return to its original
value going around the loop once and have deviation 6£*. We find:

j{mé = 0

d dz?
08" j{ dr——¢%(2(7)) = — 7{ ngd—iga(x(f))df
- j{dT(Fcb + It ?) gjb (& + ffldxd)- (C.330)

where we chose the function z(7) to be v. small, so that terms O(z?) can be neglected.
We have for a closed curve,

d
dedi =0 and V0~ T8 (C.331)

T

so that (M.-19) becomes

1 d
5 = 5 ( 7{ d d‘” dT) R°, &% + O(2?). (C.332)

covariant derivative of T, is given by

v,T, =0T, +T0 T+ T (C.333)

py~vé

V.V V) = 0(V,V") + TV, V) =T (V,V) (C.334)
= 9,0,V +T4 vf) + T80V + TV =T (9, + Ty, V)

vyvyt-v,vve = 00,V*—-09,0V" (wetake =0)

+ oryvi—ore v’
+ o v — r;caeva (=0 as?, =T9)

(C.335)
VvV, -V, V. V= (C.336)
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(6%
where R 56

Rg'y5 (0337)
R, =0T, (C.338)
C.6.5 Gaussian Normal Coordinates
e a a xbxc a a
2" =2+ chT where Q. = Q% (C.339)
ox'® u .
Ol 0 + Qg (C.340)
821’“1
e = @ 341
Oxdoze Qe (C.341)
2" =0 (C.342)
oz’ " Ox? .

{%} » - 51)7 {W} B = 61, (0343)

o 02 0x 0xf _,  Ox? Ozt O%a'?
b = 9t 027 0w T 9ar® O’ Da0ue (C344)
T3] p = [Thp — Q. (C.345)

choose Qf, = [Fgc] P

Mathematically this says that there exists a coordinate system the space time manifold
is locally Minkowskian - one can always find a local coordinate system in which the
metric tensor takes the pseudo-Euclidean form and the connection I'j, vanish at a point.
In geometric terms, such a freely-falling frame of reference represents a local coordinate
system.

Defined only in the immediate vicinity of a physically defined location (for example the
place where two particles intersect), whose coordinate axes are very close to straight line
and mutually perpendicular.

The physical statement is the gravitational field can be made to vanish at the place where
two particles intersect, by going into free-fall.
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C.6.6 Bianchi Identities

Raﬁvé = Faﬁ&,’y - Faﬁ'y,é (C.346)
Ropys = ~Rapsy = Rpans = Rysap (C.347)
Cyclic Bianchi identity
Raﬁ'yé + Ra&ﬁ'y + Ra'ydﬁ =0 (0348)
vQRéUIB"f + V’YRéUOtﬁ + vﬁR(So"ya = 0 (0349)
Define the tensor
G .=R L R C
af — ttap igaﬁ ) ( 350)

the so-called Einsten tensor (its name comming from that it appears on the left-hand
side of Einstein’s field equations of general relativity). We have the contracted Bianchi
identity

v, G =0. (C.351)

which follows from the Bianchi identity,
V,R%, +V, R +V, R =0

Contracting o and pu.

VR, + VR, + VR, =0

o'V Buv o

then contracting with ¢° gives

VR +V R, — ¢’V R', =0

Bupo

or
V(R — Lpgmy — g
I 9 g =5
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C.6.7 Conformal Tensor, Ricci tensor and Ricci Scalar

C.6.8 The Weyl Tensor

The conformal tensor describes the components of the Riemann tensor, that are not
contained in the Ricci tensor. The Ricci tensor being the contraction of the Riemann
tensor, the rest of the information of the curvature is contained in the trace free part of
the Riemann tensor, called the Weyl tensor,

1 1
C’abcd = Rabcd + é(gadRcb + gbcRda - gacRbd - gbdRca) + é(gacgdb - gadgcb)R‘ (0352)

Constructed to have the same symmetries of the curvature tensor:

C bed — _Cabdc = _Cbacd = Ocdab’

a

Cobed T Codbe T Cocar = 0. (C.353)

ce = (C.354)

C.6.9 Index Free Formulism

necessary to exploit coordinate systems. In this approach, tensor quantities are defined
in terms of their components and the transformation rules for the latter under coordinate
changes.

Physical quantities are (coordinate free) geometric objects scalar fields, vectors (not there
components) and so on. The laws of physics are expressible as geometric relationships
between these geometric objects.

X[f] = X'oof

— X/a ax,a f

— X'lf] (C.355)
the torsion T'(X,Y) =T, X"Y*
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T(X,Y)=V,Y -V, X —[X,Y] (C.356)

R(X,Y)Z = R, X°Y4Z

R(X.Y)Z =VyVyZ -V Vi Z+V 72 (C.357)

An element £ € T R" is identified with a mapping which takes every smooth function f,
defined on any neighbourhood of p, to its directional derivative at p along &, denoted &[f];
that is

il = S+ )] (359

Notation for vector and covector coordinates basis

Suppose we have a vector ¢ and a coordinate system z® with basis vectors {e,} . Recall
that for the vector £ to remain unchanged under a coordinate transformation the basis
vectors {e, }, should transform as the components of a covector, this suggests the following
alternative notation

{ea).

{5t (C.359)

so that we would write

0

6 = ga%>

and under a transformation to the new coordinates ' with new basis vectors we have

£ = g 0 _§b<8x’a 8) a

ox2 ozt 0x'?

and hence

1a b

which corresponds to the definition of the components of a contravariant vector. For
covector w and a coordinate system with basis covectors {e*} . For the covector w to
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remain unchanged under a coordinate transformation the co-basis vectors {e*}  should
transform as the components of a vector, this suggests the following alternative notation

{e*}, = {dx?} (C.360)

so that we would write

(C.361)

Figure C.18: coordbasevec. The vector £ may be thought of as being composed of ¢ =
E10/0x +£20/0x2. ¢! and €2 are the components of € in the (2!, #?)—coordinate system.

The contraction of the vector and covector would go as

a O
(@,8) = w,(dx* 55
= w0
= (C.362)

A tensor with raised indices has contravariant components and is therefore expanded in
terms of basis vectors, i.e.

T = Tabea ® e,
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A tensor with lowered indices has covariant components and is therefore expanded in
terms of basis one-forms, i.e.

b
T=T%e, Qe
We have already seen an example of a tensor with lowered indicies, the metric tensor
g =g,,w® wP.
We have notation
b
T(w,w,) =T
In the z—coordinates the metric tensor g would be written as
g = g,dx* ® dx".

In this notation an arbitrary (p, q)—tensor T is expanded in the above notation as

ai ...a a
T e Tbll'”bqp axal ® e ® axap

®dx" @ .- ® dxPa (C.363)

C.7 Differential Geometry

C"-function f if all its representatives ) o fo ¢~ : R™ — R"™: (77)

In many undergraduate texts, one fixes a covering and coordinate patches and writes any
tensor in terms of its value in some coordinate system. This approach is convenient an
teaching of elementary GR, but it can obscure the coordinate independent meaning of
important concepts. A more preferable formulation of the principle is based on modern
differentiable geometry: such a formulation is coordinate free. Physical quantities are
(coordinate free) geometric objects scalar fields, vectors (not there components) and so
on. The laws of physics are expressible as geometric relationships between these geometric
objects.

More advanced texts tend to use a coordinate free formulation, which is what we will
present in the next few sections. We will see how the coordinate free approach replaces
the ‘tensor component’ description.

Derive coordinate-free form of equations. These equations will involve objects such as
vector fields, one-forms and scalar functions and geometric operations such as . The
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geometric objects belong to the manifold itself, be it a space-time or phase space or others,
rather than any coordinate system on it. We will often use formulation in derivations
employing local coordinate systems, but the definition used will hold on every chart, and
hence they hold globally, making them chart independent. So we will have shown that
they can be written in a consistent coordinate-independent manner.

C.7.1 Tangent Vectors

There are different ways of defining tangent vectors. Smooth manifolds embedded in
Euclidean space

We don’t want a definition dependent on embedding out space into a larger space. We
can define tangent vectors in a way that is defined intrinsically to the manifold. a tangent
vector being tangent to a curve in the manifold.

Rn

N\

(f_)\//

P

Figure C.19: tangvector. maps the tangent spaces of M [linearly into the .

We will generalize the notion of a tangent vector to manifolds in a coordinate free way.

consider a curve in R” X : (0,1) — R". The tangent vector to a point p = A(¢,) is

oy
dt

where A(t) = (A(t),..., \"(t)) € R™.

d\™
=t dt

t:tl) (C.364)

Basis Vectors

The rate of change of f(A(t)) at ¢ = 0 along the curve is
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d
—f(A(t .
Srow)| (C.365)
In terms of a coordinate system, this becomes
0 dz*®
“ At .
)| GO0, (©366)

In other words, f(A(t)) at t = 0 is given by applying the differential operator X to f,
where

dA\(t) _ o OF _
— =X = X () (C.367)

Thus are the components of X , in the basis

0

al'a p.

(C.368)

The coordinate transformation

If we have a coordinate system in a neighbourhood U of P, then the coordinate basis
0
9o )

~ a@
V_Vc%ca

= V",. (C.369)

The numbers {V*} are the components of V on { -2}, The numbers {V} are the

components of V on {%}.

0 oyt 0 Oy* 0 oy" 0
— =2 g L
oxrl Ozt oyl = Ox! Oy? ox! oyn

and similarly for other x%s.

0 0
X=X = X" C.370
ox® oy® ( )

This shows that X and X’ are related by
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oy®
X=X
Ox?

(C.371)

the components of the vector transform in such a way that the vector itself is left invariant.

RTL

pop

Figure C.20: Two curves A(t) and p(t) are tangent at p if and only if their images are
tangent at ¢(p) in R™.

The basis need not be {e,}, we can form linear combinations é, := Efe_, where F' = (E¢)
are matrices that . These are referred to as non-coordinate basis or a frame. Note that
they transform as scalars under coordinate transformations. These are very important as
frames fields will be basic variables in a formulation of GR that resembles Gauge field
theories that are adopted for the quantum theory

C.7.2 Covectors

it is natural to regard {dz} as a basis of T M.

< dz*,0/9, >=d". (C.372)

An arbitrary covector can be written

w = w,dz* (C.373)

where w, are the components of w.
Mixed tensors

The set of type (p, q). A tensor is written in terms of the coordinate basis as
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at...a.
T=T, o ® @5

®dr" @ -+ @ da’. (C.374)

The various connections are defined by index structure, i.e. how they transform, and by
restrictions placed on them.

C.7.3 Induced Metric and Other Objects on Sub-manifolds

If we denote the normal to the surface as n* (n®n, = 1) then the induced metric can be
written as

by = gy — Ny, (C.375)

So that h_, projects out the components of a vector normal to the hypersurface. Say
b b J
& =0Cn

R €0 = 5% €0 — non, £ = 0. C.376
b b b

Let N be a n—dimensional manifold of an m—dimensional manifold . The hypersurface
on which we have coordinates y®. If N is a hypersurface in M, for the point labelled by
y“ corresponds to the point of labelled by M. Thus the hypersurface is described by the
equations

2 (y®) (C.377)

tangent vector eg, and induced metric h

oy~
o= C.378
o =L (C.378)
ds? for an infinitesimal curve lying in the hypersurface:
ds? = dyedy® = b 00 0 et (C.379)
of B gxa Qb '

Oy* Oy”

9ab = ap ox @ (0380)

or
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ofe afs

Inman(®) = Inas(f () 5255 (C.381)
where f® denote the coordinates of f(z).
Definition g,.,,(f()) is said to be the pull-back of g,,,, (), denoted f,g
dr* @da® = § @a—fﬁ dz® @ da®
Jav B Hra Oab
= dI®0+sin*0 dp ® ¢. (C.382)
where
Nog = JupCacs (C.383)

is the induced metric or the first fundamental form of the hypersurface. It is a scalar
with respect to coordinate transformations ¢ — 2’ on M. behaves like a tensor under
coordinate transformations of the manifold N
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C.8 Active Diffeomorphisms and the Lie Derivative

Up until now we have only considered coordinate transformation, that is, passive dif-
feomorphisms. We now move onto active diffeomorphisms. As their formulas look very
alike the two are easily mixed up. But as we have seen in chapter 1 they are quite dif-
ferent, active diffeomorphisms relate distinct spacetime geometries, whereas a coordinate
transformation merely represents the same spacetime geometry in a different coordinate
system.

In chapter 1 we defined an active diffeomorphism as simultaneously dragging the metric
and matter fields over the spacetime manifold while keeping the coordinate lines ‘attached’
(fig C.8). This is called a pushforward.

Figure C.21: activeDiffGeom. A pushforward of the tensor T, (z), i.e. T, (z) — T,,(y).

Let us slightly modify the definition of an active diffeomorphism by requiring that after
we have dragged the fields across the manifold we perform a coordinate transformation
back to the original coordinates. An active diffeomorphism defined this way then relates
different space-time geometries and matter field configurations in the same coordinate
system.

They relate g ,(x) to g, (h(x)) by the Jacobian matrix of the coordinate transformation
x +— h(x),

(1)) = AZAGG,, (2) (C.384)

Two metrics related by an active diffeomorphism, viewed in the same coordinate system,
compared at the same point also have ‘transformation matrices’, however, these have a
different geometric interpretation!
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coordinate
transformation
back to x—coord’s

(@) (b)

Figure C.22: activeDiffGeoml. The red dashed lines in (a) are the z—coordinate lines
of the point P. We perform a coordinate transformation back to the original coordinate
system. The pushed-forward tensor 7}, (y) transforms to 77, (x), i.e. T, (y) — T, ().

(x) Oh?(x
dale) = 2D () (©.385)

The fact that the coordinate values do not change, while the tensor fields do, distinguishes
the active diffeomorphism from a simple coordinate transformation.

Passive diffeomorphism invariance refers to invariance under change of coordinates, i.e.
the same object represented in different coordinate systems. Choose a (local) coordinate
system for S in which the metirc g, («). (If the map h sends each point to the same point
of the manifold M, then in the second system S’ the metric given by g, (h(z)), f(x) being
the coordinates on M of the second system.)

Any theory can be made invariant under passive diffeomorphisms because a dynamical
system doesn’t care which coordinate system you use to describe it. However, general
relativity is the only theory invariant under active diffeomorphisms and this invariance is
a property of the dynamical theory itself.

Maths Tools for Manifold Without a Metric

In the previous section we reviewed metrics on manifolds, these are important in classical
general relativity and are what a physicists is most likely to be familiar with. As we have
learned, in reality it is only geometry up to active diffeomorphisms that has physical
meaning. As we have empathized, in formulating the quantum theory we prefer not to
employ metrics with its direct relation to the notion of distance.
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There is a rich geometric structure of the manifold without a metric defined on it. Im-
portant tools of the Lie derivative and differential forms which have nothing to do with
metrics. These will be important in the quantum theory where we will avoid introducing
a background metric whenever possible.

C.8.1 Mapping a Manifold to Itself Along Integral Curves

We start by considering a congruence of curves defined such that only one curve goes
through each point in the manifold. Then, given any one curve of the congruence,

t = at(u), (C.386)

we can use it to define the tangent vector field dz* /du along the curve. If we do this for
every curve in the congruence, then we end up with a vector field X* (given by daz* /du at
every point) defined over the whole manifold, then this can be used to define a congruence
of curves in the manifold called the orbits or trajectories of X*.

a smooth, non-intersecting family of curves on a manifold then the tangent vectors at
each point can be taken together to form a vector field on the manifold.

Figure C.23: The tangent vector field resulting from a congruence of curves.

These curves are obtained by solving differential equations

ar _
du

X*(x(u)) (C.387)

Let 2° be a local coordinate system and let x; be the coordinates of p. The equation of
the integral curve is

d 7 _ if..m
Sai(t) = Xi(am 1))
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Figure C.24: The local congruence of curves resulting from vector field.

with initial conditions z*(0) = x;. Provided X is smooth the theory of ordinary differential
equations guarantees the existence and uniqueness, (at least locally, i.e., for small t), of
a solution. Uniqueness implies that no two curves in the congruence intersect (at least
locally).

Definition A congruence of curves is a family of curves such that precisely one curve
of the family passes through each point. It is a geodesic congruence if the curves are
geodesics.

Active Diffeormorphisms

C.8.2 The Lie Derivative

This is called an active transformation. The passive transformation is a coordinate trans-
formation.

A contravariant vector flow determines a local congruence of curves,

where the tangent vector field to the congruence is

= X

du

at least locally, a vector field generates a unique integral flow about any given point p.
We use this flow to take a tensor to a nearby point and hence form a derivative. This
derivative is called the Lie derivative.
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o’ (e,p) = 2°(p) + eX(p) + O(€?) (C.388)

The Lie derivative of a scalar field f € C>*°(M). Let X be a vector field on M we define
the Lie derivative of f along X to be

ﬁxf(p) — lim f(cr(e,p)) — f(p) (0389)

e—0 €

which is the usual directional derivative along X.

point transform

2" = 2b(p) + eXb(p) + O(?) (C.390)

We generate a new vector (with vector components in the 2’ coordinates). By definition
its components are related to 7%(z) by a pushforward

T(2') = T (2 + eX°(x)) = T%(x) + eX°(2)0, T () + O(e?). (C.391)

We now wish to transform this tensor to the x—coordinates so we can compare it with
the original tensor T%(z). Using (C.390) we have

% =50 — €0, X"+ O(e?) (C.392)

The parameter distance derivative of an object along the vector field is the Lie derivative.

~ ox®

() = 5T
= (0% — €0, X")(T(z) +eX°0,T) + O(e)
= T%z) +[XO,T" — 0, XT(x)]e + O(?) (C.393)
LT* = lim ) - T*(x) (C.394)
€— €
L, T.(r) = XOT, +T,0.X° (C.395)
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What is the Lie derivative for a tensor T%(z)? We generate a new tensor (with tensor
components in the 2’ coordinates). By definition its components are related to T%(z) by
a pushforward

T'(2') := T (2° + eX(z)) = T%(x) + eX(2)0,T™(z) + O(e?). (C.396)

We now wish to transform this tensor to the xr—coordinates so we can compare it with
the original tensor T%(z). Using (C.392) again. The parameter distance derivative of an
object along the vector field is the Lie derivative.

Oz® Oz° -
el T/cd /
0x'¢ O’ (@)

(6 — €0, X ") (0% — €0, X") (T (x) + X0, T") + O(€?)

T%(x) + [X°0,T™ — 0, X*T(x) — 9,X"T*(z)]e + O(e*) (C.397)

Tab(l’)

T“b(x) — T%(x)

EXTab — llII(l) - (0398)
L T% = X°9,T% — T%9 X" — 7?9, X°. (C.399)

LT (z)=X0T, +T,0.X", LT, (v)=X90T,6+T,0,X+T,0,X"
The first term of the Lie derivative, X0, corresponds to the pushforward, shifting the
tensor to another point in the manifold. The remaining terms arise from the coordinate

transformation back to the original coordinates. Is it coordinate invariant? Does it have
the same form in all coordinate systems? In fact (C.395) is equivalent to:

XV, T% - TV X° (C.400)

since

LT%z) = X001 —TDX"
X(0,T*+ 14T — T8, X+ T4 X
XV T~ TV, X* (C.401)

where we have used that the connection is symmetric in its lower indices. Similarly,
(C.399) is equivalent to:
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XV, -T%V X" =TV X*

X017 + 141" +T0,T*) = T*(0, X" + I} X") — T*(0,X" + T4 X
X" —T%0 X" =T, X + TPX (TG, —T2) +TX(T;, -T2
X011 —T*9 X" — T X* (C.402)

In general, the partial derivatives appearing in Lie derivatives can be replaced by covariant
derivatives. Hence, the combination of pushback and coordinate transformation make the
Lie derivative a tensor in the tangent space at x®.

T'(q) =T(h.(p))  T(p)=nh_[T(h(p))] (C.403)

We can write down the coordinate free equation

he [T(h (p))] — T(p)

(LxT)(p) = (C.404)

Figure C.25: .

the original tensor components at a different point. distinguishes the Lie derivative from
the directional derivative.

the curve passing through P is given by ! varying, with 22, 2%, 2* all constant along the
curve, and such that

X* =6 =(1,0,0,0) (C.405)

along this curve. The notation used in means that the equation holds only in a particular
coordinate system. Then it follows that

X = X0, =0, (C.406)
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and equation reduces to

LyT ;= 81Taﬁ (C.407)
Thus, in this special coordinate system, Lie differentiation reduces to ordinary differenti-
ation.

If we have a map ¢ from a manifold M to another manifold N, and we choose a point
r € M, we can push forward a vector from TM_ to TN, 5(x) by a head-to-head and tail-to-
tail map. If the vector has components X* and the map takes the point with coordinates

x* to one with coordinates £(x), the vector ¢, X has components

O&H
= XY,
ox”

(¢,.X) (C.408)

This looks like the transformation formula for contravariant vector components under a
coordinate transformation, but we are doing an active transformation, changing a vector
into a different one.

Figure C.26: pullbackDef0. Pushing forward a vector X from TM_ to TN, (x)"

Figure C.27: The push-forward map h,_ that maps the tangent spaces of M linearly
into the tangent spaces of .
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pushforward ¢, (?77)

Recall that a one-form maps a vector to a number. Given a one-form w on N, we define
¢*w as a one-form on M by specifying what we get when we plug the vector X at x € M
into it. This we do by pushing the X forward to TN 5(x) plugging it into w, and declaring
the result to be the evaluation of ¢*w on the X. Symbolically

[¢*w|(X) = w(e,X). (C.409)
or in components

[p*w] X" =w,[6,X]" (C.410)
We work a coordinate system (x!, ..., 2™), such that z! is the parameter along the integral

curves and the other coordinates are choosen any way. In this coordinate system and the
components of the tensor pulled back from ¢,(p) to p are simply

BT (6,(p))] = To (e + 1,27, a"), (C11)

In this coordinate system the Lie derivative becomes

ai...ap * a aj...a
LyTy 7 = @Tbl,,,bf, (C.412)
Coordinate-Free Description
We will prove
LY =[X,Y]. (C.413)
o'(e,p) = 2’ (p) + €X"(p) + O(*) (C.414)

for any f
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19)
Yg(e)f = ZYb(J(e))axa

= ) (Y'+eX9Y")

a

= S (VP XD Y)Of +eXD,0,f) + O(e)

a

= ) (Y0, + X 9,YD, + Y XD,0,)f + O(¢”)

a

()

2
U(e)f + O(€)

Therefore

U(_€>*Ya(e)-f - Ya(e)(foa(_G)*)

Sy (ho 0(6))% (hoo(—e)) +O(e)

p

(C.415)

= ) (Y0, + eXDY0, + €YV XD,0,)(f — €0, fX") + O(€’)

= SV, [+ e(0Y X~ YO.X)D,f + O()

a

From which

= (0,Y°X —YDX"I,f+O()

= [X,Y]0,f + O(¢)
= [X,Y]Y(f) + O(¢?)

The Lie derivative of a covariant tensors
a B a B a
L, Y*=X %Y -Y %X
The Lie derivative of a covariant vector field Y, is given by
LyY, = X0,Y, +Y"0,X"

The Lie Derivative
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there is a coordinate system in which

LM = N°9 M, — M*9,N, (C.420)
It satisfies the Leibniz rule

Ly(Y2y) =Y*(LxZy.) + (LxY*) 2. (C.421)

It is type-preserving; that is, the Lie derivative of s tensor of type(p,q) is again a tensor
of type (p,q).

The Lie derivative of a scalar field ¢ is simply an ordinary derivative in the direction of
X

Ly¢=X¢=X"D ¢ (C.422)

Now, given the Lie derivative of a vector and a scalar, we can apply the Leibniz rule to
deduce the Lie derivative of a covariant vector field Y, : consider the Lie derivative of the
scalar formed by the contraction of an arbitrary vector Z¢ with an arbitrary covector Y.

L (Y, 2% = X*0,(Y,Z) = Z°X"0,Y, + Y. X"0,Z° (C.423)

whereas the Leibniz rule gives
LY. Z)=Y L Z+ (LyY,)Z". (C.424)

Z°LyY, = Z°X"0,Y, + Z°Y,0,X°". (C.425)

but as Z¢ is arbitrary this means
LY, == X",Y, +Y,0,X". (C.426)
T :=¢,T(p,) T(P)=2%P,) (C.427)

¢anT'(x) = T(x)

LT := hAril AN (C.428)
LTy =XO0T, =T, 0.X—- +T00,X+ - (C.429)
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C.8.3 Pull-back and Lie Derivative of a co-vector

The pullback of the function f by ¢, denoted ¢* f, is defined by

o' f = (fo9). (C.430)

¢ f=fo¢
R

N
. v
R™ R

Figure C.28: The pullback map ¢* of a function f from A to M by amap ¢ : M — N
is the composition of ¢ with f.

Suppose we have a smooth map h : M — N as in section C.7.1. We saw that we could
push-forward a vector X, € T M to a vector h X, € T}, N by

h Xy (9) =X, (goh) (C.431)

*“>h(p
There should be a dual map which maps co-vectors in A to co-vectors in M.
hyw(X,) =<h'w, X, >=<w, h X, >=whX,,) (C.432)

Let h : M — N, (y',...y™) be local coordinates on V' C N and (z!,...z") be local
coordinates on U N h~H(V) € M. If

(C.433)

w = z": wbdyb
b=1

p

We have

800



h*w=woh

Figure C.29: pushLie. The maps the co-tangent spaces of M linearly into the co-tangent
spaces of \.

b=1

C.8.4 More on Lie Derivative

Definition A one-parameter group of diffeomorphisms. A one-parameter family of maps
{®,},cr is said to be a one parameter group of diffeommorphism if:

(i) Each ¢, : M — M is a diffeomorphism;
(ii) ¢, = id;
(iii) ¢,,, = ¢, 0 &, for all 5,1 € R.

That is we have a group action of R on M.

L]

Lemma C.8.1 Let ¢, be the one parameter group of diffeomorphisms generated by the
complete vector field X on the manifold M, and b : M — M 1is a diffemorphism on M.
Then 1 o @, 0~ is the one-parameter group of diffeomorphisms generated by 1, X .

Proof: We show that the tangent to the curve ¢ (t) := (¢ 0 ¢, 0 ¥~1)(p)
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d
= Zf(,0) (C.435)

t=0
]

Corollary C.8.2 A complete tangent vector field is invariant under a diffeomorphism
P M — M if and only if the one-parameter group of diffeomorphisms ¢, generated by
X commutes with 1.

Proof:

L]

C.8.5 Isometries and Killing Vector Fields

when the metric is the same. If you move along the direction of a Killing vector field, the
metric diesn’t change.

A space time possess a symmetry if there exists a coordinate system such that the com-
ponents of the components g ,(x) of the metric are independent of at least one or more of
the coordinates. Then the metric has a symmetry under translations by this coordinate
holding the remaining coordinates fixed.

see M. Gockeler, T. Schucker, Differential geometry, gauge theories, and gravity

in general these symmetries go when we go to curved space-time with fixed metric and
cannot exist in general relativity where the metric becomes a dynamical variable.

Then a transformation leaving g ,(«) invariant is called an isometry.

The Lie derivative is natural to express the invariance of a tensor under a change of
position. The vector £* that generates the symmetry is called a Killing vector. In the
original coordinates the components of the Killing vector are simply {* = ;. A coordinate
covariant characterization of a

Killing vector is
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/c 1d
0x'" 02'"

() = 9 oY (7)) (C.436)
will be an isometry if
oa’¢ ' ,
Ja(¥) = %%gab(fﬁ) (C.437)

There is a coordinate system in which g, (x) is the same function that ¢, ('), where
2 =a"+eK®

For example
dli* = dr® + r? d6?
9.(r,0) = D(1,72) and g, (1,6') = D(1,7"*) where ' = 0 + €K,

and give curves along which the geometrical environment is unchanged.

- — _

—_— s —P /’ ~
/s S \\
s - ~

== e

-
N // /7 !
—_— > — \ - 7
~ 7/ 7
\\ \§—4>//
—_—, — — N o -
——_;»

Figure C.30: The Killing vector field resulting from a congruence of curves.

Fig.(C.8.5). The first two are the “infinitesimal generators” of horizontal and vertical
translations. The third is the generator of counter-clockwise rotations centered at p.

The three dimensional rotation group O(3) is the isometry group for of the ordinary round
sphere S2.

Oz da®
- (C.438)
% — 42 + 0, K" (C.439)
¢ (@) =g, (x) when 2’ =zK . (C.440)
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I (1 eK") = g,,(x) (C.441)

9 5(") = (07 + 3QK7)(52 + %K‘S)g,ya(x” +eK) (C.442)

= (00 +0,K")(0) + 0,K°)[g.5(z7) + eK70,9.5+ ...

= Gup(®) + €lg,505K° + g5 + K70,9,5 + O(€). (C.443)
Ly =X70,05+ 9us05X° + 9550, X°. (C.444)
Lop(r) =0 (C.445)

Lrgos(@) =V Kz + VK, =0,  VzK, =0 (C.446)

An isometry is generated by a Killing vector field K satisfying £ Kgaﬁ(x) =0

C.8.6 Conserved Quantities

a

Consider a freely falling particle whose worldline has tangent vector X. Define the quan-
tity &/ = Xk, where k is a Killing vector. Then

XV, (Xk,) = X°X"V k,+k, XV, X"
=0

= X“X'V k, =0
= X°X'V k=0 (C.447)

Thus E is conserved along the worldline of X. Given the energy-momentum tensor of a
continuous distribution of matter, satisfying V, 7% = 0. Define J := Tk . Then
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V.(T",) = k,VTI"+T"Vk,
=0

= T"V k,
= TV k=0 (C.448)

Thus V,_J* =0, i.e., the current is conserved.

Notion of energy and angular momentum have played a key role in analyzing behaviour
of physical theories. For theories of fields on a fixed, background spacetime, a locally
conserved stress-energy tensor, T ,, normally can be defined. If the background spaceime
has a Killing field, k%, then J* = T%k" is a locally conserved current. If ¥ is a Cauchy
surface, then ¢ = fz Jed, defines a conserved quantity associated with k¢; if X is a
timelike or null surface, then fz Jed>, has the interpretation of the flux of this quantity
through .

However, in diffeomorphism covariant theories such as general relativity, there is no notion
of the local stress-energy tensor of the gravitational field, so conserved quantities () cannot
and their fluxes cannot be defined by the above procedures, even when Killing fields are
present.

C.8.7 Adapted Coordinates

These symmetries are removed by active diffeomorphisms, symmetries help us find simple
solutions to Einstein’s equation but strictly it is only those properties shared by all the
spacetimes in the symmetry class that have physical meaning.

However, if we are neglecting the dynamics of gravity and only consered with dynamical
theories over curved spacetime, then the particulary simple spacetime in the equivalence
class can be used to get your physical properties.

Spherically symmetric spacetimes

ds® = goodt® + 2g,,dtdz’ + dr® + r* sin® 0d6” + r*d¢?>. (C.449)

Axisually symmetric spacetimes

ds* = dr® 4+ r*sin” 0d6” + r*d¢>. (C.450)
A gravitational field is said to be sationary when a reference frame exists in which all the
components g are independent of the time coordinate g ,. This coordinate, by the way,

is usually referred to as coordinate time. Sationary spacetimes.
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ds® = o dt® + 2g,,dtdz’ + gijdxidxj. (C.451)

Static spacetimes we when changing dt — —dt ds should remain unchanged.

ds® = gy, dt® + gijdxidxj. (C.452)

C.8.8 Properties of Killing Fields

A very important and immediate result is the following. If %k, = 0, then from V k, =
V,k, we have KV, k, = —k'V k, =V (k°k,) = 0, i.e., the curve to which k is tangent is
a null geodesic.

VvV, Vo, =R, v, (C.453)

C

Proof:

\ vbvc - vaavc = _Rab

a

“,, (C.454)

C

which on using Killing’s equation, gives

V.V, +V,Vu, =—-R, %, (C.455)
Rabcd + Radbc + Racdb = 0’ (0456)
we have that
2vbvcva = _(Rabc I + Rbca 4— Rcab d)vd
= 2R_, ", (C.457)

C.8.9 Diffeomorphism Gauge Group - Symmetry of GR Under
Active Diffeomorphisms

It is often stated that coordinate transformations are the gauge symetries of GR. Then
move onto the diffeomorphism group, however, the diff group is formed by active dif-
feomorphisms not coordinate transformations! The gauge symmetry referred to is GR’s
invariance under active diffeomorphisms!
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Let us consider an infinitessimal point transformation

' =z + £%(x) (C.458)
We have already proven that the metric g,,(z) gets mapped to the metric g,,(z) —2D &,

under this point transformation.

Lie algebra of vector fields ¢

A vector space V' with elements z,y, z,... and bilinear bracket [--- -], that takes two
elements of V' and returns another element of V| is a Lie algerbra if the bracket is anti-
symmetric and the Jacobi identity holds for all elements in V.

vector field £*(x) generates an infinitesimal active diffeomorphism. Has a Lie algebra

Sy E)lf = (C.459)

C.9 Frame Fields

That is absolutely crucial to the loop quantum gravity programme is that GR can be put
into a form that strongly resembles gauge theories in particle physics.

In appendix we introduced a natural basis for the tangent space T}, at a point P that
were induced by the coordinates. We consider a set of basis vectors not derived from any
coordinate system. Say we are given a time-like vector field v* which defines a congruence
of curves. For each of these curves, take any point P. We introduce a orthonormal frame
of three unit space-like vectors.

(e

€ = (6?7 637 6?) (0460)

which are orthogonal to v* and where [ is a label running from 0 to 3.

We define

eq = v (C.461)

orthonomality relations
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a __a __a _ _ _
€161, = €9€y, = €363, = —€€y, = 1

a — 0 N ) __ .a ___a ___a _
€0€1q = €0€2q = €034 = €124 = €1€3, = €3€3, = 0 (C.462)

The four vectors are said to form a frame or tetrad at P, and the orthonormality relations
can be succinctly summarized as

e’e (C.463)

Figure C.31: Framefield or tetrad with one spatial dimension suppressed.

C.10 The Spin Connection

The triad is not a vector basis induced by a coordinate system. It turns out that the use
of such frame fields brings out a different point of view on the connection and curvature,
one in which GR has a strong resemblance to particle physics field theories.

Instead of a basis determined by coordinates, 9/0x®, we may choose any other n linearly
independent vectors e (o = 1,...,n), with components e®(a = 1,...,n) with respect to
the coordinate basis.

We have the freedom to choose a different basis. The metric g,,(«) is left invariant under
local SO(3,1) transformations such that

e5(a) — 3(a") = 07 (a")es (@), (C.464)
where O”,(2%) is a matrix in SO(3, 1) which depends on position in space. When “Physical
quantities” are left invariant, such transformations are known as gauge transformations,

and theories invariant under them are called gauge theories.
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Now we have introduced these frame fields we now need to know how to compare vectors
in frames at different points. Put another way; a difficulty arise when one considers partial
derivatives, 9, V'. Because the matrix Of (x*) depends on spacetime, it will contribute an
inhomogeneous term to the transformation of the partial derivative,

o,V (x) = 9, (0% x"V (%)
= O0"j(x")o, V' (z*) + V7 (2)0,0",(z") (C.465)

The same sort of problem is encountered when considering the transformation of the
partial differentiation of vector fields d,V?(x). The solution there is to add the connection
I'¢ (x) to correct for the inhomogeneous term in the transformation law, giving us the
covariant derivative, V, V, = 9.V, + T, V.. The same remedy is applied to d,V*(z*) and
we introduce a connection

w! (x) (C.466)

with two tetrad indicies and one spacetime index.

DV(z) =9,V (z)+w] V/(z) (C.467)

We require D, V*(x) to transform as a vector in internal space,

D' V' (x) = 0L D,V (z). (C.468)

Therefore the connection transforms as

S =000k, —9,0, (C.469)
DV =9 V' +w Vv’ (C.470)
DV, =0,Vy + TV +w,,Vy/ (C.471)

This covariant derivative is said to be compatible to the tetrad metric 7, if,

Dn,;,=0 (C.A472)
This implies,

809



This implying that the connection is antisymmetric in its tetrad indices,

wll = —uh. (C.474)

C.10.1 The Spin Connection in terms of the Tetrads

The connection FZ‘V is uniquely determined by the requirement

'Dﬂel{(x) =0 (C.475)
that is,
9, el +w! el +T7 e =0 (C.476)

It is said to be compatible to the co-triad.
The connection field F @ can be calculated in much the same way as the I'} o Was calculated.

Consider the anti-symmetrized covariant derivative of the tetrad

We can solve for w in the same kind of way we derive the Christoffel connection. First we
contract the above expression with e?,el}( to obtain

efeh <8 eb + wy, Leb]L) =0. (C.A478)

Let us define

Q= eleja €K

This is obviously anti-symmetric in the first ttwo indices. Performing rotations of indices
in (C.477) we get three equations,

810



a_b L _
Qrpr+ CICKYanChL = 0

a b L _
Qe+ €I Wk Gy, = O

Qppy+ ekeiogineq, = 0 (C.479)

Adding the first two and subtracting the last,

QJKI + QIJK - QKIJ

1
a b L L
+ eJeKé(waI €y, — Wyr €qr,)

1
+ e?egé(walgebL ~ Wy €ar)
1
- eﬂegi(WaJLebL —wye,) =0 (C.480)

This simplifies to

QJKI + QIJK - QKIJ

1

+ i(efl]waIK — 5wy s)
1 a b

+ 5(61%KJ — € Wyrcr)
1

- i(e(ll(waJI — e lwy ) =0 (C.481)

Using w,;; = —w,;; the above reduces to
Qyper + Qe = Qpy + €W = 0. (C.482)

Let us swap the dummy variables J and K and replace a with b, then contract with ef
gives

Warg = 65(_91&]1 — Qs+ Qi) (C.483)

or by using the anti-symmetry of w_,,

Werg = ef(QKIJ + Qe — QIJK)‘ (C.484)

811



1J

We now wish to use this to express w,” in terms of the tetrads. Note

W 1Jj _ 65[QKIJ+QJKI - QIJK]

a

and

QKU = ell’(eda[bec‘]
J I b ¢ I
O, = e eKa[be}
Q. = ebfecjﬁ[becm. (C.485)
Using these we get:
wa” = ef <eKed@[be + €bJ6;(a[b61} eblecja[bec]K)
= e 3aec] + eb‘]8 e — M ec‘]ef 8[,]60} K
= bl@ eb —eb‘](? eb eb[le‘dﬂef@[becm
= ¢ (23[(16;)]}] + elell ef@cebK) (C.486)

So finally we arrrive at

w 17 =l (28[aeg]] + e‘b“]]efabed{) (C.487)

a

C.10.2 Curvature Associated with the Spin Connection.

Let us work out the commutator in the case of a vector A,.

We will need the covariant derivative of DyA;. This is a tensor with one internal space
index I and one space-time index (3. For covariant derivative of such an object is the
standard formula is,

D, Ty = 9, Ty + 05T, +wi Ty (C.488)

Applying this to DA, gives

D,(DyA;) = 9,(DyA,) +wi (D)) +T05(D )
= 0,10, +wi] + w0 +wi,] + 0D AL (C.489)
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D, DyA; — DﬂDa)\I = FZ,SDp)‘I — FgaDp)\I
3aaﬁ/\l — 3ﬁ8a/\1
aa(w,g[)\l) - aﬂ(wil)\l)
wfjaﬂ)\K — wé{jﬁa)\K

wflwéK/\J - wé{lwiK/\J (C.490)

+ 4+ +

The first line is zero as we assume partial derivatives commute. The terms in the third
line are cancelled by terms in the second line. So we obtain the result

D, DyA, —DyD A, =R 5,7 ), (C.491)
where R_; ;7 is defined by
R4 ;= 3awm‘] - %wal‘] + waleﬂK‘] - mewaK‘] (C.492)
which can be written in the more compact form
J _ 1J IK J
R = 0wy +w, Wk (C.493)

By considering the covariant derivative of K, = e\, we can find the relation between
the spin curvature with the

lo% J _ po —
Rﬂw(ea)\]) =Ry, K, = DD K, -DDsK,
= DD, (elA,) — D, Dylel)))

_ I
= e [D,D )\, — DD\

= e Ry, A, (C.494)
this becomes
Ry el =e'R, " (C.495)

which implies

Ry =Ry, eleS (C.496)
R=R, ey (C.497)
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C.10.3 Palantini action for GR

Using R = RWI TEY E" and \/—g = E we can write the Einstein Hilbert action in terms
of the connection and tetrad:

1
— / d'we™ e, ELEF, [ (C.498)

SEH[€7W] = 4H

where F! ng is the curvature of the spin-connection.

Variation with respect to w,/ gives

P, D(ELE]) =0 (C.499)

and variation with respect to E} gives

e B F S =0 (C.500)
(C.497)
_ 1 EPE9EReS (C.501)
€Cuvap = 1CPQRS T a €] :

Hamiltonian constraints in the Palatini formalism

We can do the 3+1 split for the Palantini action (C.498) and obtain a Hamiltonian
constraint and other constraints. While seems simpler than the of the metric variables

There are second class constraints which when solved give back the same set of constraints
as obtained from the ADM framework. And so their not much improvement over the ADM
formalism when it comes to quantizing it.

C.10.4 Ashtekar’s New Variables

In the Palantini formalism the phase space variables are (E®,T") (from these we get the
intrinsic metric of the spacelike manifold > and its extrinsic curvature respectively).

We consider a canonical transformation from the phase space variables in the Palantini
formalism (E%,I") Ashtekar’s variables
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I’ - +pK, Ef— —E} (C.502)

GR action written as

1 _
SplBo e = 5 / BB L), (C.503)

K

C.10.5 Cartan Structure Equations

Let {é,} be the non-coordinate basis and {6} the dual basis. The vector fields satisfy

6,6, = c;fé,. (C.504)

Ve =uwh e (C.505)

W' = w0 (C.506)

The 2—forms of torsion are given by the first Cartan’s equations of structure, which
read

TF = df + * A6, (C.507)
and the 2-forms of curvature by the second Cartan’s equations of structure
QF = dw”, + wkj A (C.508)

where 7% = 3T ijkéj A 0% is the torsion two-form and Rij =
two-form

%Rijkeék A 0 the curvature

Proof. Let the LHS of (C.507) act on the basis vectors ¢, and é,,
d0'(6,6) +[<w' 6, ><0).6,> - <06, ><w' ¢, >]

(< 0 8,>] — e ]< 06, >]— < 0,[6,6] >} +{< w6, >— <w' & >}
—Cp twi, —wy, =13, (C.509)
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where we have made use of (??). The RHS acting on ¢, and ¢, yields

1 ) . ~ ~ A~ . .
i Jj 5 m 5 L J e =T
§ij[<9 ) €, >< 0 ,e€>—<9 ) €L >< 0 »€p >]_Tk:£

which completes the proof. Equation may be proven similarly.

]
Taking the exterior derivatives of (C.507) and (C.10.5), we have the Bianchi identities

dT"+ W' ATV = R NG (C.510)
AR, + W' ARY — Ry AW = 0. (C.511)

These are the non-coordinate basis versions of R“[bcd} =0 and V[E‘Rab‘cd] = 0.

C.10.6 A Differential Geometry Translator

0A 0A 0A
dA = Ldr + —2d Zdz) Nd.
(01’ Sl Ox yr Ox )N de
0A 0A
= = 512
pe dy N dx + e dz \dx (C.512)
The gravitational field e
' (z) = elda” (C.513)
The spin connection
W' (z) =W (2)dz" (C.514)
Dv! = dv’ + W' v’ (C.515)
R',=R", .dz" Adz (C.516)

T(X,Y) = T% XtY*
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1
T = §Tabcwb A w® (C.517)

T(X,Y)=V,Y -V, X — [X,Y] (C.518)
R(X,Y)Z = R, ,XY4Z
R(X.Y)Z=VyVyZ -V VZ+V 2 (C.519)

Hodge-Star operation:

1
Sle!,w!’] = 4—/ €1 e (prL - efeﬁ) daxtdx” dz® dx” (C.520)
K Jm

1 A
Sle!,w!’] = 4—/ €1 (€l A el A R[w)FE + geI Nel Nt nel) (C.521)
K Jm

C.11 More on Lie groups

For g € G we define the adjoint isomorphism ad, : G — G by

ad,(h) == ghg™ = L,oR, .h, (C.522)

for all h € G.

It is a group homomorphism as

ady, 1(93) = (91,95}, 93]
= [91’ [92793“ + [92’ [93791“
= ad(g,)(ad(g,)(g3)) — ad(g,)(ad(g,)(g3))
= [ad(g,), ad(g,)](g5) (C.523)

To see this is an isomorphism write ad (h) = ¢’ for any ¢’ € G, this has the solution
h = g~'¢'g. This solution is unique as ad (h) = ad (') implies h = h'. This is called the
adjoint representation of the Lie group G

The map ad g fixes the neutral element e therefore the adjoint isomorphism ad , on the Lie
group G induces an isomorphism on 7, (G)
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Figure C.32: A curve through e under the map h +— ghg~!, first a right action Rg,l as
h + hg~! followed by the left action L, as hg~" + ghg~'. The identity e is mapped to
itself but points h and f near it are generally changed, so that a tangent vector at e, in
T,(G), is mapped to another one in T,(G).

e

or

Adg:g—>g

on the Lie algebra G.

Figure C.33: A vector X € T,(G) is mapped to another one in Ad (X) € T,(G). Written
formally as (ad,), : T,(G) — T (G).

e

This is a group homomorphism between groups
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Ad(g,9,) = (ad,,,), = (ad, oad,),
= (ad,), o (ad,), = Ad(g,) o Ad(g,) (C.524)

Note by injectivety that .Ad(g) maps any vector X € T_(G) to a non-zero vector for all
g € G. Also we have Ad(g)(X +Y) = Ad(g)(X) + Ad(g)(Y). We thus have the map

Ad: G — GL(n,R), (C.525)

where n = dimgG.

This homomorphisms in turn induces a homomorphism between Lie algebras

Ad:=Ad, :G — GL(n,R), n=dimG (C.526)

called the adjoint representation of the Lie algebra G.

If G is a matrix group, the adjoint representation becomes a simple matrix operation.

Definition The kernel of a group homomorphism ¢ : G — H is defined by

ker o := o '({ey}) = {2 € G:o(x) = ey}

Proposition C.11.1 A group homomorphism ¢ : G — H 1is injective if and only if its
kernel is trivial, i.e., ker o = {e,}.

Proof:

Assume ¢ is injective. Since we must have e, € ker ¢, ker ¢ = {e,}. Assume ker

¢ = {es}. Say ¢ is not injective, i.e., there is  # y such that p(x) = ¢(y). Then

o(ry™1) = ey, implying o T— €q OF T =Y.

L]

If G is a group, then by an automorphism of G we mean an isomorphism of G onto itself.
The collection of such automorphisms, denoted Aut(G), is a subgroup of Sym (G).

The kernel of ad, is the subgroup of G consisting of the elements x € G' with the property
that zyz—! =y for all y € G, or, equivalently that xy = yx for all y € G. Thus the kernel
of I equals the center Z(G) of G.
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C.11.1 Discrete Groups

A discrete group is a group with the discrete topology.

For example any finite group is a discrete group.

Figure C.34: If a Lie group is a direct product of the proper subgroup and some discrete
subgroup then each connected component G, is obtained from the proper subgroup G|,
by applying some discrete transformation «, of a discrete subgroup I'.

C.11.2 Universal Covering Group

Two curves g(7) and ¢'(7) connecting the elements g, and g, are said to be homotomic if
there exists a continuous deformation of one curve into the another, which leaves the end
points g, and g, unaltered, i.e., there exists a continous function h(r, s) of two parameters
7 and s such that

h(07 S) = Jp> h(L S) =09

h(r,0)=g(r),  h(r,1) =4'(7).

A Lie group is said to be simply connected if every loop is homotopic to the null loop,
i.e., every loop is contractable to one point.

A topological set not able to be partitioned into non-empty open subsets each of which has
no points in common with the closure of the other. A topological space X is connected
if ) and X are the only subsets of X that are both open and closed.
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C.11.3 Decomposition of a Lie Group into Abelian and Non-
Abelian Parts

The result of this subsection is employed in the proof of the uniqueness of Ashtekar-
Lewandenski representation in LQG and the irreducibility of this representation.

Every connected compact Lie group is a quotient by a finite central subgroup of the
product of a connected compact semisimple Lie group with a torus.

for a compact connected Lie group the exponential map is onto.
We prove it for the case of SU(2).

Let G be any compact connected Lie group and 7" a maximal torus in G. We claim first
that the following two statements are equivalent.

(a) the exponential map exp : L(G) — G is surjective.

(b) every element of G lies in a conjugate of 7', i.e., the map ¢ : G x T' — G given by
(g, t) = gtg~! is surjective.

The prove the result it is enough to establish (b) for SU(2).

Proof: If (a) holds, for any g € G we have g = exp(§) for some £ € L(G). Therefore, g
lies in the one-parameter subgroup {exp(t¢) : t € R}. The closure of this one-parameter
subgroup is a torus in G. Therefore it is contained in a maximal torus 7”7 in G.

L]

Lemma C.11.2 Let G be a connected compact Lie group. Let by be an ideal in L(G).
Then L(G) is the product of b with the complementary ideal h*.

by () there exists an invariant inner product on £(G), i.e., Ad is a Lie group homomor-
phism of G into O(L(G)). This implies that Ad is a Lie algebra morphism of £(G) into the
Lie algebra of O(L(G)), i.e., all linear transformations Ad(¢), £ € L(G), are skewadjoint.

Let h be an ideal in £(G). Then it is invariant under all Ad(¢), & € £(G). This implies...

On the other hand, for £ € h and n € b, we have [£,] € h N bt = {0}, that is, L(G) is
the product of h and h+ as a Lie algebra.

L]

Lemma C.11.3 Every compact connected Lie group, G is isomorphic to a quotient G/M,
where M s a central discrete subgroup of G, and G is a simple product
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G=Tx P,

(that is, any h € G can be written as tp where t € T and p € P), of an abelian group T
and a semisimple group P.

Proof:

Recall that each Lie group possesses a Lie algebra g isomorphic to the tangent vector space
at the identity element of the Lie group. An ideal in a Lie algebra is a Lie subalgebra
h C g such that [X,Y] € h for all X € b, Y € g. An ideal is said to be an invariant
subalgebra.

An ideal is the Lie algebra equivalent of a closed, normal subgroup of a connected Lie
group.

A connected Lie group can be defined to be simple if its Lie algebra is simple, or equiva-
lently, if it contains no non-trivial, closed, connected normal subgroups. Under this def-

inition, a simple connected Lie group can possess non-trivial, closed, normal subgroups,
but if they exist they must be discrete.

A semisimple Lie algebra can be defined as a Lie algebra which has no non-trivial abelian
ideals, but here we wish to characterise it as a Lie algebra which is the direct sum of
simple Lie algebras. Semisimple Lie groups arae the direct products of simple Lie groups.

Clearly, a simple Lie algebra is semisimple.
Lemma C.11.4 The ideal [L(G), L(G)] in L(G) is a semisimple Lie algebra.

Proof:
Let G be a compact connected Lie group.

Let h be an ideal in £(G). Then it is invariant under all ad(§), € € £(G). This implies
that the orthogonal complement bt of b is invariant under all ad(§), € € g, i.e., h* is an
ideal in g. It follows that £(G) = h @ b as a linear space. On the other hand, for £ € h
and n € b+, we have [£,7] € hn bt = {0}, i.e., L(G) is the product of h and h* as a Lie
algebra.

Let a be an abelean ideal in [£(G), £(G)]. Then a' is an ideal in £(G) and £L(G) is the
product of a and at. This implies that a is in the center £(Z) of L(G). It follows that
a = {0}. Therefore [L(G), L(G)] in L(G) is semisimple.

L]
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Proposition C.11.5 Let G be connected compact Lie group. Let C' = K N Z, and D =
{(c,ct € KxZ,:ce C}. Theny : KxZ, given by ¢(k, z) = kz induces an isomorphism
of the Lie group (K N Z,)/D with G.

Consider the connected compact lie group K x Z, and the differentiable map ¢ : K x Z, —
G given by ¢(k, z) = kz for k € K and z € Z,. ¢ is a Lie group homomorphism and L(¢y)
is an isomorphism of lie algebras. Therefore, ¢ is a covering projection.

The kernel of ¢ is a finite central subgroup of K x Z,,.

ker p = {(k,2) e K x Z,: kz =1} ={(c,c ") € K x Z,: c € KN Z,}.

L]

Therefore, any connected compact Lie group is a quotient by a finite central subgroup of
the product of a connected compact semisimple Lie group with a torus.

C.12 Group Actions on Sets

Action of a group

o(g,x) =y (C.527)

o(t, ) (C.528)
if the flow o(t, ) is periodic with period T.
We can construct a new action whose group is U(1)
a(exp(2mit/T)y,x) = o(t, x) (C.529)

and one whose group is SO(2)

. cos(2nt/T)  sin(2nt/T) ot x
U(< —sin(2nt/T) cos(2nt/T) ) @) =olt,z). (C.530)

The action of GL(n,R) on R™

cM,z)=M-x (C.531)
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where - is the usual matrix multiplication on a vector. The action of subgroups of GL(n,R)
is defined similarly. O(n) acts on S™~Y(r), an (n — 1)—sphere of radius r,

o:0(n) x SO V() = SC=N(p), (C.532)

Formal definition of the action of a group on a manifold:

Definition Let G be a Lie group and M be a manifold. The action of G on M is a
differentional map o : G x M — M which satisfies the conditions

(i) o(e,p) =p  for any p e M

(ii) o(gy,0(9,p)) = (9195, P) -

We as well define the orbit of a point z of M as

orb(z) = {gz | g € G} (C.533)

i) The action of the group is transitive if any orbit is the whole of X.

ii) The action is effective, or faithful, if the trivial action on X i.e.if o(g,p) = p for all
p € X, implies g = e.

If the action is not effective, the set of ¢ corresponding to the trivial action is an invariant
subgroup H of G, and we can take G/H as having a faithful action.

iii) The action is free if the existence of an p such that gp = p implies that g = p.

The stabalizer of x as

Stab(z) = {9 € G | gr = =} (C.534)

The orbits are equivalence classes - we are often interested in the quotient space.
Isotropy group

The identity element e is obviously in H(p). Now, let ¢,, 9, € H(p)

0'(9192,])) - 0(917 0(9271))) = U(Qpp) =D

g~' € H(p) because

p=ole,p)=0(g'g,p)=0lg " 0(g.p) =0c(g',p)
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One can consider the quotient G/H (p)
Example SO(3)/S0O(2)
we have

SO(3)/S0(2) = §*

Definition A group action is effective if the identity element is the only element that,
that is, if o(g,x) = z for all x € M, then g = e.

C.12.1 Transitive Actions

Properties:

i) Orbits are disjoint,

ii) M is the union of of the orbits.
Example. Let G = O(n) and M = S™.

Definition A group action is transitive if, for any x,, z, € M, there exists a g € G such
that o(g,z,) = z,.

There is only one orbit!

Figure C.35: leftTran. The left translation along ¢ maps a neighbourhood of e onto one
of g. There is a natural map of a vector at e to one at g.

C.12.2 Faithful Actions

The action of G on X is said to be faithful if gz = hz for all x € X implies that g = h.
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C.12.3 Free Actions

The action of G on X is said to be free if for all g € G, g # e, and for all x € X, gx # .

Definition A group action is free if every element apart from the identity of G' has no
fixed points in M, that is, if there exists an element x € M such that o(g,x) = x, then

g=e.

C.12.4 Introduction to Gauge Invariance of the Yang-Mills Equa-
tions

U = exp (%a : T) (C.535)

Minimal coupling term is

3 .
— T .
Ly = 95 ‘1’7“3/12‘1’
i=1

— T
= gU'A, - E\If (C.536)

U ¥ =00 = exp (za(a:) : T)\If(:zc) (C.537)

0,V —UdV = UaHA(U*U\AI/) o
= 9,(UV)+U@,UHUV
= 0,V +UO,U Y
- [a“w(aﬂffl)] v (C.538)

By adding the coupling (C.536) to the free Dirac equation the additional term U (8}[7 -1,
occurring for 8Ma, can be obsorbed by gauging the fields AL simultaneously. The Dirac
Lagrangean is the cast into a gauge invariant form

L(V,A) =i0"0, U + gUy'A - TV (C.539)
and the gauged density
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L =0y, + gU Al - TV (C.540)

L = iUy, U+ gUy'A - TV
= i@ff’lff’y"ﬁu(ff’lff\ﬂ)+9@U’107“A“-TU”[A]\IJ
= iﬁ/f]ﬁ‘@u(f]_l‘lﬂ) + g@lf]v“Au CTUN
= U0 (U) + gUUA, - T
3 / v 3 r—1 / e 2 NFT—1\T,/
= VAV + WA U0 U )V + gUy"(UA - TU )P
= , — ~ ] 1~ Aq ,
= W0,V + gT" |UA, TO 4 0(0,07)| (C.541)

for this to be identical to the original action we must have:

PO P A
A -T=UA, -TU 1+§U(6MU . (C.542)

We are forced to incorporate the term U (3/[7 ~1), which is generated by gauging the
kinematic energy of the field ¥ into the gauge transformation of the A  fields. Let us look

at the significance of this term in electrodynamics. In that case U is just U = exp(ia(x)).
Then the gauge transformation reads

! = x 1 a(x
A (x)=A( )+g(9u (2).

We can write the Lagrangean in the concise form

L = iU, —igA, -T)¥
v, v (C.543)

Here we have introduced tha covariant derivative
V,=90,—igA,-T (C.544)
The gauge transformation properties of A ., can be summarised as follows
V,—=V,=UvVU" (C.545)
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The kinetic energy term of the A“ fields is missing. By analogy with electrodynamics we
write

F,=V,A -VA, (C.546)
Consider

X 3

=F -T= F Tt
ju% 7 Qv

i=1

= V,(A,-T)-V,(A,-T)

= 0,(A,-T)+ig(A,-T)(A, - T)-9,(A,-T)—ig(A,-T)(A, T)

= (9,A,) T-0,A,) T—igA,-TA, T (C.547)

From (C.545) we also have

T r—1
[V:p v:/] - U[vw vu]U

An explicit calculation of the commutator yields

V,.V,] = [0, —igA,-T,0,—igA, - T]
= [0,,0,]+9,(—igA,, - T) - (—igA, - T)9,

e
+0,(—igA, - T) — (—igA, - T)0,
+ (—ig)’[A, - T, A, - T
= —ig{(9,A,-T)—(0,A,-T)—iglA,-T,A, -T]}  (C.548)

Notice that in the last line the derivatives act only on the gauges fields.

F = g[vu, V) (C.549)

1%

Then F;w transforms as

' T r—1
F,=UF,U (C.550)
We obtain a gauge invariant Lagrangian by performing the trace over the internal indices
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1 A~ v A~

—5 Tri(F, - T)(E™ - T)}

1 g N7 vyl
—5Tr{U(F,, - D) OE™ - T)0 )

1 A ~
—5Tr{U"'U(F
[’A

-T)(F™ - T)}

/
0%
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C.13 Principle Bundles and Connections

A principle bundle is a fibre bundle 7 : P — E with fibre F' equal to the structure group
G and having the property that for all U, and U, with U, N U, # 0,

0, U, NU, — Left(F) C Dif f(F),

where Left(F) = {L,L,(h) = gh, forallh € G,g € G}. In other words, changing
coordinates corresponds to multiplying the fibre on the left by some element of G.

Lemma C.13.1 For every G—principle bundle, G acts naturally on P on the right.

Given u € P, we want to define ug, for each g € G. Let U be a neighbourhood about 7 (u)
that has a trivialization. Using these coordinates, represent u as (m(u), h) where h € G.
Then define ug to be a point of P that has the coordinates (mw(u), hg). It is not hard to
check that this definition is independent of coordinates, and then it is clear that it is a
right action.

To place gauge theory in a more general perspective, it is helpful to consider fibre bundle
formulism. The idea in gauge theory is to consider group bundles, where each fibre is a
copy of the internal symmetry group, and where the base space corresponds to spacetime.

think about gauge theory geometrically - to understand the gauge field as a connection
on the principal bundle.

We have already encountered one fibre bundle, from general relativity: the tangent space
at a point in spacetime is a fibre, with the fibre bundle

the gauge fields play the same role in gauge theory as the Christoffel symbols play in the
tangent in general relativity.

A principal fibre bundle allows one to simultaneously view the physical space, M, referred
to as the base space, and the bundle space E, where the bundle space generally reflects
the symmetry group of the theory by associating with each point x € M a fibre in F
diffeomorphic to some Lie Group G, refined to as the gauge group or structure group.

Bundles

A principal bundle P(M, G), where G is a Lie group and M is a compact manifold.

covering M with topological trivial open subsets U, and giving a set of transition functions
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t,:U,NU, — G. (C.552)

The transition functions are to satisfy three conditions:

taa(x) = ]‘7
tab(x)tba(x> = )
tap(2)tye(2)t o (2) = 1, (C.553)

for all points € M where the functions are all defined.

A gauge transformation is defined to be a collection of maps
AU, — G (C.554)
acting on transition functions in the following way,

) = A7 (@)t ()0, (). (C.555)

Gauge-transformed transition functions define the same bundle. A bundle is characterized
by a gauge equivalence class of transition functions satisfying (C.553).

A connection w is defined globally is represented by a connection one-form w, on each U,
with values in the Lie algebra of GG, where, on each overlap U, N U,,

w, = Adiw, + U dt, (C.556)
where Ad is the adjoint representation.

[T,,T,) = C™T,, (C.557)

C% forms a representation of (D.256), the matrix 7¢ with components given by

(T%),, = iC* (C.558)

This representation is called the regular representation or the adjoint representation.
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C.14 Fibre Bundles

We have seen that a manifold has an associated with it a tangent space at each point p
in the manifold. One can combine these spaces with the underlying manifold M to make
one big manifold. Mathematically this combining (union) is expressed as,

TM=|]JTM. (C.559)

pEM

This is known as the tangent bundle space. In fact we can combine spaces other than
the tangent space with the manifold M to make a bigger topological space. These other
spaces need not be vector spaces as the the tangent space is. The other space is, generally,
referred to as the fibre. The whole space is known as a fibre bundle.

The simplest example of a fibre bundle, which is not a vector bundle, is the cylinder
formed by choosing M as the real line R' and A as the circle S*; one constructs the
cylinder as a product between these two spaces, (actually, one should really say: one
constructs the cylinder as a product over the base manifold R'). This product bundle,
also referred to as a trivial bundle, is denoted (M x A, M, 7). The first entry refers to the
fibre bundle, and the second refers to the base manifold. The thirdisam: M x A — M.
The projection map 7 : E — M associates each fibre with a point in the base manifold.
The inverse of the projection map 7! associates a copy of the internal symmetry group
(a fibre) with each point in the base manifold.

Figure C.36: Fibre bundle, T'S' = S x R. The base manifold M (the real line R'). The
circle is the fibre. The fibre bundle consists of a manifold and a projection map 7. 7 (U)
is the local product space.

A fibre bundle is locally a product bundle. A fibre bundle which is not a product bundle
known as a nmon-trivial bundle. We give an example which shows that if a manifold
is locally the direct product of two other manifolds, it is nevertheless not, in general, a
product manifold. Md&bius strip

The tangent bundle T'M is locally of the form U x M. A section of this tangent bundle
is simply a vector field w on M. In the coordinate patch (U, u,,...,u"), W is given by
its component functions wy,(u), ..., wy(u) with respect to the coordinate basis 9/du, but

832
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| M=R

U

Figure C.37: The inverse map 7« (U) is the local product space.

;

\\J

e

M

Figure C.38: tangent bundle, T'S' = S' x R. The base manifold M (the circle S') consists
of a manifold and a projection map 7. 7 *(U) is the local product space.

of course these functions are defined on U only, not on all of M. In another patch V,
the same field is described by another set of component functions w{,(u), ..., w(u). At
a point p in the overlap U NV these two sets of vector component functions transform as

wy, (p) = [CUV(P)]gwg(p)

where ¢, = 0v/0u the Jacobian matrix.

cotangent fibre bundle

M= ] T;M.

pEM

Phase space is the cotangent fibre bundle.

wiy(p) = [epy ()" Twi (p)
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Figure C.39: Moébius.

Figure C.40: tangent bundle, T'S! = S! x R. The curved line is a section.

Some examples:

T ~ R"

st or i (p) (C.563)

T, M is atypical, since it is a subbundle of the vector bundle T'M.

Let M(n x n) be the set of all n x n real matrices. We associate to the matrix z the
point in the n?-dimensional Euclidean space whose coordinates are Ty gy .. -T,,. The
topological of the parameter space is R". The general linear group Gl(n, R) is the

group of all real n X n matrices v = (x,;) with determinate det z # 0.

Xiei = T11€qq T T19€1p T T91€p1 + Tp9€pp + -+, € (C.564)

nn nn-’

It is clear from (zy); = >, %;y,; that the product matrix has coordinates that are
smooth functions of the coordinates of z and y
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a vector tangent to (G is itself a matrix

Definition The left (right) translation is G — G, [, (g9) = ag, and the right trans-
lation

Figure C.41: Travelling up fibre.

¢y Ux GL(R,n) — 7~ (U) (C.565)

a local trivialization, such for any = € U and (XF¥) € GL(R,n),

pula, (XP) = (ziey,.. ¢,) (C.566)
y=y'(z',. 2", i=1,....n (C.567)
¢y V x GL(R,n) — 7 (V) (C.568)
0 0
=X =Yl C.569
© i Ok i Qyk ( )
or
oy

V=X 55 C.570
7 7 (ax] ) N ( )

by () the right translation of X is given by the Jacobian matrix (g%j)

one can identify a family of transition functions
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cyy :UNV — GL(R,n) (C.571)

given by

ey (2) = oyt oy (C.572)

In fact go(/l o oy, is precisely the right translation of X

‘ Details
Lg, 0 Lg, = Lygy g, (C.573)
or
Lgl o ng = Lgl (Qj; (916)17 ceey (gle)n)
= (z;(91(g92€)1,-- -, (91(g2€))n)
= (z;(9192€)1,-- -, (9192€)n) (C.574)

The left translation along g maps a neighborhood of e onto one of g. There is a natural
map of a vector at e to one on g. a vector tangent to G is itself a matrix

The one-parameter subgroup generated by any matrix A is the integral curve through e
of the left-invariant vector field whose tangent at e is A.

As matrices

glt+s) =g(t)g(s), & g,(t+5) = g4(t)g(s) (C.575)
gt + At) = g,(t)g4(At) (C.576)

dg , B
= g4(t)A (C.577)

Differentiate both sides with respect to s and put s =0

g'(t) = g(t)g'(0). (C.578)
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Since ¢'(0) is a constant matrix, the solution to this is

9(t) = g(0) exp(tg'(0)) (C.579)

1
1+tg+ 5thQ +... (C.580)

is the most general form for a 1-parameter subgroup of a matrix group G.

®(z,y) = exp,(ve + yf) (C.581)
0 0
—®(z,y) = —exp, (ze) =e. (C.582)
Oz (z,y) Oz ' (z,y)

Theorem Let X, Y be a pair of left (right) invariant vector fields. Then [X, Y] is left
(right) invariant.

Proof:

[X,, Y,]i _ X/ja/jyli . Y/ja/iX/i
= X@jY’} — Y@jX/}

— X, (0yly) Yo (ayly)
3xk 8xk

dy. . ) 82y
= (XY, - Y.PX
a%’k( ]8 k ]8 k) ax Ox,

— (XY, - Y,X,).  (C.583)

C.14.1 The Structure Group of a Bundle

In a vector bundle each ¢, € Gl(n). We have seen that for a Riemannian manifold M
of dimension n, we may choose c;;,(x) € O(n) by using orthonormal frames. In a general
bundle it may be possible to choose the ¢, (x) such that they all lie in a specific Lie
group G

cryUNV =G (C.584)

We then say that G is the structure group of the bundle.
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oy = ( cosa(z) —sina(z) ) € SO(2). (C.585)

sina(z) cosa(x)

The orthonormal frames have allowed us to reduce the structure group from GI(2, R) to

SO(2).

C.14.2 Frame Bundle

Frame bundles are fundamental because from this we can construct the tangent bundle,
and by a similar construction the cotangent bundle and all the tensor bundles.

If {v,,...,v,} is alocal field of linear frames on a neighbourhood U in M, and {e,, ..., e}
is a frame at x € U, then )‘vaw where the number )\Z are the entries of a non-singular
matrix A\. Thus relative to the local field, each linear frame determines an element of
GL(n,R); and each element of GL(n,R) determines a linear frame. We therefore take
GL(n,R) as the typical fibre bundle.

The frame bundle is clearly not a vector bundle. Its typical fibre has instead the structure
of a group.

C.14.3 The Idea of a Principal Bundle

If we have a connection in a principle bundle P — M then a choice of a horizontal
subspace at u is equivalent to a choice of projection

proj, T, P —V,.

Then the vertical space (i.e. a fiber of the vertical bundle) may be viewed as the tangent
space to the fibre, G. In turn, this an be viewed as g, the Lie algebra of GG, so we really
have

prod,: T, P —g.
Therefore a connection is equivalent to having a g valued 1-form on P which is invariant

under the right action of G.

Let G be a Lie group and M a smooth manifold. A principle G bundle is over M is
a manifold which locally looks like M x G.

We have already found the transition functions for this fibre bundle. We consider the
intersection of two coordinate patches, and a point p
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The transition functions are given by the Jacobian matrix. They are elements of the group
GL(n,R), the general linear transformations on an n dimensional real vector space.

The bundles 7 (M) and 7*(M) are vector bundles. a tangent bundle and a co-tangent
bundle. Phase space is an example of a co-tangent bundle.

A principal bundle is a bundle whose fibres are the transition functions themselves - points
in the fibre are elements of the structure group. We have just considered a principal fibre
bundle, that of a frame space.

Definition The right action of G on 771(U) is defined by ¢; '(ua) = (p, g;a), that is, (fig
C.14.3)

ua = ¢,(p, g,a) (C.586)

for any a € G and u € 7 !(p).

Figure C.42: Defintion of the right action of G' on the principal fibre bundle P.

L]

Definition Principal fibre bundle.
i) A differentiable manifold E called the total space;

ii) A differentiable manifold M called the base space;
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iii) A surjection m : £ — M called the projection. The inverse image 7 '(z) = G, ~ G
called the fibre at x;

iv) A Lie group G called the structure group, which acts on the fibre G' on the left;

v) An open covering {U,} of M with a diffeomorphism ¢, : U; x G — 7~ (U,) such that
n¢;(x,g) = x. The map is called the local gauge or local trivialisation since ¢, ! maps
7~ 1(U;) onto the direct product U, x G;

vi) If we write ¢,(z,9) = ¢;,(g), the map ¢, , : G — G is a diffeommorphism. On
U;NU; # 0, we require that t,,(z) = gf);;gf)jx : G — G be an element of the structure
group G. The ¢; and ¢, are related by a smooth map t,; : U, NU; — G such that

¢;(x,9) = ¢;(x,t,;(x)g). {t;;} are the transition functions.

L]

C.14.4 Principal Bundle

We are now ready to state the precise definition of a principal bundle.

We will say that a fibre bundle

{P, M, 7, F,G} (C.587)

is a principal bundle if the fibre F' is the same as the group G and if the transition
functions ¢, () act on F' = G by left translations.

and

C.14.5 Action of the structure Group on a Principal Bundle

In practical situations transition functions are the gauge transformations required for
pasting local charts together.

C.14.6 Connections on Principal Bundles

When we make comparison of objects in two different spaces is made by a prescribed
mapping, and the mappings that connect the various spaces are called connections.

The first definition of a connection has a clear geometric meaning,

1. a G—invariant horizontal distribution HPCT,/P.
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An equivalent, less geometric definition of a connection consistent with the first definition
is:

2. a one-form w € Q' (P; g) satisfying w(s(X)) = X.
We come to the final definition of the connection on a principal bundle, expressed in the

form of G—valued one-forms on the base manifold M, instead of one-forms on the total
space P. This definition is most suitable in physics applications.

3. a family of one-forms A, € Q'(P; g) satisfying equation (for simplicity here in the case
of matrix groups G):

_ -1 -1
Ay =t Attt

g7 i g

Definition (1): A connection on a principal bundle 7 : P — M with group G is a
smooth assignment to each u € P of an n—dimensional subspace H(p) C T, P of the
tangent space to P (n = dim M) such that

T,P =H(p) ®V(p), (C.588)
where V(p) is the subspace
V(p) ={XeT,P:n(X)=0} (C.589)
The subspace field H is also required to be invariant under the left action L, (g € G):

(L,),H(p) = H(gp), (C.590)

for all g € G. V(p) and H(p) are called the vertical and horizontal subspace of T, P,
respectively.

L]

Definition (2): Suppose G is the Lie algebra of a Lie group G, which is the structure
group of a principal fibre bundle 7 : P — M. Let A € G, and A¥, called a fundamental
field, be the vector field on P defined by

d
Al(p) = 7 exp(At)p o (C.591)
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Figure C.43: The horizontal subspace H , P, defining by the connection in definition (1),
is obtained from H P by the left action.

A connection on the principal bundle 7 : P — M is a G—valued one for satisfying the
following two properties:

() w(A(p)=A (C.592)
(i) (L,)() = Ad(g)(w). (C.593)

L]

Definition (3): A connection on a principal bundle is an assignment to each local trivi-
alisation ¢, : 71(U,) — U, x G (a choice of gauge in physics terms) a Lie algebra one-form
w; on U, which satisfies the following rule between different local trivialisations,

Wj(Xp) = (Rt;jl(p)>*((tij)*(Xp)) + Ad(tij(p>)(wi(Xp))7 (C.594)

forall X e T MandpeUnNV.

Figure C.44:
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L]

Since a non-trivial principal bundle does not admit a global section, the pull-back A, = sfw
exists locally but not necessarily globally.

Lemma C.14.1 The two definitions (1) and (2) of a connection on a principal fibre
bundle are equivalent.

Proof:
(2) = (1):

Suppose we are given a G—valued connection one-form w, as in definition (2). Consider
the field of subspaces defined by

H(uw) = {X € T,P:w, (X) =0},

By (), w(Y)A € G for any Y € V(p). Hence V(p) NH(p) # 0 and T,P = V(p) & H(p). We
must prove that

L H(u) = H(gu).

g*

Fix a point u € P and define H(u) as above. Take X € H(u) and construct L, X €T .
We find

I _ -1 _
WLy X) = Liw, (X) = gw,(X)g™ =0

gu( g*

since w(X) = 0. Therefore, L, X € H(gu). Note that L , is an invertible linear map.
Hence any vector Y € H(gu) is expressed as Y = L X for some X € H(u). Thus
L, H(u) = H(gu).

(1) = (2):
We define a G—valued one-form w by
w(AP+ X)=A (C.595)

Note 0 € H(u) and setting X = 0, we have w(A*) = A, and as the connection is linear
this implies w(X) = 0 for all X € H(u).

To complete the proof we must establish property (ii) (C.593). Any X € T, P can be
written X = aH + bV, where H € H(u) and V' € V(u). This allows us to need only verify
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(C.593) separetly for arbitrary horizontal and vertical vectors. Suppose H € H(u). Then
w(H) = 0. By (C.590), w((L,),H) = 0 and (C.593) is verified for H € H(u). Consider

V = A*(u) € V(u), for some A € G. We compute

wep(Ly) AP () = w,

= wy,, % (exp(Ad(g)At) gu)) o)
= w, ((Ad(g)A)* gu) (C.596)
Asw(Af) = A
wul (Ad(g)AY gu) = Ad(g)
and then

therefore we have

Wop((Ly) A () = (Ad(g))(w(A¥ (),
that is, we have verified (C.593) for vertical vectors A*(u) as well.

L]

In the next section provide the proof of the equivalence between of definitions (2) and (3).

C.14.7 Gauge Fields

We now make contact with the more familiar notion of gauge fields as used in physics,
which live on M instead of P.
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Theorem C.14.2 Given a g—valued one-form A, on U, and a local section s, : U, —
’/T_I(UZ-), there exists a connection one-form w such that A, = s'w on U,

Proof:
(2) = (3):

Let w be a G—valued connection one-form as given in definition (2), and ¢, : 7= H(U) —
U x G be a local trivialisation. Associated with ¢, there is a local section given by
s;(p) = ¢; ' (p, e). We define a G—valued one-form A, on U by

sk
A, = siw,

(2

then we show that it is the connection one-form in the sense of definition (3). To do this
we have to show that the gauge transformation

is given by (C.594).

Recall that we have local sections s, : U, — m~*(U,) associated canonically to the trivial-
isation of the bundle. g, is the canonical local trivialisation defined by ¢,(u) = (p, g;) for
u = s,(p)g;- Let us define a g—valued one-form w; on P by

w; = gi_lW*Aigi + gi_ldPgi (C.597)

7

where d, is the exterior derivative on P.

We first show that siw, = A,. For X € TpM . Note
S:W(X) = w;(5;,X)

As g, =ecat s,

siw(X) = 7A(s,X) +dpg;(s,X)
= A(n,s,X)+dpg,(s,,X) (C.598)

[E £
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U, P Tp/\/l
Figure C.45:
We have
Ao X)=Lo0) =0
PYi\Sx - dtgl 1 =0 o

as g = e along s,(t). Thus we have obtained sjw,(X) = A,(X).
Next we show that w, satisfies the axioms of a connection one-for given in definition...

We consider the subspace of T, P tangent to the fibres. Let X = A eV P, Ac g It
follows from 7, X = 0. Now we have from g(uexp(tA)) = g(u) exp(tA)

w(A) = g7 (dpg,) (A7)
1 dg(uexp(tA))
= gl

= i) g, P

= A.

t=0

Take X € T,P and h € G. We have

Riw(X) = wi(R,.X)
g wh) A, By X)g, (k) + g7 (wh)(d g, (k) (R, X)

1k (4

Since g,(uh) = g,(u)h and 7, R, X = 7, X the first term above can be written

1k 1k
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B (w) A, (m, X)g,(u)h

7 1k

For the second term we work out

0 (uh)(dpg,(uh)) (R, X) = g7 (uh) S0, (1(OB)]

= h () g ()
= h—lgi_l(u)(dpgi(u))(X)h.

Here ~(¢) is a curve through u = v(0) , whose tangent vector at u is X. Therefore

Riw(X) =h""w,(X)h.
Hence the g—valued one-form w, defined by () satisfies A, = sfw and the axioms of a
connection one-form.
Global one-form on P?

Suppose we are given local one-forms A,, Aj, etc., on M that satify the gauge transfor-
mation given in definition (3). First we will construct local one-forms wy;, wy,..., on P
from the local one-forms A,,A,,,..., on M. We then need to show that w, = w, on
7 YU NV), in order for the local one-forms wy;, wy,, etc., to collectively define a global
connection one form w as in definition (2).

(3) = (2):

We first define the map w, : T, P — G by

D ((s,), X, + AF) = A (X)) + A. (C.599)

? p

A local G—valued one-form on all of 771(U;) can be constructed from this map via

w,(X,,) = (Ad(9)) ©; ((L,-1).X,,) (C.600)

for X , € T P. This one-form reduces to the one form w;, on T, P for g = e. The one-form
w, satifies condition (ii) of definition 2 on the restricted bundle 7—1(U)
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wWiga (L) X,) = Ad(g)) @, (Ly-1).((L,).X,))

and thus is a connection in the sense of definition (2) on this restricted bundle.

Suppose s ; 1s another local trivialisation, where U, N U ; # ). We can similarly define a
local connect w; on S, (U, N Uj), as then they would agree on all of 771(U NV) by virtue
of (C.600). That is, we wish to show that

@i((sj)*Xp + AF) = d’j((sj)*Xp + A%)

Now since w;(A*) = A = wj(Aﬁ), it is sufficient to check that @,((s;),X,) = @,((s;),X,),
forr eUNV and X € T M.

suppose (t) is a curve in M with p = v(0) and X, = /(0). We compute (s;),(X,) by

(s;),(X,) =

_<tij('7(t))3j(7(t)))
= ()0
o) (52.5,) + 5 (1,05 s, )|
P)e(8:). (X)) + ((Rt;ﬂp))*(tij)*(Xp))i]-(py

t=0

q
d
d
dt
d
(L
= (Ltij (p

Using this and by using the gauge transformation formula we then have

3.(65).%,) = (R ). (1) () )+ (L ). (5.).(X,))
= (R <tij>< )+ Ad) (A(X,)
= (,D((s D.X) = A(X) (C.601)

By () @;((s;),X,) = 4;(X,) the proof is complete.

*p

L]
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If the principal bundle is non-trivial, it is not generally possible to describe the connection
w on P in terms of a single Yang-Mills A (z) field on M. Instead, one must cover M
with local trivalising charts, and then local Yang-Mills fields associated with any pair of
overlapping charts U, U ; will be related on U, N U ; by

AD (z) = Qa) AV (2)Q(z) + Q(2) 710, Q(x)

I

with the corresponding local gauge function €2;;(z) satifying the s,(x) = s,(x)$2;;(x). Note

that these functions Qij U, NU; — G are precisely the bundle transition functions.

Let P(M, G) be a principal bundle over M and U a chart of M. Take two local sections
s, and s, over U such that s,(p) = s,(p)g(p). The corresponding local forms A, and A,
are related as

A, =g 'Ag+ g 'dg. (C.602)

In components, this reads

Ay, (p) = 97 ()AL, ()9 (p) + 97" (9)3,9(p)- (C.603)

which is simply the gauge transformation ().
Example Electrodynamics:

Let P be a U(1) bundle over M. Take overlapping charts U; and U;. Let A; (4;) be a
local connection form on U; (U;). The transition function ¢, : U;NU; — U(1) is given by

tij(p) =exp(if(p))  O(p) €R. (C.604)

A, and A ; are related by

Aj(P) = tij(p)ilAi(p)tij(p) +tij(p)71dtij(p)
= A(p) +1idf(p) (C.605)

In components, we have

Ay, = Ap+id 6. (C.606)
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Example General relativity:

The important example is a connection in the principal GL(n,R)—bundle B(M) of
frames on a n—dimensional manifold M. Any local coordinate chart (U, ¢) on M pro-
vides a local section s : U — B(M) by associating with z € U C M, the local frame
(0,,0,,...,0,),. If wis a connection one-form on B(M), let I' := s*w denote the asso-

ciated L(GL(n,R))—valued one-form on U, and consider the relation between I" and the
local one-form TV associated with another coordinate chart (U’, ¢") such that U N U’ # ().

The local section of B(M) associated with s is (3/0x™,...,0/0x"™), and the transition
function J : UNU" — GL(n,R) is just the Jacobian of the coordinatre transformations:

(ap/)x = (ay)x‘]yp,(‘r)
where
J" (%) == 0x” [Ox .

Then,

= J“”(a:)(s ‘w),(9,)
= J% (@) (J (@) () (2) + T (2)9,J (x)) (C.607)

where we have used the result () for a connection in a bundle whose srtucture group is a
matrix group. The second term reads

or® [(dr'c O ox?
o4 —1 € _
@U@0, = oo (G (52
o oo
OxA Ox'hox's”

If G,” is some basis for the Lie algebra M(n,R) (the set of all n x n real matrices) of
GL(n,R) then we can write the matrix-valued one-form L', as

(Pu)ea = sz(G)\p)eé
The first term in () is then
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ox [0z oz
« —1 € _ <)
PO @ @) = oo (G @ )
ox (02 5 Oz

ox'n (8x5 () ’\83:/5) Faple)

In particular, if we pick the natural basis set (Gyp)ﬁ N = &féf\’ then () becomes the well
known transformation law for the components F;{S of an affine connection on M:

’

dr® OxP Ox'c or'e 9%
e _ v e S
s (z) Ox'm 0x'0 Oz O‘p(x) Ox> Ox'rOx'S

L]

C.14.8 Parallel Transport in a Principal Bundle

Parallel transport was defined as transport without change.
What is parallel transport of an element of a principal bundle along a curve in M?
We use the notion of a horizontal lift.

Horizontal vector fields are fields whose flow lines move from one fibre into another.

Definition Let P be a principal fibre bundle and let v[0,1] — M be a curve in M. A
curve 7[0, 1] — P is said to a horizontal lift of v if 79 = 7 and the tangent vector to ¥(t)
always belongs to HW)P

L]

C.14.9 Curvature on a Principal Bundle

Suppose a connection is given on a principal bundle 7 : P — M, with group G. Then
X € TP can be written uniquely as the sum of a vertical and a horizontal vector

Dy = (dp)"

where
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(ng)H(XI’ e aXZ‘+1) = dgp(Hl, e 7Hi+1)

and H, ..., H,_ , are the horizontal vectors of X,,.... X, , € T P.
Lemma C.14.3 If A, B € G, the map § preserves the Lie algebra structure:
[A* B*] = [A, B)f (C.608)

Proof:

1

t—0

A B, = lm{().B — (), Ad(g(1))B)

= . (18- Adg(0)) ) (C.609)

Ad(g(t))B = (L)) (Ry-r)) . B.

Ad(g(t))B = (Lyy)).B

A5 BY = (1), (hm Lo <Lg(t>>*3}) — (8.).(1A. B)) = [A, BI'(p).

t—0 ¢t

L]

C.14.10 Extension and Reduction of Principal Bundles

Given any bundle E we can construct a principal bundle P(FE), by replacing the fibres in
E with the transition functions, while keeping the transition functions the same.

Let H C G be a closed subgroup. P is reduced to a principal H bundle @ if:

(i) @ C P is a submanifold,
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(i) gh € Q for all ¢ € @, h € H, such that

(1) m(Q) = M,

(2) H acts transitively in each fibre Q= 7 '(z) N Q, (remember 7~ !(z) C P); by acts
transitively we mean given any two points p,q € (), there exists at least one h € H such
that hp = q.

{ve H(P)| < wlv>=0} (C.610)
v a a v a a
<dx ]% >=0,,, < dgkj’% >= 040y < da ’% >=< dgkj‘@ z >=0
(C.611)

wyl X, > = < i(g’l)ikdgkj + (g7 1A g), dx"\— +1iB >

ulm a

0 0
— '71‘ d ) -B 71AaTa d”_
(Zg )zk < gkj‘aglm > ulm + (g v g)l/ <azx ’83}” >
_ —1 pama -1
= (97 AT —g B,y (C.612)
Hence
_ b b
B, = (A#T g)ij. (C.613)
D, =5 +i <ANT g)ij 5o (C.614)

0 - N
D, (gWg™") = %WJriAZTbgWg L—igWgTt AT = [0, + AcT*, W], (C.615)

ig~'dg + g 'Ag =ig *h 'd(hg) + g 'h ' A’hg. (C.616)

This gives

A’ = —idhh™" + hAR™! (C.617)
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0 0 0 0 0
D . D]=i0A —0 A g=— —A"A’ (T g—T"g— —TPg—T"g—
[u’ 1/] Z(“ v v #)gag o y( gag gag gag gag
D . D|=i0A —0 A A A —a—'F —a
[ w? l/] _Z( w v T Y p_Z[ o V])gag =1 uugag

) . (C.618)

(C.619)

Thus we see that the curvature of the principal bundle is associated with the field strength

tensor.

C.14.11 The Complex Line Bundle
z=a-+1b < ae; +be,, orincomponent form ( Z )
We multiply a complex number z = a + b by i, —b + ia

Je, =e,, Je,=—ey, J* = -1
0 —1
=(1)
— btia o -0\ (0 -1 a
1z = a a =1 0 b

R1%g = (x1 + iy ) (zy + iy2) = (x1x2 — Y1¥Yy) + i(x1y2 + ,y)

Of course, this can be expressed entirely in real terms
<x1)o(x2 ) :<x1$2_ylyz)
Y Ya T1Yy + oYy
C.15 Summary of Differential Geometry

e Coordinate independent formalism.

e Anti-symmetric objects are important - unifying notations.
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C.16 Some Algebraic Geomerty

C.16.1 Homology

boundaries C cycles .

We are interested in things that do not have boundaries, but are not themselves boundaries
of anything. In other words, we are interested in chains that are elements of Z (K) but
not in B (K).

We define the n — th Homology group, denoted H, (K), as

The following theorem simplifies calculations of Homology groups.
H (K)=Z,/(K)/B,(K). (C.626)

Lemma C.16.1 Let f: G, — G, be a homomorphism.
(1) ker(f) ={x:x € G, f(x) =0} is a subgroup of G,
(it) im(f) ={z 2 € f(G,) C G,} is a subgroup of G.,.

Proof: (i) Let x,y € ker(f). Then z+y € ker(f) since f(z+y) = f(z)+f(y) = 0+0 = 0.
Now 0 € ker(f) as f(0) = f(0+0) = f(0) + f(0). We also have —z € ker(f) since

f0) = f(z —x) = f(z) + f(—2) = 0.

(ii) Let y, = f(x,),yy = f(z,) € im(f) where x,, 2, € G. Since f is a homomorphism
we have y, +y, = f(z,) + f(z,) = f(x, + z,) € im(f).

[]
Note that G, /ker(f) is a quotient group. In fact we have the following.

Theorem C.16.2 Fundamental theorem of homomorphisms. Let f : G, — G, be
a homomorphism. Then

G, /ker(f) = im(f) (C.627)

where im(f) is the image of f in G.,,.

Proof: Define a map ¢ : G, — im(f) by
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This map is well defined since for 2’ € [z], there exists h € ker(f) such that 2’ =z + h
and

Now we show that ¢ is an isomorphism. Firstly ¢ is a homomorphism,

(] +[y) = oz +y))
flx+y)
f(@) + f(y) = e([z]) + o([y]) (C.628)

Next we show that it is one-to-one. If p([z]) = ¢([y]), then f(z) = f(y) or f(z) — f(y) =
f(z —y) = 0. This shows that x — y € ker(f) and [z] = [y]. Finally, we show ¢ is onto.

L]

If we can express B, (K) as the kernel of some map f, then

H (K)=Z (K)/B,(K) = Z (K)/ker(f) ~ im(f) (C.629)

which is generally much easier to calculate.

Examples

Let K = {py, py, (pypy)}- We have

Co(K) = {ip, +ijp, : 1,j € Z}
Ci(K) = {k(pyp,) : k € Z}.

Since (p,p,) is not the boundary of any simplex in K, B,(K) = 0, and
Hl(K) - Z1(K)/B1(K) - Z1(K)-

If z=m(pyp,) € Z,(K), it satifies

0,z = md, (pyp;) = mi{p, — py} = mp, —mp, = 0.
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Thus we must have m = 0 and so Z,(K) = 0, hence

H (K) = {0} (C.630)
Theorem C.16.3 Let K be a connected simplicial complex. Then
oK) =Z. (C.631)

Proof: Since K is connected, for any pair of O-simplexies p, and p., there exists a sequence

of 1-simplexies (p;p, ), (p42), - - -+ (p,p;) such that 0, ((p;py,)+(pep)+ - +(p,0;)) = P;—p;-
It follows

p; =D, + a1 (pij)'

where P is a 1-simplex.

Suppose

Iy
= E :nipi
i

where I, is the number of O-simplexies in K. Then

Iy
z = an anl—l—Zn@ Pu

- Z n;py + 9, [Z niplj] (C.632)

It is clear that z € By(K) if Y n, = 0.

Let o, = (p;,p;5) (1 <j < 1) be l-simplexies in K, I, being the number of

By(K) = im0,
= {onoy+-+np o ]in, ... ,n, €L}
{”1(191,2 - p1,1) +o kg (le72 _p11,1) fNgy Ny € Zy (C.633)
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=Y

We have proved for a connected complex K that z = ) n.p, € By(K) if and only if

>.n, =0.
Define a surjective homomorphism f : Z,(K) — Z by
1o
flnypy + -+ nloplo) = an
i=1

We then have ker(f) = f~1(0)

= B,(K). From theorem , it follows that H,(K) =
Zy(K)/By(K) = Zy(K)/ker(f) =Z.

(]
If also

H,(K) = {0} (C.634)

then it is a simply connected complex K.

Meaning of the nth—homology group
H(K)=1Z (C.635)

for any connected complex K.

C.16.2 De’Rham Cohomology

Two gauge potentials are gauge equivalent if they differ by a gauge potential

B,(x) = A, (z) + 8,6(x) (C.636)

we write

A (z) ~B,(z) =A,(z)+9,0(x) (C.637)
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We denote a gauge equivalence class [A (x)] where A (z) is a representative of the equiv-
alence class. Say the gauge potentials Au(x) and A’ (x) are not related to each by a gauge
transformation then their sum

A" = A+ A, (C.638)

A" ,, cannot be related to either A or A ., by a gauge transformation and hence belongs
to another distinct equavalence class, [A” ]. [A" | = [A ]+ [4’ ]. With this definition
class addition, it is not hard to see that these classes form an addative abelian group with
the identity [0,¢(x)]. We need to establish this we need to show that that the addittion
operation is independent representative choosen.

Also can have aAN + A’ i where a and b are real numbers.

€9,0,6(x) =0 (C.639)

In differential geometry notation Eq (C.636) is written

A~B=A+ do (C.640)
HP (M) = gm; (C.641)

Two closed forms (elements of Z?(M)) define the same cohomology class (elements of
HP(M)) if they differ by an exact form (an element of BP(M)).

Consider all r—forms A that satisfy d\ = 0. Such forms are called closed. Certainly forms
that satisfy A = d® are themselves closed bacause of the niloptence of d. Such forms are
called exact. not all closed forms are exact. We will denote Z"(M) refers to all closed
forms and B"(M) refers to all exact r—forms.

we consider all closed forms modded out by exact forms. In other words two forms are
said to be equivalent if

AN =A+dd = [N =) (C.642)

for any ®. two closed forms are called cohomology. Elements of the cohomology are the
closed forms modded out by all exact forms. This we write as

H'(M,R) = Z"(M)/B"(M), (C.643)
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Definition (i) An n-form is called a cocycle if it is closed, that is, dw = 0.

(ii) An n-form is called a coboundary if it is exact, that is, if there is an (n — 1)-form o
such that w = do.

(iii) The vector spaces of closed (exact) n-forms are denoted Z™(M) and B™(M) respec-
tively.

(iv) The de Rham cohomology group (under addition) is given by

H"(M) := Z"(M)/B"(M).

L]

Examples

(i) We first take the example M = R. First let us find H°(R). The set B°(R) has no
meaning since there are no (—1)-form. We define Q~!(M) to be empty, hence H°(R) =
Z°%(R). The set Z°(R) is the set of all O-forms f that are closed, i.e. df = 0. The only

way to have df = %dw = 0 is if f is constant and so the set of O-forms are isomorphic to
R. So

H(R) = Z°(R)/B°(R) ~ R/{0} = R.

In 1-dimension a 1-form is f(x)dz, if we take the differential operator we get

d(f(z)dx) = %dw Adx = 0.

So in 1-dimension, any 1-form on R is closed. Furthermore, we can take any 1-form fdz

and integrate it:
F= / fdx

so that

f=dF

Therefore all 1-forms are exact. So, all one forms are closed and all one forms are exact
therefore the quotient is the identity:

860



H'(R) = Z'(R)/B'(R) = {0}.

Obviously there can be no 2-forms, 3-forms, ... etc in one dimension so that H"(R) = 0
for n > 2.
Summarising;:

H(SYH = R

H'(s') = {0}

H"(SY) = 0, n>2. (C.644)

(i) M = St Let S = {e" : 0 < § < 27}. Again the only way to have df = %d& =01is
if f is constant and so the set of 0-forms are isomorphic to R. Therefore

HO(SY) =R.

This is always the case when M is connected. Next we compute H'(S'). Let w = f(6)d0
be a 1-form. Is it possible to, as in the previous example, to write any closed form as dF'7?
If w=dF, then F must be given by

FO) = /0 £(0)d0.

Any such F' must be uniquely defined on S'. For this to be the case I’ must satisfy the
periodicity: F(0) = F(8 +2r). F(2r) = F(0) = [} f(#')d#’ = 0. Namely F must satisfy

F2r) = " £(0')do' = o.

0

Conversely, let w is a closed form whos integration is zero. Define

g(0) :c—l—/:ww

We have

861



g(0+2m) =

0421
/ ¥

0

0 0+27m
/ w + / w
0 6

27
+

- /0 w = g(0). (C.645)

c—+

Therefore g is well defined with w = dg. We find that a one form is exact if and only if
its integration is zero. As with the computation of homology groups, we can employ the

fundamental theorem of homomorphisms to simplify the calculation. Let us define the
map A : Q'(SY) — R

2
Aiw= fdf / f(6"ae'
0
We then have ker(\) = A7'(0) = B'(S'). By theorem (C.16.2),

HY(SY) = Q' (SY) /ker(\) ~ im()\) = R.

Just as in the case of M = R there can be no 2-forms, 3-forms, ... etc in one dimension
so that H"(S') = 0 for n > 2. Summarising:

H°(SY) = R

HY(SYH) = R

H"(SY) = 0, n>2 (C.646)
(iii) M = S2.

H°(S?) = R

H'(S*) = {0}

H*(S*) = R

H"(S?) {0}, n>3 (C.647)
(iv) M = 5™
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H°(SY) = R
H"(SY) = R
H(SY) {0}, j7#0,n (C.648)

L]

Meaning of nth—cohomology group
The Duality of Homology and Cohomology

As the name suggests, the cohomology group is a dual space of the homology group.

To do with how Stokes’ theorem can be used to study those properties of a manifold which
determine the relation between closed and exact forms.

Stokes’ theorem establishes a precise duality between H"(M) and H, (M) via

(w,M) = /Mw (C.649)

/ w = (w,OM) (C.650)
b

(dw, M) = (w,0OM) (C.651)

C.16.3 Cohomology and Homology

One can determine if two principals are equivalent or not with the use of something called
characteristic classes.

second chern class

Roughly speaking, the cohomology H?(M,R) counts the number of noncontractable p-
dimensional surfaces in M.

[384] )
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W = dim H?(M) = dim H (M). (C.652)

(e, w,) = / 0, (C.653)

() period matrix.
X(M) =" (=1)'b,. (C.654)

Definition The set U is smoothly contractible to p, if there exists a smooth map F :
U x I — U such that

F(x,0) =2, F(x,1)=p, for x € U.

Figure C.46: .

L]

Theorem C.16.4 (Poincare’s lemma). If a coordinate neighbourhood U of a manifold
M is contractible to a point p, € M, any closed r-form on U is also exact.

Proof: We may choose coordinates such that z(p,) = 0 and use F(z,t) := tx. We claim
that

o(p) = /O dth i, (t5(p) da (p) A - A dat (p) (C.655)

satifies do = w. We compute

864



Figure C.47: .

w@>:QAdﬁgjﬁwwwwmm+wﬂwwa%wwxm@n

xdxztt (p) A -+ A dxt(p). (C.656)

As the r-form w is closed we have 8[,/@0#1”' ] = 05 from which we see that

0 = (0w, )da™ () A+ Ada'™ (p)

[V B pin]
1
e m[aywﬂl-'-ﬂn - a}tleNQ---Hn + aHle/Nl---Nn — aﬂg’wyﬂl“Q“.“n + .. ]
xdz (p) A -+ A dxt (p)
1
B m[a”w’“"-”n N naﬂlwvn-un]dwul (p) A -+ Adat (p). (C.657)

Using this, (C.656) simplifies to

dolp) = [ dims e, (50 + 05 00,0, (20))

xdxtt (p) A« A dxH(p)

— {/0 dt%%[tnwmm“n(tx(p))]} At (p) A - - - A da™ (p)
N {%[tnwm...un (tx(p))]:| . dz™ (p) A .- Adxtn (p)
o (C.658)
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The theroem shows that every closed form is locally exact. The de Rham cohomology
obstructs the global exactness of closed forms and giving us global information about M.
For instance, if M is not simply connected (not all points are contractable to a point -
homology is non-trivial) then the cohomology will be non-trivial.

C.16.4 Homotopy

two spaces homeomorphic need invariant so that spaces that are homeomorphic have the
same result

Figure C.48: o, and o0, are homotopic to each other but not to o,.

0<t<|all

. — CL(t),
(a-0)(t) = { bt — llal) llall < ¢ < llall + b] (C.659)

The product of two paths is not defined if the terminal point of the first is the same as
the intial point of the other.

For any path «, we denote by a~! the inverse path formed by transversing o in the
opposite direction.

Classes of Paths and Loops

Homotopy1l.fig

Figure C.49: HomotopylA.

Proposition C.16.5 The relation ~ is

(i) a ~ a (reflexive)
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Figure C.50: Homotopy2. The product of two equivalence classes of paths [a] and [b].

(ii) a ~ b implies b ~ a (symmetric)

(#ii) a ~ b and b ~ ¢ imply a ~ ¢ (transitive).

3, (t) = { ,?2 25_(?;)’ O;;fjl: (C.660)
hy(l hll) =g k(| k) =g J(| k) =g
hy(t) ho(t) k,(t) ko(t) i t) Jo(t)
h,(0)=p k(0)=p 7,(0) =p
(a) (b) (c)

Figure C.51: transitivity. (a) 0<s<1. (b)0<s<1/2. (c) 1/2<s<1.

paths a and b are equivalent if and only if one can be continuously deformed into the
other in X. a ~ b. We denote the equivalence class containing the path a by |[a].

la] = [b] if and only if a~b (C.661)
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The collection of all equivalence classes of paths in a topological space X is called the
fundamental groupoid, denoted I'(X).

The fundamental Homotopy group

Proposition C.16.6 For any paths a, ', b, b’ in X, if a - b is defined and a ~ a’ and
b~Vb, then a' -V is defined and a-b~a' - V.

[a] - [b] = [a- b]. (C.662)

Proposition C.16.7 For any path a in X, there exist identity paths e, and e, such that

a-at~e andatan~e,.

ho =
a(t), 0<t<]all
i (0) { 2HaH Z, lal <t <2lal
{ a(t), 0<t<|al
t— lal), Jlall <t < 2fal
= (a-a )(t), (C.663)
1 t h _62
—
alt)
— ﬁ_> °
h1<t>

(a) (b) ()

Figure C.52: (a) a(t). (b) For decreasing s, a-a™' ~e,. (¢) a™t-a~e,.

Proposition C.16.8 The set n(X, p), together with the multiplication defined, is a group.

This is the fundamental group of X relative to the basepoint p.

Sets and a binary operation. The minimal requirement
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Type identity | inverse | associative | closed | all products

defined
group yes yes yes yes yes
groupoid no no no yes no
semi-group | no no yes yes
monoid yes no yes yes

Obviously a group qualifies as a semi-group, a monoid and groupoid. A monoid is a
semi-group with identity.

C.16.5 Homeomorphisms

So that all surfaces that can be obtained from rectangle and gluing together are homeo-
morphic.

Figure C.53: HomeoFigDef.

Two genometric objects are homeomorphic if there exists a continuous one-to-one mapping
f: X — Y such that the inverse mapping f~'Y :— X is also continuous.

Twist homeomorphisms

canonical homology basis {a,, a,,b,,b,}

C.17 Summary

e Tensor Calculus

e Group theory
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N ] __
(a) (b) (c)

Figure C.54: homeoClylind.

>

Figure C.55: homDehnfigl.
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C.19 Worked Exercises and Details

‘ Commutativity of exterior derivative and L.

Use the fact that X% transforms as a tensor to deduce the transformation law of the connection
given by (C.300).

Proof. I'G, X = X — X% we get

o' 9x¢ _, oz’ 92x°
= 20

= — - .664
Ozt §g!? fe 9z §z'f ox® (C.664)
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Expressing X’® in terms of X/ and since X/ is an arbitrary vector field, we have

o 0'¢  0x' 0z _, 0" 0%

I’ = - C.665
Coxl 02t gar® I 02 9T O (C.665)
Multiplying through by 0z¢/0, and rearranging the indices, we arrive at
0x'" dx° Ox° ox'" ¢ 9%a0
10 d
= — . C.666
b dad guprb 0x' e Oxe 92 g T Hur® ( )

‘ Commutativity of exterior derivative and L.

C.19.1 Dynamical and Non-Dynamical Symmetries

Dynamical symmetries constrain the solutions of the equations of motion. Non-Dynamical sym-
metries are redundantcies of the mathematical formulation of the theory - these are often referred
to as Gauge symmetries.

Example:
| p

(a) Dynamical symmetry: Time translation invariance.
The Lagrangian does not explicitly depend on time

L = L(qn, Gn)- (C.667)
From this it follows that

ac oL . oL
o a—qn% + a—qn% (C.668)

Now, at this point we make use of the Euler-Lagrange equations of motion

d (0L oL
7 (5) =0 (C.669)

one finds
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. d(%) oL .

a — "a\og,) " 9q, "
d (. oc
-4 (q”_aqn> (C.670)
or
d (. or
L (= - 671
dt <qn5@n £> (C6m)

That is, the Hamiltonian is conserved in time

or

M=o

L. (C.672)

This reflects the conservation of energy E for isolated systems. Note that, as we needed to use
the equations of motion this condition only holds for trajectories that extremalize the action.

(b) Non-dynamical symmetry: reparameterization invariance.

Slat + 0] - Sla(t)] = / s s ot a
= [ G (57) 5]
= [Le]§§+ X ( )Z— (C.673)

Parameterization-invariance means that the integral must vanish for arbitrary de/dt, so that we
have

oLr
=i L=0. 674
H 8qq L=0 (C.674)

Even if the action is not extremal for some trajectory, it is still invariant under reparameterization
of that trajectory.
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Example: Diff (S?) - the Virasoro algebra

As will be explained in chapter M.-19, in closed string theory there is an invariance under
active diffeomorphisms acting on a circle, the corresponding group is denoted Diff (S1).
If 0 € (0,27] is a coordinate on S*,

7(0) — 7'(0) = 7(0) + f(7(0)) (C.675)

where f is periodic, i.e., f(T 4+ 2m) = f(7). There is a complete Fourier series expansion

f(r(0)) = Z A cosnt(0) + B, sinnt(0)
n=0
For an infinitesmal form transformation

7(0) — 7'(0) = 7(0) + V(H)%(T(H)) (C.676)

where V() is the vector generating the infinitesmal diffeomorphism. As V' (0) = V (0+2m)
we can expand V' (6),

0 > ) 0
V(H)@ = (nz:% b, cosnd + ¢, sin ne)%
_ S (bn B ch) inf (bn + ch) —inb a
- ; R e
_ - ind
= nz_:oo a,ie™ = (C.677)
where a, = (¢, —1ib,)/2 and a_, = a’ for n > 0.
7(0) = 7(0) + Z a ie"0°0 T (C.678)
neZ
Therefore one has a basis indexed by n € Z
g O
D, =ie™— C.679
L= (C.679)

The Lie algebra of Diff (S) is
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or

D D

n’

[ie™6°0,ie"™0°0, — ie"™6%0 ie™0° 0] f
P (in — im)60, f +i(6°0,6°0, — 6°0,0°0,) f]

(n— m)Dm+nf

n? m] = (n - m)Dm+n
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