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“Differential Geometry is the study of things that are invariant under change of notation.”

Mathematical Proverb

1 Manifolds*

1.1 Topological Spaces
A topological space is a set X of which the open sets of the topological space satisfy

(a) For any two open sets X1, Xo C X, X; N X5 and X; U X5 are also open sets.
(b) The empty set () and the whole set X are open.

The complement X of any open set X; is called a closed set of the topological space.

R™ induces an induced topology on a subset A C R"™ through the intersections A N U where U
ranges over all open sets of R™.

A map f : X — Y between topological spaces X and Y is continuous if the complete inverse
image f~1(U) of every open set U C Y is open in X.

Two topological spaces X and Y are topologically equivalent, or homeomorphic if there is a
bijective map between them such that both it and its inverse are continuous.

The topology on a manifold M:

In every chart U,, the open regions are open in the topology on M. The totality of open sets on M
is found by ensuring all arbitrary unions of collections of these regions is also open. Any open subset
V' C M inherits - i.e. has induced on it - the structure of a manifold: V' = U,V, where V, =V N Uj,.

A metric space is a set equipped with a real-valued “distance function”, or metric, p(z,y) defined
on pairs x,y of elements of the set. The metric satisfies

(a) Symmetry: p(z,y) = p(y, z),
(b) Positivity: p(z,y) > 0 with equality only for x =y,

(¢) The triangle inequality: p(z,y) < p(x, 2) + p(z,y).

*For the purposes of covering the module’s examinable material, I am discussing manifolds as they are in the lecture
notes. If you would like a more intuitive discussion of the geometry of manifolds, consult Chapter 2 of Lecture Notes on
General Relativity |[1] by Sean M. Carroll.
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Example: n-dimensional Euclidean space R" is a metric space with metric

plz,y) = (1.1)

A metric space can be induced with a topology by taking as its open sets the unions of open balls.
The elements = of an open ball with centre xy and radius ¢ satisfy

p(x,20) < e. (1.2)

A topological space X is compact if every countable collection of open sets covering X contains a
finite subcollection also covering X .

A topological space is connected if any two points can be joined by a continuous path.

A topological space is called Hausdorff! if any two points are contained in disjoint open sets.
All metric spaces are Hausdorff since two open balls with centres zy and yo and radii p(xo,y)/3 do
not intersect. The manifolds we consider will be Hausdorff spaces.

1.2 Manifold Definitions

A region is a set D C R" s.t.
VPy = (23, ..., 2h) € D,3e > 0 s.t. {P= (zh, 2™ |2t —ah| <ei=1, ..n} CD. (1.3)

A differentiable n-dimensional manifold is a set M which is the union of a collection of subsets
U, with the properties:

(i) Each subset U, has defined on it coordinates zg,a = 1,...,n called local coordinates. Through
these coordinates, U, looks like a region of Euclidean space with coordinates z. The subsets U,
together with their local coordinates are called charts.

(ii) Each non-empty intersection U, N U, of charts has defined on it two coordinate systems; (z})
and (z§). We require that the intersection U, NU, can be expressed in terms of either coordinate
system and that they are related in a smooth, one-to-one way. The transition functions from
zy to x and vice versa are

_ 1
ry = xp (g, ey Ty ), (1.4)
1 .
zy = xg(Ty, .0y Ty)
) oz \ .
The Jacobian J, = det | —3 | is non-zero on U, N Uy.
Zq

In Fig. (1), we have M = U,U,. For each chart Uy, there exists a smooth one-to-one map ¢, : Uy — R”,
n = dim M, such that 2¢ = ¢¢(P) for all P € U,. Thus, P = ¢! (x,).

For the intersections U, N Uy, we have the relations

3?5 = (bp((b;l(xq))a = [(d)p o ¢q_1(55q)]

TThe Hausdorff condition is that any two points can be “housed off” from each other by open sets (pun).
tFelix Hausdorff lectured at the University of Bonn and in their Mathematics Institute, there is a room named the
“Hausdorff-Raum”, which is a pun because in German “Raum” can mean both “room” and “space”.

o (1.5)




An indexed collection {(Uy, ¢q)} of charts U, along with the maps ¢, form an atlas of the manifold.

A manifold M is oriented if the atlas can be chosen so that for every pair U,, U, of intersecting
charts the Jacobian J of the transition functions is positive. e.g. R™ and 8™ are oriented. We say that
two coordinate systems x and y define the same orientation of R™ if J > 0 and opposite orientations
if J <0.

M
-
Up \'»‘.('\ : :'44.! V Uq
Pp g
®p(Up) $q(Uq)

Figure 1: The maps from M to R™.

1.3 Examples of Manifolds
1. Trivially, any Euclidean space of regions is a manifold.
2. A region of complex space C” can be regarded as a region of R??, so C" is a manifold.

3. The circle S' is a manifold:

Stereographic projection onto the line y=-1 Stereographic projection onto the line y=1

y=1 us

Figure 2: The unit circle embedded in R2.

Consider Fig. (2), the unit circle embedded in R?: z? + y?> = 1. We introduce two subsets
Uy =8 —(0,1) and Ug = S — (0,—1). The local coordinates uy and ug are obtained using a



stereographic projection onto y = —1 and y = +1:

2
P:(x?y)%uN: i 5
I—y
(1.6)
P=(z,y) = us= 2
The intersection Uy N Ug excludes x =0, i.e. uy = ug = 0.
2z 2 42 42
The transition functions are found from uyug = x . . 4, and on Uy NUg
l—yl+y 1-—92 x2
where uy,ug # 0, we have
4 E)uN 4 8’U,N 4
=— = —=—-——F = Jyg=det| — | =—— #0. 1.7
un us Oug u? N = e <6us) u? 7 (1.7)
4. See Slides_Diff_Geom-pil.pdf, p. 21 for the example of S2.
5. In general, an n-sphere S™ is a manifold.
6. Given two manifolds M = U,U,, N = U,V,,, we can construct their direct product
M x N =Ug,U, xV, (1.8)

where the coordinates on U, x V,, are (z3,5).

1.4 Mappings Between Manifolds

Let M = UpU, and N = Uy, U, be m and n dimensional manifolds with coordinates (zg) and (y5),
respectively.

Suppose a mapping f : M — N determines functions yg(m%,, e Tyt) = f(:vzl,, ..‘,xgl)g. The function f
is said to be smooth of smoothness class k if for all p, ¢ the functions yg are smooth of smoothness
class k, that is, all the partial derivatives up to k' order exist and are continuous. The smoothness

class of f cannot exceed the smoothness class of the manifolds.

Figure 3:

In Fig. (3), the four maps f, ¢p, g, and g0 f o gb;l are smooth. We use the notation

yg [(¢qofo¢;1)(x;,...,xg)]6 = fﬁ(xll),,a:;") :yg(a:;,...,le). (1.9)



Notice that since we have maps from the manifolds to Euclidean space, we can use analysis on them.
We can construct the map f : M — N from the charts as (¢4 0 f o gb;l) : R™ — R™. Since this is a
map between Euclidean spaces, we can differentiate normally. This is a notational shortcut which is
really just

of 0

oz dzo

(thg o fody ) (xy, .crx)h). (1.10)
If N =R is the real line, then f is a real-valued function of the points of M.

The manifolds M and N are said to be smoothly equivalent or diffeomorphic if there exists
a bijective map f such that both f: M — N and f~': N — M exist and are smooth of class k > 1.

P
Since f~! exists, the Jacobian J,, = det <3yi> is non-zero everywhere.

p
1.5 Tangent Spaces

Let = z(7), a <7 < b be a curve segment on a manifold M > z(7). In any chart U, with coordinates
), the curve is described by the parametric equations

T, =2,(7), a=1,..,m. (1.11)

The velocity vector tangent to the curve is

e -1 -m
V=3 = (3, d0). (1.12)
In the intersection U, N Uy, we have two equally good coordinate systems zy(7) and :Ug (1) such that
1 7 —
x;($q<T),...,(EqL(T)) —xfj(T). (1.13)

The velocities are thus related by (sum over ()

ox?
B = 2ib (1.14)
p 8xqﬁ q

A tangent vector to a m-dim manifold M at some point z is represented in terms of local coordinates
xy by the m-tuple (£%) of components of the vector such that in any other local coordinate system

oz
a P B
fp = 7axqﬁfq. (1.15)

The set of all tangent vectors to a manifold M at x forms a vector space of dimension m = dim M,
called the tangent space to M at x, denoted T,, =T, M.

The velocity vector at x of any smooth curve of M through z is a tangent vector to M at x.

0 0
From (1.15), we see that the operators e form a basis e, = Ppe of one-forms for the tangent
e T
space T,:
0 0
(e
R gﬁ 1.16
i axg q axqﬁ ( )

As with the manifolds themselves, we can form maps between tangent spaces of the manifolds.
A smooth map f: M — N gives rise to a push-forward or induced linear map of tangent spaces

fu: TuM = Ty N (1.17)



defined as sending the velocity vector at x of some smooth curve z(7) on M to the velocity vector at
f(z) of the curve f(x(7)) on N. In terms of local coordinates 2% on M and y® on N, the push-forward
map is

ofP
R o 1.18
€ =’ =52 (1.18)
For a real-valued function f: M — R, the push-forward map f, is a real-valued linear function
of
@ = —&* 1.19
£ == 52¢ (1.19)

which is the gradient of f at z; a co-vector or one-form. So, f. an be identified with the differential
one-form df:
dry : £ —n=¢). (1.20)

A Riemann metric on a manifold M is a point-dependent, positive-definite quadratic form on the
tangent vectors at each point, depending smoothly on the local coordinates. A pseudo-Riemann
metric requires the quadratic form to be non-degenerate (non-zero determinant).

At each point x = (le,7 ..., ") of each chart U, the metric is given by a symmetric matrix (g((fg (le,, ey Ty
and determines a symmetric scalar product of pairs of tangent vectors at x:
(&) = gd3gemy = (n.€), (€)= ¢ (1.21)

Since the scalar product is a scalar, it is coordinate independent. The coefficients g((fﬁ) transform as

(@ Oxp dxp )

= ——= . 1.22
e dxq Ox Jas (1.22)

We can rewrite this in terms of basis one-forms in a coordinate-independent way as
2 ( )
ds® = galgdz;‘dzg = ggfgdxf;d:cg. (1.23)
ds is the line element and is used to measure distances between two infinitesimally close points.

A tensor of type (k,l) and rank k + [ on a manifold M of dimm is given in a local coordinate
system (x;) by a family of functions (p)Tjle_'_'_';l’“ (z). In another coordinate system, the components are

@orse _ 0% Oxgt Omyt Owy )y, (1.24)
ty1...t; 6$;1 e 81';)’“ axgl e 81‘21 J1-- g1t :

This is the transformation rule for tensors of type (k,l). See Slides_Diff_Geom-pl.pdf, pp. 56-66
for examples.



2 Lie Groups and Lie Algebras

2.1 Lie Groups

A manifold G is called a Lie group if it has given on it a group operation with the property that the
maps
0:G—= G, ¢(g)=g "' (the inverse),

2.1
Y:GxG— G, Y¥(g,h) = gh (group multiplication) (2.1)

are smooth maps.

Let G be a Lie group, with the point go = 1 the identity element of G' and T" = T{;) the tangent
space at the identity. We can express the group operations on G in a chart Uy containing gg in terms
of local coordinates.

We choose coordinates in Uy so that go = (0, ...,0) is the origin. We let

g1 = (1[,’ >-~~7xn), g2 = (yla “.’yn)’ gs = (Zlv 7Zn) (22)

such that ggggf € Uy for all combinations k, k' = 1,2,3 and 0,0’ = —1,1, where +1 is the element
itself, and —1 is the inverse of the element. Then we have the coordinates

9192 = (V1 (@, 9), -, 0" (2,9) = (V' (2,9)) s @' (z,y) =9 (=) 2™yt y™) (2.3)
gt = (0" (@), 0" (@) = (¥'(2), ©(2) = @' (ah, ™), (24)

Here, ¥(z,y) and ¢(x) satisfy, for alli =1,...,n
1. ¢(x,0) = ¥'(0,z) = 2* (multiplication by the identity),
Yi(z, p(z)) = 0 (multiplication of an element and its inverse is the identity),
Pi(x,Y(y, 2)) = Y (Y(x,y), 2) (associativity).

We can find an expression for ¢ (z,y) in a neighbourhood around the identity by Taylor expanding.
We find that

82 wi

&vjayk r=y=0 ' (25)

Vi, y) =2 +yf —l—blkx]y +(’)({x y, z}° ), i =

Let &,n € T, the tangent space of the identity, and let their components in terms of z’ be ¢!, 7°. The
commutator [¢,7n] € T is defined by

[f,ﬂ]i = ;kfjﬂk, C;‘k = b;‘k - }cg (2.6)
It has the properties
1. [,] is a bilinear operation on the n-dim vector space T,
2. it is skew-symmetric: [, 7] = —[n, €],

3. it satisfies Jacobi’s Identity: [[£, 7], <]+ [[¢,€],n] + [[7,¢], €] =0

The proof is long and arduous algebra, and can be found in Slides_Diff_Geom-p3.pdf, pp. 8-11.

A Lie algebra is a vector space G over a field F' with a bilinear operation [-,:] : G x G — G called a
commutator, or Lie bracket. It satisfies the following axioms:

1. Va,y € G, [z, 2] =0 and [z,y] = —[y, 2] (skew-symmetry),



2. [z, [y, 2] + [y, [z, 2] + [2, [z, y]] = 0 (Jacobi identity).

Thus, the tangent space T' = T, at the identity of the Lie group G, along with the commutator
operation, is a Lie algebra called the Lie algebra of the Lie group G.

Let e, = —,i =1, ...n be the standard basis vectors of T. Then, we have

ox?
[€,m) = [€,m) e = cp&nles. (2.7)
Choosing ¢ = ej,n = e, and noting that (e,,)™ = d%, we get
lej, ex] = ;kei. (2.8)
The skew-symmetric constants c;k = —c};j which determine the commutation operation of the Lie

algebra are called the structure constants of the Lie algebra.

2.2 One-Parameter Subgroups

A one-parameter subgroup of a Lie group G is a curve F(t), parametrised by ¢ € R, on the manifold
G such that
F(0)=1, F(t;+ty)=F(t1)F(ty), F(~t)=F(t)! (2.9)

The velocity vector at F(t) is

dF dF(t+¢) _d B dF(e)
a & |, & [F(t)F(e)] . F(t) & |, (2.10)
Hence we have the identities
F(t) = F(t)F(0), F(t)"'F(t) = F(0) (2.11)

The action of left multiplication by F(t)~! sends F(t) to F(0) = const € T

F(t) can be thought of as a “time evolution” operation, taking the velocity vector F(ty) at some
time tg to a future time t; > ¢y by the action

F(t1) = F(t, — to)F(to) = F(t1)F(—to)F(to) = F(t1)F(to) "1 F(to) = F(t1)F(0). (2.12)
Similarly, F'(t)~! = F(—t) can be thought of as a time evolution backwards in time.
Just as we have F(t)"'F(t) = F(0), we in fact have a unique F(t) such that
F(t)"'F(t)=A, VAecT. (2.13)
If G is a matrix group® then we have the so-called exponential map
F(t) = exp At (2.14)

Suppose F(t) € Uy (the chart containing the identity) has local coordinates f(t), i = 1,...,n. Since
F(t) is a one-parameter subgroup, its coordinate functions satisfy the same properties as the subgroup:

Fl0)=0, fiti+t2) =9" (f(tr), f(t2)), f'(=t)=¢'(f(1) (2.15)

§Not all Lie groups have matrix representations, however by the Peter-Weyl Theorem every compact Lie group has
a faithful finite-dimensional representation and is therefore isomorphic to a closed subgroup of GL(n,C) for some n, i.e
a matrix group.




where ¥ and ¢ are the usual multiplication and inverse maps of the Lie algebra G of G.

If we consider left multiplication by F'(t), we have
z—y=Ft)z, y =¢'(f(t),z), z,y€eq. (2.16)

The velocity vector at F(t) in terms of these coordinates is

dF s in i dfft+e)| At (f@), fe)|  _ 9Y(f(t), ) i
a = (0 frw), = S| < SRR < SETRE P
(2.17)
Since F'(t) is in the tangent space T, it induces a push-forward map
F.(t): & —n' = wgﬂ', EeT,G, neT,G. (2.18)

ozl
Thus we see that F\(t) sends F'(0) to F(t). Similarly, F,(t)~" sends F(t) to F(0).

One-parameter subgroups can be used to define canonical coordinatesY in a neighbourhood of
the identity of a Lie group G. We let Ay, ..., A,, form a basis for the Lie algebra T. We know that for
each

A=Az eT (2.19)
there is a one-parameter group F(t) = exp At. We assign coordinates to the point g = F(1) = exp 4
which are the coefficients z!,...,2™. This gives a system of coordinates in a sufficiently small neigh-

bourhood of gy =1 € G. These are called the canonical coordinates of the first kind.

Of course, one might think that “first kind” implies the existence of a “second kind”, and you’d be
right. Another coordinate system can be constructed by introducing F;(t) = exp A;t and representing
a point g sufficiently close to gg by

for small ¢;. Assigning the coordinates ' = t1,...,2™ = t,, to the point ¢ gives the canonical coor-
dinates of the second kind.

Note that for a point g expressed in terms of canonical coordinates of the first and second kind

g(1) = exp (Alml + Asx® + ...+ Anx”)

g2 = exp(Alxl) exp(Aga:Q) --exp(Apz™) (2.21)
the two coordinate systems are equivalent only when e®e® = e4?, i.e. when [4;, 4,] = 0.
2.3 Linear Representations
A linear representation of a group G is a group homomorphism
p: G — GL(r,K) (2.22)
from G to the General Linear group of invertible r X r matrices such that
p(9192) = p(91)p(g2) Yg1,92 € G. (2.23)

Here, K is the field over which the matrices are defined (for our purposes, K is either R or C).

Given a representation p of G, the map

Xp:G =K, x,(9) =trp(g), g€ G (2.24)

9 Also called Lie-Cartan coordinates




is called the character of the representation p.

A representation p of G is irreducible if the vector space K" contains no proper subspaces invariant
under the matrix group p(G) = GL(r,K). Here, a subspace W C K" is invariant under the matrix
group p(G) or simply G-invariant if

p(g)W C W Vg € Gq. (2.25)

We are then able to restrict p to W and get a subrepresentation of p.

Consider the representation

p:G— GL(r,K) x GL(ry,K) C GL(r; + 12, K) (2.26)
such that ©
pilyg 0
= plg) = , € GL(r,K), k=1,2. 2.27
g0t = (" 00) o) € GLnE) (227

The representation space is K" = K™ @ K" with elements

T = (Z) c K", (g) €K™, <O> c K. (2.28)

oo (g> B (még) pz(zg)) <8> - (pl(og )u> €K™,
p(9) (S) = <P189) p;(lg)) (2) _ <p2(0g)v> c K.

Both K™ and K™ are G-invariant under p. Thus, we can write

e =ota) (2) =0t () +0t0) (1) = (200) = @y + miye. (230

<

We see that

(2.29)

v v
p can be decomposed into a sum of representations p = p; + p2. Such a representation is called a

reducible representation.

Schur’s Lemma:
Let
pi: G— GL(r;,K), i=1,2 (2.31)

be two irreducible representations (irreps) of G. If A : K™ — K" is a linear transformation changing
p1 into po, i.e. A satisfies
Ap1(9) = p2(9)A, Vg € G, (2.32)

then either A is the zero transformation or is a bijection, in which case r1 = rs.
If G is a Lie group and a representation p : G — GL(r,K) is a smooth map, then the push-forward
map py is a linear map from the Lie algebra G = T{;) to the space of r X r matrices:
pe: G — My (K), (2.33)
ps« is a representation of the Lie algebra G, i.e. is a Lie algebra homomorphism:
1. it is linear
2. it preserves commutation: p.[£,n] = [p«&, pan)-

A representation is called faithfull if it is one-to-one, i.e. p(g) # 1 unless g = go. If a Lie group
has a faithful representation then it can be realised as a matrix Lie group, as mentioned in a previous
footnote.

IMathematical monogamy joke.

10



2.4 The Adjoint Representation
An inner automorphism of a group G determined by some h € G is the transformation
AD:G — G, g— AD(g) =hgh™!, g€G. (2.34)

Any inner automorphism does not move the identity go = hgoh ™!, and therefore the push-forward map
of the tangent space 1" = T}, G is a linear transformation of 1" denoted by Ady, : T — T, satisfying

1. Adg, = 1, where 1 is the identity transformation of T’
2. Adp,Ady, = Adp,p, Yhi, by € G, since hihaghy *hy* = (hiha)g(hihg) ™!
3. Choosing h1 = h, ho = h™!, we get Ad;-1 = Ad,:l.

The map h — Ady, is a linear representation of G called the adjoint. For commutative Lie groups,
the adjoint representation is the identity; Ad, = 1 Vh € G, since hgh™! = hh™lg = g.

In a neighbourhood of Uy, the push-forward map of the inner automorphism is

L apiy(h h)
AD(h), : € — 7' = w(w(aﬁ),@( Dei €ET,G, € ThynG. (2.35)

If x =0, then g = go and &,n € Ty,G = T. The adjoint is then

0Y* (Y (h, ), p(h)) ¢ = oY (2, (h))

j k
Oz’ 0 0z

oyt (h, )

Adp : € —>n= 5
z=h

&, (2.36)
=0

Let F'(t) = exp At be a one-parameter subgroup of a Lie group G. Then Adp() is a one-parameter
subgroup of GL(n,R). The vector % AdF(t)|t:0 lies in the Lie algebra gl(n,R) of GL(n,R) and can
be thought of as a linear operator denoted by ad 4:

adg :R" = R", B—[A,B], BeT>~R". (2.37)
A Lie algebra G is said to be

1. simple if it is noncommutative and has no proper ideals, i.e. subspaces Z C G for which
[Z,6]cZ

2. semisimple if G =7, @ - -- @ I, where Z; are simple ideals with the property [Z;,Z;] = 0
for i # j.

The Killing form on a Lie algebra G is
(A, By = —tr(adsadp). (2.38)

If the Lie algebra G of a Lie group G is simple, then the linear representation Ad : G — GL(n,R) is
irreducible.

If the Killing form of G is positive definite, then the Lie algebra is semisimple.

11



3 Lie Derivatives and Covariant Differentiation

3.1 Vector and Tensor Fields

A vector field is a map that specifies a unique vector at each point x of a manifold M
EM—->TM), ©—& €T, M. (3.1)

A vector field intersects each tangent space T, of the tangent bundle T'(M) at one and only one point.

In a coordinate basis (r},), we can write

0

1: b
8%

E=¢(x) x € U,. (3.2)

Since there is a unique vector at each point, we can drop the subscript p:

§:£i(m)%, xz € M. (3.3)

A vector field £ can be understood as a differential operator that maps a scalar function to a scalar
function on M

) af
= —. 4
& =55 (3.4)
This allows £ to act as map from M to R:
o0
Ef): M =R, z— &i(z) gix) (3.5)
Vector fields are linear and satisfy the Leibniz rule:
£(f9) =&(f)g + fE(9)- (3.6)
A tensor field of type (r, s) assigns a unique tensor of type (r, s) to each point x € M.
e M — T(M), =" ¢, e TYM. (3.7)
What happens if we compose vector fields? Consider the composition
.0 COf On? Of . O%f
_ ¢t J_—J — £t _J 1pnJ

Because of the second term, the composition is not a vector field. Instead, we can define the Lie
bracket, or commutator

— _ _ ;O _ ;08 87f
€nlf =€)~ () = (€55 - w55 ) 35 (3.9
which is a vector field with components
i ianj iafj
[5777]3 = @—77 Crh (3-10)

The Lie bracket has the properties
L. skew-symmetry: [§,7] = —[n,¢]
2. linearity: [¢,n+ (] = [§, 1] + [€,¢]
3. 6 fnl = fl&m +&(f)n
4. Jacobi’s identity: [£, [, C]] + [n, [, €]} + [C, [§, n]] = 0.

Thus, a vector space of vector fields equipped with the commutator is an infinite dimensional Lie
algebra.
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3.2 Integral Curves

Let ¢i(x) be a vector field on M. Consider the autonomous (no explicit ¢ dependence) system of

differential equations ‘
. dzt ,
i (t) = ;t =& (t), ..., a"(t), i=1,..,n. (3.11)
The solutions x* = x%(t) to this system are called the integral curves of the vector field £ and the

vector field £? itself is comprised of tangent vectors to the integral curves.

We can denote the integral curve of £ by
Fi(ag, .., xd) = a' = 2'(t, ), ..., x]), xi|t:t0 =}, (3.12)
Choosing tg = 0 with xq := 3}, ..., 2%, the formula F}(zo) = 2* defines a self-map
Fy: (x0) = (21 (t, 20), ..., 2" (¢, 20)) (3.13)
which depends on the parameter t.

In mechanics speak, F; applied to the position xg € M is the time-evolution operator which gives
the new position of a particle after time ¢ as the particle moves along the integral curve through x.

Given a point zg € M with (£%) # 0, the map F; is locally a diffeomorphism, i.e. satisfies
Fi,s=FoF,=F,0F, F_,=F" (3.14)
The diffeomorphisms F; define a local group. Needless to say, F; is a one-parameter group.

This local abelian one-parameter group of diffeomorphisms F; is called the flow generated by &°.
For small ¢, we can Taylor expand to find the solution

+ 1t287€

5t 5 ¢ (z0) + O(3). (3.15)

x'(t, o) = zh + & (o)

For some one-parameter local group of diffeomorphisms F; = (F}, ..., F*), we can define its velocity

field to be the vector field

_ d .
g=—F| ,i=1,..n (3.16)
dt ',

The commutator [£,7] can be interpreted geometrically as the measure of the discrepancy between
the points arrived at by following the integral curves ¢ and n (with flows F; and Gg, respectively) in
different orders. For small ¢ and s, we have (after arduous calculation)

[Gs»Ft](x) = Gs(Ft(w)) - Ft(Gs(x)) = ts[f, 77] =+ O(t37 83)' (317)

If the Lie bracket of two vector fields vanishes, the vector fields commute. Note that vectors com-
prising a coordinate induced basis commute because partial derivatives commute. The converse is also
true; if all the elements of a basis for vector fields commute then the basis is coordinate induced.

A one-parameter group of diffeomorphisms Fi(z) with vector field £(z) acts on smooth functions
f=1F()as
(B f)(z) = f(Fi(z)). (3.18)

e.g. the one-parameter group of translations Fy(z) = x + ¢t with £ = 1 acts as

Fif(x) = f(z +1). (3.19)
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For a general analytic function f(z), we have
Fuf (@) = fa+1) = (&) + £ (@) + 52" (@) + .
- (3.20)
= ( d ) f(z) :==exp (tjt) f(x) = e'% f(x).

k! dtk
k=0

o,
Here, exp(t0¢) is the exponential function of {. 0 = 51? is the directional derivative in the
x

direction of &.

WE can use this to define an action of the flow F} generated by the vector field £ on a tensor 7' = (T((;)) )
of type (p, q) where (i) =iy, ip, (j) = j1---jq. We consider a region on which F; are one-to-one

it =¢'(2) = y'(t) = Fi(z), y'(0)=2a". (3.21)

Since = and y are different points on the manifold, we cannot compare them. Instead, we perform a
passive transformation of the basis vectors by Ft_l. This moves the point y = F(x) to the point x.
We then define the action of Fi(x) on T by

oyl Oyla 9™ Ox'r

(i _ (k) .. e

() 0) (3.22)

We see that FyT'(x) and T'(y) are simply the same tensor measured in different coordinate systems.

We can now define the Lie derivative of a tensor T = (T((;)) ) along a vector field ¢ as the tensor
L¢T given by

@ _ d (i)
LeT(j) = = (RT)() R (3.23)

If we regard F; as a time-dependent deformation of the manifold, then the Lie derivative measures the
rate of change of the tensor T resulting from this deformation.

The explicit formula for the Lie derivative is

@

. oT o pga o e
@) _ ratG) | iy O i, 08

LgT(J) —6 3I0‘ +Ta]2]q ale + ---+/1—1jl..4jq_1aaqu (324)

aig-ip OE i1y OE™P

T3 g~ T B

If T = f is a scalar, then the Lie derivative is the directional derivative:
of

Lef =&%—— =0¢f. 3.25
ef =855 =0 (3.25)

If Le f =0, then f is constant along the integral curves of £ and f is called an integral of the field.
e.g. for £ = (—y, ) the functions f(x,y) = 22 + y? — ¢ are integral.

If T =n is a vector field, the Lie derivative is

ani N afz

ox« " oz

Len' = ¢€° [, n]’ (3.26)

and has the properties

L. Len = —Ly¢

14



2. L&(fn) = fLEN + 0O f
3 Ligw)f = Oe.n) = 0 0y)f = [Le, L) f-
If T = (T;) is a covector, then the Lie derivative is

oT; og”

LT, =¢ pop + Ty, Bt (3.27)
In particular, if T; = ﬁ := df;, then
ox?
o Of of oc* 0 «O0f) 0
Ledji =< 0700z | dra ot O <£ (‘336“) ~ Oxt (Lef)- (3:28)
So, L¢ and d commute; Ledf = d(Le f).
If T = (gi;) is a tensor of type (0,2), then
09y OO0
Legij = ¢ Orc + Gaj oz + Gia o Uigs (3.29)

where u;; is called the strain tensor. If g;; is a metric tensor of M then w;; describes hoe g;; changes
under small deformations F} defined by &.

If the space is Euclidean, then g;; = d;; and

Lo oy

Upj = —— + ——
Y 9zt Oad

(3.30)

If Legi; = 0, then £ is called a Killing vector. The metric g;; does not change under deformations
F; defined by the Killing vector field &.

In a coordinate system (y') where a Killing vector field £ = (1,0,...,0), then the metric g;; is in-
dependent of y!.

If £ and 7 are Killing vectors, then their commutator is also a Killing vector:

Liemi9i5 = [Le, Lylgi; = 0. (3.31)

So, the Killing vector fields of a pseudo-Riemannian manifold form a Lie algebra with respect to the
Lie bracket.

If T = +/|glei,..s,, is the volume element, then

a (0%
Lf\/mgil""in =Ciin g {v g1 } . (3.32)
The volume of an oriented, closed manifold does not change under small deformations F; defined by &.

The quantity Lo
Vol = T [\/|§|g } (3.33)

is a scalar called the divergence of the vector field £&. Note that

1 .. 1 ..
Val® = 59%uij = 59" Legi;. (3.34)
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3.3 Covariant Differentiation

The differential d transforms a skew-symmetric tensor 7' into another skew-symmetric tensor d7T. e.g.

_oT; 0T
- 9xt Oxd

It is important that this quantity dT is a tensor, because 9;1; alone is not a tensor. We can see this

by changing coordinates.
~ T @
T oT; 0 (T oz )

(dT)ij

T 024 024\ ‘020
_ 0T 0x Pt (3.36)
021 029 1029027
_O0T; OxP oz’ 0%x!

QP 029 027 + Tlazqazﬂ' '
The first term is the usual tensor transformation rule, however the second term being non-zero means
that this quantity is not a tensor. What we would like is a tensorial version of the partial derivative.
We can do this by introducing an operator Vi - the covariant derivative - such that in Euclidean

coordinates

- or!
(@) )
Vil = 5 (3.37)

For this to be a tensor, we impose that it must transform like a tensor. i.e.,

VTTV(’C) _ véT(l) oS 833(]) 62(]6)

0) @) 92r 920 9z (3.38)

We can also write this operator using semicolon notation: VkT; = T; k

) ~ Oz .~ Ozt
Consider the vector T". Using T% = TZ% and 7% = T+ 27
x

OzF’

we have

~k  0x® 02F
VoIt =0T 0z" Ozt
B oT* 0z® 02~
- 0z% 027 Ozt
B oT" 0z (3.39)
02" Oxt '

0 ;028 ;0 0zF
0z <T 8wi) -7 0z" Ox?
oz" 0z% 0z" daxmOx?

Introducing the connection coefficients

axi oxr™ 82zk

025 0z OxmOxt’ (3.40)

kEo_
Fsr -
we have the equation for the covariant derivative of a vector;

~ TR
v, Tk = (37 + Tk 1. (3.41)

The formula for a covector is pretty much the same, just with a minus sign on I':

T, -
0T _ s, 7. (3.42)

Vrfk = 0ar
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For an arbitrary rank tensor, the process is is simply to add a set of connection coefficients for each
upper index and subtract one for each lower index. i.e. for a (p,q) tensor

0
k) l ka=s)
v, 1 = ) +§ e Ejrl e (3.43)

A connection is called affine or Euclidean if there exists a coordinate system where F’“ = 0. Such
coordinates are also called affine.

Note that these connection coefficients are not tensors. Their purpose is to facilitate covariant differ-
entiation being a tensor, as a correcting term. However, the quantity

]k = ij = F[gk] (3.44)
is a tensor, called the torsion tensor. A connection is torsion-free or symmetric if
Covariant differentiation has some important properties:

1. It is linear and commutes with contraction of indices.

2. The covariant derivative of a product is computed using the Leibnitz product rule:
V(T8 = (VRI ) SE) + T (VisD). (3.46)

3. The covariant derivative of the basis vectors and basis covectors can be thought of as defining
the connection coefficents:

Ve = I‘gkej, Vie' = —F;kej. (3.47)
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4 Parallel Transport and Geodesics

4.1 Parallel Transport of Tensor Fields

The directional derivative of a (p,q) tensor T = (T((;))) at the point P € M along the vector
& €TpM is the (p, q) tensor
() _ ¢k (@)
V§T(j) =¢ VkT(j). (4.1)
For a scalar f, this definition coincides with the usual definition of the directional derivative of a
function,

Vef =&0uf = 0 f. (4.2)

Normally for a directional derivative of a scalar, we can let £(t) be a velocity vector of a curve C, i.e.
. ) . dz*

o= ai(t), €)= dii, i=1,..n. (4.3)

If we have 0¢ f = 0 for all points on C, then we say the function f is constant on C.

A reasonable question to ask might be whether we can say that two different vectors or tensors at
different points are parallel to one another. In flat space this is trivial; we move one vector over to the
other and see of they point in the same direction.

If space is curved, however, this is not so simple. In general, there is no unique way to move a vector
or tensor from one point to another, and no one way is better than any other.

This is a big problem, and has no solution. We must simply give up the comfortable idea of comparing
vectors in curved space unless they are both in the same tangent space.

This has some real-world implications. For example, in curved space there is no definite notion of
relative velocity - the concept is meaningless since we can’t compare the two velocity vectors. In
cosmology, the gravitational redshift experienced by galaxies and other objects seems like the regular
Doppler shift; the equations are even of the same form. However, ascribing this frequency shift to
relative motion makes no sense. In some cases it even leads to galaxies receding from one another at
faster than the speed of light, which is of course nonsense. Locally, neither object is actually moving
that fast. Anyway, back to the maths.

We can use our covariant derivative to define constancy along a curve. We say that a tensor field
T is covariantly constant or parallel along a curve C if

& ,  dzt
VI =€V T =0, ¢ = a<t<hb. (4.4)
In the case of a vector field, we have
- . dgk /0T o
T ="V Th = — = + 1%, 19
Ve &V dt (&T’“ L )
dTi(z(t))  dz®_,
— T 79 = 0. 4.

a Tar o 0 (4.5)

Equation (4.5) is called the equation of parallel transport. This definition of parallelism is co-
ordinate independent because covariant differentiation is a tensor operation. Note as well that it is
dependent on the given connection.

In general, since parallelism depends on the curve C, there is no guarantee that a tensor will be

constant along another, different curve. However, if the connection is affine, F; . = 0, then we can have
tensors which are covariantly constant and non-zero everywhere on a chart U.
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4.2 Geodesics

Geodesics are a curved-space generalisation of the notion of “straight lines”. There’s many ways of
defining what we mean by a straight line, the most common perhaps being that it’s the shortest path
between two points. Of course, this doesn’t work well for us because we’re working with individual
points and it’s tricky to compare them. A more practical definition is that a straight line parallel
transports its own tangent vector. That is, the vector tangent to a straight line is constant; it doesn’t
“change direction”. Let’s see what this looks like.

dx?

For a curve x° = 2%(t) parametrised by ¢, its tangent vector is i’(t) = e The curve x'(t) is

called a geodesic if
Va(z) =0. (4.6)

Explicitly, we get
dz® dz’ d dzt  dxF . dad
Vi(2) = —V = — —TI% — =0 4.7
d @) =V T war T ar e Y (4.7)

so geodesic curves satisfy the system of n second order differential equations

A2zt dxd dak
8 i g =1, .0 4.8
a2 TR d ! " (4.8)

This is called the geodesic equation and has a unique solution for given initial conditions %(0) = x
and #*(0) = vg.

We can see immediately that if we're in an affine - or Euclidean - space, where F;k = 0, then the
geodesic equation is just
d?x
—— =0,
dt?

which has solutions z'(t) = vjt + z§), the equation of a straight line that we all know and love.

(4.9)

It’s worth noting that there is not always a single geodesic. For example, two points on the equa-
tor of a sphere S? has two geodesics - the shorter path along the equator and the longer path going
around the equator the other way.

4.3 Metric-Compatibility and the Connection

An important property of parallel transport arises when our manifold has a metric structure on it.
Namely, if the covariant derivative is metric-compatible, i.e. V;g;; = 0, and two vector fields 7"
and S7 are both parallel along the curve, then parallel transport preserves their inner product:

d d - dz® o dx* o

—(T,8) = — |g;;T°S7 | = —Vi(9;;1T'S?) = g;;—V(T*S?) = 0. 4.10

7 (T8) = 2 (95T 5| = == V(g5 T°57) = 91—~ Vi(T"5) (4.10)
This is an important property of parallel transport. It means that it preserves vector norms (it doesn’t
randomly alter the lengths of vectors) and it’s also an orthogonal transformation (the angle between

two vectors in the tangent space is fixed under parallel transport).

The geodesic equation we have above is very nice and exists perfectly well on its own, but we would
like to be able to connect it to the other structures we have defined on our manifold. Specifically, when
the manifold has a metric defined on it.

We can define a unique connection on a manifold with metric g;; by imposing two conditions:
1. The connection is torsion-free: Ffj = F?i

2. The covariant derivative with respect to I‘i—“j is metric-compatible: Vjg;; = 0.
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These conditions give a unique form of the connection, called the Christoffel connection™*, whose
components

1
Iy = 59“ (0igij + Okgit — Ngij) (4.11)

are called the Christoffel components or Christoffel symbols. It’s important to note that this
connection is unique and always exists where we can define a metric.

4.4 The Curvature Tensor

As we have seen, parallel transport of a vector ¢ is determined by the equation of parallel transport.
If F;k = 0, this equation is trivial to solve, so it would be nice to have a way to find out if these con-
nection coefficients are zero. i.e. which manifolds are flat. What we need, then, is a way to measure
the curvature of a manifold.

If 1"; & = 0, then we know the covariant derivative coincides with the partial derivative;

(1) _ (@)
VkT(j) = 6kT(j). (4.12)
Since partial derivatives commute, if the connection coefficients are zero we have
Vi, Vi] = (nablayV, — V, V)T = 0. (4.13)

In this case however, the left hand side of this equation is a tensor, so it must be true in any coordinate
system. This means that if we have an arbitrary connection, if [V, V;] with respect to that connection
is zero, the connection is Euclidean. We can expand this equation explicitly to find

[V, ViJ€" = (kT — Oy + DTk — TIiTh )60 + (TY, — TH) V¢ (4.14)
The first quantity on the right hand side is given the notation
Ry = 0klly — O, + T — TG, (4.15)

and is called the Riemann curvature tensor. The other term is the familiar torsion tensor, Tgl.
This gives us the Ricci identity
Vi, VIJE' = Ry’ + T), V€' (4.16)

For a symmetric, torsion-free connection, if the Riemann curvature tensor is identically zero then the
connection is Euclidean.

The curvature tensor has some important symmetries which can be derived from its explicit form.
1. It is skew-symmetric in its last two indices: R;-kl + R;‘lk =0.
2. If the connection is symmetric, then R;kl + R};lj + Rfjk =0.
3. If the connection is metric-compatible and we define the purely covariant curvature tensor
Rijk = gim Ry, (4.17)
then R;j;i; is skew-symmetric in the first two indices: Rjji + Rji = 0.

4. If the connection is symmetric and metric-compatible, then R;;;; is symmetric under exchange
of the first two indices with the last two: R;ju = Rpij-

**This connection goes by many names, including but not limited to the Christoffel connection, the Levi-Civita
connection, and the Riemannian connection.
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4.5 Normal Coordinates

A useful form of the metric is the canonical form
gi; = diag(—1,-1,...,—1,+1,4+1,...,41,0,...,0). (4.18)

If the manifold has dimension n and the canonical form has ¢ (—1)’s and s (+1)’s, then s — ¢ is the
metric signature and s + t is the metric rank. If the metric is continuous, it has the same rank
everywhere. If the rank is equal to the dimension of the manifold, it is non-degenerate.

It is always possible to put the metric into its canonical form at a single point P € M, but not
necessarily in a neighbourhood of P and certainly not over the whole manifold (unless the manifold is
flat). At any point P, there exists a coordinate system such that g;; takes its canonical form and the
derivatives Oy g;; are all zero. These coordinates are called Riemann normal coordinates (RNCs),
and the basis vectors of this coordinate system form a local Lorentz frame. This is a formal state-
ment of the idea behind manifolds, that they “look locally like flat space” up to first order. Note that
in RNCs, the second derivatives 0,0xg;; do not usually vanish.

Of course, since the connection is made up of the metric and its first derivatives, Ffj = 0 at the
point P.

4.6 Contractions of the Curvature Tensor

Our curvature tensor R; ; has built into it the information about the curvature of its manifold with
respect to some connection. We discussed some of the symmetries of this tensor, each of which reduces
its number of independent components. Cutting to the chase, the number of independent components
in n dimensions is

1

—n

12
In 1, 2, 3, and 4 dimensions, there are 0, 1, 6, and 20 independent components. There are some impor-
tant takeaways to this. Firstly, the 20 independent functions in four dimensions correspond exactly to
the 20 degrees of freedom in the second derivatives of the metric which we could not set to zero in RNCs.

2(n? —1). (4.19)

Secondly, notice that in 1 dimension there are no independent components of the curvature tensor.
One dimensional manifolds such as S! - the circle - are always flat. We think of a circle as having
curvature because it is embedded in 2d space. This is called extrinsic curvature.

Now, sometimes it is useful to consider other tensors built from the curvature tensor. For the Christoffel
connection, there is one independent contraction of R}, called the Ricci tensor, formed by contract-
ing the upper index with the second lower index

Rij = Rb,.. (4.20)
If we have the metric, we can contract this tensor again to get the Ricci scalar, or scalar curvature
R = R*, = ¢*Rj;. (4.21)

In n = 2 dimensions, where the curvature tensor has only one independent component, the Ricci scalar
contains all the information about the curvature of the space.

We can construct an important tensor from the Ricci tensor and scalar curvature. Using the Bianchi
identity (without proof)
VimRijik =0, (4.22)

and contracting twice, we find that
1
VERj = 5 Vilt. (4.23)
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This means that if we construct the Einstein tensor

1
Gij = Rij — §Rgij, (424)
we have _
V'Gyi; = 0. (4.25)
The Einstein tensor appears in the Einstein field equations
8tG
Gij +Agij = zTTz‘j (4.26)

where A is the cosmological constant, G is Newton’s gravitational constant, and Tj; is the stress-energy
or energy-momentum tensor. This equation was Einstein’s 1915 masterpiece; the left hand side encap-
sulates the curvature of spacetime through the metric, and the right hand side describes the matter
and energy distribution of space. i.e. matter and energy curve spacetime.

The Ricci tensor and scalar curvature tell us about the traces of the Riemann curvature tensor. Of
course, there is other information in there too. We can construct the Weyl tensor, which is the
curvature tensor with all of its contractions subtracted off.

2 2
Ciint = Risii — —— (giu Ry — ginBui) + ——————— gingn i B 4.27
ijkl ijkl n_2(gz[k 15 — 9jlk l]z)+(n_2)(n_1)gz[kgl]j ( )

The Weyl tensor is sometimes called the conformal tensor because it is invariant under conformal
transformations

9ij = M@)gij, M) € CF(M). (4.28)
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5 Appendix

This appendix contains some extra information primarily based on discussions from Sean Carroll’s
Lecture Notes on General Relativity, which I have already mentioned.

5.1 The Parallel Propagator
We have seen already the equation of parallel transport

dT(z(t)) dzk_, .
— 2+ —TI%.T7 =0. 5.1
g ar ok (5-1)
We can, in fact, find an explicit, general solution to this equation. For some path z(¢), solving the
equation of parallel transport amounts to finding an operator P(t,t) which takes a vector T%(tq) from

an initial point at tg to a final value ¢ further along the path, given by

T'(t) = Pj(t,to)T" (to). (5.2)
. ) ) X - dxd
The matrix operator P;(t,to) is called the parallel propagator. If we define Aj (t) = —I R then
the equation for parallel transport becomes
drT? ;
— = AT, 5.3
=4 (53)
Substituting in for (5.2), using the product rule, we get
d i j
We can solve this equation by integrating both sides;
t .
Pi(t,to) =04 + [ AL(t)PL(Y  to)dt'. (5.5)
to
Now, taking this equation and plugging it into itself, we get
t t et
Pi(t,to) = 65 + / Al (tdt' + / / ALY A (¢ )at" dt' + .. (5.6)
to to Jto

The n*® term in this sequence is an integral over an n-dimensional right triangle, called an n-simplex.
Instead of integrating over a simplex, we can integrate over a hypercube, which contains n! simplexes,

1
so we multiply the n'! integral by —- We also need the integrand A(t,)A(tn—1) - - - A(t1) to be ordered

n!
such that t, > t,—1 > --- > t;. We do this by introducing the path ordering operator P. Our
general term is then

;'/tt tt’P[A(tn)A(tnl)“.A(tl)] d"™t. (5_7)

We can now write our parallel propagator as
- 1 ¢ mn
P(t,tg) =14y — [ PA(ta)A(tn—1) - A(tr)]d"t. (5.8)
n=1 n! to

This is the series expansion of an exponential, so we can say that the parallel propagator is given by
the path-ordered exponential

t
P(t,to) = Pexp < / A(t)dt)
to
i ! i da*
.P‘7 (t,to) = Pexp < /to k]dtdt> .
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This same kind of expression appears in quantum perturbation theory as Dyson’s formula, because
the Schrédinger equation has the same form as equation (5.4).

For a metric-compatible connection, if the path followed is a loop, starting and ending at the same
point, then the parallel propagator is just a Lorentz transformation of the tangent space. The transfor-
mation is called the holonomy of the loop. Knowing the holonomy of all possible loops is equivalent
to knowing the metric, which led to research into describing general relativity in terms of these loops;
Loop Quantum Gravity.

5.2 Geodesics and the Christoffel Connection

In a Lorentzian spacetime, which has a pseudo-Riemann metric g;;, we have three different types of
path; space-like, time-like, and light-like (or null), each with different path lengths described by the
metric as

ds? = g;jdz"dx’ (5.10)

For space-like paths, ds? > 0, for time-like paths ds? < 0, and for null paths ds> = 0. A useful
parametrisation for time-like paths is the proper time 7, which can be thought of as the total time
measured by a clock moving along the curve.

daz® da?
T= / \/ _gz’jﬁﬂdt (5.11)

One of our definitions for straight lines was that they are the shortest distance between two points.
This corresponds to finding the extrema of the proper time (spoiler alert: the shortest paths will be
the maxima of the proper time).

We perform calculus of variations on 7 in order to find the extrema. We thus consider an infinitesimal
change _ _ _
zt — '+ iz’
k (5.12)
Gij = Gij + 02" Ok gij
The change in the metric comes from considering its Taylor expansion. Putting this into our 7 equation,
we get

dx® da? dx® da’ do d(627)\ "/
T+ 6T = / (—gijdtdt - 8k9ijﬁﬁaxk ~ 290y (dt )) “

-/ et dp\VEL et
N 9 ar at SCAPTIT

dx® dz? daz® d(5z7) 1/2
—O1Gij— —— 0T — 2g,; dt. 5.13
X( W Tar 0T T e T )] (5.13)

Since 6x* is small, we can expand the term in square brackets. The 0" order term cancels 7 (try it)
and we get

deidei\" P 1. datdad _,  daid(6aY)
_[(_, da*dat Ly AT ek . 14
or /( i3~ g dt) ( 3 O9ia g g 0% 9 g )dt (5.14)

We can remove the leading factor in this expression by changing the parameter of our curve z(t) from

t to the proper time itself using
DN —1)/2
dx* dxz?

dt = —¢gij— — dr. 5.15
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We substitute in for dt (everywhere, including in the derivative terms) and get

B dx® da’ dxt d(6x7) B dri dx?  d dx’ k
(57’—/( akgud o =5k — gij o dr )dr—/( akg”d I —&—E [glkdq—]>5x dr.

(5.16)

In the second line we integrated by parts and demanding that dz* vanish at the boundary points.
Now, we can find conditions for the extrema of 7. We want 7 to vanish for arbitrary variations sxk,

dg; d
so we need the integrand to be zero. Using the chain rule, we have j b — dx 0;9ix- Thus, we require
T T
1 dxt da? dx® dx’ d%xt
9Ok g g T Ok g Y9k (5:17)
Multiplying by the inverse metric ¢**, we get our final expression
2zt 1, dz® dz’
—_— 0i9ik + 09ri — Okgij) ——— = 0. 5.18
P +29 (9igjk + Ojgn b Gij) dr dr (5.18)

This is exactly the geodesic equation but with the specific choice of the Christoffel connection

I}, = %glk (0igjk + 0 gri — Orgij) - (5.19)
So, on a manifold the extrema of the proper time (and proper distance) are curves which parallel
transport their tangent vector with respect to the Christoffel connection; it doesn’t matter if there is
another connection defined on the manifold. This is one reason why the Christoffel connection is the
one used in General Relativity. It’s the connection under which the geodesic equation describes the
path of unaccelerated particles.

The geodesic equation can in fact be thought of as a curved space generalisation of Newton’s laws,
f = ma for f = 0. We can even introduce forces on the right hand side in a tensorial way. The
equation of motion for a particle of mass m and charge ¢ in GR is

2, !

Pt gy daldat g Ao (5.20)
dr? Wdr dr m dr

As a last point, we never argued as to why the geodesics maximise the proper time. In Lorentzian

spacetime, the character of a geodesic (whether it is time-like, space-like, or null) does not change. If

we have a time-like curve, we can approximate it as a series of null curves which have proper time of

zero. Timelike geodesics cannot be curves of minimum proper time, since then they would always be

infinitesimally close to a null curve as we increase the number of jagged edges.

s
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Figure 4:

This is how you can remember which twin in the twin paradox ages more. The one who stays on the
Earth’s geodesic experiences more proper time.
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