13
General Relativity

13.1 Points and their coordinates

We use coordinates to label the physical points of a spacetime and the
mathematical points of an abstract object. For example, we may label a
point on a sphere by its latitude and longitude with respect to a polar
axis and meridian. If we use a different axis and meridian, our coordinates
for the point will change, but the point remains as it was. Physical and
mathematical points exist independently of the coordinates we use
to talk about them. When we change our system of coordinates,
we change our labels for the points, but the points remain as they
were.

At each point p, we can set up various coordinate systems that assign
unique coordinates x*(p) and z'*(p) to p and to points near it. For instance,
polar coordinates (6, ¢) are unique for all points on a sphere—except the
north and south poles which are labeled by § = 0 and § = 7 and all
0 < ¢ < 27. By using a second coordinate system with ¢ = 0 and 0 = 7
on the equator in the (6, ¢) system, we can assign unique coordinates to the
north and south poles in that system. Embedding simplifies labeling. In a
3-dimensional euclidian space and in the 4-dimensional Minkowski space-
time in which the sphere is a surface, each point of the sphere has unique
coordinates, (z,y,z) and (t,x,y, 2).

We will use coordinate systems that represent the points of a space or
spacetime uniquely and smoothly at least in local patches, so that the maps
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o' = a'(p) = &' (p(x')) = 2 (')

2 = 2%(p) = 2 (p(x)) = 2"(2)
are well defined, differentiable, and one to one in the patches. We’ll often
group the n coordinates ! together and write them collectively as x without

(13.1)

superscripts. Since the coordinates z(p) label the point p, we sometimes will
call them “the point x.” But p and z are different. The point p is unique
with infinitely many coordinates x, 2/, 2”, ...in infinitely many coordinate
systems.

We begin this chapter by noticing carefully how things change as we
change our coordinates. Our goal is to write physical theories so their equa-
tions look the same in all systems of coordinates as Einstein taught us.

13.2 Scalars
A scalar is a quantity B that is the same in all coordinate systems
B' = B. (13.2)

If it also depends upon the coordinates of the spacetime point p(x) = p(a’),
then it is a scalar field, and

B'(z") = B(x). (13.3)

13.3 Contravariant vectors

By the chain rule, the change in dz’* due to changes in the unprimed coor-
dinates is

1%
da'" =" 02 k. (13.4)

This transformation defines contravariant vectors: a quantity A’ is a com-
ponent of a contravariant vector if it transforms like dz’

i az"
k

The coordinate differentials dz form a contravariant vector. A contravariant
vector A’(z) that depends on the coordinates is a contravariant vector
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field and transforms as

Ay =Y giz A¥(z). (13.6)
k

13.4 Covariant vectors

The chain rule for partial derivatives

0 ozk 0
Ja ~ 2 3w Dk (13.7)
k

defines covariant vectors: a quantity C; that transforms like a partial

derivative
oxk

Cj = G Cy (13.8)
k

is a covariant vector. A covariant vector C;(z) that depends on the coor-
dinates and transforms as

oxk
Ox't C(z)
k

Cl(z) = (13.9)

is a covariant vector field.

Example 13.1 (Gradient of a scalar) The derivatives of a scalar field
B'(2') = B(x) form a covariant vector field because

oB'(z') 0B(x) oz* 0B(x)
o't 9z p ozt dxk

(13.10)

which shows that the gradient 9B(z)/0x* fits the definition (13.9) of a
covariant vector field. O

13.5 Tensors

Tensors are structures that transform like products of vectors. A rank-zero
tensor is a scalar. A rank-one tensor is a covariant or contravariant vector.
Second-rank tensors are distinguished by how they transform under changes
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of coordinates:

oxk 0t

covariant  Fj; = ror el
ox" 0x'
o 0z 0l

contravariant M7 = 8kaMkl (13.11)

. Oz’ Ot

: 1o k

mixed N} = 90k 507 VL

We can define tensors of higher rank by extending these definitions to quan-

tities with more indices. The rank of a tensor also is called its order and its
degree.
If S(x) is a scalar field, then its derivatives with respect to the coordinates
are covariant vectors (13.10) and tensors
08 028 938
oz’ T DgidLh’ and - Uike = Oxtdxk ozt

Example 13.2 (Rank-2 tensors) If A and By are covariant vectors, and

Vi = (13.12)

C™ and D™ are contravariant vectors, then the product Ay By is a second-
rank covariant tensor; C™ D" is a second-rank contravariant tensor; and
A C™, A D™, By C™, and By, D™ are second-rank mixed tensors. O

Since the transformation laws that define tensors are linear, any linear
combination (with constant coefficients) of tensors of a given rank and kind
is a tensor of that rank and kind. Thus if F;; and G; are both second-rank
covariant tensors, so is their sum H;; = Fj; + Gyj.

13.6 Summation convention and contractions

An index that appears in the same monomial once as a covariant subscript
and once as a contravariant superscript, is a dummy index that is summed
over

A;B'=> A; B (13.13)

usually from 0 to 3. Such a sum in which an index is repeated once covari-
antly and once contravariantly is a contraction. The rank of a tensor is
the number of its uncontracted indices.
Although the product Aj C* is a mixed second-rank tensor, the contrac-
tion A C¥ is a scalar because
ozt 0x'* B ozt

A, CF = o g A = 5 A O = 6L A C™ = A,Cf (13.14)
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Similarly, the doubly contracted product F*Fj; is a scalar.

Example 13.3 (Kronecker delta) The summation convention and the
chain rule imply that

ozt ka_(?x’i_éi_ 1 ifi="¢
dxk 9/t — Pzt Tt | 0 ifi#£ L.

(13.15)

The repeated index k has disappeared in this contraction. The Kronecker
delta 5;- is a mixed second-rank tensor; it transforms as
§i — oz’ 927 . Oa' OxF 92"
C7 9zk 92t T T Oz 92t T 9t

and is invariant under changes of coordinates. O

Y (13.16)

13.7 Symmetric and antisymmetric tensors

A covariant tensor is symmetric if it is independent of the order of its in-
dices. That is, if S;r = Ski, then S is symmetric. Similarly a contravariant
tensor S*" is symmetric if permutations of its indices k, £, m leave it un-
changed. The metric of spacetime g;x(x) = ggi(x) is symmetric because its
whole role is to express infinitesimal distances as ds? = g;x(x)dz’dz® which
is symmetric in ¢ and k.

A covariant or contravariant tensor is antisymmetric if it changes sign
when any two of its indices are interchanged. The Maxwell field strength
Fre(x) = — Fy(x) is an antisymmetric rank-2 covariant tensor.

If T% ¢;;, = 0 where €19 = — €91 = 1 is antisymmetric, then T2 — T2 = 0.
Thus T% €;;, = 0 means that the tensor T is symmetric.

13.8 Quotient theorem

Suppose that B has unknown transformation properties, but that its prod-
uct BA with all tensors A a given rank and kind is a tensor. Then B must
be a tensor.

The simplest example is when B; A’ is a scalar for all contravariant vectors
Al

BIA" = B;AJ. (13.17)
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Then since A’ is a contravariant vector

pat = g% 4 g (13.18)
% - 81‘j ) .
or
13 .
<ngzj - Bj) Al =0, (13.19)

Since this equation holds for all vectors A, we may promote it to the level
of a vector equation

ox't

B{@ - B;j=0. (13.20)
Multiplying both sides by 027 /02'% and summing over j, we get
ox't 0xJ oz’
/
Yoxd 0x'F T o'k (13:21)

which shows that the unknown quantity B; transforms as a covariant vector

I ox’

The quotient rule works for tensors A and B of arbitrary rank and kind.
The proof in each case is similar to the one given here.

13.9 Tensor equations

Maxwell’s homogeneous equations (12.51) relate the derivatives of the field-
strength tensor to each other as

0= &‘ij + akFij + 8iji. (13.23)

They are generally covariant tensor equations (sections 13.19 & 13.20).
They follow from the Bianchi identity (12.77)

dF = ddA = 0. (13.24)

Maxwell’s inhomgeneous equations (12.52) relate the derivatives of the field-
strength tensor to the current density j¢ and to the square root of the mod-
ulus g of the determinant of the metric tensor g;; (section 13.12)
a(vg F™) ;
\g;k = 1o~/97" (13.25)
They are generally covariant tensor equations. We’ll write them as the diver-

gence of a contravariant vector in section 13.29, derive them from an action
principle in section 13.31, and write them as invariant forms in section 14.7.
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If we can write a physical law in one coordinate system as a tensor equation
G3¢(x) = 0, then in any other coordinate system the corresponding tensor
equation G'*(2') = 0 is valid because

a,L,/i ax/k

G/ik(xl) _ o 8x€

G (z) = 0. (13.26)

Physical laws also remain the same if expressed in terms of invariant forms.
A theory written in terms of tensors or forms has equations that
are true in all coordinate systems if they are true in any coordinate
system. Only such generally covariant theories have a chance at being right
because we can’t be sure that our particular coordinate system is the correct
one. One can make a theory the same in all coordinate systems by applying
the principle of stationary action (section 13.31) to an action that is invariant
under all coordinate transformations.

13.10 Comma notation for derivatives

Commas are used to denote derivatives. If f(0,¢) is a function of  and ¢,
we can write its derivatives with respect to these coordinates as

and f7¢ = 8¢f = g (13.27)

0
fo=o=9 2!

0
And we can write its double derivatives as

% f 0% f 0% f

_YJ — d =2, 13.28
f,@@ 902’ f,9¢ aeaqb’ an f7¢¢ a¢2 ( )
If we use indices i, k, . .. to label the coordinates z*, z*, then we can write
the derivatives of a scalar f as
of 0% f
f}i = azf = O and f,ik = 8k81f = m (13.29)
and those of tensors T and Fjj, as
N O°F;
ko_ = Tk
’ng = W and Flkuf = 8x]8xé (1330)

and so forth.
Semicolons are used to denote covariant derivatives (section 13.15).
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13.11 Basis vectors and tangent vectors

A point p(z) in a space or spacetime with coordinates z is a scalar (13.3)
because it is the same point p'(z') = p(2’) = p(x) in any other system of
coordinates x’. Thus its derivatives with respect to the coordinates
Ip(x)
ox’

form a covariant vector e;(x)

=ei(z) (13.31)

_ op'(z')  op(x)  Oz"op(x)  Oa”

/ / —
i(@) ox't 9z 92t dzk  Ox' ex().

(13.32)

Small changes dx® in the coordinates (in any fixed system of coordinates)
lead to small changes in the point p(x)

dp(z) = e;j(x) dz’. (13.33)

The covariant vectors e;(x) therefore form a basis (1.53) for the space or
spacetime at the point p(x). These basis vectors ¢;(x) are tangent to the
curved space or spacetime at the point x and so are called tangent vectors.
Although complex and fermionic manifolds may be of interest, the manifolds,
points, and vectors of this chapter are assumed to be real.

13.12 Metric tensor

A Riemann manifold of dimension d is a space that locally looks like d-
dimensional euclidian space E¢ and that is smooth enough for the derivatives
(13.31) that define tangent vectors to exist. The surface of the Earth, for
example, looks flat at distances less than a kilometer.

Just as the surface of a sphere can be embedded in flat 3-dimensional
space, so too every Riemann manifold can be embedded without change
of shape (isometrically) in a euclidian space E™ of suitably high dimen-
sion (Nash, 1956). In particular, every Riemann manifold of dimension d = 3
(or 4) can be isometrically embedded in a euclidian space of at most n = 14
(or 19) dimensions, E'* or E'Y (Giinther, 1989).

The euclidian dot products (example 1.17) of the tangent vectors (13.31)
define the metric of the manifold

n
gir(@) = (@) - ex(z) = 3 (@) ef (@) = ex(w) - i) = gualw)  (13.34)

a=1

which is symmetric, gix(z) = gri(x). Here 1 < i,k < dand 1 < a < n.
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The dot product of this equation is the dot product of the n-dimensional
euclidian embedding space E”.

Because the tangent vectors e;(x) are covariant vectors, the metric tensor
transforms as a covariant tensor if we change coordinates from z to x’

ox? ox'
gip(z') = D2 D gje(z). (13.35)

The squared distance ds® between two nearby points is the dot product
of the small change dp(x) (13.33) with itself

ds® = dp(x) - dp(z) = (e;(x) da?) - (e (z) da®)

4 ) 13.36
= e;(2) - ep(x) dotda® = gip.(x) da'da®. ( )

So by measuring the distances ds between nearby points, one can determine
the metric g;x(x) of a Riemann space.

Example 13.4 (The sphere S? in E3) In polar coordinates, a point p
on the 2-dimensional surface of a sphere of radius R has coordinates p =
R(sin @ cos ¢, sin @ sin ¢, cos #) in an embedding space E3. The tangent space
E? at p is spanned by the tangent vectors
Op . .
€0 =Py =55 = R (cos 0 cos ¢, cos 0sin ¢, —sin 6)
(13.37)

ep =Dy = gz = R (—sinfsin ¢, sin 6 cos ¢, 0).

The dot products of these tangent vectors are easy to compute in the em-
bedding space E3. They form the metric tensor of the sphere

. . 2
g= (00 90) _ (€oveo €oveo) (HT 0N (433
960 99 €y €y €y €4 0 R°sin“6
Its determinant is det(g;x) = R*sin®6. Since ep - €4 = 0, the squared in-
finitesimal distance (13.36) is

ds* = ey - egdf* + e, - 5 dp* = R*dO* + R*sin® 0 dp>. (13.39)

We change coordinates from the angle 6 to a radius » = Rsinf/a in
which a is a dimensionless scale factor. Then R2df? = a%dr?/cos®#, and
cos?f =1 —sin?0 =1 —a?r?/R? =1 —r2/L? where L? = (R/a)?. In these
coordinates, the squared distance (13.39) is

a2

2 __
ds” = 1—1r2/L?

dr® + a*r? d¢? (13.40)
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and the r, ¢ metric of the sphere and its inverse are

g = a? <( 7’0/ ) :)2> and ¢! =a? ( g/ 7“02) . (13.41)

The sphere is a maximally symmetric space (section 13.24). O

Example 13.5 (Graph paper) Imagine a piece of slightly crumpled graph
paper with horizontal and vertical lines. The lines give us a two-dimensional
coordinate system (z!, 22) that labels each point p(z) on the paper. The vec-
tors e1(z) = O1p(x) and ez(x) = dap(x) define how a point moves dp(x) =
e;(x) dz* when we change its coordinates by dz' and dx?. The vectors e (x)
and ey (z) span a different tangent space at the intersection of every horizon-
tal line with every vertical line. Each tangent space is like the tiny square of
the graph paper at that intersection. We can think of the two vectors e;(x)
as three-component vectors in the three-dimensional embedding space we
live in. The squared distance between any two nearby points separated by
dp(z) is ds* = dp*(z) = e¥(z)(dz')? + 2e1(x) - ea(x) drlda? + €3(x)(dx?)?
in which the inner products g;; = e;(z) - ej(x) are defined by the euclidian
metric of the embedding euclidian space R3. O

But our universe has time. A semi-euclidian spacetime E(*4%) of di-
mension d is a flat spacetime with a dot product that has ¢ minus signs
and ¢ = d — u plus signs. A semi-riemannian manifold of dimension d
is a spacetime that locally looks like a semi-euclidian spacetime E(wd—u)
and that is smooth enough for the derivatives (13.31) that define its tangent
vectors to exist.

Every semi-riemannian manifold can be embedded without change of
shape (isometrically) in a semi-euclidian spacetime E(*4~%) for sufficiently
large ¢ and d (Greene, 1970; Clarke, 1970). Every physically reasonable (glob-
ally hyperbolic) semi-riemannian manifold with 1 dimension of time and 3
dimensions of space can be embedded without change of shape (isometri-
cally) in a flat semi-euclidian spacetime of 1 temporal and at most 19 spatial
dimensions E(19) (Miiller and Sanchez, 2011; Aké et al., 2018).

The semi-euclidian d-dimensional dot products of the tangent vectors of an
n-dimensional semi-riemannian manifold define its metric for 0 < i,k < n—1

" d
gin(z) = ei(@) - ex(z) = — ; e (z) e (2) + a;ﬂ @@ g

= e;q(x) €5 (z) = €' (x) eqr ().
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The metric (13.42) is symmetric g;x(x) = gri(z).
The squared pseudo-distance or line element ds® between two nearby
points is the inner product of the small change dp(z) (13.33) with itself

ds® = dp(x) - dp(z) = (ej(x) da?) - (ex(z) da®)

4 ) 13.43
= e;(2) - ep(z) dotda® = gip.(x) da'da®. ( )

Thus measurements of line elements ds? determine the metric g;z(x) of the
spacetime.

Some Riemann spaces have simple embeddings in semi-euclidian spaces.
One example is the hyperboloid H?2.

Example 13.6 (Hyperboloid H?) If we embed a hyperboloid H? of radius

R in a semi-euclidian spacetime E12) | then a point p = (x,y,z) on the 2-

dimensional surface of H? obeys the equation 22+%? = 22— R? and has polar

coordinates p = R(sinh 6 cos ¢, sinh §sin ¢, cosh §). The tangent vectors are
Op . .

€ =DPp= 5y = R (cosh 6 cos ¢, cosh 0 sin ¢, sinh 6)

€ =Py = gg = R (—sinh fsin ¢, sinh  cos ¢, 0).

(13.44)

The semi-euclidian metric of EX2) is (1,1,—1), so the inner products are
o0 = €g-€eqg = R?, 906 = €9 €5 =0,and g4 = €4 €4 = R2sinh?#. Thus
the metric and line element of H? are

_ 21 0 2 _ p2 92 2 12 2
g=R <0 sinh2 0 and ds* = R*df” + R” sinh* 0 d¢~. (13.45)
If we change coordinates from the angle 6 to a radius r = Rsinh6/a

in which a is a dimensionless scale factor, then in terms of the parameter
L? = (R/a)?, the metric and line element (13.45) are (exercise 13.7)

r_ o (47?0771 0 2 _ 2 dr? 2 7.2
g =a ( 0 .2 and ds®=a 1+7"2/L2+T d¢
(13.46)

which describe one of only three maximally symmetric (section 13.24) two-
dimensional spaces. The other two are the sphere S? (13.40) and the plane.
Use of the metric (1,1, 1) of ordinary euclidian space E? leads to a hyper-

boloid that is not maximally symmetric (exercise 13.11).
O
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13.13 Inverse of metric tensor
The metric g = g is a nonsingular matrix (exercise 13.4), and so it has an
inverse g~ = ¢** that satisfies

g lg=1 or ¢*gr =103, =g"g, (13.47)

in all coordinate systems. The inverse metric ¢’* is a rank-2 contravariant
tensor (13.11) because the metric gis is a rank-2 covariant tensor (13.35).
To show this, we combine the transformation law (13.35) with the definition
(13.47) of the inverse of the metric tensor

- - o 0x” 0x®
0 =" gk = 9" 5 p =7 s (13.48)

and multiply both sides by

‘e 8:5’6 3xw

ozt dxv’
Use of the Kronecker-delta chain rule (13.15) now leads (exercise 13.5) to

(13.49)

. ax/i 8x/’u
nv I\ tu

which shows that the inverse metric ¢g’* transforms as a rank-2 contravariant
tensor.

The contravariant vector A’ associated with any covariant vector Aj is
defined as A" = ¢'* A;, which ensures that A* transforms contravariantly
(exercise 13.6). This is called raising an index. It follows that the covari-
ant vector corresponding to the contravariant vector A’ is A = gi; A* =
Jki gie Ay = (5£ Ay = A, which is called lowering an index. These defini-
tions apply to all tensors, so Tt = g% gkng”ijn, and so forth.

Example 13.7 (Making scalars) Fully contracted products of vectors and
tensors are scalars. Two contravariant vectors A* and B¥ contracted with the
metric tensor form the scalar g;, A*B*¥ = A, B*. Similarly, ¢'* A; B, = A*Bj,.
Derivatives of scalar fields with respect to the coordinates are covariant
vectors S ; (example 13.1) and covariant tensors S ;; (section 13.5). If S is
a scalar, then S ; is a covariant vector, gikS,k is a contravariant vector, and
the contraction gikS’i S i is a scalar. O

In what follows, I will often use space to mean either space or spacetime.
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13.14 Dual vectors, cotangent vectors

Since the inverse metric g** is a rank-2 contravariant tensor, dual vectors
el = gi*ey (13.51)

are contravariant vectors. They are orthonormal to the tangent vectors ey
because

e eq=g"%er - e0 = g% gro = 0} (13.52)

Here the dot product is that of the embedding euclidian (13.34) or semi-
euclidian (13.42) space. The dual vectors e’ are called cotangent vectors
or tangent covectors. The tangent vector ey, is the sum e;, = gi; €’ because

gri€ = griges = 5£ er = e. (13.53)

The definition (13.51) of the dual vectors and their orthonormality (13.52) to
the tangent vectors imply that their inner products are the matrix elements
of the inverse of the metric tensor
eel =gFep-ef =gt (5£ = g (13.54)
The outer product P = erek = eFey of a tangent vector e with its
cotangent vector e¥ is the identity matrix of the tangent space because
Pe; = epefe; = e, 0F = ¢; and Pel = eFey - el = ekéi =¢
P% =ej eg =M ey = 1% = 03. (13.55)

Details and examples are in the file tensors.pdf in Tensors_and_general_relativity
at github.com/kevinecahill.

13.15 Covariant derivatives of contravariant vectors

The covariant derivative D,V of a contravariant vector V* is a derivative
of V¥ that transforms like a mixed rank-2 tensor. An easy way to make such
a derivative is to note that the invariant description V(z) = Vi(x) e;(x) of a
contravariant vector field V() in terms of tangent vectors e;(x) is a scalar.
Its derivative

oV oV’

. Oe;
o9zl ozl 7 l

i gl
+ ozt

(13.56)



522 General Relativity

is therefore a covariant vector. And the inner product of that covariant vector
V¢ with a contravariant tangent vector ¥ is a mixed rank-2 tensor

D, VF = V= ek (erZ +e; gVZ) = ok 14 + eF eMVi (13.57)
= Ve + e ez,g VZ. .
The inner product e* - ei,¢ is usually written as
0
eF ey =eb St =TH (13.58)

ozt —
and is variously called an affine connection (it relates tangent spaces lack-
ing a common origin), a Christoffel connection, and a Christoffel sym-
bol of the second kind. The covariant derivative itself is often written with
a semicolon, thus

DV =VE=VE ek, vi=VE4 TR,V (13.59)

The present notation I'*, ;0 1s that of Misner, Thorne, and Wheeler (Misner
et al., 1973); some other authors use Fk But in standard formulations of
general relativity I‘kw =Tk 4i» S0 the dlfference in notation doesn’t matter.

Example 13.8 (Covariant derivatives of cotangent vectors) The equation

0= 6 o= (e g “€i) 0 = 6?@ cej+ ek €. (13.60)

and the identity e; e’ = I (13.55) imply that the covariant derivatives of
cotangent vectors vanish

k_ ok ok ooi_ ok ko ik k _
Dye® = ey +e"-eipe’ =ey—efy-eie’ =ey—ey=0. (13.61)
O

Under general coordinate transformations, D,V* transforms as a rank-2
mixed tensor

2’k Ox
(DV*) (@) = (Vi) (a) = ?ax gmv (z) = a2l Vi (@), (13.62)

In a more explicit notation, D,V* transforms as
1 9x'* 9x™ ox'* o™ (VP

DVF) = S D,V =
( ¢ Oxp 9zt " dzP Oz’ <8xm
o2’k ovn N ox'* o™
~ Ozn 0z QP Ot

(13.63)

p n
V-
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Following Yang and Mills (Section 11.17), we also may define D,V* as
D,V'* = (D,V*)". The condition on the connection then is that

ov'k o [0x'* ox'™
vtk 1k 1k __ 1k
DV = ox't V= ox't <61‘” Vn) L me oxn
ox'* oV 0%a'* e 0x'™
= 9am da + Ox'tdxn VI T oxn Ve (1369
B py  OFovr 9xF oxm
= (DeVT) = oz Ox'* ~ OxP Ox!t™ ™™
The last two lines of this equation require that
0%a'% vk Z@m’m n_ dx'* 9x™
0x'toxn e Qan Oxp Ozt~ ™M
or since V"™ is an arbitrary contravariant vector, that
. ax/m 8$/k o™ , alek
ml = nm . _10a..n"
oxn  OxP Oz’ Ox'tox™
Multiplying both sides by z7}, we find that the connection ka must trans-
form as

V'fl

n

v (13.65)

T (13.66)

ox™ 9x'F 9™ » oz 0%a'*
ox't dxp Ox't " Qx’t a'tOxn
Thus for D,V* = V’j +ka V' to be a covariant derivative, the connection T’
must transform inh’omogeneously, like a gauge field (11.88). Any connection
I" that transforms this way (13.67) makes D,V = V’lz + Tk, Vi a covariant
derivative. The connection Fkie is not itself a tensor, but the difference I Izz —
ka between any two connections that satisfy the condition (13.67) is a
tensor because the inhomogeneous terms in it cancel.

The most general connection I‘kw that makes D,V* = V’]l? + I‘kw Via

covariant derivative is the sum of an arbitrary rank-3 tensor Tkie and the

1k
' =

(13.67)

connection (13.58) ¥ - e;
Phy = T 4 ¢ iy (13.69)

Tangent basis vectors e; are derivatives (13.31) of the spacetime point p
with respect to the coordinates !, and so ei,r = €g,; because partial deriva-
tives commute

Oe; *p 0?p
ei’g = 72 = 7 - = - 7= eg’i. (1369)
Ox oxtoxt  OJx'*Ox

Thus the affine connection (13.58) is symmetric in its lower indices

Ty =" e =cb ey =T", (13.70)
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The formula (13.58) I'*,, = €* - ¢; 4 for the connection leads to a transfor-
mation law

[k ok oel; _ ox'* d9z™ Oz oy ox'* 9%
i ozt Qxp Ox't 9zt M Qx™ OOz’ (13.71)
= x"’; CC?Z/ (E’T;/ FQTI’L + x:’; 1':211‘/

(exercise 13.8) which is equivalent to the transformation law (13.67) (exer-
cise 13.9).

Since the affine connection I’kié is symmetric in ¢ and £, in four-dimensional
spacetime, there are 10 I'’s for each k, or 40 in all. The 10 correspond to 3
rotations, 3 boosts, and 4 translations.

13.16 Covariant derivatives of covariant vectors

The derivative of the scalar V = Vj, ¥ is the covariant vector
V= (Vie®) o= Vie + Vil (13.72)

Its inner product with the covariant vector e; transforms as a rank-2 covari-
ant tensor. Thus using again the identity (13.60), we see that the covariant

derivative of a covariant vector is
D)V, = Vi;é =e;- V;g =e€;- (Vk’g ek + Vi efcg) = 5? Vk7g +e;- efcg Vi (13 73)
=Vig—ei- Vi =Viy—T%, Vi

D,V; transforms as a rank-2 covariant tensor because it is the inner product
of a covariant tangent vector e; with the derivative V, of a scalar. Note that
Ffe appears with a minus sign in V;,, and a plus sign in V’Z

Example 13.9 (Covariant derivatives of tangent vectors) Using again the
projection matrix (13.55), we find that

k
Dye; =eip=eip—eip-eep=eip—e =0 (13.74)

covariant derivatives of tangent vectors vanish. ]

13.17 Covariant derivatives of tensors

Tensors transform like products of vectors. So we can make the derivative of
a tensor transform covariantly by using Leibniz’s rule (5.49) to differentiate
products of vectors and by turning the derivatives of the vectors into their
covariant derivatives (13.59) and (13.73).
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Example 13.10 (Covariant derivative of a rank-2 contravariant tensor)
An arbitrary rank-2 contravariant tensor T transforms like the product of
two contravariant vectors A* B¥. So its derivative 9,7 transforms like the
derivative of the product of the vectors A* B

Dy(A? B¥) = (9,A%) B* + A" 9,B". (13.75)

By using twice the formula (13.59) for the covariant derivative of a con-
travariant vector, we can convert these two ordinary derivatives 9y A* and
9y B* into tensors

Dy(A" B*) = (A" B*)y = (A" +T";, A)B* + A"(B, + T*;, B/)

-k , _— k T (13.76)
=(A'B )’g—FFngAJ B*+T jEAZBJ.
Thus the covariant derivative of a rank-2 contravariant tensor is
D™ =T%, =T%, 4T, T + T*,, Y. (13.77)
It transforms as a rank-3 tensor with one covariant index. O

Example 13.11 (Covariant derivative of a rank-2 mixed tensor) A rank-
2 mixed tensor T ik transforms like the product A’ By of a contravariant
vector A® and a covariant vector By,. Its derivative 9, ik transforms like the
derivative of the product of the vectors A’ By,

Ou(A' By,) = (0,A") By, + A" 0, By, (13.78)

We can make these derivatives transform like tensors by using the formulas
(13.59) and (13.73)

Dy(A’ By) = (A" By)y = (Al + Ty A) By, + A'(Bry — T, B))

: i A i ; (13.79)
= (A Bk)’g —|—Fj£A B, —T MA Bj.
Thus the covariant derivative of a mixed rank-2 tensor is
DyT! =Ty =T, +1%,T° -1V, T (13.80)
It transforms as a rank-3 tensor with two covariant indices. O

Example 13.12 (Covariant derivative of a rank-2 covariant tensor) A
rank-2 covariant tensor T;; transforms like the product A; Bj of two covari-
ant vectors A; and By. Its derivative 9,T;; transforms like the derivative of
the product of the vectors A; By,

ag(Az Bk) = (8@141) By + A; 0y By,. (13.81)
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We can make these derivatives transform like tensors by twice using the
formula (13.73)

Dy(A; By) = (Ai Bi)ye = Aiyo Br + A; Bry
= (Aiy — 17 Aj) By + Ai(Bre — 17, B;)  (13.82)
= (A;By) — 17, A; B, —T7,, A; B;.
Thus the covariant derivative of a rank-2 covariant tensor Tj is

Dy Tyt = Tipe = Tiye — 173y Tjpe — 17, Ty (13.83)

It transforms as a rank-3 covariant tensor.

Another way to derive the same result is to note that the scalar form of a
rank-2 covariant tensor Ty is T = €' ® e¥ Ty, So its derivative is a covariant
vector

T,= ei®ekTik,g—|—efg®ek Ek+ei®ef}ﬂ-k. (13.84)
Using the projector P; = e/e; (13.55), the duality €’ - e, = 4!, of tangent
and cotangent vectors (13.52), and the relation e; - efg = —¢ek. €j 0= —F;?g

(13.58 & 13.60), we can project this derivative onto the tangent space and
find after shuffling some indices

(e"en@elej) Ty=c @ Ty o+ e" @ e (en- ) Tip +e" @l (ej- )T,
= ®eP Tigye—€"® e Fing Ty —e' ®¢l I‘k][ Tix
= (' ® ") (Tikaf — I Ty =17, Tij)
which again gives us the formula (13.83). O

As in these examples, covariant derivatives are derivations:

The rule for a general tensor is to treat every contravariant index as in
(13.59) and every covariant index as in (13.73). The covariant derivative of
a mixed rank-4 tensor, for instance, is

T, =T+ Tihre,, + Tomrt, 1007 — Teb T (13.86)
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13.18 The covariant derivative of the metric tensor vanishes

The metric tensor is the inner product (13.42) of tangent basis vectors
Gik = € ag € (13.87)
in which « and 8 are summed over the dimensions of the embedding space.
Thus by the product rule (13.82), the covariant derivative of the metric
Dy gir: = Gikye = De (€5 Nagp e}f) = (Dyef) Nagp ef + ej* nap Dy ef =0 (13.88)

vanishes because the covariant derivatives of tangent vectors vanish (13.74),
Dyefr = ef‘;e =0 and Dgeg = e'g;e =0.

13.19 Covariant curls

Because the connection ka is symmetric (13.70) in its lower indices, the
covariant curl of a covariant vector V; is simply its ordinary curl

Vii — Vi = Vo — Vi T%y = Vig + Vi TV = Vi — Vi (13.89)

Thus the Faraday field-strength tensor Fy = Ay ; — A; ¢ being the curl of
the covariant vector field A; is a generally covariant second-rank tensor.

13.20 Covariant derivatives and antisymmetry
The covariant derivative (13.83) A is Ajex = Aig e — Ame T — Ain T™ ..
If the tensor A is antisymmetric A;; = — Ay, then by adding together the
three cyclic permutations of the indices i/k, we find that the antisymmetry
of the tensor and the symmetry (13.70) of the affine connection I'™,, = T'™.
conspire to cancel the terms with I's
Aif;k + Aki;ﬁ + Aék;i - Aiﬁ,k - Amé szk - Azm Fmék
+ Apie — Ami Tgp — Apm T
+ Awyi — A T — A Ty
= Air e + Arie + Aok i (13.90)
an identity named after Luigi Bianchi (1856-1928).

The Maxwell field-strength tensor Fj, is antisymmetric by construction
(Fy = Ayi — A; ), and so Maxwell’s homogeneous equations

1 ijkt
2 €77 Fjkye = Ejie & Fiej + Fijop

(13.91)
= Ap,jo — Aj ke + Ar g — Apyej + Ajor — A = 0
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are tensor equations valid in all coordinate systems.

13.21 What is the affine connection?

We insert the identity matrix (13.55) of the tangent space in the form e’ e;
into the formula (13.58) for the affine connection I'*,, = €* - ¢; 4. In the
resulting combination ka =eF. el €j - €g,; We recognize ek . e as the inverse
(13.54) of the metric tensor e - ¢/ = g". Repeated use of the relation
€ik = ek, (13.69) then leads to a formula for the affine connection

Fkie =l ¢ VS ek . el ej €= ek . el ej e = %gkj (ej “ejetej- eg,i)
= %g ( €j - €z —eje-e+ (ej - 6@)71' —€j,i- eg)
= %g (g]z ¢+t Gjei —€j0-€ — € eé) (13.92)
:%9 (g]zﬁ—l-ggh—eé,j'ez‘—ez’,j'ez)
= 59" (gjie + gje0 — (ei - e0) 5) = 5 6 (9ji,e + Gjei — 9ie,5)

in terms of the inverse of the metric tensor and a combination of its deriva-
tives. The metric g;. determines the affine connection ka.
The affine connection with all lower indices is

Thie = gkl i = & (Gniye + Gneyi — Gien) - (13.93)

13.22 Parallel transport

The movement of a vector along a curve on a manifold so that its length
and direction in successive tangent spaces do not change is called parallel
transport. In parallel transport, a vector V = VFe;, = Vk ek may Change
av. =1V, dz’, but the projection of the change PdV = e'e; dV = e;e' dV
into the tangent space must vanish, PdV = 0. In terms of its contravari-
ant components V = V¥e,, this condition for parallel transport is just the
vanishing of its covariant derivative (13.59)

=e . dV =¢- V. dat = e - (Vkek)7gd.fz =e. (Vj}ek + Vkek,g> dat

= (0Vh+ e enp VF) daf = (Vi + T V) da,
(13.94)
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In terms of its covariant components V = VjeF, the condition of parallel
transport is also the vanishing of its covariant derivative (13.73)

0=¢dV =¢;- V7gd:v£ =e;- (Vkek)xda:é =e¢;- (Vk,gek + Vk@?g) dat
(13.95)
- (5ka,€ +ei-d, Vk> dz’ = (Vg Tk, Vk> dz.

If the curve is z‘(u), then these conditions (13.94 & 13.95) for parallel trans-
port are

A - dxt . dxt % dzt dzt

—— =Vi— = 1, VF=— and —=V;,— =I%,V, —.

du *du ke du an du " du €k
(13.96)

Example 13.13 (Parallel transport on a sphere) We parallel-transport
the vector v = ey = (0,1,0) up from the equator along the line of longitude
¢ = 0. Along this path, the vector v = (0,1,0) = ey is constant, so Jgv = 0
and so both e - ey, = 0 and e? . €s,0 = 0. Thus Dyv* = v,ka = 0 between the
equator and the north pole. As § — 0 along the meridian ¢ = 0, the vector
v = (0,1,0) approaches the vector ey of the ¢ = 7/2 meridian. We then
parallel-transport v = eg down from the north pole along that meridian to
the equator. Along this path, the vector v = ey/r = (0, cos, — sin 0) obeys
the parallel-transport condition (13.95) because its #-derivative is

vy = r_leﬂ = (0,cos¥, —sinG)’a = — (0,sinf,cosf) = —fﬁ|¢:7r/2.

(13.97)
So v g is perpendicular to the tangent vectors ey and ey along the curve
¢ = m/2. Thus ¥ - vy =0for k =0 and k = ¢ and so v,y = 0, along
the meridian ¢ = 7/2. When ey reaches the equator, it is eg = (0,0, —1).
Finally, we parallel-transport v along the equator back to the starting point
¢ = 0. Along this path, the vector v = (0,0, —1) = ey is constant, so vy =0
and v,4 = 0. The change from v = (0,1,0) to v = (0,0, —1) is due to the
curvature of the sphere. O

13.23 Curvature

To find the curvature at a point p(zg), we parallel-transport a vector V;
along a curve x‘ that runs around a tiny square about the point p(zg). We
then measure the change in the vector

AV, = ¢ T* V. dat. 13.98
A
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¢

On the curve z*, we approximate I'¥,(z) and Vi (z) as

I%(@) = T(20) + Fkif,n(xo) (z —x0)" (13.99)
Vie(x) = Vi(zo) + T, (20) Vin(x0) (2 — z0)"™.
So keeping only terms linear in (x — x)™, we have
AV; = ]'{ %, Vi, dat (13.100)

= [P0 (20) Vo) + T3 0) T (0) Vi) (o = 0" i’
= [P0 0) Vo) T 0) Py 00) Vi) | (o= )" i’

after interchanging the dummy indices k& and m in the second term within
the square brackets. The integral around the square is antisymmetric in n
and ¢ and equal in absolute value to the area a? of the tiny square

?{(ac —x0)"dzt = +a? ey (13.101)

The overall sign depends upon whether the integral is clockwise or counter-
clockwise, what n and ¢ are, and what we mean by positive area. The integral
picks out the part of the term between the brackets in the formula (13.100)
that is antisymmetric in n and ¢. We choose minus signs in (13.101) so that
the change in the vector is
AV, = a® [T%,, , =Tk, + T, T =Tk rmw] V. (13.102)

in
The quantity between the brackets is Riemann’s curvature tensor

Rkién = ka,f - Fkéi,n + Fkém anz - Fknm lez" (13103)
The sign convention is that of (Zee, 2013; Misner et al., 1973; Carroll,
2003; Schutz, 2009; Hartle, 2003; Cheng, 2010; Padmanabhan, 2010). Wein-
berg (Weinberg, 1972) uses the opposite sign. The covariant form R;jze of

: ) : k
Riemann’s tensor is related to RY;, by
Rijre = ngan and Rijké = ngnjkE' (13.104)

The Riemann curvature tensor is the commutator of two covariant deriva-
tives. To see why, we first use the formula (13.83) for the covariant derivative
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D,,D,V; of the second-rank covariant tensor D,V
DyD,Vi = D, (Vg Tk, Vk)
= Visn =T Vi = T Vi (13.105)
s (Vi = T Vin) = T, (Vign = T%,Va)

Subtracting DyD,,V;, we find the commutator [D,,, Dy]V; to be the contrac-
tion of the curvature tensor Rkwn (13.103) with the covariant vector Vj

iln V.
(13.106)

[Dn, DelVi = (ka',é — Ty + T T = TP, Fjéi) Vi = RF

Since [D,,, D]V} is a rank-3 covariant tensor and Vj is an arbitrary covariant
vector, the quotient theorem (section 13.8) implies that the curvature tensor
is a rank-4 tensor with one contravariant index.

If we define the matrix I'y with row index k and column index 7 as ka

I, = (13.107)

then we may write the covariant derivatives appearing in the curvature ten-
sor Rkien as Dy =0y + 1y and D,, = 0, + I';,. In these terms, the curvature
tensor is the 7, k matrix element of their commutator

Rkiﬂn = [8@ + Ty, 0n + Fn}kl = [De, Dn]k .

)

(13.108)
The curvature tensor is therefore antisymmetric in its last two indexes

R, = —RF ., (13.109)

2

The curvature tensor with all lower indices shares this symmetry
Rjipn = gijkien = - gijkmg = — Rjine (13.110)

and has three others. In Riemann normal coordinates the derivatives of the
metric vanish at any particular point z,.. In these coordinates, the I'’s all
vanish, and the curvature tensor in terms of the I’s with all lower indices
(13.93) is after a cancellation

Ryion = Fkni,é - Fkﬁi,n = % (gkn,ié — 9nikt — Gkl,in + gfi,kn) . (13111>

In these coordinates and therefore in all coordinates, Ry, is antisymmetric
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in its first two indexes and symmetric under the interchange of its first and
second pairs of indexes

Rijre = — Rjiee and  Rijrr = Riyeij- (13.112)

Cartan’s equations of structure (13.344 & 13.346) imply (13.358) that the
curvature tensor is antisymmetric in its last three indexes

0= Ry =5 (R]iu R+ Ry — Ry — Ry — RJKki) (13.113)
and obeys the cyclic identity
0= Ry, + Ry + Ry (13.114)
The vanishing (13.113) of R;j;jg implies that the completely antisymmetric
part of the Riemann tensor also vanishes
1
0= Ryjjrg = 1 (Rijre — Rjire — Rirje — Rijor + Rjrie -+ ) - (13.115)
The Riemann tensor also satisfies a Bianchi identity

0= Rijtpe - (13.116)

These symmetries reduce 256 different functions Rijkg(l') to 20.
The Ricci tensor is the contraction

Rin = RF,.. (13.117)
The curvature scalar is the further contraction

R =g" Ryp. (13.118)

Example 13.14 (Curvature of the sphere S?) While in four-dimensional
spacetime indices run from 0 to 3, on the everyday sphere S? (example 13.4)
they are just 6 and ¢. There are only eight possible affine connections, and
because of the symmetry (13.70) in their lower indices Fie 6= I 60> only six
are independent.

In the euclidian embedding space E3, the point p on a sphere of radius
L has cartesian coordinates p = L (sin § cos ¢, sin € sin ¢, cos ), so the two
tangent 3-vectors are (13.37)

ep=pg =L (cost cos, cost sing, —sinf) = Lo

. . o (13.119)
ey =Py = Lsinb (—sing, cos¢, 0) = Lsin6 ¢.
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Their dot products form the metric (13.38)

_ (900 gv0) _ (eo-eo eores) _ (L7 0 (13.120)
96  Goo €p-€g €y €y 0 L2 Sil’l2 0 .
which is diagonal with gg9 = L? and Jop = L?sin? 6. Differentiating the
vectors ey and ey, we find

eg,0 = — L (sinf cos ¢, sin O sin ¢, cos0) = —L
eg,p =L cosf (—sing, cosp, 0) = Lcosf ¢ (13.121)
€¢,0 =€0,¢

ep,p = — Lisinf (cos ¢, sing, 0).

The metric with upper indices g% is the inverse of the metric Gij

L2 0
-1 _
g = ( 0 L 2sin~2 0)’ (13.122)

so the dual vectors e’ = g'*e;, are

e’ = L7 (cos cos ¢, cosf sin ¢, —sin ) = L6

1 1 -
¢ _ g =
e Tsmo (—sin ¢, cos ¢, 0) Temd o. (13.123)

The affine connections are given by (13.58) as

Since both e’ and e? are perpendicular to 7, the affine connections Fego
and Fd)ga both vanish. Also, ey ¢ is orthogonal to b, so F¢¢¢ = 0 as well.
Similarly, eg ¢4 is perpendicular to 6, so Fee 6= r? o0 also vanishes.

The two nonzero affine connections are

I‘¢0¢ =e?. €96 = L 'sin'0¢-Lcoshe = cotd (13.125)
and

F9¢¢ =ef. €4, = —sinf (cos b cos ¢, cosf sin ¢, —sinf) - (cos ¢, sin ¢, 0)
= —sinf cos 0. (13.126)

The nonzero connections are F? 6= cot @ and Fgﬁaﬁ = —sinfcosf. So the
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matrices I'y and I'y, the derivative I'y 5, and the commutator [I'g,I'y] are

0 0 0 —sinfcos @
F@ = (0 cot 9> and F¢ == <C0t0 0 ) (13.127)
0 sin26 — cos? 6 0 cos2 6
Fo0 = ( csc? 6 0 > and - [T'p, I'] = <cot2 0 0 ) '

Both [I'g,T'g] and [I'y, I'y] vanish. So the commutator formula (13.108) gives
for Riemann’s curvature tensor

R?y59 =[06 + T, 09 + Tg)% =0

R¢9¢>9 =[0y + Ty, 09 + F0]¢9 = (F9,¢)¢9 + [T, FG]% =1

R’ 45 =[09 +T9,04 +Ty)’s = — (T9,¢)0¢ + [T, Ty)?, = sin®6
R¢¢¢¢ =[0s + T, 0p + F¢>]¢¢ =0. (13.128)

The Ricci tensor (13.117) is the contraction R, = R and so

mnk
mnk’
Rgg = R’ g + R¢9¢9 =1

(13.129)
Ryp = R y5 + R, = sin®0.

The curvature scalar (13.118) is the contraction R = g™ R,,,;., and so since
% = L2 and ¢%? = L2sin"20, it is
_ _ 2
R=g"Rpg+g*° Ry =L >+ L2 = 73 (13.130)
for a 2-sphere of radius L. The scalar curvature is a constant because the
sphere is a maximally symmetric space (section 13.24).
Gauss invented a formula for the curvature K of a surface; for all two-
dimensional surfaces, his K = R/2. O

Example 13.15 (Curvature of a cylindrical hyperboloid) The points of
a cylindrical hyperboloid in 3-space satisfy L? = — 22 — y? + 22 and may
be parameterized as p = L(sinh 6 cos ¢, sinh 6 sin ¢, cosh ). The coordinate

basis vectors are
ey = = L(cosh 6 cos ¢, cosh 0 sin ¢, sinh 6
9 =0, = L( ‘ ‘¢> | ) ) (13.131)
ey = p,¢ = L(—sinh @ sin ¢,sinh 0 cos ¢, 0).

If the embedding metric is m = diag(1,1, —1), then the squared distance
ds® between nearby points is

ds® = eg - egdf* + ey - esdp? = L? dO? + L? sinh? 0 do?. (13.132)
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The metric is

10
12
g=1L (o Smh20>. (13.133)

The Mathematica scripts GREAT.m and cylindrical_hyperboloid.nb com-
pute the scalar curvature as R = —2/L2. The surface is maximally symmet-
ric with constant negative curvature. This chapter’s programs and scripts
are in Tensors_and_general relativity at github.com/kevinecahill. O

Example 13.16 (Curvature of the sphere S3) The three-dimensional sphere
53 may be embedded isometrically in four-dimensional flat euclidian space
E* as the set of points p = (z,y, z, w) that satisfy L? = 22 + y? + 2% + w?.
If we label its points as

p(x,0,$) = L(sin x sin 0 cos ¢, sin x sin 0 sin ¢, sin y cos #, cos x), (13.134)
then its coordinate basis vectors are
ey = p,x = L(cos x sin f cos ¢, cos x sin  sin ¢, cos x cos , — sin x)
eg = p,p = L(sin x cos 6 cos ¢, sin x cos 6 sin ¢, —sin x sin 6, 0) (13.135)
e = p,¢ = L(—sin x sin @ sin ¢, sin x sin 6 cos ¢, 0, 0).
The inner product of E* is the four-dimensional dot-product. The basis vec-

tors are orthogonal. In terms of the radial variable r = Lsin x, the squared
distance ds? between two nearby points is

ds® = ey - exdx® + eg - egdf* + ey - €ydd?
=I? (dx2 + sin? y d6? + sin? y sin? 6 d¢2)

dr? 9 dr?
= do? + r?sin?0dg? = —————
1—sin2X+r o sin fdg 1—(r/L)?

(13.136)
+ rdQ?

where dQ? = df? + sin? 0 d¢?. In these coordinates, r, 6, ¢, the metric is

1/(1—(r/L)?) 0 0
g= 0 72 0 : (13.137)
0 0 r2sin?6
The Mathematica scripts GREAT.m and sphere_S3.nb compute the scalar
curvature as

R= 25 (13.138)

which is a constant because S? is maximally symmetric (section 13.24).
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If L2 = 212 + 222 + 232 + 22 then 2%dz? = — xldat — 22d2? — 23dx?® and
4 ‘ 3 l‘il'k ‘
ds* = (da')* =) <5ik + L22> e (13.139)
i=1 ik=1 -T
in which 2 = 212 4+ 222 4 232, OJ

Example 13.17 (Hyperboloid H3) The hyperboloid H? is a space of three

dimensions that can be isometrically embedded in the semi-euclidian space-

time E13) with a metric is that is diagonal diag(1,1,1,—1) with squared

distances ds? = dx? +dy? +dz? —dw?. The points of H? satisfy 22412422 =

w? — L2. If we label them as

p(x, 0, ¢) = L (sinhy sin 6 cos ¢, sinhy sin 0 sin ¢, sinhy cos 6, coshy)

(13.140)

then the coordinate basis vectors or tangent vectors of H> are

ey = p,x = L(coshy sin @ cos ¢, coshy sin # sin ¢, coshx cos 6, sinh)
eg = p,p = L(sinhx cos 6 cos ¢, sinhy cos 6 sin ¢, —sinhx sin6,0) (13.141)
e = p,¢ = L(—sinhy sin @ sin ¢, sinhy sin 6 cos ¢,0,0).
The basis vectors are orthogonal. In terms of the radial variable r = L sinh
the squared distance ds? between two nearby points is
ds® = e, - exdx* + eg - egdf? + ey - egdg?
= L* (dx® + sinh? x df” + sinh? x sin® 6 d¢?)
dr? 9 dr?
= ————— +7r2d0® + r’sin® 0d¢® = ————
1+ sinh? y ¢ 1+ (r/L)?

The Mathematica scripts GREAT.m and hyperboloid_H3.nb compute the
scalar curvature of H? as

(13.142)
+ r2dQ?.

6
R= — I3 (13.143)
Its curvature is a constant because H? is maximally symmetric (section 13.24).
If L2 = —2'2 — 222 — 232 4 2%2 then 2%d2* = 2'da! + 22d2? 4 23d2® and
2 - i\2 4\2 . w'zh i 7.k
- i _ Lo 4
ds* = (da')? - (dz")? = ) <6m s 932) dz'dz (13.144)

i=1 ik=1

in which x? = 212 4+ 2?22 + 232,
The only maximally symmetric 3-dimensional manifolds are S, H3, and
euclidian space E? whose line element is ds?> = dr? + r2dQ?. They are
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the spatial parts of Friedman-Lemaitre-Robinson-Walker cosmologies (sec-
tion 13.42). O

13.24 Maximally symmetric spaces

The spheres 52 and S (examples 13.4 & 13.16), the hyperboloids H? and H?
(examples ?? & ?7?), and the euclidian spaces E? and E? are maximally sym-
metric spaces. A transformation z — 2’ is an isometry if g, (z') = gir(2')
in which case the distances g;,(z")dz"*d2’* and g,(z)dz’dz* are the same.
To see what this symmetry condition means, we consider the infinitesimal
transformation z’* = 2 + ey’(x) under which to lowest order g (z') =
gik(x) + gikvgeye and dz"" = dz' + eyfjdacj . The symmetry condition requires

gir(2)datdz® = (g1, (x) + gik,geye)(dmi + eyfjda:j)(d:rk + eyfmdmm) (13.145)
or
0= gikey" + Gim Y} + ik V- (13.146)

The vector field y*(x) must satisfy this condition if 2" = 2% + ey’(x) is to
be a symmetry of the metric g;;(z). By using the vanishing (13.88) of the
covariant derivative of the metric tensor, we may write the condition on the
symmetry vector y¢(z) as (exercise 13.10)

0= Yick + Yksi- (13.147)

The symmetry vector y* is a Killing vector (Wilhelm Killing, 1847-1923).
We may use symmetry conditions (13.146) and (13.147) either to find the
symmetries of a space with a known metric or to find metrics with a partic-
ular symmetry.

Example 13.18 (Killing vectors of the sphere S?) The first Killing vector
is (49, y¢) = (0,1). Since the components of y; are constants, the symmetry
condition (13.146) says g;.¢ = 0 which tells us that the metric is indepen-
dent of ¢. The other two Killing vectors are (y§ ,yg ) = (sin ¢, cot 6 cos @)
and (yg,yg) = (cos ¢, — cot @sin ¢). The symmetry condition (13.146) for
¢t = k = 6 and Killing vectors y2 and y3 tell us that gy, = 0 and that
ge0,9 = 0. So gge is a constant, which we set equal to unity. Finally, the
symmetry condition (13.146) for i = k = ¢ and the Killing vectors y2 and
y3 tell us that gy 9 = 2cot 0geg which we integrate to gey = sin?§. The
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2-dimensional space with Killing vectors y1, y2, y3 therefore has the metric
(13.120) of the sphere S2. O

Example 13.19 (Killing vectors of the hyperboloid H2) The metric (13.45)
of the hyperboloid H? is diagonal with ggg = R? and 9pp = R?sinh? 6. The
Killing vector (y?,y¢) = (0,1) satisfies the symmetry condition (13.146).
Since ggp is independent of 6 and ¢, the 66 component of (13.146) im-
plies that 3/,99 = 0. Since gy = R? sinh? @, the ¢¢ component of (13.146)
says that yf; = —cothf 3. The 0¢ and ¢f components of (13.146) give
yib = —sinh?0 y?;. The vectors yo = (yg,yg) = (sin ¢, coth cos ¢) and
y3 = (4§, yg) = (cos ¢, — coth 0 sin ¢) satisfy both of these equations. O
The Lie derivative £, of a scalar field A is defined in terms of a vector
field y'(z) as L, A = yﬁA’g. The Lie derivative £, of a contravariant vector
F'is
LyF' =y Fly— F'y'y = y'F) — F'y, (13.148)
in which the second equality follows from yél“éka = Fef‘zkyk. The Lie
derivative £, of a covariant vector V; is

LyVi =yVio+ Vey's = v Vie + Vayl. (13.149)
Similarly, the Lie derivative £, of a rank-2 covariant tensor Tj; is
LyTi =y Tire + Tory's + Tty (13.150)

We see now that the condition (13.146) that a vector field ¢ be a symmetry
of a metric g, is that its Lie derivative

Lygik = gike v’ + gim YT + gjx v = 0 (13.151)

must vanish.

A maximally symmetric space (or spacetime) in d dimensions has d trans-
lation symmetries and d(d — 1)/2 rotational symmetries which gives a total
of d(d + 1)/2 symmetries associated with d(d 4 1)/2 Killing vectors. Thus
for d = 2, there is one rotation and two translations. For d = 3, there are
three rotations and three translations. For d = 4, there are six rotations and
four translations.

A maximally symmetric space has a curvature tensor (13.104) that is
simply related to its metric tensor

Rijie = c(gingje — 9iegjk) (13.152)

where ¢ is a constant (Zee, 2013, IX.6). Since g* g = gllj = d is the number
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of dimensions of the space(time), the Ricci tensor (13.117) and the curvature
scalar (13.118) of a maximally symmetric space are

Rjt=g" Ry =c(d—1)gjy and R=g"YRj;=cd(d—1). (13.153)

In d dimensions, there are only three maximally symmetric spaces, the
sphere S¢, which has constant positive curvature, the hyperboloid H?, which
has constant negative curvature, and d-dimensional euclidean space E¢,
which has curvature zero (Weinberg, 1972, ch. 13).

13.25 Principle of equivalence

Since the metric tensor g;;(x) is real and symmetric, it can be diagonalized
(1.359) at any point p(z) by a 4 x 4 orthogonal matrix O(x)

epc 0 0 O

Tk ¢ |0 e 0 O
o', gkng 1o 0 e 0 (13.154)

0 0 0 e3

which arranges the four real eigenvalues e; of the matrix g;;(x) in the order
eo < e1 < eg < eg. Thus the coordinate transformation (1.361)

oxk o7 k
oxt | /€]

takes any spacetime metric gx¢(z) with one negative and three positive eigen-

(13.155)

values into the Minkowski metric 7;; of flat spacetime

-1 00 0

ozF ozt 0 1 00
gke(x)Wax,jzgéj(x’)zmjz 0 0 1 0 (13.156)

0 0 0 1

at the point p(z) = p(z/).

The principle of equivalence says that in these free-fall coordinates z’,
the physical laws of gravity-free special relativity apply in a suitably small
region about the point p(x) = p(z’). It follows from this principle that the
metric g;; of spacetime accounts for all the effects of gravity.
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In the 2’ coordinates, the invariant squared separation dp? is

dp® = gj; da'"dx" = €j(a') - €/ (2') da* da"!
= e (@ )nape (z') da" da’? = 68100 da"dx’ (13.157)

= n;; da"'dz" = (dx’)? — (da°)? = ds®.

If dz’ = 0, then dt’ = v/—ds?/c is the proper time elapsed between events
p and p+dp. If dt’ = 0, then ds is the proper distance between the events.

The 2’ coordinates are not unique because every Lorentz transformation
(section 12.1) leaves the metric 7 invariant. Coordinate systems in which
gij(z") = n;; are called Lorentz, inertial, or free-fall coordinate systems.

The congruency transformation (1.361 & 13.154-13.156) preserves the
signs of the eigenvalues e; which make up the signature (—1,1,1,1) of
the metric tensor.

13.26 Tetrads

We defined the metric tensor as the dot product (13.34) or (13.42) of tangent
vectors, gie(x) = eg(z)-eo(x). If instead we invert the equation (13.156) that
relates the metric tensor to the flat metric

or'e 8$/b

then we can express the metric in terms of four 4-vectors

az/a
() = Dk

s gre(z) = (@) Ny () (13.159)

in which 7;; is the 4 x 4 metric (13.156) of flat Minkowski space. Cartan’s
four 4-vectors ¢ (z) are called a moving frame, a tetrad, and a vierbein.

Example 13.20 (Tetrads of FLRW models) The Friedman-Lemaitre-Robinson-

Walker metric (7.500,13.269) is diagonal with elements g = — ¢2, gpr =
a?/(1 — kr?/L?%), ggo = a®r?, and gss = a*r?sin? 6 in which a(t) is a scale
factor and L a cosmological length. It describes a cosmology in which space
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is maximally symmetric (Section13.24). The tetrads

c 0 0 0
a
Ct = 0 , Cr = V/1-kr?/L2 , Cop = 0 y Cp = U
0 0 ar 0
0 0 0 arsinf
(13.160)
satisfy equations (13.158 and 13.159), but they are not unique. O

Tetrads are not uniquely defined by equations (13.158 and 13.159) because
every (spacetime-dependent) Lorentz transformation L%, (z) ngp L°;(2) = 1ea
maps one set of tetrads cf,(x) to another set of tetrads ¢ () = L%.(x) cf,(x)
that represent the same metric

(@) nap & () = L. (x) ¢, () nap L 4(x) cf ()
= () Nea ¢ (z) = gre(z).

Cartan’s tetrad is four 4-vectors c¢; that give the metric tensor as g;, =

(13.161)

Ci Cp=C;-Cp — C?C%. The dual tetrads ¢!, = giknabcz satisfy

cach = 9" navcich = 9" gor = 0, (13.162)
Multiplying this equation from the right by c’lf, we find that cflcgc’g = cg
which in turn, since the tetrads c]lf are linearly independent, implies that

el = 58, (13.163)

The metric gge(x) is symmetric, gge(x) = ger(x), so it has 10 indepen-
dent components at each spacetime point x. The four 4-vectors cf, have 16
components, but a Lorentz transformation L(x) has 6 components. So the
tetrads have 16 — 6 = 10 independent components at each spacetime point.

Each tetrad c%, has 4 components, a = 0, 1, 2, 3, while each tangent vector
e”,(x) has as many components o = 0,1,2,3,...,n as there are dimensions
in the minimal semi-euclidian embedding space El" where n < 19 (Aké
et al., 2018). Another difference is that the reference frame of the tetrads
c”.(x) changes with the coordinates x, while the reference frame of the
tangent vectors e®,(x) is the embedding spacetime which remains fixed.
Both represent the metric

3 n
gre@) = D @) nap pla) = Y7 (@) ilgfyle)  (13.164)
a,b=0 a,=0

in which 7' is like n but with n diagonal elements that are unity. (Elie Cartan,
1869-1951)
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13.27 Scalar densities and g = |det(g;1)]

Let g be the absolute value of the determinant of the metric tensor g;i

g = g(z) = |det(gi(z))|. (13.165)
This determinant is negative det(g;x) < 0 in standard cosmologies where

g = |det(gik)| = — det(gix)-
Under a coordinate transformation, /g becomes

Ve =g @) = /| det(g], ()] = \/det (W Ou! )‘ (13.166)

o0 oo 91"
The definition (1.211) of a determinant and the product rule (1.232) for
determinants tell us that

ax] axz
V() = \/ det < Mi) det<w> det(gje)

where J(x/x’) is the jacobian (section 1.22) of the coordinate transformation

= |J(z/2")|\/g(z) (13.167)

J(z/a') = det <§§i> . (13.168)

A quantity s(z) is a scalar density of weight w if it transforms as
s'(2) = [J(2' )x)]"s(x). (13.169)

Thus the transformation rule (13.167) says that the determinant det(g;x) is
a scalar density of weight minus two

det (g (2)) = = [J(x/2")?g(z) = [J(2'/2)] 72 det(gje(x)).  (13.170)

We saw in section 1.22 that under a coordinate transformation x — 2’
the d-dimensional element of volume in the new coordinates d%z’ is related
to that in the old coordinates d%z by a jacobian

o 14
dix’ = J(a'Jx) dx = det (3:) ddx. (13.171)
Ox?
Thus the product /g d?z changes at most by the sign of the jacobian .J(z'/x)

when z — 2/

Vo dix =T/ T2 )2) Vg(x) diz = £/g(z) doz. (13.172)
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The quantity /g d*z is the invariant scalar \/g |d*z| so that if L(z) is a
scalar, then the integral over spacetime

/L(m) Vg dz (13.173)

is invariant under general coordinate transformations. The Levi-Civita ten-
sor provides a fancier definition.

13.28 Levi-Civita’s symbol and tensor

In 3 dimensions, Levi-Civita’s symbol €;;;, = €% is totally antisymmetric
with €193 = 1 in all coordinate systems. In 4 space or spacetime dimensions,
Levi-Civita’s symbol €0 = €7k is totally antisymmetric with €134 = 1
or equivalently with €gio3 = 1 in all coordinate systems. In n dimensions,
Levi-Civita’s symbol €;,4,..4, is totally antisymmetric with €123, = 1 or
€012..n—1 = 1.

We can turn his symbol into a pseudotensor by multiplying it by the square
root of the absolute value of the determinant of a rank-2 covariant tensor.
A natural choice is the metric tensor. In a right-handed coordinate system
in which the tangent vector ey points (orthochronously) toward the future,
the Levi-Civita tensor 7, is the totally antisymmetric rank-4 covariant

tensor
Nijke(7) = /() €ijre (13.174)

in which g(x) = | det gpn ()] is (13.165) the absolute value of the determi-
nant of the metric tensor g,,,. In a different system of coordinates 2/, the
Levi-Civita tensor n;jpe(x) differs from (13.174) by the sign s of the jaco-
bian J(z'/z) of any coordinate transformation to 2’ from a right-handed,
orthochronous coordinate system x

Nijke(x") = s(x) \/g(x') €ijne. (13.175)

The transformation rule (13.167) and the definition (1.211) and product rule
(1.232) of determinants show that nijke transforms as a rank-4 covariant

tensor
Nijre(x') = s(2") g/ () eijie = s(2) | T (x/2")|\/ g(2) €ijne
0
= J(x/x/) g(x) €ijke = det <8::’> \/geijkg (13.176)
Oxt Ox* Oz¥ Ozv oxt Ox* Oz¥ Ozv

e - - € — - n .
92" 927 9% 9zt VIV T B gati gk Pt M
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Raising the indices of n and using o as the sign of det(g;;), we have

nijk( _ g g]u gkv gﬁw Niwow = g ju kv Kw \/gftuvw — \/geijkﬁ det(gmn)
g €ijke/ det(Gmn) = 0 €ijke/ /9 = ae”k‘/\/g. (13.177)

In terms of the Hodge star (14.151), the invariant volume element is

1 , ,
Vo ldtz] = 1= 1 ke dz® A da? A da® A dat (13.178)

13.29 Divergence of a contravariant vector

The contracted covariant derivative of a contravariant vector is a scalar
known as the divergence,

V-V =Vi=Vi+ VI, (13.179)
Because g;r = gk, in the sum over i of the connection (13.58)

Iy = 39" (gie,k + Gor,i — Griye) (13.180)
the last two terms cancel because they differ only by the interchange of the
dummy indices ¢ and ¢

9" guni = 9" gik,e = 9" grie. (13.181)
So the contracted connection collapses to
Ui = 59" git - (13.182)

There is a nice formula for this last expression. To derive it, let g = gy be
the 4 x 4 matrix whose elements are those of the covariant metric tensor g;.
Its determinant, like that of any matrix, is the cofactor sum (1.220) along
any row or column, that is, over £ for fixed i or over ¢ for fixed ¢

det(g) = Y _ gie Cie (13.183)
ior/

in which the cofactor Cj is (—1)*** times the determinant of the reduced
matrix consisting of the matrix g with row ¢ and column ¢ omitted. Thus
the partial derivative of det g with respect to the ifth element g;/ is

Jdet(g)

5g ~ Ci (13.184)
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in which we allow g;; and gy; to be independent variables for the purposes
of this differentiation. The inverse g* of the metric tensor g, like the inverse
(1.222) of any matrix, is the transpose of the cofactor matrix divided by its
determinant det(g)

, Cy: 1 Jddet

it b . (13.185)

det(g) det(g) Ogu

Using this formula and the chain rule, we may write the derivative of the
determinant det(g) as

0 det(g) .
det(g) 1 = T‘[ gie,k = det(g) g& i,k (13.186)

and so since g;y = gg;, the contracted connection (13.182) is

Fi 1 il . _ det(g)ak _ |det(g)|7k _ 9,k _ (\/§)7I€

i = 39" gk = = =t =
i 2 2det(g)  2|det(g)] 2¢ NG

in which g= |det(g)| is the absolute value of the determinant of the metric
tensor.

(13.187)

Thus from (13.179 & 13.187), we arrive at our formula for the covariant
divergence of a contravariant vector:

, . . %
V~V:V§:V2+F22-szvllz+@vk=M- (13.188)
’ ) ) \/g \/g
Example 13.21 (Maxwell’s inhomogeneous equations) An important ap-
plication of this divergence formula (13.188) is the generally covariant form
(14.157) of Maxwell’s inhomogeneous equations

1 ( ke &

— (ygF ) = 10g*. (13.189)
V9 ve L
O
Example 13.22 (Energy-momentum tensor) Another application is to the
divergence of the symmetric energy-momentum tensor 7% = T7¢
T’ZJ = T;ZJ + I, T+ 17 T
(vgT )y,

== — 4V T"™

V9

(13.190)

O
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13.30 Covariant laplacian

In flat 3-space, we write the laplacian as V - V = V2 or as A. In euclidian
coordinates, both mean 92 + 83 + 02. In flat minkowski space, one often
turns the triangle into a square and writes the 4-laplacian as O = A — 93.
The gradient fj of a scalar field f is a covariant vector, and f A= gtk [k
is its contravariant form. The invariant laplacian Of of a scalar field f
is the covariant divergence f;’; . We may use our formula (13.188) for the
divergence of a contravariant vector to write it in these equivalent ways

(Va1 _ (Vag"™fr)i (13.191)
i Vi

Of = i = (4" fa)y =

13.31 Stationary action and geodesic equation

The invariant proper time for a particle to move along a path x%(t)
T2 1 ) ¢ %
T = / dr = / ( P ) (13.192)
T1 c

is extremal and stationary on free-fall paths called geodesics. We can iden-
tify a geodesic by computing the variation ddr

ie)d idpt — 2 iod i5dxt
cddr = 0/ —gydxidrt = Olgu)da’ da Jidt 0T (13.193)
2v/ —gipdaidxt
= gwké Fuiuldr — gwuiédarz gwké kututdr — gwuidé:ze
2c c 2c c

in which u’ = dx’/dr is the 4-velocity (12.26). The path is extremal if

72 1 72 k ¢ d(S:Ue
0=10c0T = c/ odr = — / <%gi€ pozFutut + giput > dr (13.194)
- cJn ’ dr

which we integrate by parts keeping in mind that dz¢(m3) = d2(m1) =0

T2 d 3 %
0= —/ (ggze poxFutut 7(%4“ )696’5) dr
- dr

1

" (1 k, i 0 i ks 0 du’ o
= - / 3936, k0T WU — Gig pUUTOT — Gig— dr. (13.195)
.

1

Now interchanging the dummy indices ¢ and k on the second and third
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terms, we have

T2 . . d %
0= — / <§9w,kulue — giku'u’ — gzkdu> sa*dr (13.196)
T1 T
or since 6x* is arbitrary
< - du’
0 = Lgip puiu’ — gig eu'u’ — Gik (13.197)

If we multiply this equation of motion by ¢"* and note that gikjguiué =

gék,iuiug, then we find

du” ,
0= ——+ 50" (gik,0 + 9on,i — gie) u'” (13.198)
So using the symmetry gi¢ = g and the formula (13.92) for I'",,, we get
du” i 0 d*a dx® da’
0= dr + Frie u'u or 0= W T,w E F (13199)

which is the geodesic equation. In empty space, particles fall along geodesics
independently of their masses. Equation (13.197) also is useful in the
form

d - 1 -

- (gjiu’) = Sgieju' (13.200)
Example 13.23 (A flat expanding universe) In a spatially flat expanding
universe (Sections 7.46 and 13.42), ds? = —c?dt? + a?(dr? + r2dQ?). So the
geodesic equation (13.200) for a particle moving in the radial j = r direction

is
d d da du”
e (grru”) = e (a2ur) = 2ad—7_ur + a? i 0. (13.201)
Integrating du’” /u” = —2da/a, we get u” = uf/a®. The physical velocity is
V" = adr/dt, and —ds?® = c2dr? = (c® — v?)dt?, so dT = \/1 —v2/c2dt. So
in a flat expanding universe the momentum falls off as 1/a

muv ma dr dr , MUy Do
p = = — =ma— =mnau = — = —
V1—v2/c2 /1 —v2/c2dt dr a a

(13.202)

in which py = mug is the momentum when a = 1. O

One can also get the geodesic equations (13.199 and 13.200) from the
simpler action principle
A2 dxt dZL‘K d2$r

dx' dzt

pr 44
T

(13.203)
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The right-hand side of the geodesic equation (13.199) is a contravariant
vector because (Weinberg, 1972) under general coordinate transformations
the inhomogeneous terms arising from " cancel those from I',,z" it Here
and often in what follows we’ll use dots to mean proper-time derivatives.

The action for a particle of mass m and charge ¢ in a gravitational field
I'",, and an electromagnetic field A; is

S = —mc/( girdz' da: / Aqi( (13.204)

in which the interaction ¢ | A;dx' is invariant under general coordinate trans-
formations. By (12.65 & 13.196), the first-order change in S is
T2 (2
0SS = m/ [%gw,kuiuz — gik,guiue — gikcjll + 4 (Aijk — Akﬂ-) ut| dxFdr
- T  mc
(13.205)
and so by combining the Lorentz force law (12.66) and the geodesic equation
(13.199) and by writing F"i; as F"; &', we have
2,7 i 7.0 i

as the equation of motion of a particle of mass m and charge q. It is striking
how nearly perfect the electromagnetism of Faraday and Maxwell is.

The action of the electromagnetic field interacting with an electric current

j* in a gravitational field is

§— / (3 R P 4 o A VG d'a (13.207)

in which \/§d4:1: is the invariant volume element. After an integration by
parts, the first-order change in the action is

58 = / [— FM ) + o j* \/g] 5Ay d*x, (13.208)
and so the inhomogeneous Maxwell equations in a gravitational field are

9 .
o (\/5ka> = 10 +/3 5" (13.209)

The action of a scalar field ¢ of mass m in a gravitational field is

S = ;/ ( —$ig" k- m2¢2) Jadiz. (13.210)

After an integration by parts, the first-order change in the action is

5S = /&p [(ﬁg”ﬂb’k)?i — m2\/§¢] Az (13.211)
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which yields the equation of motion

<\/§gik¢,k) —m?/gp=0. (13.212)

52

The action of the gravitational field itself is a spacetime integral of the
Riemann scalar (13.118) divided by Newton’s constant

C3 4
S= 10 /R\/g d*z. (13.213)

Its variation leads to Einstein’s equations (section 13.35).

13.32 Equivalence principle and geodesic equation

The principle of equivalence (section 13.25) says that in any gravitational
field, one may choose free-fall coordinates in which all physical laws take
the same form as in special relativity without acceleration or gravitation—at
least over a suitably small volume of spacetime. Within this volume and in
these coordinates, things behave as they would at rest deep in empty space
far from any matter or energy. The volume must be small enough so that
the gravitational field is constant throughout it. Such free-fall coordinate
systems are called local Lorentz frames and local inertial frames.

Example 13.24 (Elevators) When a modern elevator starts going down
from a high floor, it accelerates downward at something less than the lo-
cal acceleration of gravity. One feels less pressure on one’s feet; one feels
lighter. After accelerating downward for a few seconds, the elevator assumes
a constant downward speed, and then one feels the normal pressure of one’s
weight on one’s feet. The elevator seems to be slowing down for a stop, but
actually it has just stopped accelerating downward.

What if the cable snapped, and a frightened passenger dropped his laptop?
He could catch it very easily as it would not seem to fall because the elevator,
the passenger, and the laptop would all fall at the same rate. The physics
in the falling elevator would be the same as if the elevator were at rest in
empty space far from any gravitational field. The laptop’s clock would tick
as fast as it would at rest in the absence of gravity, but to an observer on
the ground it would appear slower.

What if a passenger held an electric charge? Observers in the falling el-
evator would see a static electric field around the charge, but observers on
the ground could detect radiation from the accelerating charge. O
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Example 13.25 (Proper time) If the events are the ticks of a clock, then
the proper time between ticks d7/c is the time between the ticks of the clock
at rest or at speed zero if the clock is accelerating. The proper lifetime dry/c
of an unstable particle is the average time it takes to decay at speed zero.
In arbitrary coordinates, this proper lifetime is

02d7'42 = —ds® = —gir () dx'dx®. (13.214)

O

Example 13.26 (Clock hypothesis) The apparent lifetime of an unstable
particle is independent of the acceleration of the particle even when the
particle is subjected to centripetal accelerations of 10! m/s?(Bailey et al.,
1977) and to longitudinal accelerations of 10%m/s?(Roos et al., 1980). [

The transformation from arbitrary coordinates z* to free-fall coordinates
y® changes the metric gje to the diagonal metric 7;, of flat spacetime n =
diag(—1,1,1,1), which has two indices and is not a Levi-Civita tensor. Al-
gebraically, this transformation is a congruence (1.363)

ox? ozt

ik = — it —- 13.215

The geodesic equation (13.199) follows from the principle of equiva-
lence (Weinberg, 1972; Hobson et al., 2006). Suppose a particle is moving
under the influence of gravitation alone. Then one may choose free-fall co-
ordinates y(z) so that the particle obeys the force-free equation of motion

d2 yi

with d7 the proper time dr? = —n;;, dy’dy”. The chain rule applied to 3 (x)
in (13.216) gives
o— 4 (9 dat
~ dr \ 02k dr

oyt d?>x* 0%yt da® dxt

= —_— 13.217
oxk dr? + Oxkoxt dr dr ( )

We multiply by 2™ /0y’ and use the identity
02 Oy” _ sm (13.218)

oy aar =
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to write the equation of motion (13.216) in the z-coordinates

d?a™m da® da’
—— + 1"y ——=0. 13.219
dr? Kar dr ( )
This is the geodesic equation (13.199) in which the affine connection is
_ oHx™ 82yi
RO dyi fzkoxt”

m

(13.220)

13.33 Weak static gravitational fields

Newton’s equations describe slow motion in a weak static gravitational field.
Because the motion is slow, we neglect u* compared to u" and simplify the
geodesic equation (13.199) to

du”
dr

Because the gravitational field is static, we neglect the time derivatives gxo,o
and gog,o in the connection formula (13.92) and find for I'"(

0=

+ 170 (u®)2. (13.221)

Moo = %grk (QOk,O + 9ok,0 — QOO,k) = —% g™* 900,k (13.222)

with T%, = 0. Because the field is weak, the metric can differ from nij by
only a tiny tensor g;; = n;; + hi; so that to first order in |h;| < 1 we
have I'"yy = —% hoo,r for r = 1,2,3. With these simplifications, the geodesic
equation (13.199) reduces to

dz" 1 (da®

2
— %(UO)Q hOO,T or W — 5 <d7—> hOO,T“ (13223)

d2x"
dr?

So for slow motion, the ordinary acceleration is described by Newton’s law

Px A

If ¢ is his potential, then for slow motion in weak static fields
goo = —1+hgy =—1-— 2¢/02 and so hoo = — 2¢/02. (13.225)

Thus, if the particle is at a distance r from a mass M, then ¢ = — GM/r
and hgg = —2¢/c? = 2GM /rc* and so
d’x GM T
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How weak are the static gravitational fields we know about? The dimen-
sionless ratio ¢/c? is 10739 on the surface of a proton, 107 on the Earth,
1079 on the surface of the sun, and 10~* on the surface of a white dwarf.

13.34 Gravitational time dilation
The proper time (example 13.25) interval dr of a clock at rest in the weak,
static gravitational field (13.221-13.226) satisfies equation (13.214)
Adr? = —ds? = —gg.(x) dz'da® = —goo Adt* = (1+24/c?) 2dt?. (13.227)

So if two clocks are at rest at distances r and r + h from the center of the
Earth, then the times dt, and dt,,; between ticks of the clock at r and the
one at r + h are related by the proper time d7 of the ticks of the clock

(¢ +24(r))dt? = Fdr? = (¢® + 2¢(r + h))dt2 . (13.228)

Since ¢(r) = — GM/r, the potential at r + h is ¢(r + h) = ¢(r) + gh, and
so the ratio of the tick time dt, of the lower clock at r to the tick time of
the upper clock at r + h is

Aty _ VPR VEXBO R0 gh g0

+ =

dtrsn SR+ 20(r) V2 +20(r) ~ c?

The lower clock is slower.

Example 13.27 (Pound and Rebka) Pound and Rebka in 1960 used the
Mossbauer effect to measure the blue shift of light falling down a 22.6 m
shaft. They found (v — v,)/v = gh/c* = 2.46 x 10715, (Robert Pound
19192010, Glen Rebka 1931-2015) media.physics.harvard.edu/video/
?1d=LOEB_POUND_092591.f1v

O

Example 13.28 (Redshift of the sun) A photon emitted with frequency v
at a distance r from a mass M would be observed at spatial infinity to have

frequency v = vg/—goo = vo/1 — 2MG/c?r for a redshift of Av = vy — v.
Since the Sun’s dimensionless potential ¢ /c? is —MG/c*r = —2.12 x 1076
at its surface, sunlight is shifted to the red by 2 parts per million. O
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13.35 Einstein’s equations

If we make an action that is a scalar, invariant under general coordinate
transformations, and then apply to it the principle of stationary action, we
will get tensor field equations that are invariant under general coordinate
transformations. If the metric of spacetime is among the fields of the action,
then the resulting theory will be a possible theory of gravity. If we make the
action as simple as possible, it will be Einstein’s theory.

To make the action of the gravitational field, we need a scalar. Apart from
the scalar \/g d'z = \/g cdt d®z, where g = |det(g;)|, the simplest scalar
we can form from the metric tensor and its first and second derivatives is
the scalar curvature R which gives us the Einstein-Hilbert action

¢ 4 ¢ ik 4

in which G = 6.7087 x 1073 fic (GeV/c?) ™2 = 6.6743 x 10~ m3 kg ' s72 is
Newton’s constant.

If 0g°(x) is a tiny local change in the inverse metric, then the rule
Sdet A = det ATr(A=15A) (1.235), valid for any nonsingular, nondefective
matrix A, together with the identity 0 = 6(¢% gre) = 6¢°F gre + 9** 6gre and
the notation g for the metric tensor g;, considered as a matrix imply that

tg (det 9)*g™ gk 1 N
etg= = 7 T 2 /g g 5t 13.231
2905 Y 299 2Vo (13.231)

So the first-order change in the action density is
d <9ik Ry, \/§> = Rix /9 09" + ¢"* Rir. 6\/9 + 9 \/g SRix

) - (13.232)
= (R g R ) V3 3™ + 4™ V3 O

The product ¢g**6R;), is a scalar, so we can evaluate it in any coordinate
system. In a local inertial frame, where I'Y;, = 0 and gg. is constant, this
invariant variation of the Ricci tensor (13.117) is

9" 0R;y, = g™ 6 (T = Tikn) = 9% () 6T, — 0, 6T"y)
= g™ O O™, — g™ 9 0T, = O (g™ T, — g™ oTE,, )
(13.233)

The transformation law (13.71) for the affine connection shows that the
variations 6I'"; and 5ka are tensors although the connections themselves
aren’t. Thus, we can evaluate this invariant variation of the Ricci tensor
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in any coordinate system by replacing the derivatives with covariant ones
getting

gRO Ry, = (g““ g, gin 5ka> ) (13.234)
which we recognize as the covariant divergence (13.188) of a contravariant
vector. The last term in the first-order change (13.232) in the action density
is therefore a surface term whose variation vanishes for tiny local changes
8¢** of the metric

VG g SRy = [\/g (gik 5T, — gin 5r’fin)} " (13.235)

Hence the variation of Sk is simply

0SEH =

C3 1 ik 14
R — = g R i . 13.2
167TG/< ik — 5 Jik >\/§59 d*z (13.236)

The principle of least action Sgy = 0 now gives us Einstein’s equations
for empty space:

1
Rik — 5 gik R=0. (13.237)

The tensor G = R — % gir R is Einstein’s tensor.
Taking the trace of Einstein’s equations (13.237), we find that the scalar
curvature R and the Ricci tensor R;; are zero in empty space:

R=0 and Ry =0. (13.238)

The energy-momentum tensor 7T;; is the source of the gravitational
field. It is defined so that the change in the action of the matter fields due
to a tiny local change d¢** () in the metric is

1 . 1 .
05m =~ 5 /z;-k Vg og* dta = 5% /T’k V9 0gir d*x (13.239)

in which the identity d¢** = — g% gékégjg explains the sign change. Now the
principle of least action 6S = 6Sggy + 0S5, = 0 yields Einstein’s equations
in the presence of matter and energy

1 8rG

Taking the trace of both sides, we get

R = *%T and RZkZSﬂ;G(
C C

T
Tiy — 2gik) : (13.241)
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13.36 Energy-momentum tensor

The action S, of the matter fields ¢; is a scalar that is invariant under
general coordinate transformations. In particular, a tiny local general coor-
dinate transformation z'* = 2 + €¢*(x) leaves S, invariant

0=38S, = /5 (L(@(x)) \/@) diz. (13.242)

The vanishing change S, = 65,4 + 05,y has a part 65,4 due to the
changes in the fields 6¢;(z) and a part §.5,,4 due to the change in the metric
dgix- The principle of stationary action tells us that the change 05,4 is
zero as long as the fields obey the classical equations of motion. Combining
the result §.5,,4 = 0 with the definition (13.239) of the energy-momentum
tensor, we find

1 .
0= S = 08 + 35y = 05y = 5 / T /G Sgu d'e.  (13.243)

Since z% = 2'* — €%(x), the transformation law for rank-2 covariant tensors
(13.35) gives us
dgik = gi(®) — gik(2) = gix () — gin(2) — (gix(2’) — gir(@))
= (6 — 6?1)(512 - G?k)gab — Gik — € Gik,c
= — 9ib € — Gak € — € Gikc (13.244)
= — gin(9" €c) & — Gar(9°“ €c)i — € Gike
= — €k — €h,i — €cGib g?ﬁ —€cYak 95 — € Yikyc-
Now using the identity 9;(g"* gr¢) = 0, the definition (13.73) of the covariant
derivative of a covariant vector, and the formula (13.92) for the connection

in terms of the metric, we find to lowest order in the change €*(z) in x® that
the change in the metric is

0gik = — €k — €ki T €c g v,k + € 9% Gak,i — € Gik,e
= — €k — €hyi + €9 (Giak + Yak,i — Gik,a) (13.245)
= — €k — €hi T Heel% = — e — €ry

Combining this result (13.245) with the vanishing (13.243) of the change
0Smg, we have

0= /T“f V9 (€ik + exi) dia. (13.246)

Since the energy-momentum tensor is symmetric, we may combine the two
terms, integrate by parts, divide by ,/g, and so find that the covariant di-
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vergence of the energy-momentum tensor is zero
1
V9

when the fields obey their equations of motion. In flat space, this equation

0=TF =T +TF, T+ T, T = —(VgT™) j + T',, T** (13.247)

says that the energy and momentum of the matter fields are conserved,
0= T’Z,f The analog of T% for the gravitational field is not a tensor; it’s
a pseudotensor t* (Dirac, 1975). The divergence of (T + t%°),/g vanishes
because the action does not depend upon an external spacetime point. But
the spatial integrals for the energy and momentum of the gravitational field
may lie at infinity or diverge.

13.37 Perfect fluids

In many cosmological models, the energy-momentum tensor is assumed to
be that of a perfect fluid, which is isotropic in its rest frame, does not
conduct heat, and has zero viscosity. The energy-momentum tensor T;;
of a perfect fluid moving with 4-velocity u’ (12.26) is

Tij = pgij + ((% + p) ui uj (13.248)

in which p and p are the pressure and mass density of the fluid in its rest
frame and g;; is the spacetime metric. Einstein’s equations (13.240) then
are

1 8rG 8¢ P
R, — 5 Yik R = o Tik = o [pgij + (C—2 + p) u; ujl - (13.249)

An important special case is the energy-momentum tensor due to a nonzero

value of the energy density of the vacuum. In this case p = —c?p and the
energy-momentum tensor is

Tyj = pgij = —pgij (13.250)

in which ¢?p is the value of the energy density of the ground state of the
theory. This energy density ¢?p is a plausible candidate for the dark-energy
density. It is equivalent to a cosmological constant A = 87Gp.

On small scales, such as that of our solar system, one may neglect mat-
ter and dark energy. So in empty space and on small scales, the energy-
momentum tensor vanishes T;; = 0 along with its trace and the scalar cur-
vature T'= 0 = R, and Einstein’s equations (13.241) are

Rij = 0. (13.251)
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13.38 Gravitational waves

The nonlinear properties of Einstein’s equations (13.240— 13.241) are im-
portant on large scales of distance (sections 13.42 & 13.42) and near great
masses (sections 13.39 & 13.40). But throughout most of the mature uni-
verse, it is helpful to linearize them by writing the metric as the metric n;
of empty, flat spacetime (12.3) plus a tiny deviation h;

ik = Nik + N (13.252)
To first order in h;, the affine connection (13.92) is
T = 39" (gjie + gjei — 9ie5) = 50 (hjie + hjeq — haej)  (13.253)
and the Ricci tensor (13.117) is the contraction

R,y = Rkiké = [8k + Iy, 0p + Fg]k»

)

=T% k= T (13.254)
Since F"“M = eri and h;r = hyg;, the linearized Ricci tensor is

Rig = 51" (hjie + hjei — hieg) = 50" (hjik + hjk,i = hag) o

& &
= % (hké,ik + hik,g - hw,k - hkkﬂ'e) . (13.255)

We can simplify Einstein’s equations (13.241) in empty space R;y = 0 by
using coordinates in which h;; obeys (exercise 13.18) de Donder’s harmonic
gauge condition hik’i = %(njehjg)jk = %h7k. In this gauge, the linearized
Einstein equations in empty space are

Rip= — %hieﬁ =0 or (c*V*—38)hiy=0. (13.256)

In 2015, the LIGO collaboration detected the merger of two black holes
of 29 and 36 solar masses which liberated 3M_c? of energy. They have set
an upper limit of Cng < 2x 107% eV on the mass of the graviton, have
detected 10 black-hole mergers, and are expected to detect a new merger
every week in late 2019.
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13.39 Schwarzschild’s solution

In 1916, Schwarzschild solved Einstein’s field equations (13.251) in empty
space R;; = 0 outside a static mass M and found as the metric

oM oMG\ !
ds? = — (1 - Cf) Adt? + (1 - Cf) dr® +r2dQ?*  (13.257)

in which dQ? = df? + sin? 0 d¢?.

The Mathematica scripts GREAT.m and Schwarzschild.nb give for the Ricci
tensor and the scalar curvature R;; = 0 and R = 0, which show that the
metric obeys Einstein’s equations and that the singularity in

-1

c2r

at the Schwarzschild radius r, = 2M G/c? is an artifact of the coordinates.
Schwarzschild.nb also computes the affine connections.

The Schwarzschild radius of the Sun ry = 2M_G/c? = 2.95 km is far less
than the Sun’s radius r, = 6.955 x 10° km, beyond which his metric applies.
(Karl Schwarzschild, 1873-1916)

13.40 Black holes

Suppose an uncharged, spherically symmetric star of mass M has collapsed
to within a sphere of radius ry less than its Schwarzschild radius or horizon
rh, = 1rs = 2MG/c%. Then for r > 7y, the Schwarzschild metric (13.257) is
correct. The time dt measured on a clock outside the gravitational field is
related to the proper time dr on a clock fixed at r > 2M G /c? by (13.227)

2M
dt = dr/v/—goo = dr/1/1 — CTTG (13.259)

The time dt measured away from the star becomes infinite as r approaches
the horizon r, = rg = 2MG/ 2. To outside observers, a clock at the horizon
7}, seems frozen in time.

Due to the gravitational redshift (13.259), light of frequency v, emitted
at r > 2M G /c? will have frequency v

2MG

c2r

v = vy g = vy 1 -

when observed at great distances. Light coming from the surface at ry =
2MG/c? is redshifted to zero frequency v = 0. The star is black. It is a
black hole with a horizon at its Schwarzschild radius 7, = rs = 2GM/c?,

(13.260)
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although there is no singularity there. If the radius of the Sun were less than
its Schwarzschild radius of 2.95 km, then the Sun would be a black hole.
The radius of the Sun is 6.955 x 10° km.

Black holes are not black. They often are surrounded by bright hot ac-
cretion disks, and Stephen Hawking (1942-2018) showed (Hawking, 1975)
that the intense gravitational field of a black hole of mass M radiates at a
temperature

T_ hed ~ he  hg
8t kGM  Awkr,  27ke

(13.261)

in which k = 8.617 x 107°eV K~! is Boltzmann’s constant, % is Planck’s
constant h = 6.626 x 10734 Js divided by 2, h = h/(27), and g = GM /r?
is the gravitational acceleration at r = rj. More generally, a detector in
vacuum subject to a uniform acceleration a (in its instantaneous rest frame)
sees a temperature 7' = ha/(2mkc) (Alsing and Milonni, 2004).

In a region of empty space where the pressure p and the chemical poten-
tials 41; all vanish, the change (7.117) in the internal energy U = M of a
black hole of mass M is c?dM = TdS where S is its entropy. So the change
dS in the entropy of a black hole of mass M = c*r,/(2G) and temperature
T = he/(4mkry) (13.261) is

2 A ckry, Arckry, ¢ T3k
dS = —=dM = —————dM = ————dry, = —— 2rpdry,. 13.262
S=T (he) noag i = g Zwdre. (13.262)

Integrating, we get a formula for the entropy of a black hole in terms of its
area (Bekenstein, 1973; Hawking, 1975)

7wk Ak A
S = 2~ 13.263
Gh " T G 4 ( )
where A = 47r1“,% is the area of the horizon of the black hole.
A black hole is entirely converted into radiation after a time
2
g SL0TCT s (13.264)

hct

proportional to the cube of its mass M.

13.41 Rotating black holes

A half-century after Einstein invented general relativity, Roy Kerr invented
the metric for a mass M rotating with angular momentum J = Mca. Two
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years later, Newman and others generalized the Kerr metric to one of charge

q. In Boyer-Lindquist coordinates, its line element is
A —a?sin? 6 2a sin? 0 G(q® — 2M 3 r
~ 22 + (g . )

p

(r? 4 a?)? — a®Asin? 0 p?
p? A
in which p? = 72 + a?cos?f and A = r?2 + a? — 2MGr/c? + ¢*G/c*. The
Mathematica script Kerr_black_hole.nb shows that the Kerr-Newman metric

ds®> = —

. dt do
“p (13.265)

sin? 0 dp? + “—dr? + p*d6>

for the uncharged case, ¢ = 0, has R;z; = 0 and R = 0 and so is a solution

of Einstein’s equations in empty space (13.241) with zero scalar curvature.
By writing ds? as ds? = —adt? + fdr? +~vd6? + 6(d¢ — Qdt)?, one sees that

a rotating mass drags nearby masses along with it at the angular velocity

cGa(2Mc*r — ¢?)

Q= .
Ap2(r? + a?) + Ga?sin? (2Mc2r — ¢2)

(13.266)

The daily rotation of the Earth moves satellites to the East by tens of meters
per year. The frame dragging of extremal black holes with J < GM?/c
approaches the speed of light. (Roy Kerr 1934—, Ezra Newman 1929-)

13.42 Friedman-Lemaitre-Robinson-Walker Cosmologies

Einstein’s equations (13.241) are second-order, nonlinear partial differential
equations for 10 unknown functions g;x(x) in terms of the energy-momentum
tensor Tjx(z) throughout the universe, which of course we don’t know. The
problem is not quite hopeless, however. The ability to choose arbitrary co-
ordinates, the appeal to symmetry, and the choice of a reasonable form for
T, all help.

Astrophysical observations tell us that the universe extends at least 46
billion light years in all directions; that it is flat or very nearly flat; and
that the cosmic microwave background (CMB) radiation is isotropic to one
part in 10° apart from a Doppler shift due the motion of the Sun at 370
km/s towards the constellation Leo. These microwave photons have been
moving freely since the universe became cool enough for hydrogen atoms to
be stable. Observations of clusters of galaxies reveal an expanding universe
that is homogeneous on suitably large scales of distance. Thus as far as we
know, the universe is homogeneous and isotropic in space, but not in
time.
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There are only three maximally symmetric 3-dimensional spaces: eu-
clidian space E3, the sphere S3 (example 13.16), and the hyperboloid H?
(example ?7?). Their line elements may be written in terms of a distance L
as

dr? kaiah :
2 _ 2 1092 2 _ (s ik
ds _1—kr2/L2+r dQ° or ds —(61k+L2_kw2)dwdx (13.267)
in which k = 1 for the sphere, & = 0 for euclidian space, k = — 1 for

the hyperboloid, and ¢ and k& are summed from 1 to 3. The Friedman-
Lemaitre-Robinson-Walker (FLRW) cosmologies add to these spatially
symmetric line elements a dimensionless scale factor a(t) that describes
the expansion (or contraction) of space

ds®* = — 2dt* + d®(t) <1—IC€Z:"22/L2 + 72 dh* + 12 sin 0 dgb2> . (13.268)
The FLRW metric is
—c? 0 0 0
gin(t,r,0,8) = 8 /(1 _Ok /L) GQOTZ 8 (13.269)
0 0 0 a?r?sin®6
The constant k determines whether the spatial universe is open kK = — 1,

flat k£ = 0, or closed k = 1. The coordinates 20, 2, 22,23 = t,7,0, ¢ are
comoving in that a detector at rest at r, 6, ¢ records the CMB as isotropic
with no Doppler shift. If £ = 0 or L = co, we may use ordinary rectangular

comoving coordinates & = (x,y, 2) with ds? = —c?dt? + a’dx - dx.
The metric (13.269) is diagonal; its inverse g% also is diagonal
—c? 0 0 0
; 0 (1—kr?/L?)/a? 0 0
ik __
"= 0 (ar)-2 0 (13.270)
0 0 0 (ar sin@)=2

One may use the formula (13.92) to compute the affine connection in
terms of the metric and its inverse as I'*. o = 29 (gjZ ¢+ gjei — geij). It
usually is easier, however, to use the action principle (13.203) to derive the
geodesic equation directly and then to read its expressions for the I' j i S-S0
we require that the integral

272
0= 5/ (—c %+ akg/Lz +a?r?6"? + a®r? sin? 9¢’2> d\, (13.271)

in which a prime means derivative with respect to A, be stationary with
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respect to the tiny variations 6t(X), 0r(A), 00(A), and d¢p(N). By varying t(A),
we get the equation

: 2 .
0=t"+ Z—g <1—l:7"2/LQ + 7207 4% sin? 6 ¢3’2> ="+ T2/’ (13.272)

which tells us that the nonzero I't jk’s are

. . 2 . 2 . 2
¢ aa ¢ aar ; _ aar<sin”0
U= mejrry To= @ 0 Dw=""0—
(13.273)
By varying r(\) we get (with more effort)
rr’?k/L? at'r’ kr? .
0=1r"+ - kré/LQ) +2—— (1— ﬁ)(e’2 +sin? 0 ¢').  (13.274)

So we find that I'",, = a/a,

kr kr3
=3 Freez—r*'ﬁ’

= 12 g2 and I",, = sin®017y,. (13.275)

Varying 6(\) gives

' P
0=0"+2%0' + 20+ — sinfcosB4? and
a T

4 1 (13.276)
Pete = 5, Fere = ;7 a.nd Fed)d) = — Sin@COS 6
Finally, varying ¢(\) gives
" Q. r'¢’ ’
0=¢" +2-t'¢p +2 +2cotf6'¢ and
4 a . r (13.277)
¢ _ ¢ _ ¢ _
Ftd)—a, Fr(b—;, and F9¢—Cot0

Other I'’s are either zero or related by the symmetry Fkié = Fkﬁ.
Our formulas for the Ricci (13.117) and curvature (13.108) tensors give

Roo = R¥310 = [Dr, Do)*y = [0k + Tk, 9o + To)",. (13.278)

Because [Do, Dg] = 0, we need only compute [D1, Dolly, [D2, Do)%,, and
[Ds, Do]3,. Using the formulas (13.273-13.277) for the I''s and keeping in
mind (13.107) that the element of row r and column ¢ of the (th gamma
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matrix is I'",,, we find

[D1, DO]lo = 11100,1 - 11110,0 + FllijOO - 1110]'11j1() = —(a/a)p — (d/a)2
[Da2, Do]?y = F200,2 — %0+ F22jrjoo - FQOijQO = —(a/a)0 — (a/a)?
[Ds, D0]30 = F300,3 - 11330,0 + ngjrjoo - 1ﬂgoj'rjao = —(a/a),0 — (C'l/a)2
Ry = Roo = [Dy, Do|*y = — 3(a/a) 0 — 3(a/a)* = — 3i/a. (13.279)

Thus for R, = Ri1 = R¥,; = [Dy, D1]¥, = [0k + Tk, 01 + I'1]%,, we get

ai + 24> + 2kc? | L*
(1 —kr2/L?)

(exercise 13.22), and for Ry = Ry and R3z = Ry we find

Rrr = [Dlle]kl ==

(13.280)

Ryp = [(ad + 24* + 2kc®/L*)r*]/c*  and Ry = sin®0Rpy  (13.281)
(exercises 13.23 & 13.24). And so the scalar curvature R = g’ Ry, is

_ @ n (1 — kT2/L2)R11 n Roo Rs3
c2 a? a?r?  a2r2sin?6

R= gabRba =

ai + a? + kc? | L*

=6
c2a?

(13.282)

It is, of course, quicker to use the Mathematica script FLRW.nb. (Alexan-
der Friedman, 1888-1925; Georges Lemaitre, 1894-1966; Howard Robinson,
1903-1961; Arthur Walker, 1909-2001)

13.43 Friedman Equations

The energy-momentum tensor (13.248) of a perfect fluid moving at 4-velocity
u; 18 Ty = pgir + (p/c2 + p)uju, where p and p are the pressure and mass
density of the fluid in its rest frame. In the comoving coordinates z! =
(t,r,0,¢) of the FLRW metric (13.269), the 4-velocity u’ = dx'/dr (12.26)
is u' = (1,0,0,0), and the energy-momentum tensor (13.248) is

—pgoo 0 0 0
0 pgi1 0O 0

T = 13.2
“ 0 0 pgen O (13.283)
0 0 0 Dpygss
Its trace is
T =g T;j = —c*p + 3p. (13.284)

Thus using our formulas (13.269) for goo = — ¢?, (13.279) for Roo = — 3id/a,
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(13.283) for T;;, and (13.284) for T', we can write the 00 Einstein equation
(13.241) as the second-order equation

i 4nG 3
2= (p + f) (13.285)
a C

which is nonlinear because p and p depend upon a. The sum c¢?p + 3p de-
termines the acceleration @ of the scale factor a(t); when it is negative, it
accelerates the expansion. If we combine Einstein’s formula for the scalar
curvature R = —87G T/c* (13.241) with the FLRW formulas for R (13.282)
and for the trace T' (13.284) of the energy-momentum tensor, we get

. . 2 2
a a c°k 4rG 3p
- - ——=—1p—= ). 13.2
a + <a> + L?a? 3 <p 62> (13.286)
Using the 00-equation (13.285) to eliminate the second derivative d, we find
i\ &G 2k (13.287)
a) = 3 P I2a2 '

which is a first-order nonlinear equation. It and the second-order equation
(13.285) are known as the Friedman equations.

The left-hand side of the first-order Friedman equation (13.287) is the
square of the Hubble rate

H=2 (13.288)
a
which is an inverse time or a frequency. Its present value Hy is the Hubble
constant.
In terms of H, the first-order Friedman equation (13.287) is
877G Ak
H*=—"—"—p— ——. 13.289
5 P 2.2 ( )

A gspatially flat universe has k = 0; so the mass density p of a spatially flat
FLRW universe is always equal to critical mass density
_ _3H 2
P = Pc= ek
In terms of these densities and their ratio 2 = p/p, the Friedman equation
(13.289) says that

(13.290)

2k p
— =L _1=0-1 13.291
L2 H2q2 Pe ( 3.29 )
and thus that closed (K > 0) universes have Q > 1, flat (k = 0) universes
have 2 = 1, and open (k < 0) universes have Q < 1.
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13.44 Density and pressure

For ¢ = 0, the vanishing of the covariant divergence of the energy-momentum
tensor (13.247) is

0="T9" = 9,7 + 1, T% +T°,,T°. (13.292)

For a perfect fluid of 4-velocity u®, the energy-momentum tensor (13.283)
is T% = (p + p/c*)uu* 4 pg™* in which p and p are the mass density and
pressure of the fluid in its rest frame. The comoving frame of the Friedman-
Lemaitre-Robinson-Walker metric (13.269) is the rest frame of the fluid. In
these coordinates, the 4-velocity u® is (1,0, 0,0), and the energy-momentum
tensor is diagonal with 7% = p and 7% = pg?J for j = 1,2, 3. Our connection
formulas (13.273) tell us that T, = 0, that Fojj = ag;j/(c*a), and that

I, ;= 3a/a. Thus the conservation law (13.292) becomes for spatial j
0= 0pT™ + 17, 7% + 10,197

. 3 . .
L La bgii i a( p) (13.293)
—54+3% 9953 1 i — 54 3% P
p+ ap+j; S g =p+3- (0t

a result that also follows from Friedman’s equations (exercise 13.28). Thus
we may infer that

. 3a P dp 3 P )
- _ 2 2y e X _ 2 ). 13.294
p —(p+3) T a(p+62 ( )

The energy density p is composed of fractions p; each contributing its own
partial pressure p; according to its own equation of state

pi = Cwip; (13.295)

in which w; is a constant. The rate of change (13.295) of the density p; is
then

dp; 3

—=—--11 ) pi 13.296

da a ( + wz) Pi ( )
In terms of the present density p;o and scale factor ag, the solution is

"’0) . (13.297)

Pi = Pio (;

There are three important kinds of density. The dark-energy density pa

is assumed to be like a cosmological constant A or like the energy density of
the vacuum, so it is independent of the scale factor a and has wp = —1.

A universe composed only of dust or non-relativistic collisionless
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matter has no pressure. Thus p = wp = 0 with p # 0, and so w = 0.
So the matter density falls inversely with the volume

Om = P (%)3 (13.298)

The density of radiation p, has w, = 1/3 because wavelengths scale with
the scale factor, and so there’s an extra factor of a

a4
or = Pro (;O) . (13.299)
The total density p varies with a as
ap\3 ap\ 4
p=prtom () +mo (). (13.300)

This mass density p, the Friedman equations (13.285 & 13.287), and the
physics of the standard model have caused our universe to evolve as in
Fig. 13.1 over the past 14 billion years.

13.45 How the scale factor evolves with time

History of the universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflati

Fluctuati

1st Stars .
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Figure 13.1 NASA/WMAP Science Team’s timeline of the known universe.

The first-order Friedman equation (13.287) expresses the square of the
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instantaneous Hubble rate H = a/a in terms of the density p and the scale
factor a(t)

a 3

in which k& = #1 or 0. The critical density p. = 3H?/(87G) (13.290) is the
one that satisfies this equation for a flat (k = 0) universe. Its present value
is peo = 3HZ/(87G) = 8.599 x 10727 kg m 3. Dividing Friedman’s equation
by the square of the present Hubble rate Hg, we get

H?2 1 [(a\? 1 2 2
_ <a> <87rG ck)zp ck (13.302)

. 2 2
o (a\ _8nG c“k

Fg Fg a) HZ\ 3 P22 poc a?HZL?
in which p is the total density (13.300)
H? _ PA Pm Pr ?k
2 T T T ey
H[) Pco Pco Pco a HOL
! ) s (13.303)
_PA L Pmo T P0Gy R a4

P peo @ po at  aRHZL? o

The Planck collaboration use a model in which the energy density of
the universe is due to radiation, matter, and a cosmological constant A.
Only about 18.79% of the matter in their model is composed of baryons,
Qp = 0.05845 £+ 0.0003. Most of the matter is transparent and is called dark
matter. They assume the dark matter is composed of particles that have
masses in excess of a keV so that they are heavy enough to have been nonrela-
tivistic or “cold” when the universe was about a year old (Peebles, 1982). The
energy density of the cosmological constant A is known as dark energy. The
Planck collaboration use this A-cold-dark-matter (ACDM) model and their
CMB data to estimate the Hubble constant as Hy = 67.66km/(s Mpc) =
2.1927 x 10718571 and the density ratios Qx = pa/pc0; Qm = pPmo/peo, and
Q. = —c?k/(apHoL)? as listed in the table (13.1) (Aghanim et al., 2018).
The Riess group use the Gaia observatory to calibrate Cepheid stars and
type la supernovas as standard candles for measuring distances to remote
galaxies. The distances and redshifts of these galaxies give the Hubble con-
stant as Hy = 73.48 + 1.66 (Riess et al., 2018). As this book goes to press,
the 9% discrepancy between the Planck and Riess Hy’s is unexplained.

To estimate the ratio €, = p,o/pco of densities, one may use the present
temperature Ty = 2.7255 £+ 0.0006 K (Fixsen, 2009) of the CMB radiation
and the formula (5.111) for the mass density of photons

870 (kpTy)*

= —TEmE 4.6451 x 10731 kg m 3. (13.304)
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Table 13.1 Cosmological parameters of the Planck collaboration

Hy (km/(s Mpc) Qa Qum Qi
67.66 +0.42 0.6889 £ 0.0056 0.3111 +0.0056  0.0007 = 0.0037

Adding in three kinds of neutrinos and antineutrinos at Ty, = (4/11)'/3 Ty,
we get for the present density of massless and nearly massless particles (Wein-
berg, 2010, section 2.1)

Pro = 3 ﬁ

7\ [ 4\*?
1+3 () ( ) py =T7.8099 x 107 kg m™>.  (13.305)

The fraction 2, of the present critical mass density that is due to radiation
is then
Q, = 2% = 9.0824 x 1075, (13.306)
Pco
In terms of €2, and of the ©’s in the table (13.1), the formula (13.303) for
H?/HE is
2 2 3 4

Q, Q, Q,
7 =0+ % g+ Qg+ O

13.307

at’

Since H = a/a, one has dt = da/(aH) = Hy *(da/a)(Ho/H), and so with
x = a/ap, the time interval dt is
1 de 1

dt = — .
Ho z \/Or+ Qa2+ Qua 34+ Q.04

(13.308)

Integrating and setting the origin of time ¢(0) = 0 and the scale factor at
the present time equal to unity ag = 1, we find that the time t(a) that a(t)
took to grow from 0 to a(t) is

dzx

1 a
tla) = — .
(a) Ho/o VOrz24+ Qo+ Q- + Q22

(13.309)

This integral gives the age of the universe as t(1) = 13.789 Gyr; the Planck-
collaboration value is 13.78740.020 Gyr (Aghanim et al., 2018). Figure 13.2
plots the scale factor a(t) and the redshift z(¢t) = 1/a — 1 as functions of
the time ¢ (13.309) for the first 14 billion years after the time ¢ = 0 of
infinite redshift. A photon emitted with wavelength A at time ¢(a) now has
wavelength \g = A/a(t). The change in its wavelength is A\ = Az(t) =
A(l/a—1)=Xo— A\
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Evolution of scalefactor over 14 Gyr
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Figure 13.2 The scale factor a(t) (solid, left axis) and redshift z(t)
(dotdash, right axis) are plotted against the time (13.309) in Gyr.
This chapter’s Fortran, Matlab, and Mathematica scripts are in Ten-
sors_and_general relativity at github.com/kevinecahill.

13.46 The first hundred thousand years

Figure 13.3 plots the scale factor a(t) as given by the integral (13.309) and
the densities of radiation p,(t) and matter p,,(t) for the first 100,000 years
after the time of infinite redshift. Because wavelengths grow with the scale
factor, the radiation density (13.299) is proportional to the inverse fourth
power of the scale factor p,(t) = pyo/a*(t). The density of radiation therefore

was dominant at early times when the scale factor was small. Keeping only
2, = 0.6889 in the integral (13.309), we get

2

a
= — d a(t)=QY*\/2Hyt. 13.310
v ™ a(t) = QY4 \/2Hyt ( )

Since the radiation density p,(t) = pyo/a*(t) also is proportional to the
fourth power of the temperature p,(t) ~ T*, the temperature varied as the
inverse of the scale factor T' ~ 1/a(t) ~ t~%/2 during the era of radiation.
In cold-dark-matter models, when the temperature was in the range 10'? >
T > 109K or muc2 > kT > mec?, where m,, is the mass of the muon
and m. that of the electron, the radiation was mostly electrons, positrons,
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Evolution of scalefactor and densities over first 100 kyr
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Figure 13.3 The Planck-collaboration scale factor a (solid), radiation den-
sity pr (dotdash), and matter density p,, (dashed) are plotted as functions
of the time (13.309) in kyr. The era of radiation ends at ¢t = 50,506 years
when the two densities are equal to 1.0751 x 10716 kg /m3, a = 2.919x 1074,
and z = 3425.

photons, and neutrinos, and the relation between the time ¢ and the tem-
perature T was t ~ 0.994 sec x (10'°K/T)? (Weinberg, 2010, ch. 3). By
10° K, the positrons had annihilated with electrons, and the neutrinos fallen
out of equilibrium. Between 10° K and 10° K, when the energy density of
nonrelativistic particles became relevant, the time-temperature relation was
t ~ 1.78 sec x (10'°K/T)? (Weinberg, 2010, ch. 3). During the first three
minutes (Weinberg, 1988) of the era of radiation, quarks and gluons formed
hadrons, which decayed into protons and neutrons. As the neutrons decayed
(T = 877.7 8), they and the protons formed the light elements—principally

hydrogen, deuterium, and helium in a process called big-bang nucleosyn-
thesis.

The density of nonrelativistic matter (13.298) falls as the third power
of the scale factor p,,(t) = pmo/a’(t). The more rapidly falling density of
radiation p,(t) crosses it 50,506 years after the Big Bang as indicated by
the vertical line in the figure (13.3). This time ¢ = 50,506 yr and redshift
z = 3425 mark the end of the era of radiation.
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13.47 The next ten billion years

The era of matter began about 50,506 years after the time of infinite
redshift when the matter density p,, first exceeded the radiation density p,.
Some 330,000 years later at ¢ ~ 380, 000 yr, the universe had cooled to about
T = 3000 K or kT = 0.26 eV—a temperature at which less than 1% of the
hydrogen was ionized. At this redshift of z = 1090, the plasma of ions and
electrons became a transparent gas of neutral hydrogen and helium with
trace amounts of deuterium, helium-3, and lithium-7. The photons emitted
or scattered at that time as 0.26 eV or 3000 K photons have redshifted
down to become the 2.7255 K photons of the cosmic microwave background
(CMB) radiation. This time of last scattering and first transparency is called
decoupling.

During 330,000 of the 380,000 years between the time of infinite redshift
and the time of first transparency, the dominant energy density was that of
matter. During those 330,000 years, photons strongly scattered off electrons
which interacted strongly with nuclei. The photons, electrons, and baryons
formed a dense interacting plasma in which disturbances propagated at what
is called the speed of sound, nearly vy ~ c¢/v/3. If we approximate time
periods t — t,,, during the era of matter by keeping only €, in the integral
(13.309), then we get

3/2 . 2/3
. 2a <3H0\/Qn; (t tm)> - altn).

ty=—""__ and a(t)=
S Hy and a(t)
(13.311)

in which ¢ is a time well inside the era of matter and t,, ~ 50,000 years.

Between 10 and 17 million years after the Big Bang, the temperature of
the known universe fell from 373 to 273 K. If by then the supernovas of
very early, very heavy stars had produced carbon, nitrogen, and oxygen,
biochemistry may have started during this period of 7 million years. Stars
did form at least as early as 180 million years after the Big Bang (Bowman
et al., 2018).

The era of matter lasted until the energy density of matter p,,(t), falling
as pm(t) = pmo/a®(t), had dropped to the energy density of dark energy
pA = 5.9238 x 10*27kg/m3. This happened at ¢t = 10.228 Gyr as indicated
by the first vertical line in the figure (13.4).
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Evolution of scalefactor and densities over 50 Gyr
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Figure 13.4 The scale factor a (solid), the vacuum density pp (dotdash),
and the matter density p,, (dashed) are plotted as functions of the time
(13.309) in Gyr. The era of matter ends at ¢ = 10.228 Gyr (first vertical line)
when the two densities are equal to 5.9238 x 10~2"kg m > and a = 0.7672.
The present time t( is 13.787 Gyr (second vertical line) at which a(t) = 1.

13.48 Era of dark energy

The era of dark energy began when the energy density of matter p,, dropped
below the energy density of empty space py = 5.9238 x 10727 kg/m?. This
happened 3.6 billion years ago at a redshift of z = 0.3034. The deceleration
of the expansion of the universe became acceleration much earlier. The ac-
celeration a is given by Friedman’s second-order equation (13.285) and may

be written in terms of the pressures of dark energy pa = —c?pa, radiation
pr = c*p,/3, and matter p,, = 0 as
a 4rG 3p 8rG 1
a = — 73 <p + C2> = 73 (pA — 3Pm — pr) (13'312)
or in terms of the Hubble constant Hy and the s as
a Q Q
—=HZ | — 2 — ). 13.313
a 0 ( A 2(13 CL4 ( )

Using Table 13.1 for 2 and £2,,, and equation 13.306 for €2,., one finds that
the acceleration vanished when 0 = 0.6889a* —0.3111a/2—0.90824 x 10~% or
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when the scale factor reached a = 0.6091 The integral (13.309) then tells us
that the acceleration began ¢t = 7.657 billion years after the time of infinite
redshift or 6.151 billion years ago.

The energy density of matter now is only 31.11% of the energy density
of the universe, and it is falling as the cube of the scale factor pp,(t) =
pmo/a3(t). In another 20 billion years, the energy density of the universe will
have declined almost all the way to the dark-energy density pp = 5.9238 X
10727 kg/m? or (1.5864 meV)*/(h3c). At that time t5 and in the indefinite
future, the only significant term in the integral (13.309) will be the vacuum
energy. Neglecting the others and replacing ag = 1 with ap = a(tp), we find

“WM%4A=ﬁi%x)ora@:w%ﬂmtmmm) (13.314)

in which tp 2 35 Gyr.

13.49 Before the Big Bang

The ACDM model is remarkably successful (Aghanim et al., 2018). But it
does not explain why the CMB is so isotropic, apart from a Doppler shift, and
why the universe is so flat (Guth, 1981). A brief period of rapid exponential
growth like that of the era of dark energy may explain the isotropy and the
flatness.

Inflation occurs when the potential energy p dwarfs the energy of matter
and radiation. The internal energy of the universe then is proportional to
its volume U = ¢?pV, and its pressure p as given by the thermodynamic

relation

ou 9
P= gy = P (13.315)

is negative. The second-order Friedman equation (13.285)

a ArG 3p 8tGp
_ ) = 13.316
3 (p CQ> 3 ( )

then implies exponential growth like that of the era of dark energy (13.314)

a(t) = eVEGPI3t 4 (). (13.317)

The origin of the potential-energy density p is unknown.
In chaotic inflation (Linde, 1983), a scalar field ¢ fluctuates to a mean
value (¢); that makes its potential-energy density p huge. The field remains
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at or close to the value (¢);, and the scale factor inflates rapidly and expo-
nentially (13.317) until time ¢ at which the potential energy of the universe
is

E = ZpeVHErty (o) (13.318)

where V(0) is the spatial volume in which the field ¢ held the value (¢);.
After time ¢, the field returns to its mean value (0|¢|0) in the ground state |0)
of the theory, and the huge energy FE is released as radiation in a Big Bang.
The energy E, of the gravitational field caused by inflation is negative,
E, = — E, and energy is conserved. Chaotic inflation may explain why
there is a universe: a quantum fluctuation made it. Regions where the field
remained longer at (¢); would inflate longer and create new local universes in
new Big Bangs creating a multiverse, which also might arise from multiple
quantum fluctuations.

If a quantum fluctuation gives a field ¢ a spatially constant mean value
(¢); = ¢ in an initial volume V'(0), then the equations for the scale factor

(13.316) and for the scalar field (13.212) simplify to

172 ) R
H= (SWG”> and $= —3Hd— ¢ (13.319)

3 h?

in which p is the mass density of the potential energy of the field ¢. The
term —3H qS is a kind of gravitational friction. It may explain why a field
¢ sticks at the value (¢); long enough to resolve the isotropy and flatness
puzzles.

Classical, de Sitter-like (example 7.67), bouncing solutions (Steinhardt
and Turok, 2002; Ijjas and Steinhardt, 2018) of Einstein’s equations can
explain the homogeneity, flatness and isotropy of the universe as due to
repeated collapses and rebirths. Experiments will tell us whether inflation
or bouncing or something else occurred (Akrami et al., 2018). (Alan Guth,
1947—; Paul Steinhardt, 1952—; Andrei Linde, 1948-)

13.50 Yang-Mills theory

The gauge transformation of an abelian gauge theory like electrodynam-
ics multiplies a single charged field by a spacetime-dependent phase factor
¢'(x) = exp(igf(x)) ¢(x). Yang and Mills generalized this gauge transfor-
mation to one that multiplies a vector ¢ of matter fields by a spacetime
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dependent unitary matrix U (x)
Ou(z) =Y Un(z) dy(z) or () =U(x)d(x) (13.320)
b=1

and showed how to make the action of the theory invariant under such non-
abelian gauge transformations. (The fields ¢ are scalars for simplicity.)

Since the matrix U is unitary, inner products like ¢f(z) ¢ () are automat-
ically invariant

(6@ o) = @U@V @) = 6 @)d@).  (13321)

But inner products of derivatives 9'¢! 9;¢ are not invariant because the
derivative acts on the matrix U(z) as well as on the field ¢(x).
Yang and Mills made derivatives D;¢ that transform like the fields ¢

(Di¢)" = U Di¢. (13.322)

To do so, they introduced gauge-field matrices A; that play the role of
the connections I'; in general relativity and set

D; =0;+ A; (13.323)

in which A; like 9; is antihermitian. They required that under the gauge
transformation (13.320), the gauge-field matrix A; transform to A’ in such
a way as to make the derivatives transform as in (13.322)

(Dig) = (0, + A)) ¢/ = (0; + A)) Up =U D;p = U (9; + A;) ¢.  (13.324)
So they set
(82- + AN U =U(0;+A)¢ or (OU)p+AjUp=UA;¢ (13.325)
and made the gauge-field matrix A; transform as
AL =UAU — (;Uu)U . (13.326)

Thus under the gauge transformation (13.320), the derivative D;¢ trans-
forms as in (13.322), like the vector ¢ in (13.320), and the inner product of
covariant derivatives

[(Diqb)T Diqb}, — (D'¢)'UTUD¢ = (D) Dig (13.327)

remains invariant.
To make an invariant action density for the gauge-field matrices A;, they
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used the transformation law (13.324) which implies that D} U¢ = UD; ¢ or
D; =UD; U~!. So they defined their generalized Faraday tensor as

so that it transforms covariantly
F, =UF U (13.329)

They then generalized the action density Fj, F'F of electrodynamics to the
trace Tr (FlkF Zk) of the square of the Faraday matrices which is invariant
under gauge transformations since

Tr (UFZ-kU_lUF““U_1> = Tr (UFZ-;CF““U_1> —Tr (Fka) . (13.330)

As an action density for fermionic matter fields, they replaced the ordi-
nary derivative in Dirac’s formula 1 (v'0; +m)1 by the covariant derivative
(13.323) to get ¥(7'D; + m)y (Chen-Ning Yang, 1922—; Robert L. Mills,
1927-1999).

In an abelian gauge theory, the square of the 1-form A = A; dz’ vanishes
A% = A; Ay dx® Adx® = 0, but in a nonabelian gauge theory the gauge fields
are matrices, and A% # 0. The sum dA + A? is the Faraday 2-form

F =dA+ A% = (9; A + A; Ay) da’ A da® (13.331)
= 2 (0; A — O As + [Ai, Ag)) da’ A da® = LFyy da’ A da®.

The scalar matter fields ¢ may have self-interactions described by a po-
tential V(¢) such as V(¢) = A(¢'é — m?/\)? which is positive unless ¢f¢p =
m? /. The kinetic action of these fields is (D¢)"D;¢. At low temperatures,
these scalar fields assume mean values (0|¢|0) = ¢p in the vacuum with
qﬁgd)o = m?/) so as to minimize their potential energy density V(¢) and
their kinetic action (D¢) D;¢ = (0'¢ + A'¢)1(0;¢ + A;¢) is approximately
qbg A? A; ¢. The gauge-field matrix AZb = — itgbAg is a linear combination
of the generators t* of the gauge group. So the action of the scalar fields
contains the term gbg AP Ay = — Mgﬂ Al A;p in which the mass-squared
matrix for the gauge fields is M 3 5= ol toy tb’B . ¢5- This Higgs mechanism
gives masses to those linear combinations bg; Ag of the gauge fields for which
Miﬁ bﬁi == m?bai 75 0.

The Higgs mechanism also gives masses to the fermions. The mass term m
in the Yang-Mills-Dirac action is replaced by something like ¢ ¢ in which cis a
constant, different for each fermion. In the vacuum and at low temperatures,
each fermion acquires as its mass ¢ ¢g . Physicists at CERN’s Large Hadron
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Collider discovered the Higgs boson in 2012 and measured its mass to be
125.35 £ 0.15 GeV/c? (Peter Higgs, 1929 —).

13.51 Cartan’s spin connection and structure equations

Cartan’s tetrads (13.159) ¢ (x) are the rows and columns of the orthogo-
nal matrix that turns the flat-space metric 7, into the curved-space metric
Gik, = C§' nabcz. Early-alphabet letters a,b,c,d,--- = 0,1,2,3 are Lorentz in-
dexes, and middle-to-late letters ¢, 7, k,¢,--- = 0,1,2,3 are spacetime in-
dexes. Under a combined local Lorentz (13.161) and general coordinate
transformation the tetrads transform as

oxt

d.(2") = L% (a') 5% € (). (13.332)

The covariant derivative of a tetrad Dyc must transform as

Ox' Oxd b
(D@ Cak)/(l‘,) = Lab(x/) W W i C ](l') (13333)
We can use the affine connection I we and the formula (13.73) for the co-
variant derivative of a covariant vector to cope with the index j. And we
can treat the Lorentz index b like an index of a nonabelian group as in

section 13.50 by introducing a gauge field w®, ,
Df Cak = Cak’é — ij_e CCS‘ + Wabg Cbk. (13334)

The affine connection is defined so as to make the covariant derivative of
the tangent basis vectors vanish

Dyef =ep,—T7 5 =0 (13.335)

in which the Greek letter a labels the coordinates 0,1,2,...,n of the em-
bedding space. We may verify this relation by taking the inner product in
the embedding space with the dual tangent vector e,

eial“jkee?‘ = 5;Tjke =T, = egez"[ =c epy (13.336)

which is the definition (13.58) of the affine connection, I, = €' - e, s. Simi-
larly Cartan defined the spin connection w® , so as to make the covariant
derivative of the tetrad vanish

Dy Cak — Cak,( _ ij{ C;-L + wadg cﬁ = 0. (13.337)
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The dual tetrads c],f are doubly orthonormal (13.162 and 13.162):
A =06F and &b =ob. (13.338)

a

Thus using their orthonormality, we have w®;, cg c’lf =w, 5l§l = w%,, and
so the spin connection is

why = —clg (CZ’E—FZ% c}z) =c clg ijé—c%’e c],f =cj clg ije—i—c% c],f?g. (13.339)
Equivalently
Whe =Ty — oo =Tl + ¢ i (13.340)
In terms of the differential forms (section 12.6)
& =cldz® and W =w?,dz’ (13.341)

we may use the exterior derivative to express the vanishing (13.337) of the
covariant derivative cak; , as

de* = ¢ dz’ A da® = (ijé cj —why cZ) dz’ A daF. (13.342)

But the affine connection I/ pe 18 symmetric in k and ¢ while the wedge
product dzf A dz* is antisymmetric in & and ¢. Thus we have
de = cj 4 dzt Nda® = — %, dat A dxt (13.343)
or with ¢ = czda:k and w = w“béd:cg
de=—-wAc (13.344)

which is Cartan’s first equation of structure. Cartan’s curvature 2-form
is

RY = % cj ¢ R, dz" A da’
1 a |17 J J n J n k 14 (13345)
=36 g~ e + 1 U — 1, T k:z} dz™ N dz”
His second equation of structure expresses R? as
Rab = dwab + wac A wcb (13346)
or more simply as
R=dw+wAw. (13.347)

A more compact notation, similar to that of Yang-Mills theory, uses Cartan’s
covariant exterior derivative

D=d+wA (13.348)



18.51 Cartan’s spin connection and structure equations 579
to express his two structure equations as
Dc=0 and R=Duw. (13.349)
To derive Cartan’s second structure equation (13.346), we let the exterior
derivative act on the 1-form w?,
dw®, = d(w,, dz*) = Wk dz® A da* (13.350)
and add the 2-form w?, A w
W AW = wlp wSp dzk A da’ (13.351)
to get
S% = (W + W g W) da® A da’ (13.352)
which we want to show is Cartan’s curvature 2-form R%, (13.345). First we
replace w®y, with its equivalent (13.339) ¢4 ¢; TV, — ¢ty ch

a __ a i1J a i a i 1J a i c n c
S% = [(Cj ch gy —cipcy) i+ (¢f e Ty — el e (cn g T — ¢4 0 63)

9 c/\*n

x dz* A dat. (13.353)

The terms proportional to r’ ;0.5 are equal to those in the definition (13.345)
)

of Cartan’s curvature 2-form. Among the remaining terms in S¢, those

independent of I' are after explicit antisymmetrization

So = €k Chy — o Chp + rcechch — et ch (13.354)
which vanishes (exercise 13.38) because C;’;, p = —C. Cpk ¢. The terms in S%
that are linear in I'’s also vanish (exercise 13.39). Finally, the terms in S%
that are quadratic in I'’s are

Al s T I, dah Adat = 6l o) IR I, dzh A dat

J
=T T, da® A dat (13.355)

and these match those of Cartan’s curvature 2-form R, (13.345). Since
S% = R%,, Cartan’s second equation of structure (13.346) follows.

Example 13.29 (Cyclic identity for the curvature tensor) We can use
Cartan’s structure equations to derive the cyclic identity (13.114) of the
curvature tensor. We apply the exterior derivative (whose square dd = 0) to
Cartan’s first equation of structure (13.344) and then use it and his second
equation of structure (13.346) to write the result as

0=d(dc+wAc)=(dw)Nc—wAdec=(dw+wAw)Ac=RAc. (13.356)
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The definition (13.345) of Cartan’s curvature 2-form R and of his 1-form
(13.341) now give

e Rjikg dz® A dxt A b da™

] 13.357
&R, dz® A dz A dat ( )

which implies that

1

_ pJ _
O—R[ike]—g

(Rjike + R+ Ry — Ry — Ry — ij) - (13.358)

But since Riemann’s tensor is antisymmetric in its last two indices (13.109),
we can write this result more simply as the cyclic identity (13.114) for the
curvature tensor

0= Ry, + Ry + Ry (13.359)
O
The vanishing of the covariant derivative of the flat-space metric
0 = Nabsk = Nab,k — WarTleb — WpkTac = —Whak — Wabk (13.360)
shows that the spin connection is antisymmetric in its Lorentz indexes
Wabk = — Wpar and wabk = —wbak. (13.361)

Under a general coordinate transformation and a local Lorentz transfor-
mation, the spin connection (13.339) must transform as (exercise 13.42)

“ oxt 1, u e
W'y = 927t [L qwli — QL) | L7 (13.362)

in order to make the derivative
j d
D, TS = T?ﬁf = T‘}C’e — P]kz T]‘-‘ +wy, T} (13.363)

covariant.

13.52 Spin-one-half fields in general relativity

The action density (11.336) of a free Dirac field is L = —1) (y29, + m) 1
in which a = 0,1,2,3; v is a 4-component Dirac field; ¢ = 18 = itpT40;
and m is a mass. Tetrads cf/(x) turn the flat-space indices a into curved-
space indices 7, so one first replaces 7?9, by v c’8,. The next step is to use
the spin connection (13.339) to correct for the effect of the derivative 9y on
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the field 1. The fully covariant derivative is Dy = 0p — %w“bf [Va, 7b] Where

w“bg =w?,, n*¢, and the action density is L = — ¥(y%c Dy + m)p.

13.53 Gauge theory and vectors

This section is optional on a first reading.

We can formulate Yang-Mills theory in terms of vectors as we did relativ-
ity. To accomodate noncompact groups, we generalize the unitary matrices
U(x) of the Yang-Mills gauge group to nonsingular matrices V' (z) that act on
n matter fields ¢%(z) as ¢'*(x) = V% (z) ¢*(z). The field ¥(x) = e,(x) ()
will be gauge invariant ¥'(z) = W(z) if the vectors e,(z) transform as
el () = ey(x) V1 (x). We are summing over repeated indices from 1 to
n and often will suppress explicit mention of the spacetime coordinates. In

this compressed notation, the field ¥ is gauge invariant because
V=e, " =e, VI, Vg =68 ¢ = ey’ =W (13.364)

which is /Ty = eTV~1V) = eT4) in matrix notation.
The inner product of two basis vectors is an internal “metric tensor”

N
e, - ep = Z es* ey = gap (13.365)
a=1

in which for simplicity I used the the N-dimensional identity matrix as the
metric of the embedding space. As in relativity, we’ll assume the matrix gqp
to be nonsingular. We then can use its inverse to construct dual vectors
@ = g%¢, that satisfy e®' - e, = oy
The free Dirac action density of the invariant field ¥

@(’7181 + m)\I/ = @ae‘ﬁ (7’82 + m)ebq/)b = Ja [yi(dab& + €aT . €b7i) + méab} wb
(13.366)
is the full action of the component fields °

V('8 +m)W =, (v Dy +m %" =, [/ (690 + Afy) +m %] ¢
(13.367)
if we identify the gauge-field matrix as Ay, = et €p,i in harmony with the
definition (13.58) of the affine connection I'¥, = ¥ - ¢/ ;.
Under the gauge transformation e/, = e y-1b a, the metric matrix trans-
forms as

G =V ' gaV ',  oras g =Vgy! (13.368)
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in matrix notation. Its inverse goes as ¢! =V g1 V1.
The gauge-field matrix A, = eaf . €pi = g‘me;r - ep,; transforms as
Ay =g el e = VLAV 4 VAV e (13.369)

or as A; = VAZ»V*l + V@iV*l = VAZ-V*l — (&V) VL
By using the identity e - i = — e:li - ec, we may write (exercise 13.41)
the Faraday tensor as

i‘;-b = [D;, Dj]", = e‘j “€pj — e‘fj ep el €p,j — e?j eyt e?} ep el €b,i-
(13.370)
If n = N, then
n
Z e &P = 6% and Fiyy = 0. (13.371)
c=1

The Faraday tensor vanishes when n = N because the dimension of the
embedding space is too small to allow the tangent space to have different
orientations at different points x of spacetime. The Faraday tensor, which
represents internal curvature, therefore must vanish. One needs at least three
dimensions in which to bend a sheet of paper. The embedding space must
have N > 2 dimensions for SU(2), N > 3 for SU(3), and N > 5 for SU(5).

The covariant derivative of the internal metric matrix
gi =9, — gA;i — Alg (13.372)

does not vanish and transforms as (g;i), = V‘”g,iV_l. A suitable action
density for it is the trace Tr(g;ig_l g'g™1). If the metric matrix assumes a
(constant, hermitian) mean value gg in the vacuum at low temperatures,
then its action is

m?Tr |(goAi + Algo)gy (g0 A" + A'f go)go_l} (13.373)
which is a mass term for the matrix of gauge bosons
Wi = g0/” Aigy " + 95 Al g5 (13.374)

This mass mechanism also gives masses to the fermions. To see how, we
write the Dirac action density (13.367) as

Vo [V(6%05 + AFy) +m %] ¥ =" [ (9ab0i + gacATy) + m gap] ¢
(13.375)
Each fermion now gets a mass m ¢; proportional to an eigenvalue c¢; of the
hermitian matrix gg.
This mass mechanism does not leave behind scalar bosons. Whether na-
ture ever uses it is unclear.
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Further reading

FEinstein Gravity in a Nutshell (Zee, 2013), Gravitation (Misner et al., 1973),
Gravitation and Cosmology (Weinberg, 1972), Cosmology (Weinberg, 2010),
General Theory of Relativity (Dirac, 1996), Spacetime and Geometry (Car-
roll, 2003), Ezact Space-Times in Einstein’s General Relativity (Griffiths
and Podolsky, 2009), Gravitation: Foundations and Frontiers (Padmanab-
han, 2010), Modern Cosmology (Dodelson, 2003), The primordial density
perturbation: Cosmology, inflation and the origin of structure (Lyth and
Liddle, 2009), A First Course in General Relativity (Schutz, 2009), Gravity:
An Introduction to Einstein’s General Relativity (Hartle, 2003), and Rela-
tivity, Gravitation and Cosmology: A Basic Introduction (Cheng, 2010).

Exercises

13.1 Use the flat-space formula dp = & dx + §dy + 2dz to compute the
change dp due to dp, d¢, and dz, and so derive expressions for the
orthonormal basis vectors p, @, and 2 in terms of &, ¢, and 2.

13.2 Similarly, compute the change dp due to dr, df, and d¢, and so derive
expressions for the orthonormal basis vectors 7, é, and q} in terms of
Z, g, and 2.

13.3 (a) Using the formulas you found in exercise 13.2 for the basis vectors
of spherical coordinates, compute the derivatives of the unit vectors 7,
é, and dA) with respect to the variables r, 6, and ¢ and express them
in terms of the basis vectors #, 8, and ¢. (b) Using the formulas of
(a) and our expression (2.16) for the gradient in spherical coordinates,
derive the formula (2.33) for the laplacian V - V.

13.4 Show that for any set of basis vectors v1,...,v, and an inner product
that is either positive definite (1.82-1.85) or indefinite (1.82-1.83 &
1.85 & 1.88), the inner products g;x = (vj, vg) define a matrix g;; that
is nonsingular and that therefore has an inverse. Hint: Show that the
matrix g;; cannot have a zero eigenvalue without violating either the
condition (1.84) that it be positive definite or the condition (1.88) that
it be nondegenerate.

13.5 Show that the inverse metric (13.47) transforms as a rank-2 contravari-
ant tensor.

13.6 Show that if Aj is a covariant vector, then ¢** A;, is a contravariant
vector.

13.7 Show that in terms of the parameter L = (R/a)?, the metric and line
element (13.45) are given by (13.46).
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13.8 Show that the connection ng transforms as (13.71) and so is not a
tensor.

13.9 Show that the two transformation laws (13.67 and 13.71) are equiva-
lent. Hint: Rewrite the inhomogeneous term in (13.67).

13.10 Use the vanishing (13.88) of the covariant derivative of the metric ten-
sor, to write the condition (13.146) in terms of the covariant derivatives
of the symmetry vector (13.147).

13.11 Embed the points p = R(cosh 6, sinh 6 cos ¢, sinh 0 sin ¢) with tangent
vectors (13.44) and line element (13.45) in the euclidian space E3. Show
that the line element of this embedding is

ds* = R* (cosh? 0 + sinh? §) df? + R? sinh? 0 d¢*

o (T 2krR)dr? 4 (13.376)

which describes a hyperboloid that is not maximally symmetric.

13.12 If you have Mathematica, imitate example 13.15 and find the scalar
curvature R (13.118) of the line element (13.376) of the cylindrical
hyperboloid embedded in euclidian 3-space E3.

13.13 Consider the torus with coordinates 6, ¢ labeling the arbitrary point

p = (cos ¢(R + rsinf),sin ¢(R + rsinh), r cos §) (13.377)

in which R > r. Both 6 and ¢ run from 0 to 27. (a) Find the basis
vectors ey and eg. (b) Find the metric tensor and its inverse.

13.14 For the same torus, (a) find the dual vectors e’ and e? and (b) find
the nonzero connections Fék where 1, j, k take the values 6 and ¢.
13.15 For the same torus, (a) find the two Christoffel matrices I'y and T'y,

(b) find their commutator [['g,I'y], and (c) find the elements RYy,, ng,

RZ(, " and Rﬁ " of the curvature tensor.

13.16 Find the curvature scalar R of the torus with points (13.377). Hint:
In these four problems, you may imitate the corresponding calculation
for the sphere in Sec. 13.23.

13.17 Show that §¢g** = —¢*¢g**5 g, or equivalently that dg”* = — ¢**¢"dg
by differentiating the identity ¢** gpe = 5}2.

13.18 Let gjx = mir + hix and 2™ = 2™ 4 €. To lowest order in € and h, (a)
show that in the 2’ coordinates hf, = hi, — €; ) — €x; and (b) find an
equation for e that puts A’ in de Donder’s gauge h’f,w- = %(nﬂh;é)vk.

13.19 Just to get an idea of the sizes involved in black holes, imagine an
isolated sphere of matter of uniform density p that as an initial con-
dition is all at rest within a radius ry. Its radius will be less than its
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Schwarzschild radius if

2MG 1 .\ G
Ty < 02 =2 <37T7’bp> sz (13378)

If the density p is that of water under standard conditions (1 gram per
cc), for what range of radii r, might the sphere be or become a black
hole? Same question if p is the density of dark energy.

13.20 Embed the points

p = (ct,aL sin x sin 0 cos ¢, aL sin x sin 0 sin ¢, aL sin x cos 0, aL cos )
(13.379)
in the flat semi-euclidian space E(1%) with metric (—1,1,1,1,1) and
derive the metric (13.269) with k = 1.
13.21 For the points p = (ct,asinf cos$,asinfsin¢g,acosf), derive the
metric (13.269) with & = 0.
13.22 Show that the 11 component of Ricci’s tensor Rq; is

ai + 2a* + 2kc? | L*

Ry = [Dy, D1, = 20— kr?/12) (13.380)

13.23 Show that the 22 component of Ricci’s tensor Rao is
Ra» = [Dy. Dot (ad + 2a* 4;221602/112)7“2. (13.381)

13.24 Show that the 33 component of Ricci’s tensor Rsg is
Ras = [Dx. Dg}kg _ (ad + 242 + 2/-6202/L2)r2 sin? 9. (13.382)

c
13.25 Embed the points

p = (ct,aL sinh x sin 0 cos ¢, aL sinh  sin 0 sin ¢, a L sinh x cos 6, aL cosh x)
(13.383)

in the flat semi-euclidian space E(?) with metric (—1,1,1,1, —1) and

derive the line element (13.268) and the metric (13.269) with & = —1.

13.26 Derive the second-order FLRW equation (13.285) from the formulas
(13.269) for goo = — c?, (13.279) for Rog = — 3i/a, (13.283) for T},
and (13.284) for T'.

13.27 Derive the second-order FLRW equation (13.286) from Einstein’s for-
mula for the scalar curvature R = — 87G T/c* (13.241) and from the
FLRW formulas for R (13.282) and for the trace T' (13.284) of the
energy-momentum tensor.

13.28 Show that the first- and second-order Friedman equations (13.287 and
13.285) imply that the energy of a perfect fluid is conserved (13.293).



586 General Relativity

13.29 Assume there had been no inflation, no era of radiation, and no dark
energy. In this case, the magnitude of the difference |2 — 1| would have
increased as t2/3 over the past 13.8 billion years. Show explicitly how
close to unity 2 would have had to have been at ¢ = 1s so as to satisfy
the observational constraint | — 1| < 0.036 on the present value of 2.

13.30 Derive the relation (13.297) between the energy density p and the
scale factor a(t) from the conservation law (13.294) and the equation
of state p; = w;p;.

13.31 For constant p = —p/c? and k = 1, set g?> = 87Gp/3 and use the
Friedman equations (13.285 & 13.287) and the boundary condition that
the minimum of a(t) > 0 is at t = 0 to derive the formula a(t) =
ccosh(gt)/(Lg).

13.32 Use the Friedman equations (13.285 & 13.301) with w = —1, p con-
stant, k = —1, and the boundary conditions a(0) = 0 and a(0) > 0 to
derive the formula a(t) = csinh(gt)/(Lg) where again ¢g> = 87Gp/3.

13.33 Use the Friedman equations (13.285 & 13.301) with w = —1, p con-
stant, and k = 0 to derive the formula a(t) = a(0) e*9".

13.34 Use the constancy of 8tGpa*/3 = f? for radiation (w = 1/3 ) and the
Friedman equations (13.285 & 13.301) to show that if £k = 0, a(0) = 0,
and a(t) > 0, then a(t) = v/2ft where f > 0.

13.35 Show that if the matrix U(z) is nonsingular, then

U)U = —Ug U (13.384)

13.36 The gauge-field matrix is a linear combination A = —igt’ AZ of the
generators t* of a representation of the gauge group. The generators
obey the commutation relations

[t tb] = 1 fapct® (13.385)

in which the fu. are the structure constants of the gauge group. Show
that under a gauge transformation (13.326)

Al =UAU — (oU)U? (13.386)

by the unitary matrix U = exp(—ig\®t®) in which A\ is infinitesimal,
the gauge-field matrix A; transforms as

—ig Al = —igA%t® — ig? fap O ALEE 4 igDNUY. (13.387)
Show further that the gauge field transforms as
AT =AY — N — gfapACNC. (13.388)
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13.37 Show that if the vectors e,(x) are orthonormal, then eaf “Cci = —e‘j .
€.
13.38 Use the equation 0 = &y = (cf ¢;).k to show that ci,k = —c ok .

Then use this result to show that the I-free terms Sy (13.354) vanish.

13.39 Show that terms in S (13.353) linear in the I'’s vanish.

13.40 Derive the formula (13.362) for how the spin connection (13.339)
changes under a Lorentz transformation and a general change of co-
ordinates.

13.41 Use the identity of exercise 13.37 to derive the formula (13.370) for
the nonabelian Faraday tensor.

13.42 Derive the transformation rule (13.362) from the requirement that it
make the derivative (13.363) covariant. This problem is long and hard.

13.43 Write Dirac’s action density in the explicitly hermitian form Lp =
— %@7’ i) — % W'yi i@b]T in which the field % has the invariant form
¥ = eatby and ¥ = 40, Use the identity [P,7its]" = — ¥yyita to
show that the gauge-field matrix A; defined as the coefficient of ¥ ,v"1y
as in 1,7 (9; + i Ajap)bp is hermitian AY, = Ajpq.



