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CHAPTER 1

Special Relativity

1. Minkowski Space

The n+1 dimensional Minkowski space, which we denote by R™!, consists of the
manifold R"*! together with a Lorentz metric m and a distinguished system of
coordinates =%, o = 0,1,...n, called inertial, relative to which the metric has

the diagonal form m,s = diag(—1,1,...,1). We write, splitting the spacetime
coordinates z® into the time component 2° = ¢ and space components x = 2%, ... 2",
ds® = m), gdz*da’ = —dt® + (dz')® + (da®)® + ... + (dz™)?. (1)

We use standard geometric conventions of lowering and raising indices relative to m,
and its inverse m~! = m, as well as the usual summation convention over repeated
indices. The coordinate vectorfields a% are denoted by d,. The dual 1 forms
are dx®. An arbitrary vectorfield can be expressed as a linear combination of the
coordinate vectorfields X = X®9, with smooth functions X = X*(20,...  z").
An arbitrary 1-form is a linear combination of the coordinate 1-forms A = A, dx*.

Under a change of coordinates z® = z*(z’ #) we obtain,

ox® 0x®
ds? = my,, dx’ *dz'v m, , =myz——
v ’ py B oz 1 Gl b

Two inertial systems of coordinates are connected to each other by translations
& =g %+ x?o), Lorentz transformations,

o' = AGaP, mgs = my, ALY (2)

and combinations of the two 2’ * = Agxﬁ + x?o).
Exercise. Show that the Lorentz transformations B(v) = Bg;(v) : R**" —
R*" with —1 < v < 1, (called boosts) which rotate the axes t = 2° and = = 27,
i=1,2,...n and keep all other fixed have the form,

t—vx , T — vt

ST T S (S e @

Relative to null coordinates u =t —z, v =t+z and v =t — 2/, v =t + 2’ we
have,

1— 1/2
(Gl il @)
(1+0v)1/2
Show that B(v), |v| < 1 forms a one parameter group of diffeomorphisms of the
Minkowski space and find the relativistic law of addition of velocities.

u=A"tu, v =\, A=

3
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D the flat covariant derivative of R?*!. Recall that covariant differentiation asso-
ciates to any two smooth vectorfields X, Y another vectorfield D xY which verifies
the following rules.

(1) Given three vectorfields X, Y, Z and scalar functions a,b we have
DuxioyZ = aDxZ+bDyZ
Dx(fY) = X(f)Y +fDxY
(2) For any vectorfields X,Y, Z,
Xm(Y, Z) = m(DxY, Z) + m(X, Dy Z)

Given an arbitrary 1-form A = A,dx® we have Dywg = Jqwg.

A vector X is said to be timelike, null or spacelike according to whether m(X, X)
is <0, =0 or > 0. Accordingly a smooth curve z%(s) is said to be timelike, null
or spacelike if its tangent vector % is timelike, null or spacelike at every one of
its points. A causal curve can be either timelike and null at any of its points.
The canonical time orientation of R"*! is given by the vectorfield Ty = dy. A
timelike vector X is said to be future oriented if m(X,Ty) < 0 and past oriented if

m(X,Ty) > 0.

Similarly a hypersurface u(x?,...2") = 0 is said to be spacelike, null or timelike

if its normal N¢ = —maﬁagu is, respectively, timelike, null or spacelike. The
metric induced by m on a spacelike hypersurface is necessarily positive definite,
that is Riemannian. A function t(z%, 2%, ... ,2") is said to be a time function if its

level hypersurfaces t = t are spacelike. On a null hypersurface the induced metric
is degenerate relative to the normal direction, i.e. m(N,N) = 0. In particular
function u = u(z?,...2") whose level surfaces u = u are null must verify the

Eikonal equation
m*?9,udsu = 0 (5)

Equation (5) can also be written in the form Dy N = 0. We call N a null geodesic
generator of the level hypersurfaces of u.

Definition Smooth solutions u = u(z?, ... 2™) of the eikonal equation (5) are called
optical functions. Their level hypersurfaces are null.

Exercise. Show that the functions t &7, with t = 2% and r = \/(21)2 + - - - (2™)2
are optical functionsin R"*1\ {0}.

1.1. Physical Interpretation. Given a timelike curve C' : 2% = z%(s) we
define proper time along the curve,

dz® dxP
= [ o G G ©)

According to special relativity 7 is the time which would elapse on a clock carried
along the curve. The tangent vector U = u“d, to a timelike curve parametrized
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by its proper time 7 is called the four velocity of the curve. Clearly,
uaua = m(U, U) =-1

Particles subject to no external forces travel along geodesics, i.e. its four velocity
verifies

DyU = 0. (7)

In coordinates u®9,u® = 0. Clearly, all geodesics in Minkowski space are straight
lines. All material particles have a rest mass m which appears as a parameter in
the equations of motion in the presence of forces. The energy momentum 4-vector
of a particle of mass m is defined to be,

P=mU (8)

or in coordinates p® = mu®. By definition the energy E of the particle is defined
to be pU. In particular, in the rest fram of the particle we have,

E=m 9)

or E = mc? if the original Minkowski metric is in fact mgg = diag(—c?,1,...,1).

In the rest frame of a particle its four-velocity has components U* = (1,0,0,0). In
a frame ,with respect to which the particle is moving with velocity v along the z'
axis, we find (by performing a Lorentz transformation to a frame relative to which
the particle is at rest)

p“(’ym,v’ym,0,0), Y= 1/V 1 -2
For small v this gives, p° = m + %mv2 ( rest energy plus newtonian kinetic energy)
and p' = mv (the newtonian momentum of the particle).

More generally, given an observer, present at the site of the particle whose 4- velocity
is V = v%0,, we can decompose,

P=EV+P:  E=-m(PV)=—mu,n” (10)

where P denotes the component of P perpendicular to V and E denotes the energy
of the particle as measured by the observer. For a particle at rest with respect to
the observer, i.e. U =V, we have again Einstein’s famous formula £ = m.

We define (as four-force) the four- vector,
d 2
= L pr) = m ()

Gravity, which is the simplest example of force in newtonian mechanics, is mani-
fested in relativity by the curvature of the spacetime itself. Another force which is
important in electromagnetism is the Lorentz force. If F),, is a given electromag-
netic force one defines the four-Lorentz force acting on a particle with four velocity
U and charge q,

= qU F\* (11)
The equations of motion for the particle are,
d2
m——z*(7) = f*(7). (12)

dr2
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The causal future J7(S) of a set S consists of all points in R™*! which can be
connected to S by a future directed causal curve. The causal past J~(.9) is defined
in the same way. Thus, for a point p = (t,z), T (p) = {(¢t > to,z)/|z—20| < t—1o}.

1.2. Symmetries. Let z* be an inertial coordinate system of Minkowski
space R™*1. The following are all the isometries and conformal isometries (see
definition (3.3) in the Appendix) of R"*1.

1. Translations: for any given vector a = (a,al,....,a") € R**1,

zt — gt + ot

2. Lorentz rotations: Given any A = A2 € O(1,n),

at — AL x¥

3. Scalings: Given any real number \ # 0,

zt — \zH

4. Tnversion: Consider the transformation z# — I(x*), where
at
(z,z)

defined for all points x € R™™! such that (z,x) # 0.

I(z") =

The first two sets of transformations are isometries of R**!, the group generated
by them is called the Poincare group. The last two type of transformations are
conformal isometries. the group generated by all the above transformations is the
conformal group. In fact the Liouville theorem, whose infinitesimal version will be
proved later on, states that it is the group of all the conformal isometries of R?+1.

Remark. The transformations mentioned above generate 1 parameter groups of
transformations. Thus, corresponding to time translations, we associate the ad-
ditive transformation group Uq)(s) which fixes all coordinates 2P, # a and
takes ® to x* 4+ s. Corresponding to a Lorentz transformation which rotates the
t = 2% ¢ = 2! axes we associate the 1— parameter additive group Boiy(v) given
by (3). The scaling transformation generate a multiplicative. Finally, using the

inversion I we can generate the 1— parameter additive groups C,, = I ' o U, 0 I.

Any additive 1— parameter group of transformations U(s) generates a vectorfield
X according to the formula,

X =2 (foU(s)lumo

Clearly the generators of the groups of translations and lorentz transformations are
Killing while those generated by scalings and inverted translations are conformal
Killing (see definition 3.4).



1. MINKOWSKI SPACE 7

We list below the Killing and conformal Killing vector fields which generate the
above transformations.

i. The generators of translations in the z* directions, p = 0,1, ...,n:

0
T = ozt
ii. The generators of the Lorentz rotations in the (u, ) plane:

L, =x,0, — 2,0,

iii. The generators of the scaling transformations:

S = 20,

iv. The generators of the inverted translations !:

0 0
KH = Qxpr@ — (prxp)@
Of particular importance is the vectorfield Ko = (2 +72)0; +2tx'9;, which is causal.

Here 7% = |22 = (z21)% +--- (z")%

Remark. Observe that the vectorfields T, L are all Killing while S, K are con-
formal Killing. Recall that a vectorfield X is a Killing vectorfield for a metric g
if Lxg = 0 or , equivalently if its deformation tensor (X)waﬂ = D,Xg + DgX,
vanishes identically. The vectorfield X is called conformal Killing if (X)7 is pro-
portional to the metric g.

We also list below the commutator relations between these vector fields,

a, Tp] =0
o (13)
a,Kﬁ 2(ma[38 + Laﬁ)

Denoting P(1,n) the Lie algebra generated by the vector fields T, L, and £(1,n)
the Lie algebra generated by all the vector fields T, Lgy, S, Ks we state the fol-
lowing version of the Liouville theorem,

THEOREM 1.3. The following statements hold true.
1) P(1,n) is the Lie algebra of all Killing vector fields in R"T1.

2) If n > 1, K(1,n) is the Lie algebra of all conformal Killing vector fields in R" 1.

LObserve that the vector fields K, can be obtained applying I to the vector fields T,.
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3) If n = 1, the set of all conformal Killing vector fields in R'T1 is given by the
following expression

f(@® 4+ ") (80 + 81) + g(2° — 2)(80 — O1)

where f,g are arbitrary smooth functions of one variable.

Proof: The proof for part 1 of the theorem follows immediately, as a particular
case, from Proposition (3.7). From (111) as R =0 and X is Killing we have

D,D,X\=0.
Therefore, there exist constants a,,,b, such that X* = a,,x" 4+ b,. Since X is
Killing D, X, = —D,X, which implies a,, = —a,,. Consequently X can be
written as a linear combination, with real coefficients, of the vector fields Ti,, Lg..
Let now X be a conformal Killing vector field. There exists a function 2 such that
X, = Qm,, (14)

Using formulas (111) and (112), in the appendix, it follows that

1
DDy Xy =3

Taking the trace with respect to p, v, on both sides of (15) we infer that

(Q,,umu)\ + Q,ump)\ - Q,)\ml/,u) (15)

n—1

OXy\ =— Qx

n+1

DFX, = =

Q (16)

and applying D> to the first equation, O to the second one and subtracting we
obtain

00 =0 (17)
Applying D,, to the first equation of (16) and using (17) we obtain
—1
(n—1)D,D\Q = = 5~ (DuDaQ + DD, Q) = ~O(D, X + DaX,.)
= —(0Qm,\=0 (18)

Hence for n # 1, D, D52 = 0. This implies that {2 must be a linear function of x*.
We can therefore find a linear combination, with constant coefficients, ¢S + d* K,
such that the deformation tensor of X — (¢S + d*K,) must be zero. This is the
case because ()1 = 2m and S = 42, m. Therefore X — (cS + d°K,) is Killing
which, in view of the first part of the theorem, proves the result.

Part 3 can be easily derived by solving (14). Indeed posing X = ady + b0y, we
obtain 2Dy Xy = —Q, 2D1X; = Q and Dy X; + D1 Xy = 0. Hence a,b verify the
system

Oa 0b 0b Oa

920 ~ 9zl 9 dal



1. MINKOWSKI SPACE 9

Hence the one form adz® + bdz! is exact, adz® + bdx' = d¢, and ;;U% = 8‘%172, that
is ¢ = 0. In conclusion
1/ 0¢ ¢ 1/ 0¢ ¢
X==-=—+=-——=)(0+0 = —-—==1(0—0
2<8x0+8x1>( 0+ 1)+2<8x0 Ozl (9 —31)

which proves the result.

1.4. Null frames. A pair of null vectorfields L, L form a null pairif m(L, L) =
—2. A null pair e, = L,e,41 = L together with vectorfields ey, ...e,_1 such that
m(L,e,) =m(L,e,) =0 and m(ey, ep) = dgp, for all a,b=1,... ;n—1, is called a
null frame. The null pair,

L:at+ar7 L:(?t—ar, (19)
with r = |z| and 9, = 2%/rd;, is called canonical. Simmilarly a null frame
€1,...epy1 with e, = L,e,y1 = L is called a canonical null frame. In that case
€1,...,en_1 form, at any point, an orthonormal basis for the the sphere S; .., of con-

stant ¢ and r, passing through that point. Observe also that L is the null geodesic
generator associated to u =t — r while L the null geodesic of u =t + r.

Remark. Expresse relative to the canonical null pair,

To=2""(L+L), S=2"'ulL+ul), Ko=2""w*L+u’L).
(20)

Both Tg = 9; and Ko = (t2+]|x|?)0;+2tx'9; are causal. This makes them important
in deriving energy estimates. Observe that S is causal only in J7(0) U J~(0).

1

1.5. Conformal Compactifcation. In polar coordinates z! = rcos9', 22 =

rsinfl cos0?,... 2" = rsinflsin€?---sind” !, the Minkowski metric takes the
form,

—dt? 4 dr* + r¥dw? |, r>0
where,

dw? | = (d#")? + sin? 01 (dh*)? 4 - - +sin? ' - - -sin? "2 (dO"1)?

is the metric of the standard n — 1 dimensional sphere S*~!. We introduced the
advanced and retarded coordinates u =t —r, u = ¢t + r and rewrite m in the form,

1
—dudu + 1(@ —u)?dw?_,, —o00 < u < u< 0o
We now make the change of variables,
u = tan U, u=tanU, —g<Q<U<%

and rewrite the Minkowski metric in the form,
1
cos2U cos2 U

or, introducing the new metric m,

—4dUdU + sin®(U — U)dw? _, (21)

1
(= dUdU + § sin*(U — U)dwr, ;)
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we derive,

with,

Q =cosUcosU = (22)

(1+u)1/2(1 + u2)1/2
Finally introducing the new variables,

T=U+U, R=U-U
the new metric m takes the form,

—dT? + dR? 4 sin? Rdw? |
Observe that dR? 4 sin? Rdw?_, is precisely the metric dw? of the standard sphere
S™. Thus the metric m is precisely the standard Lorentz metric,

—dT? + dw? (23)

of the cylinder E"*! = R x S™. The space-time thus obtained is called the Einstein
cylinder. Consider the map P : R!*" — E!*" defined by,

(t,r,w) — (T, R,w), weS"! (24)
where,

T = tan '(t+7)+tan"'(t —7)

R = tan '(t+7r) —tan"'(t —r)
or,

U =tan™! u, U= tan"tu
with tan=! : R — (—m/2,7/2). We have established the following:
PROPOSITION 1.6. The map P establishes a conformal isometry between the minkowski
space R™ with metric m and the Einstein cylinder B! with metric? m,

P*(m) = Q*m. (25)
with conformal factor Q given by formula (22). The image P(R"*1) is the bounded
region of E™t! characterized by the conditions,

—T<T+R<7m, O0<R<mw

Definition. The boundary of P(R"*!) in E"*! is given by,
OPR") =STus  ui®uitui~

Here

{T+R=m0<R<m={U=7%, -2 <U<Z3}
S = {T—R:—W,O<R<7r}:{U:—%,
are called the future and past null infinities of Minkowski space. The point

= {T'=0,R=n}={U=-2,U=3}

8+

™ i
. U —
5 <U< 2}

2Recall that, given ® : M — M’ with T a covariant 2-tensor on M’ one defines the pull back
tensor ®*7T on M by ®*T(X,Y) = T (P X, .Y).
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is called the space-like infinity while the points,
T {T:—w,Rzo}:{U:Q:—g}

are called the time-like future and past infinities of the image P(R"*! of Minkowski
space in the Einstein cylinder. Note that all time-like geodesics of Minkowski space
begin at i~ and end at it all space-like geodesics begin and end at i and all null
geodesics start on S~ and end on ST.

Remark 1. Observe that a conformal isometry maps null hypersurfaces int null
hypersurfaces. Thus, since u =t —r and u = t = r are optical functions for R**+!
T—R

there is no surprise that U = -5=, U = % are null for E"*1. In particular we

see that the future and past null infinity boundaries S* are indeed null.

Remark 2. Observe that > 0 and vanishes at the boundary OP(R"*! in E"+1.
Also (0y2, 0y Q) # 0 on ST US™. In other words the differential dQ2 of Q, in E*+"
is non-vanishing along the null boundaries of P(R"*1). On the other hand dQ
vanishes at i°. One can show only that the hessian D?( is non-degenerate, where
D denotes the covariant derivative operator on E*+!. In fact,

D,DsQ = 2,3

Using these facts on can prove that the null boundary P(R"*! is of class C? at i°
and C'*°, in fact real analytic, everywhere else.

Remark 3. Observe that the vectorfield Oz in E"*! is a Killing vectorfield for the
metric m. It is in fact the image through P of the vectorfield Ko, i.e. P,(Kg) = Or.

Exercise. Verify all statements made in Remarks 2, 3.

2. Classical Field Theory

2.1. Basic Notions. In this section we will discuss some basic examples of
nonlinear wave equations which arise variationally from a relativistic Lagrangian.
The fundamental objects of a relativistic field theory are

e Space-time (M, g) which consists of an n 4+ 1 dimensional manifold M
and a Lorentz metric g; i.e . a nondegenerate quadratic form with signa-
ture (—1,1,...,1) defined on the tangent space at each point of M. We
denote the coordinates of a point in M by z¢, o =0,1,... ,n.

Throughout most of this chapter the space-time will in fact be the
simplest possible example - namely, the Minkowski space-time in which
the manifold is R™*! and the metric is given by

ds? = mypde®da’® = —dt* + (dx1)2 + oo+ (da™)? (26)
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with t = 2% m,s = diag(—1,1,...,1). Recall that any system of coordi-
nates for which the metric has the form (26) is called inertial. Any two
inertial coordinate systems are related by Lorentz transformations.

e Collection of fields v = () @) ... ® which can be scalars, ten-
sors, or some other geometric objects® such as spinors, defined on M.

e Lagrangian density L which is a scalar function on M depending only
on the tensorfields ) and the metric* g.

We then define the corresponding action S to be the integral,
S=Skhg: U = / Lildvg
u

where U is any relatively compact set of M. Here dvg denotes the volume element
generated by the metric g. More precisely, relative to a local system of coordinates

x, we have
dvg = v—gdz’dzt - - da" = /—gdx
with g the determinant of the matrix (g,3)-

By a compact variation of a field ¢ we mean a smooth one-parameter family of
fields 1),y defined for s € (—¢, €) such that,

(2) At all points p € M\ U we have ¢y = 1.

dib(s)
ds

Given such a variation we denote §v := w =

. Thus, for small s,
s=0

Y(s) =1+ sv + O(s?)
A field v is said to be stationary with respect to S if, for any compact variation
(Y(s),U) of 9, we have
d

—S(s)

=0
ds

s=0

where,
S(s) = S[Ys), g:U]

We write this in short hand notation as

5,

oY
Action Principle, also called the Variational Principle, states that an acceptable
solution of a physical system must be stationary with respect to a given Lagrangian
density called the Lagrangian of the system. The action principle allows us to derive
partial differential equations for the fields v called the Euler-Lagrange equations.
Here are some simple examples:

1. Scalar Field Equations.

3For simplicity we restrict ourselves to covariant tensors.
4as well as its inverse g !
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One starts with the Lagrangian density L[¢] = —1g/"*9,¢0,¢ — V(¢) where ¢ is a
complex scalar function defined on (M, g) and V(¢) a given real function of ¢.

Given a compact variation (¢,U) of ¢, we set S(s) = S[d(s), g;U]. Integration
by parts gives,

d
%5(8)

= /M [~ 8,00,¢ — V' ($)d]V/—gda

s=0
::/ﬁmw—wwwm
u

where g is the D’Alembertian,

Oeo = <=0 (" v=E0.0).

In view of the action principle and the arbitrariness of ¢ we infer that ¢ must satisfy
the following Euler-Lagrange equation

Ogo —V'(¢) =0, (27)

Equation (27) is called the scalar wave equation with potential V(o).

2. Wave Maps.

The wave map equations will be defined in the context of a space-time (M, g), a
Riemannian manifold N with metric h, and a mapping

¢:M — N.

We recall that if X is a vectorfield on M then ¢, X is the vectorfield on N defined
by 9. X(f) = X(fo¢). If wisa l-form on N its pull-back ¢*w is the 1-form on M
defined by ¢*w(X) = w(¢.X), where X is an arbitrary vectorfield on M. Similarly
the pull-back of the metric A is the symmetric 2-covariant tensor on M defined by
the formula (¢*h)(X,Y) = h(¢«X, $.Y). In local coordinates z® on M and y* on
N, if ¢® denotes the components of ¢ relative to y*, we have,

_ 09" 09" _, 00 0¢
= 920 928 ab(#(p)) = <8?’ 928

where < -, - > denotes the Riemannian scalar product on N.

(@"h)as(p) )

Consider the following Lagrangian density involving the map ¢,
1 *
L= —5Trg(¢"h)

where Trg(¢*h) denotes the trace relative to g of ¢*h. In local coordinates,

1 d¢* D¢
L[(b] = 7§g/‘”’hub(¢) 8:::” aj’/ :
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By definition wave maps are the stationary points of the corresponding action.
Thus by a a straightforward calculation,

d

0 = %S(S) 8:0: I + 1o (28)
1 Ohap(®) <o o

L= -3 /M g 3;(c¢)¢ 0,6°0,¢"\/—gdx

L = - /M & hap ()0, 0"y ¢/ —gda

After integrating by parts, relabelling and using the symmetry in b, ¢, we can rewrite

I5 in the form,

Ohap

0¢°
. 1 Ohg, Oh

= @ hap(6)Oge® + —gH” e 2 ) 9,08, | d

/u¢( b(¢) g¢+2g (ad)c+a¢b> N¢ ¢) Ug

Also, relabelling indices

1 ahbc i b
- _ - Ny a c
I | &G 0,00, g

. /u‘f;a <hab(¢>)5g¢b +g" 3M¢C5v¢’b> dvg (29)

Therefore,

0 = L +1

. 1 /O0h oh, oh
a b b Co iV T ab ac bc
/uas (habmg¢ 0.0 008" (W + G ad)a))dvg

: 1 oh oh Oh
a d b CohtV - 1 ds . sb sc bc
/Z/I¢ (hadDg¢ + au¢ 0,9°g 2h haa <5¢C + a¢b dp® )) d’Ug

/ $haq (Dgd® + 0,670, 6°g" L) dug
u

where I, = %hds (%Z;b %’f;b“ - %};”;) are the Christoffel symbols corresponding

to the Riemannian metric h. The arbitrariness of (;5 yields the following equation
for wave maps,

Ogo® + T 8" 0,6°9,6° = 0 (30)
Example: Let N be a two dimensional Riemannian manifold endowed with a

metric h of the form,

ds® = dr® + f(r)*d6?
Let ¢ be a wave map from M to N with components ¢!, ¢?, relative to the r,0
coordinates. Then, T}, = T2, =T1, =T2, = 0 and T, = —f/(r) f(r), T2, = L&)

f(r)
Therefore,
Dg¢1 = f/('r')f(r)g#yauﬁb2av¢2
2 7fl(7") v 1 2
Dg¢ - f(?“) gu 8,u¢ al/¢)

3. Maxwell equations.
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An electromagnetic field F' is an exact two form on a four dimensional manifold
M. That is, F' is an antisymmetric tensor of rank two such that

F=dA (31)

where A is a one-form on M called a gauge potential or connection 1-form. Note
that A is not uniquely defined - indeed if y is an arbitrary scalar function then the
transformation

A— A=A+dyx (32)

yields another gauge potential A for F. This degree of arbitrariness is called gauge
freedom, and the transformations (32) are called gauge transformations.

The Lagrangian density for electromagnetic fields is

1
LIF| = — FuF".

Any compact variation (Fis,U) of F' can be written in terms of a compact variation
(A(s),U) of a gauge potential A, so that F(,) = dA. Write

) d . d

F=-Fo| 0 A= 4
so that relative to a coordinate system z* we have F,, = d,A, —0, A, and therefore
F,, = 0,A, —0,A,. The action principle gives

1 .
=3 /M Fy FH dug
1

= —= / (8, A, — 0, A,)F" dvg
2 u

s=0 s=0

d
0 = —=5(s)

s=0

. . 1
= — [ 9,A, F*dv =/A,, (81, v —gFH )dv
/u . & u v—E ( ) &

Note that the second factor in the integrand is just D, F*" where D is the covariant

derivative on M corresponding to g. Hence the Fuler-Lagrange equations take the
form

D, F" = 0. (33)
Together, (31) and (33) constitute the Maxwell equations.

Exercise. Given a vector field X on M, show

1
——0, (V—gX*
e Ve

We can write the Maxwell equations in a more symmetric form by using the Hodge
dual of F,

D, X¢ =

and by noticing that (33) is equivalent to d*F = 0. The Maxwell equations then
take the form

dF =0, dF=0 (34)
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or, equivalently,
D, F* =0, D, *F* =0 (35)

Note that since Lorentz transformations commute with both the Hodge dual and
exterior differentiation, the Lorentz invariance of the Maxwell equations is explicit
in (34). Note also the very interesting duality symmetry of the equation,

F—*F,  *F— —F (36)

Definition. Given X an arbitrary vector field, we can define the contractions
E, = (ixF), = X"Fau
H, = (ixF), = X''F,,

called, respectively, the electric and magnetic components® of F. Note that both
these one-forms are perpendicular to X.

We specialize to the case when M is the Minkowski space R1*3 and X = -4 =
%. As remarked, E, H are perpendicular to %, so Fy = Hy = 0. The spatial
components are by definition
E; = Fu, Hi:*FOi:%EOijk ij:%eijk Fik
We now use (34) to derive equations for E and H from above, which imply
D, *FH = (37)
and (33), respectively. Setting = 0 in both equations of (35) we derive,
OE;, = 0, OH;, =0
Setting v = ¢ and observing that Fj; =€, HF*, Fij = — €ijk E* we write
0 = —-°E,+0Fy; =00Ei+ €y O"H" =0,F; + (V x H),
0 = OHi— €ijx 0,y = 0,H; — (V x E),
Therefore,
QE+VXxH = 0, OH-VxE=0 (38)
divkE = 0, divH=0 (39)

These are the classical Maxwell in vacuum (i.e. in the absence of sources). Alongside
(38) and (39) we can assign data at time t = 0,

E(0,2) = EY,  Hi0,2)=H"

Exercise.  Show that the equations (39) are preserved by the time evolution of
the system (38. In other words if E(®), H(©) satisfy (39) then they are satisfied by
E, H for all times t € R.

5In physics books the electric field E; = —Fp; and the magnetic field is dented by B. Thus
the Maxwell equations look somewhat different from ours.
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The Maxwell equations with sources have the form,
8,5E +V x H= ]L

V-E=p
(40)
OH -V xE=0
V-H=0
or, in space-time notation, with J° = p and J* = j?,
D"F,, =J" (41)
Observe that the 4-current J verifies the continuity equation,
D,J"=0. (42)

Note that the symmetry (36) is broken by the presence of charges.

5. The Einstein Field Equations:

We now consider the action,

Sz/Ldvg.
u

Here U is a relatively compact domain of (M, g) and L, the Lagrangian, is assumed
to be a scalar function on M whose dependence on the metric should involve no
more than two derivatives®. It is also assumed to depend on the matterfields ¢ =
W p2) . 4p®) present in our space-time.

In fact we write,

S§=8c+Sum

/ Lgd’l)g

u

/ LMdvg
u

denoting, respectively, the actions for the gravitational field and matter. The mat-
ter Lagrangian Lj); depends only on the matterfields v, assumed to be covariant
tensorfields, and the inverse of the space-time metric g*? which appears in the
contraction of the tensorfields v in order to produce the scalar Ly,;. It may also
depend on additional positive definite metrics which are not to be varied 7.

with,

Sa

Sm

Now the only possible candidate for the gravitational Lagrangian Lg, which should
be a scalar invariant of the metric with the property that the corresponding Euler-
Lagrange equations involve at most two derivatives of the metric, is given® by the

6In fact we only require that the corrsponding Euler-Lagrange equations should involve no
more than two derivatives of the metric.

"This is the case of the metric h in the case of wave maps or the Killing scalar product in
the case of the Yang-Mills equations.

8up to an additive constant



18 1. SPECIAL RELATIVITY

scalar curvature R. Therefore we set,
Lc =R.

Consider now a compact variation (gs),U) of the metric g. Let g, = %gw|s=0.
Thus for small s, g,,,,(s) = g + 58 + O(s?). Also, gh”(s) = gh” — sgh” + O(s?)

where gt = go“‘gﬂ"g(w. Then,
= / Rdvg + / Rdvg
s=0  Juy u

. 1 ]
dvg = ig’“’gwdvg

d
£SG(3)

Now,

Indeed, relative to a coordinate system, dvg = /—gdz’dz ... dz"™ Thus, the above
equality follows from,

& = 28" 8ap,
with g the determinant of g,g. On the other hand, writing R = g"R,,,, and using

the formula %gg) e —gM | we calculate, R = —g"" R, + g""R,,,,. Therefore,
d v 1 v 3 12
7SG(S) = - (RH - 7gu R)g/wdvg + glt Ruudvg (43)
ds s=0 u 2 u

To calculate R;w we make use of the following Lemma,

LEMMA 2.2. Let g, (s) be a family of space-time metrics with g(0) = g and
Lg(0) =g. Set also, LRap(s)|s=0 = Rag. Then,

R,, =D,I'}, - D,I7,
where T is the tensor,

. 1 . . :
Gy = iga/\(Dﬁgv)\ +D,gsx — Daggsy)

Proof: Since both sides of the identity are tensors it suffices to prove the formula
at a point p relative to a particular system of coordinates for which the Christoffel

symbols I' vanish at p. Relative to such a coordinate system the Ricci tensor has
the form R, = DI, —D.I'g, [ |

Returning to (43) we find that since g"“R,,, can be written as a space-time di-
vergence of a tensor compactly supported in U the corresponding integral vanishes
identically. We therefore infer that,

d .

—S¢(9) = —/ ENg,, dvg (44)
dS U

where E#¥ = R* — %g““R. We now consider the variation of the action integral

Sy with respect to the metric. As remarked before Lj; depends on the metric g

through its inverse g. Therefore if we denote Sas(s) = Sar[th, g(s); U] we have,

writing dvg = %gwg“”dvg,

s=0
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d L
s - - = Lasdi
Ssu| = [ Geane+ [ Luai,
oLy 1 »
= _/u(agw — 58ular)g" dvg

Definition. The symmetric tensor,
oLy 1
THV = — <agﬁ“j - 2gMULM>

is called the energy-momentum tensor of the action Sy;.

With this definition we write,

d
£SM(3)

= | T"g,, dv 45
v g
=0 Jy

Finally, combining 44 with 45, we derive for the total action S,

iS(s) = — / (E*” — TH)g . dvg
s=0 u

ds

Since g, is an arbitrary symmetric 2-tensor compactly supported in U we derive
the Finstein field equation,

EMY — T

Recall that the Einstein tensor E satisfies the twice contracted Bianchi identity,
D"E,, =0

This implies that the energy-momentum tensor T is also divergenceless,

D, T" =0 (46)

which is the concise, space-time expression for the law of conservation of energy-
momentum of the matter-fields.

Let us now replace S with the new action,

Sg.a = /(R — 2A)dvg
The resulting field equations are,
E.w + Aguw = Tpw (47)
where A is the cosmological constant. Observe that (47) can be written in the form,
Eu =T — Aguv

and interpret —Ag,, as the energy density of the vacuum, a source of energy and
momentum present even in the absence of matterfields.
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Another possible gravitational lagrangean, which depends on a scalar function ¢

Lo = SR+ 58" 0,00,6 ~ V(0)

where f(¢),V(¢) are specified functions which define the theory. This leads to
scalar-tensor theories of gravity.

3. The energy-momentum tensor

The conservation law (46) is a fundamental property of a matterfield. We now turn
to a more direct derivation.

We consider an arbitrary Lagrangian field theory with stationary solution . Let
®, be the one-parameter group of local diffeomorphisms generated by a given vec-
torfield X. We shall use the flow ® to vary the fields ¢ according to

gs = (‘I)S)*g
7/13 = ((I)S)*¢~

From the invariance of the action integral under diffeomorphisms,
S(s) = S[t)s, g8s; M] = S [, g; M].
So that

d

oS
= —d T"g . d 48
s=0 /M o Vet /M Euvls ( )

The first term is clearly zero, ¥ being a stationary solution. In the second term,
which represents variations with respect to the metric, we have

. d
Sur = E(gs)uy 820: EXg/u/ = DMXV + DVXM
Therefore
0 = / T Lx g, dvug :2/ T"'D, X, dvg = —2/ D, T X, dvg
M M M

As X was arbitrary, we conclude
D, TH = 0. (49)

This is again the law of conservation of energy-momentum.

We list below the energy-momentum tensors of the field theories discussed before.
We leave it to the reader to carry out the calculations using the definition.

(1) The energy-momentum for the scalar field equation is,

1 1
Taﬁ =35 ((b,a(b”@’ - §

9 gap (gwj(b,u(b,u + 2V(¢))>
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(2) The energy-momentum for wave maps is given by,

1 1 v
Ta[i = 5 (< ¢,av¢ﬁ > _igo&/j(gu < ¢7H’¢al’ >))

where < , > denotes the Riemannian inner product on the target mani-
fold.
(3) The energy-momentum tensor for the Maxwell equations is,

. 1
Tap = FFoy — 1805 FF"™)
An acceptable notion of the energy-momentum tensor T must satisfy the following
properties in addition of the conservation law (49),

(1) T is symmetric
(2) T satisfies the positive energy condition that is, T(X,Y) > 0, for any
future directed time-like vectors X,Y .

The symmetry property is automatic in our construction. The following proposition
asserts that the energy-momentum tensors of the field theories described above
satisfy the positive energy condition.

PrOPOSITION 3.1. The energy-momentum tensor of the scalar wave equation sat-
isfies the positive energy condition if V is positive. The energy- momentum tensors
for the wave maps, Mazwell equations and Yang-Mills satisfy the positive energy
condition.

Proof : To prove the positivity conditions consider two vectors X,Y, at some
point p € M, which are both causal future oriented. The plane spanned by X,Y
intersects the null cone at p along two null directions®. Let L, L be the two future
directed null vectors corresponding to the two complementary null directions and
normalized by the condition

<L/ L>=-2
i.e. they form a null pair. Since the vectorfields X,Y are linear combinations
with positive coefficients of L, L, the proposition will follow from showing that
T(L,L) >0, T(L,L) > 0 and T(L,L) > 0. To show this we consider a frame at
p formed by the vectorfields F, 1y = L, E,) = L and E(yy,. .., E;_1) with the
properties,

< E(i),E(n) >=< E(i)»E(n+1) >=10
and
< Egpy, By >= 0ij

foralli,j=1,...,n— 1. A frame with these properties is called a null frame.

o1f X,Y are linearly dependent any plane passing through their common direction will do.
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(1) We now calculate, in the case of the wave equation,

T(LL) = 5B
T(LL) = SLO)

which are clearly non-negative. Now,

T(L,L) = 3 [LO)L(6) + (8" 6 46 + 2V (9))]

and we aim to express g"¢ ,¢ , relative to our null frame. To do this,
observe that relative to the null frame the only nonvanishing components
of the metric g,g are,

Inniny =—2 , gu=1i=1...,n—1

and those of the inverse metric g®° are

1
g™t =5 ¢git=1i=1,....n—1
Therefore,
9" 600 = —L(®)L(9) + Vol
where

V6[* = (E1)(9))” + (E)(#)* + - .- En1y(¢)*.

Therefore,
1
T(L, L) = 5| V01> + V(9).

(2) For wave maps we have, according to the same calculation.

T(E,E) = 3 <E(6),E()>
T(EE) = 5 <E)E)>
T(E,E) = % Y < Euy(9), Eqy(¢) >

The positivity of T is then a consequence of the Riemannian character
metric h on the target manifold N.

(3) To show positivity for the energy momentum tensor of the Maxwell equa-
tions in 3 4+ 1 dimensions we first write the tensor in the more symmetric
form

1
Tap = 5 (Fa "Fpu + Fa " ) (50)

where *F' is the Hodge dual of F, i.e. *Fi3 = % Capuv FH.
Exercise. Check formula (50).
We introduce the following null decomposition of F', at points p € M,

oy = Fyy ) Q, = Fa3
1 1
p= §F34 , o= §*F34-
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which completely determines the tensor F. Here the indices a = 1,2
correspond to the directions F'1, F5 tangent to the sphere while the indices
3,4 correspond to E3 = L and E4 = L. We then calculate that for *F

* * * *
Fa4:_aa: P Fa3:Qa
* *x
T34 =20 ; T3y = —2p
where *o, =€, «ap. Here €, is the volume form on the unit sphere,

hence €,,= % €Eab34, 1.6. E11=E92= 10, E19= —€9; = 1. With this notation
we calculate,

DN | =
(]

°
I
—

T(Ew, Ew) = (Fia - Fia + "Faa - Fia)

(aa c Qg + *aa : *aa)

Il
DN | =
(]

a=1

2
= Zaa caq = |a* > 0.
a=1

Similarly,
2
T(Es),Eg) = Y a, a,=a’>>0
A=1
and in the same vein we find
T(E,E)=p*+02>0

which proves our assertion.

Exercise. Consider the Maxwell equations with sources, (40). Show that the
energy momentum tensor 7,4 verifies,

D°T,5 = J*Fys

with J’\F@\ the Lorentz force.

3.2. Perfect fluids. A perfect fluid is a continuous distribution of matter
with energy-momentum tensor,

T, = puyu, + P(m,, +u,u,) (51)

where u” is a unit timelike vector-field representing the four velocity of the fluid.
Also p and P denote, respectively, the mass-energy density and pressure of the fluid
(as measured in its rest frame). The equation of motion of a perfect fluid, subject
to no external forces, in a spacetime (M, g), is

D*T,, = 0. (52)
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These can be rewritten in the form,
uwDyp+ (p+ P)D"u, =0,

53
(P + p)u'Dyuy + (8ur + uyu, ) DHP =0 (53)
In Minkowski space, i.e. g = m, in the non relativistic limit, i.e.
dP
P<<p, u*=(1,v), v << |V P
where v denotes the usual 3 velocity and VP the spatial gradient, we derive
Op+ V(pv) =0,
: (pv) (54)

p(Oww +v-Vv)=—-VP

3.3. Conformal Fields. Another important property which the energy mo-
mentum tensor of a field theory may satisfy is the trace free condition, that is

ga,@Taﬂ =0.

It turns out that this condition is satisfied by all field theories which are conformally
invariant.

Definition. A field theory is said to be conformally invariant if the corresponding
action integral is invariant under conformal transformations of the metric

aB — gaﬁ = ngaﬁ
Q a positive smooth function on the space-time.

PROPOSITION 3.4. The energy momentum tensor T of a conformally invariant field
theory is traceless.

Proof: Consider an arbitrary smooth function f compactly supported in U C M.
Consider the following variation of a given metric g,

g;w(s) = esfguw
Let 8(s) = Sy[v,g(s)]. In view of the covariance of S we have S(s) = S(0). Hence,
d LV &
0= £S(s)|s:0 = /u TH' g, dvg

where
d

g;w = %gm/(s) = fgmw

s=0
Hence, fu (T*g,.) fdvg = 0 and since f is arbitrary we infer that,

trT = ¢""'T,, =0.
|

We can easily check that the Maxwell and the Yang-Mills equations are conformally
invariant in 3 + 1-dimensions. The wave maps field theory is conformally invariant
in dimension 1+ 1, i.e. if the space-time M is two-dimensional®’.

10Similarly for the linear scalar wave equation
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Remark: The action integral of the Maxwell equations, S = fu FoglF O‘ﬁdvg is
conformally invariant in any dimension provided that we also scale the electro-
magnetic field F. Indeed if .5 = Q2?gap then dvg = Q" dvg and if we also set

F.p= 0"z op we get

SIF.g = / FasF 58778 dvg — / FopFosg™'gP dvg = S[F,g].

We finish this section with a simple observation concerning conformal field theories
in 141 dimensions. We specialize in fact to the Minkowski space R'*! and consider
the local conservation law, 0*T,,, = 0. Setting v = 0,1 we derive

60T00 + 61T01 =0, 80T01 + 81T11 =0 (55)

Since the energy-momentum tensor is trace-free, we get Too = T11 = A, say. Set
To1 = Tio = B. Therefore (55) implies that both A and B satisfy the linear
homogeneous wave equation;

0A =0 = OB (56)

Using this observation it is is easy to prove that smooth initial data remain smooth
for all time.

For example, wave maps are conformally invariant in dimension 1 + 1. In this case
1
A = Ty = 3 (< 019,010 > + < 0p 9, 0up >),

Given data in C§°(R), (56) implies that the derivatives of ¢ remain smooth for all
positive times. This proves global existence.

3.5. Conservation Laws. The energy-momentum tensor of a field theory is
intimately connected with conservations laws. This connection is seen through
Noether’s principle,

Noether’s Principle: To any one-parameter group of transformations preserving
the action there corresponds a conservation law.

We illustrate this fundamental principle as follows: Let S = S, g] be the action
integral of the fields 1. Let x; be a l-parameter group of isometries of M, i.e.,

(xt)+g = g. Then

S[(xt)«¥, 8] = S[(xe)«¥, (xt)+8]
= S[y, gl

Thus the action is preserved under 1) — (x)«%. In view of Noether’s Principle we
ought to find a conservation law for the corresponding Euler-Lagrange equations!!.

We derive these laws using the Killing vectorfield X which generates x;.

HThe same argument holds for conformal isometries acting on a conformally invariant field
theory. We therefore also expect conservation laws in such a setting.
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We begin with a general calculation involving the energy-momentum tensor T of ¢
and an arbitrary vectorfield X. P the one-form obtained by contracting T with X.

P, =TasXP
Since T is symmetric and divergence-free
D“P, = (D°Tap) X"+ Tus (DXP) = %T"‘ﬂ X rog
where (X)7,5 is the deformation tensor of X.
D ras = (£x8)op = DaXp +DpXa

Notation. We denote the backward light cone with vertex p = (£,z) € R"*! by
N™=(tz) ={(t,z) [0<t<T;|e — & =1—t}.

The restriction of this set to some time interval [t1,ts], t1 < to < ¥, will be written
./\f[;1 ta] (t,Z). These null hypersurfaces are null boundaries of,

TNtz = {(ta)|0<t<tle—z[<T—1t}

T &) = {t2) [t2 <t <ti; |z —z| <t}

We shall denote by S; = S;(t, ) and By = By(t, %) the intersection of the time slice
¥; with N, respectively J .

At each point ¢ = (¢,z) along N~ (p) , we define the null pair (E4, E_) of future

oriented null vectors

xt— T b —
——T 82-, L:E,:@—if 31
|z — Z| |z — Z|

Observe that both L, L are null and < L, L >= —2.

L:.EJr = 8t+

The following is a simple consequence of Stoke’s theorem, in the following form.

PROPOSITION 3.6. Let P, be a one-form satisfying 0" P, = F. Then'2, for all
t <ty <,

J

(P,0)) + / (PE) = / (P,d)) — / Fdtde  (57)
Nty i) @) B Tier421(P)

[t1,t2
/.

[t1,t2

to ty

where,

ta
<P,E,>=/ dt/ (P,E_) day.
](p) ty St

Applying this proposition to Stoke’s theorem to (57 ) we get

2The brackets (-,-) in (57) denote inner product with respect to the Minkowski metric.
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THEOREM 3.7. Let T be the energy-momentum tensor associated to a field theory
and X an arbitrary vector field. Then

I
)
S
=

/B T(9,, X) +/ T(E_, X) (58)

t2 N[thz] () By

- / T8 X7, sdtdz
-

In the particular case when X is Killing, its deformation tensor 7 vanishes identi-
cally. Thus,

COROLLARY 3.8. If X is a killing vectorfield,

/BT(at,X) /7 . (L,X):/B T(0,, X) (59)

to [t1,ta]\P 2t

Moreover (59) remains valid if T is traceless and X is conformal Killing.

The identity (59) is usually applied to time-like future-oriented Killing vectorfields
X in which case the positive energy condition for T insures that all integrands are
positive. We know that, up to a Lorentz transformation the only Killing, future
oriented timelike vectorfield is a constant multiple of 9;. Choosing X = 3, (59)
becomes,

T(0,,0;) + /N o TE-00= [ T.0) (60)

By, By,

[t1,ta]
In the case of a conformal field theory we can pick X to be the future timelike,
conformal Killing vectorfield X = Ko = (¢2 + |2|?)0; + 2tz'9;. Thus,

T(0, Ko) + T(L, Ky) = / (0, Ko) (61)
BtQ N[;lvt2](p) Bt,l

In (60) the term T(0;,d;) is called energy density while T(E_,d;) is called energy
flur density . The corresponding integrals are called energy contained in By, , and
B, and, respectively, fluz of energy through N ~. The coresponding terms in (61)
are called conformal energy densities, fluxes etc.

Equation (60) can be used to derive the following fundamental properties of rela-
tivistic field theories.

(1) Finite propagation speed
(2) Uniqueness of the Cauchy problem

Proof : The first property follows from the fact that, if [ B, T(0;, ;) is zero at
time ¢ = t; then both integrals fB T(0,0;) and fo (E ,0;) must vanish

2]
also. In view of the positivity propertles of the T it follows that the corresponding
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integrands must also vanish. Taking into account the specific form of T, in a
particular theory, one can then show that the fields do also vanish in the domain
of influence of the ball B;,. Conversely, if the initial data for the fields vanish in
the complement of By, , the the fields are identically zero in the complement of the
domain of influence of of By, .

The proof of the second property follows immediately from the first for a linear
field theory. For a nonlinear theory one has to work a little more. [ ]

Exercise.  Formulate an initial value problem for each of the field theories we
have encountered so far, scalar wave equation (SWE), Wave Maps (WM), Maxwell
equations (ME). Proof uniqueness of solutions to the initial value problem, for
smooth solutions.

The following is another important consequence of (60) and (61). To state the
results we introduce the following quantities,

Eit)y = /n T (04, 0) (t,z)dz (62)
E(t) = /n T (Ko, 0;) (t,z)dz (63)
THEOREM 3.9 (Global Energy). For an arbitrary field theory, if £(0) < oo, then
£(t) = £(0) (64)
Moreover, for a conformal field theory, if £.(0) < oo,

Ee(t) = £:(0) (65)

Proof : Follows easily by applying (60) and (61) to past causal domains J~(p)
with p = (£,0) between ¢; = 0 and 3 = ¢ and letting ¢ — +oo. [

3.10. Energy dissipation. In this section we shall make use of the global
conformal energy identity (65) to show how energy dissipates for a filed theories
in Minkowski space. Consider a conformal field theory defined on all of R"*!. At
each point of R**1, with t > 0, define the standard null frame where

L:E+ - at+a»p
L=E_ = 8,-0,.

Observe that the conformal Killing vectorfield Ky = (t? + 72)0; + 2rtd, can be
expressed in the form,

—_

Ko=-[(t+7r)?EL+ (t—r)*E_]

2
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Thus,
1 1
E(t) = / Z(t + 72Ty + z(t —r)PT__+ ((t+r)*+(t—r)*) Ty da.
Rn
2(t2+r2)
1 2 1 2 2 1 2
= Z(t+7") T+++§(t +r )T+_+Z(t77’) T__dx (66)

£.(0) = / (0, Ko)(0, ) = / T, D)

According to (65) we have £ (t) = £.(0). Assuming that £.(0) = [, [z[*T (0, O, )dx
is finite we conclude that,

[ Tt 5 e

[ reta £ ),

The remaining term in (66) contains the factor (¢ — r)? which is constant along
outgoing null directions r = t + ¢. Hence for any 0 < e < 1

/ T = ot
|z|>(1+€)t

/ T = o1
|z]<(1—e)t

We conclude that most of the energy of a conformal field is carried by the T__
component and propagates near the light cone.






CHAPTER 2

ON THE PHYSICAL CONTENT OF GENERAL
RELATIVITY

1. Equivalence Principle and Derivation of the Field Equations

Einstein’s point of departure was the well known experimental fact concerning the
universality of free fall or the weak equivalence principle. In Newton’s theory of
gravitation the universality of free fall appears implicitly in the identification,

mi; =My (67)

between the inertial mass m; of a particle, i.e. the one which appears in F' = m;a
law, and the gravitational mass my which appears in the gravitational force between
two particles separated by a distance r, F; = GmgMyr=2 = —m,V® where ® is
the gravitational potential of the particle of mass M = M,

@:-G%. (68)

An immediate consequence of (67) is the universality of free falling test particles in
a fixed gravitational field, i.e. the acceleration a of any such particle is given by,

a=-Vo (69)

Very early on in his quest for a relativistic theory of gravity Einstein realized that
this mysterious equality (67) contains a deeper equivalence between inertia and
gravitation. In his famous thought experiment with a freely falling elevator he ob-
serves, as consequence of the universality of free fall, that all rigid objects in the
elevator appear as being at rest with respect to the freely falling reference frame
attached to the elevator. Thus, relative to such a frame, the external gravita-
tional field appears to be erased. Einstein’s principle of equivalence extrapolates
this impossibility of distinguishing between uniform acceleration and an external
gravitational field to all physical experiments, not just free falling particles.

Thus, his principle of equivalence (EEP) postulates as follows.

e Any gravitational field can be locally! erased using an appropriate freely
falling, local, reference frame. The non-gravitational physical laws (such
as electromagnetism) apply in this local reference frame in the same way
as they would in an inertial frame (free of gravity) in special relativity.

n fact infinitesimally

31
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e Starting with an inertial reference frame in special relativity one can cre-
ate an apparent gravitational field in a local reference frame which is
accelerated with respect to the first.

The passage from an inertial frame to an accelerated one is, mathematically, a
change of coordinates z® = z%(y®) from the inertial coordinates z® to general
coordinates y“. In the new coordinate system the metric takes the form,

0z 9xP
A N v —
guu(y )dy dy ) Sury = Myg 3y“ ayy (70)

This has led Einstein to consider general Lorentzian metrics. The time-like geodesics
in such space-times, corresponding to the trajectory of freely falling particles,
d?a? \ dzt dx¥
+ -
ds? Y ds ds

=0 (71)
where

1
Ff\w = §g/\0 (augua + aug,ua - aag/u/)

Interpreting the term F;\W d;: df; as corresponding to a gravitational force acting

on the particle, we see that the equivalence principle here corresponds to the math-
ematical possibility to choose a coordinate system, in a neighborhood of a point ¢
along the curve, such that I'(¢) = 0. In other words, we have erased the gravita-
tional force at ¢, by simply making a local change of reference.

Exercise. Prove this fact. Show in fact that a coordinate system can be chosen,
in a neighborhood of ¢ along the curve, so that I" vanishes along the curve.

Once he decided that the metric g describes both the geometry and spacetime and
gravitation Einstein had to find which equation it satisfies. This equations has to
supersede the Poisson equation for the Newton potential,

A® = 47Gp (72)

where p is the mass density. The explicit form of ® in (68) corresponds to a

pointlike mass distribution. A relativistic generalization of (72) should take the

form of a tensor equation. One can guess that the tensor generalization of mass

density should be the energy-momentum tensor 7. The following three principles

have led him to

871G
e

1
R,ul/ - iRg,ul/ = T,uv (73)

where G is Newton’s gravitational constant and c the speed of light.

(1) Principle of General Relativity The fundamental Laws of Physics should
be covariant. This is a principle of indifference, i.e. physical phenomenon
do not take place in the same way (in general) in different coordinates
systems (as is the case with inertial coordinates in special relativity) but
no coordinate system (in general) has a privileged status relative to others.

(2) In the presence of matter the source of the gravitational field has to be
the energy-momentum tensor.
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(3) Principle of correspondence In the limit where one neglects gravitational
effects, i.e. g = m, the laws of Physics should be those of special rela-
tivity. Moreover there should be a special limit with regard to which the
equations being sought reduce to Newton’s theory of gravity.

These three principles has led Einstein to his field equations, One can show (see
[1]) that the three principles described above uniquely determine the Einstein field
equations.

1.1. Geodesic deviation and tidal forces. Let ~4(¢) be a smooth one -
parameter family of time-like geodesics 74 : [0,1] — R parametrized by their ar-
clength t. We assume that the map (¢,s) € [0,1] x (—¢,€)
to(0yy, Os7y) is smooth and has a smooth inverse so that the curves 74(t) span a two
dimensional surface on the original Lorentzian manifold M. We can regard ¢, s as
local coordinates. Let T' = 0y X = 0 the corresponding coordinate vectorfields,
i.e. for any function f on M,

Since the curves 4 are geodesic we have,
DT = 0.

We can also normalize T such that g(7,T) = —1. We can also choose the “ original”
s-curve, s — 7,(0), such that its tangent X is perpendicular to T'. Then, since T, X
commute we find,

1
Te(T, X) = g(I:DrX) = g(T,DxT) = ; Xg(T,T) =0

Hence X remains orthogonal to T for all values of ¢ € [0,1]. Consider V = DrX,
the rate of change (along a given geodesic) of the displacement vector X. We may
interpret V' as the relative velocity of an infinitesimally nearby geodesic. We now
calculate the relative acceleration of an infinitesimally nearby geodesic. Since X, T
commute and D7T = 0 we deduce,

DV = DDy X =Dr(DxT)=Dx(DrT)+ [Dr,Dx]|T
= [Dr,Dx|T=R(T,X)T
Thus we deduce the geodesic deviation formula,
DZX = R(T, X)T (74)

Thus, geodesics which start are parallel at t = 0, i.e. V = DpX = 0, may fail to
remain so because of the non-vanishing of the curvature term R.

2. Weak Field limit

We say that the gravitational field is weak if we can decompose the metric g into
the flat metric m plus a small perturbation h,

gy =My, + h,uu; |h;w‘ << 1, (75)
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in an inertial system of coordinates with respect to m. Clearly,
g = mh — h

where the indices of h are risen with respect to the minkowski metric m. Recall

that,
Ruwp? = 8VFZP - aurzp + Fﬁprgﬂ/ - FSPFZM
Now, neglecting quadratic terms in h,

1
Lpy = 5m? @uhay + Ohyx = Oxhy) + O(h?)

We deduce,
1
Ry’ = 3 (0,00 hpo + 05 0uhup — 050y hyy — 0,0,hue ) + O(h* + |OR[?).

and, with h = m""h,,,

R — %(agayh” p A+ 050,07, — 3,0,k — Ohy) + O(h? + |Oh2).
R = 9,0,h" —Dh
We derive the Einstein tensor,
E. = %(agayha o+ 050,17, — 8,0,k — Thyy — my,, 80,0507 + m,,, Oh)
+  O(h* +0h|?)

The expression can be simplified if we introduce the trace reversed quantity,

- 1
hyw = by — §mwh

Then,
1_- _ 1 _
By = =50hu + 050007 1) = imwaaaﬁhaﬁ + O(h* +|0h|?)
where,
— 1 . .
9o0wh 1y = 5(808(1,11 w) T O0s0uh V)
Thus the linearized Einstein equations take the form,
1_- . 1 -
=50k + 000, h7 ) = 5mwaaaghaﬁ = 87T}, (76)

We now come to the issue of gauge invariance. Consider another copy of the same
manifold M, which we denote M, endowed with the flat metric m. We have a
diffeomorphism between them which we denote

d: M, - M
Note that ® is the identity map if we consider the same coordinate system on M,

and M, but we allow the possibility of considering different coordinate systems.
We define the perturbation h by,

h=?g—m (77)

We say that the gravitational field on M is weak if there exists a diffeomorphism &
such that |h,,| << 1in a fixed coordinate system in M. Of course, we can have
many such coordinate systems and therefore we have to recognize how to pass from
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one admissible system to another. Consider an arbitrary vectorfield X on M, and
its induced flow ¥, : M — M,;,. We can now define the family of perturbations,

hy: = (Po¥y)*xg-—m=¢;P'g-—m="U;(¢g—m)+¥;m-m
= ¥h+¥/m—-m
Writing ¥7h = h + O(|t|)h and,

Uim —
¥im—m= ft#tm = —tLxm + O(|t]?)

where, recalling the definition of Lie derivative,

Cm = iy S
Hence,
h; = h—tLxym+ O(|t]* + [t|h)
or, for [t| <,
h; = h—elLxm+ O(?).

We denote £ = —eX. Thus, for small £, h and h+ L;m describe the same physical
perturbation. This means that linear gravity has a gauge freedom given by,

h’:u/ = hul/ + (%fy + ayfu (78)

This is similar to the gauge freedom of the electromagnetic field, A}, = A, + J,.x.

Using (78) we can now simplify the linearized Einstein equations (76). Indeed we
try to choose the vectorfield £ such that,

o, =0

Now,
B:w = BMV +0uéy + 0,8 — muua)\g)\
Thus,
"R, = 0"y + 08,
Hence if,
0¢, = —0"hy (79)

we have,

"hy,, = 0. (80)

In such a gauge the Einstein equations take the form,

Ohp = —167T, (81)
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2.1. Newtonian limit. The newtonian limit is derived from the Einstein field
equations, with T the energy-momentum tensor of a perfect fluid (see (51)) , under
the following assumptions

(1) Gravity is weak, i.e. g = m + h with h verifying (81).

(2) The relative motion of the sources is much slower than the speed of light,
ie. u’ ~ 1, Jv| << 1 with v* = u?, and Ti; << Tos << Tpo.

(3) The space-time geometry is slowly changing, i.e. 0ih,, are small.

The assumption about sources can be reformulated as follows. There exists an
inertial coordinate system such that,

Too=p

and all other components of T" are negligible. Since 8§BIW are negligible we derive
from (81),

Aﬁul/ = 0, (/”’a V) 7é (Oa 0)
ABOO = —167Tp

Assuming that i_LW are well behaved at infinity we derive ho; = Eij = 0. Let,

1.
¢ = —zhoo (82)

Thus, since,

_ 1 _
hyw = hpy — imwh

hoo = —2¢, hii=2¢, ho =0, A¢ = dmp (83)
This leads to the metric,
—(1 4 2®)dt? + (1 — 2(1))((d331)2 + (dz?)* + (dx3)2) (84)

The motion of freely falling test particles in this geometry is governed by the geo-
desic equation,

d?z? » dztdz”
dr? B dr dr
with 7 proper time. For motion much slower than the speed of light we can ap-

proximate %2~ by the vector (1,0,0,0,) and proper time 7 by the ¢ coordinate ¢.

dr
Thus,

d2$i 1 6]100
= _TI¢ = — = — (b
dt? 007 9 fg O
ie.,
A2zt
— =-V,;® 85
a2 (85)

as expected.
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2.2. Gravitational radiation. In linear approximation the propagation of
gravitational radiation is governed by the source- free, linearized Einstein equations,
O hy, =0, Ohy, = 0. (86)

In deriving these equations we have used the gauge transformations (78). The
remaining gauge freedom is given by transformations,

0¢, = 0. (87)
One can use this additional freedom to obtain, in the so called radiation gauge,
h =0, ho; =0, hoo = 0. (88)

We first show how to arrange h = 0 by performing a gauge transformation (78)
with 61 = 52 = fg = 0, i.e.
M = m””hiw =m" (h,, + 0,8 + 0,€,)
h —20:&o
where (&g = 0. Let f := h — 20;&y. Taking the trace of the equation

- 1
Ohyy = 0O(hpw — §mwh) =0
with respect to m we see that [Jh = 0. Thus,
Of = 0Oh — 20,00¢ = 0.

To show that f = 0 we only need to arrange the initial conditions for &y at t = g
to be such that,

f:O, 3tf:O att:to.
This leads to the following choice for the initial data for &g,
1 1
Ao =5h, Ok =50k
or, equivalently,

1 1
Ago == iath, 8t§0 == ih (89)

Solving the initial value problem (89) for ¢, we find in this manner a gauge
transformation given by the covector (&p,0,0,0) such that in addition to (86) we
also have, h = 0. More precisely, there exists a gauge transformation such that,

V#h, =0, Ohy, =0, h=0.

We can use the remaining degree of freedom, i.e. by solving [J§; =0, 7= 1,2,3, in
the same manner to also obtain hg; = 0. As a bonus we can now also show that
hoo = 0. Indeed, using V#h,,,, = 0 we must have d;hoo = 0. Since also Ohgg = 0, we
infer that hg0 is a constant. By another trivial change of gauge we deduce hgy = 0.
We have thus proved the following:

PROPOSITION 2.3. In the weak field limit, we can find a gauge transformation such
that the components ho,, p = 0,1,2,3 and the trace h vanish. Thus the linearized
vacuum equations take the form,

Vihi; =0, Ohy =0, 69h;=0. (90)
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Observe that there only six independent components of h;; verifying four differential
equations. Consider now plane wave solutions to (90),

haﬁ = Cageik“x“ (91)
with constants C3 and k,. To verify (90) we need Cys = 0 and
KCy; = 0, §9C;;=0
k.t = 0.
Choosing k, = w(1,0,01) we find that the only non-vanishing components of C
are A = C11 = —C4 and B = C19 = Cy;. Thus a plane wave traveling in the z3

direction is completely characterized by A, B and w. The solutions corresponding
to A#0,B=0and A =0, B # 0 describe the two independent polarization states
of plane gravitational wave.

To detect a gravitational wave one one has to study the relative acceleration of two

point masses due to it. For two nearby freely falling masses, this acceleration is

given by the geodesic deviation formula (74). For two bodies nearly at rest in a

global inertial system z® we have, with T'~ 0;, D ~ 0 the flat covariant derivative

operator and X* the deviation vector,
2K

% ~ Rygo " X" (92)

In the radiation gauge,

19%h,,
RyOOu ~ 5 (9155

(93)



APPENDIX A

BASIC GEOMETRIC NOTIONS

We briefly review the following topics below:

1.) Lie brackets of vectorfields. Frobenius theorem

2.) Lie derivative of a tensorfield

3.)  Multilinear forms and exterior differentiation

4.) Connections and covariant derivatives

5.) Pseudo-riemannian metrics. Riemannian and Lorentzian geometry.
6.) Levi-Civita connection associated to a pseudo-riemannian metric.
7.) Parallel transport, geodesics, exponential map, completeness

8.)  Curvature tensor of a pseudo-riemannian manifold. Symmetries. First and
second Bianchi identities.

9.)  Isometries and conformal isometries. Killing and conformal Killing vector-
fields.

1. Pseudo-riemannian, Lorentzian metrics

A pseudo-riemannian manifold !, or simply a spacetime, consist of a pair (M, g)
where M is an orientable p + g-dimensional manifold and g is a pseudo-riemannian
metric defined on it, that is a smooth, a non degenerate, 2-covariant symmetric
tensor field of signature (p,q). This means that at each point p € M one can
choose a basis of p 4 ¢ vectors, {e(,)}, belonging to the tangent space TM,, such
that

gle),e3) = Map (94)

I\We assume that our reader is already familiar with the basics concepts of differential ge-
ometry such as manifolds, tensor fields, covariant, Lie and exterior differentiation. For a short
introduction to these concepts see Chapter 2 of Hawking and Ellis, “The large scale structure of
space-time”, [?]

39
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for all o, 6=0,1,...,n , where m is the diagonal matrix with —1 in the first p entries
and +1 in the last g entries. If X is an arbitrary vector at p expressed, in terms of
the basis {e(,)}, as X = X%e(,), we have

g(X,X) = —(X1)? — .. = (XP)2 4 (XPT1)2 4 (XPT9)? (95)

The case when p = 0 and ¢ = n corresponds to Riemannian manifolds of dimension
n. The other case of interest for us is p = 1, ¢ = n which corresponds to a Lorentzian
manifolds of dimension 1+ 1. The primary example of Riemannian manifold is the
Euclidean space R™. Any other Riemannian manifold looks, locally, like R™. Sim-
ilarly, the primary example of a Lorentzian manifold is the Minkowski spacetime,
the spacetime of Special Relativity. It plays the same role, in Lorentzian geometry,
as the Euclidean space in Riemannian geometry. In this case the manifold M is
diffeomorphic to R™*! and there exists globally defined systems of coordinates, z2,
relative to which the metric takes the diagonal form —1,1,...;1. All such systems
are related through Lorentz transformations and are called inertial. We denote the
Minkowski spacetime of dimension n + 1 by (R™*1 m).

Relative to a given coordinate system z*, the components of a pseudo-riemannian
metric take the form
Guv = g(aﬂa 81/)

where 0, = % are the associated coordinate vectorfields. We denote by g"* the
components of the inverse metric ¢! relative to the same coordinates x, and by |g]|
the determinant of the matrix g,,,. The volume element duvng of M is expressed, in
local coordinates, by /|gldz = /|g|dz’...da". Thus the integral [y, fdvm of a
function f, supported in coordinate chart U C M is defined by [, f(x)+/|g(z)|dx.
The integral on M of an arbitrary function f is defined by making a partition of
unity subordinated to a covering of M by coordinate charts. One can easily check
that the definition is independent of the particular system of local coordinates.

In view of (95) we see that a Lorentzian metric divides the vectors in the tangent
space TM,, at each p, into timelike, null or spacelike according to whether the
quadratic form

g(X, X) = g X" X" (96)

is, respectively, negative, zero or positive. We defined the magnitude of a vector
to be | X| = /g(X, X), if X is spacelike, | X| = \/—g(X, X) if X is timelike and
|X| = 0 if X is null. Observe that the Cauchy-Schwartz inequality for timelike
vectors takes the form,

g(X,Y)? > [X]P|y[*.

The set of null vectors N, forms a double cone, called the null cone of the corre-
sponding point p. The set of timelike vectors I, forms the interior of this cone. The
vectors in the union of I, and N, are called causal. The set .S}, of spacelike vectors
is the complement of I, U N,. The causal structure of a lorentzian manifold M is
given by specifying the null cones N, C T,,(M)

ProprosITION 1.1. Two Lorentz metrics g1,82 have the same causal structure if
and only if they differ by a proportionality factor.
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Proof It suffices to show that if their causal structures are the same then go = Agy
for some non-vanishing scalar function A. Let X be two vectors, one spacelike the
other timelike. Since the roots of the quadratic forms in A € R, g (X + \Y)
and g2(X + AY) coincide we deduce that the corresponding coefficients must be
proportional,

Setting,

A 22X, X)  gY)
g1(X,X) &(V)Y)

one can easily show that A = A(p) does not depend on the particular vectors X,Y".

By a simple polarization formula it then follows that, for any two non-null vectors

XY,

g2(X,Y) = Agi(X,Y)
=

A frame e, verifying (94) is said to be orthonormal. In the case of Lorentzian
manifolds it makes sense to consider, in addition to orthonormal frames, null frames.
These are collections of vectorfields? e, consisting of two null vectors e,41, e, and
orthonormal spacelike vectors (eq)g=1,... n—1 which verify,

g(en,en) = glent1,eng1) =0, glen, enq1) = =2

g(en7 ea) = g(en+17 ea) =0, g(€a7 eb) = bap
One-forms A = A,dz® are sections of the cotangent bundle of M. We denote
by A(X) the natural pairing between A and a vectorfield X. We can raise the

indices of A by A* = g®#As. A’ = A%9,, defines a vectorfield on M and we have,
A(X) =g(A’, X). Covariant tensors A of order k are k-multilinear forms on 7M.

Given a submanifold N C M, the restriction of g, to T,(N) defines the induced
metric h, i.e.

h,(X,Y)=g,(X,Y), VX,Y € T,(N)

The submanifold is said to be spacelike if its induced metric h is Riemannian,
timelike if h is Lorentzian and null if h is degenerate, at every point p € N. Of
particular interest are submanifolds of codimension 1, called hypersurfaces, given
(locally) by the non-critical level sets of a function f : M — R, with df # 0. We
define the gradient of f to be the vector obtained by raising the indices of the 1-
form df, Ny = —g"*0,,f0,. A level hypersurface H;y = {f = c} is spacelike, timelike
or null if Ny is respectively timelike, spacelike or null. Clearly, in all cases, Ny is
orthogonal to H. Observe that, for any vectorfield X,

g(Ny, X) = X (f).

2We write eq instead of €(a) to simplify the notation, whenever there can be no confusion.
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Thus X is tangent to H if and only if g(Ny, X) = 0. In the particular case of a
null hypersurface case Ny is both orthogonal and tangent to Hy. Also,

0 :g(NfaNf) =g"0.fo.f (97)

i.e. f verifies the eikonal equation in M.

Notation: We will use the following notational conventions: We shall use bold-
face characters to denote important tensors such as the metric g, and the Riemann
curvature tensor R. Their components relative to arbitrary frames will also be de-
noted by boldface characters. Thus, given a frame {e(q)} we write gos = g(€a;€s),
Rogys = R(ea, e, €4, €5) and, for an arbitrary tensor T,

Tapys... =T(eq, e, eq,€s,...)

We shall not use boldface characters for the components of tensors, relative to a
fixed system of coordinates. Thus, for instance, in (96) g, = g(a%, %). In the

case of a Riemannian manifold we use latin letters 4,7, k,[,... to denote indices
of coordinates z',z2,...,2" or tensors. For a Lorentzian manifold we use greek
letters «, 3,7, ... to denote indices 0,1,... ,n. Given an arbitrary frame E,) in
M

2. Covariant derivatives, Lie derivatives

We recall here the three fundamental operators of the differential geometry on a
Riemann or Lorentz manifold: the exterior derivative, the Lie derivative, and the
Levi-Civita connection with its associated covariant derivative.

2.0.1. The exterior derivative. Given a scalar function f its differential df is
the 1-form defined by

df (X) = X(f)
for any vector field X. This definition can be extended for all differential forms on
M in the following way:

i) dis alinear operator defined from the space of all k-forms to that of k+ 1-forms
on M. Thus for all k-forms A,B and real numbers A,

d(MA + puB) = MdA + pdB
ii) For any k-form A and arbitrary form B
d(ANB)=dAAB+ (-1)*ANdB
iii) For any form A,
?A=0.
We recall that, if ® is a smooth map defined from M to another manifold M’, then
d(®*A) = P*(dA) .
Finally if A is a one form and X,Y arbitrary vector fields, we have the equation

4ACX.Y) = 5 (X(AE) - Y(AC0) - @YD)
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where [X,Y] is the commutator X(Y) — Y(X). This can be easily generalised to
arbitrary k forms, see Spivak’s book, Vol.I, Chapter 7, Theorem 13. [?]

2.0.2. The Lie derivative. Consider an arbitrary vector field X. In local coor-
dinates z*, the flow of X is given by the system of differential equations

dz# ” ptq
— = XN (1), 2" ())

The corresponding curves, z*(t), are the integral curves of X. For each point p € M
there exists an open neighborhood U, a small € > 0 and a family of diffeomorphism
O, : U — M, [t| < ¢, obtained by taking each point in U to a parameter distance
t, along the integral curves of X. We use these diffeomorphisms to construct, for
any given tensor T at p, the family of tensors (®;).T at ®;(p) .

The Lie derivative LxT of a tensor field T, with respect to X, is:
o1
LxT|p, = tlg% 7 (Tp = (), Tp) -

It has the following properties:

i) Lx linearly maps (p, ¢)-tensor fields into tensor fields of the same type.
ii) Lx commutes with contractions.

iii)  For any tensor fields S, T,
Lx(SQRT)=LxS@T+SQLxT .

If X is a vector field we easily check that
LxY =[X,Y]

by writing (LxY)" = =4 ((®,).Y)" . and expressing (®;),Y)!| = %@()‘m}’j ,
t= P q

‘
where g = ®_;(p). (See [?], Hawking and Ellis, section 2.4 for details.)

If A is a k-form we have, as a consequence of the commutation formula of the
exterior derivative with the pull-back ®*,

d(LxA) = Lx(dA) .

For a given k-covariant tensorfield 1" we have,

k
LxT(Ye,..., Vi) = XT(V1,... . Ye) = Y T(V1,...,LxY;,... Vi)
=1

We remark that the Lie bracket of two coordinate vector fields vanishes,

1o} 0
[axax} =0

The converse is also true, namely, see Spivak, [?], Vol.I, Chapter 5,
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PROPOSITION 2.1. If X(g), ...., X(x) are linearly independent vector fields in a neigh-
bourhood of a point p and the Lie bracket of any two of them is zero then there exists
a coordinate system z#, around p such that X, = % for each p=0,...k .

The above proposition is the main step in the proof of Frobenius Theorem. To state
the theorem we recall the definition of a k-distribution in M. This is an arbitrary
smooth assignment of a k-dimensional plane m, at every point in a domain U of
M. The distribution is said to be involute if, for any vector fields X,Y on U with
X|p, Y|y € mp, for any p € U, we have [X,Y]|, € m,. This is clearly the case for
integrable distributions®. Indeed if X|,,Y|, € TN, for all p € N, then X,Y are
tangent to N and so is also their commutator [X,Y]. The Frobenius Theorem
establishes that the converse is also true?, that is being in involution is also a
sufficient condition for the distribution to be integrable,

THEOREM 2.2. (Frobenius Theorem) A necessary and sufficient condition for a
distribution (mp) ;s to be integrable is that it is involute.

2.2.1. The connection and the covariant derivative. A connection D is a rule
which assigns to each vectorfield X a differential operator D x. This operator maps
vector fields Y into vector fields DxY in such a way that, with o, 8 € R and f, g
scalar functions on M,

a) Dfx+gyZ = fDxZ+gDyvZ
b) Dx(aY +8Z) =aDxY + DxZ (98)
¢) DxfY =X(f)Y + fDxY

Therefore, at a point p,

DY =Y %0 ® ey (99)
where the 8(%) are the one-forms of the dual basis respect to the orthonormal frame
e(p)- Observe that Y5 = 9(“)(DG(B)Y). On the other side, from c),

DfY =df Y + fDY

so that
DY = D(Yae(a)) =dY*® €a) T YaDe(a)

and finally, using df () = e(q) ()0 (-),
DY = (e(ﬁ)(ya) + Yw<a>(D%e(7))) 0P ® ey (100)
Therefore
Y = ea)(Y) 4T3,V
and the connection is, therefore, determined by its connection coefficients,
Ty = 0 (Degey) (101)
3Recall that a distribution 7 on U is said to be integrable if through every point p € U there

passes a unique submanifold N, of dimension k, such that 7w, = TN).
4For a proof see Spivak, citeSpivak, Vol.I, Chapter 6.
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which, in a coordinate basis, are the usual Christoffel symbols and have the expres-
sion

L s 8
Flp” = dz’ (Dagﬂ &’C”)
Finally
DxY = (X(Y*) +I§,X°Y7) ey (102)
In the particular case of a coordinate frame we have
oy” 0
DxY = X* v X°y? | —
X ( Ozt Lo ) Oxv

A connection is said to be a Levi-civita connection if Dg = 0. That is, for any
three vector fields X,Y, Z,

Z(g(X,Y)) =g(DzX,Y)+g(X,DzY) (103)

A very simple and basic result of differential geometry asserts that for any given
metric there exists a unique affine connection associated to it.

PROPOSITION 2.3. There exists a unique connection on M, called the Levi-Clivita
connection, which satisfies Dg = 0. The connection is torsion free, that is,

DyY -DyX = [X,Y].

Moreover, relative to a system of coordinates, x*, the Christoffel symbol of the
connection is given by the standard formula

1 T
Fﬁv = 59# (apgl/‘r + 6u97’p - aTng) .

Exercise: Prove the proposition yourself, without looking in a book.

So far we have only defined the covariant derivative of a a vector field. We can
easily extend the definition to one forms A = A,dz* by the requirement that,
X(A(Y)) =DxA(Y) + A(DxY),

for all vectorfields X, Y. Given a k-covariant tensor field T we define its covariant
derivative DxT by the rule,

k
DxT(Y1,...,Y) = XT(Y1,...,Ys) —ZT(Yl,... ,DxY;,....Y})
=1

We can talk about DT as a covariant tensor of rank k + 1 defined by,
DT(X,Y1,...,Yy) =DxT(Y1,...,Ys).

Given a frame e, we denote by Ty, ... a,:8 = DT(€3,€q,,--- ,€q,) the components
of DT relative to the frame. By repeated covariant differentiation we can define
D2T,...D™T. Relative to a frame e, we write,

Dﬁl s DﬁmTOéln-ak = Tal---ak;ﬁ1---ﬁm = DmT(eﬁl s €85 Cagy ey eak)'
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The fact that the Levi-Civita connection is torsion free allows us to connect covari-
ant differentiation to the Lie derivative. Thus, if T" is a k-covariant tensor we have,
in a coordinate basis,

(‘CXT)O'l...Uk = XHTol...Uk;u + Xl—go—lzjuag...ak + ...+ X'u;lg—kTal...O'kflu .

The covariant derivative is also connected to the exterior derivative according to
the following simple formula. If A is a k-form, we have® Ay A
and

mUk,;lJ«] = Ulmtfk,u]

dA =" Ag, oppda? Nda® Adz® A ... \da* .

Given a smooth curve x : [0,1] — M, parametrized by ¢, let T = (%)X be the
corresponding tangent vector field along the curve. A vector field X, defined on
the curve, is said to be parallelly transported along it if D7 X = 0. If the curve
has the parametric equations ¥ = z"(t), relative to a system of coordinates, then
T = dst“ and the components X* = XH*(x(t)) satisfy the ordinary differential
system of equations

D dxr da?
Zxh = h & xyo
S X = e Tl (x(1) - X7 =0

The curve is said to be geodesic if, at every point of the curve, DT is tangent
to the curve, DT = AT. In this case one can reparametrize the curve such that,
relative to the new parameter s, the tangent vector S = (%)X satisfies DgS =0 .
Such a parameter is called an “affine parameter”. The affine parameter is defined
up to a transformation s = as’+b for a, b constants. Relative to an affine parameter

s and arbitrary coordinates z* the geodesic curves satisfy the equations
d?zH dxP dx°

+ v

ds? P ds ds

A geodesic curve parametrized by an affine parameter is simply called a geodesic.
In Lorentzian geometry timelike geodesics correspond to world lines of particles

freely falling in the gravitational field represented by the connection coefficients. In
this case the affine parameter s is called the proper time of the particle.

Given a point p € M and a vector X in the tangent space T,M, let x(¢) be the
unique geodesic starting at p with “velocity” X. We define the exponential map:

exp, : I,M — M .

This map may not be defined for all X € T,M. The theorem of existence and
uniqueness for systems of ordinary differential equations implies that the exponen-
tial map is defined in a neighbourhood of the origin in T, M. If the exponential
map is defined for all T,M, for every point p the manifold M is said geodesically
complete. In general if the connection is a C” connection® there exists an open
neighbourhood Uy of the origin in 7,M and an open neighbourhood of the point

5[01~-ka; u] indicates the antisymmetrization with respect to all indices (i.e. %(alternating
sum of the tensor over all permutations of the indices)) and “, 1” indicates the ordinary derivative
with respect to xz*.

6A CT connection is such that if Y is a C*! vector field then DY is a C™ vector field.
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p in M, V,, such that the map exp, is a C" diffeomorphism of Uy onto V. The
neighbourhood V), is called a normal neighbourhood of p.

3. Riemann curvature tensor, Ricci tensor, Bianchi identities

In the flat spacetime if we parallel transport a vector along any closed curve we
obtain the vector we have started with. This fails in general because the second
covariant derivatives of a vector field do not commute. This lack of commutation
is measured by the Riemann curvature tensor,

R(X,Y)Z =Dx(DyZ) - Dy(DxZ) - Dix v|Z (104)
or written in components relative to an arbitrary frame,
R% 5 =0 ((D,Ds — DsD,)e(s) (105)

Relative to a coordinate system z* and written in terms of the g,,, components,
the Riemann components have the expression

INA ork,
R\ = Moy _ T +TETT —TETI7 (106)

vpo P oo pT oV oT™ pv

The fundamental property of the curvature tensor, first proved by Riemann, states
that if R vanishes identically in a neighbourhood of a point p one can find families
of local coordinates such that, in a neighbourhood of p, g, = m,,, 7

The trace of the curvature tensor, relative to the metric g, is a symmetric tensor
called the Ricci tensor,
Raﬂ = gﬂwRa’yﬁtS
The scalar curvature is the trace of the Ricci tensor
R =g"R,s .

The Riemann curvature tensor of an arbitrary spacetime (M, g) has the following
symmetry properties,

Raﬂﬁ/ts = _Rﬁa’y5 = _Raﬁﬁ’y = R'ytiozﬁ

Ragys + Ravysg + Rasgy =0 (107)
The second identity in (107) is called the first Bianchi identity.

It also satisfies the second Bianchi identities, which we refer to here as the Bianchi
equations and, in a generic frame, have the form:

DR = 0 (108)
The traceless part of the curvature tensor, C is called the Weyl tensor, and has the

following expression in an arbitrary frame,

1
Caﬁ’yé = Raﬁ—yé - m (ga'yRﬂ5 + gﬂéRa’y - gﬂ’yRoaS - gaéRB'y)

1
b (8ar855 — BasEsy)R 109

"For a thorough discussion and proof of this fact, refer to Spivak, [?], Vol. II.
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Observe that C verifies all the symmetry properties of the Riemann tensor:

Capys = —Cpays = —Capsy = Cysap
Caﬁ'yﬁ + Ca'yéﬁ + Caé,@ry =0 (110)
and, in addition, g*7Cupys =0 .

We say that two metrics g and g are conformal if § = A\2g for some non zero
differentiable function A. Then the following theorem holds (see Hawking- Ellis,
[?], chapter 2, section 2.6):

THEOREM 3.1. Let g = \2g, C the Weyl tensor relative to g and C the Weyl tensor
relative to g. Then
Ao ce
Bys T Bys -
Thus C is conformally invariant.

3.2. Isometries and conformal isometries, Killing and conformal Killing
vector fields.

DEerINITION 3.3. A diffeomorphism & : &f C M — M is said to be a conformal
isometry if, at every point p, ®.g = A?g, that is,

(©*8)(X,Y)|p = 8(®: X, B.Y)[a(y) = A’g(X,Y)],
with A # 0. If A =1, ® is called an isometry of M.

DEFINITION 3.4. A vector field K which generates a one parameter group of isome-
tries (respectively, conformal isometries) is called a Killing (respectively, conformal
Killing) vector field.

Let K be such a vector field and ®; the corresponding one parameter group. Since
the (®;). are conformal isometries, we infer that £xg must be proportional to the
metric g. Moreover Lig = 0 if K is a Killing vector field.

DEFINITION 3.5. Given an arbitrary vector field X we denote )1 the deformation
tensor of X defined by the formula

(X)Waﬁ = (CXg)ag = Dan + DﬁXa .

The tensor (X)7 measures, in a precise sense, how much the diffeomorphism gener-
ated by X differs from an isometry or a conformal isometry. The following Propo-
sition holds, (see Hawking-Ellis, citeHawkEll, chapter 2, section 2.6):

PROPOSITION 3.6. The vector field X is Killing if and only if X7 = 0. It is
conformal Killing if and only if ) is proportional to g.

Remark: One can choose local coordinates such that X = 8—2“. It then immedi-

ately follows that, relative to these coordinates the metric g is independent of the
component, x*.

ProrosITION 3.7. On any pseudo-riemannian spacetime M, of dimension n =
p + q, there can be no more than %(p +q)(p+ q+ 1) linearly independent Killing
vector fields.
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Proof: Proposition 3.7 is an easy consequence of the following relation, valid for
an arbitrary vector field X, obtained by a straightforward computation and the use
of the symmetries of R.

DD Xy = Ryags X° + Ky, (111)
where

X pr = = (DpTar + Damsr — Damags) (112)

N | =

and m = 1 is the X deformation tensor.

If X is a Killing vector field equation (111) becomes
Dj(Do X)) = Raaps X° (113)

and this implies, in view of the theorem of existence and uniqueness for ordinary
differential equations, that any Killing vector field is completely determined by the
%(n +1)(n+2) values of X and DX at a given point. Indeed let p, ¢ be two points
connected by a curve z(t) with tangent vector T. Let L, = D, X3, Observe that
along z(t), X, L verify the system of differential equations

D D
—X=T-L —L=R(,-, X, T

dt ) dt ( A ) )

therefore the values of X, L along the curve are uniquely determined by their values
at p.

The n-dimensional Riemannian manifold which possesses the maximum number of
Killing vector fields is the Euclidean space R™. Simmilarily the Minkowski space-
time R™*! is the Lorentzian manifold with the maximum numbers of Killing vec-
torfields.

3.8. Laplace-Beltrami operator. The scalar Laplace-Beltrami operator on
a pseudo-riemannian manifold M is defined by,

Apmu(z) = g*'D,Dyu (114)
where u is a scalar function on M. Or, in local coordinates,
1 1%
Anpu(z) = m%(g“ V1g(@)|0y )u(x) (115)

The Laplace-Beltrami operator is called D’Alembertian in the particular case of a
Lorentzian manifold, and is then denoted by [ps. On any pseudo-riemannian man-
ifold, Apg is symmetric relative to the following scalar product for scalar functions
U, v:

(u,v)m = /u(x)v(m)de
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Indeed the following identities are easily established by integration by parts, for
any two smooth, compactly supported® functions u, v,

(—Au,v)m = / Vu - Vvdom = (u, —Av)m (116)
M

where Vu-Vo = g% O;udjv. In the particular case when u = v we derive, (—Au, v)m =
Jor IVul?, with [Vul? = Vu - Vu. Thus, —A = —Ay is symmetric for functions
u € C°(M). Tt is positive definite if the manifold M is Riemannian. This is not
the case for Lorentzian manifolds: [y is non-definite.

4. Geometry of space-like hypersurfaces

Consider a spacelike hypersurface ¥ in M, g with unit future normal 7. We define
the induced metric (or first fundamental form) g and second fundamental form k,

9(X,Y) =g(X,Y), k(X,)Y)=-g(DxT)Y) VX, YeT(X)  (117)
Remark that & is symmetric. Indeed since [X,Y] € T'(3),

Denoting by V the induced covariant derivative operator on 3 we have, for any
X, Y eT(%),

DXY =VxY — k(X,Y)T (118)

To understand the geometric significance of k we extend T to a neighborhood U of
Y. by parallel transporting it along the geodesics perpendicular to X, i.e.

DT =0

Clearly we continue to have g(7,T) = —1. Also, given any vectorfield X on ¥ we
extend, it along the same geodesics, by solving the differential equation,

[T, X] = 0.
Observe that,

1

Since g(7T, X) = 0 on ¥ we infer that the extended vectorfields X remain orthogonal
to the extended T in the neighborhood U of X.

Let ¢ be the proper time along these geodesics (i.e. T'(t) = 1), with t =0 on ¥, and
let X, its level hypersurfaces, Observe that,
TX(t)=XT({)=X(1)=0.

Hence, since X is tangent to ¥ and ¢t = 0 on ¥ we infer that X (¢t) = 0 in &. In
other words the extended vectors X are tangent to X;. Clearly, the tangent space
of ¥4 is spanned by these extended vectorfields, and since they are perpendicular to

8This is automatically satisfied if the manifold M is compact.
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both T" and the gradient g"”D,t we deduce that T" and g"” D/t are proportional.
Since T'(t) = 1 and g(T,T) = —1 we infer that,

T = —gl" Dyt (119)
In particular ¢ verifies the equation,

g'"D,tD,t = -1

Given the extended T and two such extended X, Y of tangent vectorfields on X we
have,

Denoting by g the restriction of g to ¥; we deduce,

1
E(X,)Y) = —§Tg(X, Y). (120)
On the other hand, since [X,T] = [Y,T] = 0 we can compute the second variation
of g in the T direction as follows
TK(X,Y) = -Tg(DxT,Y)=—g(DrDxT,Y)— (DxT,Dr,Y)

= _g(DXDTTvy) + R(Xv Tv Yv T) - (DXTv DYT)
= R(X,T,Y,T) - K*(X,Y)

where, in an arbitrary frame eq,...e, on X,
F(X,Y) =Y k(X e)k(Y, e:).
i=1

We have thus derived the second variation formula,

TK(X,Y) = R(X,T,Y,T)—-k*X,Y) (121)

Now, let (e;)i=1..., be an orthonormal frame on ¥. The frame ey = T, e1,...¢, is

a spacetime orthonormal frame along ¥X. We have,
Die: = Vie; — kT

o (122)

DiT = —kijej

where D; denotes D.,. Given a 1 form A on our manifold we recall,
Aij = DjA; = DA(eise5) = €j(A;) — Ap,e,
Ai;jm = DijAi = DQA(BZ‘; €4, em)
= €m(Din) — DDmein — DjADmei

If A is tangent to ¥ (which we can extend smoothly to a neighborhood of ¥) we
derive, using (122),

Aig = Ay
Aisjm = Ag|ljm + kimkjs A® + ki D1 A;
Aismi = Ailimj + kijkmsA® + Kjn D1 A;

Therefore, subtracting,

Ai;jm - Ai;mj = Ai;||jm - Ai;Hmj + (kimkjs - kijkms)AS
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On the other hand, in M

Aisjm — Aismj = —Rigjm
and in X,
Aiflm = Ailjm; = —Risjm
We thus derive the Gauss equation,
Risjm = Risjm + kijkms — Eimkjs (123)

Now, letting T}, be the one form obtained by lowering the indices of 1" we derive,

Tiimj = —kim|j + Em;DrT
Tijm = —FKij|jm + kjm DrT
Hence,
Tiimj = Tigm = —(Kiml|j = Fijjim)
from which we derive,
Riojm = Vimkij — Vjikim (124)

We summarize the results obtained so far in the following:

PROPOSITION 4.1. Let ¥ be a spacelike hypersurface with induced metric g and
second fundamental form k.

(1) If X,Y, Z,W are arbitrary vectorfields tangent to ¥ we have the Codazzi
equations,

Vxk(Y,Z) - Vyk(X,Z)=R(T,Z,X,Y) (125)
and the Gauss equations,

(2) Eztend T and X € T(X) to a neighborhood of ¥ such that DT = 0 and
[T, X]=0. We have the first and second variations of g,

Tg(X,Y) = —2k(X,Y), Tk(X,Y)=R(X,T,Y,T) (127)
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