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1 Static

spherical space-times

e the line-element for a static, spherical space-time is usually taken to be, in t,r, 0, ¢ coordinates,

wh

ere dQ? = d#? + sin? fd¢? is the intrinsic metric of the unit sphere

the metric is diagonal

— lines of constant r, 8 and ¢ are time-like and so represent possible world-lines for particles

* though these will, in general, be accelerated

— the time coordinate is assumed to range from —oco < t < 0o

— 0: it is assumed that 0 < 6 < 7 as for a normal sphere embedded in Euclidean space

— it i

¢; we identify ¢ =0 and ¢ = 27

s not entirely unreasonable to question the requirement for the latter

x for example, the 2-space with line element di? = df? + sin® d¢? and with ¢ =0 and ¢ = 7

identified has exactly the same local geometry

* the rotation of a parallel transported vector is equal to dQ = [ dfsinfd¢ = § d¢ cos o

* also, and interestingly, the metric of space in the vicinity of certain types of cosmic string is

locally flat but does not have cylindrical azimuthal angle that ranges from 0 to 27; the space
is missing a thin wedge and is said to be ‘conical’ (by close analogy with a flat sheet of paper
that has been cut and glued to make a cone)

* 50 why do we assume we have to identify ¢ = 0 and ¢ = 277

* the reason is that only with that choice is the surface r = constant truly invariant under

rotations; for any other choice the circumference around the equator would be different to
the length of a loop passing through the poles, and the global geometry would then violate
spherical symmetry

— writing g4 and g, as exponentials of ®(r) and A(r) is purely a matter of convenience

— the fact that we have r? multiplying dQ)? is also a matter of convention

% we could have written f(r)d92? here and made appropriate changes to the functions ® and A

*

to get a line element of otherwise identical form

by writing 72dQ2? we are defining r to be such that the physical area of the surface of constant
ris 4mr?

— in Euclidean space r ranges from 0 to co, but here we make no such restrictions

*

*

we do not require that » = 0 be part of the space-time
and, in the closed FRW metric, for example, the range of r is finite

e an observer can, in principle, directly determine r from measurements of area or circumference, or,
more locally, from summing angles of triangles (i.e. using parallel transport)

e the time coordinate can similarly be operationally defined:

— in cases of actual interest, such as stars, ® — 0 as r — oo and one can then identify the coordinate
t with the proper time measured by a constant-r observer at large r

— one can also extend this to establish the time coordinate for all observers

*

without going into too many details, the idea is that our reference observer can exchange
light signals with another observer at somewhat smaller radius and that observer can, after
two such exchanges, set the zero point and the rate of his clock to be in synch with the
reference observer

the rate needs to be adjusted because of the gravitational redshift factor Aops/Aem = e®(robs)=®(rem)

and in establishing this one uses that fact that the path of an ingoing signal is the mirror
image — reflected in time — of an outgoing path

that observer can then exchange signals with another at still smaller radius and so on



* in this way one can realise a network of observers, each of whom has a clock measuring ¢.

e from this metric one can compute the Christoffel symbols and the curvature, Ricci and Einstein

equations

e the field equations — with a spherically symmetric source term on the RHS — are then differential

equations for the functions ®(r) and A(r) that involve the density p and pressure P

e we will return to that presently

2 The Schwarzschild metric

e The first non-trivial solution to the field equations was that of Karl Schwarzschild in 1916:

—  |ds® = —(1 = 2M/r)dt*> + (1 — 2M /r) " Ldr? + r2d?
~ with dQ2 = d§? + sin® d?

— ot gap = diag(gut, grr, 900, 9ss) = diag(—(1 — 2M/r), (1 — 2M /r)~1,r?, r?sin? 0)

— with inverse ¢®? = diag(g*, g'", ¢%?, g%?) = diag(—(1 — 2M /7)™, (1 — 2M/r),72, (r?sin? ) ~1)

— making the calculations gog — I'*og — Raguw — Rag, R — Gop shows that G = 0 so this is a
vacuum solution

e Note that we are using geometrized units. Think of M as being GM’/c?* where M’ is the physical

2.1

2.2

2.3

mass.

Relation to the weak field metric

for r > 2M — the Schwarzschild radius, or the gravitational radius — this is very similar to the weak
field metric surrounding a point mass, for which ¢ = —M/r
— there we have g = —(1 + 2¢), in agreement with Schwartzschild

— the spatial part of the metric may seem slightly different in that there we had di? = (1—2¢)(dz*+
dy? + dz?) which we could write as (1 — 2¢)(dR? + R?dQ?)

— but this can be brought into concordance with Schwarzschild’s metric (at linear order in ¢) with
the transformation r = (1 — ¢)R

* the angular part of the metric is then (1 — 2¢)R%2dQ? = (1 — 2¢)(1 — ¢) 2r2dQ? = r2d0? -
with corrections that are only 2nd order in ¢

* while, in the radial part, dr = (1 — ¢)dR — R(d¢/dR)dR ~ dR (again with corrections only
at 2nd order in ¢)

so the Schwartzschild metric is identical, at r > M, with the weak field metric for a point mass

Relation to the conventional spherically symmetric line element

this Schwarzschild line element is actually something of a generalisation of the above form of the line
element in that for r < 2M = r, the metric components g and g, change sign (whereas ¢*® and e?*
cannot — for real ® and A at least).

The light-cone structure

as always, the first step to understanding the physical meaning of a metric is to study that form of
the physically coordinate invariant light cones

outside of » = 2M the light-cones are an extension of what we found for the weak-field metric:

— the deeper into the potential the narrower the light-cones become

— so very close to r = 2M any light-like or null particles are constrained to have world lines almost
parallel to the t-axis



e but inside » = 2M the situation is radically different:

— the metric components gy and g, change sign — so time-like world-lines must have paths at
angles less that 7/4 from the r-axis rather than the t-axis — though the angular line element still
involves r (not t)

— the light cones are rotated by 7/2 and transition from having very broad opening angle close to
r = 2M to being very narrow for r — 0

— it is often said that the timelikeness of the r-coordinate for » < 2M implies that particles —
including light — are constrained to move in the direction of decreasing r, and that any bundle of
geodesics interior to r = 2M form a ‘closed trapped surface’

— we will see that there’s a bit more to it than that

® o

Figure 1: Light cones in Schwarzschild geometry. At
6 large r these are like the light-cones in weak field
gravity. But the narrowing becomes extreme as one
approaches r = 2M and, as is apparent, null rays
from the exterior never reach r = 2M (in finite co-

4 ordinate time, at least). At r < 2M, however, they
change radically and the radial coordinate becomes
time-like.
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2.4 Constant r observers
e for r > 2M curves of constant r, § and ¢ are time-like
— so such curves are possible world-lines of (accelerated) observers
e for r < 2M such curves — i.e. those with normalised tangent vector U— (U,0,0,0) are space-like

— 50 no observers can have world-lines with constant r, 8 and ¢

2.5 Singularity of the metric at r =2M

e approaching r = 2M from outside g — 0 and g, — o0

e 50, as one approaches r = 2M, possible world lines of particles, which must lie within or on the
light-cone, are constrained to move, in the limit, only vertically in the r — ¢ plane

— and looking at the light cones reinforces the idea that time-like or null world-lines can never reach
r = 2M in finite time

e for decades this was considered to be a physical barrier
e and it was thought that the ‘singularity’ in the behaviour of g, was a true physical singularity

e it was subsequently realised that this is only a ‘coordinate singularity’ and that, despite the fact that
gr blows up,



space-time itself is perfectly regular at r = 2M

particles and photons can happily cross r = 2M

2.5.1 The tidal field at r = 2M

e the regular nature of the manifold is reflected in the fact that the curvature — as revealed by tidal
stretching of the proper distance between freely falling particles — is finite at r = 2M

e consider two constant-r observers with the same 6 and ¢ and at r and r 4 dr, both at r > 2M

e let them release two test particles at the same instant of coordinate time ¢

each particle has, initially, a 4-velocity U — U* = (U%,0,0,0) with normalisation condition
g(UN2 =—1,s0 Ut =1//=gyz = (1 — 2M /)~ 1/2
their initial separation is € — £ = (0, dr,0,0), which is orthogonal to the 4-velocities (by virtue
of the diagonality of the metric)
i.e. the separation E lies in the rest-frame of the two test particles
what’s more, the dlfference between the two 4 velocmes agrees with the result of parallel trans-
porting U along &: i.e. sU* = (5U*,0,0,0) = re,gUred = -1, Ulsr
x since %, = 597 (giy,r + Grvit — Grty) = 5089 guer
% 80 U™ = 0 and dU*t = %gttgt”Utér = —%(—gtt)3/29tt7r5r =—(1- 2M/7")_3/2(M/T2)6r
 which is the same as that given by sU* = drdU*/dr = érd(1 — 2M /r)~/? /dr

e so we have two test particles with initially parallel 4-velocities: §U = (5 . V)[j =

that means that their physical separation is initially constant
* something they can verify empirically by doing light-echo ranging
- in the process of which they will notice that the photons they exchange are not, initially
at least, redshifted

- this is quite different to the constant-r observers who released them; they, in contrast,
would see a ‘gravitational’ redshift, by virtue of the fact that they are being accelerated

* or, more simply, with a ruler

e space-time curvature will cause the particles’ 4-velocities to diverge

we would expect §U to grow linearly with proper time 7

and that the particles’ physical separation will change by an amount that grows quadratically
with 7 and in linear proportion to their initial physical separation

* just as for freely falling particles released in a Newtonian tidal field

we can calculate U by taking the 4-velocity of the first particle after an interval A7 and parallel
transporting it over to the location of the other particle, whose 4-velocity at that time we subtract

the result, according to the definition of curvature (see figure 2), is given by ASU = R(, U,¢E ATﬁ)
ATR(,U,&,U)
and dividing by A7 and taking the limit gives d6U /dr = R(, U, U )

now U = dZ/dr, so 6U = doZ/dr = d€/dr so we have

d*€/dr? =V V€ =R(,U,EU)

here we are most interested in the rate of change of the component of { parallel to the separation; i.e.
the radial component, and since U is parallel to the t-axis and & is (initially) parallel to the r axis the

T‘th

component of the second rate of change of £ is

(ng/d,rQ)r — thrtUthUt



Parallel transport, curvature and geodesic deviation

N

Figure 2: Geodesic deviation and its relation to

d curvature. Upper left illustrates how a vector
R abc 7 — here on a 2-dimensional manifold — changes
/ if parallel transported around a loop. To the

Riemann right, the change (purple vector minus red vec-

tor) has components given by contracting the
curvature tensor with the components of the
initial (red) vector and those of the two vectors
defining the parallelogram path. Bottom right
shows how we are applying it here to calculate
how two initially parallel trajectories diverge or
converge; in this case the two vectors defining
the path are the 4-velocity of one of the particles
U and the initial separation E

Curvature Tensor

e it is perhaps, at this point, worthwhile to remind ourselves of the important distinction between
(d%€/dr?)" and d?¢" /dr?, these not, in general, being the same, and why we are more interested in the
former rather than the latter. Skip to the next bullet if you are familiar with this.

— the meaning of d2¢, /dr? (or vﬁvﬁf) is that it is the second rate of change of € along the path

relative to what one would have obtained by parallel transporting E along the path

*

the operator V;, applied to any vector field, let’s say V(f), is itself a vector, and has
components (VﬁV)O‘ = (Vﬁ‘?)(@a) =UPVe 5 =UP (VO 5 +T9,5VH)

these components are those four numbers that, when contracted with the fou_1f basis vectors
€q at the point in question where V is being applied, returns the vector V5V

applying V to Vﬁf_: whose components are (vﬁg)a =U7¢e,, =U7(8% , +19,,8"), we get

(d*€/dr?)* = UP([U(E"  + T 8")] g + TusU7 (€" 4 D)
this is a bit of a mess, but if we work in locally inertial coordinates, so the Christoffel symbols
(but not, in general, their derivatives) vanish, this says

(d2€/dr?)™ = UPUY (£ o5+ €T ) + UPUY e
but the particles are following geodesics, i.e. U is being parallel transported, so USU Tg =
—FV(;BU‘SUB, which vanishes (in a locally inertial frame), and, with d?¢®/dr? = UﬁU“YfaﬁB,
we have

(ng/dTQ)O‘ = d%¢%/dr? + UﬁU"Y{”FO‘,,%g
which is sufficient to show the essential, and non-trivial, difference between the components
of the second derivative of a vector and the second derivatives of its components.

— regarding the change in gover the interval 7 = 19 to 7 = 79 + d7, the vector E+ %(67)2d25/d72
is a vector that, in some sense, ‘lives’ at Z(7 = 79)

— its a™ component (£)* + %(67‘)2(d2§/d72)a, is the result of letting & + %(57)2d2g/d72 act on the
o™ basis 1-form @ at the point on the particle trajectory (T = 7o)

— in contrast £ 4 §(67)2d?¢" /dr? is the o' component of &(7o + 67) which is the result of letting
&(10 + 07) act on the at? basis 1-form at the position Z(7y + 67)

— as such, d?¢“/dr?, by and of itself, is an incomplete and potentially misleading measure of how

gis

changing along the path. It could be that d2¢%/dr? # 0, for instance, simply because of the

way the basis 1-forms and basis vectors are changing, while (d2§ /dr?)® = 0 indicating that E is
not in fact changing (with respect to a parallel transported copy of itself)

e to evaluate R4y = [y — Iy + 17,17 — I I, we need some more Christoffel symbols:

— in addition to I'%;, = %5f‘gttgtt,r,

— we readily obtain I'*y = —16%¢™ gy, and I'*,, = 269" grr.r, SO



* Frtt = _%grrgttm = (]. — 2M/T‘)M/’F2
I =19 gpy = —(1—2M/r)"*M/r?
« T =T = 59" guy = (L—2M /)~ M/r?

* with all other symbols with lower indices rr, ¢t or rt vanishing

using these, and the fact that I'"4.; = 0 (as nothing is dependent on ¢ here) gives

— |R'ye=—(1—2M/r) x 2M /7

This is not divergent at » = 2M. In fact it is zero. But this does not mean that there is no
tidal stretching there. The quantity appearing in the GDE is R";,U'U! in which the divergence of
(UY? = —1/gy = (1 —2M/r)~! cancels the factor (1 —2M/r) in R"44 and the GDE is, finally, simply

— |[(@&dr®) = @M/

to get the change in physical separation as a function of the physical separation itself, we still need
to multiply both sides by a basis vector. But this is a constant basis vector - as it is the basis vector
at a specific point - so it enters on both sides of this equation. So we can justifiably think of the
components here as measuring physical quantities

thus there is no divergence (nor indeed vanishing) of the tide at » = 2M. The result is identical to
the Newtonian one. The radial tidal stretching — which, being & /&€ = 2M /r3, has units of inverse time
squared — is on the order of (G times) the density one obtains by taking the mass divided by the
volume. ILe. the same as the (inverse squared) dynamical or orbital time for a system of mass M and
size 7.

for the massive black-holes that are found at the centres of massive galaxies, the tidal field that we
would feel if located at, or close to, »r = 2M is no more than that near the surface of the earth

— or, for that matter, the tidal field produced by one’s own body if one were floating in empty space
—i.e. not much!

— though the tide scales as M /r3, or as 1/M? at the gravitational radius, so less massive BHs are
potentially more dangerous

Q: A star falling into a black-hole may get tidally torn apart - with interesting observational effects
provided the tidal disruption occurs before the star crossed the event horizon. For a star like the sun,
what are the conditions on the black-hole mass such that we would be able to observe this?

3 Radial orbits in Schwarzschild geometry

3.1

The cycloidal solution for bound orbits

the metric coefficients are independent of ¢ so p; = constant.

— let us denote it by p = —F with F a positive constant

— the minus sign is obligatory if we demand that, exterior to r = 2M, the contravariant time
component p! = mdt/dr > 0

— i.e. if we require that proper time 7 increases with increasing ¢
for radial orbits, p? = 0 and p? =0
so p? = —m? = gapp®p® = g™ (p1)* + grr (p7)? = (1 —2M /1)1 ((P")* — (p1)?)
or, with p" = mdr/dr with 7 the proper time

—  (dr/dr)®> = E?/m? — 1+ 2M/r or

—  |(dr/dT)? =2M/r — &

— with |[£=1-E?/m?




* we will consider here the case that £ is positive

* this corresponds to a bound orbit — i.e. ' < m that will reach some ‘apogee’ and then return

* negative &£ is allowed. This corresponds to an unbound — or ‘hyperbolic’ — orbit (with total
energy E > m) that will escape to r = oo

— these equations look exactly the same as their Newtonian counterparts

x if we replace r and proper time 7 by Newton’s absolute space and time

* and with £ being minus half the total energy (kinetic plus potential)

— but there is one important difference

* from the definition & = 1— E?/m? we have E?/m? = 1—&, but E? is obviously non-negative,

which implies that £ <1

* that means that the turning point — where dr/dr = 0 — must be at r > 2M

* the relativistic energy-momentum relation does not allow an orbit with apogee at r < 2M

* this seems sensible, given that, interior to r = 2M, the r-coordinate plays the role of time

(since g, is negative)

* so particles do not reverse their direction of travel in time

— the energy equation 72 = 2M /r — £ has a parametric solution (a cycloid)

r=(M/E)(1—cosn)
7= (M/£%?)(n — sinn)

e so this is an orbit which starting from rmax = 2M/E > 2M (at n = m) falls to r = 0 after a finite
proper time 7 = wM/E3/2

e evidently there is no physical barrier at r = 2M

(1)

» r

Proper| time Coordinate
time #(r)
r=0 r=r* r=ry

Fig. 6.8 The contrasting behavior of proper
time t(r) vs. coordinate time #(r) at the

Schwarzschild surface.

3.1.1 Tr

ajectories in r — t space

Figure 3: Infalling radial orbit in Schwarzschild ge-
ometry. If we plot radius vs proper time r = r(7) —
the lower curve — the particle is seen to fall to the
singularity at r = in finite proper time. However, if
we plot t = t(r) (upper curve) we see that the parti-
cle heads off to ¢ = +o00. But this simply reflects a
pathology of the t-coordinate. The full trajectory in
r — t coordinates is shown below.

e a peculiarity of the r,¢ coordinates is clearly seen if one considers the trajectory of the particles on
radial orbits in r, ¢ space

we have seen that p; = —E = —m+/1 — & implies dt/dr = p'/m = /1 - E/(1 — 2M/r)

while, for an infalling particle, dr/dr = —/2M/r — &

so dr/dt = (dr/dr)/(dt/dr) = —\/(2M/r — E)/(1 — E)(1 — 2M/r)

close to r = 2M, and letting r = 2M (1 + €), so dr = 2Mde, we have dr/dt = 2Mde/dt ~
(1—=2M/r) ~ —e so t = constant — 2M loge




— starting from rpyax (at ¢ = 0 say) it heads off to ¢t = 400 on its way to r = 2M

— thereafter it returns from ¢ = +oo heading in the negative t direction before reaching r = 0 (a
true singularity)

e perhaps most interestingly, if we start at n = 0, the full solution is that of a particle that starts from
r = 0; flies out to ryax > 2M and then returns

— the outgoing path is the reflection of the infalling path about the r-axis

*

so the particle initially moves towards negative ¢ and heads off to t = —oo on its way out to
r = 2M and thereafter returns from t = —oco moving in the positive ¢ direction

— so Schwarzschild space-time allows orbits that carry particles outward from inside r = 2M

— this is not some mathematical curiosity, but a very real phenomenon

*

if one considers any large spherical region of our universe then, not so long ago, it would have
had » = 2M and was, at earlier times, inside r = 2M

it turns out that the behaviour of such a spherical sub-section of a homogeneous universe is
unaffected by the exterior universe

and particles on the boundary behave just like the cycloidal solutions above
this is sometimes called a ‘white-hole’

3.2 The Oppenheimer-Snyder model for BH formation

e the foregoing leads to the Oppenheimer-Snyder model for the formation of a black-hole

e their starting point is the ‘closed’ Friedmann-Robertson-Walker (FRW) metric for a homogeneous
matter-dominated cosmology

— for which the line-element can be written either as the ‘hyper-sphere’

*

*

*

*

ds? = —dr? + a(7)%(dx* + sin? x(d6? + sin? §d¢?))
where 7 is the proper time measured by the ‘fundamental observers’
these FOs being observers who maintain constant x, € and ¢.

you can check, if you wish, that the Christoffel symbols for this metric give a geodesic equation
consistent with the FOs world-lines being geodesics (i.e. being unaccelerated)

— or, if you prefer, as

*

*

ds? = —dr? 4 a(7)%(dr? /(1 — r2) + r2(d6? + sin® 0d¢?))
since the transformation r = siny — dr = cos xdx — dx? = dr?/cos x* = dr?/(1 —sin?x) =
dr? /(1 —1r?)

— and for which the scale factor a(7) obeys

*

*

*

(da/dr)* = (87/3)Gpa® — 1

which follows from the field equations

but can also be ‘derived’ by realising that the evolution of a small spherical region of such
a universe should be independent of what is happening outside and so should obey the
Newtonian equations of motion for an expanding sphere of ‘dust’ (zero pressure fluid)

e but since p oc 1/a3, this equation for a(7) is identical in form to the relativistic equation for a radial
test particle

— if we set 7(7) = v/Ea(7) then this says (in units such that Newton’s constant G = 1)
— 2 =2M/r — € with M = (47/3)pr? a constant

— which is identical to the equations of motion of a particle on a radial trajectory in Schwartzschild
space-time

e and so a(7) is a cycloid with a = (M/£3/?)(1 — cosn) and 7 = (M/E3/?)(n — sinn) as before

e Oppenheimer and Snyder’s insight was to realise that a finite portion of the entire FRW solution

10



the matter within some radius X = Xmax

and with vacuum outside

e is also a solution of the field equations (these being local)

with the FRW interior geometry being smoothly ‘stitched on’ to the external Schwarzschild space-
time

* this stitching evidently requires that the physical area of the sphere

¥ A= 47ma?(7)sin? Ymax according to the FRW metric

x A= 4mr? according to Schwarzschild

% be equal, which implies

* sin Xmax = \/E

the picture this engenders — in the light of the discussion of the curvature of space in the Newtonian
limit — is that the space is positively curved in the constant density region like a parabolic bowl,
and that this is connected — smoothly — to an exterior trumpet-horn like geometry

though one must firmly denounce any suggestion that the motion of massive particles such as
planets in the solar system are responding to the curvature of space caused by the sun — as we
have seen, it is only the warping of time that tells planets how to move

it is interesting to note that there are two possible solutions of sin ymax = VE

* one with ymax < 7 — i.e. containing the region from the ‘South pole’ to a latitude below the
‘equator’ — and another with xmax > 7 which contains the entire ‘southern hemisphere’ and
part of the north as well

* in the latter case, on approaching the edge of the dust sphere from inside, the radius » — and
therefore also the surface area 47r? is decreasing

* so if this is going to match smoothly on to some exterior geometry, this must resemble
something more like the neck of a flask than a trumpet horn — how can that be possible?

* these two possibilities have the same ‘active gravitational mass’ as sensed by an external
observer, but very different total proper mass

e a fundamental observer at the boundary x = xmax can be considered both as ‘fundamental observer’
in the FRW space-time and as a test particle on a radial orbit in the Schwarzschild space-time

e their model for a star which has for some reason run out of fuel and lost pressure support is that it will
behave like this partial closed FRW model — starting at the point of maximum expansion n = 7 — and
collapse to a singularity at r = 0 leaving Schwarzschild geometry outside in its wake, as illustrated in
figure 4

e but if we consider the full cycloidal solution we have the ‘white-hole’ phenomenon

one can imagine a rocket-borne accelerated observer at rest (maintaining constant r, that is)
outside of r = 2M who would suddenly be engulfed in particles emanating from inside of r = 2M

and, as we shall see, distant observers can see radiation that was emitted from the surface when
it was smaller than r = 2M

and even photons emitted from arbitrarily close to the ‘naked’ singularity at r = 0 that existed
before (in the sense of being at more negative coordinate time) the sphere started expanding

e this may seem surprising

the conventional wisdom is that the matter falling into the black-hole — in the later stage of this
model — is irreversibly trapped and nothing can escape

but if outdoing radial orbits are allowed, what is to stop an infalling observer firing some matter
or radiation onto an outgoing orbit after it crosses » = 2M but before it reaches r = 07

11
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Figure 4: Oppenheimer-Snyder model for collapse of a star to form a black-hole.
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Figure 5: The full cycloidal soution.

3.3 Radial orbits and particle dynamics interior to r = 2M
3.3.1 Energy of outgoing particles as seen by infalling observers

e let’s look a bit more carefully at the radial orbit solutions, and particularly their behaviour interior to
r=2M

e invariance of the metric with respect to t provides p = —F = —m+/1 — &, where the sign of p;
is determined by the requirement that, exterior to » = 2M, the proper time increases in the same
direction as so

—  pt=mU'=mdt/dr = ¢''py = E/(1 —2M/r) =my/1—-E/(1 —2M/r)
— which, for r < 2M, is negative for both infalling and outgoing orbits
e the energy momentum relation p? = —m? (U")? = 2M /r — £ gives the 4-velocity component
— U'=dr/dr=+\/2M/r — &
— which is positive (negative) for outgoing (infalling) particles

— the same being true of the radial component of the 4-momentum p” = mU"

e it is interesting to ask, what would be the energy of an outgoing particle P as measured by an infalling
observer O at the same location?

— or, equivalently, the energy of a particle emitted from O on an outgoing orbit — assuming for the
moment that this is possible

12



Figure 6: Radial orbits in Schwarzschild coordinates. This shows how an infalling observer would seem to
be able to meet an outgoing observer. And he could pass that observer a message; and thus communicate
with the outside world from inside the event horizon!
e recall that in a locally inertial frame that is instantaneously comoving with O
— i.e. that frame in which Up — (1,0,0,0)
e the energy of P is the time component of P’s 4-velocity times its proper mass:

- E = ’mUItg = —mﬁo . ﬁp = —mg((jo, (jp) = —mgQBUgUg

— the last being a tensor expression and therefore valid in all frames
e let us assume, for simplicity, that they have the same £ (i.e. the same apogee)
e then, since the particles have identical U? but opposite U”, we have
—  B/m=—guUUp — 9 U5Up = —¢"(Ur)* + g, (U")?
e or equivalently
— Bfm=[1—&)+@M/r) - £)]/(1—2M/r)
e but both terms in parentheses are positive, so for r > 2M the observed energy is positive,
e but inside r = 2M the energy of the outgoing particle as measured by the infalling particle is negative!
e this seems bizarre

— taken seriously, it would suggest that our infalling observer can emit outgoing particles at negative
cost in energy — which might seem both a recipe for instability and a nice way to generate energy

e but it is, in fact, not as crazy as it looks. To see why we need to consider interactions between such
particles.

13



3.3.2

3.3.3

‘Emission’ of an outgoing particle

Imagine that, at some point on infalling O’s world-line, when O is at 79 < 2M, he emits a particle P
onto an outgoing radial orbit

as P has negative energy as observed by O that means that after the emission event O will have more
energy than before — which seems bizarre

but recall that this is interior to » = 2M where it is r that plays the role of time and the axes of the
light-curves are horizontal in 7, coordinates

so the events along the world-line of P are at r > rg and so are actually in the past of the ‘emission’
event from O’s perspective

so, from O’s point of view, this is not the emission of a particle at all. Rather it is an absorption event.
And it is the absorption of a particle that, from O’s perspective, is not outgoing at all; it is another
infalling particle

and since O’s energy is increased in the process, O would say that this was the absorption of a positive
energy particle
‘Absorption’ of an outgoing particle

we can similarly imagine a particle P, who considers himself to be outgoing from r» = 0, being ‘absorbed’
by the observer O at the point on O’s world-line at radius rq

and taking the view that P has negative energy in O’s frame energy conservation would require that
O must have lower energy after the absorption event than before

but the events on P’s world-line — lying at r < rg are all in the future of the ‘absorption’ event from
O’s perspective

so O considers this to be the emission of a particle that, like himself, heads off towards the singularity

and, doing the energy book-keeping, O would conclude that he had emitted a particle of positive
energy

it is interesting that, in both of these examples, the infalling observer considers the other particles
with whom he can interact — and who definitely consider themselves to have a r which is increasing
with their proper time — to be infalling too, and to have positive, not negative, energy

3.3.4 Relation between the energy and the ‘arrow of proper-time’

in deriving the standard formula E = —mUp - Up = —mgag(dzd/ dT)(da:E, /dT) there was an implicit
assumption that, in the rest-frame of O, where E = mU} = mdtp/dr, that P’s ‘affine parameter’ 7 is
increasing with tp, the time coordinate of P as seen by O

but in the examples above, that was not the case

— the affine parameter of the infalling particle increases in the direction of decreasing r while that
of the ‘outgoing’ particle increases with increasing r

— and it is this difference that gives rise to the negative energy

so one way to avoid the seemingly unphysical negative energy would be to ‘correct’ the standard
formula - and, say, replace dtp/dr by its modulus

it certainly seems that the energy of particles that observers can measure by absorbing, emitting or
interacting with them more generally should be positive and independent of the direction in which the
proper-time of the observer is increasing

we can see this if we think about a matter-field wave packet occupying some ‘world-tube’
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3.3.5

3.3.6

— from some observer O’s perspective — that is to say expressed in terms of his locally inertial
coordinates x® = (¢,x) — the wave might be ¢ = cos(—wt) times some large, smoothly varying,
‘envelope’

— this would correspond to a zero 3-momentum packet

— the integrated 4-momentum of the packet is readily shown (for e.g. a massive scalar field with
stress-energy THY = ¢H¢Y — nV (9 %p o + m2$?)/2) to be
00

B {PO} = [ daw [501‘] = [ dPaw [ﬂ ¢*(x)

p
— and so the energy p? in O’s frame is positive

— but if there is another observer O’ for whom proper time is increasing in the opposite direction
doing the measuring, for them their locally inertial coordinates will have a flip the sign of the
time coordinate

— so they will say the wave is ¢ = cos(4wt)

— but they will conclude that the energy is positive also

The orientability of the space-time manifold.

saying that O and P have affine parameters that increase in opposite sense with respect to the time-like
r-coordinate sounds rather anodyne

— but the affine parameter is proper time

— so if P were carrying a clock then O would see it running backwards and vice versa

— more dramatically, O would see P getting younger!
is this a problem?

— it is certainly bizarre and counter to what we normally observe
— and also counter to what would be seen if O and P were to meet at r > 2M
— but it is not clear that this actually violates any laws of physics
the question here, to my mind, is whether Nature ever allows there to be regions of space-time where

there are different observers who would observe each other, if in close proximity, to have proper time
running in opposite directions.

I suspect that the answer is no. If so, that would mean that there is a way to label one direction of
the light-cones as the ‘future’ that is consistent over the whole of the manifold.

as we shall see, this is suggested by the ‘maximal extension’ of Schwartzschild space-time found by
Kruskal and Szekeres in which, in effect, one can have a ‘white-hole’ singularity at r = 0, with particles
coming out of it, and these particles can fall into a ‘black-hole’ singularity, but these singularities live
in distinct regions of the manifold — this avoids an infalling observer ever meeting up with an outgoing
observer at r < 2M

The fate of matter falling through the event horizon

the discussion above covers some wild and crazy ideas
it is not clear that they apply to our universe

— most text-books treat white-holes as far-flung science-fiction

— but the basic observational facts of cosmology suggest that they should be taken seriously

however, it could be that they have no particular relevance to black-holes

as we shall see, in the case of the Oppenheimer and Snyder model, the ‘white-hole’ and parallel
universe regions in the maximally extended Schwartzschild geometry do not exist
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— nor is there any observational evidence for matter emerging from black-holes — even though, as
we have seen, radial orbits emerging from r = 2M do not seem to be forbidden

regarding the existence of ‘closed trapped surfaces’ and ‘cosmic censorship’, we should emphasis that
if an infalling observer O does attempt to emit a real particle — something that he could potentially
attach a message to — then the events on the messenger’s world-line must lie in the future of the
emission event

— and these all lie at smaller r

— and so the emitted particle and any message it might carry must, inevitably, end up at the
singularity

— and the message never gets out

4 Rindler space-time

Rindler geometry is empty flat space-time viewed from the perspective of a family of accelerated
observers

— it uses a ‘spatial’ coordinate that labels the observers

— and a ‘temporal’ coordinate that increases along the world lines (it is a function of the proper

time)

it turns out it has a horizon and a ‘coordinate singularity’ that are similar to those in Schwarzschild
geometry

— which also has coordinates tied to accelerated observers (who maintain constant r — outside of
r = 2M at least)

Rindler space-time provides a helpful insight into what’s wrong with Schwarzschild r, ¢ coordinates
— and points the way towards a better coordinate system for Schwarzschild geometry
consider then a particle subject to a steady acceleration a

— in the frame of reference of the particle at some proper time 7y its 3-velocity will change to
v = aAr after a small interval of proper time A7, so its 4-velocity in this frame is U = (1 +
O(a®?A7?),aAT)

— let’s assume for simplicity that the acceleration is parallel to the z-axis

— if this frame is moving at velocity v relative to the lab-frame at 7 = 79, then after the short
interval, the 4-velocity in the lab-frame will be

g | | ] L] L (4 vaAT)
~'v' v | |adAT v(v + aAT)

— and hence

— vV =(w+aA7)/(1 +vaAT) =v(1+ (a/v —va)AT +...)

— so the change in velocity in the lab-frame Av = a(1 — v?)AT

— with that change occurring over an interval of time in the lab-frame At = yAT = A7/V/1 — 0?2
so Av/At = a/~? or, with & = v = dx/dt and i = dv/dt the equation for the trajectory is

—  F=a(l-122)%2
a solution to this equation is the hyperboloid

22 =2 42

— with x = 1/a

— the physical significance of this distance (y = ¢?/a) is that if you travel this distance you will
reach a velocity v ~ ¢
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— the general solution is obtained by replacing x — = — g and t — ¢t — tg for an arbitrary constant

displacement (tg,zo) — but we won’t use that here

— we will consider a family of particles, all with (¢9,z9) = (0,0) but with different accelerations
(and therefore different minimum z-coordinates) as illustrated in figure 7

e this can also be expressed parametrically as

t = a~!sinh(ar) = x sinh(7/x)
x = a~ ! cosh(ar) = y cosh(7/x)

— with 7 the proper time
% since dt? — dz® = cosh?(7/x)dr? — sinh?(r/x)dr? = dr>

e Now consider a family of accelerated observers

— with different accelerations, but each with y =1/a

Figure 7: Rindler space-time - we use x
and v rather than & and 7 used here. This
shows, in flat Minkowskian space-time,
the trajectories of a set of particles each
undergoing constant acceleration. Their
world-lines are a set of hyperbolae z? =
t?2 + x? where x = 1/a labels the parti-
cles. So they have the same asymptotic
trajectories +o& — =+t as t — 4o00. These
world-lines foliate Minkowski space, but
only part of it. There are horizons as in-
dicated. A photon emitted from an event
such as a will never reach any of the ac-
celerated observers.

e this family of trajectories has some interesting characteristics

these trajectories foliate the wedge-like region of space-time z > 0 and |t| < =

all the trajectories have the same asymptote at 7 — oo which is x = ¢

this means that x = ¢ is a horizon in the sense that any light ray emitted in the future of the
origin (z,t) = (0,0) will never catch up with any of the particles

these trajectories are paths of constant proper distance v2 — t2 = y from the origin

the straight lines ¢ = vz radiating from the origin are (relativistically) orthogonal to the trajec-
tories — lines of constant y — at their intersection points

* this looks plausible graphically and is easily verified:
x for constant y, xdx = tdt or (dt,dz) = (1,t/x)dt = (1,v)dt
* while for constant v, dt' = vda’ so (dt’,dz’) = (v,1)dz’

* so the scalar product —dtdt’ + dxdz’ =0

and its length is just dy

the interval (dt’,dz’) lies in the rest-frame of the particles whose trajectories it connects

as an aside, another interesting feature is that neighbouring trajectories maintain a constant

proper separation from one another

x despite the fact that they have different accelerations

* the trailing particle has to have a greater acceleration if it is to keep up with its leading

neighbour
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* which has the corollary that two particles with the same acceleration will have a proper
separation that increases

* this leads to Bell’s famous space-ship paradox: if two identically accelerating rockets are
connected by a thread, will it break?

the orthogonality of elements of constant y and constant v mean that we can write the line element
ds? as the sum of their squared lengths
— we have seen that an elemental separation at constant v is ds? = dy?
while at constant y the fact that xzdx = tdt implies ds? = —dt? + dx? = —dt*(1 — v?)
but v? = t?/2% = t2/(x? + t?) implies t?(1 — 1) = x>v? or t = yv/V/1 — 12
— from which dt = ydv(1+v?)/(1 —v?)3/? and so ds® = —dt*(1 — v?) = —2dv?(1 4+ 1v?)2/(1 — v?)?

combining these gives

—  ds? = —2dvE(1 +v2)2 /(1 — v?)? + dx?
or, finally, if we change variable to p = log x

—  ds? = e (—dv (1 4+ v?)?/(1 — v?)? + dp?)

what we have done here is a coordinate transformation from (¢,x) to (v, p) with spatial coordinate
p =logx = log(x/ x? — t2> which labels the trajectories and a temporal coordinate v = t/x which
increases along each trajectory

— the temporal coordinate is not in fact proper time 7 — which might seem a more natural choice
— rather it is v = t/x = tanh(7/x)

the particular choice of spatial variable has has resulted in the common ‘conformal factor’ €%’ = y?

— this means that we can infer the light-cone structure in the (v, p) coordinate system simply by
inspecting the terms in the parentheses

evidently the light-cones are everywhere vertical

on the plane t = 0 they light cones have opening angle 7/4 as in Minkowski space

but moving away from the plane they open up, and the null rays become parallel to the p axis
as [v| — 1

— thus it might seem that light-rays can never reach v = 1 (the horizon ¢t = x)
this is reminiscent of the behaviour of light-rays in Schwarzschild geometry in (¢, r) coordinates
but here we know that this is simply an artefact of the choice of coordinate system

if one had discovered the metric expressed in terms of (v, p) coordinates as a vacuum solution of the
field equations it might not be obvious that if one were to make the inverse transformation

t=e? V2 -1
x=el/\1—1?

then one would recover the much simpler metric
—  ds? = —dt? + d2?
and one would realise

— that the line t = = (or ¥ = 1) is not in any way a physical barrier and that space-time is regular
there
— that the (v, p) coordinate system only covers part of the entire space-time

— and — as a bonus — the causal connectedness of different regions in the entire space-time would
be self-evident
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e as we will now show, there is a closely analogous transformation from the bad ¢, Schwarzschild
coordinates — the analogue of v, p coordinates here — to ‘well-behaved’ v, u coordinates — the analogue
of t,z here — found by Kruskal and Szekeres in 1960

e this coordinate system further elucidates the nature of the surface r = 2M in Schwarzschild space-time
and makes the causal structure of the space-time clear

e and it also seems to suggest that what we have been considering as the range of the space-time is
incomplete and only covers half of the total manifold

— rather similar to the way that Rindler’s wedge only covers part of Minkowski space

5 Kruskal-Szekeres coordinates

e the apparent ‘singularity’ in g, at » = 2M stems from a badly behaved coordinates
e in the 60’s Kruskal and Szekeres found a coordinate transformation r,t — u, v

Cu=|r/2M — 1|/2e"/4M cosh(t/4M)
v = [r/2M — 1|V2e /MM ginh(gjang) 08 7> M

— and the same but with cosh ¢ sinh for r < 2M
e in terms of which the line element is
— ds® = (32M3)r)r"PM (—dv? 4 du?) + 12(d6? + sin® 0dp?)
e where 7(u,v) is to be considered the solution of (r/2M — 1)e/?M = 42 — ¢?

e and the other part of the inverse transformation is ¢ = 4M tanh™'(v/u) (for r > 2M) and t =
4M coth™(v/u) otherwise

Figure 8: The Kruskal-Szekeres u — v co-
ordinate system. Each point represents a
sphere in space. Light cones (for radial
rays) are at 45 degrees from the vertical
axis. Time-like trajectories at less than
45 degrees from the vertical. The hori-
zon is along the diagonals. The hyperbo-
lae are surfaces of constant r. The origi-
nal Schwarzschild r — ¢ coordinates cover
the regions labelled I and II but the full
u — v plane includes another exterior uni-
verse III and another region with r < 2M
(IV). It is not clear whether these are re-
ally distinct regions. But if they are, a
trajectory like the cycloid solution would
leave the lower (white hole) singularity in
region IV, emerge from r = 2M into re-
gion I (or III), turn around, and then fall
back into the black-hole singularity in re-
gion II.

Kruskal-Szekeres

e there are many interesting features of the Kruskal-Szekeres diagram

— lines of constant r are hyperbolae in (v, u) coordinates, just like the constant x (or p) world-lines
of Rindler’s accelerated observers in (¢, z) coordinates
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lines of constant t radiate out from the origin in (v,u) space just like lines of constant v in (¢, x)
coordinates

— the hyperbolic sines and cosines are reminiscent of the expressions for ¢ and x in Rindler space-
time

— radial null paths are lines of 45 degrees everywhere — this makes it very easy to visualise the paths
of particles of any kind

— though it must be kept in mind that each point in u, v space corresponds to a sphere spanned by
0 and ¢

however, there appear to be four distinct regions:

* the Eastern sector (conventionally sector I) is the ‘exterior’ region r > 2M

* the Northern sector (sector II) is the ‘interior black-hole’ region r < 2M and contains the
singularity r = 0

% the Southern sector (sector IV) is the ‘interior white-hole’ region r < 2M, which also contains
r=20

* then, off to the West, is sector III, the ‘parallel exterior region’

— the full Kruskal space-time is known as the ‘maximal extension’ or ‘continuation’ of Schwarzschild
space-time

e one can infer many useful things from this diagram

— if a particle falls into a black-hole, emitting pulses of light as it does so, then for a distant observer
at r > 2M, where coordinate time faithfully reflects proper time, it will seem to take an infinite
time for the particle to reach the horizon r = 2M

* that is because the wavelength of the emitted radiation, and hence also the time between
pulses, gets redshifted — infinitely so as » — 2M — and while the particle emits only a finite
number of pulses these take an infinite amount of time to reach the distant observer

* note that for a freely falling particle this is different to the redshift we discussed for light
emitted by an observer at constant r — such an observer would see the infalling observer
redshifted too, so the net effect is much larger

e this diagram allows one to depict and clarify many properties of radial trajectories and the Oppenheimer-
Snyder model

— if one had a star of constant radius » > 2M which, at some point, lost its source of pressure
support and went into free-fall collapse as in the Oppenheimer & Snyder model then only the
sectors I and II would be relevant

— only the region exterior to the surface of the star is Schwarzschild space-time
— if it has constant r, for ¢ < 0 say, then this would be one of the hyperbolae in region I
— after ¢ = 0 the surface of the freely collapsing star would follow a roughly vertical trajectory
e as mentioned, the world-line of a particle — or the surface of a dust sphere — following the entire
cycloidal trajectory, on the other hand, would be a roughly vertical line (actually somewhat ‘bowed

out’ away from the origin in u, v space) starting in region IV, emerging into region I (or perhaps III),
and then continuing into region II to eventually meet the black-hole singularity

— radiation from the outgoing particle on a cycloidal orbit escapes to infinity even from inside
r = 2M (in sector IV)

* the external observer can also see photons emitted from the naked singularity ‘before’ —i.e. at
earlier coordinate time ¢ — than the event of the emergence of the particle from the singularity

— all trajectories of physical particles from any event inside region II will inevitably end on the
singularity

— all events in the exterior region I have at least some of their future that remains in sector I

e are the black- and white-hole regions (and regions I and III for that matter) really distinct?
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all points in ¢, space get mapped to two points in u, v coordinates

those points being diametrically opposite: u/,v' = —u, —v
— if one takes the view that u’,v’ is just the image of the same event u,v then one is forced to

conclude that in any region of the space-time there can be particles whose direction of proper
time proceeds in the opposite direction to that of neighbours

but infalling particles in region II still cannot communicate to the outside world
* the only way they can ‘meet’ outgoing particles is for such particles to collide with them in
their (the infalling particle’s) past

* any particles that consider themselves to be outgoing are seen by the infalling observer to be
infalling also

e the more conventional view (that events reflected through the origin but having the same ¢, r are truly
distinct) has considerable appeal, for two reasons

— it avoids the temporal counter-flow problem (if indeed it is a problem)
— the extra spatial region to the left allows one to ‘stitch’ Schwarzschild geometry onto the exterior
of a partial closed universe with y > 7/2

* as we remarked, the boundary here — where area is decreasing with increasing radius — seems
to require that one connect this to a vacuum exterior that is something like the neck of a
flask that narrows and then opens out

* this is exactly what adding section III seems to provide

x in this picture, the exterior of the FRW partial sphere would be a geodesic on the left side of
the figure, say, with the region to the left side of that being outside the Schwarzschild region
(i.e. inside the FRW hypersphere)

* considering the horizontal ¢ = 0 plane, this would be a neck that starts at » > 2M, narrows
down to r = 2M and then opens up again into region I.

e Zero and negative energy solutions:

— radial orbits with 2 = 0 are perfectly acceptable
* these have £ = 1 and so the apogee is at r = 2M
* and (since E = —p; = gu(dt/dr)) they are lines of constant ¢
* so they pass through the origin
— orbits with £ < 0 are also possible — indeed they are essential if we take seriously the idea that the
extra regions are truly distinct parts of the manifold and we want to avoid temporal counter-flows
* in region III time is decreasing in the vertical direction — so if particles in that region are
observed by constant r observers to have positive energy they must be moving downwards!
* and in the left hand side of region IV time is increasing as one moves up and away from the
white-hole singularity
* but we had concluded earlier that for » < 2M particles have dt/dr < 0 — which would require
particles on the LHS to be moving downwards too
* that, however, was assuming that £ > 0

* the resolution is that any geodesic particles that have paths that take them through region
IIT must have £ < 0

* then all geodesics have proper time that is generally increasing as they proceed in an upward
direction

e Are regions III and IV physically relevant?

— many reputable books on the subject (e.g. Hobson et al.) question whether white-holes really
exist

Wald dismisses the idea that regions IIT and IV are real

there is the long standing conjecture of ‘cosmic censorship’ that holds that nature never allows a
singularity to be seen from the outside

my feeling is that the big-bang is a prima facie counter example to this
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6 Non-radial orbits and the precession of the perihelion of Mercury

6.1

6.2

Newtonian orbits

The equation of conservation of energy for a Newtonian unit mass test particle in orbit around a mass
M is

— 224 (rd)?/2=E+M/r
and with conservation of angular momentum L = TQQZ} this is

- P2=E-V(r)
— with effective potential energy
- V(r)=L?/2r> — M/r

the potential has a single minimum at ryy, = L2/M and with V (rpm) = —M?/2L2
if E > V(rmin) then r will oscillate between two turning points
SO T'min 1S the radius of a circular orbit

— for which the angular frequency is
— wy=¢=L/r?=M?/I?

differentiating the energy equation with respect to time and dividing by 7 gives
- F=—=M/r*+L?/r

and substituting r = L?/M + u gives, to first order in u/r
—  di=—(M*/L%u

so the radial displacement undergoes simple harmonic oscillatory motion with frequency w, = M?/L3,
exactly the same as the angular frequency

so this proves that for nearly circular orbits, the radial motion has the same frequency as the angular
motion, so the orbits are closed

of course Newton proved that this is exactly true even if the orbits are highly non-circular, but the
simple proof here is just a ‘warm-up’ for the analogous relativistic problem

Footnote:

— Newton was apparently impressed that there were only two types of potential that allowed closed
orbits — and thought that these were the ones that would be chosen by Nature.

— These are ¢ oc —1/r and ¢ 2.

— It is very interesting that the latter is what you get (aside from the sign) for ‘dark energy’ — so
Newton may be said to have invented dark energy as well as Newtonian gravity!

Nearly circular relativistic orbits

the metric components are independent of ¢
— so pr = —F is constant
and are also independent of ¢
— 80 py = L is constant
considering a particle orbiting in the equatorial plane:

— ie. 0 =m/2 50 gpp = r?
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6.3

the energy-momentum relation (for a unit mass test-particle) is
= 1= gapp™p’ = —(1 = 2M/r)(p")* + (1 — 2M/r) " (p")* + r*(p?)?
or
—  —1=—(1—2M/r)"Y(E? —¢2) 4 L2/r?
or
- P=E*-V(r)
qualitatively similar to the Newtonian formula, but now with effective potential
— V(r)=(1+L*/r*)(1—-2M/r)

differentiating V(r) gives a quadratic equation for radii for which 7 = 0 — i.e. the allowed circular
orbits — with solutions

—  r=(L*/M £ /L*/M? — 12L2)/2
so circular orbits are only possible for angular momentum L > /12M

— quite different from the Newtonian result

— an incoming particle with impact parameter such that L < +/12M will fall directly to r = 0
the negative square-root solution corresponds to a maximum of the potential

— for which the orbit is unstable
so we need to take the positive square root:

—  r=(L*/M + /L /M? —12L2)/2
in the limit M?/L? < 1 this gives r = L?/M, in accord with the Newtonian result

— which is reasonable since M/L = M/(r7) = (M/r)/i =7
% since 72 = M /r by virtue of the virial theorem
—soM?*< I’ -2« 1

* which is the Newtonian limit
keeping the lowest order ‘post-Newtonian’ modifications, the radii of circular orbits are
— r=L?/M(1-3M?/L*>+..))
— where ... indicates terms O(M*/L*) or smaller

and the angular frequency is

— b =p® = g%ps = L/r2 = (M2/L3)(1 4+ 6M2/L? + ...

Precession of orbits

the fact that the frequency w, for radial displacements is identical to the angular speed ¢ in Newtonian
theory derives from the particular form for the effective potential V (r) = L?/2r? — M /r

for relativistic orbits the potential is different, and the orbits are not, in general, closed, and the point
of closest approach to the sun — the perihelion — will not remain fixed but will rotate or precess

the effect is a change in the angle of perihelion that is on the order of v?/c? — so largest for Mercury,
whose orbit will appear to precess as compared to those of the other planets (for which the effect is
much smaller)
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Figure 9: Precession of the perihelion.

the total precession of Mercury is about 500” /century — mostly caused by the tidal effect of the other
planets — but it was known since the late 19th century that about 40” /century could not be explained
by tides

to calculate this it is usual, at this point, to change variable from proper time to angle, but we can find
the effect simply by looking at the equation of motion for small displacements relative to the circular
orbit

writing r as the sum of the approximate circular orbit radius r = (L2/M)(1 — 3M?/L?) plus a small
perturbation wu:

—  r=(L}/M)1-3M?*/L*) +u
or

— = (L*/M)1 - 3M?/L? + uM/L?)
and inserting this in the equation of motion

- F=L*/r = M/r* —3ML?/r!

— which is obtained by differentiating the energy-momentum relation with respect to proper time
and dividing by 27

— and in which the last term is smaller than the first two by on the order of ~ L?/r3 ~ v?/c?

and Taylor expanding we find, keeping the leading order terms which are linear in u, plus the leading
order u-independent term,

— = —(M*/LO(1+6M?/L?+ .. )u—6M"/L8 + ...

note that you need to go to second order when expanding r = (L2/M)(1 + ¢€) in the first two terms in
the equation of motion since €2 = (=3M?/L? + uM/L?)? contains a component that is linear in u

the last term above gives a slight correction to the stable orbit radius — remember, we used as a
baseline the approximate formula for this. The stable circular orbit must have 4 = 0 from which we
find uw o~ 06M*/L? 50 rejre = L?/M 1 — 2M? /L2006 M*/L* + .. ..

otherwise this offset has no significant impact and we find that the frequency of radial oscillations w,.
for displacements about 7 is

—  wp=/—ifu=(M?*/L3(1+3M?/L* +..))
while the orbital angular speed is, as we found above,

— we=¢=(M*/L}(1+6M?/L? +...)
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e 50 these are indeed different. And it is this difference that accounts for the anomalous precession of
the perihelion of Mercury

7 The equations of stellar structure

In this section, we will use ‘geometrized’ units such that, numerically, ¢ = 1 and G/c?* = 1 and we will be
sloppy/lazy and not write ¢ or G/c? and leave it up to the reader to figure out where they go. The symbol
m represents mass, but appears here to have the same units as r which is a length. You should think of
m as being equal to the physical mass times G/c?. Similarly p represents mass density, but appears here
to have the same units as pressure P, which has units of energy- rather than mass-density. So you should

think of p as representing physical mass density times c¢?. We will refer to the time coordinate as z° = ct
and thus avoid explicit reference to t. The potentials ® and A here are dimensionless.
7.1 The field equations
The Ricci tensor for the static, spherically symmetric metric with line element
ds? = =22 (dz)? + 22 dr? 412462 + 2 sin® 0d? (1)

is shown below (§A) to have non-vanishing components

Roo = (" + &% — &'N + 20/ /r)eX®—N)
Rpp = —(®" + @ — &N — 27" /r)
Rgg=1— (r® —rA +1)e” %A

Ryy = sin? O Rgo

Its trace (the Ricci scalar) is
R =g" Ry =2/r? — 2e7 20" + &% — &'\ +2(0' — N) /r +1/r?) (3)

from which we find the non-vanishing components of the Einstein tensor G, = R, — % guv R are

62<I> d _oA
Goo = ﬁ%(r(l_e )
o2
Gy = _72(1 —e 2N 4 (2/r)0 (4)

Goo = 7,2672/\((1)// + ((I)/)Q + (;3//7“ — PN — A//T)
Gy = sin® 0Gyg

Finstein’s equations relate these to the corresponding components of the stress-energy tensor. Assuming
a perfect fluid with density p and pressure P this is

Ty = (p+ P)U,uUl/ + g P (5)

where U is the 4-velocity of an observer who sees there to be neither energy flux density nor momentum
density. The validity of this may be established as in a locally inertial frame that is instantaneously comoving
with the fluid this gives T}, = diag{pc?, P, P, P}.

The 4-velocity of an observer at constant r, 6 and ¢ is U— (Up,0,0,0) and the normalisation condition

g"'U,U, = —c? gives U, = 0526@ which, working in geometrized units as we are doing here, gives
Too = *®p
T, = *MP ©)
Tog = r°P

Ty = sin? 0Tpg

and the field equations are obtained by equating corresponding components in (4) and (6).
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7.2 The equation of hydrostatic equilibrium
7.2.1 Hydrostatic equilibrium in static spherically symmetric space-times
The a = r component of T8 .3 = 0 provides one of the equations of stellar structure. From Ts y =
TP, + 1%, TH? + TP, T this is

T8 5 =T 5 4 T7,gTH 4 T8 5T = 0 (7)
or, since the stress tensor is diagonal,

Ty = ~I7g T — T 6T (8)
The contravariant components of the stress tensor are readily found to be 7% = (¢%9)2Tyy = e=2®p etc. so
the left hand side is 7", = (Pe~2")’ while the sum in the last term I'*.5 = ® 4+ A’ 4+ 2/r and using the
Christoffel symbols from §A to calculate the first we find

[(p+ P)d®/dr = —dP/dr| (9)

which is the relativistic version of the equation of hydrostatic equilibrium (which looks the same as the
Newtonian equation but with the enthalpy p + P in place of p on the left hand side). Since pressure is the
momentum flux density, and the right hand side is (minus) its divergence, so equal to the rate at which the
momentum density would be increasing in the absence of gravity, this equation expresses conservation of
momentum.

7.2.2 Hydrostatic equilibrium from the equivalence principle

A simpler way to obtain (9) is to invoke the principle of equivalence. Consider an observer in flat space-time
who is being accelerated along the z-direction with acceleration a and who is holding a container containing
a perfect fluid with TH = diag(p, P, P, P). The metric of space-time, in the vicinity of the observer, and
with spatial coordinates such that the observer is at the origin, is g, = diag(—(1 + az),1,1,1) where we
see the familiar ‘warping’ of time — or ‘gravitational time dilation’ — as perceived in an accelerated frame.
The non-vanishing Christoffel symbols are I'*og = I'’y, = a, and so we find that the equation of continuity
of z-momentum is

T 5 =0=T%" 54+ 17,57 + TP 5T% (10)

or, since T%F 5 = T% , = dP/dz and I'*,gT°% + TP, 5T%7 = T%0T% + I%.T% = (p + P)a
dP/dz = —(p+ P)a (11)

in, as in (9), we see that pressure gradient needed to accelerate the fluid is minus the enthalpy times the
acceleration.

This means that the appearance of p + P in place of p in the equation of hydrostatic equilibrium is a
purely special (rather than general) relativistic effect.

The physical reason for this relativistic correction is a little subtle but interesting. Consider an element of
gas with kinetic pressure from the thermal motion of the atoms. If an atom’s thermal velocity in the frame of
the gas is u then the z-momentum of its momentum is p, = myyu,. Boosting into the (primed) ‘lab-frame’,
with respect to which the gas is moving at small z-velocity ¥ (because the gas has been accelerated for a small
time) the momentum is p,, = mypya(V+u,). Averaging this over u would suggest that the mean momentum
would be (p.) = my(ya (T + u,)). But (yau.) = 0, so (p.) = m150(va) = m{yu)? x (1 + O[®?)). With
U = a/At, the change in the mean momentum per particle is, at linear order in At, just d(p’,)/dt = m{yy)aAt.
But m(yy) (times ¢?) is the mean particle energy and n times this is p so the rate of change of z-component
of the momentum density is dr,/dt = pa — with no extra contribution from the pressure — whereas the left
hand side of (11) is the divergence of P, and P is the momentum flux density. So this might seem to say
that conservation of momentum would require simply dP/dz = —pa.

The flaw in the above argument is that we are taking the average (74, (v + u,)) in the frame of the gas
whereas we should be doing it in the lab-frame. Consider a gas consisting of two streams of particles; one
moving in the z direction with speed u = +up and the other moving in the —z direction with the same
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speed, i.e. u = —ug. In the gas frame they have the same space density! n, = n_ = n/2. But in the
lab-frame they have different densities. If the gas is moving at small positive velocity 7 < ug then both
of these streams will be length contracted in the lab-frame, but the positively moving stream will have its
density enhanced by a factor v = v(ug + v) while that of the negatively moving stream will be enhanced
by a factor v; = y(ug — ) so 4 > vy— and there therefore is an excess of positively moving particles.

Using the definition v = 1/+/1 — v2 we have v+ ~ y(ug)(1 £ v(ug)*Tug). Let’s consider a gas of non-
relativistic atoms for simplicity, so the densities are ny = %n(l + Dup). The momentum density for the
streams is m,4 = Mmn4 Yy, (U £ up) so their sum is

T2 = 5y [(1 4 Tuo) (T + uo) + (1 — Tug) (T — up)) (12)

or, to first order in 7,
7o = MmNy, (1 + ud). (13)

Now mnyy, is p the energy density and mn~y,,u? is the z — z component of the pressure tensor (let’s call it
P), so the momentum density changes with time as

dr./dt = (p+ P)dv/dt. (14)

In more detail, one would average over a distribution of velocities and generalise to the case where ug may
be comparable to ¢ (where one has to be more careful about how velocities add). But hopefully the above
argument is sufficient to convince you that this is the correct physical explanation of the presence of the
enthalpy rather than just the energy density in the equation of hydrostatic equilibrium.

7.2.3 The acceleration of constant-r observers

Equation (11) might seem to suggest that d®/dr can be identified with the acceleration of a constant-r
observer in the space-time described by (1). This is, in essence, correct, but we need to be careful. The
derivatives in (9) are with respect to coordinate position r while in (11) we have the derivative of P with
respect to physical distance. To obtain the physical acceleration a for a constant-r observer we can use the
geodesic equation that describes the motion of a test particle that such an observer would release. At the
moment the test particle is released, when it has U* = (e=®,0,0, 0), this is

dZT'/dTQ — _FTOOUOUO — _@/672/\ (15)

but the physical distance travelled is related to coordinate distance by drpnys = /grrdr = eMdr so this
equation says
d*Tphys/dT? = —d® [ drphys (16)

so the acceleration that the constant-r observer perceives, which is of course opposite to that of the test
particle he releases, is
a = d®/drphys (17)

so ® here plays the same role as the Newtonian potential (rendered dimensionless by dividing by ¢?), but
d®/dr # a, rather d®/dr = e~ 2d® /dr.

7.3 The other equations of stellar structure

7.3.1 The G,, = 8nT,, and Gy = 871y equations

Two more stellar structure equations can be obtained from the field equations. It proves convenient at this

point to replace A(r) with
m(r) =r(1 —e 22y /2 (18)

in terms of which
Grr = = (1= 2m(r)/r)™! (19)

so this is like g, in the Schwarzschild solution, but now with a r-dependent mass.

!These densities are not the same as the space-density in the rest frame of the respective streams, as both are length
contracted, and their gas-frame densities are higher than the rest-frame by a factor ~(uo).
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Figure 10: Why enthalpy p + P (rather than just energy density p) appears in the equation of hydrostatic
equilibrium. Space-time diagram showing trajectories of particles undergoing random deflections. Coloured
symbols show intersection with hypersurfaces ¢ = 0 for an observer moving with respect to the frame of rest
of the particles. Right (left) moving intersections are plotted as red (green) symbols. Right (left) moving
observer intercepts more left (right) moving trajectories. Conversely, if the gas is moving towards 4z in
the lab-frame then the lab-frame observer will see a higher density of relatively faster moving particles than
relatively slower moving particles.

The time-time component of the field equations Ggy = 87Ty then implies

dm/dr = 4mr?p (20)

which relates our new parameterisation of the radial metric coefficient g, = (1—2m(r)/r)~! to the (energy)
density p, while the » — r component G, = 87T}, gives

d®/dr = (m + 4nr>P)/(r(r — 2m)) (21)

which is evidently the relativistic equivalent to the Newtonian d®/dr = (Gx/c?)m/r? — being equal to this
in the limits that 7 > m and P < m/r® ~ p — which gives the gravitational potential gradient (here being
the gradient of the logarithm of /gog = e?).

The appearance of the pressure in the first factor on the right hand side along side m is often described
as saying “pressure gravitates in GR”. We will discuss this further below. But here we should emphasise
that this is not simply reflecting the fact that pressure — in the form of radiation pressure or kinetic pressure
— makes a contribution to the energy density. That — the extra kinetic energy density of moving atoms or
molecules or radiation (or whatever) over an above their rest-mass energy density — is already included in p
appearing in the field equations.

7.3.2 Stellar structure of stars undergoing nuclear fusion

The boxed equations above give 3 equations for the 4 unknown functions p(r), P(r), ®(r) and m(r). This
is unfortunate, but to be expected. What is needed to ‘close the loop’ is some rule to give the pressure,
for example. For a star undergoing nuclear fusion this requires 2 extra components: First there is nuclear
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physics, which gives the rate of energy generation &, which is a function of density and temperature as well
as chemical composition. Second there is radiative transfer, which relates the radiative energy flux density
F to the gradient of the temperature (which is a function of density and pressure: T' = T'(p, P) being the
‘equation of state’). This also involves the opacity k, which again depends on density and temperature as
well as chemical composition. In steady state, £ and the gradient of F are related by the equation of energy
conservation.

So with the equations of a) nuclear physics, b) radiative transfer, c) the equation of state and d) energy
conservation together with the equations above for e) hydrostatic equilibrium (or momentum conservation),
f) the m(r)-density relation and g) the G,, = 87T}, equation giving the response of ® to this component of
the matter stress, we have 7 equations for 7 unknowns? p(r), P(r), ®(r), m(r), €, F and T.

7.3.3 Stellar structure of white dwarfs

Another, much simpler but important, situation is for white dwarfs and other stellar remnants which have
exhausted their supply of nuclear energy and are supported, in the case of WDs, by electron degeneracy
pressure. There the pressure P, being the flux density of momentum, is the product of the (electron) density
n, the typical momentum, which is on the order of the Fermi-momentum pp (which, being the momentum of
an electron whose quantum mechanical wavelength is on the order of the mean separation ~ n=1/3
the 1/3 power of the density) and the velocity of the electrons, which is proportional to pp for densities such
that the prp < mec, i.e. non-relativistic electrons, giving an equation of state P p5/ 3. but which saturates
at v = c for highly relativistic electrons, giving, in that limit, the ‘softer’ equation of state P o p4/ 3. This
gives, in the non-relativistic limit, a 1-parameter family of solutions, in which the radius R varies as M /3,
but, as shown by Chandrasehkar, with inclusion of the relativistic effects described above the radius falls
to zero at the Chandrasehkar mass — about 1.4 x M for realistic chemical composition — which gives an
upper limit to the allowed mass of WDs.

, varies as

7.3.4 The exterior solution

Outside the star we have p = P = 0 and so dm/dr = 0 and d®/dr = m/(r(r — 2m)), the solution of which
gives the Schwarzschild metric.

7.4 The Tolman-Oppenheimer-Volkov equation

The equation of hydrostatic equilibrum implies d®/dr = —(p+ P)~'dP/dr while the equation of momentum
conservation (the G, equation), gives another independent expression for d®/dr. Eliminating d®/dr gives
the TOV equation

dP/dr = —(p+ P)(m + 47r3P) /(r(r — 2m)). (22)

In the non-relativistic limit we have P < p (and therefore 473 P < m) and 7 > m so this becomes the
usual Newtonian expression for hydrostatic equilibrium dP/dr = —pd¢/dr = —pGm/r?. We see above that
including relativistic effects acts to increase all three factors on the right hand side.

Together with the equation for dm/dr and the equation of state (for degenerate electrons say) this can
be solved to give P(r), p(r) and m(r) where the the boundary conditions are m(0) = 0 and the value of the
central density P(0) (or the central density p(0)). Given these conditions at » = 0 the TOV equations can
be integrated (numerically) out to the point » = R where P(r) = 0 which is the surface of the star, giving
a 1-parameter family specified by the central density.

7.5 The meaning of m(r)

The equation for m(r):
dm/dr = 4mr?p (23)

makes it look like its integral
M =m(R) = /dr47rr2p (24)

20r 8 equations for 8 unknowns if we include the ‘constituency relation’ for the opacity « and add that to the list of
variables. And it’s actually more complicated still as stars may have regions that are convectively unstable — if the specific
entropy decreases with height — and one has to then allow for the fact that convection will render such regions isentropic.
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is just the volume integral of the energy density.
But that is incorrect, as 4mr2dr is not the proper volume element, which is e*47r2dr . So the integrated
energy density is

M = /dr47rr26Ap = 47T/drr2p(r)(1 —2m/r)"1/? (25)

which is greater than the active gravitational mass M appearing in the exterior metric. The origin of the
difference is the gravitational binding energy. A given amount of proper mass density in a potential well
has lower energy and reduces, for instance, its influence on velocity of a planet orbiting the star.

7.6 Does pressure really gravitate in GR?

It is interesting that the active mass M does not include the gravitational attraction of pressure. This raises
the interesting question: does pressure really gravitate in GR? If it does, why does it not appear in M?

We see above that pressure appears along with the energy density in the equation for ® = d®/dr. And
it appears also in the equation of momentum conservation for that matter, which also involves ®'. But how
do we know this is a real physical change of the gravitational field — with real locally observable consequences
— rather than some kind of coordinate artefact?

One way to see that there is a real observable effect is to consider two solutions to the structure equations
that have the identical m(r), and therefore the same energy density p and the same spatial metric potential
A(r), but with slightly different pressure. There are two equations, (9) and (21), involving ®'. The first
gives, for changes in the pressure, its gradient, and the potential gradient (holding p fixed):

(p+ P)5d +d'6P = —6P (26)
while the second gives
43
0P = ———6P. 27
r(r —2m) (27)

Using the second to eliminate 6@’ from the first gives

4nr3(p + P
5P = — <<1>’ + T(T(pm))) 5P (28)
. d ,  drrd(p+ P)
e logdP = — (@ + 7“(7’—2m)> (29)
with solution 5
5P:Aexp{— (@/+W) 7’} (30)
r(r —2m)

where A is a constant. Now for some stellar profiles this would not make much sense; for any profile with
an edge, this would imply a non-zero dP in the exterior. But for edge-less solutions this is physically
reasonable. For example, for something like an isothermal sphere where the pressure is proportional to the
density and where, in the Newtonial limit p oc 1/7% and ® o 1/r, so the argument of the exponential is
constant, and the solution would be the rather reasonable constant offset to the pressure. The point here
is not to treat solutions for realistic stars; it is simply to find a ‘test-case’ and to explore what would be
the physical consequences of making a change to the pressure, along with the corresponding change in the
potential gradient given by (27).

So, given some suitable solution the the structure equations we can consider making a change to the
pressure P and potential ® according to (30) and (27) while maintaining hydrostatic equilibrium and con-
serving energy and maintaining the spatial metric unchanged. If we did this, the temporal potential ®(r)
would change instantaneously. The question is then: does this have any observable effect?

There are various ways to see that the answer is yes: For one thing, as we have seen, ®e~? is the
acceleration felt by a constant-r observer. Another observable consequence of a change in the potential ®
is the gravitational redshift.

And perhaps the most direct way to see that there is a physical change to the gravitational field — the
curvature, that is — is to calculate the tidal deviation of a pair of test particles — which are assumed not to
feel the pressure — that are released from rest with radial separation £&. The geodesic deviation equation is

d*¢/dm?® = R o,0UU% (31)
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in which the tide is
R 0nUU° = e72M(—@" — @' + &'N) (32)

s0, even though these solutions have the same A(r), as they have different ® and, in general, different ®”,
the tidal deviation of the test particles is observably different.

Making a change to the pressure profile — while maintaining equilibrium and keeping the energy density
profile fixed — therefore changes the gravitational field inside the star. So pressure really does gravitate.
But, in the example we have explored here, the pressure can be changed without changing the spatial
geometry; it only affects the warping of time through its effect on the potential ® (the spatial potential A
was unchanged). It is the energy density alone that determines the spatial curvature.

Q1: Consider the situation illustrated in figure 11 where we have a uniform density sphere with negligible
pressure (just enough to stop it from contracting). At a certain time the matter spontaneously combusts,
creating a very strong pressure. But it is enclosed in a membrane that stops it from expanding — which must,
of course, develop a tension in order to do so. What do you think happens to the external gravitational
mass, as sensed by e.g. the orbit of a satellite? For fun, draw some arrows on the right hand figure showing
the flux density of z-momentum in the fluid and the membrane.

Figure 11: Bombs in a balloon. Imagine

before after
\ we have a sphere of uniform density with

vanishing, or negligible, pressure, and a
satellite in orbit around it. The sphere is
actually composed of bombs, which, at a
certain instant of time, explode, creating
a huge pressure (but conserving energy).
And the sphere is actually enclosed in a
very strong membrane, which was slack
before the explosion, but afterwards devel-
ops whatever tension is necessary to keep
X the sphere from expanding. What hap-
pens to the orbit of the satellite?

T#0

Q2: Along the same lines as Q1, imagine one has a star in hydrostatic equilibrium that converts some of its
rest-mass to radiation, thus changing the pressure, which then adjusts to a new equilibrium configuration. In
the process, the fluid composing the star may do PdV work, so the integrated energy density will decrease.
Assuming no material is blown off in the process, what do you think happens to the exterior mass? Does it
change?

7.7 Limits to the masses of stars

The details of stellar structure require detailed understanding of the equation of state for realistic matter,
which is beyond our scope.

A simplistic, but still interesting, model is to assume that the density is independent of radius. This
assumption replaces the equation of state and integration of the TOV equation then gives the pressure. It
turns out that the central pressure would have to be greater than infinity for

M > Mpyax = 4R)/9. (33)
It is impossible to put more mass than this inside a sphere of radius R. If stellar evolution were to lead to

this — which will happen for sufficiently large M — the result would be the formation of a black-hole.

7.8 Gravity in the core of a star

Let’s assume we have a star, in the centre of which the pressure and density are close to uniform. The
Goo equation (m’ = 4mwr?p) says that m ~ (47/3)per® where pg is the central energy density. This means
m/r — 0 as r — 0, so we can put r — 2m — r in the G,, which then says

@' =~ (m + 4mr?P) /r? = 4% (po + 3Py)r (34)
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which admits a solution
® ~ constant + 2 (pg + 3Py)r?. (35)

In the equation of hydrostatic equilibrium @’ from (34) says that the pressure, unsurprisingly, cannot be
exactly constant since it must have gradient dP/dr = —(p + P)d®/dr which will be proportional to r and
so P~ Py — 2%(p + P)(po + 3Py)r?. This shows that a constant central density and pressure is a consistent
equilibrium solution.

So the potential ® is quadratic in the core. And in the formula (32) for the tidal field R"o,qU°U° ~ ®".
Thus the equation of geodesic deviation for test particles is

£/¢ =5 (po + 3F). (36)

We will use this in cosmology where this appears as one of the Friedmann equations.

8 The gravitational action principle

The route we have taken in developing GR followed that charted by Einstein. We assert that gravitational
phenomena are the influence of curvature of the space-time manifold. Requiring agreement with Newtonian
theory we are led — aside from possible ambiguities associate with the cosmological constant — to a unique
rank-two contraction G of the curvature tensor that is ‘sourced’ by the matter stress-tensor T.

An alternative is to show that Einstein’s equations can be obtained by requiring that the so-called
‘Einstein-Hilbert’ action

i cm> (37)

where R is the Ricci scalar and where L, is the Lorentz scalar Lagrangian density for the matter fields, be
stationary with respect to variation of the metric dg,, .

This is useful for two reasons. One is that it is a good starting point for thinking about possible
modifications to Einstein’s gravity (beyond just adding a cosmological term Ag to G). The other is that
the stress-energy tensor 7" = 0Ly, /dg,, for the matter is guaranteed to be symmetric, whereas, as we saw
earlier, in electromagnetism for instance, this was not the case.

8.1 The gravitational action

The Ricci scalar is R = g"” R, where R, = R*; o, with R% 5, = 1'%, 5 —TI'*y5, + T 5017, — T, 17 45
and where T, = 29°% (98,0 + 9pvp — Guv3)-

In mechanics, the Lagrangian — the integrand in the action integral S = [ d¢tL — would contain functions
of positions of particles and, quadratically, their velocities. For fields, the Lagrangian density — the integrand
inS=[dtf d3xL — contains the fields and, again quadratically, their first derivatives with respect to space-
time coordinates. Here, the Ricci scalar contains, quadratically, derivatives of the metric components in the
terms coming from products of Christoffel symbols. But it also contains second derivatives via the first two
terms in the curvature tensor. But these only appear at first order, and the Ricci scalar can be written as
a combination of terms that are quadratic in the metric first derivatives plus total derivatives that do not
contribute to the variation of the action when we vary this keeping the metric and its derivatives fixed on
the boundary.

Following Dirac, we split gravitational action into two parts:

16

S=— 1 [tteygr=1 /d‘*xr (" (e — T ) — g7 (T, T o — T T7,)). (38

v~

R* L

The integrand involving R* — which contains the unwanted second derivatives of the metric — can be written

= (V=9 P0) 0 — (V=99"F"a)w — T (V=99"").a + Tua(v/=99" ) (39)

where the slashed terms are the total derivates that we will discard. We now want to express the remaining
two terms as products of Christoffel symbols. To this end, we will use the fact that the metric is covariantly
constant so g, = 0 = g, = —T" g7 — T og"" and the fact that (vV=9)a = 3v—99"°0r6a =
V=9I av, which you showed in the homework problem. Expanding the derivatives of the products in
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parentheses in (39) gives 6 terms, two of which cancel, leaving 4 which are two duplicate pairs, that turn
out to be 2,/—gL. The result is that

68 = 75 d*z\/—gR = 5/d4a:\/—gL (40)
167 2K N——

‘c(guv aguu,'y)

where, as indicated, the integrand — the Lagrangian density £ — now contains only the metric and its first
derivatives.

It is now straightforward but tedious to carry out the variation J£ and show, again by discarding some
total derivatives that do not contribute to 4.5, that 6L = R,,,6(g"\/—g) so

4 — 4 wy
08 = 167m5 d*zL = o /d zR,,6(g"'\/—g) (41)

which is sufficient — by requiring that it vanish for arbitrary §(¢g*”\/—g) — to give the vacuum form of
Einstein’s field equations R, = 0.

In order to obtain a more useful expression (one involving dg.3) we proceed as follows: First, the fact
that ¢"7g,, = 4, means that ¢"70g,, = —gy,d¢g"7 which implies dgh” = —g“ag”ﬁégag. Second, just as

(V=9)~ = %\/—gg“”gw/ﬁ, the variation d/—qg = %w/—ggw’&gw.

Combining these gives, for the variations in (41) above,

5(g"'V=g) = —v/—g (g“a B lgtvg 0‘5) 89as (42)

which in (41) yield

58 = d'oy=g (R~ 19"°R) 5 4
167k / o 29" R ) 09ap (43)
so requiring that 5 vanish, now for arbitrary dg.g, gives Einstein’s field equations in the form

G =R - 1g*PR=0 (44)

and, when combined with the variation of the matter Lagrangian density, this furnishes Einstein’s equations
in the presence of matter:

GP = 167k 0L /5 Gap- (45)

As an example, consider the classical scalar field, whose Lagrangian density in flat space, we recall, is
L( O) = =30 ud™ — gm*¢” (46)
and whose invariance under time and space translations implied V- T = 0 (or, if you prefer T}, = 0) where

oL

TMV = ¢7/" 8¢ K7

+ Nl = B b+ N (— 50,00 — Sm?¢?) . (47)

The action principle, if correct, tells us we should be able to obtain this by writing the Lagrangian
density in a covariant manner

£(¢7 ¢,M7 g;w) = 2\/jg (_gwj%d),u(b,u - %m2¢2) (48)

and then performing the variation of this with respect to the metric coefficients g,,,. Doing this, working in
locally inertial coordinates, for which g,, = 1, and /=g = \/=9009z29yy9-- = 1 gives

oL

Tl“/ = _5gwj

= ¢,u¢,y + nuyﬁ (49)

so this does indeed work.
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A The Schwarzschild metric

We seek a spherically symmetric metric

ds® = g drtde” = —e2®)(dz)? + 22 dr? 4 r2d0% + r? sin® 0dg?

(50)

that describes the gravitational field outside a point mass. I.e. a solution of Einstein’s equations in the

absence of matter: G,, = 8nkT),, = 0. This implies @W = 0 also, where éwj =Gu —

%gWG. But the

definition G, = R, — % guw R implies G = —R and therefore G, = R,,,,, so Einstein’s equations, in vacuum,

are equivalent to

R, =0.
The non-vanishing Christoffel symbols are found, from (50), to be

[y, =% = &' I, = A 7oy = &'e2(®-A)
I7p9 = —re20 FT(M) = —rsin?fe2A F9¢¢ = —sinfcosd
%9 =T%, =1/r [0y =T, =1/r P2y =T%4p = cot 0

where primes denote derivatives with respect to r and which in
Ry = Rauav = Fa/w,oz - Fauaﬂ/ + Favaryuv - Fawrﬂyw
yield
Roo = (®" + &% — &' + 28 /r)e2( M)
Rpp = —(®" + &% — &N — 27" /r)

Rgp=1— (T(I), —rA + 1)6_2A
R¢¢ = Sin2 9R99

with all the other components of the Ricci tensor vanishing.
According to (51) all of the above vanish. Vanishing of Ryg and R,, require that

¢ =N
and if we demand that both ® and A vanish at infinity that requires
d=-A

which, in (50), implies g, = 1/goo-
Vanishing of Rgg implies

1= (rd —rA +1)e A = (2rd’ +1)e2® = (re2®)

with solution
re?® =r — oM

where the length M = GNMphys/ c? is a constant of integration and so we find
goo=¢e®*=1- 2M/r

and so, together with g, = 1/ggp, we have Schwarzschild’s famous metric

ds® = (1 —2M/r)cEdt* + (1 — 2M /r) " tdr?® + r2d6?* + r* sin® 0d >,
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