Chapter 8 ®)
Schwarzschild Spacetime ez

The Einstein equations (7.6) relate the geometry of the spacetime, encoded in the
Einstein tensor G*”, to the matter content, described by the matter energy-momentum
tensor 7V, If we know the matter content, in principle we can solve the Einstein
equations and find the spacetime metric g, in some coordinate system. However, in
general it is highly non-trivial to solve the Einstein equations, because they are second
order non-linear partial differential equations for ten components of the metric tensor
g,v- Analytic solutions of the Einstein equations can be found when the spacetime
has some special symmetries.

The Schwarzschild metric is arelevant example of an exact solution of the Einstein
equations with important physical applications. It is the only spherically symmetric
vacuum solution of the Einstein equations and usually it can well approximate the
gravitational field of slowly-rotating astrophysical objects like stars and planets.

8.1 Spherically Symmetric Spacetimes

First, we want to find the most general form for the line element of a spherically sym-
metric spacetime. Note that at this stage we are not assuming the Einstein equations,
which means that the same form of the line element holds in any theory of gravity
in which the spacetime geometry is described by the metric tensor of the spacetime.
To achieve our goal, we choose a particular coordinate system in which the metric
tensor g, clearly shows the symmetries of the spacetime.

As our starting point, we employ isotropic coordinates (ct, x, y, z), we choose
the origin of the coordinate system of the 3-space x = y = z = 0 at the center of
symmetry, and we require that the line element of the 3-space, d/, only depends on
the time ¢ and on the distance from the origin. d/* should thus have the following
form
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142 8 Schwarzschild Spacetime
di> =g (t, Va2 yr 4 z2) (dx* +dy* +dz*) , (8.1)

where g is an unknown function of 7 and \/x% + y2 + z2. Note that, in general,
Vx2 + y2 + 7% is not the proper distance from the origin. However, points with the
same value of \/x2 + y2 + z2 have the same proper distance from the origin, which
is enough for us because we have not yet specified the function g.

We move to spherical-like coordinates (¢, r, 6, ¢) with the following coordinate
transformation

X =rsinfcosg,

y
X

rsinf sin ¢,
rcosf. (8.2)

The line element of the 3-space is now
di* = g(t,r) (dr* +r’do* + r’sin’ 0d¢?) . (8.3)

Let us now construct the form of the 4-metric g,,,. For dt # 0, ds? should be
separately invariant under the following coordinate transformations

0>0=-0, ¢—>¢=—¢, (8.4)

which implies g,0 = g1¢ = 0. The line element of the 4-dimensional spacetime can
thus be written as

ds® = — f(t, NCEdi® + g(t, r)dr?® + h(t, rydidr + g(t, r)r (d02 + sin2 9d¢2) . (85)

where f and h are unknown functions of ¢ and r only.
The expression in Eq. (8.5) can be further simplified. We can still consider a
coordinate transformation

—ft=1ttr), r—>7F=rr), (8.6)

such that
P =g, g =0. 8.7)
Note that the coordinate 7 has a clear geometrical meaning. It corresponds to the value
of the radial coordinate defining the 2-dimensional spherical surface of area 477>,
Note also that, in general, 7 does not describe the real distance from the center 7 = 0

(see Sect. 8.3 later). Eventually, the line element of the spacetime can be written as

ds® = — f(t,r)c*dt* + g(t, r)dr* + r* (d6* + sin’ 0d¢?) . (8.8)
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Since we are interested in gravitational fields generated by a matter distribution
with a finite extension, the spacetime must be asymptotically flat, namely we must
recover the Minkowski metric at large radii. The boundary conditions are thus

lim f(t,r) = lim g(t,r)=1. (8.9)
r—00 r—00

As we have already stressed at the beginning of this section, the expression in (8.8)
is the most general form for the line element of a spherically symmetric spacetime.
If we assume to be in Einstein’s gravity, we can solve the Einstein equations with the
ansatz in (8.8) to find the explicit form of the functions f and g in Einstein’s gravity
for a certain matter distribution.

8.2 Birkhoff’s Theorem

Birkhoff’s theorem is an important uniqueness theorem valid in Einstein’s gravity.

Birkhoff’s Theorem. The only spherically symmetric solution of the vacuum
Einstein equations is the Schwarzschild metric.

Let us first prove the theorem and then discuss its implications. We have to solve
the Einstein equations with the ansatz (8.8) for the metric tensor and with 7#" = 0
on the right hand side. Since we are in vacuum, the scalar curvature vanishes, R = 0,
and the Einstein equations reduce to R*” = 0, see Eq. (7.10). The strategy is to
calculate the Christoffel symbols and then the Ricci tensor from the formula

ar»  ar*
_ Y m » o
R = ax* a oxV + F/“’F}\P - Fll«va}L : (8.10)

The calculations may be somewhat long and boring, but they can be a good exercise
to better understand the formalism of general relativity. The fastest way to calculate
the Christoffel symbols is to write the geodesic equations from the Euler—Lagrange
equations of the Lagrangian'

AN g (dr\* P (deN® 1, ., [(dd)>
L=—-2[=2Z S — | — — ol—1] ., (@11
2 (dk) o\&) T2 \&) T\ a @-11)

'In these calculations we ignore the dimensional difference between ¢ and the space coordinates
and we do not write the speed of light ¢ to simplify the equations. This is equivalent to employing
units in which ¢ = 1, which is a convention widely used among the gravity and particle physics
communities.
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where A is the particle proper time (for time-like geodesics) or an affine parameter
(for null geodesics). For x* = t, the Euler-Lagrange equation is

d fdt +f dr\? gdr2_0
dx dr) 2 \dxr 2\dr)
d* . (dit\* didr f (dit\* & (dr\’
- = T L= =) =o,
fdA2+f(dA> +fd/\dk 2 <dk> +2 (dk)
d’t  f (dt\  fldedr g [(dr\’
aU Ly Ldrdr g (dryT (8.12)
dx?  2f \dx fdrxdxr  2f \di
where here and in what follows we use the dot"to indicate the derivative with respect
to the time 7, i.e. "= 9;, and the prime ’ to indicate the derivative with respect to the
radial coordinate r, namely ' = 9,. If we compare the geodesic equations with the

last expression in (8.12), we see that the only non-vanishing Christoffel symbols of
the type I'!  are

v

I = S8 (8.13)

Ft:f I-vt
2 T

tt ﬁ ’ tr

For x* = r, the Euler-Lagrange equation is
d (d Clde\ g (adr\ do\? de\*
— g—r +L ) 28 (L) (D) —rsine —¢ =0,
dr \" dA 2 \dx 2 \dx di di
drodvdr o (dr 2+f’ dt\* ¢ (dr)’
o2 8aan T8 \a) T2 \an) "2 \an

do\? do\*
—r (=) —rsin?0 —¢ =0,
dr di

d*r f’(dt>2 gdrdr ¢ (dr ?

a2 g \an) Temar T \an

r(dO\* rsin?0 [d¢\>
— (=) - —1 =o0, (8.14)
g \dxr g dx

and we find that the only non-vanishing Christoffel symbols of the type I7;, are

, .
=L m=r=%
8 8
)
g r rsin” 6
vo= 2 Iy, = e Ty =— Pt (8.15)

For x* = 6 we have
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d ( ,do de\?
—(r*==) —r%sinfcosh —¢ =0,
di di di

re—s r
di? dr di

d*o dr do do\?
2 +2 l——ﬂsin@cos@(%) =0,

4% 2drdo do\’
— 4+ -——— —sinfcosf ( — ) =0,
d 2 rdidi di

and the non-vanishing Christoffel symbols of the type I /fv are

0 _ 6
FrO_FOr

0

1 .
= . F¢¢=—sm9cos9.

Lastly, for x* = ¢ the Euler-Lagrange equation reads

d d
— | r? sin29—¢ =0,
di di

2 drd do d
rzsinzed—;;+2rsin29££+2rzsin0coséﬁ£:
d*¢ 2drd¢ do d¢
—+ —-——+2coth—— =0,

2 Cranan T an
and we find

1
¢ ¢
Fr¢=F¢r=;,

F;; = ng =cotf.
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(8.16)

(8.17)

(8.18)

(8.19)

Now that we have all the Christoffel symbols, we can calculate the non-vanishing
components of the Ricci tensor R,,,. The tf-component is

or,  or, 9

R, = - —
LY’ ar ot

(Gy+ T+ 0L (0 + 1)

r r ¢ r r r r
+ I (Dl + T + T+ T = Til = T = T = T T

= St Sy (I T+ ) = T — T T,

ory,  aIy,
or ot
_ f_// B f/g/ _ i
2¢  2¢* 2
/ / 1 1
A S
2¢ \2¢g r r
_Ir (ﬂ g
2¢ 4g\f g

>_££_§'£

& [
2¢2  2f2g

rg  4Afg  4g> 2

/ ~ %) .
)l iy £

The tr-component of R,,, is given by

(8.20)
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ar: ary 9 , ,
st o i )+ 0 (D + 1)

Rtr =

1y (14 T+ Ty + T = Tl = T, = 1T, =

et e rr

ar.  ar;
= - ”+1—;};<Frtt+rr(90+rrq;§>_1—'t};rrlr

ot ar
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The rr-component is

R _aFrtr_i_a]—'rrr 0 (Ft+rr +I-v0 +F¢)
rro— ot or or rt rr re ro

+ I (D 1) + 1 (T + T+ T+ 1)
¢ o
— I\ L, =TI, = I — T, — Ly — T,
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8.21)

rt-rt rr-rt
5 - ” ? 1 1 . ; ’ ’ 1 1
NS S SN SIS S S SIS SN S S O SR S
2f  2f% 2f 2f% 2 2 2fF2f 2 \2f r r
S r_oe g 11
2f2f 2f2g r? r?
” / / / ’ 2
__f_+L(L+g_> g_1e & (8.22)
2f 4f\Sf g rg Af* Afg  2f
The 66-component reads
ar(;@ are(l:) r t r 0 ¢ r 0 0 rr ¢ ¢
Rog = —- _W+F00(Frt+rrr+rr9+rr¢)_FGQFGr_FOVFHO_F&]}FQ(p
¢
ary, Iy
=7%_%+Fée(rﬁz+rrrr+rrﬁ)_Fgrrée_re?pff(p
1 rg 2 r(f' g 1) 1r 5
=——+—=+1+cot"0——-|—=+—+-)+-——cot“d
g g g\2f 28 r) rg
1 r (g f’>
:1—7+—<——— . (8.23)
g 28\¢ f
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The ¢¢p-component is

0
op — r + PY:) + [020] rt + rr + ro + rg + PP~ 0¢

. 0 b b o
Loy = Ly Tss — Ty T — Tyel e

_8F$¢+8F£¢_’_Fr F1+Fr+F9 —]_'¢Fr —F¢F0
o a0 ¢¢( rt rr ’9) or= o¢ #6799
Z_Sinze+rsin229g/+Sin29_00529_rsin29 <£+g_’+l>
g g g \2f 28 r
1rsin0
- + sin 6 cos 8 cot 6
ro g
. 1 r g/ f/
2
=sin“ 60 1——+—<———>:|, (8.24)
[ g 28\g f

and it is equal to the #9-component multiplied by sin? 6.
The other components of the Ricci tensor vanish. This can be seen noting that the
transformations in (8.4) have the following effect:

a0 dx"
RQ;L - Rél,_ = %ax_ﬂROV = _RG;L (fOI‘ 158 75 ),
Ry — —Ryp (for u # ¢). (8.25)

Since the metric is invariant under such transformations, the components of the Ricci
tensor should be invariant too, and therefore they must vanish.
Eventually, we have four independent equations

7 / i ’ i ;e 52 o
anf__i(i+g_)+i_{_£+g_2—£:0, (8.26)
2¢ 4g\f g rg 4fg  4g 2g
22
R, =% =0, (8.27)
rg
7 / ’ ’ ’ ;e =2 5
Rrrz_f_+i<i+g_>+g__f_g2_g—+i=0, (8.28)
2f 4f\f g rg A4f* 4Afg 2f
1 r (g f’)
R =1__+_<___ =0, (8.29)
0 g 28\g f

_8_ 2.8 (8.30)
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and we thus see that f’/f is a function of r only. This means that f can be written
as

f@,r)= fi@) f2(r). (8.31)
With the following coordinate transformation
dt — df =/ fi(t)dt, (8.32)

we can always absorb f;(#) in the temporal coordinate. Eventually, the line element
of the spacetime can be written in the following form

ds® = — f(r)c*dt* + g(r)dr® + r* (d6* + sin” 0d¢*) | (8.33)

which shows that the metric is independent of 7.
We combine Egs. (8.26) and (8.28) in the following way

gRiy+ fR, =0, (8.34)
and we find
f (8 froo (g fg
R b Lt R (e Al
LAE S
r rg
1 d _
Ed_r(fg)_
fg = constant . (8.35)

Imposing the condition in Eq. (8.9), which is necessary because far from the source
we want to recover the Minkowski spacetime, we find

—— 8.36
g 7 (8.36)

We can now rewrite Eq. (8.29) in terms of f (r) only and solve the new differential
equation

f( f f’)
-+ (L L) =o,
F+ I

= f—rf =0,

d

d—r(’”f)zl,
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f=1+§, (8.37)

where C is a constant. The constant C can be inferred from the Newtonian limit.
From Eq. (6.14), we know that

29
gu=—f=-— 1+c—2 . (8.38)
For a spherically symmetric distribution of mass, the Newtonian potential reads
GNM
o =-—N" (8.39)
r

where M is the mass of the body generating the gravitational field. We thus find
C = —2GnM/c? and the line element of the spacetime reads

2
ds* = — <1 - 2fTNrM) Adr® + Jﬁ +r* (d6* + sin® 0d¢?) . (8.40)
c2r

This concludes the proof of the theorem. The solution is called the Schwarzschild
metric. It is remarkable that M is the only parameter that characterizes the spacetime
metric in the exterior region; that is, the gravitational field in the exterior region
is independent of the internal structure and composition of the massive body. As
shown in Appendix F, M can be associated to the actual mass of the body only
in the Newtonian limit. As discussed in Sect. 3.7 within the framework of special
relativity, the total mass of a physical system is lower than the sum of the masses of
its constituents because there is also a binding energy. The same is true here.

Note that the Schwarzschild metric has been derived only assuming that the space-
time is spherically symmetric and solving the vacuum Einstein equations. The fact
that the metric is independent of ¢ is a consequence, it is not an assumption. This
implies that the matter distribution does not have to be static, but it can move while
maintaining the spherical symmetry, for example pulsating, and the vacuum solution
is still described by the Schwarzschild metric. This implies that a spherically sym-
metric pulsating distribution of matter does not emit gravitational waves (this point
will be discussed better in Chap. 12).

8.3 Schwarzschild Metric

In the Schwarzschild metric, the coordinates (ct, r, 6, ¢) can assume the following
values

t € (—00,00), re€lrg,00), 6e€(0,m), ¢€l02r), (8.41)
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Table 8.1 Mass M, Schwarzschild radius rg, and physical radius r of the Sun, Earth, and a proton

Object M (g) rs ro

Sun 1.99 - 103 2.95 km 6.97 - 103 km
Earth 5.97 - 10%7 8.87 mm 6.38 - 10° km
Proton 1.67-107% 2.48-107% fm 0.8 fm

where ry is the radius of the body. The Schwarzschild metric is indeed valid in the
vacuum only, namely in the “exterior” region. A different solution will describe the
“interior” region r < ry, where T"” # 0. Note that the metric is ill-defined at the
so-called Schwarzschild radius rs

2GNM
— .

rs = (8.42)

c
This requires ro > rs. In general, this is not a problem: as shown in Table 8.1, the
Schwarzschild radius is typically much smaller than the radius of an object.

The relation between the temporal coordinate of the Schwarzschild metric, ¢, and
the proper time of an observer at a point with fixed (r, 6, ¢) is

dr = J1—Sdr <dr. (8.43)
r

The relation between the space coordinates and the proper distance is more tricky.
For simplicity, we consider the case of a distance in the radial direction. For a light
signal, ds> = 0, and therefore in the case of pure radial motion we have

1 dr
dt = +—
c

(8.44)

-5
where the sign is + (—) if the light signal is moving to larger (smaller) radii. Instead
of the temporal coordinate ¢, we rewrite Eq. (8.44) in terms of the proper time of an
observer at a point with fixed (r, 6, ¢)

1 dr
dt =+-———. (8.45)
C 1 — rs

We can thus define the infinitesimal proper distance dp as

dr
dp = ——— > dr. (8.46)
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This is indeed the infinitesimal distance along the radial direction measured by an
observer at that point with the help of a light signal. The proper distance between
the point (1, 8, ¢) and the point (1, 8, ¢) is obtained by integrating over the radial
direction

r d r 1
Ap:/ —r%/ (l—f—zr—S)dr
r 1 -5 r r

rs. 1
=(r—r)+—=In—. (8.47)
2 ry

In the case of the Minkowski spacetime, rs = 0, and we recover the standard distance
ro — ry. For rg # 0, there is a correction proportional to rg.

Note that dt — dt and dp — dr for r — oo, which can be interpreted as the
fact that the Schwarzschild coordinates correspond to the coordinates of an observer
at infinity.

8.4 Motion in the Schwarzschild Metric

Let us now study the motion of test-particles in the Schwarzschild metric. The La-
grangian of the system is (for simplicity, we set m = 0, 1 the mass of, respectively,
massless and massive particles)

1 . . .
L=> (—fPi* + g + 120 + rsin® 09%) | (8.48)

where here the dot " indicates the derivative with respect to the proper time/affine
parameter A and

1 rs
f=—-=1-2=. (8.49)
8 r

The Euler-Lagrange equation for the 8 coordinate is equal to that in Newton’s gravity
metin Sect. 1.8. Without loss of generality, we can study the case of a particle moving
in the equatorial plane 6 = 7 /2. The Lagrangian (8.48) thus simplifies to

1 , ,
L=2(- [+ gi* +r7¢%) . (8.50)

There are three constants of motion: the energy (as measured at infinity) E, the
angular momentum (as measured at infinity) L.,> and the mass of the test-particle.

2As in Sect. 1.8, we use the notation L, because this is also the axial component of the angular
momentum (since § = 7/2) and we do not want to call it L because it may generate confusion with
the Lagrangian.
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The conservation of the energy of the test-particle follows from the fact that the
Lagrangian (8.50) is independent of the time coordinate ¢3

d oL 0L d oL 10L
— =0 = —

. E
i =—-—=—fcf=—— = tant. (8.51
droi ot dn o Pr=Cr =T ; = constant. (8.51)

The Lagrangian (8.50) is also independent of the coordinate ¢, and we thus have the
conservation of the angular momentum

d oL 0L d oL oL .

——— — —=——=0 p¢=—.=r2¢=Lz=c0nstant.(8.52)
drd¢p 09 didg ¢

The conservation of the mass comes from the equation

Guuili" = = + gi* +r*¢* = —ke?, (8.53)

where k = 0 (for massless particles) and k = 1 (for massive particles).
From Egs. (8.51) and (8.52) we find, respectively,

E ¢ = 3. (8.54)

P=—
sz r2

We plug these expressions of 7 and ¢ into Eq. (8.53) and we find

2 L Ez—k2 8.55
gr—l—rz—@——c. (8.55)

If we multiply Eq. (8.55) by f/2 and we write the explicit form of f and g, we
obtain

1., rs\ L2 1E? 1< s\ .
- LR e A 1——)k . 8.56
(=) g5 g @ = (1) (850
This equation can be rewritten as
1. E? —kc*
S = = = Verr (8.57)

where

3Note that for a massive particle we choose A = t the particle proper time. In such a case, for a
static particle at infinity we have f = 1 and E = ¢? (because we are assuming m = 1, otherwise
we would have E = mc?); that is, the particle energy is just the rest mass. For a static particle
at smaller radii, E < ¢* because the (Newtonian) gravitational potential energy is negative. Note
also that p; = —E /c is conserved while the temporal component of the 4-momentum, p?, is not a
constant of motion. The same is true for ps and p?: only D¢ is conserved.
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Fig. 8.1 Comparison 0.03 — T T T T
between the effective
potential in Eq. (8.58) for 0028 1 ewlon ]
k = 1 valid in the ooil | oW ]
Schwarzschild metric (red i
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potential in Eq. (1.92) valid 5 0011
in Newton’s gravity for the > '
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L,=39andc=1 Schwarzschild
0055 20 40 60 80 100
r
GaM L2 GyML?
Vet = —k + 5 - (8.58)
2r2 c2r3

Equation (8.57) is the counterpart of Eq. (1.91) in Newton’s gravity. The effective
potential Vg in Eq. (8.58) can be compared with the Newtonian effective potential
in Eq. (1.92). For k = 1, we see that the first and the second terms on the right hand
side in Eq. (8.58) are exactly those in Eq. (1.92). The third term is the correction to
the Newtonian case and becomes important only at very small radii, because it scales
as 1/r3. Figure 8.1 shows the difference between the effective potential in Eq. (8.58)
and that in Eq. (1.92).

Let us now proceed as we did in Sect. 1.9 for the derivation of Kepler’s Laws. We
write

dr _drd¢ L dr

— == 8.59
drn dodr  r?dg ( )
and we remove the parameter X in Eq. (8.57)
L? (dr\* GxM L*> GxML?> E?—kc*
—z (D) Ny e INT T <. (8.60)
2rt \d¢ r 2r2 c?r3 2c2
We introduce the variable u = u(¢)
1 d
r==, =22, (8.61)
u do
Equation (8.60) becomes
2GyM 2GyM E? — kc*
WP — kN - NS <. (8.62)

u u =
L? c? c2L?
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We derive this equation with respect to ¢ and we obtain

GxM 3GyM
2u' (u”—k N tu— uz) =0. (8.63)
L: c

The equations of the orbits are thus

W =0, (8.64)

u-=0. (8.65)

From Eq. (8.64), we find circular orbits as in the Newtonian case from Eq. (1.100).
Equation (8.65) is the relativistic generalization of Eq. (1.101).

8.5 Schwarzschild Black Holes

The Schwarzschild metric can describe the exterior region of a massive body, namely
the region r > r(, where ry > rg is the radius of the object. A different metric holds
in the interior region r < ry. As already discussed in Sect. 8.3, for typical bodies
ro > rs and therefore it is irrelevant that the metric is not well-defined at r = rg. If
this is not the case and there is no interior solution, we have a black hole and the
surface r = rg is the black hole event horizon. We will see in Sect. 10.5 how a similar
object can be formed.
From Eq. (8.51), we can write

E E di E dr

dt = —dh= ——dr = ——. 8.66
AT arar T T Ay (8.60
From Eq. (8.57), we have
1 c
o , (8.67)
P VE? — kc* — 2Vegc?

where the sign — is chosen because we are interested in a particle moving to smaller
radii. We replace 1/7 in Eq. (8.66) with the expression on the right hand side in
Eq. (8.67). Inthe case of amassive particle (k = 1) with vanishing angular momentum
(L, =0), we find

1 E d
dt = —- ’ (8.68)

s
cl—15% 4
r E2_C4+rSrC
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which describes the motion of a massive particle falling onto the massive object with
vanishing angular momentum. If we integrate both the left and the right hand sides
in Eq. (8.68), we find that, according to our coordinate system corresponding to that
of a distant observer, the particle takes the time Ar to move from the radius r, to the
radius ry < rp

I's

4
r E2 _ C4 + rSrC

1 2 E dr
Atz_/ 1 , (8.69)
r

For ry — rs, At — oo regardless of the value of E (for an explicit example, we can
consider the case E = ¢? corresponding to a particle at rest at infinity); that is, for
an observer at very large radii the particle takes an infinite time to reach the radial
coordinate r = ry.

Let us now calculate the time measured by the same particle. The relation between
the proper time of the particle, 7, and the coordinate time, ¢, is

dr=dr J1-2 (8.70)
r

1 E d
dt = —— ! . (8.71)

C\V/l—’TS\/EZ—c“+rSr—"4

and Eq. (8.68) becomes

Integrating we find

dr

1/"2 E
AT = — .
c Jn \/1_’_3\/E2_c4+ﬂ

(8.72)

For r| — rg, At remains finite; that is, the particle can cross the surface at r = rs,
but the coordinate system of the distant observer can only describe the motion of the
particle for r > rg.

The radius r = rg is the black hole event horizon and causally disconnects the
black hole ( < rg) from the exterior region (r > rg). A particle in the exterior region
can cross the event horizon and enter the black hole (indeed it takes a finite time to
reach and cross the surface at r = rg) but then it cannot communicate with the exterior
region any longer (this point will be more clear in the next section).

Note that the metric is ill-defined at r = rg, but the spacetime is regular there. For
instance, the Kretschmann scalar (as a scalar, it is an invariant) is

48GEM> 12}

ctr6 76

H = RMPOR o = , (8.73)
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and does not diverge at r = rs.

The singularity of the metric atr = rg depends on the choice of the coordinate sys-
tem and can be removed by a coordinate transformation.* For instance, the Lemaitre
coordinates (c¢T, R, 0, ¢) are defined as

cdT = cdi + (%S)l/z (1 - rr—s)f1 dr

12 .
dR = cdt + <i) (1 — r—s) dr. (8.74)
r

rs

In the Lemaitre coordinates, the line element of the Schwarzschild metric reads
ds® = —2dT? + SdR? + r2d6® + r* sin? 0de? (8.75)
r
where
3 2/3
r=(rg)'? [5 (R - cT)j| ) (8.76)
The Schwarzschild radius r = rg in the new coordinates is
3
3 (R—cT)=rs, (8.77)

and the metric is regular there. The Lemaitre coordinates can well describe both the
black hole region 0 < r < rs and the exterior region r > rs.

The maximal analytic extension of the Schwarzschild spacetime is found when
we employ the Kruskal-Szekeres coordinates. In these coordinates, the line element
reads

4r3

ds®> = —=—3e7""dVdU + r’d6* + r? sin® 0d¢? (8.78)
r

where U =7 — 7 and V = f + 7 are (dimensionless) light-cone coordinates and

) ¢’/ @) sinh (—f) if r>r
2rs S
12 ‘ _
(1 - L) e’/ s) cosh (ﬁ) if 0<r<rs.
) L) if r>vrg,

<2’S> (8.79)
(%)

if 0<r<rs.

4Note that the metric is ill-defined even at r = 0, which is a true spacetime singularity and cannot
be removed by a coordinate transformation. The Kretschmann scalar diverges at r = 0.
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The Schwarzschild solution in Kruskal-Szekeres coordinates includes also a white
hole and a parallel universe, which are not present in the Schwarzschild spacetime
in Schwarzschild coordinates. This will be briefly shown in the next section.

8.6 Penrose Diagrams

Penrose diagrams are 2-dimensional spacetime diagrams particularly suitable to
studying the global properties and the causal structure of asymptotically flat space-
times. Every point represents a 2-dimensional sphere of the original 4-dimensional
spacetime. Penrose diagrams are obtained by a conformal transformation of the orig-
inal coordinates such that the entire spacetime is transformed into a compact region.
Since the transformation is conformal, angles are preserved. In this section, we em-
ploy units in which ¢ = 1 and therefore null geodesics are lines at 45°. Time-like
geodesics are inside the light-cone, space-like geodesics are outside. A more detailed
discussion on the topic can be found, for instance, in [1, 2].

8.6.1 Minkowski Spacetime

The simplest example is the Penrose diagram of the Minkowski spacetime. In spher-
ical coordinates (z, r, 6, @), the line element of the Minkowski spacetime is (¢ = 1)

ds® = —dt* + dr* + r*d0* + r* sin> 0d ¢ . (8.80)
With the following conformal transformation

1 T+R 1 T—-R

t = 5 tan 5 + 5 tan > s
1 . T+R 1 . T —R 8.81)

r = —tan — —tan , .
2 2 2 2

the line element becomes
T +R T —R\"
ds® = (4 cos? ; cos’ 5 ) (—dT* +dR?)
+7r2d6* + r*sin® 0deo> . (8.82)

Note that the transformation in (8.81) employs the tangent function, tan, in order to
bring points at infinity to points at a finite value in the new coordinates.

The Penrose diagram for the Minkowski spacetime is shown in Fig. 8.2. The semi-
infinite (¢, r) plane is now a triangle. The dashed vertical line is the origin r = 0.
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Every point corresponds to the 2-sphere (6, ¢). There are five different asymptotic
regions. Without a rigorous treatment, they can be defined as follows>:

Future time-like infinity i*: the region toward which time-like geodesics ex-
tend. It corresponds to the points at # — oo with finite r.

Past time-like infinity i ~: the region from which time-like geodesics come.
It corresponds to the points at t — —oo with finite 7.

Spatial infinity i°: the region toward which space-like slices extend. It
corresponds to the points at ¥ — oo with finite 7.

Future null infinity #: the region toward which outgoing null geodesics
extend. It corresponds to the points at ¢ + r — oo with finite t — r.

Past null infinity . ~: the region from which ingoing null geodesics come.
It corresponds to the points at 1 — r — —oo with finite # + 7.

These five asymptotic regions are points or segments in the Penrose diagram.
Their T and R coordinates are:

i T=0, R=m, (8.83)
and

It TH+R=n, T—Re(-mn).
4~ T —R=-n, T+Re(—mn). (8.84)

8.6.2 Schwarzschild Spacetime

Penrose diagrams become a powerful tool to explore the global properties and the
causal structure of more complicated spacetimes.

Let us now consider the Schwarzschild spacetime in Kruskal-Szekeres coordi-
nates. The line element is given in Eq. (8.78). With the following coordinate trans-
formation

3The symbol .# is usually pronounced “scri”.
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Fig. 8.2 Penrose diagram
for the Minkowski spacetime

* R
i
1 T+R 1 T —
V = —tan + = tan )
2 2 2 2
1 T+R 1 T —R
U = —tan — —tan , (8.85)
2 2 2 2
the line element becomes
32G3M? T+R T — R\
ds? = N o7r/CONM) [ 4 co8? + cos? (—dT2 + dRz)
r 2 2
+r2d0? + r*sin® 0d¢? . (8.86)

Figure 8.3 shows the Penrose diagram for the maximal extension of the Schwarzschild
spacetime with its asymptotic regions i T, i ™, i 0 7+ and .#—. We can distinguish
four regions, indicated, respectively, by I, II, III, and IV in the figure.

Region I corresponds to our universe, namely the exterior region of the
Schwarzschild spacetime in Schwarzschild coordinates. Region II is the black hole,
so the Schwarzschild spacetime in Schwarzschild coordinates has only regions I and
II. The central singularity of the black hole at r = 0 is represented by the line with
wiggles above region II. The event horizon of the black hole at r = ryg is the red line
at 45° separating regions I and II. Any ingoing light ray in region I is captured by
the black hole, while any outgoing light ray in region I reaches future null infinity
#*. Null and time-like geodesics in region II cannot exit the black hole and they
necessarily fall to the singularity at r = 0.

Regions III and IV emerge from the extension of the Schwarzschild spacetime.
Region III corresponds to another universe. The red line at 45° separating regions 11
and II1 is the event horizon of the black hole at r = rg. Like inregion I, any light ray in
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Fig. 8.3 Penrose diagram for the maximal extension of the Schwarzschild spacetime

region III can either cross the event horizon or escape to infinity. No future-oriented
null or time-like geodesics can escape from region II. Our universe in region I and
the other universe in region III cannot communicate: no null or time-like geodesic
can go from one region to another.

Region IV is a white hole. If a black hole is a region of the spacetime where
null and time-like geodesics can only enter and never exit, a white hole is a region
where null and time-like geodesics can only exit and never enter. The red lines at 45°
separating region IV from regions I and III are the horizons at r = rg of the white
hole.

Problems

8.1 Let us consider a massive particle orbiting a geodesic circular orbit in the
Schwarzschild spacetime. Calculate the relation between the particle proper time
and the coordinate time ¢ of the Schwarzschild metric.

8.2 Let us consider the Penrose diagram for the Minkowski spacetime, Fig. 8.2.
We have a massive particle that emits an electromagnetic pulse at # = 0. Show the
trajectories of the massive particle and of the electromagnetic pulse in the Penrose
diagram.

8.3 Let us consider the Penrose diagram for the maximal extension of the
Schwarzschild spacetime, Fig. 8.3. Show the future light-cone of an event in re-
gion I, of an event inside the black hole, and of an event inside the white hole.
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