1 Historic primer

Imagine, you want to leave a celestial body with radius R. What speed does one need? The total energy E of the
rocket needs be positive:

1
E = 5nw?H/(R)
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For Earth, this is 11.2km/s, for the Sun 618km/s. Apparently, the bigger body has a larger escape speed. Now
imagine, the sphere gets larger, at constant density (unrealistic!) - at what radius would the escape speed reach

the speed of light?
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From such a star, light would not be able to escape, and it would need to be black. It was John Michell, a British
natural philosopher, who wrote down this thought experiment first in 1783. In his words:

If there should really exist in nature any bodies, whose density is not less than that of the sun, and whose diameters
are more than 500 times the diameter of the sun, since their light could not arrive at us; or if there should exist any
other bodies of a somewhat smaller size, which are not naturally luminous; of the existence of bodies under either
of these circumstances, we could have no information from light; yet, if any other luminous bodies should happen
to revolve about them we might still perhaps from the motions of these revolving bodies infer the existence of the
central ones with some degree of probability, [...].

Independent and without knowing from from Michell, Simon Laplace wrote in 1796 in his " Exposition du Systeme
du Monde”:

The gravitation attraction of a star with a diameter 250 times that of the Sun and comparable in density to the earth
would be so great no light could escape from its surface. The largest bodies in the universe may thus be invisible by
reason of their magnitude.

He also provided a mathematical proof, i.e. a calculation similar to the above.

It took than more than 100 years until Albert Einstein in 1916 published the ”General theory of relativity”, and in
the same year Karl Schwarzschild published (to the surprise of Einstein) an exact solution to Einstein’s equations.
The solution worked beautifully for the solar system, but it also predicted that compact objects would be dark
stars. But they considered it more a curiosity of the theory than a reality of nature.

It was only in the 1960’s that the topic came into focus of the scientific community.

e 1939, work from Richard Tolman, Robert Oppenheimer and George Volkoff showed that an upper limit for
the mass of a neutron star exists for it to be stable. For heavier, compact objects no stabilizing force against
gravity is known.

e In 1963, the New Zealander Roy Kerr presented a solution that corresponds to a rotating black hole.



In 1965, Roger Penrose showed that black holes actually can form (and are not an artefact of the symmetry
assumed in the calculations). The key concept was that of "trapped surfaces”, which was honored with the
2020 Nobel prize in physics.

1967 that the American physicist John Wheeler coined the term ’black hole’, replacing the term ’completely
collapsed objects’.

Donald Lynden-Bell and Martin Rees proposed in 1971 that in every galaxy an active ot dormant, massive
black hole resides - and also in our Milky Way.

1972 Tom Bolton was able to convincingly identify the first stellar-mass black hole in the Milky Way: Cygnus
X-1

In 2002 the team around Reinhard Genzel determined the mass of Sgr A* from the orbit of a star around it,
excluding essentially all other possibilities than that it is a massive black hole with 4 million solar masses.

2015 the LIGO gravitational wave experiment discovered its first event, a merger of two black holes of 29 and
36 solar masses

In 2019, the event horizon telescope collaboration published its first resolved image of a black hole, in the
center of the galaxy M87, with a mass of 6.5 billion solar masses.

The scope of this lecture is to understand classical black holes, and get to know the key observations of these
objects. One groups black holes typically by mass

Particle physics scale: Black holes with masses reachable via particle accelerators, or from cosmic ray inter-
actions. Due to their Hawing radiation these should be very bright emitters and short-lived. We don’t have
any experimental evidence for their existence

Primordial black holes: Black holes could have formed directly during the big bang. While masses below
4 x 10" kg should have evaporated since the big bang, masses larger than that would still be around. In
particular, planetary masses (10%*kg) are being discussed as possible dark matter candidates. No direct
evidence for these black holes has been found.

Stellar mass black holes have been found in many stellar systems - historically mostly in binary systems,
where unseen companions were sometimes too heavy to be a neutron star; sometimes also with accretion disks
visible in the X-ray regime. Nowadays such black holes are also seen in gravitational waves, when two such
objects merge.

Intermediate mass black holes: Beyond a few 100 up to 10° M, there is some marginal evidence for such black
holes, mostly in globular clusters. These objects are attractive to explain the even heavier counterparts in
merger trees.

(super-) massive black holes: Almost all galaxies host in their centers a massive black hole, the mass of which
scales with galaxy properties. The most prominent example is Sgr A* in our own Milky Way.

"Black Holes’ is a booming field of research (figure 1), and it has diversified into many subbranches. On the
theoretical side, black holes might be the entry into the world of quantum gravity, which is beyond the scope of
this lecture. On the observational side, black holes are building blocks of the universe, with important roles in
galaxy formation and growth regulation. The Galactic Center black hole is used for tests of general relativity, and
gravitational wave detections question formation channels of stellar-mass black holes.



How often did the word 'Black Hole' occur in an arXiv abstract?
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Figure 1: The number of occurrences of the word 'Black Hole’ in abstracts submitted to arXiv as a function of year.

2 Tensor algebra - the maths of general relativity

Here is a collection of useful definitions and relations, introducing also the canonic notation for general relativity.

2.1 Euclidean, Cartesian coordinates

Coordinates are

x! 3
Z=[2%2] = aclé'l + $2€2 + $3€3 = E r'e; = x'€e; (3)
z? i=1

Note that the numbers to top right of the x are not "to the power of”, but coordinate indices. Some care and
understanding is needed, when one reads a symbol like 2. For the unit vectors we have:

€; - €5 = 0y (4)
The Kronecker-§ is here the 3D unity matrix. The Euclidean dot product is
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Note the Einstein summation convention: Indices which appear twice, once upper and once lower, are automatically
summed over. One can always change the name of such an index pair, as it is "dummy” (like an integration variable
in an integral). This notation also gives a convenient way of checking validity of equations: Both sides need to have
the same indices in upper and lower positions, after the summations are executed. Further, one has for tensors

Al = g Ay = tr(AY)) (6)



The use of latin letters for indices indicates 3D, space vectors.

2.2 4D space-time coordinates

The coordinates are

ct 20 ct
1
w_ x| _|= _fct . . . T 4
=1 =] T (j‘) or for spherical coordinates : 2 = 0 (7)
z z3 10}
And with the unit vector e, the vector x is:
3
= 2%y + zle; + 2%ey + 233 = Z ate, = ate, (8)
pn=0
For 4-vectors, we use greek indices.
2.2.1 Minkowski space
The dot product z - y is defined via
x -y =nuatyt (9)
with the Minkowski metric:
-1 0 0 O -1 0 0 0
Cartesian __ 0 100 Spherical __ 0 1 0 0
T “lo o1 o] ™m0 0 2 o (10)
0 0 0 1 0 0 0 r2sin®@
For a line element one has
ds? = N datds” = —2dt? + da? + dy? + dz?
= —c2dt* + dr* + r2d6* + r?sin® 0 d¢? (11)

Note that there are different conventions found in the literature: The signs of the metric might be opposite, the c?
could be part of the metric or in the definition of the 0-components of the coordinates (as here), or even an imaginary
1 is used sometimes to express the opposite sign of the time component compared to the spatial components.

2.2.2 Curved space-time coordinates
The components of a vector are as usual
x = ale,
dx = date, (12)

with the novelty that the base vectors e, are not constants, but can be functions of the coordinates. The dot
product gets generalized by going from 7, to g,,, which can also be of a more complicated functional form. The
dot product for curved manifolds is defined via
A(x) - B(z) = gu(z)A"(x)B"(z) = A, (2)B" ()
A'B = g, A"B"=A,B (13)
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Figure 2: Two representation of a (1-1) Minkowski space-time. Left: Flat coordinates. The worldline of an observer
at constant velocity is shown, together with the lightcones, giving the regions of space-time, which causally can
connect to the respective event. Light rays travel diagonally, time-like trajectories are more vertical than the light
rays. Right: Again Minkowski space-time, plotted in a Penrose diagram with coordinates (u, v), in which are defined
by r+ct = tan(u+v), r —ct = tan(u —v). This form of the diagram is useful to describe black holes later. Source:
German Wikipedia and TikZ.

Note that the two vectors need to be evaluated at the same space-time point. So one can always calculate a vector
length, but (in general) not the cross product of two space vectors X,Y The metric tensor g, is

Juv = €uey =€, = Guy
8 = efe,=g"ene, =9"gu =gy
Juv = (glw)_l (14)

The metric tensor is thus symmetric. The last line follows from the second line, noting that the Kronecker-é here
is the 4D unity matrix. With that one gets the line element

ds* = (date,)(dz"e,) = eye, datda’ = g, drtdz” (15)

which is thus a generalization of the usual Euclidean Pythagorean theorem for infinitesimal paths in curved space-
time. The coordinate transformation (changing x — ') of a vector A (— A’) is

8‘,Ela
oo __ B
A = A
o0z’
Ao = gt (16)

For the example of velocity V:

or'™  Qx' dxP 9@
or 0xf Or 0zb v (17)
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2.2.3 Note on derivatives

Derivatives are written as:
) 10
ozt = 8” = (Cﬁ ) (18)

The 0, is a very useful notation. In many books, one also finds the notation X, ,, for 9, X,,. Here, we don’t use it.
The 4-gradient is

V = (0o,01,02,03)

1
vCartesian = (Eata am, aya az)

1
vSphcrical = (Eata 87“7 80; ad)) (19)

And the square of the 4-gradient (the Laplace operator) is:
V? = g"9,0, = 0,0" (20)

It requires thus the inverse of the metric tensor.

2.2.4 Equivalence principle

The equivalence principle states that one can gets the same experimental results in any reference frame, i.e. one
can also choose a free-falling one, in which locally no gravity is felt, and hence for free falling reference systems one
has g = M-

2.2.5 Example: Magnitude of 4-velocity

dx? cdt cy cy
b _ T = =
== ()= (%) - (5 2y

Going to a local inertial frame, one can use the Minkowski metric.

y y . -1 0 c "
|u|2 = wu’ = nwju“u = (ny,v’y). ( 6 1) . (1_):;) = —0272 + 'U2,72
1 c?
= (¥~ 02)71,2 = (v* — CQ)ﬁ = (22)
- = ct —v

Since scalars are Lorentz-invariant, this result holds in any reference frame.

3 Relativistic dynamics

Curves are often parametrized by the ”proper time” 7, i.e. the time passing for a particle moving along the
space-time curve. 7 in general differs from the coordinate time ¢. This defines the Lorentz factor:

dt 1
T=—= (23)

dT v2
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Here, v = |#]. For a free-falling observer in his local inertial frame 2’ = (ct’, 2%, 21, 2'3) = (cr, const, const, const),

i.e he is at constant coordinates, and time passes at the ”proper time”. For him, the line elements reads thus

ds® = —cdr?

(24)

which must hold in any reference frame, as it is a scalar relation. This relation holds for any real-world particle,

and one calls this a "time-like” trajectory. For light, one has ds? = 0, leading to "null geodesics”.

3.1 Energy and momentum

For particles with rest mass mg the 4-momentum p is:

C E/c
o= ()= (%)

Note that E and p are different than in Newtonian mechanics. In Minkowski space, its norm is

2
v 1
P = pup’ = nup’ 0" = —miy*? + miy*® = —miy*e? (1 - CQ> = —miyet g = —mge?
The 4-acceleration is
I d p*
at = ——
dr mo

4-velocity and 4-acceleration are orthogonal to each other (when mg is constant):

P p” d p* 1 d, 1 d 2 2
va=1mn,,—ad' =n,———=——p°"=——(—mic*) =0
Mhop mo Mhop modrmg  2m3 dr? 2m dT( 0c”)
The energy can be written also in this form:
E = —nyp"ut = —monyu”u? = mg 2

(25)

(29)

But this equation is also valid, if one measures the energy of a particle moving with u in a system moving with v:

E = —ny.p"v" = —mgn,u”v"
This definition will be carried over to general relativity:
E= _gVHquN

The kinetic energy K is:
2

K =E —myc® = (y — 1)mgc
Using the series expansion for ~y
~14 102 n 30t
T 2c¢2 8¢t
one sees that the leading order of K is

1
K = (y—1)moc® = imovz
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From the definitions of F and p follows:

vE/c = pc

2

v

S = (e

B'(1-—5) = E>—(|plo)?
B2 )y = E®—(|ple)?
(moc®)® = E*—(|ple)® (35)
This is the relativistic energy-momentum relation. Newton’s second law takes the form
- dp
F=— 36
7 (36)
ct’' =~ (ct — Bx)
ct
0 ' =~(x —ot)
0
T
v

Figure 3: Left: The Lorentz-factor v as a function of velocity. Right: A Lorentz-transformation of the Minkowski-

space time. Source: TikZ

3.2 Lorentz transformations

For an observer moving relative to another one along the z-axis with velocity v,, the coordinates are

(-9
= y(z — vyt)

=y

- 2 (37)
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It is easy to calculate

dx’ d d ' w
/! x
Ve = g = Ev(m — vgt) = prel (a: — Uy <’y + sz>> = —u, (38)
In matrix form, one can write:
ct/ ¥y %y 0 0 ct
x’ Yy 4 0 0 T
— c
y' 0 0 1 0 Y (39)
2’ 0 0 01 z
A space-time interval is invariant under a Lorentz transformation:
8/2 — —(Ct/)2 T le + y/2 4 Z/2

o\ 2

= 42 <t - —;x) + 72 (@ — vgt)? +y? + 22
c

2/ 2,2 2 Vz vl o 2/.2 2,2 2 2

= y(=c*t*+2c 2T 5t )+ (2% — 2z vt +0st?) +y° + 2

_ 22,2 o3 2 2 v3 2 2

= 7t (-1+ S+ et (- )+ Yt e

-1 1
_ fy202t2—2+72x2—2+y2+z2
v v
= —(ct)?+a?+yi+ 22 =5 (40)

The transformation law for velocities follows: The velocity v/, measured in the primed coordinate system that moves
with velocity u is given by the original v, and u by:

_dal _y(dr—wdt)  Fou v —u (41)
Toodt y(dt— Z%) —4de ] _ Y%

c2dx 2t c2

v
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The same transformation can be applied to the energy-momentum vector (E/c, §) or the wave vector (w/c, k). Let’s
take F as an example:

m062

V1—=v2/c?

m002

Ve —U 2 2
\/1(1—””;?) /e
} mOCQ(l—“—Zm)

(&

e

1 moc? (1 — “C%)

C u? v2 v2 2
\/1*2%1 +eat - F 25 -

El

c

Al ol

ct c c?

L moct (1 %)

“Ja-2)(-3)

= - (fymoc2 - uymovz)
1 E u
L (B ”

So, this is the same as if we would have transformed (F /¢, p) by the same Lorentz boost by u as we did for x.

4 Curvature

4.1 Describing curvature
4.1.1 Covariant derivative and Christoffel symbols

”If T move a vector into the direction of another vector, how do its components change” - a non-trivial question in
curved space-time. For a base vector e, moving infinitesimal into direction z”, the four components for the ey are
given by the Christoffel symbols (which are not tensors):

Do = 5o
e = % 8
2,00 = % A
e, = %eﬂ (43)
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This allows defining a covariant derivative: ”The vector field A not only changes as a function of coordinates, but
due to the curvature, there is also a change due to the coordinates changing.”

VAt = 9,4 4T, 47
Vidy = 0,4y —T",\A, (44)

We will not use the notation A{# = VHA)‘. For a tensor, one has:
VMAaﬁ _ 8MAQ'B + Fa)\MAAﬁ T Fﬂu/\A(x)\ (45)
And for a scalar f, the covariant derivative is the partial one:

Vaf = Oi\f (46)

The minus sign in equation 44 appears because the following line should be true (i.e. the covariant derivative should
behave like a derivative):

(OZA*)By, + A*(0xBy,) = Ox(A"By,) = VaA(A"By) = (VAA") B, + A*(ViB,) (47)

and the two terms with Christoffel symbols in the covariant derivatives need therefore to cancel. Further, one sees
that in that was also the chain rule for the product of two vectors holds. One can show the chain rule also for
higher ranked tensors, for example:

V,.(A*’B.)

0,(A°B,) + 1%, A B, + T A**B, — T}  A*’ B,

= B,0,A" + A°P9, B, + B,I', , AM 4+ B, | A** — A*P BT |
= A°%(9,By — BAI'Y),) + By (9, A" + 19, A + T/ | A°%)

= A“’V,B, + B,V,A% (48)

With the chosen definition for the covariant derivative, a property called metric compatibility holds: The covariant
derivative of the metric tensor is always zero:

Vg™
V)\gau = 0 (49)

This allows moving the metric tensor in and out of derivatives:

VA" = Va(¢""Au) = AyVag™ + g"" VA, =0+ g™ VA, = g™V A,
Va4, = V,\(QVMA”) = A“VAgW —|—g,,MV)\A” =0 +g,,MVAA" = gWVAA” (50)

For a torsion-free space-time, we expect that derivatives commute: V,V, = V, V. For ascalar f in flat coordinates
the covariant derivative is the partial derivative, and clearly

8;1,6Vf = auap,f (51)
If the symmetry holds in one coordinate system, it holds in all, hence

V.0f = V,0.f
0400 f — T, 00 f 0,0uf — T, 00 f (52)
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and we see that the metric tensor needs to be symmetric in the second and third index.
., =1%, (53)

There are thus not 43 = 64 independent Christoffel symbols, but only 40. The Christoffel symbols can be expressed
with the metric tensor. This requires some algebra. From the definition we have (equation 43):

e,\FAOW = e,\F)‘m = g;'; = Oy
epexI, = eudae, (54)
Consider
Oaleper) = ey0aey +e,00e, — €,0qe, = Oaleye,) —€e,0qe, (55)
With that we get:
epexI, = Oalepes) — el,eAI‘AW (56)

Writing this equation two more times, but with indices relabelled:

Oy(eaty) — eue,\I‘)‘m (57)

eae,\FAW = Ou(eae,,)—e,,e,\f‘kua (58)

A
eaerl,,

Taking 56 + 57 - 58 yields, using I, =T, and I}, , = T, :

cuerxI’, = dalenes) +0u(eaey) — Buleacy) — eperl”y g
2(3“6,\FAOW = Oaleuey) + 0y(eaen) — Ouleaey)
1
(e"e)(eper)T, = 5(€e")(aleper) + Oy (eaey) — Ouleaes))
1
6§F>\au = Fpau = igup(aag/yw + 6Vgau - 8ugau)
1
1—\)\”” = i.g)\a(augau + 81/904;4 - aa.Q;w)
1
F)\;uz = i(aug)\y + 8Vg/\u - 8>\guu) (59)

With this, we can proof the metric compatibility in few steps:
v)\g;w = a)\g;w - Fa)\ugau - Fa)\ug,ua = a)\g;w - Fu)\u - Fu)\u

1 1
= 8)\9111/ - 5(8)\91“, + 8/Lg>\u - augA/L) - i(akg/w + ang/L - a,ug)\v) =0 (60)

4.1.2 Riemann tensor, Ricci tensor and Ricci scalar

The idea behind the description of curvature is that parallel shifting a vector in coordinate direction p and then in
v does not yield the same as first in direction v and then in p, see figure 4. Expressed in infinitesimal steps, the
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Figure 4: Left: Parallel shifting a vector from bottom left to top right yields different results, depending on the
along which coordinate axis one moves first and which second. This is feature of the curvature of the underlying
space. Source: medium.com

difference for a vector A” is:

(VuVy, =V, VAP = V,(0,A” +T7,,A%) =V, (0,A” +17,,A7)
= (0,47 +T7,, A7) =T, (01 AP +T%, A7) +T" | (9,A +T7,,A%)
—0y (0, AP +T7,,A%) + T, ,(0\A? + %, A7) = T" | (9, A +T%,,A%)
= (9u17,),)A” +T7,,0,A =T’ 06A? =T, T\ (A7 +T" ,0,A* +T7° ", A7
(0,7, ,)A7 = T7,,0,A7 +T%, ,0\A? + T, I" A7 —T"  8,A* —T* ,I’,,A° (61)
The third terms in both rows cancel, as well as the fourth terms. Term 5 in row 1 after relabelling the summation
index A into o cancels term 2 in row 2. Term 2 in row 1 after relabelling the summation index o into A cancels
term 5 in row 2. We are left with
= (0.7

A A o
pno aVFp/ur + I‘p,u,/\l—‘ vo va)\r MG)A (62>

The term in brackets vanishes, if the parallel shifting of the vector happens in flat space. In curved space-time it
does not, and it measures the curvature. It is called the Riemann curvature tensor:

R)\ == avF)\a/L - a,LLF)\ay + F/\Jurgau - F)\ Faav (63)

v ou

Here it is defined with the "Riemann” sign convention. It has the following symmetries:

R)\aup, = _Ra)\;uz
A _ A
R avp -R apv
Rapuw = Ruvap (64)
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One obtains the so-called Ricci tensor as contraction from the Riemann tensor, or expressed in terms of Christoffel
symbols:

Rau = Rka)\p‘
= O\, — 0.7, +T%,17%, — T, 1%, (65)
The Ricci tensor is symmetric
Ry, = R%,, = 9*° Rapow = 97 Rowpy = Rfﬁu =R, (66)

The meaning of the Ricci tensor is that it describes the volume changes as a function of coordinates of an infinitesimal
space-time element. The Ricci scalar is a contraction of the Ricci tensor:

R=R" (67)

4.2 Deriving the Bianchi identities

Working for the moment in a special coordinate system - the result will be a scalar, and hence independent of
the choice of coordinate system. Going to a local inertial frame. Then, locally the metric is Minkowski, and the
Christoffel symbols vanish. But: not the derivatives of the Christoffel symbols! ”One can transform away locally
the gravitational force, but not the tidal forces”. Also, in a local inertial frame, the the covariant derivative becomes
a partial derivative. The Riemann curvature in a local inertial frame is:

R, = 0,1, — 0., (68)
Taking the covariant derivative:
Vol = 0,017, — 0,0, (69)
Writing this three times, cycling indices:
Vol = 0,0, —0,0.I",
VR, = 0,01, —0,0,T%,,
V.R\,, = 0.0,17, —0,0,1, (70)

Adding the three equations, and noting that partial derivatives commute, the right hand sides yields simply 0,
which is known as the Bianchi identity

Vol + ViR, + VR, =0 (71)

This result is valid is any reference frame, as it is a tensor relation.

5 Geodesic equation

5.1 Standard approach

A geodesic is the equivalent of a straight line in Euclidean or Minkowski space. A body with no acceleration will
move along such a line, and it is defined by velocity being constant:

_di_dw'E) e d

72
dT dT eu dT dT ( )



From this the geodesic equation can be derived:

é’#% = —u”cilcj
T T
du* de,
du* de,
R Y T
Juuw dr vt dr
du de,
vzt
dr vt dr
du, de,
VA v _ vA > 0 1%
—— = —greu—r
dr dr
W e
dr dr
M S de,, dx”
dr dxv dt
du? 0e),
W By
T i
du* N
o= - BV
I 7, u'u (73)
Hence, we have the two equivalent forms:
d A
% + F)‘Wu“u” =0
d?a? A dztdz” (74)
dr? B dr dr

It is written here for proper time 7, but actually holds for any parameter.

5.2 Lagrangian formulation

There is an elegant way to express the geodesic equation using the Lagrangian L.

L(xz,u) = —mecy/ —gu (x)uru? (75)

Note that formally £ = —m c?. Geodesics are extremal in the sense, that they are the shortest paths between two
points. The v X is extremal when X is extremal, and hence one can also vary

L' (x,u) = guv(x)utu” (76)

As usual, the coordinates z and velocities u are treated as independent variables. The Fuler-Lagrange equation is
then

oL’ d oL’
9%~ dr ot ()
This is identical to the geodesic equation. The left side is
oL 1 5
IRy = 5(6)\9#,,)71“71 (78)
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The right side is

d oL d (1 L1 ,
e = (ot + gouns)
d
= % (gu/\uu)
= Ouguru’u! + git
1 1
= 56,,57W\u”1ﬂ + iaugy,\u“u” + gund* (79)

In the last step, the previous term was split and summation indices have been renamed. The dot-derivative indicates
deriving with respect to proper time. Putting things together

%8)\guuuuuy = %81/9;1)\“”““ + %augu)\uuuu + gu)\i’“
= gui" + %f’%guw”u“ + %%gyw“tﬁ - %@gwu%”

Ty + FA“,,u“u”

= gVin+ gM T utu”

= @+ TP, M (80)

o o o o
\

An advantage of this formulation is that often it avoids using Christoffel symbols.

5.3 The choice of Lagrangian

Since we optimized £’, why don’t we call that Lagrangian? The reason is, that the action
S, = / drL (81)

shall be invariant under transformations from one affine parameter 7 to another one o:

S, = —mc/do\/—gw(a:)ai';i:(i;f7
= —mc/dadT\/—gW(sc)dﬂwdﬂ;ydT2
dr dr dr do?

dz+ dzv

— / dr\/ (@) T = 5, (82)

This does not hold for £’, but the choice of £ in equation 75 is invariant under re-parametrization.

6 Energy-momentum tensor

Recap of continuity equation for charge (expressing conservation of the scalar charge):

dp =-
LVi=0 83
dt J (83)

21



Using the 4-current j# = (cp,j) the continuity equation gets
Ouj" =0 (84)

Conserving a scalar quantity is thus an equation with a gradient of a 4-vector. The four-momentum is

= (i) (85)

Conserving energy and momentum, i.e. the four-momentum, being a vector, is thus an equation with a gradient of
some 4x4 tensor:
V,.T" =0 (86)

Symbolically, the components (in a local inertial frame) are:

E p p p

- p P S S
T=dv|> g p p (87)

p S S P

Note the Tpo component: It is the energy density, which is the relativistic version of mass density (as in Newtonian
mechanics), and all energy components need to be taken into account. So, for the Newtonian limit, Toy = pc?,
which also holds for pressure-less dust. p refers to momentum, P to pressure, and S to shear. The form of T for
various cases can easily be looked up, for example for a perfect fluid.

P
TH = (p + 02) utu? + Pgh? (88)

In a local inertial frame, this is a diagonal matrix with diagonal (pc?, P, P, P).

7 Derivation of the field equations

7.1 Finding the right tensors

e Independence of coordinate system choice: Tensor equations
e Spacetime curvature should relate to matter
e In a weak-field, slow motion limit, one should recover Newton’s equations

e Jocally, energy and momentum should be conserved

We thus look for a tensor equation. The simplest form in which curvature can occur is a two-index curvature tensor.
Matter, in the simplest form, can then be represented by the energy-momentum tensor T#”. So we postulate some
equation of type G*¥ o« TH”, with an unknown tensor G. As energy and momentum shall be conserved, i.e.
V,TH = 0, one also has to demand that V,G*” = 0. And we can construct one, starting from the Bianchi
identity:

VARaﬁ;w + VURa[j)\# + vaaﬁu)\ =0 (89)
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Multiplying with g** and swapping indices in the second term:
ng/\RaﬁW - ga#vuRa,BuA + ga“vuRaﬁl/)\ =0 (90)

Due to the metric compatibility, one can move the ¢g** into the derivatives, where it will raise the a index to u
(first two terms) and:
V)\R"BWfVVR“BW\JrVO‘RaﬁM =0 (91)

In the first and second term, the Ricci tensor appeared, and swapping indices in the last term:
VaRg, — V,Rgy — VRgaun =0 (92)

Multiplying with ¢ and again using the metric compatibility, raising indices, and substituting Ricci tensor and
scalar when they occur, one gets

v)\gﬂyRﬁu - Vl/gﬂyRB)\ - VagﬁyRﬁow)\

VAR, — V,R{ — V*RY,
VAR —V,R{—V%Rax = 0 (93)

Using V¢ = g“V, and using again the metric compatibility:
VAR -V, Ry =V, ,g*’Roy = 0
VAR—-V,R\-V,R = 0 (94)
Here, v and p are just summation indices, so the second and third term are the same.
VaR—-2V,R; =0 (95)
Multiplying with ¢g"*, and again using the metric compatibility and raising indices:
Vag" R —2V,g" Ry =

0
Vag" R — 2V, R 0
V,¢"R—2V,R"™ = 0

0

1
2V, (R" — 2g"R) =

(96)

Define GH¥ = R — % g"" R, the last equation states V,,G*” = 0. Hence, G is a divergence free, two-index curvature
tensor - so it is a viable candidate for the field equation. It is the simple-most such choice. Therefore, we can guess
here, that the field equations are

1
R' — Sg" R = KT" (97)

7.2 Weak fields and slow motions

Note that there is no way to prove the field equations, as they are the theory Einstein postulated. But one can
connect them to classical mechanics for the limit of a weak field (i.e. slow motions), which can serve at least as a
motivation, as it shows that in this limit, we recover what we know.
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7.2.1 Connection to Newtonian potential

First, it is useful to see how the Einstein tensor G*¥ connects to the Newton potential in the case of a weak field.
For a weak field, the metric should be almost Minkowski, such that one can write

G = N + (98)
with a small h < 1. For this weak-field metric, the Christoffel symbols are

1 o «
F)\/w = 5(77)\ +h ) [0u(Mav + hav) + Ou(Map + hap) = Oa(uw + €hy)]

1 «
- 577/\ (Ouhay + Ovhay — Oaliy)

1
= i(aﬂht + Oyl — 0 hyw) (99)

where higher order terms of h are dropped, and the derivatives of the constant Minkowski metric vanish. The
Newtonian equations only have spatial derivatives, and thus only i = 1,2, 3 of the 00-component matter:

. 1 . . .
[0 = 5(50]110 + doh'y — 0"hoo) (100)
The time derivatives Jy are 0, as our metric is constant. It remains the spatial one, and we get
. 1 .
FzOO ~ —582]7,00 (101)

Note that since h is small, so is T',,. Next, one evaluates the (spatial part of the) geodesic equation. We are dealing
with slow motions, v < ¢. In that limit, 7 — ¢, and hence
d*z! ;  dxt dxv
dt? B dt dt

=0 (102)

The velocity terms % are much smaller than ddito = ¢ and thus

A2t o dx® dz®
4Ty —— = 0
az 0

d2 i )
d; +Ti, = 0 (103)

As expected, only the ', Christoffel symbol appears. Using the calculation from above

2zt 1, 1,2,
= =c*0"hgy = =c*V"* 104
a2 26 8h00 2CVhoo ( 0 )
In Newton’s theory we have _
d?zt =,
iz = Ve (105)
Therefore, we can identify
29
hoo = — =
29
goo = —1- = (106)



7.2.2 Proportionality constant

In Newtonian gravity, the only source of gravity is mass or energy density, which corresponds to the Tyg-component
of the energy-momentum tensor, and all other components being 0:

Too = pc? (107)

Hence, we only need to look at the 00-component for determining the proportionality constant «.

1
GQO = RQO - §gooR = HpC2 (108)

Using the Ricci tensor in the form expressed as Christoffel symbols, one sees that in the weak field limit, the third
and fourth term can be neglected, as they are squares of I', with I' ~ i < 1. Hence one has

Ry, = 0,1, —9,T%, (109)

The 00-component is
Roo = 0%y — 0oI'%,, (110)

As our metric tensor is not time variable, Jy yields 0. Thus
Roo = 9;T"5q — 9o (111)
where the last term again is 0. Then
1., 1, . 29 1=~
=0; [ —=0hg | = —=0;0' | —— ) = = V?® 112
o=, (L) = Lo (-29) = 19 "

Given that only the Ty component is present in the Newtonian limit, the spatial components G;; are 0 - which
allows for a little trick to evaluate the Ricci scalar:

1 1
Rij — §gin =0— Rij = igin (113)
Splitting up the contraction sum of the Ricci scalar:
iy 1 .. 3
R = RZ = gMVR;w = gOOROO + gURij = gOOROO + ig”gin = gOORoo + §R (114)

where the identity g%/ g;; = 3 has been used. This can be solved for R (end of trick):

R =—-2¢""Ry (115)
With g% = 1/ggo the Ricci tensor is
1 1oy 20\ 1oy 2o )
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We thus have R and Ryg, and can evaluate the 00-component of the field equation:

1
Roo — igooR = kToo
1oy 1 20\ 2 =, )
1oy 1 20\ 2 -, )
C2V@+2(1+02)C2V‘P = KpC
l oo 12 s 2 2
C—ZV @+§§V O+ 0(P°) = kpc
2 .
6—2V2<I> = kpc?
- 1
Vo = i,kcpc4 (117)
Newtonian gravity is given by the Poisson equation
V2® = 4nGp (118)
and hence x = 82ZC_ Finally, the Einstein field equations are
8rG
Guy CTT'U’V
LV 87TG LV
7.3 Summary

What was the path to get to this equation?

We started with some assumptions: We look for a tensor relation between curvature and matter that conserves
energy and momentum, and that recovers Newton’s equations.

The simple-most choice is G, = KT},
So we need a tensor for GG, for which the covariant derivative vanishes - as VI = 0.

Using the Bianchi identity, we were able to construct one, consisting of the Ricci tensor and Ricci scalar. This
required some assumptions on the metric: That it is torsion-free and that the metric compatibility holds.

Using the geodesic equation of motion for a weak field / slow motion, and neglecting higher order terms, we
saw that the 00-component of the metric relates to the Newtonian potential.

With that we looked at the 00-equation of the proposed tensor relation, and were able to derive x such that
the Newtonian law is recovered in first order.

That completes the proposal for the field equations. On whether this was a correct proposal, only experiment
can judge.

The resulting equations are complicated. The Ricci tensor and scalar are functions of the Christoffel symbols
and metric tensor, and the Christoffel symbols are functions of the metric themselves - including derivatives.
See figure 5.
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Figure 5: Expanding the Einstein equations shows how complicated they are.

of the metric tensor (also including the cosmological constant term).
spelled out. Bottom: The first term with the sums expanded. Source:

8 Derivation of the Schwarzschild solution

The simple-most solution one can think of is:

1 1 45,
+ 5932 838u92v 7 5‘933 03 all 93v

Top: The full equation in terms
Middle: The same, but the sums explicitly
Ville Hirvonen

e spherically symmetric spacetime: invariant under rotations and taking the mirror image. The symmetry also

suggests using spherical coordinates.

e static spacetime: all metric components are independent of the time coordinate ¢t and under time reversal

e vacuum solution

e asymptotically, it should become flat, such that one can embed it into flat Minkowski space
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8.1 Exploiting symmetries

Exploit time reversal coordinate transformation: (¢,Z) — (—t, &) . The metric components should stay unchanged.
For:=1,2,3:
, 0z 02" 9x* 92 Oz 9aP Oz
9i0 = 927 9209 = Pzii cor 1P T Gzt —cat 9P T T fai 90928 T T
Thus gio = 0 = go;. Exploiting spatial symmetries: (ct,r,80,¢) — (ct,r,—0,¢) and (ct,r,0,¢) — (ct,r,0,—¢)
yield

(120)

9u2 = 92 = 0 (,Uf 7é 2)
9u3 = 93p = 0 (,u 7é 3) (121)

Together: g, = 0 for i # v. Thus the metric is diagonal:

ds? = gooc?dt® + gr1dr? + g20d0? + gszde?
= guc’dt® + gy dr® + goadf® + gpdd® (122)

Since the metric is static, none of goo, grr, 999, 9o can depend on t. Also, we can exploit the spherical symmetry:
On a radial line (a "hypersurface” of constant ¢,0,¢) g, can only depend on r:

grr = A(1) (123)

Similarly, g can only depend on r:
gie = —B(r) (124)

On a hypersurface of constant ¢y and constant ry, the metric must be that of a sphere:
9o0d0? + gyedd® = di* = ri(d6* + sin® 0d¢?) (125)
Hence, ggg = 13, gpy = résin” 6. As this holds for any tg, ro, we have

2

gop = T
ges = r2sin?0 (126)
We thus get
ds* = —B(r)dt* + A(r)dr® + r?dh?* + 12 sin? 0d > (127)
or
~B(r) 0 0 0
0 A(r) 0 0
o=l o N5 (128)
0 0 0 r?sin’f

8.2 Calculation of the Christoffel symbols

Next, we need to evaluate the 4> = 64 Christoffel symbols I‘)‘W. Due to the symmetry in u,v, there are actually
fewer, namely 40.
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8.2.1 TI°

"%
Let’s start with I'°,:

1 1 1
% = §goa(309ao + 90900 — Oaboo) = _§goaaa900 = _590080900 =0 (129)

(The second equality holds since the metric static, i.e. Jpg,, vanishes, the third uses g% = 0 and the last again
80 — O)

1 1 1 B'(r)
% =T% = 2630901 + 01900 — ago1) = =g°°(0 + d1g0o — 0) = =(goo) Drgoo = ~== 130
10 01 59 (J0ga1 + O1gao go1) = 59 (0+ 91900 — 0) = 5 (g00) ™" rgoo B(r) (130)
0 0 1 O _ 1 00 p) —
M =T = 59 (O0ga2 + 02ga0 — Oago2) = 59 (0+ 02900 —0) =0
1 1
FO30 = F003 = 5900(509043 + 03900 — Oago3) = 5900(0 + 03900 —0) =0 (131)
(because goog = —B(r) is not a function of 6 or ¢.)
0 1 Oa 1 O 1 00
', = 59 (01901 + 01901 — 0agi1) = *59 Oagi1 = *59 dog11 =0 (132)

(the second equality is because g, is # 0 only for o = 1, but then g°® vanishes; the third is because ¢°® is # 0
only for a = 0, and the last is using dp — 0)

1
[ =T% = igoa(algoa + 029a1 — 0ag12) = (0+0—-0) =0
r,=r% = 1Oa(a + 03901 — Oag13) = (0+0—-0) =0
13—+ 31 — 29 19a3 39al «d13) = =
1
[0 =T%, = 590a(529a3 + 039a2 — 0ag23) = (04+0-0) =0 (133)

(Line 1: The first term vanishes as g,o is # 0 only for a = 2, but then g°® = 0. The second as g,1 # 0 only for
a =1, but then ¢g°® = 0. The last as g;o = 0. Line 2: The first term vanishes as g,3 is # 0 only for a = 3, but
then g% = 0. The second as g, # 0 only for a = 1, but then g% = 0. The last as g3 = 0. Line 3: The first term
vanishes as go3 is # 0 only for a = 3, but then g°® = 0. The second term vanishes as g,z is # 0 only for o = 3, but
then g% = 0. The last as go3 = 0.)

1 1 1
% = igoa(azgaz + 02902 — 0ag22) = *igoaaagzz = *590030922 =0
1 1 1
% = igoa(a&gaiﬂ + 039a3 — 0ag33) = *590a5a933 = *590030933 =0 (134)

(The second equality is because g°* # 0 only for a = 0, but then Jaz/3 = 0, the third as g% #£ 0 only for ao = 0,
the last as 9y — 0.) Thus:

B'(r
0 0
B'(r
o _|mg 0 00 (135)
" 0 0 0 0
0 0 0 0
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8.2.2 TI!

y%
Next, let’s do FIW.

1 1 1 1 B'(r)
Yy = =0 (30ga0 + 00900 — Dadoo) = — =9 “agoo = — =g 01g00 = —=(g11) " Orgoo = 136
00 29 ( 0900 + J0ga0 goo) 2g goo 29 1900 2(911) goo 2A(T’) ( )
Fori=1,2,3:
TR U _ 1o _ _
ry, =14, = 39 (00gai + 0iga0 — Oagoi) = 39 (0ig10 — 0190i) =0—-0=0 (137)

(The second equality uses that only @ = 1 can contribute and that dg — 0. The third holds as g19 = 0 and
goi = 0.)

1 1
ry, = 5910‘(31%1 + 01901 — Oag11) = 5911(51911 + 01911 — 01911)
L 4 1 -1 A'(r)
_ 1 _ 1 g1y = 1
59 1911 2(911) Org11 2A(r) (138)
1 1 1 10 L 4
IMy=I% = 59 (01902 + 029a1 — Oag12) = 59 (01912 + 02911 —0) =0+0=0
1 1 1 14 1 1
IMyy=Iy = 29 (01903 + 039a1 — 0ag13) = 29 (01913 + 03911 —0)=0+0=0
1 1
[y =T = 591a(529a3 + 0392 — Oag23) = 5911(32913 + 03911 —0)=0+0=0 (139)

(First line: The second equality uses that only e =1 can contribute and that g1 = 0. The third uses g12 = 0 and
that g11 = A(r) is not a function of . Second line: The second equality uses that only o = 1 can contribute and
that g13 = 0. The third uses ¢g13 = 0 and that g;; = A(r) is not a function of ¢. Third line: The second equality
uses that only o = 1 can contribute and that go3 = 0. The third uses g3 = 0 and that g;; = A(r) is not a function

of ¢.)

1 1
Iy = §gla(82ga2 + 02902 — 0ag22) = 5911(32912 + 0og12 — 01922)
1 4 1 1 1 9 r
= ——q¢ Opgoy = —— Orgog = ————0pr° = ———— 140
29 922 2(911) g22 2A(r) r A(r) ( )
rt = 11“8 0 -0, *1116 0 -0
33 = 29 (03903 + 039a3 0 933) = 29 (03912 + 03912 1933)
1 44 1 1 1 9 . 2 rsin® 0
= ——q¢ 0pg33 = —— 0rg33 = ———0), 0=— 141
29 933 2(911) 933 2A(r) 7 sin A0 (141)
Thus: By
2A(r) (z : 0 0
Al (r
ri,=| ° =m0 0 (142)
0 0 — 0
A -
0 0 0 s



8.2.3 I?

%

Moving on to the T?,,,.

1 1
%, = 59%(309040 + 009a0 — Oagoo) = —592252900 =0

(Using 0y — 0 and that goo = —B(r) is not a function of 0.) For i =1,2,3:

1 1
4, =r% = 592a(3ogai + 0iga0 — 0agoi) = 5922(52'920 —01902) =0—-0=0

(Using 9y — 0, that only o = 2 can contribute and that goo = go2 = 0).

1 1
r, = 592(1(319@1 + 01901 — Oag11) = 5922(31921 + 01921 — 02g11) =04+0—-0=0

(Using that only o = 2 can contribute and that g1; = A(r) is not a function of 6.)

1 1
11212 = F221 = 592a(819a2 + 329a1 - 8a912) = 5922(31922 + 82921 - 82921)
1 ) 11 1
= — - a = 7—8 2 = —
2(922) 1922 92 rT r
2 1 50 1 5
M = 59 (02902 + 029z — Oaga2) = 59 (02922 + D2g22 — 02922) =0+ 0—-0=0
(g22 = r? does not depend 6).
1 1
%, = 592a(839a3 + 03903 — 0ag33) = 5922(33923 + 02923 — 02933)
_ 1 —1 _ 1 2 20 .
= 75 (g22)" " Oggas = 5,2 Ogr* cos” 0 = — cos b sinf
2 2 L o L o
[H=1% = 59 (01903 + 039a1 — Oag13) = 59 (01923 + 03921 —0) =0
(only oo = 2 contributes)
2 2 L o 1 o
[F =T, = 59 (02903 + 039ga2 — 0ag23) = 59 (O2g23 + 03920 —0) =0

(only o = 2 contributes, and go2 = 72 is not a function ¢.) Thus:

0 0 0 0

rz _ 0 0 1/r 0

w0 1/r 0 0
0 0 0 —cosfsinf

31
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(145)

(146)

(147)

(148)

(149)

(150)
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8.2.4 I3

nuv
And finally the Fgw.

1 1
I, = §Q3Q(309a0 + 009a0 — Oagoo) = *593333900 =0

(Using 9y — 0 and that goo = —B(r) is not a function of ¢.) For i =1,2,3:

1 1
%, =T% = 593a(309ai + 0iga0 — 0agoi) = 5933(@930 —03903) =0—-0=0
3 _ 13, B _1oa B _ a0
4, = 29 (O19a1 + 019a1 — Oag11) = 59 (01931 + 01931 — 03g11) =0+0—-0=0

(Using that only o = 3 can contribute, that g3; = 0 and that g;; = A(r) is not a function of ¢.)

1 1
I, =T% = Qgga(algoa + 02901 — Oag12) = 5933(61932 + 02931 — O3921) =0
3 1 3o 1 33
I = 59 (02902 + 02902 — 0ng22) = 29 (02932 + 02932 — O3g22) =0
(g22 = 72 is not a function ¢.)
. 1 1 .
F313 = F331 = 593a(319a3 + 03901 — Oagi3) = 5933(31933 + 03931 — 0)
1 ) 1 1
= = 19, 1%sin’ ) = = ————2rsin® 0 = —
D) (933) T sm 22 ain2 g 7 sin .
1 1
[P =T%, = §g3a(829a3 + 03902 — Oagos) = 5933(52933 + 03932 — 0)
1 g 2.2 1 1 9 )
= Z(gs3)'0 0= 1290050sin0 = cot 0
D) (933) p T SN 272 i r“2cos 0 sin co
Thus:
0 0 0 0
w00 0 !
w00 0 cot @
0 % cot 0 0

We are done!

8.2.5 Summary of Christoffel symbols calculated

For the following, it is handy to have all non-vanishing Christoffel symbols collected.

0O _m0 _B 1 _ B 2 _p2 1 3 3. 1
o =11 = 35 FOO_?" [Fy=T% = [Py =T% = ¢
1 2 : 3 T3 —
Flll—ﬂ % = —cosfsinf I =17, =cotf
L
F122 _ 7rAsin20
33 = A
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8.2.6 Tricks for Christoffels

For contracted Christoffel symbols 'Y, = T, (these occur in two of the four terms for the Ricci tensore) exists a
neat trick.

1
Fﬂuy = §gua (aug(w + aug/wz - 3ag,w)

1 1 1
= *g”aaugow - iguaaag;w + ,guaaugﬂa

2 2
1 1, 1 e
= 59“ a,ugozu - 59 Ma,ugozu + 59“ 81/9#04
1 a
= 59” 81/9#04 (161)

In line 3 we changed the names of the summation indices p to o and « to p. The trick is based on the linear algebra
fact that for any matrix

In|M| = tr(ln M) (162)
where | M| is the determinant of the matrix. Take the derivative 9, on the left side:
1
O, In|M| = —0,|M]| (163)
|M]|
And on the right side:
dytr(In M) = tr(9, In M) = tr(M 19, M) = M"*9, M, (164)
This is just what we found in equation 161 for the Christoffel symbol, if M = g. Thus
1
re, =TIt = ——0,|g9/ =0,In+/ 165
Nz Iam 2|g| |g| n |g‘ ( )

The formula is particularly useful for diagonal metrics, since |g| = goog11922933 is just the product of the diagonal
elements. For example, for our ansatz for the Schwarzschild metric, |g| = A B r*sin? 6 yields directly
A B2

+2 (166)

1'\0 Fl 1'\2 1'\3 _ -
o1 T1 71 + 1% =17 2A+2B ,

Another useful way to get the Christoffel symbols is exploiting section 5. From the Lagrangian £ (which is essentially
1/2 times the line element divided by d72!), one gets the equation of motions via the Euler-Lagrange mechanism.
These are four equations, for each of the coordinates one for its second derivative. The geodesic equation is identical
to these, and in its definition one has the Christoffel symbols. Hence, one writes the four equations for #°, #!, #2, 3,
each of which will contain four terms for the squares of velocities and six cross terms. By comparing the coefficients,
one can read off the Christoffel symbols. Let’s try this. The geodesic equation written out for component p is

—it = T (u®)? + 2T ulut + 2T, ulu? + 2T, ulu® +
T (uh)? + 2T putu? + 2T putu® +
Ty (u?)? + 20,203 +

Dl (u?)? (167)

Let’s look at our ansatz for the Schwarzschild metric:

£= —%Bmw + %Am(urf + %Wu@f + %TQ sin” 0(u”)? (168)
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For the 0-component, we have

oL’
oxt

d oL’
dr dut

= 0
d t /.t .t / t -t
= —d—(B(r)u):—Bru — Bu' = —-Bv"u — Bx
T
B’ B’
_ Butur: Buoul (169)

Comparing the coefficients with equation 167, one sees that only I'’,; = I'%); does not vanish, and we find (like
before) %, = T'%, = B’/(2B) as in equation 160 The 1-component is slightly more work:

!/ 1 1 )
aai = _§B/(Ut)2 + iA/(u')2 +r(u’)? + rsin? 0(u?)?
!/
AOE A Ay = A i = A A
A 1B 1A , .
_..1:_.~r - = r\2 — 2ot 22 om2 DN D a2 62
Z Z A(u)—|—2A(u) 2A(u) A(u) Asm@(u)
1A ., 1B . .
= ij(u )2+ ij(ut)Q - Z(ue)2 7 sin? 0(u®)? (170)

Again, we can confirm by comparing coefficients with equation 167 that equation 160 is correct, now for the
1-component. The 2-component:

oL’
50 72 sin 6 cos O(u?)?
d oL’ d, 26 0 ) 2.0 r 0 250
gl E(ru)—%ru +réa” =2ru"u’ +rod
2
—#? =% = Zu"u? —sinfcosf(u?)? = “utu® — sin 6 cos O(u?)? (171)
T T

Also here, we get by comparing coefficients with equation 167 the correct Christoffel symbols from equation 160.
Finally the 3-component:

oL 0
o9
d oL’ d
—— = —(r*sin®Bu?) = 2ru" sin® Ou® + 2r? sin O cos O u?u? + r? sin? 0 i
dr du? dr
2 2
-3 = 3% = Zu u® +cotfulu® = Zutud + cot O ulud (172)
T T

And also the final comparison with equation 167 confirms what we had in equation 160. Overall, this way of
calculating the Christoffel symbols seems more elegant, faster and less error-prone.
8.3 The vacuum solution

Vacuum means T, =0, i.e. we have G, = 0, which implies R, = 0 (as then the Ricci scalar also vanishes). We
have thus to solve the 42 = 16 field equations. It works simply by brute-force: Plugging into the Ricci tensor the
Christoffel symbols just retrieved. What one uses then repeatedly is:
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Many Christoffel symbols are 0.

e Time derivatives 0y are 0 as the metric is static.

e The coordinates are independent, i.e. a function f only depending on 6 does not depend on r: 9, f(6) = 0

e The product rule of derivation: (fg) = f'g+ f¢’
. : P
e Expanding out the contracted sums, like T’ A = Fouo + I‘lﬂl + I‘Q#Q + I‘3#3

All this is not difficult, just cumbersome.

Roo = R)‘o/\o = 8,8rﬁoo - 30F[30ﬁ + Fﬁoo JBO’ - Fﬁoo 00[3
= oI"hg + 0ilgg + 0T % + 5T %0 — 0+ ..
B'(r :
= 0+ 37-214((73 + 0+ 0+ %%, + ool %, + T3 %0 + Dol %, — ..
B'(r)

B"(r)  B'(r)
2A(r)

= 3Am aem A M0t
5B ’+E(2/+£+1+1)—...
24 2A2 24°2B  2A r r

= = (T%I%0 + TTo0 + T%eT %0 + T%0T 00
+T700T %1 + Tl o1 + Dloygl%1 + Tl
+T%00T % + Tl oz + Tl %2 + T30l
+T%00T %03 + T2oT o3 + Dol %3 + Tl %3)

/ / / /

B
= ,,,—[(O+ﬁﬂ+0+0)+(ﬂﬁ+0+0+0)+(4xO)+(4><O)}

B// A/B/ B/2 A/B/ B/ B/2
T 94 242 T1AB T 1Az T7A 2BA
B// A/B/ B/2 B/

54 1A 1AB TirA

With Ryg = 0 we thus get
0=2rABB" —rBA'B' —rAB"? + 4ABB’
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R = R\, =0T, — alrﬁm +1%,T%, — PBMFUM%
= 0ol + O + 0T + 05T% ) — 01 (D00 + Ty + T2 + %) + ..

A(r) B'(r) A(r) 1 1
= 040, 0+0—-0, -+ -
Forsam PO -G taam e TR T
= “5p Top2 B'+ 2T T % + T, + T2 %, + 17, 1%, —
B// B/2 2 A/ 0 1 9 3
= —ﬁ—l—@—&—ﬁ—f—O—i—ﬂ(Fw—&—Fu+F12+F13)+O+0—...

_ B2 A A1
2B 2B 2 242B 24 r ' 7
B// B/2 2 A/B/ A/Q A/
aptoptE T e T
= = (%% +T% I +T% T +T%,T%,
A+, 0% + T Ty + 1%, 1%, + T T2
0%, M0 + T Ty + 1% 0%, + 15,19,
%, M0 + T2 T g 4+ T% 125 + T2, T2 5)
BIZ 12 1 1
= - [(432 +0+0+0)+(0+ Ve +0+0)+(0+0+T—2+0)+(0+0+0+r—2)]
B// B/2 2 A/B/ A/2 A/ A/2 2
T Tt teTmpteET AT e e
B// B/2 A/B/ A/
- Taptapt

With R1; = 0 we thus get

iAB T rA

0=—2rABB" + rAB"? + rBA'B’ + 4B A’

Adding the two equations from Ry and Rj; one gets
0=4ABB' +4B%*A’ = 4B(AB' + BA') = 4B(AB)’

If the derivative of the product AB is 0, the product needs to be a constant,

Knowing A(r), we also know B(r) up to the constant factor Kj.
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So, let’s turn to Ry :
Ryy = Ry =0sT" — a2Fﬁ25 +17%, % — e, %8
= 00l%; + 01Ty + 0517y + 93T%, — 0a(T%g + Tyy + %y 4+ T'hs) + ...

- (o-a,«ﬁjtow)—%(o-ﬁwﬂoww...
_ 1 n r ") + 1 +
N A(r) — A2(r) sin?9
1 rA 1 ” o - o
= —Z‘FF*‘m‘FFOﬂFoJ"‘IﬂQQF1a+F222F20+F322F30—

1 rA 1 r
— _ZJFF*@JFO_Z(F010+F1”+F212+F313)+0+0_"'

_ 71+LA+L*£(E+£+}+1)+O+Of
T AT A Tsin?9 A2B 24 Ty

3 A1 B
A 242  gin?¢ 24B 7

= = ([T % + Tl g + Tl %y + T%, T,
AT %) + ol + Tool%y + T,
FT%0T % 4+ T2 5Ty 4+ T%5T %, + T5,T %,
HT%0oT %, + T25T s + Dol %3 + ToT%,)

1 1
= ,,,—[4><O—|—(0+0—Z+O)+(O—Z+O+O)+(O+O+O+cot29)]

1 n rA’ n 1 rB’ 20
= —+ —+——— —co

A 242  &in?9 24B

1 rA’ rB’

Attt T oaB
With Rgg = 0 we thus get

0 = —24AB+rBA' +2A°B —rAB’
Now we can plug in B = K; /A, which implies B’ = —K;/A%A’.

K K
0 = —2K1 +TIA/+T'AFAI+2K1A
A/

Which is a differential equation for A:

Separating variables:

(179)

(180)

(181)

(182)

(183)



Integrating:

A
lnA—ln(l—A):lnr+K2—>ﬁ:K2><7° (184)
with integration constant K5. And from this one has
A(r) = _ (185)
1 + Klz'r
‘We have thus )
1 1\
ds? = =Ky (14+ — | Pdt* + (1 4+ — | dr* +r?d? + r?sin® 0d¢? (186)
KQ’I“ KQT

1
For r — oo, the metric shall be flat Minkowski space. In that limit (1 + K%ﬂ) — 1, and thus K1 = 1. Ky is

determined from the weak field approximation. With ggg from equation 106:

2® 2GM rs
9002—1+h00=—1—:_(1_ 2>:_(l_> (187)

c? rec r

we see that Ky = —c?/(2GM). In the last equality we have defined the Schwarzschild radius

2GM
rs == (188)
The Schwarzschild metric is
-1
ds? = — (1 - LS) dt? + (1 - LS) dr? + r2d6% + r*sin? 0d¢> (189)
T T

For an illustration: If we choose a constant time, and the equatorial plane with § = 7/2 (which is any arbitrary
plane due to the spherical symmetry), one gets for the hypersurface:

ds}, plane = (1 - Ti) Ty r2dp? (190)
r
This looks very similar to flat space in cylindrical coordinates
dz\>
dsfy, = dr® +d2* +1d¢” = <1 + (m) ) dr? + r2dg? (191)
If one chooses

z(r) = 2y/rs(r —rs) (192)

one can "embed” the hypersurface in flat space, illustrating the curvature of the Schwarzschild metric (figure 6,
Flamm’s paraboloid).
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Figure 6: Flamm’s paraboloid showing the curvature of the Schwarzschild metric. The 1D-radial function is rotated
around the z-axis here for illustration. This is not a gravitational well. The paraboloid does not continue further
down, but there is a minimum radius at r = rg, where z(r) = 24/rs(r — rg) gets infinitely steep, i.e. dz/dr = oo.
Source: Wiki
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