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’ quantity ‘ symbol ‘ value ‘
2.998 x 10" cm/sec
6.673 x 107° cm?3 /g sec?
6.625 x 10727 erg sec
4.80 x 10719 esu

speed of light in vacuum
Newton constant

Planck constant
electron charge

ol>Qlo

Table 1: universal constants

quantity \ symbol \ value

astronomic unit | u.a. 1.49598 x 10° Km

parsec pc 3.2615 light-year
3.0856 x 103 Km

Hubble constant | H, 70 (Km/sec) /Mpc

Table 2: astronomic quantities

Notations and definitions

Indices: Latin indices i, j, k, ... and Greek indices «, 3, ...1s, v, ... assume the values 0, 1,2, 3, while
Latin indices a, b, ¢, ... assume the values 1,2,3 or 2,3 as specified in the text. As usual, it is
implicitly assumed that repeated indices are summed on the range of they values.

Signature: for the metric we shall use the signature -,+,+,4, which is convenient in the limit
processes.

Units: in the last part of the lecture we shall use units in which the speed of light ¢ = 1. By a
dimensional analysis, the final equations could be written in standard units.
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‘ diameter in Km ‘ mass in g ‘ density in g/cm? ‘

sun
earth

1392000
12757

2 x 10%
6 x 10?7

1.4
2.5

Table 3: sun and earth

’ planet \ diameter \ M /My \ revolution \ rotation \ distance from the sun \ eccentricity ‘
mercury 4878 | 0.055 88 59 58 0.2060
venus 12180 | 0.815 225 243 108 0.0070
earth 12757 1 365 1 149.598 0.0167
mars 6787 | 0.107 687 1 228 0.0934
jupiter 142200 | 317.89 4329 0.41 778 0.0485
saturn 119300 | 95.17 10753 0.43 1427 0.0556
uranus 51200 | 14.60 30660 0.70 2870 0.0472
neptune 49500 17.2 60152 0.75 4497 0.0086
pluto 2290 | 0.0022 90410 6.3 5900 0.2500

Table 4: planets

Solar system

The astronomic unit corresponds to the mean distance between sun and earth. In the tables 3 and
4 there are some (approximated) values of quantities related to the solar system. Units measure
are the following: diameter in K'm, mass in comparison to the earth mass, period of revolution and
rotation in days, mean distance from the sun in M Km = 10 Km.

We recall that:

e Fccentricity e of an ellipse: is the ratio between the focal distance and the major axes. Its
value is in the range [0, 1]. 0 corresponds to the circle and 1 to the straight line (limit case).

e Trigonometric parallax of a star P: is the maximum angle under which the star “sees” the
earth-sun system during the whole year. (It is the angle in P of the isosceles triangle built up
with the three points star-earth-sun).

e parsec: is the distance at which the star has a parallax equal to a second of degree.

vi



1 Introduction

Here we give a schematic description of the ideas concerning physics and geometry, which had great
importance in the theoretical development of General Relativity.

The Geometry: from Euclid to Riemann

The Euclidean geometry (Euclid, 325 b.c.), is based on five postulates, one of which (the fifth) (the
parallel postulate: given a straight line and an external point, it exists a second straight line,
parallel to the first and crossing the given point), always has been accepted with “extremely care”
(from Euclid himself) and many attempts have been made in order to derive it from the previous
four, the last one due to Legendre!.

In the year 1733, the Jesuit Saccheri? tries to construct geometries without the use of the parallel
postulate, but the so called non-Euclidean geometries effectively appear in the 19" century after the
works of the three mathematicians: Gauss®, Lobachevskii* and Bolyai®, who independently discover
the geometry of the hyperbolic plane, which is a surface with negative, constant curvature and for
which the fifth postulate does not hold. Such a surface can not be immersed in a 3 — dimensional
space and so it is not possible to see it (as the sphere). It is only possible to characterise it by an
intrinsic geometric description.

It is interesting to observe that Gauss proposed an experiment in order o verify which geometry
corresponds to the physical 3 — dimensional space. In fact, using a theodolite, he measured the
internal angles of a big triangle, the vertex being the tops of three mountains in Bajern. The result
was 180° in agreement with Euclidean geometry. It is also remarkable that he implicitly assumed
that the light moved on geodesics (the curves of minimal distance between two points).

The non Euclidean geometry originally formulated for the surface, has been extended by Riemann
to spaces with arbitrary dimensions (Riemannian geometry) and then developed by Christoffel”,
Ricci®, Bianchi? and Levi-Civita'?.

6

The Physics: from Galileo to Einstein

The Newtonian mechanics'! is based on a privileged family of reference frames (inertial frames), in
which the physical laws do not change. (Galileo Relativity principle-Galileo Transformations'®). All
inertial reference systems are moving with constant velocity with respect to the absolute space, its
existence being assumed “a priori”.

o The bucket experiment. Newton himself proposed an experiment in order to verify the existence
of the absolute space. The bucket full of water rotates around its vertical axis and one observes

L Adrien Marie Legendre (France) 1752-1833.
2Giovanni Girolamo Saccheri (Italia) 1667-1733.
3Johann Carl Friedrich Gauss (Germany) 1777-1855.
4Nikolai Ivanovich Lobachevskii (Russia) 1792-1856.
®Jénos Bolyai (Romania) 1802-1860.

6Georg Friedrich Bernhard Riemann (Germany) 1826-1866.
"Elwin Bruno Christoffel (Germany) 1829-1900.
8Gregorio Ricci-Curbastro (Italia) 1853-1925.

9Luigi Bianchi (Italia) 1856-1928.

19Tullio Levi-Civita (Italia) 1873-1941.

Hlsaac Newton (England) 1642-1727.

12Galileo Galilei (Italia) 1564-1642.



that the water assumes a parabolic outline when it also rotates with respect to the absolute
space, the rotation with respect to the bucket being not important.

Leibniz'® with other people criticises the Newtonian hypothesis because there are no physical
(philosophical) reasons for the introduction of the absolute space. According to him only the relations
between the material bodies have an intrinsic physical meaning.

The first constructive attack to the Newtonian hypothesis has been done by Mach!. According to
him, all celestial bodies have an influence on the reference systems. This means that the water in the
bucket assumes the parabolic form when it rotates with respect to the other bodies in the universe
and not with respect to a hypothetic absolute space. Mach himself proposed an experiment in order
to measure the “inertial forces” which act on a massive body at rest inside a rotating massive shell
(Mach principle). General relativity gives a “partial answer” to the Mach principle (Lense-Thirring
effect), but the problem is still open.

The Galilean relativity principle (more precisely the Galileo transformations) starts to be crit-
icised with the formulation of electromagnetism '°, because electrodymamics laws do not change
according to Galileo transformations when one changes the inertial frame. For example, electromag-
netic waves move with a constant velocity (the speed of light) independently on the observer or the
source. In order to preserve the relativity principle and a constant speed of light it is necessary
to change the transformation laws between inertial frames by replacing Galileo transformation with
Lorentz transformations'® (Poincaré'”) and all physical laws have to be covariant with respect to
such transformations (special relativity principle'®). Mechanical laws can be easily modified in such a
way to satisfy the special relativity principle, but this does not happen for the Newton gravitational
law.

The General Relativity

It is a relativistic theory of gravitation, which has been built up in order to satisfy purely theoretic
and philosophic requirements (at that time no experimental measure justified the abandonment of
Newtonian gravitation law) and which unifies the inertial forces with the gravitational ones (according
to Mach ideas), by extending the relativity principle from the inertial to all reference systems.

General relativity can also be seen as a geometrical theory because it is strictly related to the
geometry of space-time. The matter bodies create the geometry of the space-time in which they
move.

The construction of the whole theory, due to Einstein, has required about ten years, during which,
with the help of his friend Grossmann'?, he studied the tensor calculus and the Riemannian geometry,
which are extremely important for the development of the theory. Here the principal steps:

1907: Principle of Equivalence;
1913: Principle of General Relativity; gravitational field described by a tensor;

1915: Final form of General Relativity theory;

13Gottfried Wilhelm von Leibniz (Germany) 1646-1716.
Ernst Mach (Méhren)) 1838-1916.

15James Clerk Maxwell (Scotland) 1831-1879.

6 Hendrik Antoon Lorentz (Holland) 1853-1928.
17Jules Henri Poincaré (France) 1854-1912.

18 Albert Einstein (Germany) 1879-1955.

YMarcel Grossmann (Hungaria) 1878-1936.



1916: Schwarzschild?® solution (spherical symmetry);
1917: cosmological models by Einstein and de Sitter®!;
1922: cosmological solution by Friedmann??;

1930: cosmological model by Friedmann-Lemaitre?*-Robertson?* -Walker?®;

1963: Kerr?® Solution (axial symmetry).

20Karl Schwarzschild (Germany) 1873-1916.

21'Willem de Sitter (Holand) 1872-1934.

22 Aleksandr Aleksandrovich Friedmann (Russia) 1888-1925.
23 Georges Edouard Lemaitre (France) 1894-1966.

24 Howard Percy Robertson (USA) 1903-1961.

25 Arthur Geoffrey Walker (England) 1909-2001.

26Roy Patrick Kerr (New Zealand) 1934.
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Figure 1: Eotvos experiment

2 The Principle of Equivalence

In General Relativity the equivalence between the mass of a body (inertial mass) and its “gravita-
tional charge” (gravitational mass) is assumed “a priori” as a fundamental principle. In Newtonian
theory such an equivalence is a pure accidental fact, based on the Ectvos?” experiment (1889), which
has a very high precision (A /m) < 1079. 107! (Dicke, 1960), 1073 (Adelberger et al. , 1999).

Recall that inertial mass m; and gravitational mass m, enter dynmical and gravitational laws
respectively, that is

F=ma, E, = —GmgM,7/r®, m; =myg. (2.1)
Here F is a generic force applied to the particle, while F; is the gravitational force generated by the
particles.

2.1 The Eotvos experiment

The apparatus is the one in figure 1. On the two heavy bodies act the gravitational forces, pro-
portional to the gravitational masses m,, M,, the inertial forces (due the rotation of the earth),
proportional to the inertial masses m;, M; and the torque 7 due to the presence of the string. When
the system is in equilibrium, one has the relation

T = lm;a; — LM,;ay , l(mgg — m;a,) = L(Myg — M,a,) ,

where ¢ is the gravitational acceleration and a;, a, the components of centrifugal acceleration, which
satisfy a; < ¢, a, < g.
From system above it follows
TNlatmg<—M> .

My g

The measured value of 7 is vanishing and this means that m;/m, = M;/M,, that is, the inertial
mass is equivalent to the gravitational mass with an appropriate choice of the unit measure.

2TLérand Baron von Eotvos (Hungaria) 1848-1919.



2.2 Formulation of the principle of equivalence

In every point of space-time and in an arbitrary gravitational field it is always possible to choose a
reference frame where, in a “small” region of space-time, all the laws of nature are the ones which
one has in the absence of gravitation. In other words, locally it possible to choose a Minkowskian
reference frame (the locally inertial frame-the frame in free fall). (Is has to be remember that around
every point of an arbitrary surface, is is possible to choose coordinates where the Pitagora’s theorem
holds (normal or Gaussian coordinates).

This formulation of the principle of equivalence is said strong, because it is valid for all inter-
actions. There is a weak form, restricted to mechanical laws only, which is essentially the same
thing as the equivalence between inertial and gravitational mass. Finally there is a third formulation
medium-strong, which concerns all interactions but the gravitational one. This is due to the fact
that the precision of experiment (107'%) tests also the electromagnetic binding energy, but not the
corresponding gravitational one.

General relativity is based on the strong principle of equivalence and in the following we shall
always consider such a formulation.

2.3 The Motion of a test particle in a gravitational field

As a first application of the principle of equivalence now we derive the differential equation which
describe the motion of a free particle in a given gravitational field. We can choose a local inertial
frame in which the motion of the particle is the one of Special Relativity. Of course this holds in a
small space-time region. If the region can be extended to the whole space-time, the “gravitation”
is simply due to “apparent forces” due to the fact that we are using an accelerated frame in the
Minkowski space?®).

If X* are the coordinates of the test particle in such a reference, then the equation of motion
reads

2Xr  dPXH
c2dr?  ds?
where ds is the invariant interval, d7 the proper time and 7, the Minkowski metric.
We indicate by z* the coordinates of the particle in an arbitrary reference frame

0, ds? = - dr? = N dX'd X", wyv, ... =0,1,2,3,

(4,7, k,... = 0,1,2,3). We assume z* = 2%(X*) to be a “smooth” function (continuous, differentiable,
invertible, etc..). Then we can set
oz oXH ; ; y 5
Al = ANX) = R B = Bi(z) = o AlBt =g, AB{=0/. (2.2
The interval ds is a scalar. It has the same value in all reference frames, then we get
ds® = 0, dX"dX" = g,sda’dz® grs(x) = n,BEBY . (2.3)

grs(x) is the metric tensor, which takes into account of the presence of a gravitational field as well
as of the choice of the coordinates. It is equivalent to the Minkowski metric only in a local inertial
frame.

For the equation of motion we get (we use compact notation 9, = 9/9z*)

PX* d ozt 02x’ oxt Ox?
T _pr . B
ds? ds ( ' ds ) ' ds? +0

I ds ds

Z8Hermann Minkowski (Lithuania) 1864-1909.



Finally, multiplying by the inverse matrix Aﬁ we obtain the equation of motion of the test particle
in the arbitrary reference frame, that is
d?zk ., Oxt 027

752 + I Is ds 0, geodesic equation. (2.4)

p  0zF 9PXH
BOXHE Qxidxd

ffj = f?i = A;]i aszH =B} 0;A connexion. (2.5)

The quantity f‘fj =T g“l (Christoffel symbols or Levi-Civita connezion ) plays the role of “gravita-
tional force”. It is completely determined by g. This can be seen by deriving the expression of the
metric and using the symmetry properties of the connexion. We have

6kgij = 77;“, [8kBZ“ 8SX” + 8kBs” 8],XN]

and since

v __

77;11/ Bl gz’j A‘]u )
we also obtain
Okgij = Lhig; — Ty (2.6)

In order to invert the latter expression we write it in three different ways obtained by cyclic permu-
tation of the indices, that is

A

Oigie = Thgw—Thay . (2.7)
jgri = fé'kgli - f‘é‘iglk : (2.8)

By summing (2.7), (2.8), subtracting (2.6) and taking into account of the symmetries properties of
I}, we finally get

Il = ;gkl (Oigji + 0590 — 01945) - (2.9)

Note: The evolution parameter in the geodesic equation (2.4) is not really important in the sense
that it will be expressed in terms of the time ¢ when the equations will be explicitly solved. This
means that one can use an arbitrary evolution parameter and not necessary the proper time. Using
an arbitrary evolution parameter o, the geodesic equation (2.4) holds also for massless particles for
which the proper time is vanishing. It has to be remarked that (2.4) has that form only for parameters
related to proper time by an affine transformation (linear transformation).

2.3.1 The Newtonian limit

In order to understand the physical meaning of metric and connexion, on the geodesic equation
we perform the Newtonian limit. This means that we consider “small velocities” and weak fields
independent on time. Then

dz°

Slas

dz®
ds

PTullio Levi-Civita (Italia) 1873-1941.



Using such an approximation the geodesic equation becomes

BRIV AN dz0\ 2 A 1 1
152 + 1'% (ds> ~ 0, Ihy ~ 5 9" 01900 ~ ~3 ™ 0hoo

from which
d?z° A dz®\? A2z A dz0\? 1 dz0\ >
— ~ =I5 (=] ~0 —— ~ T8 == == 0%0he | —— | -
ds? 00<ds> ’ ds? 00<ds> 277 loo(ds)

From the first equation above it follows that 2° ~ ct (¢ being the time of Newtonian’s theory), while
the second equation can be set in the form

>z 1

_ 2%
ﬁ = 5 Cc Vhoo (210)
and has to be compared with the analog Newtonian equation
d*z > MG
_ = Vo, = —— 2.11
dt2 ¢ ¢ r ( )

¢ being the potential (Newtonian) for unit mass, G the gravitational constant and M the mass of
the body which generates the gravitational field. We see that (2.10) gives the correct limit (2.11) if

goo ~ — (1 + 2¢> : (2.12)

All components g;; of the metric are (remarkable) different from 7;; only in the presence of high
gravitational fields. For example, on the surface of the earth one has hgy ~ 107°.

2.4 Coordinate systems, reference frame and measurable quantities

As it is clear from examples above, the gravitational field modifies the metric tensor g;; and as a
consequence, the geometry of space-time will be different from the Minkowskian one. In general it
will be a Lorentzian (pseudo-Riemannian) geometry. Only locally it will be possible to choose a
coordinate system where special relativity holds.

The coordinates can be chosen in an arbitrary way and they do not have a direct physical mean-
ing. What are physical relevant are invariant quantities (scalars) with respect to general coordinate
transformations.

In the following we shall talk about coordinate system and reference system without distinction,
but it has to be remarked that at any reference frame, realised by physical objects (bars and clocks)
corresponds a coordinate system, but in general it is not true the “vice-versa”. The coordinate
system has to satisfy some constraints in order to be realised by physical objects.

Given a coordinate system {z*}, the invariant interval is given by

ds® = gijdxidmj ,

where g;; depends (in general) on z*. The fact that g;; is different from Minkowski metric does not
necessarily mean that we are in the presence of a gravitational field. For example, the Minkowski
interval in a rotating reference frame with angular velocity w around the z axis assumes the form

ds* = —*dt* + dr* + r?dp* + dz* = —(* — W*rH)dt? + dr* + r?dp? + 2wridtde + dz*, (2.13)

7



where (7, ¢, z) are the coordinates of the point P attached to the rotating body, while (r, p = p—wt, z)
are the coordinates of the same point as seen by an observer on the ground. According to the principle
of equivalence the metric in (2.13) can be seen as due to a “factious gravitational field”.

The proper time d7 is the one measured by a clock at rest with the event, that is

p ds \/’900| dx?
rT=———=r—

C C

For the specific example above we have

w2r2

dr =14/1— dt, (2.14)

2
in agreement with the the formula of Special Relativity (the clock in P moves with velocity wr with
respect to the observer on the ground O. At any time we can attach at P an inertial reference frame
O’ with velocity wr with respect to O and apply the formulae of Special relativity).

Using the principle of equivalence, the formula (2.14) can be also read in a different way. We can
think about two different clocks in the points P, = (r,$,2) and P, = (r, ¢, 2) of a “gravitational
field” given by the metric in (2.13). In such a case the ratio between the proper times measured by
the two clocks reads

dm |900(P2)]

Tﬁ - \V |900(P1)| ‘

For the principle of equivalence we expect such a result to be valid in a generic gravitational field.

Note: in general the integration of the proper time does not have a physical meaning because
dr is not an exact differential form and so its integration depend on the path. We can integrate dr
in order to obtain the finite duration of a phenomena if the initial and final events have the same
spatial coordinates. On the contrary, it is always possible to integrate the coordinate time dt because
it is an exact differential form.

2.5 Time dilation

We consider an arbitrary metric independent on time z°, two events E, = (2°, %), Fy = (2° 4 d2°, 7)
at the same spatial point and two observers P, = (z%), P, = (%) at rest with respect to 7.

The coordinate interval between the two events is dz® for all the observers, but the interval
measured in proper time depends on the observer. We have

drs |900(P%)]

dT-l - \ |900(P1>|'

This means that the rate of a clock depends on the gravitational field. In particular, the clock in
the presence of gravitation is always in late with respect to the clock in the absence of gravitation.
Such an effect has been measured by astronomical and also terrestrial experiments. It has not to be
confused with time dilation of Special Relativity, where the effect is due to the relative motion of the
two clocks. Of course, if these are moving in a gravitational field, both the effects have to be taken
into account.

(2.15)



2.6 Spatial distance and spatial geometry

Now we are going to define the spatial distance between two infinitely closed points A and B. To
this aim we consider a light signal living the point A at the time 2° + da?, reflecting in B at time
2% and arriving again in A at time z° + dx9. For the light one has ds* = 0, which is a second order
algebraic equation which permits to derive dzf, in terms of the metric. In fact

1
da 5 = Jon |:_90adxa F \/(90a90b — googap)dxdat| a=1,23,
00

from which

2 g 2
Az’ = dIg - dx[l) =— \/(g()aQOb — Go0Yap)dxdab AT = 900 Az = 2\ /ypdaedat
goo c c
where
9oagob a a
Yab = Gab — Og“o : V=g, det g = goo dety
00

and AT is the distance (in proper time) between two events in the same spatial point (where the
signal starts and arrives).

Now it is natural to define the spatial distance between the points A and B by mean of the
equation

cAT
Ao = 5 — do’= %bdx“dxb .

Yab defines the spatial geometry. Note that if the metric depends on time, then it has no meaning to
integrate do in order to find the distance between far points, because this depends on time.

2.7 Some properties of the metric
The metric of a gravitational field in a physical reference frame must satisfy the following properties:

det g < 0: real gravitational field ,
Goo < 0: physical reference frame built up with material bodies ,
Vab positive quadratic form .

The third condition assures the spatial distance to be always positive.

2.8 Static and stationary fields

A gravitational field is said to be constant if it is possible to choose a coordinates system in which g;;
does not depend on the coordinate time x°. More precisely, a constant field is said static if ggq = 0
and stationary if go, # 0 (a = 1,2,3). In the latter case the metric is not invariant with respect to
time inversion. A static field for which goo = 1 is said wltrastatic and the corresponding reference
frame is said synchronous, because for such frames it is possible to synchronise the clocks. Moreover
in such frames the coordinate ¢ = 2° /¢ represents the proper time and the lines t = constant are the
geodesic on the 3-dimensional section because ds? = —(daco)2 + Yapdzda®.

e In any gravitational field it is always possible to choose coordinates for which gy, = 0, but in
general these depend on time.



2.9 The shift of spectral lines

Analysing the light arriving from distant stars we can read off atomic spectra similar to the ones
which we observe on the earth, but shifted (to the red), the shift depending also on the frequency
of the spectral line. Such a phenomena is a direct consequence of time dilation and represents a
confirmation of the principle of equivalence. Here we shall give three different derivations of such an
important effect, two of them explicitly based on the principle of equivalence,

2.9.1 Derivation I

Let us consider a stationary gravitational field (this means that exists a coordinates system in which
the metric does not explicitly depend on the coordinate time x° = ct) and an atom in the point S
(the source) which performs a transition and emits photons with proper frequency vy (by definition,
the proper frequency is the one measured by a clock at rest with the atom).

In the period Arg = n/yy the atom will emit a number n of waves and these will be received
in the point O (the observer) during the period Ary. For the observer in O such waves will have a
frequency v = n/Arto. Because the field is stationary, the (coordinate) travel time At is the same
for all the observers and in particular Atg = Atp. In this way

Atg |900(5)| v 900(S)|
ATo |900(O)] o 1900(O)]
For weak fields gog ~ —(1 + 2¢/c?) and so
A A
20 Av=v—w, Aj = 6(S) ~ 6(0). (2.16)
0

According to the latter formula, the frequency undergoes a shift (to the red in the case sun-earth
because A¢ < 0) which is proportional to the frequency itself. Note that it is assumed that the
proper frequency is independent on the gravitational field and in some sense this can be considered
as a definition of standard clock.

It has to be remarked that it is quite difficult to measure such an effect, because it is “covered” by
the Doppler effect®® due to the motion of the source, the thermal motion which spread the spectral
lines and the convective motion of the solar atmosphere.

Moreover, the formula in (2.16), as it stands, connot be used for the sun-earth system, because
it has been derived for two points at rest in a stationary gravitational field, but the observer on the
earth is in “free fall” with the earth itself in the gravitational field generated by the sun, then the
formula has to be corrected by taking into account of doppler effect due to the motion of the observer
too.

There are however experiments prepared in the laboratory (Pound e Rebka (1960)), which agrees
with (2.16) and confirms the principle of equivalence.

e The formula (2.16) can be also derived by using a semiclassical treatment of photon and the
conservation of energy. In fact one has

hvg (1 + gb(S)) = hv (1 + ¢(C?>> )

c2

from which equation (2.16) directly follows. Here h is the Planck’s constant.

30Christian Andreas Doppler (Osterreich) 1803-1853.
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2.9.2 Derivation I1

Let us consider an atom at P (the sourse) on a rotating body with angular velocity w, with respect
to an inertial observer O.

At a generic time t, the point P overlaps a point P’ of an inertial system O’, which moves
with velocity wr with respect to O, r being the radial coordinate of P in the system O(t,r, 3, ¢.).
According to Special Relativity one has

2.2 2 2,.2
dr = dt 1_WT =dt/1+ ¢c’ ¢c:_wr>
V c? \ c? 2

where ¢, is the centrifugal potential, d7 the proper time for the observer in P’ and dt the proper
time for the observer O. During the period dr the atom emits n waves with frequency 1y and these
are received by O during the period dt. Then

Av 9 _ A

Vo c2 c2

drip=n=dtv —
Using the principle of equivalence, the result can be extended to an arbitrary gravitational field.

2.9.3 Derivation III

Let us consider an atom in the terrestrial gravitational field situated at a given quote z = d with
respect to the ground. The atom emits radiation with proper frequency vy and this arrives at z =0
with frequency v,

By means of the principle of equivalence, the gravitational field can be “replaced” by a field of
inertial forces @ = gl; generated by an accelerated lift, k being a unit vector. For the observer inside
the lift, the signal is emitted at ¢t = 0, with frequency v, when the velocity of the atom is zero and it
is received at t ~ d/c, with frequency v, when the velocity of the lift is ¢ ~ (gd/ c)lg Due to Doppler
effect v # 1. The Doppler formula for the general case reads

v \/1—U2/C2

vy 1—wcosa/c’

where v = |7] and « is the angle between the direction of the signal and the velocity of the detector.
In this particular case a = —7 and so

1% \/1—’()2/02N1_9 . g: gd_Agbg

Y 1+wv/c c 0 c? 2’

Ag, being the difference of fields between source and detector.
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3 Tensor Analysis

In the following we shall deal with quantities that do not change under coordinate transformations,
like pure numbers and functions, but also with quantities that change when we pass from a reference
frame to another one, like vectors and tensors. In the present context, the simplest way to define
tensors is by means of the transformation rules of their components with respect to general coordinate
transformations.

To this aim, in a N—dimensional manifold M” we consider two coordinate systems z = {z*}
and 7 = {7*}, (k =0,1,2,...N — 1) the two matrices which relate the two systems

I~y (2
a; = gzj , b; = g; ) albf = %, biak = o5 . (3.1)
and the components of tensors (intrinsic invariant quantities) in both the coordinate systems. Ac-
cording to the following transformation rules, we call scalars, vectors and tensors the quantities we
are dealing with. More precisely

tensor transformation rules
scalar ¢ does not change, that is ¢(Z) = ¢(z)
controvariant vector V* VE = afVﬂ
covariant vector Vj, Vi =0V,

. . . iady S0 N y N
controvariant tensor of order p (p indices) TS = alal,al,al, T

. . . nd -/ ) ! !
covariant tensor Tyj.s... of order q (q indices) Tijrs... = b; b; broy . Tyjirg ..
: ij.. Fig.. _ i o0 s’ i’ 5’

mized tensor T2 of order (p,q) 1 = ayay..bybg Ty

As in special relativity lower/upper indices represent covariant/controvariant indices respectively,
but here the transformations matrices are arbitrary matrices and depend on the considered point.

3.1 Examples

It has to be stressed that the coordinate * is not a vector. Coordinates are simply labels which
realise a correspondence (one to one) between the points of a region of the manifold we are dealing
with and a region in R*. In the language of differential geometry this is called a chart. In order
to cover all the manifold in general more charts are necessary. The collection of the charts is called
atlas (for example, in order to cover the sphere S, at least two charts are necessary).
On the contrary, the differential dz* is an important example of controvariant vector and we have
B oz*

di* = 907 dx! = afdﬂ )

In a similar way, the derivative of an arbitrary function (scalar) is a covariant vector. In fact

8¢  9¢ 0x7 ;0o

ok Oxd 0zk K Qi
The (tensor) product of a tensor of order p with one of order ¢ gives rise to a tensor of order p + g,
while the contraction (the sum over a covariant-controvariant index) on a tensor of order p gives rise

12



to a tensor of order p — 2. In particular, the contraction of any covariant vector with a controvariant
one gives rise to a scalar. In fact

~idk. i § k T Ty A i3k 1 s
Trsk. — ai/a]’/akl.-.T,r,/s/k//“.br bs bk cee T ai/a/j/-..Tr/s/k.“br bs e

VED, = af b V¥ U = VU
An important example of tensor of order two is given by the metric, which, according to (2.3), is
given by
oXH* oX” oxX" oxXv

g’L] = 81‘1 % T],ltV? glj = ajz 85] T]MV?

from which directly follows
gij = bzbng87 9ij = ;ajgrs . (32)

Then the metric is a covariant tensor of order two.

Now we are going to show that the inverse matrix of the metric is a controvariant tensor. To
this aim it is convenient to use a matrix notation, then we shall indicate by m a generic matrix with
component m;; and by m” the transpose matrix with component m;;. Using this notation, equation
(3.2) can be written in the form

g=a"ga (3.3)

and as a consequence

The desired result can be found by multiplying the latter equation by [a’ gg]_l

a ! =0b. We get

and recalling that

b g—l bT — g—l S g—l =a g—IQT ) (34)

We see that the matrix gfl transforms like a controvariant tensor of order two. As usual, we indicate
its components as ¢g/. So

o 1] ik Y
g7 = a,al grs, 9" gk; = 05 .

From the latter equation one sees that the Kronecker symbol (5; is a mixed tensor of order two.
By means of the metric tensor we pass from covariant to controvariant components of a tensor
and viceversa. One has

ig... i _jj’ _ 5.
TV = g g‘” 7—;/]/ , ﬂ] = gzz’g]]’T J .

For this reason, on a Riemannian/Lorentzian manifold there is no deep difference between covariant
and controvariant tensors.

13



3.2 Tensor densities

On a Lorentzian manifold an important role is played by the determinant of the metric g = | det g,
Such a quantity is not a scalar but a scalar density of weight —2, because it transforms like a scalar
apart the factor J=2, J being the Jacobian of transformation. In fact we have

= ‘det a;-

_Joe
|0z

gij = b:bj Grs = g=detg= J_Qg, J = ’det b;

We call tensor density of weight w a quantity 7 which transforms homogeneously like a tensor apart
a factor J*. An arbitrary tensor density can always be expressed in the form 7 = T ¢g~*/2, T being
an ordinary tensor.

The square root \/m is a scalar density of weight —1. This is particularly important because
it permits to build up invariant volumes. For a coordinate transformation the infinitesimal volume
d"z is not invariant, but

A"z =Jd"r = \/|§g|d"F=/|g|d"x.

Another important example of tensor density of weight —1 is the Levi-Civita symbol €¥“"$. This is
completely antisymmetric and e%123-VN=1 =1,

It has to be noted that both tensors and tensor densities transform homogeneously. This means
that if they are vanishing in a given reference frame, then they are vanishing in all reference frames.

3.3 Affine connection

We shall deal also with quantities which do not transform homogeneously and so they are not tensors
or tensor densities. We have already seen that we can always choose a coordinates system in which
all Christoffel symbols are vanishing, but in an arbitrary frame this is not the case. This means that
the connection is not a tensor because it transforms non homogeneously. In fact, recalling definition
(2.5) and (3.1) (from now on we suppress the “hat”)

) . 0 -
E _ Ak E _ Jk
Fij - Au Ort BJH’ Fij - Au OFi B;’
OxF OXH . ,
k __ _ i Y k s
A’u,_ OXH’ ]I:_ axk ) AuB‘;J‘_(S‘j’ AI/BM_(SIII’
~ ox* ~ oXH S . .
k o ) Y k _
B Xk Z_aj;k’ Au JH_(SJ’ AI,B,‘;—(SZ‘,‘,
4B =1, A,B] = .
we get
. 0 0

By = Ao (Bivg) = Aubi o (Bi3)

= Aﬁb;bjaisBﬁqLAﬁbngaisbj
= apbibS T+ al bjo,b"

oz% Oz" Oz . 0% *a™
dam 9% 03 " dam OFidd
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We see that the connection transforms as a tensor with respect to linear transformations, because in
such a case the transformation matrices a and b are constant quantities, but it has also to be noted
that the difference between two different connections is a third order tensor. In fact, if I' and ¥ are
two distinct connections we get

[}(2) = B5(F) = apbib; [T (x) — Bi(2)] -

mYi Vg

IE (%) = ak bibs T () + al, b1 o,
SE(Z) = ak bibs S (2) + ak b1 o b

mYi Vg

3.4 Covariant differentiation

Now we want to generalise the concept of differentiation, in such a way that the “differential” of a
tensor is again a tensor. We see that the ordinary differentiation does not satisfy such a requirement.
For example, for a controvariant vector we have

7k
%‘f. = 00, (a"V*) = bla"0, V* + bIV0,a"
xl
7k ~1 avk r kyss k s s 7.k
dv® = dz e dz" 0, (aJV?®) = al dV° + V*da . (3.6)

Again we see that the differential is a vector only with respect to linear transformation. This is due
to the fact that we are dealing with two vectors V¥ and V¥ + dV* in two different points 2* and
x* + da* and they transform in different ways when the matrices @, b are not constant. In order to
compare the two vectors, we have to “parallel transport” them in the same point, for example, we
can transport the vector V¥ in the point z* 4+ do* and then compare it with the vector V* + dV*.
Of course, the parallel transport has to be defined. In Euclidean (Minkowskian) manifolds and in
Cartesian coordinates, parallel vectors have proportional components, but this is not the case in
arbitrary systems.

In an N —dimensional manifold M, the vectors in a generic point P “live” in the tangent space
Tp at P, which is a N—dimensional vector space (]RN ), while the vectors at the point @ “live” on
Tg, which is another N—dimensional vector space. One has to define how compare Tp with Tj,.
In classical physics one works in Euclidean manifolds (MY = IR”") and so the tangent spaces are
isomorphic to the base manifold M and often one confuses them.

e Example: as an example we consider two “parallel” vectors V and U in R applied at two
different points P; and P,. We use both Cartesian {z*} = (z,y) and polar coordinates {7*} =
(r, ), that is

X =1Tcosp dzx = cos @dr — rsin pdp
. - .
y=rsing dy = sin @dr 4 r cos pdyp

from which it follows

02" [cose —rsinp\ (bl b
b—{ajj}_(simp rcosg0>—<b% b%)’ (3.7)

— ox' — \/x§+y2 \/xi/er? — CL% CL% 3.8
o= o= (V00 V)= () 38)

T r24y2 22 +y2



The vectors assume the form

x+‘/2uy:‘/lur 2Up,

_l’_
= U1a$+U2ay:UIﬂr+U2atpa

T <u
|

=
g

where {4 ,.0,} is the “repere naturelle” generated by Cartesian coordinates, while {4 ,. 4}
is the “repere naturelle” generated by polar coordinates 3'. while Vj, Uy, and ViU, (k = 1,2)
are the corresponding components. In order to simplify the computation we assume a constant
V =U and parallel to the abscissa. Because the frame {4, @ ,} does not depend on the point

we have
V:Uax’ — i=bi=v, v = constant
U=vi,, Vo=Uy=0, '

We see that two equal vectors have equal Cartesian coordinates. The situation completely
change in polar coordinates, because the frame {4,, @} depends on the point. In fact using
(3.7) we have

Vi = b.(P) Vi, Uy = 0l.(Py)Uy
and explicitly

f/l :b%‘/i‘}‘b%% = ¥ COS 1 ﬁl :b%Ul‘}‘b%UQ = U COS Y3
Vo = biV; + b3Vy = —vry sin gy Uy = biU; + b3Uy = —vry sin oy

where P = (x1,11) = (r1,¢1) and Py = (29, y2) = (9, p2). Now we choose the points Py, Py
infinitely close then

(11, 01) = (1,9), (12, 02) = (r +dr,p + dyp) and

~ ~ ~ V;
o=U0,-V, = —vsinapdgo:idgp,
r
. . - _ Vs -
WVo=Uy—Vy, = —wsinedr =wvrcospdp = —dr —rVidy.
r
It is easy to see that the latter relation can be written in the compact form (here we suppress
the tilde)
oV, = ffkdeX/] , i,j,k=1,2, (2, 2%) = (r, ), (3.9)

I, bing the Christoffel symbols related to the metric of R? (ds® = da® + dy? = dr?® + r2dy?).
This means that in general equal vectors in different points have different components when
the Christoffel symbols are non vanishing. In Cartesian coordinates all components of the

31The coordinate system determines a reference which is called “repere naturelle”, which is given by the unitary
vectors tangent to the coordinate surfaces in the given point and in general it depends on the point itself. The “repere
naturelle” corresponding to Cartesian coordinates does not depend on the point because it is alway parallel to itself.
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metric are constant and so the corresponding Christoffel symbols are vanishing and (3.9) gives
0Vj, = 0, while in polar coordinates we have

gllzgrrzla 922=gw:7"2, gU:O,forz#]

Using (2.9) one finds that all the Christoffel symbols are vanishing but
féQZ—r, f%zzf%:*

Looking at (3.9) we see that in general, also in an Euclidean manifold, the “natural components”
of a vector changes when we make a parallel transport from a point to another. This is due to
the fact that the “repere naturelle” depends on the given point.

3.5 Parallel transport of a vector

The concept of parallel transport has been introduced by Levi-Civita, by considering the original
manifold MY merged in an Euclidean manifold RY®*Y/2 and subsequently it has been defined
axiomatically by Cartan and Weyl directly in MY,

We consider a vector field V*(z) and V* 4+ dV* in two different points 2* and z* + da* and we
indicate by V¥ + §V* the vector obtained by parallel transport of V* in the point z* + dx*. We
expect V¥ to be proportional to the “distance” dr and to the vector itself, in such a way that
S(VF + VF) = 6VF + 6VF. Then we write

SVF = T da'V7

where Ffj are quantities, depending on the coordinates, which defines the law of parallel transport.
The coefficients Ff}- are the components of the affine connection and can be defined also in a non-
Riemannian manifold.

After the parallel transport we have two vectors at the same point and the difference DV* = VV*
reads

DVF = VVF = dV* — 6VF = dV* + T} da'V7
The latter equation defines the covariant differential of a controvariant vector and it is a controvariant
vector if T'¥; transforms as in (3.5), that is

nk _ _kprps k
I = abbibs T2, + akobh .

Now we define the covariant derivative V; by D = dx'V; and so, for a controvariant vector we get
ViVE =0, VF + 5V (3.10)

By definition, when V;V* = 0 the vector is parallel transported along the curve 2.

In principle the connection can be chosen with the only restriction that it satisfies the transfor-
mation law (3.10) and so there are infinite possible choices. For example, one can add an arbitrary
tensor Kfj to a given connection ffj and the result Ffj = f‘fj + Kfj is a new connection different
with respect to the given one. If the given connection is symmetric (for example the one of Levi-

Civita), then Kfj is called contorsion tensor and its antisymmetric part defines the torsion tensor
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Sfj = F,’fj — F?l- = Kfj - K sz It gives a “measures” of the torsion of the tangent space parallel
transported along a coordinate line.

In order to restrict the possible choices, it is natural to require the scalar product between two
arbitrary vectors A* and By to be invariant when they are parallel transported. In this way their
transportation laws are related because

0=0(A*By) = A¥6 By, + BysA* = A*By — BiT%da' Al = 6By, =TY.da'B; (3.11)
and the covariant derivative
VB, = 0;B,, — T, B; .

The covariant differentiation can be generalised to tensors of arbitrary orders. We start with the
special tensor T% = A*B7. We have

ViT7 = Vi(A'BY) = AV, B’) + BV, A’
= AY0B’ +T,B") 4+ Bj(0, A + T, A') = 9, T + T, T + T}, T

and because this is linear in the tensor it is valid for an arbitrary tensor of order two. Now, with a
similar trick we obtain the derivative of an arbitrary tensor of order (p, q). It reads

Vil = O T + i T + Tl Ti - = TR T = TR T + . (3.12)
and this is a tensor of order (p,q+ 1). In particular we have
Vigij = Okgi; — Thigy — Thyga = 0.

The fact that the covariant derivative of the metric vanishes is a direct consequence of the choice
(3.11). To see this we choose two arbitrary vector fields obtained by the parallel transport of A* and
Bj, then

0= VA" = VB = Vi(A'B;).
But in a Riemannian manifold we also have
0= Vi(A'B;) = Vi(g;A'B’) = A'B'Vg;
and due to the arbitrariness of the vectors we obtain
Vigi; =0 = Owgij = Diugij + Ty - (3.13)

When the latter condition is satisfied, we say that the connection is compatible with the metric.

It has to be noted that from (3.13) it is not possible to determine the connection coefficients as
it has been done in (2.9), because in general they are not symmetric (I'}; # I'¥,), but it is possible if
we choose torsion-free connections. In fact we have the following important result:

e [n a Riemannian manifold there is a unique connection compatible with the metric and torsion
free and this is the Levi-Civita connection.

This means that

Vigij =0 . 1
{ S;g:] 0 = I =T} =1} = 5 9" (0ig51 + 0590 — Dugi;) - (3.14)
ij

In the rest of the paper we shall always use such a connection, which, during a parallel transport,
preserve the scalar product, the angle between vectors and it is in agreement with the equivalence
principle.
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3.6 Some useful formulae

Now we derive some useful relations regarding derivative of tensors and determinant of metric.
From ¢ g,s = ¢! we immediately get

dij:_ierdrs 8ij:_irjsa »

ird rs T rsd ":0 = ij i
949 9 9 { dgrs = _girgjsdg J s akgrs = _girgjsak’g 7

Recalling the definition of the inverse matrix and the determinant g we also get
1 - . 1 - .
gdg = gYdgi; = —gidg¥ = ;akg = 9" 0kgi; = —9ii0kg"
1 1 Og . . 1 0g
—0kg = — 709" =9"0kg;; = — 5
g g 0g ! g 0g7
Note that these equations can be easily derived by recalling the relation which exists between the

trace of the logarithm of matrix A and the logarithm of its determinant. In fact, given a symmetric
square matrix A with eigenvalues A1, Ao, ..., Ay one has

N N
Trlog A = Z log A\, = log H A, = logdet A .

n=1 n=1
Now, if the matrix depends on a parameter p, deriving the latter identity we get

d d d 1 d
— TrlogA=A"1"—A=—logdet A = —— — det A.
dp to8 dp dp 08 ¢ det A dp ¢
Applying this to the metric, identity (3.16) follows.
From (3.14), by contraction and using (3.13) we have

ka = ;gm iGrs = \/1» 0; \/E = 0;log \/@7 grsrlﬁs = —\/1‘;‘ 81“/@9%) (3.17)

9]

With the use of formulae above, we can write the (covariant) divergence of a vector A* and the
(covariant) D’Alembertian of a scalar ¢ in the form

A . 1
VAl = gV, Ay = A + TG A = 9, A° + A0;log \/]g| = N (/1] A*) (3.18)
g

1

Vit = 0ho, RS aTNNe = el g0 (3.19)
g

while the derivative of an antisymmetric tensor F'¥ = —FJ? reads
ViR = 0 F¥ T3 FY + T, F* = —— 0u(\/|g] F™). (3.20)

Vgl

In particular, for the electromagnetic tensor field we obtain
F,; =V;A; = V,;A; = 0;A; — 0;A;, Vi FF =0A7 — ¢*V,V A" . (3.21)

We stress again that we are using the Levi-Civita connection. In the presence of torsion, some of the
relations above have more terms.
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To finish this section we would like to observe that the integration over a region V¥ C MY of
the covariant divergence of a vector gives rise to an integral on the boundary SV=! of V¥, via the
Gauss theorem. In fact we have

L vealglata = [ oc(Viglat) a¥e = [ igl A" dow. (3.22)

This means that, as it happens in special relativity, a continuity equation of the kind V;J* = 0 will
give rise to a conservation law, but, in contrast with special relativity, to a continuity equation of
the kind V;, 7% = 0 in general will not correspond a conserved vector (see Section 8).
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4 The Influence of Gravitation on Physical Systems

Here we are going to see how gravitation modifies the equations of motion of s ome physical systems.
To this aim we shall make use of the following principle of general covariance:

e [f a physical equation is true in the absence of gravitation and it is written in a covariant form,
then it is valid in an arbitrary gravitational field.

This means that in order to include gravitation in special relativity, we write the equations of
motion or the field equations in a covariant form, that is in a form which is invariant under general
coordinate transformations. Then we have to use only tensors and covariant operators.

It has to be noted that as regarding the physical contents, the principle of equivalence and the
principle of general covariance are the same thing, but the latter provides a powerful mathematical
technique which permits to take into account of an arbitrary gravitational field.

4.1 The motion of a test particle

We have already study such a system in the presence of gravitation by using the equivalence principle.
Now we shall use the principle of general covariance.
In special relativity the motion of a test particle is determined by the equation

duk da® da®

— =0, ub = = = —c——, uFuy, = =2, 4.1

dr dr ds ¥ (4.1)
u”* being the 4-velocity, which with our conventions satisfy the constraint u*u; = —c?.

Equation (4.1) is not covariant, because we have seen in the previous section that the differential
of a vector is not a vector, but we have also seen that it becomes a vector if we replace differentiation
with covariant differentiation. Then we expect the motion of a test particle in the presence of
gravitation to be described by the equation

D—Uk =0, ub = d—mk .
dr dr
This is a covariant equation and in the absence of gravitation reduces to (4.1) (the connection is
always the one of Levi-Civita). The solutions of (4.2) are called auto parallel. In our case (Riemannian
manifold equipped with Levi-Civita connection) they coincide with the geodesics already discussed
in (2.4). Equation (4.2) holds also for massless particles, but in such a case d7 is an arbitrary scalar
parameter, but not the proper time, which for massless particles is vanishing.

If the particle is not free, but in the presence of an external force f, on the right hand sides of
(4.1) and (4.2) we have f*¥/m, m being the mass of the particle and f* the 4-vector obtained by
means of a coordinate transformation applied to (0, f). Then

(4.2)

Du* B f* d?z" B f* & dzt dx?
dr m dr?  m 9dr dr
The last term can be seen as the gravitational force acting on the particle.
Using the constraints u*u;, = —c? and f*u; = 0, the latter equation can be written in the form
DY ity Wik — e _ WS (4.3)
dr me2

When a vector satisfies an equation of that kind, we say that it is transported a la Fermi- Walker?.
The velocity of a free particle is parallel transported along a geodesic, equation (4.2), while in the
presence of an external force it is transported a la Fermi-Walker, equation (4.3).

32Enrico Fermi (Italia) 1901-1954.
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4.2 The motion of the spin

Now we consider a particle with spin. In the system in which the particle is at rest, u* = (—c, 0,0, 0)
and the spin vector is S* = (0, S) and so Syu® = 0. Of course, in the absence of external forces it is
conserved. Then, in an arbitrary gravitational field we shall have

DSk
- =0, Spuf =0.

The situation changes if on the particle acts an external force f For simplicity we suppose the force
not experiencing any torque. This means that the particle is accelerated, but in a locally inertial
frame momentarily at rest with respect to the particle there is no precession of the spin. In such a
frame, as above we have

s
— — O , = 0 , 4.4
u 7 (4.4)
This “no torque” condition can be written in the covariant form
dS*
— =au”, (4.5)
dr

which effectively reduces to (4.4) in the reference where @ = 0.
There scalar function «, in general depending on spin and velocity, can be explicitly determined
by deriving the identity Syu* = 0, which holds in any frame. One gets
ds* d Sy f* Sy f*
, duy, kf e 2

0=uwu, — + S*"—= =ac? :
kd7+ dr + m mc?

Then it follows
k T
dS ok — S]f U

9

dr mc?

and so, as it is well known, if the particle is accelerated the spin vector changes direction. This
phenomenon is known as the Thomas precession.

The latter equation can be immediately generalised to gravitational field by using the principle
of general covariance. We have

DSI
dr

As well as the velocity, also the spin is transported a la Fermi-Walker.

ke kyd J J
: , ww® — utw - Du f
=W*s, , Wik ——— w! =

c2

dr m

4.3 The electromagnetic field

Starting from the potential A; we define the electromagnetic strength tensor Fj; and its dual *F*

by

E]‘ — VlA] — V]Az — @A] - @AZ 5 *Fij —

€¥7s being the usual Levi-Civita symbol. The current vector reads

Jk - Pouk )
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po being the proper charge density, that is the density in the frame in which the infinitesimal volume
we are considering is momentarily at rest. The Maxwell equation in the presence of gravitation read

| | 4
Vi FiR =0, VPt = 25 gk
C

Recalling (3.20) one also gets
. 47 1
9; (\/\g\Fﬂ“> =——/lglI" = = (\/!g! J'“) =ViJ" =0.
¢ A

From the last (continuity) equation it follows the conservation law of the electric charge.

4.4 Exercise: the action for a test particle

Derive the equation of motion for a test particle using the action principle.
As in special relativity, the only scalar which can be built up using parameters and coordinates
of particle is proportional to the invariant interval ds and so the equation of motion is given by

A2 (s A2 dxt dad
5/ ds=3 [ Tdr=3 /A gy AN =0, (4.6)

where an arbitrary evolution paramter A has been introduced.
According to action principle, the variation is performed on the arbitrary trajectory z*, but with
the constraint dx*(s;) = dz%(s2) = 0 (51 = s(A\1), s2 = s(A\2)). We observe that

s 38 5 ), dxtdd  fdetded o datdbe o doatdnl) ds
) Jii'axax ~ \ds ds 9995705 Tas T 0 Tds ) 2dn
Using this result in (4.6) we have
dx® dxi dx® da? dxt dox’ doxt da’
5/ ds= [ dxéy/a; / L P l AT
T L VI ( s 99 s T s ds> (4.7)

Integrating by parts and using the fact the variation dz* is arbitrary, we finally obtain the geodesic
equations

2z 1, dat da?  d*2* ., dat da?
" (Biq: + iy — 010;;) — —— = k =
ds? +29 (9331 + 039 = 09:) ds ds ds? i ds ds

Of course here we have the Levi-Civita connection, because only metric appears in the action.

(4.8)

23



Figure 2: parallel transport of a vector along a “parallelogram”

5 The Riemann Tensor

Here we define and study the properties of Riemann tensor, which generalise to manifolds with
arbitrary dimensions, the concept of curvature as introduced by Gauss for the surface.

5.1 The parallel transport of a vector along a closed curve

In general, when a vector is transported by parallelism along a closed curve, the final vector differs
with respect to the original one. To see this, we chose a vector A’ and an infinitesimal “parallelogram”
built up along the coordinate axis (r, s) and then we compare the two vectors obtained by the parallel
transport of A’ along the two paths (see figure 2). Then we have

V.V, A -V, V, A" = [V,,V,] A" = Rj-rs A7 (5.1)
RjTS - arrsj - asrrj + FT’CFS] - Pskr,,.j 5 (52)
where R;'-TS — the Riemann tensor — is built up with the metric and its derivatives (up to second

order). In particular, it is linear in the second derivative of the metric and it is possible to show that

Ré»rs 1s the unique tensor with such an important feature.

e Note that in the presence of torsion other terms appear on the right-hand side of (5.1).

A relation similar to (5.1) is valid for a covariant vector, that is

Vi, Vil By = [V, Vi g B* = gj [Vr, V] B* = g R, B' = =R}, B;.

Ilrs Jrs

Since the commutator satisfies the Leibniz rule
V,, V| (A'B?) = A'[V,,V,| B’ + BI[V,,V,] A",
for a generic tensor we get

Vo, Vo Ty = Ry o + R T + ... — Ry

ij... k ij...
krs krs*mn... mrsTkn.., - R, T — ...

nrs—mk...
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5.2 Sectional curvature

In order to understand the mathematical meaning of the components of the Riemann tensor, in an
arbitrary point P we consider two non-parallel vectors a’ and ». These define a plane Yp in the
manifold (a section). We call sectional curvature the quantity

Rijrsaibjarbs

K(a,b) = _
(CL, ) (gmpgnq _gmqgnp>ambnapbq

(5.3)

This represents the Gauss curvature of the surface which has ¥p as tangent plane in P.

5.3 Properties of the Riemann tensor

Now we derive the symmetry properties of the Riemann tensor in the absence of torsion(In the
presence of torsion some of the properties below have to be modified). To this aim we it is convenient
to write it in terms of the metric, using (3.14). By a straightforward calculation we get

1
Rfm ) Oy [le (0sgj1 + 0jgs1 — 8lgsj)} + FlelSj —(r+s)
1 1
= 3 (85951 + 0,951 — D1gs;) Or g™ + 3 9" (0,0.951 + 0,0;95 — 0,0194;) + ThT, — (r <+ s)

where (r <> s) means that one has to add the same expression by exchanging the two specified
indices. Using the following properties for g;;:

9ir0r g = —g"0: gir Or gir = Vo it + Fg«iglk + Ff«kgil = aniglk =+ Fg«kzgil )
for the completely covariant tensor we get
1
Rijrs = 5 (3r359z‘j + 3rajgsz' - 37@'95]‘) - F?sar ik + gikrflrij - (7“ <~ 8)
1
= 9 (aiasgjr + 0;0r9is — 0;0,95s — ajasgir) + gpqr]igsrg‘r - gqufrF;]‘s . (5.4)

As we already said above, the Riemann tensor is linear in the second derivatives of the metric and
all the following properties hold:

1) Rijrs = _Rijsr = _Rjirs = Rrsij )
2) {Rijrs}(jrs) = Rij’/‘s + Rirsj + Ris'jr = 07 . (55)
3.) ViR Y ers) = Vi R +V, Rl + Vo Ry, =0 (Bianchi Identity).

where by {Tijk,,_}(ijk) = Tijk... + Tjki.. + Tkij.. we indicate the sum over the cyclic permutations of
i, 7, k. All the symmetry properties in (1.) trivially follow from (5.4) and also the property in (2.) can
be easily verified starting from (5.4). In order to verify the Bianchi identity in (3.) it is convenient
to use a local inertial frame. In fact, because the Bianchi identity is a tensorial expression it has to
be valid in an arbitrary reference frame and in particular in a local inertial frame where the metric
is the one of Minkowski and the connection is vanishing (in the considered point). In such a case we
have
ViR, = ;771[ (0x01059jr + 0k0;0rg1s — 0x010rgjs — Ok0;0s91r)

Jrs
and by summing over cyclic permutations the required identity follows.
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5.4 Independent components

Due to symmetry properties above, the components of the Riemann tensor are not all independent.
To compute the number of independent ones it is convenient to see R;j,s as a symmetric matrix R4z,
where A = (ij) and B = (rs) correspond to the couple of antisymmetric indices. If we indicate by
N the dimension of the manifold, then the indices A and B (they are antisymmetric matrices) can
assume N = N(N — 1)/2 values and so the symmetric matrix Rap has N (N + 1))/2 independent
elements . By taking into account of all symmetries (properties in 1.), the number of independent
components of R} is then N(N — 1)[N(N — 1) + 2]/8, but such components have to satisfy the
condition in (2.), which correspond to N(N — 1)(N — 2)(N — 3)/24 independent equations. By
subtracting such a number from the previous one we finally get

_ N?(N? —-1)

G ) =0, v =1, v3 =06, vy =20.

VN

This is the number of independent components of the Riemann tensor.

In one dimension, the Riemann tensor is always vanishing (every one-dimensional space is flat),
while in two dimensions there is only one independent component, which has to be proportional to
the Gauss curvature (K = (ry75)", r, 7, being the principal curvature radius).

5.5 Ricci tensor, scalar curvature and Einstein tensor

Starting from Riemann tensor, by contraction we can build up a tensor of order two and a scalar,
that is

Rz‘j = Rf}ﬂ] = Rji s R = gini]‘ . (56)

The symmetry of the Ricci tensor R;; is true only in the absence of torsion.
By contracting the Bianchi identity (property 3. in 5.5), we get

0=V R~ 3V, R=Vi(R, - ;0 R).

The tensor in the brackets above is called Einstein tensor and is usually indicated by G; Then

1 .
Gij = Gji = Rij — 595 It ViG;=0. (5.7)

5.6 Example: the sphere

Compute Riemann, Ricci and scalar curvature for the sphere S2.

On S? we choose (local) coordinates 9, ¢ (latitude, longitude) in such a way that the distance
between infinitely closed points reads

do? = r*(dv? + sin® 9dy?)

where 7 is a constant. If we see the sphere as embedded in R?, then r represents the radius of the ball
having S? as frontier and ds is the distance in IR* in spherical coordinates (p, ¥, ¢), but restricted to

p=r.
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Using definition of Christoffel symbols for the non-vanishing components we obtain
Iy, = —;sin 20 2, =T3 =cotd,
from which it follows
Ry, =sin®d, = Rigip = Roizy = r?sin’ .

Finally, by contraction
R11:1, R222S1H219, R12:R21:0, R=—.

We see that R = 2K, K = 1/r? being the Gauss curvature.
Using (5.3) we obtain the unic sectional curvature
. R1212 [(a1b2)2 + (a2b1)2 - 2a1b1a2b2] 1

K(a,b) = _1
(a,6) g11922 [(a'h?)? + (a?b')? — 2a'bla?b?]  r?

5.7 Exercise: (Geodesic deviation

All components of the Riemann tensor are vanishing only in the absence of gravitational field (flat
manifold). In order to evidenziate a "true” gravitational field then we have to measure the compo-
nents of that tensor. To this aim let ¥ and y* = 2* + &* be the coordinates of two free test particles
in free fall in an arbitrary reference frame, £* being the ”small distance” between them.

Show that the vector £* satisfies the following equation of geodesic deviation

szk E i s k dz*
772 —Rijsuuf , U =

The first particle moves along the geodesic

(5.8)

Dl _ &0 | pi gy A
dr dr? J dr dr

but also the second particle moves along a geodesic given by
Py dytdy 0

dr? () dr dr
Taking into account that £ is a small quantity we expand the latter equation in series of Taylor up
to first order. We have

d k d k d k k

dy” _dvt A&k 48

dr dr dr dr

[h(y) = Ti(a) + €0, (x) + O(€)

and so
d*y* koo Ayt dy Du* d*¢* i d&? ra k i, J 2
dr2 + ij(y) dr dr _ dr dr2 zg(w)u e +¢& 8rrij(f’5)uu +0(£7).

At lowest order the vector & satisfies the equation

2k e o

which can be written in the covariant form (5.8).
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6 The Einstein Equations

Now we are looking for covariant equations which, in the Newtonian limit, that is for small velocities
and weak gravitational fields, are going to coincide with the Poisson equation

_62(900 +1) N Too

Ao =4rGuy , O =—r 5 ; v 2

(6.1)
which describe Newtonian gravity. The solution of Poisson equation gives rise to the gravitational
potential ¢ = —MG/r?, G being Newton constant. g is the mass density and T; the energy-
momentum tensor of the matter which generates gravitation. Using the energy-momentum tensor
and recalling (2.12), we can rewrite (6.1) in the form

8rG
A goo ~ TTa Too - (6.2)

We expect the field equations to be non-linear, second-order differential equations in the metric.
The non linearity is due to the fact that the gravitational field has a “gravitational charge” (the
energy-momentum) and so it has to be an auto-interacting field.

Now we must find a covariant equation which, in the Newtonian limit, reduces to (6.2). The
right-hand side of (6.2) can be immediately generalised by putting the energy-momentum tensor 7;;,
while on the left-hand side we shall have a tensor éij depending on the second derivative of the
metric.

We have seen in Section 5, that only the Riemann tensor and its contractions depend linearly on
the second derivative of the metric. Then, in order to build up Gij, we have at disposal only the
following three tensors: R;;, R g;; and A g;;, A being the so called cosmological constant. The more
general tensor with the properties required will be an arbitrary combination of such three tensors.

In special relativity 7;; satisfies the continuity equation 8ka = 0, which gives rise to the conser-
vation of energy and momentum and so one expects Tj; to satisfy the equation Vka =0 and as a
consequence Vkéf = 0. The only possibility is then G’ij = Gy + A gij, Gij being the Einstein tensor
defined in Section 5.

Following Einstein here we disregard the cosmological constant and write the equation in the
original form

1 8t G
, 8nd ;

The dimensional constant factor on the right-hand side has been chosen in order to have the correct
Newtonian limit.
Note that one can trivially take into account of the presence of the cosmological constant by the
replacement
4

c
Tij — Tz’j - % Agij ) (6-5)

in the final equations.
Before to verify that they have the right Newtonian limit (6.1), we make some observations:
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e On the right-hand side of the Einstein equations has to appear the energy-momentum tensor of
matter fields in the symmetric form. This means that 7;; is not the canonical tensor of quantum
field theory, because in general that is not symmetric. A symmetric energy-momentum tensor
can be directly obtained by deriving the matter Lagrangian density with respect to the metric
gi; (see Section 6.4). Of course in this way one obtains a symmetric tensor which coincide with
the one obtained by using the symmetrisation procedure of Belifante.

e By taking the trace ¢ G;; of (6.3) we obtain the equations in the equivalent form

I G 1 .
T(Tij—§gijT)a T'=g"T;. (6.6)

Ri]’ —

e As we have already anticipated, the Einstein equations can be generalised by adding the con-

stant term A g;;, which can be seen as the contribution due to a perfect fluid spread out in the

whole universe. Such a fluid has negative pressure p = —Ac?/87G and energy density e = —p.

In the original Einstein equations that term was not present, but it was introduced later in
order to have static cosmological solutions (see Section 9.3).

6.1 The Newtonian limit

We consider a macroscopic body which generates a gravitational field. Its energy-momentum tensor
has the general form

utu?

TV = (p+2) S+ pg¥, =), dw=—,  a=123,  (67)

2
where u* is the macroscopic 4-velocity of the fluid, p the pressure and ¢ the energy density, which
takes into account of the interaction energy between the particles which constitute the body. If the
relative velocities of such particles are small with respect to ¢, then the interaction energy and the
pressure can be disregarded with respect to the proper energy poc?. Then we have

T = pio u'? . £~ poct, p~0O. (6.8)

It has to be stressed that in principle the macroscopic velocity u* can be arbitrary, but if the
macroscopic motion is non-relativistic, then

W > ut| = |Tool > |Tw|, T ~ g™ Tu0, a=1,23, k=0,1,23.
In such an approximation, equations (6.3) and (6.6) notably simplify because

Ria~0, Vk+#a,

6.9
Riy ~ Ry~ Rys~ : R, (6.9)

1 1
0~ Rka - §gkaR = Rka - 5 nkaR + O(h2) = {

where we have put g;; ~ 1;; + h;; and we have used the fact that the Riemann tensor is at least of
first order in h;;. We also get

R = ginij = (nij — hij + O(h2)) Rij ~ Ru -+ R22 + R33 — Roo + O(hz) .
From equations above it follows that the diagonal components of Ricci tensor are all equal, that is
Ry ~ Roy ~ R33 ~ Ry and so the only independent equation is
8tG 1 4G
Roo = 1 (Too P gooT) ~ Tho -
c 2 c
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From definition of Riemann tensor, at leading order in h;; = g;; — 1;; (weak-static field)) we get

1
Roo ~ 8kF’80 ~ —5 A goo

from which, as required, the Poisson equation (6.1) directly follows.

6.2 The invariance under diffeomorphism

The Einstein tensor is a symmetric tensor in 4 dimensions and so it has 10 independent components
(N[N +1]/2, N = 4). Then Einstein equations (6.3) correspond to 10 differential equations of second
order in the 10 unknown functions g;;. Nevertheless, by choosing suitable boundary conditions it is
not possible to determine a unique solution because such equations are not linearly independent due
to contracted Bianchi identity V; G; = (0. This means that only 6 of the 10 components of the metric
can be determined from field equations, This is related to the fact that the choice of the coordinate
system is arbitrary, that is, the metrics g;; and gi; = b;b3 g, both are solutions of (6.3). The choice
of the 4 arbitrary functions 2*(x) is equivalent to fix 4 arbitrary conditions on the metric, as well as
the gauge invariance permits o fix a condition on the electromagnetic potential.
In many problems, a convenient choice of ‘’gauge” is the following (see Section 8):

q" Ffj =0, de Donder condition.

It is interesting to observe that the quantities GY do not depend on the second derivatives of time
parameter and so the corresponding field equations are not “evolution equations”, but constraints
on initial conditions. In fact one has

0=V,Gr = V@ +V,.G¢ = G = 8,64 — TG +TL.GE.

The last member in equation above depends almost on second derivative of metric (with respect to
time) and so GY depends almost on first derivative of metric (with respect to time).

6.3 The action for gravitation

The action in a curved manifold has to be expressed as the integral of a scalar quantity in the
invariant volume /g d*z. In order to obtain (6.3), the scalar has to depend on the first derivatives of
the metric. The only non-trivial scalar which can be built up with the metric is the scalar curvature
R (and of course its powers), which however depends on second derivatives too. Then one could
expect field equations depending on the third derivatives of the metric, but this is not the case,
because the contribution of the second derivatives to the action is a 4-divergence of a vector and it
does not contribute to the field equations if the variation of the metric vanishes on the boundary of
the integration domain, as required by the action principle.
By recalling that

1
Fij ~ 9 9”0 gij = O In /9,
gITh = —g"T, — 09" = —a(¢" In\/g) ,

after tedious but straightforward calculations one gets

V3 R =/gg" (TL5, = Tul) + 05 1" 1" = (9775 = 9T%) -
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Then we try the action

3
Selg, Ok gl = — 16077G / R./gd'z (Einstein—Hilbert action)

A <
- ij Fr s —rlrk) gt / k 4
6rG [ V39" (TiT5 ~ Tl d'a = o [ o p*d'o

where the integral is done over a 4-dimensional region and the variation of the metric vanishes on
the boundary of such a hyper-surface. The last integral vanishes due to Gauss theorem. The first
integral on the right-hand side is called Einstein-Hilbert action®?

To complete the theory we must add to S, the action S,, of all other fields. The interaction
between matter /radiation fields with gravitation is obtained by replacing ordinary with covariant
derivatives (minimal coupling) and n;; with g;;. As already anticipated above, the variation of S,,
with respect to the metric gives the energy-momentum tensor, that is the right member of (6.3),
while the variation of S, gives rise the first one. The constant factor in front of the integral is chosen
in order to get the correct equations when interaction is considered.

The Einstein-Hilbert action or alternatively the non-invariant one give rise to the same field
equations. By considering a small variation of the metric d¢g(x) we have

55,=Slg+ 0~ Slgl = - [ a(yaR) '

- i (BB Es (R o

Recall that

d 1 y
Yo gydg? = §yg= —5 V9 9ii09”

and
OR,, = 60,1% +6 (TLIE) = (r ¢ s) = 0,07, + T}, 0Tk, + TETL, — (r 45 )
= V0%, — VoI, . (6.10)

Since we are considering a variation in form of the metric at the given point z, dI" is a tensor because
it is the difference between two connections at the same point, that is

koo _ k k
6l (z) = T (g + dg) — T5(g) -
Contracting (6.10) we obtain (6% is the Kronecker tensor)
0Ri; = 0Rk,; = Vi (oT% — oFeTy,) | 978 Rij = Vi (g701% — gHoT, ) = Vi VF,

V* being a controvariant vector. Recalling (3.22) we see that such a term does not contribute to the
field equations, because the variations vanish on the boundary of the region of integration.
Finally we get

c3 1 g
1 ..
Sml®,9] = %/ Ty /9697 d'x

Due to the arbitrariness of the variations, from 0 = 05 = 0.5, + 0.5, the Einstein equations (6.3)
follow. By ® we have indicated the collection of all matter/radiation fields.

33David Hilbert (Russia) 1862-1943.
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6.4 The matter energy-momentum tensor

Let us consider an infinitesimal coordinate transformation (at first order is a “translation”)

ai 8:c7 51 + 0. 52

b= 2 = 5~ 0,6 + o((¢).

At first order in &, the relation between ¢ (z) and g% () can be obtained in two different ways, that
is by means of coordinate transformation or by Taylor expansion. One has respectively

§(E) ~ g(z)+ g*nE + gF o,

i"=aF + @) = {

§7(@) ~ () +€0g7 (x) ~ G (x) + "DV () ,
and comparing the two equations above

g7 = §7(x) — g7 (x) = —€"Ohg"” + gFOE + gL (6.11)
which can be written in the covariant form

69" = g™V + ¢F Ve, 0gi; = —(Vi&j + V;&) . (6.12)

Now we compute the variation of the matter action S,,[®, g] due to an infinitesimal transforma-
tion of coordinates z*¥ — 2% + ¢*. The action is a scalar quantity and so it is invariant under a
coordinate transformation, that is 0¢S = 0¢Sy = 0¢S,, = 0, d¢S being the variation due to a change
of coordinates.

The action depends implicitly on coordinates through metric and matter fields. An infinitesimal
transformation of coordinates induces a transformation d¢¢g” and §¢® on metric and matter fields
respectively. The first one d¢g” is given in (6.12), while the second one d;® in principle can be
computed for any field but for our aim it is not necessary to have its form explicitly.

We have

0 = 6¢Sm = g Sm + 00, Sm =0, 6eg” = g*V i + gV (6.13)

where by 5g§ S,, and 5¢§Sm we indicate the variations of matter action due to the induced variation
of metric and matter fields respectively.

We choose the infinitesimal vectors &* to vanish on the boundary of integration region. With
this choice both d¢¢g*” and §¢® will be vanish on the same boundary. Moreover, we assume ® to be
solution of matter fields equations.

By definition, the field equations for matter/radiation are the solutions of d¢S,, = 0 and so they
satisfy the Euler-Lagrange®! equations

oc o or
00 Fov,o

=0,

because for an arbitrary variation d®, vanishing on the boundary of the region of integration, one

has

oc . oc oc \
/\/_<5<I>+avkq)(5vk<b>dx /f( Vkavkq)>5<bdx

34Leonhard Euler (Switzerland) 1707-1783; Joseph-Louis Lagrange (Italia) 1736-1813.
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If @ is solution of field equations then d5S,, = 0. As a consequence also dg, Sy, = 0, because this is
a particular variation of fields, and so, for an infinitesimal transformation of coordinates

1 _ 1 , A 1 .
ozgﬁmz%/\@nﬁwd%:E/Q@ﬂV£¢%:—E/v@mﬁgfm

where in the last integral an integration by parts has been performed, taking into account that &*
vanishes on the boundary.
Due to the arbitrariness of £* it follows

VT =0, Ti:Tj«:Q[& J

NAELE Ok (967ng] (V9 L) - (6.14)
The tensor T;; will be identified with the energy-momentum tensor of matter/radiation fields because
it follows from the invariance of the action with respect to coordinate transformations.
It has to be observed that it is a symmetric tensor as required by Einstein equations and it is
possible to show that it is equal to canonical energy-momentum tensor of quantum field theory, after
symmetrisation via Belifante procedure.

6.5 Killing vectors

We have seen that under an arbitrary infinitesimal coordinate transformation z*¥ — x¥4£* the metric
changes according to

59@' = — (VZ@ + ngz) y (615)

and so it is invariant, that is dg;; = 0, if  is a Killing vector. This means that it is a solution of the
Killing equation®

Vi + V& =0, (6.16)

The number of Killing vectors is related to the symmetries of the manifold we are dealing with, but
in any case it cannot to be greater than N(N + 1)/2, N being the dimension. In 4-dimensions, the
number of Killing vectors is less or equal to ten.

Manifolds having the maximal number of Killing vectors are called mazimally symmetric spaces.
An important example is given by the Minkowski space. It has ten Killing vectors, which generate
the four translations and the six rotations (the Poincaré group). Other examples are the spaces with
constant curvature (hyper-spheres and hyperbolic manifolds).

6.5.1 Example: energy-momentum tensor for electromagnetic field

Compute energy-momentum tensor for electromagnetic field with arbitrary gravity.
The action can be directly obtained from the one of special relativity by minimal coupling. So

1 1 1 ..
szj/ﬁm d4 ) Em:_iFTsFTs:_i Y TSF@'TF'S'
p Vlgld'e 167 16779 J
Recalling that F; = V;A; — V; A, = 0;A; — 0;A; we get
2 0 0 1 1
Tz“zi — —0 — L)=—— TSFz'rF‘s T i'FmFrs-
/ V9 L?g” F 8&9”] (Vo L) 4r? i 167 97

Finally we have the known expression

1
T = —
Y Ar

35Wilhelm Karl Joseph Killing (Germania) 1847-1923.

. 1 ..
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6.6 Energy-momentum and angular momentum for gravitation

In Minkowski space, the continuity equation 9,7"" = 0 gives rise to the conservation of energy-
momentum and angular momentum of the corresponding field. In fact, integrating on a spatial
region V' and using the Gauss theorem one has

3o / T Py = / BT dPx = — / 8, T dPx = — / ngT% d.
174 1% 1% >

where ¥ is the boundary of V' with unit outward vector n = n® (a = 1,2,3). Now, if the energy-
momentum tensor has compact support in V| then the last intgral is vanishing and so energy-
momentum P* and angular momentum J*” are consrved quantities. They are given by

1 1
pr—= [ 1oy, == [ @ T — 2t av
c Jv c JV

In general relativity, the energy-momentum tensor of matter field satisfies the covariant continuity
equation Vka = 0, to which in general does not correspond conserved quantities, because

=
V9

This fact is not surprising because also the gravitational field possesses energy and momentum
and so it is reasonable to expect that the whole energy and the whole momentum are conserved
(matter+gravity).

We have to look for a quantity 7/, depending on matter and gravity, satisfying a continuity
equation to which correspond conserved quantities. It is easy to understand that we shall fall in
trouble, because 7% cannot be a tensor satisfying a covariant equation. In fact, in such a case we
go back to previous result with 7 in place of T%. Then we have to renounce to the tensoriality of
74 or alternatively to have a covariant continuity equation or both of them. In any case we shall
have serious problems with interpretation (the gravitational energy problem). It is not possible to
say how much energy there exists in a finite region, because it depends on the reference frame, but
nevertheless it is possible to define the total energy of gravitation in the whole universe.

There are several proposal which permit to define energy and momentum of gravitation. All of
them are based on “pseudo-tensors” t;; for the gravitational field, which locally are different, but
they give the same results for energy, momentum and angular momentum of the whole gravitational
field.

Here we first give a definition of ¢;; for a general gravitational field (Landau-Lifsits pseudo-tensor)
and then we shall discuss a second quite simple and “intuitive” definition, which however can be used
only for asymptocally flat manifods, because it is based on the existence of a “quasi-Minkowskian”
reference frame.

VAT} = 0T} + DT - T T = — 0T — T T

6.6.1 The Landau-Lifsits energy-momentum pseudo-tensor

First of all we observe that in a locally inertial reference frame (more generally in any frame where
Okgi; = 0, 0,05g:;; # 0 in the considered point) one has

. . ct . ct g ik — ki
T =9 kij _ ) kij _ ) kji n o n . 6.17
K1l G ]g] k< 87TG’g’ R Q™ Qlk] — _Q]kz‘ ( )
In fact, using (5.4) and (3.16), after straightforward calculations one gets
G = o= 00 (|9l(97 6" — g™ ") | = T Q™ = — 0, Q" 6.18
2lg| ol ) 9] 9] (616
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Qk’b] _ _Q]zk _ 5 6l {|g|(gwgkl . gzkgjl)} : (619)

which give rise to (6.17) via Einstein equation. It as to be noted that Q7 is not symmetric with
respect to the last two indices.
Since Q" is not a tensor, in a general reference frame equation (6.17) is no more valid. We shall

have

C4

871Gy

0, QM — T =17 =t #0,

where tiLj is the Landau-Lifsits energy-momentum pseudo-tensor. By definition it is vanishing in a
local reference frame and so it depends on first derivative of the metric only. It can be written as a
complicated quadratic form in the Levi-Civita connection, which can be derived from the following
identity after a long and tedious calculation (see Landau-Lifsits)

64

871Gyl

ij
t; =

O QFI — G (6.20)

Ones tiLj has been computed, Einstein equations assumes the form

. 817G y .
aka]: C4 TL]7 TLJ:|g|<TJ+tL7)7
Due to the antisymmetry of Q"% = —Q7* one has

8jak Qkij = @f)kaﬂ =0 = aﬂ-ij =0,
from which we derive the “conserved” quantities
L - 1 o
P=z / v, =5 / (a'7% — 29 7%) dV . (6.21)
c Jv c v

To be more precise, momentum and angular momentum are conserved if the integration is done over
the whole spatial section and at same time 7" goes to zero on the boundary. In such case we get,
for example

ar
dt

It as to be noted that, as well as t¥, P/ and J% are not tensors with respect to general coordinate
transformations, but they are tensors with respect to linear (in particular to Lorentz) transformations.
This means that the quantities above, for example P?, depend on reference frame. Also in the absence
of gravitation, t¥ is different from zero in non Minkowskian coordinates.

We finally observe that in an asymptotically flat manifold, energy-momentum and angular mo-
mentum of gravitational field are determined by the asymtotic behaviour of the field if we choose
a reference frame which is Minkowskian at infinity. In fact in such hypothesis it is reasonable to
assume |g;; — 1;;| ~ 1/r and looking at (6.19) one gets Q*7| = O(1/r?). Choosing a ball of radius r
and boundary Y(r) as integration region in (6.21), we have

:_/ aafafdvz—/ et dS = 0.
\%4 b))

CS C3T2

. c3 . )
pr= o agtiay = S QW5 =
8tG Jv < 8tG Jx(r) naQ 8tG Js,

where S5 is the unitary sphere and do = sin d dp. The last integral above is convergent and in
the limit » — oo gives the total energy-momentum of the field, which is a Lorentz 4-vector. This
corresponds to energy-momentum as measured by the Minkowskian observer at infinity. A Similar
equation holds for angular momentum too.

n,Q%do | (6.22)

35



6.6.2 Energy-momentum in asymptotically Minkowskian manifolds

Now we give a different definition of energy-momentum for gravitation, which is more “intuitive”
with respect to the previous one, but it works only on manifolds which asymptotically concide with
Minkowski. If this is the case, we can choose a “quasi-Minkowskian” reference frame where

9i; = Nij + hij R |h1]| — 0, (at mﬁmty), Gij — Nij (at mﬁnlty), (623)
and we can write the Einstein tensor in the form

Gij(grs) = Gij(nrs + hrs) = Gl(]l) + (sz - GE?) >

where GS) is the lowest contribution in h,; in a Taylor series expansion of G4j. It is linear in the
second derivatives of h,,. In fact, at first order one gets

Ly = ;gkl (0igju + 0j9a — Ougij) = ; 0™ (Oihji + Ojha — Othiz) + O(R) (6.24)
R, = oI —oIl +TiT, — T,

_ ;nﬂ 0; (Dt — D) — By (Drhgy — Dshry)] + O(R) (6.25)
R =Rk, = —; (Ohij + 0,0;h — 0,.0chE — 0;00hE] + O(h?) = R} + O(h?) (6.26)
R =g"Ry; = —0Oh + 9;0;h7 + O(h*) = RY + O(h?) (6.27)

1
Gij = 5 |00khf + 004ht — 0:0;h — Dhyy — 155 (0,07 — Oh)] + O(h?)
= G +0(h?) (6.28)

Here and in the rest of this section, all indices are rised and lowered by using the metric 7,; and O
represents the D’Alembertian operator in Minkowski space, that is

hf _ nklhl] ’ Brs — nri,nthij h = nijhij ’ 0= nrsaTas )

By O(h?) we mean corrections of the order equal or greater than h? and its derivatives. More precisely,
in (6.24) the quadratic corrections start with O(hoh) and so the corrections in (6.25)-(6.28) starts
with O(0hoh; hd*h).

Using this notation, the Einstein equations can be set in the form

GG GG
where
4
tij =tji=— 8; e (G - GY) ti; = O(h%) = O(0hdh; ho*h) . (6.30)

From (6.29) we see that 7;; is the source of the tensorial field h;; and of course it depends on h;; itself,
because the gravitational field is auto-interacting (the 4-momentum is the “charge” of gravitation).
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In this approach in which gravitation is considered as a “tensor” field on Minkowski space, the
quantity ¢;; is interpreted as the “energy-momentum tensor” of the h;; field. Note however that GS ),
hi; and t;; are not true tensors with respect to general coordinate transformations.

As it can be trivially verified using equation (6.28), the quantity GZ(; ) satisfies the exact identity

(sometime called linearised Bianchi identity) nikakGS-) = 0 and so the “energy-momentum tensor”
7;; has to satisfy the continuity equation

Birid =0 7 = i (6.31)

which gives rise to the (conserved) quantities

Pk — %fV TOk d3$ , dCIZ;k _ fz naTak dE, (6 32>
J0 =1 Jy (7)) di, Lt = = Jy ma(riad — %927) S, |

which respectively represent the 4-momentum and the angular momentum of matter plus gravitation.
The quantities V, 3, n = n, have the same meaning as above.

For the hypothesis done on the metric, for r — oo we shall reasonable have |h;;| ~ 1/r and as a
consequence t;; ~ 1/r* because t;; is at least quadratic in the derivatives of h;;. Moreover, T}; has
a compact support and so the convergence of integrals in (6.32) is assured and surface integrals do
not give contributions, in the limit r — oo. The momentum and angular momentum of a closed
gravitational system are conserved.

It has to be remarked that as well as 7;;, such quantities are not tensors, but nevertheless they
are Lorentz covariant. This means that they are tensors with respect to the Lorentz group (we are
considering a tensor field theory in Minkowski).

Using (6.18) or directly (6.28) of course one gets

G(]l) = Ok Q(lg = Ok Q(f) ) Q(lg = Q%l) ) (633)

where Q](Clzg is the lowest contribution in the series expansion of (6.19).
Performing the integrals in (6.32) in a ball of large radius r with boundary ¥(r) and using the
Gauss theorem as above we get
A3 ' 3 Br2
Pr— [ aQiav = o [ nQuan = [ naQd 6.34
8tG Jv Qo) 81G Js(r) na () 81G Js, Q) 4o ( )
which is the total momentum of fields inside the ball. A similar equation can be written for the
angular momentum J;;.

e The interesting thing to note is that, while the integrals in (6.32) are done on an 3-dimensional
hypersurface t = constant, the integral in (6.34) is done on a 2-dimensional spherical surface
of radius r. This means that energy, momentum and angular momentum are determined only
by the asymptotic behaviour of the field.

e Another important feature of such quantities is that they are invariant with respect to coordi-
nate transformations which leave the metric in the quasi-Minkowskian form (6.23).
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6.6.3 Example: energy of Schwarzschild gravitational field
Now we compute the energy for the solution we shall derive in Section 7.2, equation (7.9).

The metric in spherical coordinates is
r dr? 2MG
d82:—<1—s) dt? + ———— + r2do?, rg = )
r 1—rg/r c?
In order to compute the energy of the field, first of all we have to write it in “quasi-Minkowskian”
coordinates form, that is
o = (2% 2t 2?23 = (tx,y, 2).

ds® = gijdx'dx’ = (ni; + hij) dz'dax?
To this aim we set 7 = xd, + yu, + 20, = x'uy + 2*uz + 23us, 4, being the unit vectors along the

axis, and observe that

7= /0 22",
dr = ﬁadllfa ’ = T2d0-2 = (5ab - 6a5b) dxadxba
dr? + r?do? = 6dxtasda®
where
x? x¢ opr 1
Fh=1, D= LG50 O = Al ).

¢ - _ =
p r VO 0t
Note that there are no difference between covariant and controvariant spatial indices since the spatial

components of the metric are 4.
In these coordinates we get
ds® = myda'da’ + s (dz°)* + _Ts/T BaBpdada®
r 1—rg/r
nidrtda? + e(r) (dz°)? + e(r) BufBp dz’da® + O(e)?, (6.35)

where we have set e(r) = rg/r.
The total energy can be computed using (6.34) or (6.22). Also in this latter case we can approxi-
mate the metric up to first order in h;; since all terms in Q"% which in the limit r — oo goes to zero

more quickly that 1/7? do not give contributions to the integral. Then we get
h(zb = €(T> Baﬁb )

gij = Mij + hij, hoa =0, hoo = &(1),
gij ~ ,',/ij o hij 7 hOa — 07 hOO — 5(7”) , hab — 5(7”) 6a6b'
From (6.22) it follows
3,2 >
cr n,Q*° do | ﬁ:f — na:ﬁ:ﬁa
r r

0 _

a 87TG Sa2
The quantity Q" has to be computed up to the order 1/r? ~ ¢’(r). Using (6.19) one obtains

QaOO — ;ab (|g|9009ab> ~ —;61) (’g’é‘ab + hOO 5ab o hab) )
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Now

8bh00 = &,5(7”) = ﬁb &T/(T’),
b a
5(7;)5 6(7")5 (52 . Bbﬁb) — 6a€/ + 26a 5(T> )

r T

R = BB Oe(r) +

(05 — BBp) +

Recalling (3.16) we also get
O |g| = gijab Gij ~ —0Ophoo + 5Cdabhcd =—0p {5(7“) (1 - 5abﬂcﬁd)} =0,
and so
e(r r
QaOONﬁaﬁzﬁa%‘
r r
Using this in (6.22) we finally obtain
P’=Mc = E=DMc.

As expected, the total energy of the static field is equal to the rest energy of the body.
One can also verify that the momentum P* = 0, as expected. In fact, applying (6.19) to this
special case it follows

Qa()b — _;ao (|g|gOOgab> =0.
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7 Exact Solutions of Einstein Equations

Here we shall compute exact solutions of Einstein equations and we shall discuss in some detail the
physical consequences.

7.1 Spatial spherical symmetry

We start with solutions which represent the gravitational field generated by sources with spatial spher-
ical symmetry (central potential). This means that it has to be possible to find “quasi Minkowskian
coordinates” (t,Z), which permit to write the interval ds in a form invariant with respect to the
(spatial) orthogonal group. The interval has to be a quadratic form in dz*, depending only on time
and rotational invariants

7T, T-dT, dz - dT .
It is convenient to use “polar coordinates” (r, v, )

r=vVir-r, Z-dr¥ =rdr,

d7 - dT = dr? + 1 (dﬂz + sin2 ¥ d¢2) =dr? +r2do?,
do? being the metric of the unitary sphere. In such coordinates the general form for the interval is
ds* = a(t,r)dt* + B(t,r) dr* +~(t,r) do* + 25(t,r) dr dt

a, B,7,06 being arbitrary functions of ¢ and r. The coordinates are not yet fixed. In fact, without
breaking the symmetry, we can perform coordinate transfomations of the kind

(t,7,0,9) = (fi(1,7), f2(1,7),9, ),

With a suitable choice of the functions fi, fo the metric can be diagonalised and put in the “standard”
form

ds®> = —Bdt* + Adr? + r? (d192 + sin” dsog) ; (7.1)

A = A(t,r) and B = B(t,r) being arbitrary functions to be determined by solving Einstein’s
equations. For physical reasons the signature has to be (—,+,+,+) and so A, B must be positive
functions.

Now we show that the transformation which permits to write the metric in standard form effec-
tively exists. First af all, we perform the transformation (t,7,19, ) — (£,7,9,¢) by means of t = t
and 72 = ~. In this way

ds* = a(t,7) di® + B(L,7) di* + 7 do® + 26(L, 7) dF dt .
By a second transformation (£, 7,9, ¢) — (t,7,19, ) of the kind (t = f(t,r), r = 7), with

G_ b

dr &’ dt

the standard form directly follows.

70,
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7.2 The Schwarzschild solution

This is the first exact solution of Einstein equations (1916). It gives the gravitational field outside a
spherical symmetric source (external solution). Due to the symmetry of the source, we can put the
metric in the simplified form (7.1) and compute the positive functions A(¢, ), B(t, 7).

Of course, the energy-momentum tensor of the source has support in a spatial region r < Ry, Ry
being the radius of the spherical source, which in principle could depend on time (the source could
contract/expand). For r > Ry the energy-momentum tensor is vanishing and so we have to look for
solutions of Einstein equations in vacuum, that is with 7;; = 0. Using (6.6) these read

which in principle correspond to ten second-order differential equations in the metric, but, as we
have already said, only six of them are independent. In our case, due to symmetry, we expect less
independent equations, because the metric has only two free parameters.

Now we have to compute all components of Ricci tensor using (3.14), (5.2) and (5.6). The compu-
tation is quite tedious but straightforward. It is convenient to distinguish between temporal /radial
(p,q,7r,s =0,1) and angular (a, b, c,d = 2,3) indices. As usual 4, j,k,1 =0,1,2,3.

Since the metric in (7.1) is diagonal we have ¢” = 1/g;; and so

goo = — B, g1 =A, Gab = ngaba
1 1 gab

o0 _ _ + m_ - ab _ Y

g - B7 g A7 g 7”2 9

where “hatted” quantities are related to the unitary sphere S? (see example 5.6). We obtain

Lo =3 ?Cd (0ugbd + Oolaa — Oudas) = L¢
2
1

FZb = gpqaqgab )

b = 2 9 OpGbe 7.3
ng = 1_% 9%OeGpq » (7.3)
ng =3 gpraagm )

F;q = % 9" (0p9qs + OgGps — OsGpq)

and the non-vanishing components of connection read

0 _ B 0 _10 _ B o _ A
I'oo =35 oy =15 = 35 I =35
1 _ B 1 _ 11 _ A 1 _ A
%0 = 27 - oo =T10 =131, Fn—jA, (7.4)
L —_—r g a _Ta — 1 ga e, —re ’
Lab = T4 Jab s L1 = el = 7 % s Lab = Lab>

I3, =—1sin20, I3,=0%=—cotd, I'l;= I3, = —cot

where “dot” and “prime” means derivative with respect to ¢t and r respectively.
We start with the computation of the Ry; component. Using previous expressions we get

A
Ry = Rig = Riyg = 0,1y — 01 Th + Ty T'i + P Iy —T7, 0 = -

According to (7.2) the latter quantity has to be vanish and this happens if

A=0 = A=A().
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Such a condition now can be used to simplify other equations. One verifies that all components of
R;; with ¢ # j are identically vanishing, while the components with i = j read

B Al B B
0=Ro = o5- 4A<A B>+ (7.5)
B Al Al
0=Ry = 2B+ ( >+ (7.6)
r (A B 1
0= Ry = 1+2A<A_B>_A7 (7‘7>
0= R33 = Sin2 ¥ R22 . (78)

Among the four differential equations above, only two of them are linearly independent and these
determine the two unknown functions A and B.
Dividing (7.5) by B and (7.6) by A and summing up the two expressions we obtain

Roo B _ 1 (A B
B A rA\A B
which is vanishing if

A B 0

= = (AB) = = ().
With a transformation of coordinates depending only on the temporal variable ¢ — ¢(t) (this does
not change the standard form of the metric) it is always possible to put f(¢) = 1, that is A = 1/B,
which corresponds to a particular choice of the time parameter. Such a transformation is solution of

the equation f(g(t)) (¢(¢))*> = 1. In fact with such a transformation
F(&) = A(t,r)B(t,r) = A(g(t),r)B(g(t),r)g*(t) = f(g()g*(t) = 1.

Finally, using (7.7) we get

d
Repw=1-rB —-B=0 =— (rBy=1 = B=1-1,
dr r
where —rg is an integration constant, which will be fixed by taking the Newtonian limit. For weak
field and small velocity in fact we have (see (2.12)
29 2MG 2MG
o1 20) (-2 — o2

c2r

where M is the mass of the body which generates the gravitational field. The quantity rg is called
the Schwarzschild radius.
The final solution has then form

1
2 _ _ e 2, - g2 2 2 .. 92 2
ds <1 r) dt* + 1—r5/r dr® 4 r*(dd* + sin” 9 dy*) . (7.9)

This is called the Schwarzschild metric. It represents the gravitational field outside a spherical
symmetric body. At the spatial infinity r» > rg the metric (7.9) will coincide with the one of
Minkowski and this means that very far from the source the special relativity holds true.
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e The spherical source which generates the gravitational field can have arbitrary dimension Rj.
For planets and visible stars one has Ry > rg and since the Schwarzschild solution is valid for
r > Ry, the metric (7.9) has no singularities. The situation drastically change when Ry < rg.
In fact, in such a case the static metric (7.9), is singular for r = rg. However it has to be
noted that this is not a “true” singularity of the field because in such a point all invariant
quantities are finite (of course Ricci tensor and scalar curvature are vanishing, but for example
the scalar RY"* R;;,.s is equal to 12rZr—% and so it is singular only at 7 = 0). The singularity of
the metric is due to the “particular choice of coordinates”. When we cross the surface r = rg
(the horizon), both goo and g1 change the sign. In particular, for r < rg goo becomes positive,
while g1; becomes negative. This means that the time-like Killing vector 0; becomes space-like,
while the space-like Killing vector 9, becomes time-like. Such a feature will be discussed in
more detail in chapter 7.8 which is dedicated to the physics of black holes.

In the case of a “point-like source”, the metric in (7.9) has a second singularity at » = 0, which
effectively corresponds to a “physical” singularity, which is due to the fact the density of matter
has to be infinite at the origin (e(r) = M 6(r)).

e [t has also to be noted the curious fact that the classical escape velocity of a particle at a
distance d = rg from the body is equal to the speed of light (this seems a pure coincidence).

7.3 The classical tests of Einstein equations

In the Newtonian theory there are three classical phenomena which are in disagreement with exper-
imental data, even if one takes into account of possible corrections due to special relativity. On the
contrary general relativity is in excellent agreement with all that phenomena. Recently other tests
have confirmed the validity of general relativity.

1. Precession of perihelia: it has been observed that the perihelia (the point on the orbit
nearest the sun) of mercury is not fixed with respect to distant stars, but it “advance”, the
precession angle being Apo = 5600.73 + 0.41 seconds per century. This means that the orbit
is not exactly elliptic, but it precesses around a focus (see figure 3). Even if one takes into
account of perturbations due to the presence of other planets and the rotation of the earth, the
Newtonian theory gives a precession angle Apy = 5557.62 4+ 0.20 seconds per century. The
discrepancy between the measured value and the one provided by Newtonian theory is then
43.11+0.45" per century. This could be due to a modification of Newtonian law, for example as
a consequence of the solar oblateness or other unknown effects. Of course the effect is present
in all planets, but for mercury it is more evident because such a planet has a very eccentric
orbit and moreover it is quite near the sun.

2. The deflection of light by the sun: as well as massive particles, photons move along
geodesic and so they interact with gravitational field. Then we expect the light to be deflected
by the sun. This effect can be observed by looking at a distant star when the sun is between
the earth and the star itself and six month later, when the sun is on other side (see figure (4)
(the first data was taken during an eclipse in the year 1919).

For a massive particle, the deflection angle can be computed using Newtonian theory. It
depends on the starting velocity at infinity and the impact parameter, but (of course) not on
the mass of the particle. Then in the formula one can put the speed of light and obtains in
this way a formula valid also for photons. As we shall explicitly see, general relativity gives a
deflection angle which is double than the one computed by using Newtonian theory.
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Figure 3: precession of perihelia-aphelia (figure by G. t’Hooft)

3. The radar echo delay: this concerns the time which takes an electromagnetic signal to go
from the earth to a inner planet and back. As we shall see, this is longer than what expected
if light traveled in straight lines at constant velocity (Shapiro experiment (1964).

7.4 The orbit of a test particle in Newtonian theory

Before to find the geodesics of the metric (7.9), we study the motion of a particle in Newtonian
theory, then we consider a test particle in a central field V(r) = me(r) = —mMG/r. As it is well
known, the angular momentum L and the energy E are conserved quantities. They read
1 mi? L?
I = 2. t E == -2 2.2 V=

mr”y = const , 2m(7“ +rép*) + 5 T35
The differential equation which determines the trajectory of the particle can be easily obtained from
equations in (7.10) by eliminating the time variable. This gives

+V =const. (7.10)

r 21712 r r
dp — Lrgl [Zm(E ~V)- H = o(r) — p(ry) = / r2\/2m(EL_dv) o (7.11)

For an open orbit (see figure 4) one has L = mbv,, and E = mv? /2 where b is the impact parameter
and v, the velocity very far from the scattering center. Choosing the system of coordinates as in
figure 4) (¢ = 0 corresponds to the point on the trajectory nearest the source), the deflection angle
read

o0 dr
v = [26(00) = 7. o(00) = b [ , (7.12)
Y ro T\/r2+2MGr/vgo—b2

where 7 is the minimum value (on the trajectory) of the coordinate r. This means that ¢(rg) = 0
and % (rg) = 0, then rg it is the positive solution of the equation

L? L 2m*MG
2m(E-V)-—5=0 = 2mE:—2—m7.
r 3 To

The integral in (7.12) can be done exactly, the primitive of the integrand function being

2C' + Br B_QMG
VA S

Since the angle does not depend on the mass of the particle, the latter formula can be used for a
photon too, by putting v, = ¢. In this way B = 2MG/c* = rg.

The experimental impact factor is (more or less) equal to the radius o the sun, that isb ~ ro ~ Rg
and rg < Rg. For our purposes it is sufficient to find an approximate solution at the first order in
rs/Re. From (7.13) then it follows

©(r) = arcsin : C=-b, A= B?*-4C . (7.13)

and finally xy ~ rs/Rs. As we shall see below, this result is exactly one-half with respect to the
one given by general relativity.
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Figure 4: deflection of light

7.5 The orbit of a test particle in general relativity
A test particle moves along a geodesic 2*(\) given by the equation

DukF du® . da*

dn ax ot Y (7:14)
where A is an arbitrary affine parameter (not the proper time, because we shall compute the trajec-
tories for photons too) and u* represents the 4-velocity (it is exactly the 4-velocity if A = 7). Now

we look for solutions of (7.14) for a generic static and isotropic metric of the form
ds* = —Bdt* + Adr* +r* do® = gijdz'da’

where A = A(r) and B = B(r). We have seen above that this metric is solution of Einstein equations
in vacuum if A = 1/B, but for more generality, we do not use such a result (see the post-Newtonian
approzimation in 7.6).

Then we use connection (7.4) with A = B = 0 and re-write (7.14) in the form

du’® o, .. du’ B

N + u'e’ = N —|—§u u =0, (7.15)

du’ 1 0 g du’ B’ 012 A e T 212 .9 312

du o du2 i1 20 (u3)2 2012

% + I u'! = % + _smz;(u) +2cot vt + 4L = 0, (7.17)
r

du? o du? 2ulu’

— 4+ D3 = — 4 2cot P+ ——— =0. 1

oy T lue’ = -+ 2cotdun” + — 0 (7.18)

As it happens in the classical case, for symmetry reasons we expect the trajectory of the particle
to belong to a plane, say (z,y). Then we look for solutions with ¢ = w/2. This choice implies
u? = d¥/d)\ = 0 and so equation (7.17) is identically satisfied. Recalling also that u! = dr/d), the
other three equations simplify to

d d d
— 1 O— u'— logB=—— logB 1
o og u U 5 og o og B, (7.19)
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o = g (B A = (7.20)
d 2u d
— logu® = —"— = ——— logr? 7.21
a e ra (7-21)
Now equations (7.19) and (7.20) can be trivially solved and in fact
d dz®  cost
2 og(Bu®) = 0o_ & _ 0%t
o og(Bu') =0 = wu 0 5
d d
iy log(r*u®) =0 = 1%’ = 7"2% = cost = J .
(7.22)

The first integration constant is related to the possible choices of the A\ parameter and so we put it
equal to 1. This means that
dz® 1 0 .
"B = A\ — x = ct at large distances where B — 0.
In this case the evolution parameter tends to the Newtonian time very far from the source.
The second integration constant J, which we call angular momentum, at large distances effectively
becomes the angular momentum per unit mass, in units where ¢ = 1.
There exists a second conserved quantity, the energy, which can be derived from (7.20), but more
quickly by recalling that the scalar product is invariant under parallel transport. So

D ,, d /. ) ds?
O—E(UW@)—J(UU}{;) — uuk—w——g
The constant £ is positive for massive particles and vanishing for massless particles and we shall see

that it is related to the classical energy.
From previous equations now we get the explicit relation

ds? 1 dar\> J?
S——+A<T> N
T

d\? B dA
In conclusion, the trajectory is determined by the two equations
de
2
— 2
J T (7.23)
1 ar\> J? 1 A [(dr\® J?
— A=) o = - 24
£ B (d/\) r2 B 2B <dt> ] r2’ (7:24)

where in the last expression we have explicitly set A\ = ct. At large distances from the source the
coordinate time ¢ will coincide with the Minkowskian time.
Now we eliminate the parameter A and obtain the exact solution

p(r) — p(ro) = ‘]/O N L ' (7.25)

— BE — BJ?/r?

The meaning of the constant of motion can be understood in the Newtonian limit, where the
metric becomes the one of Minkowski. We have
2¢ MG

B:_900N1+727 ANCt? (b: )
& r
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c dt c
1| [(dr\* L2 A(1— &) 2F
2[<dt> T teET g = sl

where L and E are Newtonian, non-relativistic quantities (angular momentum and energy per unit
mass).

7.5.1 Particular solutions: closed circular orbits

We look for circular orbits, this means r = rq =constant. The values of rq can be determined by
equation (7.24) which becomes
J? 1

"8 T Bee

The derivative of (7.24) with respect to r at r = ry reads

B/(To) 2J2
_ b
bZ(To) 7”8
and so
c_ 1 ( B TOBI(’I"O)> Jo raB'(rg)
B(ro) B(ro) )’ B(ro)

From equations above one derives £ and J starting from the dimension 7y of the orbit.

For massless particles, £ = 0 and so r9B’(ry) = B(r¢), from which one gets

3
To = 57’5 .

We see that the light can travel along a circular closed orbit with a radius equal to 3/2 the
Schwarzschild radius.

Of course all considerations above holds for » > Rg, Rs being the radius of the body which
generates the field.

7.6 The post-Newtonian approximation

One starts from a generic static and isotropic metric, but without to assume the validity of Einstein
equations and one develops the functions A and B in power series of rg/r, that is

ds* = —B(r)(dz°)? + A(r)dr? + r*(d0? + sin® ¥ dg?) , (7.26)
rg s B—ay (rs 2

Ay =14+~ = +..., mmzl—a+<>+u,
r r 2 r

a, 3,7 being arbitrary parameters to be determined from experimental data.

From the principle of equivalence it follows gog ~ —(1 — 2MG/c*r) and so a = 1. If we assume
also the validity of Einstein equations (6.3)), then v = 8 = 1. For the moment, for more generality
we do not fix # and ~, but we put a = 1 as it is imposed by the principle of equivalence.
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At the first order in rg/r we get
Ar) ~ 1475 B(ry~1-"5
r r

Conserved quantities and trajectory for test particle/photon are given by equations (7.23), (7.24)
and the (7.25), that is

dy 1 ar\> J?
_ ey N S 2
=0 =35 (dA) r? (7.27)

o(r) —@(ry) = J/O r2\/1 = VAB dr : (7.28)

B(r)€ — BJ?/r?

7.6.1 The deflection of light

For massless particles we have £ = 0 and J = L/c = b, where b is the impact parameter (see figure 4).
The deflection angle is

X = [20(c0) — ploo) =g [~ —YATL
’ v 121 — BJ2/r?

ro being the minimum value of the r coordinate and ¢(rg) = 0. From equation dr/d\ = 0 we get

po T _ T ~r5(l+e),
B(rog) 1—rg/ro

where we have set € = rg/ro. Putting x = ro/r we obtain

@N\/(l—l—*ysx)(l—sx)wl—i—ﬁ

2 )
B(r)J2] " 01—1/2 1 ex?
1-— ~ 1—(1-— 1 ~ 1 2
l 3 ] [1- (1 —ex)(1+e)2?] = amro) (7.29)
from which
1 e(y—1)x ex? dx
~ VI / 1
#(o0) e l T Tty vice
1 1 1 '
= V1+¢ arcsinx—a,/lli—gzxulli—;arcsinx—g(vz_)\/l—a?]o
m e(v—1)
[2%—5%—2 ] (7.30)

Now, choosing rg ~ R, at the first order in € we obtain

2r —1)r
y~ s = Drs
Ro Ro
As we already said, for general relativity (7 = 1) such a result is twice the one computed using

Newtonian theory. For the sun one gets the value x ~ 1.75 seconds, which is in good agreement with
the experimental data.
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Figure 5: radar echo delay

7.6.2 Radar echo delay

We would like to compute the time ¢(ry,73) which takes a photon to go from the point P =
(r1,m/2,¢1) to the point P, = (re,m/2,¢2) in the presence of the gravitational field generated
by a star (see figure 5). In order to make the calculation we first compute the time t(r, ) which
the signal takes to reach the nearest point to the star Py = (1, 7/2,0), starting from an arbitrary
point P = (r,7/2, ) on the trajectory (note that we refer to the specular trajectory with respect to
the one in the picture 5). The minimal distance ry from the star is directly related to the angular
momentum because the energy vanishes (£ = 0). The coordinate time can be obtained by integrating
dz® = d\/B, which is an exact differential form.This means that the integral does not depend on
the path (in a stationary field).
Putting « = ro/r, at the first order in € = rg/ro we get

0_ ﬂdr
B B /1 - BJ2/r2

2
B 1+(7+1)5a: 4T ro dx |
2 2(1+2)| 22y/1 — 22

dz

from which it follows

c t(’l“, TO) =

[ ﬁ A
ro VB /1 BJ2/r?

N 7“0/1 [1+(7+1)5m‘+ ex? ] dx

o/ 2 2(1+$) 21 — 22
5 5, rs(y+1) VA rs [T —To
= r2—rd+ log + — .
2 To 2 T+

The first term on the right-hand side of the latter equation represents the time which the signal will
take if it was moved along a straight line at constant velocity c. As we can see, the true time is
greater than that, in contrast with what happens for massive particles.
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The equations of motion are invariant with respect to time inversion, then t(r,ro) = t(ro,7) and
the total time which the signal takes to go from P; to P» and back is

tiot = 2[t(r1,70) £ t(r2,70)]

where in the latter equation one has to take the minus sign when the two points are on the same side
with respect to the star, while one has to take the plus sign when they are on opposite positions, as
in figure 5, In such a latter case one obtains a delay given by
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Figure 6: precession of perihelia

2 2
= (7—1—1) log—+log 1+ 1—%) +log |1+ 1—%
o 1 T2
r re—r ro —T
LT 170, (T2 T (7.31)
C T+ 70 To + 70
Of course, what one effectively measures is the proper time A7 = y/goo(P;) At.

e In the physical experiment (Shapiro-1964) one measures the time which takes a radar signal
to go from the earth to mercury and back and one obtains a delay A7 = 240us, which is in a
good agreement with (7.31) if v = 1 (general relativity).

7.6.3 The precession of perihelia

Let us consider a particle (mercury) freely moving in the gravitational field generated by a star
(sun). We assume the metric to be defined by (7.26) and the orbit of the particle to be a spatial,
approximatively closed curve (an ellipse, according to Newtonian theory — see figure 6). Let us
indicate by 71 and 7y respectively the nearest (perihelia) and the more far away (aphelia) points of
the orbit, with respect to the star. In such a points dr/d\A = 0 and so they are solutions of the
equation

1 J?

)= g = T3~ =0, (7.32)

It has to be noted that, in contrast with Newtonian theory, in general the latter algebraic equation
has more than two solutions (the orbit is not elliptic), but since for our aim approximated solutions
are sufficient, we expand the function 1/B(r) in power series up to second order in rg/r. In such a
way (7.32) becomes a second order algebraic equation in the variable 1/r. In fact

f@)wp-w;”-fw+1—e——c<—1><l—1>, =

TS r T1 T ]
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By the equations f(r1) = 0 and f(rs) = 0 we get

2 2

%_% rs
=8B 1y T,
r{— T3 1+ 12
1 1
S L —
J2:Bi_i2~7”52 +[1—5271r§+... (7.34)
rZ r2

where we have disregard higher order terms and we have set

1 1/1 1
BlzB(’rl), BQZB(TQ), L:2</]"1+7’2> .

Using this notation C' = rgL/2 and

J? B—7\rs B—7)\ 2rs
ORI PR e SR PR e
C +[ > )C * > )L

The approximated expressions can be obtained directly and more quickly by means of (7.33).
From equation (7.28) of the trajectory we get

r2 /A dr J fr2 VA dr
(10(7”2)_90<T1) = J 2 ~
ek

B—v\rs /’“2 ( ’W’s> dr
~ 1 l——) = 14+ —
Vi [ +< 2 L|Jn * 2r ) ry/r —1ri\JTa — 1T

B B—7\rs s

= ”[1+(1—2>L] (1+37)
(24 2y — B)mrs

+ o7 .

We see that the difference between the angular coordinates of perihelia (71) and aphelia () is greater
than 7 and this means the the two points are not on opposite side with respect to the star (the orbit
is not elliptic, it is not closed).
For a complete revolution we obtain
3m (242y -
Ap =2p(rs) —p(n)] =2 = — | ——— | .

L 3
For the system Mercury-Sun, general relativity (f = v = 1) gives the value Ap = 0.1038 seconds
per revolution. To this value correspond 43.03 seconds per century, which is exactly the value which
could not be explained in the framework of Newtonian theory.

e In the numeric computation it has to be taken into account that the revolution is the one
of mercury, while the century corresponds to 100 revolutions of the earth equivalent to 415
revolutions of mercury (see table 4).

e As we have already pointed out, the observed precession of mercury is 5600.73” per century,
but 5025” are due to the rotation of the astronomic system of coordinates and 532" are due to
the perturbation of other planets.
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It has also to be noted that general relativity would give negligible corrections (about ~ 10~*
seconds per century) to the value Apy computed in the framework of Newtonian theory as
the sum of the two effects above. This means that, in our approximation, it is effectively
reasonable to compare the theoretical value Ay with Apo — Apy (for an exhaustive discussion
see Weinberg-1972).

e The last integral above can be easily computed using the residue theorem. To this aim we
consider the function

1 ’yr5> 1
F(z)=-(1
(2) z( * 22 ) Az —Ti\/To — 2

and integrate it over a closed path which includes the two singularities 1 and 5. The residue
theorem gives

,,,2
j{F(z) dz = =27y _residue = —2/ F(r)dr.

In the sum one has to consider all external residue, infinity too, but since the function at
infinity goes as 1/23, the residue at that point is vanishing. In order to compute the residue at
the origin, where there is a simple pole, it is convenient to make the Laurent expansion. Then

(%) o () (145)
F ~ —11 1+ — ) (1+—
<Z> z ( + 2z —T179 + 2rq + 219

1 77"5) 1
~ 14+ ==+ ..
A/ —T1To ( + 2L z *

The integral now read

r? 1 s
Flrydr=mn—— (1418
/Tl (T) " T A/ —T1T2 < + 2L ) ’

from which the desired result follows.

7.7 The internal solution (spherical symmetry)

Here we shall find a solution of Einstein equations, in the presence of matter, representing a spherical
symmetric body (of course in a suitable system of coordinates). The more general form of the metric
is given by (7.1), while for the energy-momentum tensor with the required symmetry we choose the
one of a perfect fluid, which has the form

J ) k . 2
>+ Do, uuy = —c°,

Ti=p+e)—
where € represents the energy density, p the pressure and u* = da*/dr the 4-velocity of the fluid.
It is convenient to choose a system of coordinates in which the fluid is at rest, that is @ = 0,

uFuyp = ulug = —c2, u® = ¢/\/=goo and for simplicity we look for static solutions (the collapse of a
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star is not considered here). With such assumptions all parameters depend on the r coordinate only
and we have (see equation (7.5)-(7.8))

1 I A/ ! !
ROO:?A_EA(K+%)+7{8A7
—_B" B (A B A
ds* = —B(r)dt* + A(r)dr* + r*do? = o = 2B+4B<A+B)+’"’

_ r (A B’ 1
Rp=1+3(4-%) %
R33 = Sin279R22 .

while the non vanishing components of energy-momentum tensor read

{ 7Y = —¢(r), { Too = B(r)e(r),
Ty = p(r) o5 , Tow = p(7) Gab » T =TF=3p(r)—e(r).

Now we can use (6.3) or alternatively (6.6) to compute the parameters A and B in terms of p and .
Using (6.3) for Goy, after a straightforward calculation we get

87G B(r)e(r) B(r) d 1
= = — 1— . :

Goo ct 2 dr | A(r) (7.35)

The latter equation can be integrated to obtain
2M(r)G] ™" A v 9

A(r) =gn = ll - 7“02] 5 M(r) = 62/0 e(y)y” dy .
The other parameter of the metric can be obtained by solving (6.6) for Res. We have

R — ArG (e —p)r* v [2(A-1) +£’_E’

2 ct 24 r A B’

and from (7.35)

A" 8nGerA A-1

A & ro
Then we get

B 2M(7;)G 87rG7“42p(r)

A7 ——_ (7.36)

B r [1 . 2M(72“)G}

e It has to be noted that g;; = A(r) is “formally” similar to what we have obtained for the
external solution, but with M replaced by M(r), which represents “the mass” inside the ball
of radius r (not exactly, because it is not the proper mass).

As well as it happens in Newtonian gravity, we see that the mass outside the surface r does
not influence the gravitational field at any point inside that surface, but the same thing is not
valid for gog = —B(r).

For r greater that the dimension of the source (r > Ry) one has p(r) = ¢(r) = 0 and, as
expected, the metric becomes equal to the one of Schwarzschild .
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An interesting physical constraint between variables can be obtained by using the four conserva-
tion laws (6.4.) One can verify that the unique non trivial one is V;T%* = 0. Using the fact that 7%
is diagonal we get

ViT™ = T + T3 T + T T = 0, T + Tj T + T T + pg™ T, .
Using the Christoffel symbols in (7.3) we have
P B A 2\ p B A’ 2
= 0, (= R R B .
0 <A>+<2B+2A+r AToap TP \aar T

S )

A 2B

and by means of equation (7.36) we finally obtain

M(’!‘Q)G + 47rG7“jp(7")

/

p=—(p+e)— ST - (7.37)
r [1 . 21\%2)%

This is the Tolman-Oppenheimer-Volkoff equation of the thermodynamical equilibrium. Its physical
meaning becomes clear in the Newtonian limit p < &, M(r)G < rc* where the equation assumes
the simple form
, M(r)Ge
e

The right-hand side of the latter equation represents the gravitational force which the mass M(r)
experience on the unitary surface element with mass €/c?. The star will contract under the proper
gravitational attraction until the internal pressure p(r) will satisfy (7.37). If the mass M of the orig-
inal star is sufficiently large (M > Mroy, Mroy ~ 3.2 Mg being the mass of Tolman-Oppenheimer-
Volkoff and M, the mass of the sun), then the pressure will not be able to contrast the gravitational
force and the collapse will be unavoidable and unstoppable. The radius of the star will became
smaller than the Schwarzschild radius and so it will become a black hole.

In the usual stars like the sun, the main contribution to the pressure is proportional to the
temperature (ordinary pressure of a gas) and as a consequence the thermodynamical equilibrium is
broken when the temperature becomes smaller than a critical value depending on the total mass. In
such a case the star will start to collapse, the density, as well as the electron degeneracy pressure,
will increase. If the value of the mass M is smaller than Mgy, (Mep, ~ 1.44 My, is called the mass of
Chandrasekhar) then the collapse will stop, the final result being a white dwarf. In such a case the
gravitational force in balanced by the electron degeneracy pressure.

Also in the case in which the value of the mass M is greater than Mcy, but smaller that Myoy
the collaps will stop, the result being a neutron star. The density is so high that all electrons are
“captured” by protons to form neutrons. The gravitational force in balanced by neutron degeneracy
pressure.

e Note that in principle the collapse for stars with M > Mypoy could be stopped by quark
degeneracy pressure or by unknown effects of quantum gravity.
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7.8 Black holes

We recall the Schwarzschild metric

1
d2:—<1—rs)dt2 .
° r +1—7’5/7"

dr? + r*(d9? + sin® ¥ dy?)
where rg = 2M G /c* and coordinates run over ¢t € (—oo, 00), ¥ € [0, 7], ¢ € [—0,27| and r € (rg, c0).

As we have already said above, the singularity of the metric at » = 0 corresponds to a physical
singularity, because at that point some physical /geometrical quantities diverge, while the singularity
of the metric at r = rg is not a physical singularity because at that point all invariant quantities are
finite.

In principle there could be massive bodies with dimensions R smaller than the corresponding
Schwarzschild radius rg. They are entirely contained inside the spherical surface r = rg, which is
called event horizon.

From the classical (non-quantistic) point of view, what is inside the event horizon cannot be
seen by an observer outside it. For this reason such objects are called black holes. According to
the principle of equivalence, a very “small” observer in free fall crossing the event horizon will not
experience any force, apart tide forces, which in principle could be very small because they are due
to the curvature of space-time. In fact, on the horizon one gets

1212 iirs 12 3 8
g RijrsR J =

R.. Rijrs — — 149
s r6 r=rs & 4 GAM*

and the curvature is really small for heavy black holes. For example, on the surface of the earth
the “square” of Riemann tensor is of the order 1072 ¢m~*, while for the the smallest black hole
generated by the collapse of a star, this means M ~ 3M,, the square of Riemann tensor is of the
order 1072* cm™*, but it seams that at the center of galaxies there are black holes with M ~ 10® M,
For such supermassive objects the square of Riemann tensor is of the order 107°% ecm ™%,

Note however that such considerations do not take into account of quantum effects (see the end
of this section).

7.8.1 Schwarzschild geometry

The Schwarzschild metric is a solution of Einstein equations in vacuum also for 0 < r < rg, this
means inside the event horizon, but in such a case the meaning of coordinates become “unclear”
because the inner region is not connected with the external one and the interpretation of the results
becomes problematic. Temporal and spatial components of the metric change sign and so, when we
cross the event horizon, the time-like Killing vector 9; becomes space-like, while the space-like Killing
vector 0, becomes time-like and so they exchange they roles.

Moreover, the geometry of space-time inside the event horizon analysed by means of Schwarzschild
coordinates appear to be unphysical, since for example, proper time and proper distance becomes
imaginary. The reason of such a very strange behaviour is due to the fact that the Schwarzschild
metric describes the geometry of space time as seen by an observer at rest. As we shall see below,
inside the event horizon it is impossible to have an observer at rest.

In the external region r > rg, the null radial geodesic (ds = 0,d¥ = 0,dp = 0) satisfy the
equation

dt 1

— =t r>rg.
dr 1—rg/r’ o
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The plus and minus signs refer to outgoing and ingoing geodesic respectively,
The proper time of an observer at rest at the point r > rg¢ (angular coordinates does not matter),
is given by

/ rs
d = dt =4/1 — =dt < dt .
7(r) = \/|goo . < dt, r>rg

This is in agreement with time dilation: the clock in the gravitational field runs more slowly that the
clock at infinity where gravitation is absent. In fact, the coordinate time ¢ is also equal to the proper
time of the observer at rest at infinity (in units where ¢ = 1). This means that for the observer at
infinity, the time duration between two events in a point near the horizon will be very large, tending
to infinity for r — rg.

In a similar way, the light emitted by a source at rest at the point r > rg, will arrive at infinity
redshifted by the factor (1—rg/r)~%/2. If A is the proper wavelength of the light, then the wavelength
Moo Mmeasured by the observer at rest at infinity is given by

Ao

/1 —7“5/7"7

which tends to infinity when r approaches rg.
The gq0 “spatial-temporal” components of the metric are vanishing (a = 1,2, 3) and so the spatial
metric, which describes the spatial geometry, is trivially given by

Aoo =

d 2

’)/ab e gab — d;€2 = L + 7’2 (d'l92 + Sin2 19dg02) .
1—rg/r

dl¢ represents the proper distance between the two points P, = (t,r + dr,9 + dJ, ¢ + dp) and

P = (t,r,9, ) as measured by an observer at rest in P at time ¢. In particular, for two points on

the same radial line (d¥ = d¢ = 0) we have

d
A S— r>rg,

and we see that the proper distance diverge when r — rg.

In order to study the region inside the horizon it is convenient to use a non singular metric. As
we see by looking at above equations, the singularity r = rg of the metric is not a singularity of
the field. One can verify that all invariants quantities, as well as the determinant of the metric,
are not singular on the event horizon. Such a surface is a singularity of the metric only and can be
eliminated by a suitable choice of coordinates. In fact, there exists a choice of coordinates in which
the Schwarzschild metric is regular everywhere, apart the origin » = 0, which is a true singularity
of the field. The price to pay is to have a non-static metric. There are various metric extensions
of that kind, which describe different regions of space-time (Eddington®® (1924), Lemaitre (1938),
Finkelstein (1958), Fronsdal (1959)). The maximal extension is due to Kruskal and Szekeres (1960).

7.8.2 The Eddington-Finkelstein coordinates

Starting from Schwarzschild coordinates (¢, r, 9, ¢) one first introduces the Regge-Wheeler or tortoise
coordinate r, by

dr

-
— —1
1—rg/r

rs

=dr, =— r,=7r+7rglog , r>rg, (7.38)

36 Arthur Stanley Eddington (England) 1882-1944.
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which satisfies the properties

d 2
lim r, = —oo0, S (1 — 7’5) dr?.
TS 1—rg/r r

In terms of (¢,7,, 9, p) coordinates the Schwarzschild metric assumes the form

ds? = (1 — TS) (—dt2 + drf) + 72(d¥* + sin® 9 dp?) ,

r
from which it follows that the null radial geodesic (ds = 0,dd = 0, dp = 0) satisfy the equation
dt? = drf — dt==xdr, — t=xr,=const.

Then one defines the ingoing and outgoing null coordinates (also called advanced and retarded time
respectively)

v="=t+r,, u=t—r,., v € (—o0,00), u € (—00,00), (7.39)

which for v, u = const represent ingoing and outgoing radial null geodesic respectively (straight lines
in such coordinates).
In terms of ingoing/outgoing Eddington-Finkelstein coordinates the metric reads

ds® = — (1 — TS) dv? + 2dv dr + r*(dV? + sin® 9 dp?) (7.40)
T

ds? = — (1 _ ”) du® — 2du dr + r*(d9? + sin® 9 dp?) (7.41)
T

Of course, for r > rg both the two metrics above are solutions of Einstein equations in vacuum because
they have been obtained from the Schwarzschild one by a regular transformation of coordinates.
However, in contrast with Schwarzschild solution, in such coordinate systems there are no metric
singularity at » = rg because both the matrices above and their inverses are regular at r = rg and
so we can analytically extend the coordinates to the values r < rg, that is

0<r<oo; —00 < v < 00; —00 < U< 0.

It has to be noted that, after such an extension, the new coordinates (v,r) and (u,r) can not
be obtained from the Schwarzschild ones by a regular transformation, because r, diverges on the
horizon. The parameter t(v,7) = v — r, as a function of the new coordinates, goes to infinity when
r — rg and goes to zero when r — 0.

By definition, dv = 0 represents an ingoing null radial geodesic, that is the geodesic of a massless
particle which runs to the singularity at r = 0, while du = 0 represents an outgoing null radial
geodesic, that is the geodesic of a massless particle which runs away from the singularity at » = 0.

Now let us first focus our attention to the first extension (7.40) of Schwarzschild metric. In
order to study the motion of particles/fotons in such a space it is useful to make a Finkelstein
diagram, which is a plot of t, =t + (r. —r) = v — r against r (see Figure 7). The light cone of
an observer in an arbitrary point P = (t., 7,9, ) is defined by means of the radial null geodesics of
(ds =0,d9 =0,dp =0) , that is

2dr

dv =0, (ingoing), dv = Ty

(outgoing),
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or, what is the same,

dt,

. dt*_1+T5/T
dr

dr— 1—rg/r’

—1, (ingoing), (outgoing).

By definition of the coordinates, the ingoing null geodesics are straight lines, which in the Finkelstein
diagram have angular coefficient equal to —1 at any point, while the outgoing geodesic, as well as its
tangent at P, depend on the point considered and the amplitude of the light cone becomes smaller
and smaller while » — 0. More precisely, for the outgoing null geodesics we get

dt. dt. . dt,
=1 = 400, lim =—1.

lim
r—0 dr

lim
r—=rs dr

r—oo dr

Y

Of course, very far from the singularity the light cone is the one of an observer in Minkowski space,
while for r < rg the future light cone is entirely contained inside the event horizon.
Now let us consider the radial motion of massive and massless particles, then from (7.40) it follows

2dv dr = ds® + (1 — 7“:) dv? .
With our conventions ds? < 0 and time increase when dv > 0 (past to future).

We see that when r» > rg for a massive particle dvdr can be positive, negative or vanishing
depending on initial conditions and so the particle outside the event horizon can move in any direction,
while for a massless particle dvdr can be only positive or vanishing corresponding to outgoing or
ingoing null geodesics.

On the contrary, when r < rg

dvdr <0 = dr<Q0, (r<rg). (7.42)

and we see that inside the event horizon the r coordinate can only decrease in time and this means
that the particle/foton is destined to fall on the singularity. It can not stay at rest or move backward.
The ingoing metric (7.40), which is defined for v € (—o00, 00), r € (0, 00), describes a space-time
in which there is a region r < rg from which particles and light can enter but can not escape. For
this reason such a solution of Einstein equations is called black hole.
All considerations we have done for the ingoing solution can be repeated for the outgoing solution
using t, =t — (r, — r) = u + r against r in the plot. In such a case, for r < rg one gets

dudr >0 = dr>0, (r<rg). (7.43)

Inside the horizon the r coordinate always increase in time and this means that particles and light
will always go away from the singularity at » = 0. Never can remain inside the event horizon.

The outgoing metric (7.41), which is defined for u € (—o0, 00), r € (0, 00), describes a space-time
in which there is a region r < rg from which particles and light will escape away. For this reason
such a solution of Einstein equations is called white hole.

The ingoing Eddington-Finkelstein coordinates can be considered as an extension of the Schwarzschild
ones to the region r < rg and represent the gravitational field created by spherical symmetric col-
lapsed body (black hole), while the outgoing Eddington-Finkelstein coordinates represent the same
solution, but with future and past exchanged. Such a solution was mathematically expected because
Einstein equations are invariant under time reversal but its physical realisation requires very peculiar
and improbable initial conditions.
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Figure 7: Eddington-Finkelstein diagram

7.8.3 The Kruskal-Szekeres extension

The maximal extension of Schwarzschild metric has been done by Kruskal and Szekeres and describes
both black and white holes.

One starts again from Schwarzschild coordinates (¢,r,v,¢) defined for r > rg and make the
transformation

X+T t
X2 T = <T _ 1) r/rs 1 L 7.44
re < CXTT s (7.44)
In these coordinates the metric read
4 3 —r/rs
ds? = 215 7 (LaT? 1+ dX?) 4 r2do?, r=r(T, X),
r

and it is singular only at (7, X') = 0. Then we can extend the coordinates to all values r(T', X)) > 0,
that is X2 —T?% > —1.

The physical singularity at r = 0 in such coordinates is an extended region defined by means of
equation

X?-T?=-1 —= T=+vVX2+1.

This represents a hyperbola with two branches, one in the future and one in the past (with respect
to T' = 0).

The Kruskal space-time is divided in four natural regions by the null geodesic X* —T? = 0. In
the Schwarzschild coordinates these correspond to the horizon r = rg. (see figure 8).

The first two regions (I, 1) form the black hole and correspond to the outer and inner regions
of the event horizon. In particular, the outer region (I) is the one described by Schwarzschild
coordinates.

The two regions (111, IV) have similar properties to the previous ones, but with past and future
exchanged. They form the so called white hole.

In the diagram of Kruskal, radial null geodesics are straight lines which form an angle of 45°
with the horizontal axes. This means that an object inside the region I is destined to fall on the

60



r=0 singolarita”

v

; t=costante

r=costante

—_

r=0 singolarita”

Figure 8: Kruskal extension of Schwarzschild metric

singularity X = /72 —1 (r = 0). In order to escape from such a region it would travel with a
velocity greater than the speed of light. On the contrary, an object inside the region 171 will escape
away, in regions [ or IV.

An observer at rest in region I or IV (in the other two regions nothing can stay at rest) is
represented by the hyperbola X2 — T? = const. It can send signals only to infinity or to region IT
and it can receive signals only from region I7I. Observers in region I can not communicate with
observers in region IV and viceversa.

The Kruskal-Szekeres coordinates are an extension of Eddington-Finkelstein ones. One says that
these represent the maximal extension of Schwarzschild coordinates because all geodesic can be
prolongated and eventually they stop on the physical singularity.

Sometimes the metric is written in “null” coordinates

{V:T+X,

4 3
P ds? = == /"5 AUV + r*(d? + sin® 9 dg?)

To finish the section we just right down the inverse transformation of (7.44), that is
{ T = 4/% — ler/?rs Sinhﬁ,
T

r>Tg
X = /L —1e/%s cosh 5, ’
rs 2rg

T=./1-— ée’"/Q’"S Coshﬁ7 -
, r<rg.
X=/1- éer/%s smhi, §

e According to quantum mechanics, black holes are not really black. since they can emit particles
by tunneling effect. The emission has a Planckian spectrum with a temperature

he

Ty = —F——
" 47Tk‘B’I“5’
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where kp is the Boltzmann constant and i = h/27, h being the Planck constant. Ty is called
the Hawking temperature and is the one measured by an observer at rest very far from the
source.
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8 Gravitational Radiation

Here we shall show that Einstein equations can have radiative solutions, which, in the weak field
approximation, have properties similar to electromagnetic waves. The similarty is valid for weak
fields, since in such a case only we can disregard autointeracting terms and consider linear equations.
The “linearised” gravitational waves have an interpretation as a flux of particles, called graviton, as
well as electromagnetic waves can be seen as a flux of photons. As in Section 6.6.2, we choose a
“quasi-Minkowskian” reference frame where

9i; = Nij + hij s |h’Lj| — O, (at 1nﬁn1ty), Gij — Nij (at mfinlty), (81)

and we develop the field equations in a power series up to first order in h;;, around Minkowski metric.
In this way the Einstein theory becomes equivalent to the standard theory of a tensorial field on the
Minkowski space. Gravitational waves are seen as perturbations of flat space-time.

e In principle one could expand the metric around an arbitrary solution g;; of Einstein equation,
that is g;; = ¢i; + hij, and interpret gravitational waves as perturbations of such a solution.
Such a procedure is necessary for example when one studies cosmological waves which are
perturbations of FLRW solution (see Section 9).

By assuming |h;;| < 1 we get

g~ — R det{gi;} ~ (14 h)det{n;} = g=|det{gi}| ~I[1+h]|,
kLo oL ik i Lok
1 .
Rz(jl) = —5 {Dhij + 816]h - 6,8khf - 8]6khf] , R(l) = —0Oh+ aiajhij ,

ij

1
Gy = =5 [Dhij — 0O+ 0:0;h — (0,041 + 0,00 — ny 0N |

where O = 79,;0; and all indices are rised and lowered by means of Minkowski metric as in Section
6.6.2.

In order to simplify calculations now we use the freedom to choice the coordinate system. As we
have seen in Section 6.5, by an infinitesimal coordinate transformation of the kind % — 2% + ¢* one

has
9ij = 9ij — Vi — V& = hy = hy — 0§ — 0,6 + O(h?),
where 0;¢; is of the order of h;; in order to deal again with a weak field.

e Note that the latter transformation for the field h;; is similar to the gauge transformation which
one has for the electromagnetic potential.

We can fix four arbitrary conditions on the metric by choosing a suitable vector field &. For our
aim, a very convenient choice is the so called de Donder gauge Ffj g = 0, which at first order in h;;
simplifies to

1 1
k _ k _ kE _ 1k k
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This is also called harmonic gauge, because the coordinates are harmonic functions, that is Ox* = 0.
In such a gauge one has

m__1 m_ 1
Riy’ = —50hi, Gy’ = =500y,
and the field equations (6.28) read
167G 167G
Ovi; = T T —T(Tz" +ti) 31&0;? =0. (8.2)

At first order in h;; we can dropped the grvitational energy-momentum pseudo-tensor ¢;; since it is
at least a second order function in h;; an so, in vacuum (7;; = 0) the field equations can be written
as

]

1
RY~0 — Ohy =0, 0 (s = S0h) = 0. (83)

Such equations are similar to the ones which satisfy electromagnetic waves in the Lorentz gauge.
Their solutions can be obtained by using the same methods, which we briefly recall in the following
section.

8.1 Electromagnetic waves
In the Lorentz or covariant gauge one has

0A,=0, 0, A" =0. (8.4)
A real solution is given by the plane wave

ikax® x _—ikoxr®
Ap=e e +ee T

where
k. k" =0, kte, =0,

which are the wave equation and the Lorentz gauge in the momentum space.

We see that the four quantities e, are not independent because they have to satisfy the transver-
sality equation k*e, = 0. The Lorentz gauge does not fix completely the field A,,. In fact, it remains
a residual gauge which permits to fix a second condition together transversality. Starting from a
potential A, which satisfy the Lorentz gauge, we can build up a new potential Aj by means of a
gauge transformation of the kind

Al = Ay + 0, Of =0

and also this, by construction, satisfy the Lorentz gauge and of course is a solution of the wave
equation. This means that effectively the Lorentz gauge selects a whole class of potentials. We can
pick up a particular element of that class in the way we are going to describe. We put

. o . o . . o . i @
AL:% etkat +eze ika +8Mf, f:wezkax — ie e tkaz®™

By construction, if ¢ is an arbitrary constant, then Of = 0 and so A, is a solution of (8.4). It can
be written as

I 1 ikgx® Ix _—ikqx® I .
A,=¢€,e +e, € , e, =¢eun—¢cky.
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It is always possible to choose ¢ in such a way that one component of A, vanishes. The independent
components then remain only 2.

To be more explicit, we suppose the wave to propagate along the x axis. Then k? = k* = 0,
kK0 =k' > 0e ky = —k;. From this it follows that ey = —e; and with the choice ¢ = e;/k; one gets
e, = —ej) = 0. The true physical degrees of freedom correspond to e; and es, that is A and As,
which are the components orthogonal to the direction of propagation.

The physical meaning becomes clear if we perform a rotation around the propagation axis ().
This is realised by the Lorentz matrix

1 0 0 0
0 1 0 0
0 0 cosyp sing
0 0 —singp cose

A:

The vectors transform according to the law
e, =N\, e,

from which we get

€ = €o, €1 =¢€,

= €64 =e€4 BZFZC'D, er = ey ties.

€9 = COS ey + sin pes |
€3 = —sin ey + cos pes |

The electromagnetic field has been decomposed in parts with elicity equal to £1 (right and left
polarisation) and so we say that the photon has spin equal to 1. The non physical part has elicity 0.

8.2 Gravitational plane waves
In analogy with electromagnetism, we write the solution of (8.3) in the form
h,’j = €5 eikTmT + 6;}- e—ikrmr 3 €ij = €45, (85)

with
r i 1 r
/{Zrk' :07 keij—ikjeT:O.

ei; is said polarisation tensor. In the following we shall see that it has only two independent compo-
nents. This means that the physical degrees of freedom of the gravitational field are only two.

Four components of e;; can be directly eliminated by choosing the harmonic gauge, while the
other four can be eliminated by using the residual gauge. In fact, given a solution satisfying the
harmonic gauge, one can do a gauge transformation of the form

hij = hij — 0i&; — 056, oef =0,
obtaining in this way another solution satisfying the harmonic gauge. Putting
ék _ i@k eikTrpr o ’i€*k efikrzr ng — O

with a constant vector ¥, we get

l p—
eij = €;j + l{?i&j + k?j&i .
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Since e* is arbitrary, we can fix other four conditions.
Now we consider a wave propagating along the x axis. Then k% = 0, k* = k! > 0e ky = —k;
(a,b =2,3) and from harmonic gauge condition it follows

€oa + €14 =0, —€pp — €01 = €p1 + €11 = 5(611 + e + €33 — €no) -

Solving the algebraic system we have

1
€0a = —€la , €01 = —5(600 +e11), €2 = —€33 . (8.6)

Now, by the residual gauge we also obtain

! ! !
€ab = €ab €0a = €0a — klga 5 €14 = €1a + klga )
/ ! /
eoo = €oo — 2kigo , ey = en + 2k, ep, = €o1 + ki(e1 — eo) -

By taking equation (8.6) into account, we see that with a suitable choice of ¥ all components of
egj vanish, but e/, = e, which remain invariant under such a transformation. Then, of the ten
original components of the polarisation tensor e}, (or equivalently h;;), only two of them are linearly
independent, that is

/ / / /
€g9g == —E€33 = €22 = —€33, €93 = €39 = €23 = €32,

by = —his = hoy = —hgs b3 = N3y = hog = hag
all the other components ep,, €, hfy, h;, being vanishing. It has to be observed that now b’ = hjf =
5o + hig = 0.
As in the previous paragraph, by a rotation generated by the matrix A we get

€00 = €00 » £y = et2ip ey
~ rAS ~ - ’
€j =MNAN e, — €11 = €11, 7 4+
! ~ Jr=e" fi,
€01 = €o1

where we have set

€+ = €3 F i€a3 = —e33 F i€23 fr = e Fieyz = —epe L ieps .

The components e and fy have elicity equal to +2, and 41 respectively, while eqg, €17 and ey; have
elicity 0. The physical components e+ have elicity 2 and this corresponds to a particle with spin
equal to 2, said graviton.

Transverse-Traceless gauge. — We have seen that it is always possible to choose a gauge in which
the wave has only two independent components orthogonal to the direction of propagation. This
gauge is called Transverse-Traceless gauge (TT-gauge). For a plane wave the components hij = hj;
satisfy the conditions

hoi =0, ey =0, n/hi =0, 0Ok =0,

where 7% (a = 1,2, 3) is the unit 3-vector which points in the direction of propagation.
In general it is very difficult to realised explicitly the required gauge transformation, but to our
aim it is sufficient to observe that the physical components are equal to the ones in the harmonic
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gauge. For example, for a plane wave propagating along the (z) axis, the non vanishing components
read

hg;T = _héFgT = h22 = _h337 h/g?;T = thT = h23 = h32,
and satisfy the conditions
ij 3 TT ijo B TT
njhij =0, njaihjk =0,
but
- . 1
n’hij =h#0, n”(‘?ihjkziﬁkh;&O.

Now we observe that

hégT - _h3Tg = ; (h%r - h3T3T) = ;(hm — h33) = ; (a2 — t33)
and finally
M = —hEF = 2 (= ) W = Y = s (57
Just for completeness we write down the gauge transformation which relates hLI to 1. It reads
hey = | (Bac — Natic)(6ba — ptg) — ; (8 — Mafp) (Gea — Pichia) | 7, a,b,c,d=1,2,3

Choosing n* = (1,0,0) one recovers (8.7).

8.3 Example: test particles in the presence of a gravitational wave

First of all we consider a free test particle initially at rest, that is @ = 0 with respect to the chosen
reference system. The particle moves according to geodesic equation
g dat
dr ’

where Ffj is the connection related to the metric g;; = n;; + hi; due to the plane wave. The initial
acceleration of the particle reads

duF

dr |,

—— 4+ Thulud =0, u

1 ..
= —Flgououo = 07 FIOCO ~ 5 nkj (2(90h03 - 8Jh00) y

and we see that it is vanishing if the TT-gauge, because hg; = hng = 0. This means that the
particle remains at rest also in the presence of the wave, but this is simply due to the properties of
the reference frame corresponding to the TT-gauge. The coordinate of the particle does not change
in such a reference frame, but remember that coordinates have no direct physical meaning. In a
different coordinate system hg; # 0 and so the particle is accelerated.

In order to read off the presence of gravitational waves we have to compare the motion of more
particles. As an example, at time ¢t consider a first particle at the origin P; = (0,0,0) and a second
particle at the point P, = (0,0,¢), € being a small quantity. The proper distance is given by

P2 €
M:/ adad“ﬂz/ S dr® ~ 1/ g53(0) |
P Vapdx®da”| 0 V33 ax £/933(0)
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where 7, is the metric of spatial geometry. For a plane wave in the TT-gauge Yoo = Jap = Nap + hl
and so

1
Al~e[l+hEL0)]Y2 ~e {1+2h§§} .

We see that also in the TT-gauge the proper distance between the particles in general changes as a
consequence of the gravitational wave.

More information about the motion can be obtained by means of geodesic deviation equation.
Let 2% and 3% = 2% 4 €* be the coordinates of two “sufficiently close” test particles in free fall in the
gravitational field due to a plane wave moving along the 2 = z direction. In such a case the “small
quantity” &* satisfies the equation of geodesic deviation (see (5.8))

D?¢k . .
D = R &
u* and 7 being respectively the 4-velocity and the proper time of the first particle. Of course the
equation is valid in any reference system, but for physical interpretation and experimental applica-
tions it is natural to choose a Lorentzian frame attached to the first particle. With this choice the
particle is at rest in the point P; (say the origin) along the whole geodesic and so, at any time

k ; dr;
u :(C,0,0,0), F’L](Pl):()’ <P1):0, T:t,
dr
In such a reference frame the geodesic deviation equation becomes
02¢k .. .
o =& = Ry

but since we are not in the TT-gauge, the components of the gravitational wave can be very com-
plicated. Fortunately the linearised Riemann tensor is gauge invariant and so the right-hand side of
the latter equation can be evaluated in an arbitrary gauge. At lowest order in h;; then we get

.1 R I
Ek ~ 2 C2a§hng &~ 2 hijgj(O) 5
where on the right-hand side & has been replaced by its initial value since of course

&8~ €5(0) + O(h), £8(0) = 4*(0) = (0, cos ¢, £ sin ¢, 0) .

We have put the second particle in the (x,y) plane near the origin, ¢ being a small constant quantity
and 0 < ¢ < 2m. The third component of the particle does not enter the game because the wave has
non vanishing components only in the (x,y) plane, in fact, for a plane wave along the z axis we have
BIT = —BEF and ATF = KIT. Then

. 1 . .

& o= € (h{lT cos ¢ + hily sin ¢) :

. 1 . .

& = 5€ (hr{zT cos ¢ — hifl sin gb) .
The latter equations have the solution

1
& = ecoso+ 55(/111 sinwt cos ¢ + Ajp sinwt sin ¢) |

1
& = esing + 3¢ (Aqg sinwt cos ¢ — Ajq sinwt sin @) |
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Figure 9: Motion of a ring of test particles - polarized plane wave along z direction

where the plane wave has been written in the real form
hg;T:Al'j SinW(t—Z), AOk:O AgkIO, AiIO

In order to understand the physical meaning of the latter equations in it convenient to consider
separately the two linear polarizations of the wave, that is A;; = 0 or A5 = 0. In such case we see
that

B 51:€COS¢+%€A11 sin wt cos ¢,
Au#0, Ap=0 = { @zésingb—%gAnsinwtsingb,
&1 =ecoso+ %51412 sinwt sin ¢,

Ap #0, Ap=0 = {52:58m¢+;51412sinwtc08¢-

In the first case (A;2 = 0) consider for example ¢ = 0 and ¢ = 7. Then we see that & remains equal
to its initial value, while |€!| increases in both the cases in the interval ¢ € [0, 7/2w] and decreases
for t € [7/2w, 7 /w]. On the contrary, if ¢ = /2 or ¢ = 37/2 then &' remains unchanged, while |2
first decreases and then increases during the above periods of time. A similar reasoning holds in the
second case too (A;; = 0) but with the choices ¢ = 7/4, ¢ = br/4 and ¢ = 37/4, ¢ = Tn/4. This
means that a ring of test particles moves as in figure 9.

8.4 Energy and momentum of a plane gravitational wave

The energy-momentum “tensor” of the gravitational field can be defined by means of (6.30), where

1 . .
GW =RY — —p, RV RO — i RE}) 7 R®) = i RE?) :

ij ij _2

Up to second order in h;; we get
(1 1 (2 1 rs
Gij = R,-j) — 577in(1) + R,-j) 5 {77in(2) + hiyRY — ik R,(é)} + ..

and so at lowest order one has
A
G

We are interested in the energy-momentum “transported” by a plane wave in vacuum. Then equa-
tions (8.3) hold and

|
tij ~ {RE?’ — 5 [mR® + by RO — nijh“Rg)}} L oM.

4 1
Of course, in such an approximation we disregard auto-interacting terms by putting Rfjl ) =0.

The quantity ¢;; is a function of h;; and its derivative and could be exactly computed in a
straightforward way, but from the experimental point of view, what is really important is not the
energy as a function of time, but the one contained in a given finite volume with dimensions greater
that the cube of the typical wave length. For this reason it is sufficient to consider the average
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(tij) over a region of space-time with dimensions larger than the wave length A. In this way, by
integration, for the mean value of ¢;; one obtains the simple expression in the wave vectors

C4 kzl{? rs % 1
(ty) = T (eer, = S1ebP?) (8.8)

The exact calculation of the latter equation can be done by using the solution (8.5), but it is quite
tedious and complicated and we do not report it explicitly. However we observe that R e REJQ-)
are real, quadratic functions in h;; depending on its second derivatives and the square of its first
derivative and so the average of t;; has to be a real, quadratic function of polarisation e;; and at
the same time a quadratic function of wave vector k;. Since k.k" = 0 and k"ezj = kjel/2, it is not
possible to built up a scalar quadratic expression in k; and e;;. This means that (R®) = 0. With a

similar reasoning one finds that a tensor (Rg)% quadratic in k; and e;;, must have the form
<R§]2')> = kikj(ae e, + Blef|?) (R®)y =0,

«, B being constants to be determined by explicit computation.
The energy-momentum “tensor” t;; is not gauge invariant, but its averaged value (t;;) is gauge
invariant, as it has to do. In fact
e = ey R+ k& = () = (ty) -
Finally we write the expression (8.8) for a plane wave propagating along the = axis. It reads

c* kik; c* kik;

— 2 2\ _ 2 2
(t) = 5 ezl +lemf?) = T (les* + le ) - (8.9)

In general the expression of ¢;; is really complicated and this is true also at lowest order in h;;,
but for a plane wave in the TT-gauge, where

n?oihl, =0, nhlt =0,

after a straightforward calculation using (6.19) and (6.20), for the Landau-Lifsits pseudo-tensor ¢/:"
one gets the simple expression

C4

L TS Tr
By definition, at lowest order the energy-momentum tensor t,{} ia a quadratic expression in Jyh;;,
but for a plane wave in the TT-gauge only the term in (8.10) will survive. Of course, by taking the

average of (8.10) for a plane wave propagating along the x!' axes one obtains the result in (8.9).

8.5 Emission of gravitational waves

Here we would like to compute the energy emitted as gravitational waves by an arbitrary source.
To this aim we consider a weak gravitational field generated by massive bodies which move at small
velocities and are confined in a small region around the origin of coordinates. In the harmonic
gauge the field equations are given by (8.2), where we can drop t;; because it gives second order
contributions. At first order in h;; then we have

_ 167G i

4 J?

Oy ~

Ot =0, T ~0.
C
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The solution of the latter equation can be written down by recalling the “retarded potentials solution”
which solves the analog electromagnetic equation. If fact in that case one has

4 1 7 J _
A== dy Add) = [ PRIy

c gl

Since the equations we have to solve are formally similar to the electromagnetic ones we can directly
write the solution in the form

4G 1 TF(y.t — |7 —gl/c)

k — J 3
S(1 ) = — d
AG
~ Tf(lﬁt—er Cy> dy
ctp
4G
~ o [T (- ) @y,
ey c

where the integral is extended to the compact support of Tf. As usual we have assumed the observer
to be very far from the source, that is |Z| > |¢] and so we have set | — y| ~ p, with p a constant.
Moreover, since we are considering non relativistic sources, in the last expression above we have also
disregarded the term (Z - ij/pc), which is the time necessary for the wave to cross the source.

From the (approximated) conservation law (‘9ka = 0 we are able to get the spatial components
of T;; in terms of the temporal component. To this aim we first observe that

oTy = —0,T¢ Ty = —0,1}", a,b,c=1,2,3.
By integration one obtains
B / TO dV = / oIy dV = — / BTCy dV = — / 0.(Ty?) dV + / To dV

From Gauss theorem, all total divergences do not give contributions to the integral, because the
integral functions have compact support, then

{ [ T®dV =8 [ T dv

|
ab _ - Oa , b 0b, a
Ty — o T v /T dV—zao/(TerT y") dv .

In a similar way, for the temporal component we have
60/ Ty dV = _/ DTy dV = / (T + T%y%) v/,
o2 / TOYb AV = 8, / (T + T%y%) dV = 2 / T v .
Finally
/ T qV = ;63/ T4 AV ~ ;8?/ pyy® dV

where T% ~ puc? has been set, u being the mass density of the non relativistic source.
At large distances from the source the solution reads

200 .
WOt T) ~ = 82/u ple,§) yy dPy = 26 g

pct t—p/c’

(8.11)
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where M is related to the (mass) quadrupole moment Q% of the source. It has to be stressed
that we have neglected from the very beginning the auto-interacting terms, by replacing the whole
“tensor” 7;; with the matter tensor 7;;. Of course in some situations this could be dangerous.

We recall that the multipole moments are defined by means of the Taylor expansion

pt,HdV M | Dai®  Qui®a’ . Y
- - - + ... U = —, y <L |7,
KAt BT R CRE
where
M(t) = [ p(t,y)dV, monopole (total mass),
Da(t) - f :U’(tvg) ya dv = M(t) fcm; dip()le?
QU (t) = [ u(t,9)(By"y® — |g*6*) dV = 3M** — §°* M, quadrupole,

Me(t) = [ u(t, ) y*y* dv,
Zem being the coordinates of the center of mass.

e It has to be noted that the monopole (the total mass) depends on time only if the source loses
energy, for example by emission of gravitational waves, while the dipole moment is vanishing
if one chooses the origin in the center of mass. In any case &, = 0.

Since we are very far from the source, from the practical point of view ¥* will be a plane wave
at least in a small spacetime region. This means that by choosing (z') as direction of propagation,

the non vanishing components of A" will be hy," = —hi" # 0, hys" = hiy # 0.
Using for simplicity the Landau-Lifsits energy-momentum “tensor” (8.10), for the energy flux
along the (z') axis then we obtain (recall that for plane waves Jy = —0; and use (8.7))
A
01 ;7T 2 s TT\2| W9 — 33
ctrr ~ 167G (h23> + (h22) =~ 16n ¢23 < B ) } : (8.12)

From (8.12) we see that the energy flux at large distances is determined by ¥, which in the ap-
proximation here considered is related to the quadrupole moment by means of (8.11). For technical
reasons, in place of M it is convenient to use Q®, which is a traceless spatial tensor.

In terms of Q® we have

¢23 = (QZQ - QS?)) )

2G
Yoz — Y33 = T3

from which it follows
G Q Q
01 — g ng 4 ( 22 — 5 33)

The latter equation represents the energy density which pass through a unitary surface during the
unitary time due to a plane wave. The energy which pass through an infinitesimal surface dS = p 2dS)
is then

G
at(’ldszm Q23 (Q22 5 Q33) s, (8.13)
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dS2 being the solid angle. This represents the contribution due to a wave propagating along (z'). In
order to take into account of waves propagating in all possible directions, we write (8.13) in a form
invariant under spatial rotations, using the (spatial) polarisation tensor ey, with the properties

=0, eapn’=0, epe?=1, a,b=1,2,3, Ran® =1, (8.14)

where n® is a unitary vector along the propagation direction and e, is a unitary three-dimensional
tensor (under spatial rotations). By means of e, we have

aw = (5" ) a0 8.15
T2ned ( @ eab> ’ (8.15)
which is the contribution to the flux of an arbitrary polarised plane wave.

For example, the two matrices

00 0 L (00 0
e=— |0 0 1], ew=-— 101 0 |,
V2o 1 0 AU

in (8.15) gives respectively the two contributions in (8.13).
In order to take into account of all polarisations, one makes an “average” of the kind

dW =2 G (Qab Cfd eabecd> o, (8.16)

72mcd
where the factor 2 arises from the two independent polarisation of the wave. The mean value of the
product of all polarisations is a constant spatial tensor of order four which depends on the directions.
This means that it can be built up by using the vector 7, which takes into account of the direction
and the constant tensor d,,. Note that the other constant tensor ¢ (Levi-Civita) can not be used
because it has negative parity (it is a pseudotensor). It is easy to verify that the more general
constant tensor which satisfy the properties in (8.14) has to be the following:

... . .
€abled — 1 [nanbncnd + (nanb(;cd + ncnd(;ab)

_('flaﬁc(gbd + ﬁaﬁdébc + ﬁbﬁc(sad + 7ﬁlbﬁdéac) - 5ab50d + 5a05bd + 5ad5bc] .
Using such an expression in (8.16) we get
G 1 .ab 2 1 —.ab .- —.ac b
= 360 [(Q nanb> +§ (Q Qab)_ Q Q. nanb] s .

dwW
4

Now, the total emitted energy from he source is obtained by taking the average over all directions,
given by the vector 7, and by integrating over the angles. We have at disposal only the tensor g
and so

NNy = § 5ab ) NaMpNeNg = ﬁ (5ab5cd + §acébd + 5ad5bc) .

After this last average the flux does not depend on the directions and so the integration over the
angles gives just a factor 4w, The finally expression read

dE G

Wi = =3 = 155

G" G, - (8.17)
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This is called the quadrupole formula and represents the total gravitational energy emitted from the
gravitational source in the unit time (the total power Wy, ). In general it is a very small quantity
due to the presence of the factor G/45¢° ~ 6 - 1075 sec®/Kg m?, but it could be measured in the
presence of high quadrupole moments with high variations (supernova explosion).

The quadrupole formula has been indirectly verified by R.A. Hulse, J.H. Taylor®” and collaborators
(1974) by the observation (for many years) of the binary system PSR 1916+413. One of the two stars
is a pulsar (neutron star), which rotates around the partner and emits radio signals, which permit
to determine the orbit with high precision. The radius of the orbit decreases systematically in time
for the emission of gravitational energy in agreement with the quadrupole formula above.

8.6 Examples

We consider some simple gravitational sources and compute their power by means of (8.17).

8.6.1 Rotating bar

Just to have an idea of the intensity of the gravitational waves with respect to the sources, we first
consider a bar rotating around a fixed axis with a constant angular velocity w. Let us M and L
be respectively the mass and the length of the bar. If the transverse dimensions are negligible with
respect to the length, then the maximum quadrupole moment is obtained when the rotational axis
is orthogonal to the axis of the bar.

Without doing the explicit computation, from dimensional considerations we obtain

2 —.ab ... 2
Q" Qu ~ (ML, Q" Qur (ML),
and from (8.17)
Wi~ S arzis ~ [10ssw] [ AT [£)'
ot 5 Kg| lml lsect] ’

where 1W = 1 Kgm?/sec®. Tt is clear then it is practically impossible to generate gravitational
waves in a laboratory. Then one has to look for astronomic or cosmological sources.

8.6.2 Generic bounded gravitational system

We recall that the virial theorem for the Newtonian potential states that

(K) and (U) being the averaged (in time) kinetic and potential energies of a bounded gravitational
system. For such kind of systems we can define a typical angular frequency w by means of

M being the total mass of the system and L the spatial size.

3TNobel price in Physics (1993).
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For example, if we consider the system of two particles with mass m rotating on a circular orbit
of radius Ry with angular velocity w we have exactly

K = L1T10w? = mR3w? mG MG
2 0 ) 2—7:7 = -
{U:_,SZOG’ == w = IR 75 M =2m, L=2R,y.

By dimensional considerations now we get
& (MG\® ¢ [rg\®
G \ 2L G \2L

The Schwarzschild radius rg is always smaller than the size of the system and so one obtains a
constraint for the power radiated by a bounded gravitational system, that is

¢’ 53
W < el < 10 W .

8.6.3 A simple binary system

As a simple binary system we consider two bodies with masses mq, ms, total mass M = my + mg,
moving in the (x,y) plane in a circular orbit under the reciprocal gravitational force. We indicate
by w, and by pu = mymy/M the angular velocity and the reduced mass respectively and choose the
origin in the center of mass and, as usual, we put = 7 — 7. Since the orbit is circular, r = |7] is a
constant and so

b= Aff:w, o(t) = wt . (8.18)

The non vanishing components of tensors M and Qg are

Qzz = “Ti (1+ 3 cos2wt),
pre

7.2

M, = pr? cos?wt = “72 (1 + cos2wt) Qyy = 1= (1 — 3 cos2wt)
Myy:/ﬂ’2 siant:% 1 — cos2wt) , = Q..=—pr?,

My, = pr? coswt sinwt = “77“2 sin 2wt , Quy = 3 pur? sin 2wt

sz = Qyz =0.
From (8.17) it follows
dE  32G
Wit = —— = 2p48 (8.19)

it ~ 150"
This is the total energy emitted by the system during a unit time. The energy emitted in a period
of revolution 7' = 27 /w is then

T 647G
ET = / thOt dt = TWtot = L ,LL2T’4(A)5 .
0 15¢5

In the calculation we have assumed the distance r between the two bodies to be a constant and this
is a reasonable assumption if Er is negligible with respect to the absolute value of the total energy
E of the system, that is

Gmims Gmymy

F=—— Er <
2r

o (8.20)
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With this assumption we get
dE. Gmymg dr

~Wiot
dat 22 a0
from which it follows
dr 272 6411 K 64uM>G3
7:_7‘/‘/0:_766:_7 K:4
dt Gmymy 15M r3’ 15¢°

Here we have replaced w by means of (8.18). By integrating this latter equation we can compute the
total life of a system, with initial dimension r = ry. We get

4

o
Ty = —— / Sdr =
tot = roar = 1K
The latter result has to be considered a rough approximation of the real one, because condition (8.20)
does not hold for all time.
Using equation (8.19) for the planets in their motion around the sun we get, for example for earth
and jupiter

Wearth ~ 66 W, Tt ~ 10 years,
WSPEr 1700 W, TP 102 years .

It is also interesting to analyse the polarisation of the wave emitted by the system. To this aim
we recall that

2G
d}ab — — Mab
pe
and the TT-gauge components can be obtained by means of (8.7).
We first consider the waves emitted along the (z) axis (normal to the orbital plane). The non
vanishing components of the wave in TT-gauge are given by

hTT hTT 1 - 4Gr3w? COoS 2wt,
{ hTT hTT " 2 (¥ 4Gr ;ﬁ w) = r = (circular polarisation).
Ty —

sin 2wt |

It is clear that due to axial symmetry all the waves with direction in the plane of the orbit have the
same properties. Then it is sufficient to consider a wave directed along the (x) axis. We get

hTT hTT_ — ) = 2Gr3w? 2wt _ ' .
{ 2 (Vyy = ¥22) po GO (linear polarisation) .

hng thT = wyz =0,

We see that the waves in the direction normal to the plane of the orbit have circular polarisation
and twice the amplitude of the waves with direction in the orbital plane. The ratio between the
corresponding contribution to Wi, is then 1/8.
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8.6.4 The Hulse-Taylor binary system

Now we study the emission of gravitational radiation of the system classified as PSRB1913 + 16,
which is constituted by two stars rotating on an elliptic orbit. All parameters of the system are
known with high precision and it has been observed that the dimension of the trajectory, as well as
the period of revolution, decrease as a function of time. This can be a consequence of the energy loss
due to the emission of gravitational waves.

As in the previous example we choose (z,y) as the orbital plane and we indicate by u, M the
reduced and the total mass respectively and by 7= (r cos ¢, rsin ¢, 0), the relative position. In this
way, the motion of a star with respect to the other is described by the equations

1 — e2 ) MGa(l — e2
761( e):l—i—ecosgb, o= (2 ),
r r

where a is the semi-major axis and e the eccentricity. Energy, momentum and revolution period are
“nearly conserved” quantities given by

Gmims ) 2ma’/?
E=—- L=G 1-— T = .
P mymapt a( e, e

The quadrupole moments are similar to the ones computed in the previous example, that is

Quzz = ‘%2 (14 3 cos2wt),

2

Qyy = "5~ (1 = 3 cos 2wt),
sz = _,U/T27

Qzy = %,urz sin 2wt ,

Qa:z = Qyz =0.

However now the time dependence of ¢ and r are non trivial and for this reason the computation of
the third derivatives of Q4 is quite long and tedious. The final result reads

dE  8G*Mmimj3
dt — 15c5a5(1 — e2)

W=-— - (14 ecos@)*[12(1 + ecos ¢)? + e*sin® ¢] .

The average power irradiated on a period T is given by

1 /T 1 20 Wdg
<W>:T/O Wdt:f/o = (8.21)
from which the following Peters-Mathews result follows:
dE 32G*Mm2m3 o7 73 37
afy _ os Mimymy (1 _ 2)-T/2 19 9 90 4
) I (). flo) = (=2 (14 ety St

We see that f(e) is a rapidly increasing function of e which amplifies the effect.
For the period one gets

d—T—B a@_ 6ma’/? d£
at ~ ""NMG dt T p(MGYR dt

Fa (U O () - e R (T i
dt u(M@G)3/2  dt 5¢2 M1/3 27 '
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For the system under consideration e ~ 0.617 and f(e) ~ 10. The other parameters are
my, =my ~ 1.44Mg , me =mgy ~ 1.38 M, a ~ 1950100 Km .

With these data one gets T' ~ —2.4024 x 1072, The observed value is T,ps ~ —2.4184 x 1072, To
this latter value one has to add a small contribution due to the acceleration of the binary system
with respect to solar system as a consequence of the rotation of the galaxy. Taking such a correction
into account one has T.,, =~ —2.4056 x 107'% and finally

.l ~ 1.0013.

cor

78



9 Cosmological Solutions

These are solutions of Einstein equations, which are able to describe the whole universe. They are
based on few, very general axioms, which principally derive from astronomical observations and from
the assumption that we are not in a privileged position. Then it is natural o assume the universe to
be spatially homogeneous.

From our point of view (on a large scale), the universe appears also spatially isotropic since
all directions are “essentially equivalent” and, because there are not privileged points, it has to be
isotropic with respect to any point. The isotropic property which we observe now is assumed to
be valid at any time (a non-isotropic model always evolves in an isotropic one). It is clear that
homogeneity and isotropy are not local properties, but properties which are valid for a “smeared
out” universe averaged on a “sufficiently large scale” of the order 10% ~ 10° light-year (this includes
many clusters of galaxies).

In the following we shall use units in which ¢ = 1 and we shall indicate with p and p respectively
the density of matter/energy and the pressure of the whole universe.

Cosmological principle: during all its evolution the universe is spatially homogeneous and isotropic
or, what is the same, it is usotropic around any point.

From the mathematical point of view this means that it is possible to choose an universal time t
in such a way that, at any ¢, the spatial metric is the same in any point and in any direction. That is,
the spatial 3 — dimensional space has 6 independent Killing vectors (3 translations and 3 rotations)
and so it is a mazimally symmetric manifold (see 6.5). The metric can be written in the general form

ds® = —dt* + GQ(ﬂ dy? ) d? = gabdmadtxb ) a,b,c=1,2,3,

where d¥? is the metric of a maximally symmetric space and a(t) is a function of time only, which
will be determined by solving Einstein equations.

It is clear that this is the more general form for a metric satisfying the cosmological principle. If
fact, a dependence of the function a from spatial coordinates trivially breaks homogeneity, but also
a dependence of gy from spatial coordinates breaks homogeneity, because in such a case proper time
depends on the chosen point and as consequence also a(t), as a function of proper time, will depend
on the point. A possible presence of ggo(t) can be drop by a redefinition of time.

9.1 Maximally symmetric spaces

These are manifolds with the maximum number of possible Killing vectors and are isotropic and
homogeneous, Viceversa, any isotropic and homogeneous space is maximally symmetric. Such kind
of manifolds must have constant scalar curvature and so

A ~

Rabcd = K(gacgbd - gadgbc) 5 Rab = (’I’L - 1) K Yab » R = n(n - 1) K ) (91)

where n is the dimension (3 in our case) and K the Gauss curvature. k can be positive, negative
or vanishing. One respectively has the hypersphere S™, the hyperbolic space H" and the Euclidean
space IR". The n — dimensional spaces with constant curvature can be embedded in an Euclidean
manifold with n+ 1 — dimensions. In such a case the Gauss curvature K = 1/b* becomes the inverse
of the square of the “radius” (in the case of S™, b is really the radius of the ball in IR"™, while in
the hyperbolic case b is imaginary).
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In the case of General Relativity n = 3 and an embedded hypersurface in IR* is described by the
equation

R S T dO? = da® + dy® + d2? + du? (9.2)

dQ? being the metric of R* in Cartesian coordinates. By taking into account of the constraint,
we can derive v in terms of the other coordinates and in this way d©2?> becomes the metric of the
hypersurface. To this aim it is convenient to use hyper-cylindrical coordinates in IR, that is spherical
coordinates in the sub-space {z,y, z}. We put

xr = rsindcosyp, r? =2t oy’ + 22,
= rsindsing, u? =b —1r?,
rdr
z = rcosv, du = ———,
NP
and so
d2
dQ* = dEQ:d7’2+7’2(d192+sin219dg02)+du2:1T2/b2+r2(d192+sin219dg02).
—r

Now the whole metric assumes the FLRW form (Friedmann-1922, Lemaitre-1927, Robertson-Walker-
1930)

dr?
1—Fkr?

_ K
K]

ds® = —dt* + a*(t) + 7% (d¥? + sin® ¥ dp?)| k 1,0, -1, (9.3)
which is spatially homogeneous and spatially isotropic, but in general it is not stationary for the
presence of the factor a(t). In order to get (9.3) we have performed the transformation
r? — r?/|K|, a®(t) — a®(t)|K|. In such a case a(t) becomes the “radius” of the spatial part of the
universe at cosmological time t.

Reference and coordinates in which the universe appears homogeneous and isotropic are called re-
spectively co-moving reference frame and co-moving coordinate system. In some physical applications

it could be convenient to replace t,r by the conformal co-moving coordinates n, x given by

{ nt) =15 = dt=aln)dn, 0.0
2 .
dX2 = 151;”2 = r= ¢k(X> ) X = fk(r) )
where by definition a(n) = a(t(n)), while
sin x, k=1, 0<x<m), (0<r<1),
r=¢(x) ={ X k=0, (0<x <o0), (0<r<oo) (9-5)
sinh y, k=-1, (0 < x < 00), (0<r<o0),
arcsinr k=1, (0<r<1), (0<x<m),
x=felr)=< r, k=0, (0<r< o)), (0<x <o0). (9.6)
arcsinh k=-1, (0<r<o0), (0 < x < o0).
In terms of conformal coordinates the metric reads
ds* = a®(n) [—dn? + dx* + $R(x) (d9? + sin® ) dig?) | . (9.7)

In the special case k = 0, the metric in conformal coordinates is conformally flat. This means that
it is proportional to the Minkowski metric.
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9.2 Friedmann-Lemaitre-Robertson-Walker universe

In previous section we have determined the form of the more general homogeneous and isotropic
metric. It depends only on an arbitrary fuction of time a(t), which has to be determined in such
a way that metric in (9.3) is a solution of Einstein equations with a spatially homogeneous and
isotropic energy-momentum tensor (a perfect fluid).

The non vanishing components of the metric read

~ab

-1, b = 2()dus » 0_ _q, ab_ I ab,..=1,2,3
oo Gab (t)Jab g )

where §a = e is the metric of the 3-dimensional hypersurface (S%,IR*, H?), which has constant
curvature, Riemann and Ricci tensors given (9.1).
The non vanishing components of Riemannian quantities can be easily computed and read

a a N
o _ -~ _ a _ Ta __ a c _ Te
Loy = adgab = = gab , o = Lo = =0y, ab = Labs
a a
ROy, = OI% —T9IG, = -
a0b — 0L ab be Oa*agab7

Ry = aa(Ohfac = Ocab + Uiedna — Tidea) = Vidae — Ve = 0,
2

c e a c c
Rgw = Rag+ 2 (659ba — OpGad)
3a
ROO = T,
a
i Y~ aii + 2 (k + @2
Rab - 7gab+Rab+72.gab: (2 ) Gab »
a a a
6 k: -2 .o
R o_ (k + a2 + ad) ' ©.8)

a

Finally we also get

a’>  k
GOO = 3<a2+&2> 5

2.. .2 k
Gab = - (a + & + > Gab - (99)

a a? a2

The general form of the energy-momentum tensor with the required symmetry is the one of a
perfect fluid with pressure p and mass/energy density p depending on universal time only, that is

T =pg? + (p+p)',  T=T=3p—p, p=pt),  p=p).

In co-moving reference frame matter is “at rest”. This means that

uk = (1707070) ) ukuk - _17 U = (_1707070>7
and so
1 +3
Too = p, Too—§gooT=p 9 p, Ty = D Yab
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and from Einstein equations (6.3-6.6) it follows

N\ 2
GOOZSWGTO()a (%) —|—a%:%p7
Roo = 87G (TOD — %goo T) ; — @2 _4nG (4 3 (9.10)
Gab = 87TGTab )

Note that only two of the three equations above are linearly independent. Another independent
equation can be obtained by using the conservation law. In particular we have

d .
pr (a*p) = —3pa’a, (9.11)

which follows from the equation

0= vak;O _ akaO + Fl]lelO + leTkl — atTOO 4 FIgOTOO + Fngkl

‘ . . ' [d N
p+ap+ap e [dt(ap)Jr paa}

The other three equations are trivially satisfied because

ViTH = 9T™ +TiT? + T3, TH = 0,T* + T¢, T + T}, T
= 5 (0" + D™ + D] = 5 Vg™ = 0.
a a
Assuming p(t) to depend on t by means of a(t), that is p(t) = p(a(t)), equation (9.11) assumes the
form

d , .
Ta (a®p) = —3pa* .

In order to completely solve the problem one has to postulate also an equation of state for matter,
that is a relation p = p(p) between pressure and energy, which determines the type of fluid we are
dealing with. In summary we have the equations

i 2
2 1 (%) +5 =_87Gp, field equation,
i — _47;G (p+3p), field equation,

N2 8rC . . (9-12)
(%) + k=8, Friedmann equation,
4 (a3p) = —3pa?, conservation law,
p=npp), equation of state,

where k can assume the values 0, 1. In has to be stressed that the equations above are not linearly
independent and in fact the last three are sufficient for a complete integration.

9.3 Einstein universe

Just for historical reasons now we briefly describe the Einstein cosmological model (1917), which
was the first one based on General Relativity. This is a static, spatially homogeneous and isotropic
model, which was immediately rejected after the discovery of the cosmological red-shift (see the next
Chapter), which is not present in a static universe.

If one does not take into account of a cosmological constant, the FLRW metric is the more general
one which gives rise to a spatially homogeneous and isotropic universe, but, as it follows from second
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and third equations in (9.12), for ordinary matter (p > 0 and p > 0), the solution is not static. This
means that in order to have a static solution we have to consider exotic matter with negative pressure
or alternatively we have to modify Friedmann equations by taking into account of a cosmological
constant A. As we said in chapter (6), the cosmological constant A gives contributions to the field
equations which can be trivially obtained by the replacemet (see (6.5))

c! PP+ s
j’;_)’I;_iA i _— 817G’
srG {p%p—sﬁc-

From second and third equations in (9.12) then we get

a ArG A
= 3 — 9.13
" 5 (pt3p)+ 3, (9.13)

(d>2 G kA (9.14)

- =—p——+ =,
3 7723
and the static solution a = @ = 0 gives

3k
A:?—

a

8rGp = 4nG(p + 3p) > 0.

We see that there is a static solution only for A > 0 and moreover also k& must be positive. The
spatial part of the Einstein universe is a hypersphere with constant radius a.

9.4 de Sitter universe

This was introduced by de Sitter in 1917 and is a solution of Einstein equations in the absence of
matter, but in the presence of a cosmological constant A. It is based on a maximally symmetric
manifold in 4-dimensions, which is more than required by physical considerations. Also this model
could be seen as a special case of FLRW, but due to the maximal symmetry, it is easy to study it
directly too. In such a case a(t) is not a constant and so it provides the cosmological red-shift.

The Riemann, Ricci and scalar curvature tensors have the form

Rijrs = K(9irgjs — GisGir) » Rij =3Kgi, R =12K,
K being the Gauss curvature of the whole space-time (do not confuse it with the curvature of the
spatial section k). Einstein equations become
1
2

It is interesting to note that there are non trivial solutions also in the absence of matter, that is
T;; = 0. In such a case K = —A/3 and equations (9.13), (9.14) assume the simple form

Gij == Rz’j - ng = _3Kgij = 87TG ﬂj — Agzj .

a /; (d>2:/\_k, (9.15)

3 a2

Integrating the fisrt equation in the case with A > 0, which corresponds to de Sitter original model
(the solution with A < 0 is called anti-de Sitter), we have the general solution

a(t) = ; [a exp (\/gt) + [ exp (—\/gt)] , a —;— b_ a(0), (9.16)
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and now from the second equation above we get

_apA
=5

k

We see that the form of a(t) depends on k. In particular, if £ = 0 then H(t) = a/a = £,/A/3 and
the spatial section of the universe is a flat manifold which expands/contracts linearly in time. From

(9.16) it follows
e \/ A t
X —
p 3 )
[ A . :
( —3 t) , contracting flat solution.

Ik £ = 1 we can choose for example o = 8 and the solution becomes

a(0) expanding flat solution,
a(0)

exp

a(t) = a(0) cosh \/?t , a(0) = i : (9.17)

In such a case the spatial part of de Sitter universe is a hypersphere which expands according to
(9.17).
Ik £ = —1 then we can choose for example o = —f and the solution becomes

. A 3
a(t) = a(0) sinh \/gt : a(0) = A (9.18)

In such a case the spatial part of de Sitter universe is a hyperbolic manifold which expands according
to (9.18).

The more general solution for a(t) is an arbitrary combination of exponentials or hyperbolic
functions. The choice of a particular solution is related to the choice of the parameter t. The
solution (9.17) with the hyperbolic cosine above corresponds to a metric without (cosmological)
horizons, while different choices correpond to metric with horizons, which, as a consequence, do
not cover the whole manifold. By transformations and extensions it is always possible to obtain a
solution from another one.

The original de Sitter metric was written in the static form
AX? dx?
3 1—AX2/3

ds* = — [1 - ] dT? + + X?%do? (9.19)

which, in contrast with the FLRW metric with a(t) given by (9.17), is singular at X? = 3/A where
there is a (cosmological) event horizon. The metric covers only half of the hyperboloid (since we are
dealing with Lorentian 4-dimensional spaces, a constant curvature hypersurface is a hyperboloid in
4-dimensions).

Exercise — Verify by a direct computation that the metric in (9.19) satisfies Einstein equation with
a cosmological constant A.

The Einstein equation with a cosmological constant can be written in the form

Rij = Agz‘j .
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In order to simplify the calculation we use the results already obtained for Schwarzschild . To this
aim we put

{B:B(X):1—A§2, A=B=0,
A/ /
A=AX) = 1—A§(2/3: B(lX)’ K:_%v

where “dot” and “prime” mean derivative with respect to T" and X respectively.
From (7.5)-(7.8) we directly obtain

B// B/ A/ B/ B/
= o (L2 )+ 2 = BA = gA
o =54 4A<A+B>+rA goork
B" B (A B\ A A
B = _QB+4B<A+B>+7~A:BZQHA’
r (A B 1
T
Ra +2A<A B) 17 922\,

Ry = sin®d Ryy = r2sin’ A = gs3A .

Exercise — Verify that the following Schwarzschild-de Sitter metric satisfies Einstein equation with
a cosmological constant A:

OIMG  Ar? dr?

ds* = — |1 — — | ar? *do” . 9.20
i [ r 3] MY ey vy (9.20)
There is an event horizon at the largest real soution of
2M Ar?
| 2ME AT
r 3

This corresponds to Schwarzschild-de Sitter black hole. Asymptotically the manifold is de Sitter
with k£ = 1.
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10 The Standard Cosmological Model

Here we shall discuss the more important consequences of standard cosmology, which is based on the
FLRW metric. We shall follow the historical point of view first (briefly) considering pure General
Relativity and then we will discuss the possible modifications of such a theory in order to take account
of recent observational data.

e It has to be noted that the name standard cosmological model (SCM) for the model of the
universe we are going to discuss is not universally used. It has been introduced by Weinberg in
analogy with the standard model (SM) of elementary particles in place of the misleading name
big-bang theory.

If not otherwise specified, in the following by flat universe we shall mean “spatially flat” universe
and by (conformal) coordinates we shall mean “(conformal) comoving coordinates”, that is the ones
in which the metric has the FLRW form. “The observer” O is put in the origin of coordinates and so
O = (t,0,0,0) = (n,0,0,0), t,n being related by (9.4). A generic point S = (t,r,9, ) = (n, x,?, @),
with constant coordinates r, 9, ¢ represents a “fixed” star (galaxy). The coordinates of the galaxy
with respect to the observer do not change, but the proper distance increase as a consequece of the
expansion. Note that due to homogeneity, all results we shall derive for the observer will be valid for
any observer in the universe.

10.1 Cosmological redshift

It has been observed that the spectrum of atoms of distant galaxies is shifted to the red, the shift
being proportional to the distance (Hubble®®;1929). Tt is natural to interpret such a phenomena as
due to Doppler effect. This means that all galaxies are moving away with a velocity proportional to
their distance. As we shall see, such an effect is a direct consequence of the (non-stationary) FLRW
metric and gives also an answer to the Olbers paradox, because in this way the visible universe is
finite.

e NOTE: Cosmological redshift is a consequence of the form of the metric and it does not involve
the field equations.

It is convenient to introduce the notation
a(t
H(t) = Q Ho = H(to) s ag = a(to) s
a(t)a(t) —  a(t) a(t)

alt) = - 2ty HOa®)  H2a(t)’ % = q(to)

where t is the present value of the universal time. The quantity Hy and the dimensionless parameter
qo are called respectively the Hubble constant and the deceleration parameter and can be determined
by measuring the red-shift of the spectrum of distant galaxies (see below). Using such notations we
get

a(t)
a(to)
38Edwin Powell Hubble (USA) 1889-1953.

1
= 1+H0(t—t0)—iqug(t—to)er... (10.1)
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Let S = (r,0,0) be the coordinates of a galaxy with respect to the observer on the earth at a generic
time t. In FLRW the spatial geometry is represented by the metric

d 2
di* = a®(t) L_Tkrz + r2(dY? +sin® 9 dp?) |
and so the proper distance [g of the galaxy reads
ra(t)dr

Is(t) = ; ﬁ = a(t) fx(r),

where fj is the function defined in (9.6), but its mathematical form is not important for the calcula-
tion. The only important thing is that the proper distance follow a scaling law, with a scale factor
a(t) depending on time.

By deriving with respect to time we obtain the speed of the galaxy which is moving away according

to
dls .
vs(t) = i alt)fr(r)=H(t)ls(t) = ws(ty) = Hols(to) (10.2)
vs(to) and lg(ty) are respectively the velocity and the distance of the galaxy with respect to the
observer. Actually the velocity is positive because the measured Hubble constant is positive.
Now we suppose that at time ¢ the galaxy emits a light with frequency v = 1/At, which arrives

on the earth at time ¢y with frequency vy = 1/At,. Since for the light ds? = 0 we get

dt dr to  dt to+Ato  dt 0 dr
- = = b an s ag= ) =i, 003)

from which it follows

ALt to+Ato it Aty At

t a(t)  Ju a(t) a(ty)  a(t)
In deriving the latter equations we have assumed a(t) to be constant during a period of the emitted
wave. This is a reasonable assumption because a(t) is a cosmological quantity that changes very
slowly. In this way we have

i) _ Ay v _do_ |l
alt) At vy N A
where z = (A9 — A)/A > 0 is the redshift parameter.
Using expansion (10.1) for a(t)/a(t) one obtains

=1+z,

1
z = —Ho(t — to) + (1 + 5 QQ> Hg(t — t0)2 + ...
and at the lowest order
2z~ Hy(to —t) ~ Hya(ty) fr(r), = 2z =wvg(ty) = Hols(to), (Hubble law).

We see that, in agreement with (non-relativistic) Doppler formula z is proportional to the speed of
the source. It has to be remarked that the latter expression is valid only if ¢ty — ¢ is sufficiently small,
which implies that the galaxies have not to be too far. In fact in such a case it is reasonable to
assume a(t) to be constant in the interval (¢,¢y) and from (10.3) one gets ty —t ~ a(tg) fr(7).

The redshift parameter can be used as evolution parameter in place of time as a consequence of
the relation

(10.4)

which is valid for slowly varying a(t).
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Figure 10: FLRW Model

10.2 Evolution of FLRW universe

The evolution of the universe can be determined by studying Friedmann equations in the case of
strong energy dominance condition p+3p > 0, which is trivially valid for “ordinary” matter/radiation
because in such cases both p and p are positive (by “ordinary matter/radiation” we mean the one
we are usually dealing with, that is atoms, baryons, leptons, photons, neutrinos, etc).

If such hypothesis is satisfied, from second equation in (9.12) it follows that d/a < 0 and so a(t)
is a concave function because a(t) > 0 by definition. Moreover we know that a(ty) > 0 because the
Hubble constant is positive. This implies that a(t), in a neighbourhood of ¢y, is a positive, concave
downward, increasing function and so it has to intersect the temporal axis in a point O, which we
take as the origin of time (see figure 10). In such a point, called Big Bang, the Friedmann equations
become singular and so it has no physical sense to cross it.

Due to the concavity of the function (see figure 10) the ratio a(ty)/ty > a(ty) and so tg < 1/H.
With a value Hy ~ 70 (Km/sec)/Mpc the actual age of the universe becomes lower than 14 billion
years.

Looking at Friedmann equation in (9.12) one sees that in the case k = 1, a(t) has to be vanish
at a given value of ¢t > ¢, In such a case a(t) achieves its maximum value at ¢ = T > ¢, and so the
universe is spatially closed, it expands during a period 7', which is the solution of the equation

B 3
- 8rG

At time ¢ = T the universe achieves its maximum and then it contracts for a period T and reaches
again the initial singularity at t = 2T (Big Crunch).

In the two other cases £ = 0, —1 the universe expands indefinitely. Since the density decreases
as a~3 or greater, in the limit ¢ — oo from (9.12) one obtains @ — 0 or @*> — 1 according to whether
k=0or k=—1.

p(T)a*(T) (10.5)
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10.2.1 Actual critical parameters

In a matter dominated era the Friedmann equations evaluated at t = ty can be written in terms of
the parameters py = p(to), ao, Ho, qo, po ~ 0 and the critical density

33

. = , 10.6
P 811G ( )
From second and third equations (9.12) with pg = 0 in particular we get

Po k Po

——1= =20—1 = =—==2. 10.7

o 1T Hga b 1o

We see that the value of the spatial curvature depends on the value of the actual density py in relation
to the critical one p. or, alternatively, from the value of the deceleration parameter qo. In fact

1
po=p. — k = 0 — Go=73
1
po>p. — k = 1 — D> 73
1
po<p. — k = -1 — qo<§.

Of course, such results have to be compared with the measured values of the parameters. In the
past, a privileged value for g, was of the order of unity, giving rise to a closed universe with £ = 1
and po/p. > 1, while the estimated value of the density in ratio to the critical one was very small
(po/pe ~ 0.01). Then one was talking about a missing mass (black holes, neutrinos, dusts,...).

At the end of the last century the situation was completely changed as a consequence of very
precise new data, but the problem of missing mass, now called dark matter and dark energy, still
remains (see Section 11.2).

10.2.2 The age of the universe

By assuming the universe to be dominated by matter for the most part of his history, we can derive
a relation between its age and ¢o. In such a case the fourth equation in (9.12) trivially gives

ap\ > ap\ > ap\ >
p(t) = (0) po = <O> 2q0pe = 2 =2, (0) :
a a Pe a

Now using (10.7) the Friedmann equation in (9.12) assumes the form

) 2
a

() — H? [1 — 20 + 2q0“°] (“0>
a a a

and finally, by integration
1 jao a1~ Y2da 1 gt 2¢01 /2 1
t:—/ [1—2 2] —:—/ [1—2 ] dr < — | 10.8
0 Hy Jo G+ qoa ay HyJo G+ x * H, ( )
that gives the age of the universe in terms of the deceleration parameter qq. In a flat universe, k = 0,
po/pe =1, qo =1/2 and so tqg = 2/3 Hy.

e [t has to be noted that the results of the latter paragraph are valid only during the matter
dominated era. From recent experimental data we know that recently the expansion started
to accelerate and so the actual “deceleration” parameter is negative. In such a case equation
(10.8) has to be modified in order to take into account of “repulsive” forces.
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10.3 Explicit solutions of Friedman equations

In order to solve the system in (9.12) it is necessary to know the equation of state of matter, which in
principle can change during the evolution and could be very complicated, However explicit solutions
can be easily obtained when the pressure is proportional to the density, that is p = wp, with the
barotropic parameter w to be a constant. Such equation of state cover the two important cases
corresponding to low and high velocities of particles and also the cosmological constant case.

Then putting p = wp, equations in (9.12) assume the form

i 2
%a + (%) + a—kg = —8rGwp , field equation,
g — —47;G (14 3w)p, field equation,

N2
(% + & = % P, Friedmann equation, (10.9)
4 (a3p) = —3wpa?, conservation law,
p=wp, equation of state,

Equation fourth in (10.9) can be easily solved, the solution being
o) = S bl = w(t)
The integration constant has to be fixed by initial conditions.
As we already said above for suitable choices of the barotropic parameter the equation of state
(10.9) cover physical important cases. With the chosen signature, the trace of the energy-momentum
tensor has to be negative (for ordinary matter/energy), then we get

0<p< g , ordinary matter.
The two limits correspond to
non relativistic matter == pkp,
ultra-relativistic matter = p~ zl))p,
which correspond to the choices w = 0 and w = 1/3 respectively. The choice w = —1 corresponds to

the cosmological constant, which can be seen as a perfect fluid with negative pressure. In summary
we have

cost
dust = =0 = t) = 10.10
us p plt) = S5 (10.10)
t
radiation = p= g = p(t) = ;jé) , (10.11)
cosm. const. = p=-—p = p(t)=const. (10.12)

The integration constants can be fixed by initial conditions. For example, by measuring matter
density pas(to) at present time t = to, we have

pan(t) = L2000 oo = purlte), a0 = alto)
21)

The density p of the universe is probably a “mixture” due to matter, radiation and cosmological
constant, but, looking at equations (10.10)-(10.12) we see that, due to the different behaviour during
the expansion, we can distinguish three different ere in which one of the three components dominates
with respect to the others, starting from the beginning, when radiation dominates, until the present
era dominated by the component due to cosmological constant.

Note that the ratio between non-relativistic (dust) and ultra-relativistic (radiation) matter de-
pends on the energy. At the beginning of time, only ultra-relativistic matter was present.
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10.3.1 Flat space

According to recent cosmological data. the spatial section of the universe is flat, that is £ = 0. In this
case the Friedmann equations can be easily solved. To this aim it is sufficient to consider equation
(10.9) (with k£ = 0) for the two cases w # —1 and w = —1. In this way we get

2
t 13w
[a(3w+1)/2 ézr =const = a(t) = ag [t] ey : w#—1. (10.13)
0
For w = —1 the behaviour of the solution completely changes because
H(t) = &= const = Hy = af(t)~ e, (10.14)

a

We see that in both radiation and matter dominated ere the radius of the universe increase slowly,
while in the era dominated by cosmological constant the radius increase exponentially.

The actual age of the universe can be easily computed by assuming that the main contribution
is due to matter dominated era. This is a reasonable assumption because radiation dominated for a
brief period and cosmological constant starts to dominate very recently. From the solution (10.13)
with w = 0 we get
a 2 2
== 3 — tongO. (10.15)
1/H, is called the Hubble time.

In the following we shall also need the age of the universe as a function of the Hubble parameter
in a radiation-dominated universe. From (10.13) with w = 1/3 we have
a 1 1

_ L L1 101
.2 0 tvaog (10.16)

H(t) =

H(t) =

10.3.2 Curved space

Now we solve Friedmann equations in the presence of curvature. To this aim it is convenient to use
the conformal coordinates (9.4). In such coordinates, for an arbitrary function f(t) = f(n(t)) we
have

df _df dn _ f'(n)

f==2

af _ 4
dt  dndt a(n)’

=g

By setting h = a’/a, the first three equations in (10.9) read

20 + h* +k = —8rGwpa®, (10.17)

h = —47;(; (3w +1)pa®, (10.18)

h2+k:87T3Gpa2. (10.19)
We consider separately the three cases w =0, w = 1/3 and w = —1.

e w = 0. In such a case equation (10.17) can be directly solved because it becomes

cot 3, k=1,
2h' + W2+ k=0 = h(n)=1 2, k=0,
coth 7, k=—1.



Now, by integrating the equation h = a’/a we obtain the radius as a function of 7, that is

1 —cosn, k=1,
a(n) = A L, k=0, (10.20)
coshn —1, k=-1,
and finally
n —sinn, k=1,
3
Wﬂz/a@ﬁMIT R k=0,
sinhn —n, k=-—-1,

where A, T are integration constants to be determined by initial conditions. We see that in all
the cases the size of the universe in vanishing at n = 0 (Big Bang). In both the cases k = 0, —1
the universe expands indefinitely, while for & = 1 the universe reaches its maximal size for
n = 7 and then a(n) decreases and reaches the value a(n) = 0 for n = 27 (Big Crunch).

w = 1/3. In such a case, by summing (10.18) and (10.19) we have

cotn, k=1,
cothn, k=-1,
and for a(n) and t(n) it follows
sinn, k=1, 1 —cosn, k=1,
a(n) =A< n, k=0, tn) =T3S %, k=0,  (10.21)
sinhn k=-—1, coshn —1, k=-1.

Also in this case the universe expands indefinitely for £k = 0, —1 and it is finite for £ = 1, but
now a(n) reaches its maximum for n = 7/2 and vanishes again for n = 7.

w = —1. Such a case has been already considered in section (9.4).
In fact, setting —p = p = A/87G we get (see (9.15)

i A (a>2 Ak

a 3’ a) 3 a?’

For A > 0 we obtain

cosh\/gt, k=1,

a(t)=A exp\/gt, k=0,
Sinh\/gt, k=-—1.

Now the universe expands indefinitely in all the cases, but this is not a surprise because all the
above solutions correspond to de Sitter space. The first solution covers the whole manifold,
while the other two cover only part of it.

If A <0 (anti de Sitter) then there is a solution only in the case k = —1. It reads

A
a(t) = A sin ‘3|t, k=-1.
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10.4 Horizons

In FLRW can exist both particle as well as event horizons, which delimit regions inaccessible to the
observer. More precisely, a particle horizon delimits a region in the past which cannot be seen by the
observer at a given time, but it could be seen in the future, while an event horizon delimits a region
in the future which will never be influenced by the observer. In order to see that it is convenient to
use conformal coordinates (9.4) and metric (9.7).

Let us consider the observer O in the origin of coordinates who received a light signal at conformal
time 7 emitted by a comoving source S (star/galaxy) at coordinate distance y; and at conformal
time 7;. Angular coordinates do not enter the game because the light travels along radial geodesics,
for which d¥ = dyp = 0, that is

ds* =0, ¥ = const, @ =const = dn®=dx*.

These correspond to straight lines at angles +7/4 in the {n, x} plane. For conformal coordinate and
proper distance of the source we obtain respectively

todt’ todt
Of course, for a fixed t;, at time ¢ the observer can not get informations concerning objects at distance
[ > [;, but in principle, for a fixed ¢, l;(¢,t;) could increase indefinitely as a function of ¢; < ¢. For
example, in Minkowski space [; = t — t; and the observer, ant any time, can receive signals from
all points because [t;| can be arbitrary large (t; — —oo). The light past cone of any observer in
Minkowski space covers the whole spatial manifold.

The situation drastically changes if the integral in (10.22) is finite for any choice of ¢; < t. In
particular, if ¢; is the “beginning of time” (t; = 0 in FLRW), then the observer can only see the
object which lie inside the hypersurface | < [;(¢,t;) = dp(t), which can be finite. In such a case the
hyper-surface | = dp(t) is called particle horizon. This is a dynamical quantity because it depends
on time. It could increase but also decrease.

e [t has to be noted that our universe was opaque to photons until the time of hydrogen recom-
bination (when universe was more or less 1000 times smaller than now) and so, for physical
reasons, there is an “optical horizon” with d,,; < dp(tp), which “obscures” information about
the most interesting stages of the evolution of the early universe.

As well as an observer could not see regions in the past (at present time), there could be regions
in the future with which he will not be able to communicate. In fact, the signal sent by the observer
at time 7, t, will never reach the points for which

> = [ >dg(t) (1) /tf dt
= —_ = Q —
X=>XE=0Nf—1N E -
t; being the final time, which can be finite or infinite. The hypersurface | = dg(t) is called event
horizon. At present time we could never communicate with observers in the region [ > dg(ty),

Particle horizons arise when the past light cone of the observer O terminates at a finite conformal
time 7;. Then there will be worldlines of other particles which do not intersect the past of O, meaning
that they were never in causal contact. One has

at’

Xp =11, dolt) =alt) [ 5. (10.23)
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n and t being the conformal and universal time of the observer.

Event horizons arise when the future light cone of the observer O terminates at a finite conformal
time. Then there will be worldlines of other particles which do not intersect the future of O, meaning
that they cannot possibly influence each other. One has

XE =Nf =1, dp(t) = a(?) /tf ;Z:) : (10.24)

t

n and t being the conformal and universal time of the observer.

In order to clarify the meaning of horizons we explicitly compute them in flat FLRW, for the
three cases considered above (10.13,10.14).

e w = 1/3. In the radiation-dominated era we have

dat’
AV
We see that the particle horizon increase linearly in time, while there is no event horizon

because dg(t) = oo when t; = co. At the time ¢, the observer will see only objects inside the
region [ < 2ct.

alt) = AVE, = dp(t)=AV1 /Ot =2t (10.25)

e w = 0. In the matter-dominated era we have

t o dt
o At'2/3

a(t) = A3, —  dp(t) = At*? = 3t. (10.26)

Also in this case the particle horizon increase linearly in time and there is no event horizon.
At the time ¢, the observer will see only objects inside the region | < 3ct.

e w = —1. In such a case, setting Hy = y/A/3 we have

dp(t) — eHat fti e—Hat g — HLA (eHA(t—ti) . 1) :

dp(t) = eflat [ e~ Hal gt = %A :

a(t) = Aer — { (10.27)

We see that there is an event horizon which is independent on ¢. The observer can not influence
the region out of the sphere d > dg. The particle horizon depends on the initial time ¢;. If one
considers the whole de Sitter space, then t; = —oo and in such a case dp = oo. This means
that the observer can see all the manifold at any time, but if for some physical reason ¢; has to
be finite, then there is also a particle horizon depending on time.

10.5 Conformal diagrams

As we have seen by general considerations, the metric of a homogeneous and isotropic manifold can
be written in the conformal coordinates as

sin x , k=1,
ds* = a’(n) |[=dn® + dx* + ¢ (x) do?] , o(x) =1 X, k=0,
sinh x, k=-1,
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do? being the metric of the unitary 2—dimensional sphere. The global properties of a manifold with
a metric of such a form are completely determined by the radial geodesics and can be conveniently
represented by a 2-dimensional conformal diagram in which every point corresponds to a 2-sphere.
This possibility only depends on the form of the metric and so conformal diagrams are used in other
contests too, for example in the physics of black holes. In such cases, the factors a? and ¢ could
depend of both 7, x.

In general the coordinates 7, x extend to infinite intervals, but it is always possible to perform a
further transformation of coordinates which preserves the form of the metric and maps both 7, x in
finite intervals. In this way we can represent the manifold by a compact diagram (), x), in which the
radial geodesics are the straight lines x = 41+ const. The size of the diagram and the range spanned
by coordinates can be altered, but the shape is uniquely determined by the form of the metric. Of
course, all metrics related by non singular conformal transformations give rise to the same diagram.

In the construction of the diagram one has to take into account also of the singularities and of
the boundaries which are determined by the functions a(n, x) and ¢x(n, x).

Closed radiation dominated universe. As a first example we consider the universe dominated
by radiation with & = 1. The metric and solution read (see 10.21)

¢1(x) =sin
a(n) = A sinn,
O=m=<n<=n=m,
OSXST"’

ds* = —a’(n) [—dn® + dx* + 67 (x) do?]

A being determined by initial conditions.

All the coordinates have finite range and cover the whole manifold. The conformal diagram is a
square with boundaries at (n,0) and (7, 7) and physical singularities at (0, x) and (7, x) where the
conformal factor vanishes, while energy and pressure diverge. In the period 0 < n < 7/2 the universe
expands, while it contracts for 7/2 < n < 7 (see figure (11).

The particle and event horizons for the observer read respectively

xp(n) =n—m=n, Xe(n)=nr—n=m—1.

We see that the particle horizon increase with time and the observer will see all the space at n = 7,
that is just at the moment of recollapse.

There is an event horizon at any time and this means that there are regions which can not be
influenced by the observer at time 7.

Closed matter dominated universe. As a second example we consider the universe dominated
by matter with k£ = 1. The metric and solution read (see 10.20)

¢1(X):SinX7

a(n) = A(1 — cosn),
0=mn<n<ny=2m,
0<x<m.

ds* = —a’(n) |=di” + dx’ + ¢7(x) do”| ,

Also in this case all the coordinates have finite range and cover the whole manifold, but now the
conformal diagram is a rectangle with boundaries at (1,0) and (7, 7) and singularities at (0, x) and
(27, x) where a(n) vanishes (see figure (11). The universe expands for 0 < n < 7 and contracts for
m<n <2,
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Figure 11: Conformal diagrams: closed radiation (left) and matter (right) flat universes

Particle and event horizons for the observer read respectively

xp(n)=n—m=n, xe(n) =nr—n=2m1—n.

Looking at the diagram we see that there is a particle horizon but only during the expansion era and
an event horizon but only during the contraction era. The observer can influence any region of the
universe in the period < 7 and can see any region of the universe in all period n > .

It has to be noted that in the period n > 7 the observer at y = 0 can see at the same time two
copies of the same galaxy, one older than the other, because the light emitted in opposite directions
will reach the observer at different times. This is visualized in the diagram by observing that the
light signals are “reflected” on the boundaries at x = 0 and xy = m and move back. This is due to
the fact that spatial section is a hypersphere.

As well as ¥ = 0 and 1 = 7 correspond to opposite poles of the 2-dimensional sphere
do? = d¥? + sin®? 9 dy?, x = 0 and y = 7 correspond to opposite poles of the 3-dimensional sphere
d¥? = dy? + sin? y do?. Tt is well known that it is not possible to cover all the sphere with a single
chart and in fact our coordinates cover the 3-sphere, but a point, say the south pole. In order to
clarify what happens in a neighbourhood of such a point, one has to use another chart.

Consider for example a light signal moving on the 3-sphere along a radial geodesic.

Let’'s P. = (x,%, ) be the trajectory, ¥ and ¢ being constant and xy = x(n) increasing in time.
When the signal cross the south pole y = 7 at crossing time 7g, then ¢ — ¢+ 7 and ¥ — 7 — ¢ and
X starts to decrease. Note that P, and P_ = (x,m — 9, ¢ + 7) are specular points (on the geodesic)
with respect to the north-south axis. P, is the trajectory for n < ng and P_ is the trajectory for
1n > ngs. This means that when the signal cross the south pole the geodesic in the the conformal
diagram is represented by a reflected line on the boundary at x = w. Of course the same thing holds
for a signal which propagates in the opposite direction. In such a case it is reflected on the boundary
at x =0.

As we have already said, an observer at y = 0 will see two copies of the galaxy at xy = x,. Looking
at the digram it seams that the observer moving with the galaxy itself will see its younger image at
n = 1, but this is not the case because its coordinates at n = 1 are (x,, ¥, ¢), while the coordinates
of the younger image at n = ny are (x,, ™ — ¥, + 7). We have not to forget that any point of the
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diagram represents a sphere. This fact becomes clear for the observe at the origin. The light emitted
from a galaxy at origin will never intersect the world line of the observer.
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11 Thermal history of the universe

(Lemaitre-1931) “The evolution of the world can be compared to a display of fireworks that has
just ended: some few red wisps, ashes and smoke. Standing on a well chilled-cinder we see the
slow fading of the suns, and we try to recall the vanished brilliance of the origin of the world.”

The thermal history of the universe has been developed by many people starting from 1930 and
it is far to be completed. The standard cosmological picture deals with the universe as it is now and
as one can trace its evolution back in time. It is based on the following assumptions:

e On large scale average the mass distributions is close to homogeneous.
e The universe is expanding according to Hubble law.

e The dynamics is described by general relativity and local physics is the same everywhere and
at all time.

e The universe expands from a hot state dominated by thermal black body radiation.

The evolution can be parametrized not only by time, but also by the redshift parameter or by
the “equilibrium temperature”, which is the really important one, because it determines what kind
of particles are present and which reactions are permitted. Of course, we assume that all physical
laws which we kn ow from particle experiments are also valid during all evolution of the universe.

The relation between temperature of black-body radiation and redshift parameter is very simple
(see below), while the relation with time depends on matter content and in general is quite com-
plicated, but for the first period dominated by radiation one can use the (roughly) approximated
formula (pure numerical identity—dimensionally wrong)

1
TMeV ~ s
sec

where time has to be measured in seconds and temperature in MeV. Remember that temperature and
energy are related through the relation £ = kT, k being the Boltzmann constant. In the following
there is no possibility to confuse it with the curvature parameter.

11.1 A schematic description

Now we write down a schematic description of the thermal evolution and then we shall analyse some
parts in more detail.

t~ 4.35x 10'7 sec ~ 13.8 x 10° years —
Actual age of the universe usually indicated with .

t~ 10 — 10 sec —
Galaxies and their clusters are formed from small initial inhomogeneities as a result of gravi-
tational instability. Structure formation can be described using Newtonian gravity.

t~ 102 —10' sec -
Nearly all free electrons and protons recombine and form neutral hydrogen. The universe be-
comes transparent to the background radiation. The cosmic microwave background (CMB)
temperature fluctuations, induced by the slightly inhomogeneous matter distribution at re-
combination, survive to the present day and deliver direct information about the state of the
universe at the last scattering surface.
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t~

101 sec — T ~ eV —

Matter-Radiation equality which separates the radiation-dominated epoch from the matter-
dominated one. The exact value of the cosmological time at equality depends on the con-
stituents of the dark component and it is known at present only up to a numerical factor of
order unity.

200 — 300 sec — T ~ 0.05 MeV —

Nuclear reactions become efficient at this temperature. Free protons and neutrons form helium
and other light elements. The abundances of the light elements resulting from primordial
nucleosynthesis are in very good agreement with available observation data and this strongly
supports our understanding of the universe evolution back to the first second after the big bang.

lsec = T ~0.5MeV —

Energy of the order of the electron mass. The numerous electron-positron pairs present in the
very early universe begin to annihilate when the temperature drops below their rest mass and
only a small excess of electrons over positrons remains.

0.2sec — T'~1—2MeV —

Primordial neutrinos decouple from the other particles and propagate without further scat-
terings. Ratio of neutrons to protons freezes out because the interactions that keep neutrons
and protons in chemical equilibrium become inefficient. The number of the surviving neutrons
determines the abundances of the primordial elements.

1075 sec — T ~ 200 MeV —
Quark-gluon transition takes place: free quarks and gluons become confined within baryons
and mesons (physics not completely understood).

10719 — 107 sec — T '~ 100GeV — 10TeV —
This range of energy scales can still be probed by accelerators. The electroweak symmetry is
restored and the gauge bosons become massless.

107 =10 sec — T ~ 10TeV — 10" GeV -

This energy range will not be reached by accelerators. The very early universe can give us some
rough information about fundamental physics. We can still use General Relativity to describe
the dynamics. The main uncertainty is the matter composition. Supersymmetric particles?
WIMP (weakly interacting massive particles candidates for dark matter).

The origin of baryon asymmetry in the universe is related to physics beyond the standard
model (SM). Grand Unification of electroweak and strong interactions takes place at energies
about 10 GeV. Topological defects, such as cosmic strings, monopoles, that occur naturally
in unified theories might play some role in the early universe, but according to the current
microwave background anisotropy data, it seems that they have any significance for large scale
structure.

Perhaps the most interesting phenomenon in the above energy range is the accelerated expan-
sion of the universe (inflation), which probably occurs somewhere near Grand Unification scales.
Fortunately, the most important robust predictions of inflation do not depend substantially on
unknown particle physics.
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t~ 1078 sec — T ~ 10Y GeV —
Near the Planckian scale quantum gravity dominates, spacetime could have no meaning and
general ralativity can no longer be trusted.

11.2 Actual cosmological parameters

The Friedmann equations now are usually written by introducing a dimensionless parameter €2 by

Q=Q(t) = 270
(®) 3H2(t) ’ " pe &G’

pe being the actual critical density already introduced in previous chapter. In some cases €2 is also
split in matter, radiation, dark-energy components, but here we will do it only at present time .
From equations in (9.12) we get
k ds QQ-1)

ND—1=—F—, — =(14+3w) ———, 11.1

a?(t)H?(t) da ( ) a (11.1)

where p = wp and dH/da = H/c'L have been used. We see that the spatial curvature £ is positive,
vanishing or negative according to whether €2 is larger, equal or smaller than 1.

It is convenient to introduce the following notation for actual values of cosmological parameters:

Hy =100 h (Km/sec)/Mpc Hubble constant (h ~ 0.68) ;

70 = 7 ~ 0.98 x 10"h7" years Hubble time (10 ~ 1.45 x 10'%years);
Lo =+ ~ 3000~ Mpc Hubble length (Lo ~ 4000 Mpc) ;

Qy = 8”5# matter (Qur ~ 0.3);

Q= ﬁ curvature (Q ~0);

Q) = 311}02 dark energy (Qp ~ 0.69) ;

Hy, Qpr, O, Q25 being constant quantities to be measured. Hy is measured by redshift, while €2,, is
deduced in different ways (galaxy rotation, virial theorem). The best value of € (as well as /) is
deduced from CMB, while €2, is deduced by Friedmann equation in (11.1) at prensent time, that is

QOZQM+QA:1—Qk — QAzl—QM—Qk.

We shall see below that the contribution of radiation is actually negligible.

One has to pay attention to the fact that all data in the right hand side of the table above depends
on the value of h, related to the Hubble constant. According to recent results (Planck spacecraft
2013), h ~ 0.68.

Note that €25 represents the contribution of dark energy, which in the ACDM model is related
to the cosmological constant by the definition above. The ACDM (A-Cold Dark Matter) model is
a FLRW model with cosmological constant A, where the matter parameter 2, is (quite entirely)
due to weakly interacting massive particles (WIMP), that is particle which manifest only through
gravitational or weak interactions. They are not visible since they have no charges (electric,color)
and they have decoupled very early and so they are could (for non relativistic matter the temperature
scales as Ty ~ 1/a?).

The ACDM model is in good agreement with experimental data, but since it presents some
theoretical problems (see Section (11.7), other possibilities are actually under consideration, where A
is not given “a priori”, but it emerges as an effective dynamical quantity, for example as a consequence
of modified general relativity.
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The matter parameter is usually split as

{ Qp = 8%z .05,

3H?

Qp = 5582 ~ 0.25.

Qpn =Qp+Qp,

where €2 is the contribution of all matter detected by gravitational interactions (galaxy rotation,
gravitational lensing, CMB, BAO, etc.), while Qp is the contribution of ordinary (visible) matter
(the most part is due to baryons (protons, neutrons,...) because electrons, photons, neutrinos ... give
negligible contributions and €2p is the contribution of Dark matter. It could be ordinary matter, but
not visible (black holes, clouds, neutrinos), but the most part has to be constituted by WIMP.

The actual values of the energy densities are

_ 3H§
Pe = 81
prr = P ~ 1.88 x 1072 Qur h? g/em® ~ 2.84 x 1070 g/em?
pa = pefa ~ 1.88 x 1072 Qy h? g/em® ~ 6.63 x 107 g/em?,

~1.88 x 10°¥ A% g/em® ~ 9.5 x 107 g/em?

and all of them correspond to a proton per cubic meter.

11.3 Redshift parameter relations

As we already said above, the evolution can be parametrised by time, temperature or redshift pa-
rameter because there is a “one to one” correspondence between them. Here we explicitly derive
such relations.

The temperature/energy determines the reactions which preserve the thermal equilibrium and so
it is the natural parameter evolution for theoretical developments, while the redshift parameter is
important from the experimental point of view.

11.3.1 Time-redshift relation

In order to get the relation between time and redshift we choose a galaxy (the source)
S = (t,7,0,0,) = (n,%,0,0) and the observer at the origin O = (¢y,0,0,0) == (10,0, 0,0). We recall
that the redshift parameter z is defined by

N

;) :@:1+z = a(t)

142

ap = a(to), (11.2)

where z = A A/ is a measurable quantity related to universal time by a one-to-one correspondence.
This means that one can use z as evolution parameter. In fact, deriving the latter equation we have

_aa(l) :_M _ B
A=~y & L = H @ (11.3)

and choosing the integration constant so that z = oo corresponds to ¢ = 0 we obtain

#(z) = /:O <1+CZH(Z)‘ (11.4)

For an arbitrary function f we also have the relation

;_df dz _ agH(z) df

df
/= dz dt — a(z) dz

f(to) = —Hoi- (11.5)
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The Hubble parameter as a function of z can be obtained by the Friedmann equation (9.12),
which in terms of 2z reads

k(14 2)? _ 8mGp(z) p(2)

H? = HjQy —= 11.6
@)+ e (11.6)
po _ 8mGpo

po = p(to) = p(z = 0), 0= = 3 (11.7)

Here p is the whole energy density (matter, radiation, ...).
For z = 0 we get

k Qop(2)

a—% =(Q—-1)H! = H(2)= HO\/(l —Qo)(1+2)2+ P (11.8)
The energy density as a function of z can be obtained from the continuity equation, that is

dp = —3(p + p)dl b ioe(1 1 2) (11.9)

p=—-3(p+p)dloga — / ———— =3log z). .

po p+p(p)

Ones p(z) has been computed, one finds H(z) and finally #(z) by (11.4).

The redshift parameter can also be used in place of the distance, because

to dt’ 1 r# du
=Ny —n = = _ . 11.10
X =T = /t at)  ao Jo Hu) (11.10)

However it has to be noted that when z — oo, x tends to the particle horizon yp and this means
that z can measure distances only for y < xp (when y > xp the velocity of the source exceeds the
speed of light).

In a dust dominated universe p(z) = po(1 + 2)? and so

H(z) = Ho(1+2)y1+Qz. (11.11)

If the universe is also flat (29 = 1) one easily obtains

o) = = 1 ()= 2 (1ot (11.12)
Z) = Z) = — .
3H0 (1 + 2)3/2 ’ X aoHo 1 + z ’

from which the known result ¢y = 2/3H, follows.

11.3.2 Angular diameter-redshift relation

In a static, Euclidean space, the angle which an object with a given transverse size [ subtends on
the sky is inversely proportional to the distance to this object. In an expanding universe the relation
between the distance and the angular size is not so trivial.

Let us consider an extended object with proper transverse size [ at a comoving distance y, the
end points of such an object being P; = (0, x, ¥, ) and P, = (n, x,9 + A, ¢). The observer will
measure the angular size A ¢} which is related to the proper length by [

l=an)or(x)AY = A= L (11.13)

a(n)ew(x)
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Because photons run on radial geodesics, the time 7 corresponding to the emission of the photons
which reach the observer at time 7, is given by n = 1y — x and so
l

Bv= a(no — X)or(x) (1114

When the object is quite near the observer one obtains the Euclidean formula because in such a case

[ [
< — ~ — A~ = -, 11.15
X < To dr(x) ~ X alm)x  d ( )

d = a(no)x being the proper distance.
The relation drastically changes if the object is very far away, that is close to the particle horizon.
In such a case

a(no — x) < a(noy), or(x) ~ dr(xp) = const, (11.16)

and the angular size A9 increases with distance because a(ny — x) is a decrescent function of y. As
it approaches the horizon its image covers the whole sky. Of course, the apparent luminosity drops
with increasing distance, otherwise remote objects would completely out-shine nearby ones.

e For example, in a closed 1 + 2-dimensions universe the spatial section is a 2-sphere and the
observer at the north pole will see a given object in the south hemisphere subtending an angle
A, which increases as the object approaches the south pole.

In terms of redshift one has
(14 2)1
apde(x(2))

In particular in a flat universe dominated by matter

Ad(z) =

2 1
w0 = = (10 )

and so
Hyl (1 3/2
Ad(z) = Hol (L2
2 J1+z-1

If z < 1 then AY ~ Al/z, while for z > 1, AJ ~ zA[. The minimum value is reached at z = 5/4.
If curvature is taken into account then
Hyl 02(1 2
AY(z) = 2 (1 +2) . (11.17)
2 Qoz+<Qo—2) (\/1+Qoz—1)

In principle, having standard rulers distributed over a range of redshifts we could use the measure-
ments of angular diameter versus redshift to test different cosmological models.

Of course we have not at disposal true standard rulers distributed in the universe, but we can use
characteristic lengths at recombination time and tray to use them as rulers in order to extract useful
physical informations from cosmic microwave background anisotropies. One of this length is the
sound horizon g , that is the maximum distance that a sound wave in the baryon-radiation fluid can
have propagated until recombination. It is of the order of the Hubble length at recombination, that is
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ls ~ 1/H(z.), z ~ 1000 being the value of redshift parameter at recombination time. Such a special
ruler subtends an angle A#, which depends on the curvature. The temperature autocorrelation
function measures how the microwave background temperature in two directions in the sky differs;
this temperature difference depends on the angular separation. The power spectrum is observed to
have a series of peaks as the angular separation is varied from large to small scales. The first “acoustic
peak” is roughly determined by the sound horizon at recombination. Measuring the angular scale of
the first acoustic peak one determines the spatial curvature. Our best evidence that the universe is
spatially flat (€y = 1), as predicted by inflation, comes from this test.

11.3.3 Luminosity-redshift relation

A method of recovering expansion history of universe is with the help of the luminosity-redshift
relation.
Consider a source of radiation at P = (¢,7,0,0) = (1, x,0,0) and let L be its total luminosity,

that is the energy released by the source per unit time. Then the total energy released in the interval
At is
At
AE=LAt= LA—An: La(t)An.
n

All photons emitted in such an interval are located in a shell of width A y = A7, with radius growing
with time. When the photons reach the observer at ty, the proper width and the area of the shell
read respectively

Al() = CLOAX = aOAna SO = 47TCL(2)¢,%(X) ;

and due to the redshift of photons the energy in the shell at t; is
t t
ABy="Dap= Wy,
aop aop

All photons in the shell are detected by the observer in a time Aty = Aly = agA 7. This means that
the bolometric flur F measured by the observer, that is the energy per unit area per unit time, is
equal to

AE, L )

SoAty  dAmgi(x) ag

and as a function of redshift parameter
L

dmad R () (14 2)

The bolometric flux is related to the (bolometric) magnitude myy by

F =

Mpot = —2.510g19 F = 5logyy(1 + 2) + 5logyy du(x(2)) + const

- log‘?m) llog(1 + =) + log éw(x(2))] + const

where log,, z = log z/log(10). For z < 1, using (11.10) we have

1 = du 1 z du
or(x) ~x = ao/o H(U)NQOHU/O 1+uH'(0)/Hy + O(u?)
1

z H' H'
/du O e ) 2O
aoH() 0 HO (IoHO 2H0
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2 H'(0)
2H,

2 H'(0)
2H,

log ¢r.(x) ~ log z + log (1 — > + const ~ log z — + const ,

where H' is the derivative with respect to z. Finally, using (11.5)

Mpot = Hlog o2 + m (1 —qo)z + const.
qo is the deceleration parameter which can be written as
1 3 i H H'(0
Lo aH t=to H t=to HO

In principle, measuring the magnitude it is possible to determine the deceleration parameter gq (See
the Supernova Cosmology ProjectType-SCM).

11.3.4 Temperature-redshift relation

In an expanding universe the frequency of any wave scales as the inverse of the expansion factor a(t),
that is

v~ L =  A~af(t).
a(t)
In order to derive this property we consider a packet of waves with definite wavelength and two
observers at distinct points P; and P,. At time t the packet passes the first observer who samples
the radiation and measures a wavelength A(¢) and subsequently at time ¢ + At the packet passes the
second observer at a proper distance | = At away from the first. According to (10.2), the second
observer moves with respect to the first one at a speed v = HIl = H(t)At and so the frequency he
measures is lowered by the Doppler shift. If P, is near P, then v < 1 and wavelength is increased
according to non relativistic formula

At + At) ~ M) (1T +v) = A(t) [1 + 28 At] :

On expanding to first order in At we obtain the desired result

a 1

22 = A1) ~alt) = 1) ~ —— . 11.18
: (1) ~ alt) Vit) ~ oo (11.18)
With the same method one can show that the momentum p of a particle scales as the frequency, that
is p(t) ~ 1/a(t) and of course the de Broglie wavelength scales as A(t). It has to be noted that the
scaling law is the same for all frequencies or momenta.

Now we shall derive the scaling law of the equilibrium temperature. We will show that

1
T.(t) ) (radiation and/or relativistic matter);
1
T (t) 200 (non relativistic matter). (11.19)

From physics of black-body we know that the occupation number (or mean number per mode) of
photons at temperature of equilibrium 7" = T, is given by the Planck distribution

1

(N) = ohw/kT _ 1

(11.20)
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where k is the Boltzmann constant, while 4 and w = 27v are respectively the Planck constant
over 2w and the angular frequency. This number depends on temperature only and so, assuming
thermodynamic equilibrium and no-interactions with other fields, the temperature has to scale has
v, that is

T()a()
a(t) ’

and for T'(z) we obtain the simple relation

T(t)~ - = T(t) =

T(z)=Ty(1+2). (11.21)
Of course this is true if the expansion can be considered as an adiabatic reversible transformation.

The relation (11.21) holds also for an ideal relativistic gas of bosons or/and fermions. In such a
case one has the Bose-Einstein/Fermi distributions

1

() = e 1

e, it being the energy and chemical potential of the particle. The energy is proportional to the
momentum p and so the temperature has to scale as p.

For non relativistic matter the temperature scales as p? because the occupation number at tem-
perature T}, is given by Boltzmann distribution

2

<NM> ~ 62"567TM - TM<t) ~ ( a0)> TM(tQ> .

a(t
We see that the expansion of the universe tends to break thermal equilibrium between radiation and
non relativistic matter due to different cooling laws, but since the heat capacity of non relativistic
matter in comparison with the one of radiation is negligible, the radiation will keep its thermal
spectrum.

e Note that in this section k is the Boltzmann constant (do not confuse it with spatial curvature),
h ~ 0.68 is the dimensionless quantity related to Hubble constant (do not confuse it with Planck
constant) and 7" = T/, is the equilibrium temperature of radiation.

11.4 The cosmic microwave background

Energy density of thermal radiation at temperature 7 = T, can be obtained from (11.20) by recalling
that the number of modes per unit volume in the solid angle df2 with angular frequency in the interval
(w,w + dw) is

w?dw d)

d’N =2""—
(2m)*

where the factor of 2 takes account of the two polarisation states.
Now the integration over the solid angle takes account of photon in all directions, then

1 w?dw
T2 ehw/kT _ 1"

dn,(w) =
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This represents the number of photons per unit volume with angular frequency in dw and arbitrary
direction. The number density (number of photons per unit volume) is then

1 /oo Wdw KT /oo 2?dr 2((3) <k:T>3
0 0 ’

TLA/:

(11.22)

2 ehw/kT — 1 p2p3 et —1 ;2 h

where the Riemann ((s) function is given by

1 oo g5y i
1 ~ 1.2 4) = —.
|55, Res>1, (B ~120, ()=

The energy of a photon with frequency w is hw and so the energy density due to photons with angular

frequency in interval dw is given by the well known Planck blackbody radiation spectrum

h  widw

Finally, integrating on w one gets the blackbody radiation energy density

00 h o wdw kAT oo a3dx
u = / u(w) dw = / = /
0 0 0

72 ehw/kT — 1 2p3 e’ —1
GhAT? 2pA7
= )= Ll%g — apT*, (11.23)
T

where ap = 72k*/15h% ~ 7.56 x 107" (erg/cm?) /°K*.

For the radiation, the heat capacity at fixed volume is

ou

C’Y:ﬁ

= dapgT?,
1%

while the heat capacity of non relativistic matter does not depend on 7. In fact, any degree of
freedom contributes with k/2. For example, if matter consists of atomic hydrogen then

Cy = 3npk/2, ng being the mean number of atoms per unit volume. Because actually the matter
contributes to the energy density with a proton per cubic meter we get

CiM B 37’LBk’
C,  8agT?

~4x 1072 Quh2.

This ratio is independent on the redshift because both 72 = T$’ and ng during the expansion scale
as 1/a® or, what is the same as (1 + 2)3. At high redshift np is large and so the interaction between
matter and radiation is appreciable. This means that matter relaxes to radiation temperature,
because radiation has the higher heat capacity. Moreover, due to the very small ratio Cy;/C,, the
spectrum of radiation remains thermal, no matter how strong the interaction.

In contrast with heat capacities, the ratio between energy densities depends on redshift because
matter and radiation densities have a different scale behaviour and so

pu(z)  (L42)°pn 4 x 101 Qph?

u(z)  agTt 142

As expected, at present time (z = 0) the energy density due to radiation is a very small fraction of
the total one. Moreover, when the redshift is not too large, the energy available from annihilation of
mass by nuclear burning or by the process accretion by black holes is sufficient to produce appreciable
local perturbation to temperature of radiation.
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11.4.1 Characteristic quantities for CMB

The entropy of a gas of photons is

4 ark (KT’
ds, = 5 =dapT’dT = s, = capl®= 25 (n) .

The number n., of photons per unit volume goes as 7% and so the ratio

4
Sy 2

kn,  45((3)

~ 3.6,

is independent of T' as expected because both s, and n., are conserved in a reversible adiabatic
expansion.
The maximum value of the function u(w) is reached for w = w,, given by means of equation

hw,,  27h
kKT kT,

2.82,

while the frequency w = wy, at the half-energy point in the spectrum (the integration of u(w) from 0
to wy, corresponds to half of the total energy density) satisfies
huwy, 21h

Choosing T = Ty(1 + 2), Ty ~ 2.73°K being the present temperature of CMB, it follows

A~ 1.50(1 + z) mm,
21h
€ = AL ~ 3.50kT ~ 1.32 x 107"(1 4 2) erg,
h

~ 82x 10741+ 2)eV.

ep, is the energy of the photon with frequency 1/\;.

The number of photons and energy density in CMB follows from (11.22) and (11.23) respectively
and reads

n, ~ 420(1 + 2)3/em?, 0= Z—B ~ 2.7 % 1075 Qph?,
ol

while the energy density is

u ~ 42x 1078 (1 + 2) erg/cm?
~ 0.26 (14 2)*eV/cm?

~ MNyEp .

The number of baryons is negligible with respect to the number of photons and this implies that
the universe has an enormous entropy compared to its matter content.
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11.5 Relic neutrinos

Neutrinos are relativistic fermions with vanishing or negligible masses. The equilibrium occupation
number of a gas of neutrinos at temperature 7), is

1 -1

(N) = ele=w)/kTy 4 1 —

where ¢ is the energy and p the chemical potential. Neutrinos and antineutrinos have opposite
chemical potential as a consequence of the fact that they can annihilate, for example through the
reaction
Ve + U, — €™ + e~ — 27. This can be seen in the following way.

The Gibbs function G in a mixture of different particles aq, ae, ... with chemical potential 11, o, ...
is

n; being the number of particle of type «;. If such particles are in thermal equilibrium through the
reaction

Oéi—i‘Oéj<—>CYk,

then G relaxes to an extremum, that is 0G = 0 (chemical equilibrium), if dn; = dn; = —dn; and this
implies that

pi + prj — p = 0.

In particular, if u; = py then p; = 0. This is just the case of photons, because they can be absorbed
by a particle a through the reaction a + « <+ «, then it follows p, = 0.

Now, because neutrinos can annihilates through the reaction described above we get
oy, + [p, = fe+ + fle— = 2/t = 0. Similar considerations hold also for other species of neutrinos. The
difference in the number densities of the pairs v, v is determined by the difference in their chemical
potentials (eventual masses are the same).

Since the temperature at which the reactions we are going to consider is very high, the chemical
potentials (eventually the masses) can be neglected in comparison to the energy k7. Then we can
put £ = 0 and p = €. In this way the couple of particles v, v gives the following contribution to
number and energy density:

2 /00 Amp*dp  3((3) (k:Tl,>3

n, =

(27h)3 er/Flv 41 2 m2h
2 o 47rpdp 7 4
v = = — T
" (2rh)? / /M, 11~ 8P
The latter relations are a direct consequence of the identity
1 1 o gt tdy
— — — = ]_ — 25_1 .
€x+1 et — 1 6295_ / €x+1 ()( )C(S)

In a plasma at equilibrium, the contribution to the energy density of a family of neutrinos (v, 7) is
lower by a factor 7/8 with respect to the contribution of a photon. However it has to be remember
that there are three different species of neutrinos, that is (v, ), (v, 7,), (v7, 7-), and so the total
contribution of neutrinos families is u, = (21/8)u,.
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What we have derived for neutrinos is also valid for a gas of relativistic electrons-positrons pairs,
the only difference is due to the fact that electrons and positrons have both two spin states and so
energy and number densities are doubled. For electrons-positrons gas

3
n. = 3¢(3) <7]:Z;i) ) Ue = ZaBTf.
As we shall see below, neutrinos v, decouple at energies of the order of 5m,, m. being the electron
mass, while neutrinos v,,v; decouple at energies a little bit higher. Neutrinos v,,v; thermalise
through elastic scattering with electrons and positrons, which at these energy are present in a huge
number, while the other massive leptons have been already annihilated or decayed and so only few
of them can be present.

This means that at energies higher than m,, all species of neutrinos, electrons and radiation
are all in thermal equilibrium at temperature T' = T, = T,, = T.. The universe expands, the gas
freezes and so neutrinos decouple. They stop to interact with the gas and their temperature 7, (z)
decreases according to the expansion law of relativistc particles, while the temperature of radiation
rapidly increases when electrons-positrons pairs annihilate and release their energy to the microwave
background.

After the decoupling of neutrinos but before the annihilation of electron-positron pairs, that is at
temperature of the order kT > 2m,, the reaction v+~ <> e* + e~ produces a sea of electron-positron
pairs at the temperature 7' = T,. The energy density of such a gas of photons and electron-positron
pairs is given by

7 11
U= Uy + U = (1—1—) uvz—aBT‘l,

4 4
and the total entropy density of such a gas reads
7 11 3
§=5,+ 8 = <1+4> 5y = gaBT .

Because the annihilation process is reversible, the total entropy in a given comoving volume is
conserved.

Now we indicate by T,, V, the temperature and the given volume of the gas after annihilation and
by Tp, Vj, the same quantities before annihilation (V, and V} are the same co-moving volume). Before
annihilation we have a gas of photons, electrons and positrons whit entropy S, = (11/3) agV3T},
while after annihilation we have a gas of photons only, with entropy S, = (4/3)agV,T?. Since
entropy is conserved we get

11 4 4
Sy = gaBVng” =S, = gaBij — W} = ﬁvaTj.

Immediately before annihilation of electron-positron pairs, neutrinos have a temperature T° = T,
equal to the one of photons, but since they are already decoupled, they evolve independently of
photons and their entropy is conserved separately. For entropy of neutrinos we get

‘/b 1/3 4 1/3

Vi (TP =W =V, (T4)? = 1= () T, = () T

V., 11
Summarising we have that after all possible interactions, the temperature of photons and neutrinos
are related by

T,(z) =1+ 2)Tp, T,(z) = (141>1/3 T,(2) = (141>1/3 (1+2)Ty,
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where Ty ~ 2.73°K is the actual value of temperature of black body radiation in CMB. The corre-
sponding actual value for temperature of neutrinos is 7, = 7,,(0) ~ 1.95%.

The number of neutrinos in a single family after electron-positron pairs annihilation is

3¢(3) <kT,,>3 6¢(3) (%)3_ 3

v = 2 m2h m2h

11

= —ny.
1
At present time we obtain n, ~ 113/cm?.
Taking into account of three species of neutrinos the total number of pairs is n’t ~ 339/cm? (at
present time) and the total energy density of relativistic matter (radiation and neutrinos) becomes

21 [ 4\
U, = [1 3 (11) ] agT* ~ 1.68a5T*. (11.24)

The corresponding 2, parameter is

u,  87Gu,

L= T 0422 x 107°R2.
Pc 3ag Hg

Q, =

For non-relativistic matter we have Qy ~ 0.3 (Qp ~ 0.04) and because €2,,/S2, varies as 1/(1 + z)
we get that for a suitable value of z, say z = 24, the mass-radiation densities are equivalent, that is

=1 = 1+ 24~237x 10*Qyn*.
The matter dominated era starts at z ~ z,.

11.5.1 Thermal decoupling of neutrinos

Now we show that v, 7. effectively decoupled at energies higher than m.. Near decoupling at
temperature 7', the main thermalisation reaction is

v+ et e,
which has a cross section (G is the weak interaction or Fermi constant)
o0~ GRE? ~ 4 x 107" 5 em?, (11.25)

where for convenience we have introduced the dimensionless quantity 77 by

T
= Do — Ty =10"T/K.

~ 1010
Number density and collision time are respectively given by
1
n, = 1.6 x 10*' T em ™3, te ~ .
ony,c

Recall that ¢, is the time necessary to have a reaction of the one considered. During a period ¢ the
number of reactions will be

t
Nyeact ~ i on,ct. (11.26)

[
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Of course, if this number is large then neutrinos are is thermal equilibrium with electrons/radiation,
but when this number is small thermal equilibrium is broken and neutrinos become free. In (11.26)
we can take t equal to the age of the universe at the time of reaction, but also in this case it is clear
that at some time during the expansion N, will become smaller that 1, because it would depend
on T3, which scales as 1/a® and becomes smaller and smaller.

The age of the universe can be computed using (10.16) because it is still dominated by relativistic
matter, so

; 3 2
=/ ==—— ~ —5 sec.
327Gu,  T%

Using this value in (11.26) we get
Nycaet ~ 0.04T},

which is of order ~ 1 for Ty ~ 3 which corresponds to k7' /m, ~ 5.

After annihilation of electron-positron pairs neutrinos are practically free. They can interact
with protons and neutrons or perform elastic scattering with the few survived massive leptons, but
temperature does not change. The same happens for photons.

11.6 Primordial nucleosynthesis

Here we simply report the main important steps which predict the observed abundance of light
elements in primordial nebulae, which are essentially made up by hydrogen and helium in the ratio
3: 1 in mass and traces of other light elements (deuterium, lithium,...).

Primordial nucleosynthesis is considered one of the crucial pieces in favour of the SCM, since by the
study of nuclear processes in the background of an expanding cooling universe it yields a remarkable
concordance between theory and experiment. It begins at energies of the order of 100 KeV and
lower, but the nuclear reactions which produced the abundances of neutron and protons started at
higher energies.

During the lepton era (below 100 MeV), electrons, neutrinos, photons and nucleons are in equi-
librium. The number density of neutrons ny is different with respect to the one of protons np
essentially due to the fact that they have different masses. If fact one has

n
T _ QT

- Q = (my —mp) = (un — pp) = (my —mp) = (e = ) ;

my, i) being respectively mass and chemical potential of the particle considered. Neglecting chemical
potentials one gets ) ~ 1.3 MeV.

If temperatures are higher than few MeV'| neutron and protons inter-convert principally through
the weak interactions

N+v, <> P+e, N+et < P+1,,

but at temperatures below 1 MeV', the weak interactions are frozen out, electron-positron pairs are
annihilated and neutrons and protons cease to inter-convert. The ratio ny/np is about 1/6, but
it will increase since neutrons decays into protons by n — p + e~ + v. The age of the universe
at this epoch is t ~ 1sec (T' ~ 1 MeV), while neutrons have a lifetime 7, ~ 890sec > t, then
they start gradually to decay until the temperature reaches a value below 100 KeV', when primordial
nucleosynthesis begins. At this time the ratio ny/np is approximatively 1/7.
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Of all the light nuclei (deuterium D, tritium 7, helium *He, *He, lithium "Li, beryllium “Be,
etc...), the most favorable from the energetically point of view is 4He. Then we expect that almost
all neutrons and an equal number of protons are converted into (ionised) atoms of “He. This means
that

ny 1 2 NHe 1

e = — — = —,
np 7 14 np 12
where np. is the number of atoms of He. As we see the process ends up with twelve (ionised) atoms
of H per *He, which in mass corresponds to a ratio of 3 : 1, as observed.

e We have described nucleosynthesis in a very simple way, but of course the situation is more
complicated. First of all, the number density of nucleons is not large enough to produce directly
‘He through a four nucleons interaction. The process will proceed by steps as in figure (12).
The final percentages in mass are ~ 0.75 of H, ~ 0.25 of He and traces amounts of other light
elements (D ~ 107°, 3He ~ 1075, 7Li ~ 107! atoms per proton).

Heavier elements are not synthesized in this period but in the later universe during supernovae
explosions.

e [t has to be observed that, as one might expect, nucleosynthesis do not start at the nuclear
binding energy (of the order of 1 MeV'), because there is a huge number of photons per nucleon
and this prevents the process to taking place until energy drops below 100 KeV .

e All predictions concerning the abundances of light elements are in good agreement with obser-
vations, but at the same time they increase our confidence in the SM, because all computations
are done by using general relativity, thermodynamics and particle physics.

For example, if the number of neutrinos species is larger than 3, then at a fixed temperature,
energy density of radiation (relativistic particles) will increase and this will give a corresponding
increment of neutrons per proton. As a consequence also the abundance of helium will increase
in contrast with observation. This means that the number of neutrino species has to be 3, has
predicted by standard model of particle physics.

The abundances of the light elements depend essentially on just one free parameter 7, that is
the baryon/antibaryon to entropy ratio
_ B T — 1

S S

Y

where ny, nj are the numbers of baryons and antibaryon per unit volume, while s is the total
entropy density. 7 is independent on the expansion because baryon asymmetry ng as well as
entropy density scales as 1/a®> and moreover the baryonic number is conserved. In the early
universe dominated by radiation, using only general relativity and SM physics one can give a
strict constraint on the value of 7. In fact, the range of 1 consistent with deuterium and *He
primordial abundances is

26x 107 <n<62x 1071,

The value of such a parameter has been recently extracted from CMB from precise measure-
ments of the relative heights of the first two acoustic peaks. It reads

+0.3 x 10710

_ —10
7= 0.1>10 { —0.2 x 10710
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Figure 12: primordial nucleosynthesis (figure by V. Mukhanov)

in astonishing agreement with the predicted theoretical result.

The fact that n is not vanishing means that there is an asymmetry between matter and an-
timatter and this gives rise to a serious theoretical problem because, in SM physics there are
no difference between particles and antiparticles as confirmed in collider experiment. For this
reason one expects that baryogenesis creates an equal numbers of baryons and antibaryons, but
of course, during the evolution, some still unknown process had broken this symmetry. I any
case, it is a matter of fact that primordial antimatter is not present in our universe. Possible
explanations of this can be found in (discrete) symmetry violations (baryon number B, charge
conjugation C and parity C'P) or alternatively on a departure from thermal equilibrium.

11.7 Dark matter and dark energy

According to recent experimental data the spatial curvature k is vanishing with high precision (in
agreement with the prediction of inflationary models) and, in contrast with as expected from General
Relativity, the universe is now in an expanding, accelerated phase (the deceleration parameter g is
negative). The presence of an effective, positive cosmological constant is then unavoidable. Setting
Qo = Q. + Qs + Qp, po ~ 0 and disregarding radiation contribution (actually it is negligible), the
Friedmann equation (11.1) becomes

QQZQk+QM—|—QA:1,

where

L Qu = TPV _ 1) Oy =
G%H§7 M 3H3 B+ D, A SHga

Q= —

Qr, Qp, Qp and Q, being respectively the contributions due to curvature, baryonic matter, dark
matter and dark energy evaluated at present time t.

The reason for splitting the matter contribution into two parts derives from the fact that only a

very small part of €2, is due to “ordinary matter”, that is the one we are dealing with every day and
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which is essentially contained in stars (proton, neutron, electron; for simplicity one refers to that as
baryonic matter), while the larger part is due to particles which we “feel” only through gravitational
interaction (one refers to that as dark matter because it is “electromagnetically invisible”). Some
small contribution to dark matter is due to ordinary but invisible matter (black holes, clouds,...), but
the most part is due to particle which interacts only by gravitational and weak interactions. Such
kind of particles are called WIMP (weakly interacting massive particles as neutralinos, axions,...).
Particles of this kind do not carry electric charge and so they do not interact electromagnetically
and do not enter in the formation of stars (could dark matter, CDM).

All recent measures are in good agreement with the so called AC'DM model, which is based on the
Friedmann solution with cosmological constant A, and with the following values for the parameters

Qp~0, Qp ~0.03, Qp ~0.05, Qp ~0.25,, Qp ~0.69.

We see that the most contribution to 2y is due to dark matter and dark energy.

Dark energy could be generated by a cosmological constant, but it could be the energy of unknown
cosmological fields or finally it could be an effect due to a modified theory of gravity. In any case,
because all data are in good agreement with AC'DM model, the equation of state of dark energy has
to be of the kind py ~ —py, that is w ~ —1.

In the ACDM model the cosmological constant is fixed 'by hand’ and could be for example
the vacuum energy density of all matter fields, while in other models which considers additional
cosmological fields like quintessence (—1 < w < 1/3) or phantom (w < —1), the dark energy is a
time-dependent contribution related to the energy of such kind of fields. Finally, in modified theories
of gravity, dark energy is a dynamic quantity which emerges from gravitation.

As we have said above, all data are in good agreement with AC'DM model, but in principle one
could analyse the data by using a different model and in such a case the ratios between the different
kind of matter/energy could change.

11.8 The cosmological constant problem

Quantum field theory provides a non-vanishing vacuum energy density, due to all matter fields
contribution. In the absence of gravitation such an energy can be neglected because it is a constant,
but when gravity is taken into account it has to be carefully considered because it contributes to
gravitation. It is natural to relate the cosmological constant to these vacuum energy of quantum
fields.

Unfortunately, within the framework of quantum field theory, the evaluation of zero-point energy
gives a divergent value and, even if one chooses an ultraviolet cutoff, as it is reasonable, one obtains
a very huge value with respect to the observed one ps, in fact

Buae 10%%, cutoff at electroweak scale,
0o0s

% ~ 10'23 cutoff at Planck scale.

Dark energy represents about the 70% of the whole energy density in the universe, but nevertheless it
is really small with respect to the vacuum energy provided by quantum field theory. This discrepancy
between theory and observation is the content of the old and unsolved cosmological constant problem.

As a consequence of an unknown mechanism or maybe unknown matter fields, vacuum energy
has to be vanish, but a very small part p,.. — pa > 0. From this point of view, A = 0 seams to be
more reasonable and less problematic.

There is also an additional puzzle related to the cosmological constant. This is called the coin-
cidence problem and consists in the fact that the actual values of py and py; are of the same order
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of magnitude. The ratio between the contribution to energy density of cosmological constant and
matter changes rapidly as the universe expands, that is pa(t)/par(t) ~ a3(t) and this means that
pa(t)/par(t) ~ 1 only for a very brief period, just the one in which we live.
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12 Perturbations of metric and energy density

Here we assume the energy density at initial time ¢; (after inflation) to be “nearly but not perfectly”
homogeneous and then we are going to study what kind of consequences this hypothesis will have on
the CMB spectrum. We shall see that small inhomogeneities in the initial energy density will reflect
as anisotropies in CMB.

The first problem consists in the “gauge invariant” classification of perturbations. In fact, energy
density depends on the reference frame. By performing a transformation of coordinates, a homoge-
neous distribution could become inhomogeneous and viceversa, a inhomogeneous distribution could
become homogeneous. Of course we have to take into account both perturbations of the metric and
of the energy distribution, because they are strictly related.

The problem of pertubations in general relativity and cosmology is a very difficult mathematical
task by itself and its connection to C'MB is also more difficult to treat in detail and is out of the
aim of present lectures notes. Here we shall limit our analysis to the classification of cosmological
perturbations, independently on their origin, and in Section 13 we shall derive the important Sachs-
Wolfe effect, which is due to scalar perturbations of the metric,

12.1 Classification of perturbations

We start with perturbations of the Friedmann metric and for simplicity we consider a flat universe
only, the extension to the curved case being quite straightforward. We indicate by dg;; a small
perturbation of the metric g;;, which satisfies Friedmann equations with k& = 0. Using conformal
time and Euclidean coordinates for the spatial section, one has

ds® = g;; dx'ds’ = a*(n) (—d772 + Oab dx“dxb> , a,b,=1,2,3, (12.1)
while for the whole metric g;; = §;; + d9;;
ds® = Gij dx'da’ = (Gij +99i5) dzidx’ 0gij < §ij -

Since at any fixed time the spatial background is homogeneous and isotropic, the perturbation can be
classified into three distinct types, according to their behaviour with respect to the group of spatial
rotation. In fact one has scalar, vector and tensor perturbations.

It is convenient to write the component of the perturbation in the form

dgoo = 20 0,
6goa = a°(0B+S,), (12.2)
5gab — CL2 (2% 5ab + 2aaabE + aaEb + abEa + hab) )

where all “underlined” quantities are scalars, vectors or tensors with respect to spatial rotations and
indices of such quantities are rised or lowered with the Euclidean metric d,, (there are no difference
between covariant or controvariant underlined tensors). With the use of such a notations we do not
confuse spatial 3-tensors with spatial parts of 4-tensors. As usual vector and tensors are split in their
invariant components (transverse, traceless) and so the following relations hold:

aaﬁazoa aaEazoa 8(1@(117:07 ha:()’ bab:hba'

a

Note that in all above expressions we have ordinary partial derivatives because the spatial section of
the manifold is flat and we are using Euclidean coordinates.
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e We see that scalar perturbations are characterized by the four scalar functions ¢, ¢, B, . They
are induced by the inhomogeneities of the energy density and are the most important because
they exhibit gravitational instability and may lead to the formation of structure in the universe.

e Vector perturbations are described by the two vectors S,, F/, and are related to the rotational
motions of the fluid. They decay very quickly and are not really important from the point of
view of cosmology.

e Tensor perturbations h,, have no analog in Newtonian theory. They describe gravitational
waves (in the T'T-gauge), which are the degrees of freedom of the gravitational field itself. In
the linear approximation they do not induce any perturbations in the perfect fluid.

12.2 Gauge transformations

By taking into account of all constraints on the quantities ¢,v, B, E,S,, F,, hqa, of course one gets
10 independent functions as the components of g;;, but we know that the arbitrariness in the choice
of coordinate system permits to fix other 4 conditions between the components of g;;.

We recall that under the infinitesimal transformation 7% = 2 + £*(z), neglecting higher orders
in &%, the metric transforms as (see Section 6.5)

Gi5(%) ~ gij(x) — 0:&(x) — 0;&i(x) <1, (12.3)

where 9y, is the derivative with respect to z*. If computed at the same point, g;;(z) and g;;(x) are
related by

9ij(2) ~ gij(x) = Vi&j(x) — V;&i(), (12.4)
V. being the covariant derivative related to g;;. Now we split both the metrics g;;(z) and g;;(x) into
background and perturbation parts, that is

9i5(w) = gij(x) + dgij(x) , Gij(x) = gij(x) + 0gij(x), (12.5)

where g;; is the metric considered above, which satisfies Friedmann equations with & = 0 and
homogeneous density distribution. Comparing equations (12.3)-(12.5) and neglecting higher order
terms (Jg;; as well as £¥ are infinitesimal quantities) we obtain

Gij(r) = gij(x) + 0gij(z) ~ gz'j(x) - Vz’ﬁj(fﬁ) — V;&i(w)
~ Gy (@) +0gi5(z) — Vi&i(x) — V,&(x) (12.6)
and finally
8Gij ~ 0gi — Vi&i(x) — V;&i() .

The latter equation represents the variation in form of the perturbation dg;; as a consequence of an
infinitesimal transformation of coordinates. All quantities have to be evaluated at the same point.
We have replaced V, with the covariant derivative @k related to g;;, because they differ for an
infinitesimal quantity.

Under the particular infinitesimal transformation Z

f@)=f) = [fl@)~ flz) - @)d;f(),

k= gk + ¢F a scalar function f transform as
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and as above, if we put f(z) = f(m) +6f, f(x) = f(x) + & f. up to higher order terms we get

0f () ~ 0 f () = € (2)0; f(x). (12.7)
In a similar way we get the trasformation rules for vectors V* and V;. From

~ ozk . : .

VEE) = 5o Vi) = V@) + V()05

V(@) = EED Vi(z) ~ Vi(z) = Vi(2) 0k

it follows

VH@) ~ VE@)+ V(@005 — (@) (a)
Vk((L’) ~ Vk(l‘) — Vj(x)(()kf” — §J(x)8jvk(:v) s

and finally
SVF(x) ~ V() +VI(2)0;6F — & (2)0;VF(2), (12.8)
Vi(z) ~ 6Vi(z) — Vi(z)0h&? — & (2)0;Vi(z) . (12.9)
In the folfowing we shall need also the transformation rules for a generic mixed tensor T]Z We have
=i~ 0z’ 0x’ _, i i i
and so
0T} () ~ 6T} (x) + Tf 0u&' = T} 0,6" — €° 0T, (12.10)

Using (12.1) one easily computes the non vanishing components of the corresponding connection.
They read

2 a'(n) i a'(n) o
F?j - 0ij » 0j — 0

where the prime is the derivatives with respect to conformal time 7. Recalling (12.2) one also gets
. 2a’
dgoo ~ 0goo — 2Vo&o = 900 — 2000 + . &0 = dgoo + 2a 0, (a&’),
- 2a’
590(1 ~ 590a - VOga - va£0 = 590(1 - 806@ - aaSO + 7 ga
= 0goa +a? [0a(6° — () — €] | (12.11)
. 2a/
5gab ~ 6gab - vafb - bea = 5gab - aaé-b - abga + 7 5ab£0
2 |20
= 5gab —a 75 6ab + 2aaab§ + aa§b + ab§a )
where the scalar ¢ and the 3-vector {* are related to the spatial part of &= (£9,€9) by
& =98 =ad* & = & =—ad’¢, o= a”0u’,

£ =€+ 0"9¢, 9.l =0, £, =0l

Now we study separately scalar, vector and tensor perturbations.
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12.3 Scalar perturbations

By taking only scalar perturbations into account the metric assumes the form
ds® = a*(n) [—(1 —2¢) dn® + 20,B dz® dn + ([1 + 29|00 + 26a8bﬂ) d:v“da:b} : (12.12)

but the four scalars function are not independent. In fact, comparing (12.2) and (12.11) and consid-
ering only the scalar components of perturbation we get

&—¢+;M%% B=B+¢ -, &_w—g@, E=E-¢, (12.13)

and so we can use the arbitrariness of £° and  to fix two constraints between the scalar functions in
the metric. The space of scalar pertubations has two dimensions and can be span by choosing

/

1
®=¢——0,(aQ), U=yt O=B-F,

which are invariant functions under gauge transformations. When we are dealing with “fictious”
perturbations simply due to the choice of coordinates, both previous functions will vanish, but they
will be different from zero in the presence of “physical” perturbations. In this way we are able to
distinguish between fictious and physical perturbations.

A gauge invariant formulation has to be done also for the energy-momentum tensor. We indicate
by p(z) = p(n) + dp the perturbed energy density, p(n) being the homogeneous unperturbed one
satisfying the Friedmann equations with the metric g;; and by u*(z) = @*(z) + du* the four velocity
of the fluid. Here @* = (1/a,0,0,0) (i = (—a,0,0,0)) is the velocity of the homogeneous perfect
fluid (recall that —goo = a(n)?).

By definition p is a scalar quantity and so, using (12.7) and (12.13) we obtain

0p=0p—E0p=0p—Ep" =dp+(Q—Q)p’.
We see that the difference
6p=0p—Qp" =0p—Qp’

does not depend on coordinates and so it characterises in an invariant manner the physical pertur-
bation density.
In a similar way, using (12.9) and (12.13), for the components of the four velocity we get

dilg = Oug — E*O g — ;0,87 = dug + 9,(a&®) = dug + 9y(aQ — a ),
0l = Uy — EFO Uy — 10,8 = Uy + a0,E° = Sty + a0y (2 — Q)

from which it follows that both the quantities

Sug = Otig — 0,(aQ) = dug — 0,(aQ),
Sy = Olig — 0,8 = duy — ad,N,

are gauge invariant and so characterise the velocity of the fluid in an invariant way. Note that here
Ug = gapu” are the spatial components of the 4—vector wy,.

The arbitrariness in the choice of the two scalars £°, ¢, permits to fix two conditions on the scalar
perturbations ¢, %, B, E and so only two of them will represent physical perturbations.
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12.4 Vector perturbations
By considering only vector perturbations the metric assumes the form
ds* = a®(n) [—dn? + 28, da"dn + (da + OuF'y + O, F,)dx"da’] |

and comparing (12.2) and (12.11) the transformations for vectors S,, ', become

ﬁazﬁa_é ,7 Ea:Ea_§7

2q

from which trivially follows that the quantity
Va:Sa_E;Zﬁa_Eil

is gauge invariant. Of the four independent quantities S,, F',, only two of them represent physical
peturbations since the other two can be eliminated with a suitable choice of coordinates, that is with
a suitable choice of the transverse 3-vector £".

12.5 Tensor perturbations
In the case of tensor perturbations only, the metric is quite simple and reads

ds* = a*(n) [—an + (dap — hap) d:v“dxb} :

The perturbation A

ha, = hgy 1s gauge invariant and represents a gravitational wave.

12.6 Cosmological perturbations
We start from Einstein equations
Gl = 8nGTY, Gl = 8nG T,

where CAT’; is the Einstein tensor in the homogeneous and isotropic background metric g;; and of course
the energy momentum tensor T; has the properties

T(?:Oz(t), Tf=6(t)g, TIS)ZT(?:O>

a, be being scalar functions (—p, p for a perfect fluid).
By setting Gj» = G;'- + 6G§~ and similarly T; = T; + 5T; we have the equation for the perturbation
in the form

5G§- =81 5T; ,

which is gauge dependent, but it can be written in a gauge invariant form by introducing the “over-
lined” quantities as in the section above,in this way

TGéz 87TG57T;.

The latter equations assume different forms depending on the perturbation one cosiders.
For scalar perturbations, using (12.10) and (12.13) one has

0T = 0Ty — Q0, T = 0T) — Qo' | (12.14)
6TY = 019 —[(1/3)T¢ — T3] 0a(Q = 6T — (B — ) 0.2, (12.15)
5Ty = Ty — QT = 6Ty — Qo 5. (12.16)
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It is clear that for the tensor G; one obtains similar relations. On the other hand, the perturbation
5G§ can be explicitly computed because Gé is a function of the metric g;; and its derivatives only.

This means that under scalar perturbations the invariant quantity (5G§ has to depend only on ¢ and
U. A tedious but straightforward calculation gives

AT — 3H(V +HP) = 4nG a® 5T, (12.17)
Oy (V' +HP) = 4G a® 0T , (12.18)
1 _

5 (GA —00,) (¥ — @) — 5 [qf +HERY + &) + (2H + H2)<1>] — 47G a® 0T7 (12.19)

where H = d'(n)/a(n), 0* = §%°0y, A = §%°0,0, is the Laplace operator and 0T} are the quantities
in (12.14)-(12.16) correspondig to scalar perturbations only.

Analog equations to the ones in (12.17)-(12.19) can be obtained for vector and tensor pertur-
bations. In such a cases 5G§» will depend respectively on the gauge invariant quantities V,, and hy
introduced in previous section. In fact one has

AV, = 167G a* 6T, 6T0 = 6T — Fy o, TO — TP0,F°,  Fb =4§%F,,
(0 + 2M) (0.Vs+ 0Va) = —167G 3Ty, §Tg = 6T — F 0.1 — Te0,F° + TC.F*

(00 +2H, — A) hyy = 167G 3T Gy -
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13 Anisotropies in CMB

From CMB spectrum we know that the universe was very homogeneous and isotropic at the time
of recombination, but today it has a well developed nonlinear structure. This structure takes the
form of galaxies, clusters and superclusters of galaxies and, on larger scales, of voids, sheets and
filaments of galaxies. However, deep redshift surveys show that, when averaged over a few hundred
megaparsecs, the inhomogeneities in the density distribution remain small. The explanation of such
non linear structures can be found in the primordial inhomogeneities of the energy density and in
the natural gravitational instability due to the fact that gravitation is an attractive force.
Independently of their origin (inflation predicts classical inhomogeneities as a consequence of
quantum fluctuation of the inflaton condensate — see section 13.5), inhomogeneities in the energy
density are necessary in order to accommodate in a reasonable way the observed universe.
We have two kinds of anisotropies of the cosmic microwave background:
i) primary anisotropies due to effects which occur at the last scattering surface and before;
ii) secondary anisotropies due to effects which occur between the last scattering surface and the
observer, such as interactions of the background radiation with hot gas or gravitational potentials,
The structure of CMB anisotropies is principally determined by two phenomena, that is acoustic
oscillations and collisionless damping (diffusion or Silk damping).

Acoustic oscillations. The pressure of the photons in the photon-baryon plasma in the early
universe tends to erase anisotropies, whereas the gravitational attraction of the baryons, moving at
speed of sound, makes them to collapse to form dense haloes. These two effects compete to create
acoustic oscillations which give the microwave background its characteristic peak structure. Roughly
speaking, the peaks correspond to resonances in which the photons decouple when a particular mode
is at its peak amplitude.

The peaks contain interesting physical signatures. For example, the angular scale of the first
peak determines the curvature of the universe, but not its topology. The locations of the peaks also
give important information about the nature of the primordial density perturbations. There are two
fundamental brands of density perturbations called adiabatic and isocurvature perturbations.

In the adiabatic density perturbations the fractional overdensity with respect to the average in
each matter component (baryons, photons, ...) is the same (in the considered spot), while in the
isocurvature density perturbations the sum of all fractional overdensities with respect to the average
is always zero.

Cosmic inflation predicts that the primordial perturbations are adiabatic, while cosmic strings
would produce mostly isocurvature primordial perturbations, but in general one could have a mixture
of both.

In the CMB spectrum adiabatic and isocurvature perturbations produce different peak locations.
More precisely, the isocurvature peaks are located at angular scales (l-values of the peaks, see below)
in the ratio 1:3:5:..., while adiabatic peaks are located at angular scales in the ratio 1:2:3:... Actual
observations of CMB anisotropies are consistent with pure adiabatic primordial density, providing
key support for inflation.

Collisionless damping. In an expanding universe there are two effects which contribute about
equally to the suppression of anisotropies on small scales and give rise to the characteristic exponential
damping tail observed in CMB. Such effects are due to the fact that the mean free path of the
photons increase rapidly, first, because the primordial plasma becomes rarefied and second, because
the depth of the last scattering surface is finite (decoupling of photons and baryons does not happen
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instantaneously, but instead requires an appreciable fraction of the age of the universe up to that
era).

13.1 CMB power spectrum

The (temperature, angular) power spectrum is a function built up with the fluctuations of the tem-
perature in CMB. It relates the anisotropies to important cosmological quantities. One computes the
N —points correlation functions, which correspond to the N —momenta of the ensemble distribution
function and then performs the Fourier transform of such correlation obtainig the power spectrum.
In our case what is really important is the 2—point correlation function and since the fluctuations
depend on angular variables only, the (angular) power spectrum is obtained by a development in
terms of spherical harmonics.

The CMB is observed today on the earth where the gravitational potential is ¢ = §(ty, x8),
to being the actual time and z8 = x%(ts) = 0 the origin of the reference frame. One measures
the spectrum of photons arriving from all directions and deduces the corresponding black body
temperature

1
T(to, 2%, n) = Ty + 6T (n) , Ty = / EnT(to, 28, 0) ~ 2.7255°K , (13.1)
m

n(v, ¢) being the unit vector along the direction of observation, d°n the integration over all directions
and T; the mean temperature, which corresponds to the one discussed in section 11.4.

Here —90° < ¢ < 90° and 0° < ¢ < 360° are galactic coordinates that determine a specific direction,
which corresponds to a specific point in the CMB (a point on the last scattering surface).

In order to pick out the “underling structure” of anisotropies, one has to compute the so called
correlation functions, which compare the temperatures of all points having a given angular distance
6. As predicted by inflation, the spectrum of fluctuations is Gaussian and this means that all odd
correlation functions are vanishing, while all the even ones are related to the two-point function

() = <5T(n1) 5T(n2)> | 6T(n) T(n)—T

0 -5
= <10 Ny = cosf
TO TO TO TO s n; - 1No COS U ,

where the brackets () denote averaging over all directions ny, ns satisfying the latter condition above.
Here 6 is the angle between the two considered directions (do not confuse it with the galactic coor-
dinate 7). We also observe that

<(T(n1);OT(n2)>2> _ <<5T(nl>T—oaT<n2>>2> _ 20(0) - 20(6).

(). (50

C'(0) being the autocorrelation temperature function.

The correlation functions are obtained by averaging the temperature fluctuations measured in
all directions on the sky from the earth, the unique vantage point we have access to, but due to
homogeneity and isotropy this average has to be close to the cosmic mean, which corresponds to
the average obtained by all observers in space that measure fluctuations in given directions. This
cosmic mean is determined by correlation functions of the random field of inhomogeneities and is
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the quantity one would have to compute in order to pick up in a correct manner anisotropies and
inhomogeneities of the universe. Of course we can only perform local measurements.

The root-mean-square difference between a local measurement and the cosmic mean is known
as cosmic variance. This difference is due to the poorer statistics of a single observer and depends
on the number of appropriate representatives of density inhomogeneities within a horizon. For this
reason it is quite tiny at small angular scales but substantial at high angular separations (more than
10 degrees).

According to (11.17), at any angular distance A corresponds a region of linear size Al on the
last scattering surface. A physical process which creates a perturbation density with length scale
of the order of the particle horizon, during all evolution of the universe, will “generate” only few
observable realisation, that is only few representative points of density inhomogeneity, while physical
processes at small length scales will generate more representative points. This means that statistic
is better at small angular scales.

Cosmic variance is an unavoidable uncertainty, which is present also for an “ideal” experiment in
which one measures temperature in all directions in the sky with arbitrary precision. Of course, for the
real observation additional uncertainty is present due to finite number and precision of measurement.

The fluctuations 67'(n) = §T(¥, ¢) as well as the correlation function C'(f) depends on angular
coordinates only and so it is convenient to expand them in spherical harmonics Y}, and Legendre
polynomials P,

1 (204 1)(l — m)! . 27 w
Ym 197 - Pm 79 zmgo’ / d / d19 Y* Y’m’ — (5 lémm/ y
! ( @) \/E\l U+ m)! ! (COS )e 0 % 0 Im 1

by means of

0T (9, )

TO Z alm lm 19 90>

lm

where as usual the sum over m runs from —/ to [. The sum over [ runs from 2 to infinity, since the
monopole [ = 0, as well as the dipole [ = 1 contributions are removed “by hand” from the spectrum
because they do not have cosmological origin (see next section below).

The expansion coefficients a;,, has vanishing mean value, that is {(a;,) = 0, and assuming homo-
geneity and isotropy their correlation fucntion Cj satisfies the condition

(alma;m,> == 5lllc5m7_m/ Cl N Ol = <]alm\2> .
In this way

() = <(5T7(;11) 0T (ny > Z C1Yim(n)Y; 41 > (21 +1) Cy Py(cos(9)) .

From this it follows

1
Cl = E / d2n1 d2n2 Pl(n1 . Ilz) <

0T (ny) 5T(n2)> _ n; - Ny = cosf. (13.2)

Th Th

The multipole coefficients C; are real and positive and receive their main contribution from fluctua-
tions on angular scale of the order 6 ~ 7/l and the CMB power spectrum defined by [(l + 1)C;/2n

is about the typical squared temperature fluctuations on this scale. Is is conventional to plot the
latter quantity as a function of [ in order to point out the contribution of multipoles to the power
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Figure 13: CMB power spectrum

spectrum (see figure 13). The monopole [ = 0 and the dipole [ = 1 components are excluded in the
expansion of C'(f) as well as in the power spectrum. The first gives a trivial constant contribution,
while the second depends on the choice of the reference frame. In the temperature power spectrum
measured on the earth, the C; dipole contribution is different from zero since the earth moves with
respect to the homogeneous-isotropic frame (see next section below).

As we already said above we have access to one vantage point only and so we can perform an
average over all directions, but not over all positions in the universe (cosmic mean). This means
that the observed multipole coefficients on the earth, say C¢* are given by (13.2), but without the
brackets, that is

5T(n1) (ST(HQ)
1o T,

The difference between the measured value and the hypothetical one obtained by performing the
cosmic mean as in (13.2) read

Cy—C\ (Cy — O \\ 20w
C, Cy 2+ 1’

from which we see that the cosmic variance goes to zero when [ goes to infinity, and so the average
on all directions from the earth gives reasonable results for small angles only.

1
ClObs = E / d2n1 d2n2 Pl(nl : IIQ)

e Note that all theoretical calculations make use of cosmic mean and so the comparison between
theoreical previsions and experimental data could be problematic in some cases.

13.2 The dipole anisotropy

This can be easily analysed by looking at the number density of photons in phase space. This
quantity is a scalar with respect to Lorentz transformations, because both the phase space volume
and the number of photons are scalars. Then we have

1 1

=N.

N. +(p) = CIpl/RT _ 1 (13.3)

/ JE—
+(P) = e 1
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where p" = (|p’[, p’) is the 4-momentum of photons in the frame at rest with respect to the cosmic
radiation background, where the equilibrium temperature is 77 = Ty, while p* = (|p|,p) is the
4-momentum in the frame of the earth, which moves with relative velocity v, with respect to the
cosmic background, along the z! axis. The 4-momenta are related by the Lorentz transformation

v By 00
A _ | By v 00 _ v -t
pt=Ayp, A=1% o 1 ol ﬁc,vm.
0 0 0 1
from which
Ip'| =~(14 Bcos?)|p], cosﬂzlpll-
P

From (13.3) it follows

(1 + Beosy)’

T(9) (13.4)
T'(Y) being the temperature measured on the earth in the direction ¥ and Tj the one in (13.1). It
is clear from (13.4) that the temperature of photons measured on the earth depends on the angle
of observation. We expect to find maximum and minimum values in opposite directions due to blue
and red shift, that is T340 = To + 0T g and Thin = To — 0T 4.

WMAP satellite experiment has found 07y, ~ 3.34 u°K at galactic coordinates (~ 264°, ~ 48°).
These results indicate a motion of the solar system with a velocity v ~ 370km/s. By taking into
account of the motion of the solar system with respect to the center of the galaxy one can deduce a
relative velocity v, ~ 627Km/s of the local group of galaxies relative to the cosmic background in
the galactic direction (~ 276°, ~ 30°).

The temperature in (13.4) can be expanded in powers series of 3, the expansion coefficients being
functions of Legendre polinomials. The result reads

5TT((:9) = Tw)TO To _ —BP(cos V) — B é — ?))PQ(COSﬁ) + ...
Since < 1, the dominant contribution to the shift of temperature is due to the dipole P;(cos), but
there is also a small quadrupole term which is comparable with the one due to primary anisotropies.

Normally the dipole contribution is removed from the power spectrum of anisotropies because it
is a frame-dependent quantity due to the local motion of the earth. The measure of such a quantity
permits to determine the “absolute” rest frame in which CMB dipole term is vanishing.

13.3 Multipole contributions to CMB anisotropies

The temperature fluctuations in the CMB at higher multipoles [ > 2 are interpreted as being mostly
the result of perturbations in the density and the metric of the very early universe and especially at
the surface of the last scattering, even if they do not have exactly the same physical origin. Roughly
speaking, depending on the dominant effect which determines the anisotropies, one distinguishes the
following regions (see figure 13):

e integrated Sachs-Wolfe rise (I < 10, 6 > 10°);

e Sachs-Wolfe plateau (10 <[ < 100, 10 > 6 > 0.1°);

127



e acoustic peaks (100 < I < 1000, 0.1 > 6 > 0.01°);
e damping tail (I > 1000, € < 0.01°).

Note however that for [ < 100 there are also contributions due to cosmological tensor perturba-
tions in the FLRW metric (primordial gravitational waves). All physical effects responsible for the
anisotropies are really complicated and we refer the interested reader to the literature for a detailed
analysis. Here we only discuss in some detail the Sachs-Wolfe plateau, since for this region it is
possible to do some (quite simple) analytical calculations.

13.4 Sachs-Wolfe effect

It consists in the temperature fluctuations of CMB due to the fact that photons do not propagate in
vacuum, but in the presence of a gravitational potential. As it follows from equivalence principle, the
frequency of photons and as a consequence the temperature, depends on the gravtitational potential.

Such an effect is due to scalar perturbations only and so we have to solve equations (12.17)-
(12.19), where the energy momentum tensor is T; = TJZ + 5T;, T; being those of a perturbed perfect
fluid, that is

Ti = (p+ p)ui; + pét 70 =—p(n), Ty =5 pn).

Note that in contrast with previous section, here p, p, u* represent unperturbed quantities.
By definition the perturbed energy tensor reads

T =T} + 6T} = [(p+ 0p) + (p + 6p)](u' + 60’ (w; + 6u;) + (p+ Ip)d; .

and recalling that in the reference frame we are considering u* = (1/a,0,0,0), u, = (—a,0,0,0), at
first order in pertubations we get

1
5Ty = —dp, 5T = (P4 p)dua, 0Ty = dpdy .
From (12.14)-(12.16) then it follows
_ _ 1 I
018 = —op, 012 = — (p+ p)ota, 013 = dp oy -
a

Using these equations in (12.19) one trivially gets
0aOp(¥ — @) =0, a#b,

which has the only acceptable solution ¥ = ®. Note that the general solution ¥ — & = o + [,2%, «
being a constant and (3, a constant vector, corresponds to a perturbation if and only if a = g, = 0.
Now equations (12.17)-(12.19) become

A® —3H(® +HP) = —4rnG a* dp, (13.5)
O, [a(n)®'] = 47G a® (p + p) du,, (13.6)
" + 3HD + (2H +H*)D = —4nG a®dp. (13.7)

It is interesting to note that in a non-expanding universe H = 0 and the first equation above becomes
equal to the Poisson equation.
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In principle, given the equation of state for the fluid, equations above can be solved obtaining the
potential ® and the perturbation dp, dp. We refer the interested reader to the literature and continue
to calculate the Sachs-Wolfe effect.

To this aim we consider a gas of photons in the perturbed metric (12.12) (only scalar perturba-
tions) and we fix the coordinates by setting B = E = Q = 0. This is called longitudinal or conformal
Newtonian gauge. It is possible to show that this choice fix a unique system of coordinates.

Taking the considerations above into account, the metric simplifies to

ds* = a®(n) [—(1 — 20)dn* + (1 + 20) ddada’] | 1B < 1. (13.8)
The photon propagates along a null geodesic, that is
Dpy— dpx dp. 1 . dxF .
0:7:7— r Tszi——rsa rs s :7, :07 139
=y Dkl = = 5 0P Ok P= P (13.9)

A being an affine parameter. From the latter equation on the right-hand side above one gets

P’ == Ipl,

0]2 P"Pa
po=—(1-29)[p|,

1 . 1
— s~ (L4 20) ' = b — {

L T

where we have set

Pa = gupp” = a*(1 + 2¢)6,p" {pa} = (p1,p2.p3), Ip| = \/6%paps -

Using the conformal time we also get

dz®  dz® d\  p* (14 28)5%p,
_reA b BT EROT e _og), 13.10
dnp  dx dn  p° p| ( ) ( )

where n® = §%n, = §%°p,/|p| is a spatial unit vector which determines the direction of propagation.
In the same way from (13.9) at first order in ® we get

dpa 1 T, S a2(sbcpbpc
= 55 PP 0ugrs = [Pl + —5— 9P =2|p| 0, P. (13.11)

dnp — 2p°

In classical mechanics, the Liouville theorem states that the volume in the phase space of a
Hamiltonian system is invariant under canonical transformations, or, what is the same, it is conserved
along the trajectory of the particle. it is easy to see that such a theorem is valid also in general
relativity. To this aim we consider a one-particle system with coordinates (n,z*) and momentum
(Po, Pa)- The volume in the phase space d*zd®*p = dx'dxr*dx®dp,dpsdps is invariant under a general
transformation of coordinates. To verify this we set

Ali _ @ Bz _ % a
T Owd’ 7oz

2" =3 =3(7,2"),  pa— Pa = By,
and observe that at a fixed time 7 the Jacobian of the transformation reads

= det o1 det or =
__ x| _
n=const n=const

Oxb
The latter result is due the the fact the p, transforms as a covariant vector and z° = 7j = const. Since
J is trivial, the phase volume is invariant, that is d®*zd*p = J d3zd®p = d®>zd®p. Now, the validity of
the Liouville theorem directly follows from this result and the principle of equivalence.

0z°
oxb

9Pa
ox b

a(ji? ‘%27 ‘f?’?ﬁlaﬁ%ﬁii)

J =
8(:617 .CUQ, ‘r37p17p27p3)
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Let us consider an ensemble of noninteracting identical particles. The number of particles dN
with coordinates in the phase-space volume d®zd®p can be written in the form

dN = f(777 xaupb) d2xd3p7

f(n,z% py) representing the density of states at time 7. Since the number of particle inside the
invariant volume does not change during the evolution, the distribution function has to satisfy the
Liouville equation

df(n7xa(n)apb(77) _ af af da® af dpa o

dn ~On  0x® dn  Op, dnp

(13.12)

This is valid in the absence of particle interactions. If particles interacts, then the total derivative
of f is not vanishing, but equal to a term C(f) which takes into acoount of interaction (Boltzmann
equation).

Here we are interested in the C'MB, then we consider a nearly homogeneous isotropic universe
filled by slightly perturbed thermal radiation. For a gas of photons f is the Planck dostribution.
The energy £ = w (h = 1) of a photon depends on the observer and it is equal to py when measured
by an observer at rest in a comoving local inertial frame. It can be written in an invariant way by
setting £ = w = pyu”, u* being the velocity of an arbitrary observer.

For such a system the distribution function becomes

2 k ,a
f—m, T—T(ZL’,Q), C—h—k’B—]_, (1313)
where T'(2*,n®) is the effective temperature which depends on position and time of the observer and
on the direction n, = p,/|p|. Since our universe is nearly isotropic, 7" will be nearly the equilibrium
temperature T' of the isotropic system, then we set

T(z*,n%) = T(n) + 0T, 0T < T.

The fluctuation 67 depends on the observer. This is a direct consequence of the fact that f is a
scalar and w is the time component of a vector and so the temperature has to transform as w. By a
change of coordinates 2% — Z* one gets

() = () _ wlz)
@ - f@=s) = =50

In particular, for an infinitesimal change #¥ = 2% + ¢*, which relates two observers O and O at rest
in their reference we get

Po Po
V=300 vV —400
Using the transformations laws for the 4-vector p, and definition for the 3-vector [,, up to higher
order we get

k

~ ~0
= Pou =

k 0 ~ S
W = Ppru = pou = W = pru

D~w(l+1,0,£% = T(@)=="T(z)~ T(z)(1+1,0,£ ,

~ w
w
from which it follows
6T = 6T — %0, T + T, 9,£°
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where
0T = T(x) — T(x), OT = T(z) —T(x).

Now we have all elements necessary to solve the Liouville equation (13.12) for the distribution function
of the gas of photons in the metric given in (13.8). Using (13.10) and (13.11) we explicitly get

of  Of dx* Of dp, &f B . Of od of
on Oz dy ' Op, dn  On + (122 +2p |8xa Opq

Oz
Now we use the fact that the function f in (13.13) depends on the variable y = w/T" and up to higher
order

WU (1—22)|p| p| <1_<D_ 5T> .

=0.

T V=40  a(T+6T)J(1-20  af
The Liouville equation becomes

dy 0d Oy

1—-29 — 42
+ ( ot o 2Pl e
At zero order in the perturbation this reads

0 0\ |pl| J, » . const
- a - — e T — T:
<377+n 8xa> 7 0 = an(a )=0 = P

y
an

—0. (13.14)

which is the result we already have derived in Section 11.3.4.
At first order in the perturbation equation (13.14) gives

_ (2 . p| a7| | 0 0 |p|
0 = (aﬁ +n 833“) [aT < >] +20n e —2|p| -
lp| [( O 0 5T
- —= ~ @ (I) —2
aT 87] o ox® + n’ 8xa
_ |p| o 9\ (0T 0%
= 377 +n Ern 7 - o +2 37] ,

from which it follows

d (8T 0 o\ [T 0
S (LR N P )| =25 13.1
i (7o) - (G as) (F-0) -5 1529

The latter equation determines the temperature fluctuations of the microwave background. In the
case of practical interest, the universe is matter-dominated after recombination and the main mode
in ® is constant. In such a case along all null geodesics we get the equation

6T

= const , (13.16)

which describes the influence of the gravitational potential on the microwave background fluctuations.
This is known as the Sachs-Wolfe effect.

To be more rigorous, one would have to consider a slowly variation in time of the potential ¢, due
to the fact that, immediately after ricombination, the radiation is not a completely negligible fraction
of the energy density. As a consequence the last term on the right-hand side in (13.15) is not really
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vanishing, and gives a contribution to §7°/ T — & which corresponds to the integral of 0, ® along the
null geodesic considered. This is known as the early integrated Sachs-Wolfe effect. Another similar
contribution to the temperature fluctuation is induced by the time dependence of ® when, in recent
epoch, the universe expansion starts to accelerate (dark-matter dominated era). This is known as
the late integrated Sachs-Wolfe effect. It is extimated that the contributions due to the integrated
Sachs-Wolfe effects do not exceed the 20% of the total amplitude of temperature fluctuations and so
for our purposes we can neglect both of them.

13.5 Sachs-Wolfe platou

Now we are going to compute the fluctuation in the temperature of CMB measured on the earth due
to scalar perturbation ®. From (13.16) we get

TE (P + (P = O (P) + (P, (13.17)
where P; is the point at which the photons are emitted (a point on the surface of last scattering in a
given direction) and Py is the point at which the photons are received (the earth). It is understood
that photons run along a geodesic in the direction of observation nm and Doppler effects due to
the relative motion of source and receiver are neglected. Moreover, the potential ®(Py) does not
depend on direction and so it can be dropped since it gives an isotropic temperature shift (monopole
contribution). In this limit equation (13.17) is simply an expression of energy conservation.

We shall see that in the case of adiabatic fluctuations in a critical density, matter dominated
universe, the temperature fluctuations are related to the potential ®(P;) only. To this aim we recall
that the background temperature 7" scales as 1/a(t) and a(t) ~ t?/30+%) This means that, as a
consequence of the expansion, there is a temperature fluctuation given by

T da 2 4t

T a  31ltw) t’ b=

In the Newtonian frame where the proper time reads (see (13.8))
dr = dt V1 — 28 ~ (1 — ®) dt,
we finally obtain

5T 2
T 301w (13.18)
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14 Inflation

The standard cosmological model describes to great accuracy the physical processes through which
the universe evolved until the present day. It provides a series of predictions in good agreement with
observation and moreover it indirectly confirms the validity of SM. However there remain outstanding
issues, some of which could be explained in the next future in the framework of SCM, for example
with the help of quantum gravity, but other problems as homogeneity, flatness and horizon certainly
require an extension o SCM. These latter mentioned issue are all related to initial conditions.

All the following considerations are obtained essentially by dimensional manipulations and are
very far to be rigorous.

14.1 Homogeneity, isotropy and initial conditions

We know by observation that at present time ¢y the domain of homogeneity and isotropy corresponds
to a hypersurface 3y of size I3, with Iy at least as large as the present horizon scale, which roughly
corresponds to the Hubble length Ly ~ cty ~ 10%® em. Such a region was originated by expansion
starting from a region %; at time ¢; of size I3 given by

a;

— l() 5 a; = CL(tl) N ag = a(t()) s l[) ~ LO .
Qo

liN

The particle horizon at time ¢; is of the order dp(t;) ~ ct; (in a radiation dominated flat universe it
is exactly 2ct;, see 10.25), and so we obtain

l; toa;

dp(tz) ti(lo .
This ratio can be arbitrarily large depending on ¢;. If we assume SCM to be valid until the general
relativity is, more or less at Planck scale, then we get a rough estimate of the latter quantity. By
choosing initial data at Planck scale (see Appendix A), that is t; ~ tp;, T; ~ Tp; we obtain

to o a; Ty  Tp i

—~—~6x 107, ~ — ~0.7x 1077,
t;  tp apg Ty o dp(t;)

(14.1)

~ 10%8.

This means that /; is built up with 10%® causally disconnected intervals and so ¥; is built up with
(10%%)3 = 10% causally disconnected regions, but nevertheless it had generated a homogeneous and
isotropic domain Y (actually the fractional variation of the energy density does not exceed

p/p ~107).

We talk about the initial conditions problem because we must assume that the energy density
was distributed at the very beginning in more than 10%* casually disconnected regions in a nearly
perfect homogeneous way (see figure 14).

Equation (14.1) can be related to a if we assume that a(t) scales as a power of ¢ as it happens in
matter and radiation dominated ere. With such an assumption we have a/t ~ @ and so we get

l; toa;  a;
dp (tl) tiao ao '

(14.2)

The number of casually disconnected regions is so determined by a;/ay.

A similar problem can be formulated for the initial Hubble velocities. In fact it is possible to
show that an error in the initial velocities exceeding 10754% has a dramatic consequence: the universe
either recollapses or becomes empty too early.
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Figure 14: initial conditions (conformal coordinates)

14.2 Flatness problem

Now we are going to study the behaviour of equations in (11.1) from the stability point of view (see
Appendix C). They read

ok aQ QQ—1)
where
o 8aGa(t) alt)

The second equation in (14.3) has three fixed points, that is 2 =0, Q =1, Q = oo. In this case the
matrix A has only one component ad so, for {2 =1 we get
d Q2 -1) 1+ 3w

1+ 3w)

y——
d< ( a

0=1 a

We see that if 1 4+ 3w > 0, then 2 = 1 is a repeller and as a consequence the other two points are
attractors, while if 1 + 3w < 0 then Q2 = 1 is an attractor and {2 = 0, 0o are repellers. This means
that in a universe in which the strong energy dominance energy condition is satisfied, independently
on the initial values, the system tends to evolve in such a way that {2 — oo or {2 — 0, which are
attractors. However, in contrast to these mathematical considerations, all experimental data are in
good agreement with the value 2 ~ 1, which is compatible with 1 4+ 3w > 0 if the initial value
Q; = Q(t;) was of the order Q; — 1 ~ 1075, In fact we have

Q—1=kn=5, O B Lo\
ap ap _— = (2] ~ ! ~ 10°6 . 14.4
{ 91_1:(12%::77 Qz—l (CL()) (dp(t») ( )
Since g — 1 ~ 0, 2; — 1 has to be really small too. This remarkable degree of fine tuning is known
as the flatness problem, which has no reasonable explanation in SCM.
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14.3 Horizon problem

This is a theoretical problem which arises as a direct consequence of the fact that FLRW cosmology
has a particle horizon dp(t) at any time. In particular, on the last scattering surface there are widely
separated points completely outside each others horizons, but nevertheless the CMB is isotropic to a
high degree of precision. This is related to the fact that the last scattering surface has been generated
by causally disconnected region (see figure 14).

In radiation/matter dominated universe the particle horizon is of the order of Hubble length (see
(10.25) and (10.26)), that is dp(t) ~ 1/H(t), but in the presence of inflation the first can be much
larger than the latter.

Let us consider a photon moving along a radial geodesic between two arbitrary points P (t1, 71,7, ¢)
and Py(ta, 79,7, ). The coordinate distance traveled by the photon reads

A /Tz dr /t2 dt
'S = —_— —
2 o V1 —kr? t a(t)
and the proper distance is obtained by multiplying the latter by the expansion factor a(t).
In a flat, matter dominated universe (see (10.13)) we have
t\? 2
t) = — Hy=—
al) = a (to) ’ O 3t

and so it follows

Aryy = Lsm (Vas —v/a1) , a; = a(ty), as = a(ty) . (14.5)
Hoay
In particular, if £, = ¢; ~ 0, a; ~ 0 then the latter equation gives the (coordinate) particle horizon
at time tg, that is dp(tg) = a(t2>7’p<t2).
Now let be t5 = ty (today) and t; = t, the time at recombination (last scattering surface) more
or less for z ~ 1200. Then in (14.5) we have ay = ag, a1 = ao/(1 + z) ~ a¢/1200 and therefore

() 2 ] 1 2
ro(t,) = ——1[1- ~ :
© Hyay v/ 1200 Hyay

ro(t,) represents the coordinate of the photon with respect to the observer at the origin.
On the other hand, the particle horizon at recombination time is obtained again from (14.5) by
choosing a; = 0 and as ~ ag/1200. It follows

2 1 6 x 1072
Tp(tr) = ~
Hyap /1200 Hyag
The comoving distance of a photon in CMB and the observer is larger than the particle horizon at

recombination time. This means that today we can observe photons in C'MB which had never been
in casual contact, but nevertheless they have the same temperature to high precision (see figure 15).

<To (tr) .

14.4 Monopole problem

Near the problems we have described above, there are other problems related to grand unified theories
(GUT). In fact, if such theories are taken seriously, then, in addition to photons and neutrinos, other
relics would be present today. Most well known of such kind of topological defects are magnetic
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Figure 15: casual structure at recombination

monopoles, which are expected in huge quantity, but they have never been detected and for this
reason it is necessary to find some way to dilute their density in the early universe.

Topological defects form when a symmetry is broken and in general they are complicated struc-
tures. Monopoles are point-like, but GUT predict one dimensional (cosmic string), two dimensional
(domain wall) and more complicated topological defects too.

e [t has to be observed that inflation was originally proposed in order to explain the absence on
magnetic monopoles in our universe.

14.5 Some considerations about inflation

In order to solve all problems described in previous sections, it is assumed that, at the very beginning,
the universe was is a stage of accelerated expansion when gravity acted as a repulsive force. Such
a very brief period is called inflation. During this stage, the size of the universe had increased
enormously in a period of time of the order ¢t < 10734 sec.

As an effect of this rapid expansion, a small region of space becomes very large and the spatial
curvature very small making the universe extremely close to flat. In addition, the horizon size was
greatly increased, so that distant points on the CMB actually are in causal contact and unwanted
relics are tremendously diluted, solving the monopole problem.

Note however that quantum fluctuations made it impossible for inflation to smooth out the uni-
verse with perfect precision and for such a reason there is a spectrum of remnant density perturba-
tions. This spectrum turns out to be approximately scale-free, in good agreement with observations
of our current universe.

Now we briefly discuss how an inflationary stage can solve the initial value problems. We have
seen in (14.2) that the number of casually disconnected regions is determined by the ratio a/ag, and
of course, if gravity is always attractive, such a ratio increases its value with time since @ < 0. The
situation completely changes if for some period gravity becomes repulsive, that is ¢ > 0. This can
be easily accommodated in FLRW by violating the strong dominance energy condition. In such a
case {2 = 1 becomes an attractor and the system tends to reach to that value.
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A period of accelerated expansion is a necessary condition for solving initial value problems,
but whether it is also sufficient depends on the particular model in which this condition is realised.
Moreover, because predictions of SCM are strongly supported by observation, the accelerated ex-
pansion has to stop sufficiently early and in a smooth graceful way, otherwise it would spoil the
success of SCM. The requirement of the generation of primordial fluctuations, necessary for forma-
tion of galaxies, restricts the energy scale of inflation. In simple models inflation should be over
by~ 10734 — 10736 sec.

Inflation explains the origin of the big bang. In fact, because it accelerates the expansion, small
initial velocities within a causally connected patch become very large. Furthermore, it can produce
the whole observable universe from a small homogeneous region even if the universe was strongly
inhomogeneous outside this region. This is due to the fact that in an accelerated universe, there
always exists an event horizon given by

as(t) =) [ Ly [0

a(t) # aa’

where t,,,, is the final time and a4 = a(tme:). The integral converges even if t,,,, = oo or
Umaz — 00 and so dg(t) < oo. This means that an observer at a generic time t will never influence
the future of the observers which are at a distance I > dg(t). So, at initial time ¢; (the begin
of inflation), let us consider two concentric bubbles of spatial dimensions d; = dg(t;) and 2d; and
assume the region inside the big bubble [ < 2d; to be homogeneous. This means that any point of
the small bubble is surrounded by a homogeneous domain of size at least equal to dg(t;). Due to
the expansion, at time ¢, (the end of inflation) the small bubble has a physical size dy = (as/a;) d;,
and the region inside | < dy is still homogeneous, because any point of such a region, at time ¢; was
outside the event horizon of possible non homogeneous domains.
On the other hand, the particle horizon at ¢; is given by

dnity) = alty) [ S = atty) [ 5

,oaa

a(t
Amax da Amax da a
= alty) [ —ay) [~ ).
a; af 7

Because at the end of inflation a(ty) is very large, the last integral above has been neglected. Then
we see that after inflation the size of the homogeneous bubble d; is of the order of the particle horizon
dp(ty) and this means that all points inside the small bubble are in casual contact.

Thus, instead of considering a homogeneous universe in many causally disconnected regions, we
can begin with a small homogeneous causal domain which inflation blows up to a very large size,
preserving the homogeneity irrespective of the conditions outside this domain.

It can be shown that the condition of homogeneity in the original big bubble can be relaxed,
because inflation demolishes large initial inhomogeneities and produces in any case a homogeneous,
isotropic domain. In order to accommodate CMB anisotropies, we have to impose @;/ag < 1075. In
fact in this way, writing (14.4) as

Qo —1=(Q—1) (“)2

Qg

we see that 29 — 1 ~ 0 even if ; — 1 ~ 1.

The simplest model which provides an accelerated expansion is the de Sitter universe (see section
9.4), in which the factor a(t) and its derivatives increase exponentially. Unfortunately this can only
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be a toy model because it does not provide a graceful exit from inflation, but nevertheless it can give
some interesting insight into its behaviour.

In more realistic models the accelerated phase has to stop very quickly and subsequently the
standard decelerated phase has to begin. That is

a(t) >0, for t <ty
a(t)y ~0, for t =ty
a(t) <0, for t >t .

This behaviour can be realised with a fluid with an equation of state depending on time and violating
the strong dominance energy condition, but only for ¢ < ¢;, but it can also be obtained with a modified
theory of gravity in which the Einstein-Hilbert Lagrangian density is modified by quadratic terms in
the Riemann tensor. Such kind on models give rise to de Sitter (like) solutions, but unfortunately
they do not provide in a natural way a graceful exit.

Actually, the preferred candidate to drive inflation is a scalar field ¢ called inflaton. It has energy
and momentum densities given by (spatial derivatives can be neglected)

{ po(t) = 20> = V(9),
po(t) = 16* = V(9),

We see that p ~ —p as required by inflation, if ¢? < V(o).

Here we do not enter into the details of inflationary models, but we only recall that one of the
aim of inflation it to eliminate all unwanted particles and in fact it redshifts away all unwanted
relics, such as magnetic monopoles and other topological defects, but at the same time also any
trace of radiation or dust-like matter is similarly redshifted away to nothing. Moreover, inflation is
a supercooling phase in which the temperature drops by a factor of the order 107 (from 10%*7 °K to
102°K in some models). Thus, at the end of inflation the universe contains nothing but a cooled
scalar field condensate (the inflaton). Then some questions immediately arise:

— ptp=9¢".

e How is the universe reheated?
e How does the matter of which we are made arise?
e How does the hot big bang phase of the universe begin?

The physical mechanism which answer to these questions is not yet completely understood due to
the unknown nature of the inflaton. The reheating after inflation is due to the large energy of the
inflaton which decays into particles and radiation. The temperature returns to the pre-inflationary
value and the radiation dominated era then finally starts.

Inflation gives also rise to primordial inhomogeneities in the density, which, as a consequence of
gravitational instability, generates the observed fluctuations in the CMB, as well as all astrophysical
structures like clusters and superclusters of galaxies, we see on the largest scales in the universe
today.

Before the advent of inflationary cosmology the initial perturbations were postulated and their
spectrum was designed to fit observational data, while, according to cosmic inflation, primordial
perturbations were originated from quantum fluctuations. These fluctuations have substantial am-
plitudes only on scales close to the Planckian length, but during the inflationary stage they are
stretched to galactic scales with nearly unchanged amplitudes. Thus, inflation links the large-scale
structure of the universe to its microphysics. The resulting spectrum of inhomogeneities is not very
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sensitive to the details of any particular inflationary scenario and has nearly universal shape. This
leads to concrete predictions for the spectrum of cosmic microwave background anisotropies. Inflation
dilutes away all matter fields, soon after its onset the universe is in a pure vacuum state.
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Appendices

Here we collect some results we use in the lecture notes.

A Planck units

Here we write down all Planck quantities, which are built up with the Planck and other universal
constants. They determine the scale at which quantum gravity effect can not be neglected.

Io = /PG
Pl 3

M= /%

hG
lpr=1/"5

hcd
TPl = \/ k2CG

length
mass
time

temperature

B Boson-Fermion statistic

lp; ~1.616 x 1073 m
Mp; ~2.176 x 107% K,
tp; ~ 5.391 x 107 sec
Tp; ~ 1.416 x 1032 °K

In table (5) (left) we have collected some results regarding Boson and Fermion statistic. We have
indicated by the index ¢ the specie of particle (photon, neutrino, antineutrino, etc.) and by n;, p;, s;, p;
the corresponding number density, energy density, entropy density and pressure. 71" is the equilibrium
temperature. In table (5) (rigth) we have collected the number of spin states g; for all particles we
have considered in the lecture notes. The values of Boltzmann and Planck constants read respectively

k~ 8617 x 107°eV/K ,

Relativistic Bosons

Relativistic Fermions

n;

Pi

Di

gi@ (%T)S

n2 (KT)*
130 (hc)3

o2 (kT3
6% (5) b

v 45 he

3 Pi

=

Ne)

=

VS
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(o |
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8 Jt 45 he
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3 Pi

Table 5: Boson and Fermion statistic
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C Autonomous systems

Let us consider a system of first order differential equations of the form

X:E:F(X), X = X(x1,29, ..., Ty) T = xp(t) .
This is called an autonomous system if the function F' does not depend explicitly on ¢. The particular
solution X = X, which satisfies
: X =0
X| — F(X,)=0, ‘x:xc ’
X=X, F(X,) =0,
is called critical or fized point. The behaviour of the system in a neighbourhood of a critical point

can be analysed by using the linearised system

X=AX, A=J(X,), J(X) = (agg)) 7

where A is the n X n Jacobian matrix evaluated on the critical point. If all the eigenvalues \; of
the matrix A;; have a non vanishing real part (Re A # 0), then X, is said a hyperbolic critical point.
Depending on the signs of the real parts of A;, any fixed point can be classified as an attractor (silk),
a repeller (source), a saddle point, etc.

For example, in two dimensions F'(z,y) = {f(x,y), g(x,y)} and if (z.,y.) is a fixed point, that is
F(z¢,y.) = 0 then

%29 N9 (o)=(zewe)

The critical point is an attractor if both the eigenvalues have negative sign (real part), while it is a
repeller in the opposite case. If the eigenvalues have opposite sign then one has to do with a saddle
point. If the matrix is real, then one has an attractor if Tr A < 0 and det A > 0.
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