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1. What is cosmology
Cosmology is occupied with the study and the description of the universe on a large scale and for
long periods from the beginning (if it exists) until the present era.
The more metaphysical, that is, the philosophical, speculative and science fiction descriptions may
be fascinating, but they are irrelevant and uninteresting for the physical science.
Cosmology is also tightly bound to the astronomy and the astrophysics, where the former is dealing
with the motion of the celestial bodies, planets, stars and galaxies, mainly based on Newton’s laws
and his law of gravitation, while the latter deals with the energy processes in the inner of the stars
and their radiation. The energy production in the stars comes from nuclear reactions inside the stars.
Finally astrophysics deals with an analysis and a mapping of the electromagnetic radiation and
particle radiation (cosmic radiation) that is present in the universe.
The cosmic radiation was discovered in 1930 by Anderson, who at the same time discovered the
positron (the anti-particle to the electron). The existence of the positron was in the same year
predicted by Dirac in his relativistic formulation of quantum physics.
It is the cosmic radiation that causes the northern light, when very energetic charged particles enter
the atmosphere parallel to the equator, but near the poles. Because of the strong magnetic field near
the poles, the charged particles enter circular orbits, and by collision with the atoms in the
atmosphere, light is radiated having frequencies given by Bohr’s frequency condition:
h  Ei  E j .
Since the sixties, the common cosmological view the universe is that the universe is created from a
point, a singularity in space, having infinite mass and energy. This “physical process” has got the
name: “vacuum explosion” or “inflation of the vacuum” also known as “The big bang”.
In this manner the cosmology has also been tied to particle physics (high energy physics).
According to The Standard Model of particle physics (emerging after 1975), all known particles are
either hadrons or leptons. Hadrons practices strong, electromagnetic and weak interactions.
Hadrons are in the standard model bound states of the so called quarks (whereas free quarks have
never been observed).
The leptons practices only weak and electromagnetic interactions (some leptons only the weak).
According to the standard model, there are 6 fundamental leptons and 6 fundamental quarks, which
we shall later deal with in more detail.
2. Einstein’s generel theory of relativity
After 1915, when Einstein published his general theory of relativity, we have got an alternative
description of space and the phenomenon of gravitation.
In Einsteins theory the space cannot overall be described by Euclidian geometry, that is, an ordinary
Cartesian coordinate system, where the ration between the circumference and the diameter of a
circle is always equal to pi, and where sum of angles in a triangle always is equal to 1800.
Furthermore time t appears on equal foot with the spatial coordinates, (as it is also the case in
special relativity). An “event”, which happened at the position (x, y, z) time t, is characterized by 4
coordinates usually written (ct, x, y, z), or more commonly (x0, x1 , x2 , x3).
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When transforming between two coordinate systems belonging to different observers, which are in
motion with respect to each other, time and space coordinates transform on equal foot, and get
mixed in the transformation formulas, (as it is also the case in special relativity).
In Euclidian geometry, the square of the distance element is given by.
ds2 = dx2 + dy2 +dz2.
In classical Euclidian geometry the distance element is an invariant. Distances do not depend on the
specific frame of reference.
In the special and general relativity, the distance element between two ”events” is given by:
ds2 = c2dt2 - dx2 - dy2 -dz2.
(Some text books prefer to have ds2 with the opposite sign, since then it complies with the Euclidian
distance element if dt = 0. On the other hand the ds2 above is always positive for dt > 0, since by
division by dt2 we have:
ds 2
dx 2 dy 2 dz 2
2

c



 c2  v2  0 )
dt 2
dt 2 dt 2 dt 2
As it is the case in Euclidian geometry the distance element is a relativistic invariant, meaning that
the space-time distance element between two events is the same for all observers, while the
Euclidian distance element is not.
For a signal moving along the x-axis with the speed of light, we have dx =cdt, so that ds = 0.
A coordinate system following the signal will remain at the same space-time point.
In its extreme case where a photon is emitted from a star 10 million light years away and 10 million
years later is captured in the eye of an observer. But In a frame that follows the photon, however,
the two events will take place simultaneously in the same point of space!
In Newton’s view the motion and accelerations of bodies are caused by the gravitational attraction,
but in Einstein’s view the bodies just take the shortest path (in the space time framework) in a
curved space time. This also implies that space time is curved in the vicinity of massive bodies.
Below is shown a two-dimensional analogy in a mathematical hyper-space, visualizing that.
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Thus, space ”locally” flat. Our solar system can to a very good approximation be considered to be
Euclidian, and this also the case globally, when keeping a far distance to massive bodies.
In Einstein’s general relativity theory, the acceleration of the bodies is not caused by gravitational
attraction, but it is caused the curvature of space, which is dominant around massive bodies.
2.1 Einstein’s principle of equivalence
Gravitation (and gravitation only), influences all bodies in the same manner. All bodies get the
same acceleration from the gravitational forces.
The astronauts in a space ship have no way to decide, whether they are in an inertial system (moves
uniformly) or they are accelerated, (if they don’t look outside). Any experiments they perform in
the space-ship will appear, as if they were in an initial system.
For this to be correct it is, however, imperative that the “inertial mass”, which is the mass which is
included in Newton’s 2. law is exactly the same as the “heavy mass” , which is the mass included in
Newton’s law of gravitation.
This is called the weak principle of equivalence.
The strong principle of equivalence:
states that motion caused by gravitation is equivalent with an accelerated framework, that is, it is a
consequence of a “free fall” in a curved non Euclidian space-time.
Non Euclidian geometry is well known in the branch of mathematics called differential geometry,
as doing geometry on a non plane surface.
The most well known example is spherical geometry, that is, geometry on a sphere (e.g. the earth).
However classical spherical geometry is developed from Euclidian geometry, and it is not the
geometry in the surface itself
On the other hand, if you are bound to a spherical surface, then the geometry is not Euclidian.
You will find that the ratio between the circumference and its diameter of a “circle” is always less
tha pi, and the sum of the angles in a triangle always exceed 1800. “Straight lines”, that is, the
shortest path between two points, are “great circles”,(the intersection curve of a plane going through
the centre of the sphere and the surface of the sphere).
This seems easy enough to understand, but it is (from daily life experiences) much harder to
comprehend that our space is a non Euclidian space embedded in a space with 4 dimensions with
time as the fourth dimension.
What is really the meaning of the space is curved? Physically light follows straight lines.
So the “straight lines” in space-time are the paths of the light, and these paths are not Euclidian
straight lines near massive bodies.
The most fundamental principle in physics is the principle of least time. It states that a free motion
between two positions always moves along the path that takes the shortest time.
The principle of least time is the foundation of the Lagrange (and Hamiltonian) mechanics.
The shortest path between two points on an arbitrary surface is called a geodesic. On a sphere the
geodesics are great circles. The geodesics in space are fixed by the lines followed by the light, but
whether space as a whole is curved or flat is not possible to decide yet.
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You should not perceive the general theory of relativity in a manner that Newton’s theory of
gravitation is wrong. On the contrary, the position of Newton’s theory in the general theory of
relativity is an example of the correspondence principle, formulated by Bohr.
Any new theory, that is an extension to a existing theory, must contain the already known and
empirically verified theory as a limiting case (e.g. for v/c << 1), which is also the case with the
special theory of relativity.
Einstein’s theory give the same result as Newton’s theory as long as the speed of the bodies
involved are much less than the speed of light.
We may therefore perceive classical mechanics as an (extraordinarily important) limiting case of
the general theory of relativity.
While Newton’s law of gravitation is mathematically simple, then the special theory of relativity is
almost grotesque complicated. Calculations are extraordinarily difficult to perform.
However, in 1916 the German mathematician Karl Schwarzschild, (while he served as an officer in
the First World War), succeeded in solving Einstein’s equations for a spherical symmetric
distribution of mass, and even predict the existence of black holes! (Their physical existence was,
however, first recognized about 50 years later). (Unfortunately Schwarzschild was killed only a
year later)
For all calculations relating to the motion of the planets and the stars, you man without any
restrictions apply Newton’s laws.
But Newtonian mechanics is per definition Euclidian, and can therefore never predict a finite or
curved space.
However, if we believe that the universe is finite and curved, what observations have indicated the
last 60 years, and which has been the general beliefs since the mid-sixties, then you are sometimes
forced to take the general theory into account.
2.2 Experimental confirmation of the general theory of relativity
For the reason of the very small deviations from Newtonian mechanics, (when we are far away
from areas with a large curvature e.g. neutron stars and black holes) the general theory of relativity
is very difficult to verify experimentally.
Einstein mentioned three areas, where the theory could be tested.
1. The turn of the Mercury-perihelion. The perihelion is the point in the elliptic orbit, where the
planet is closest to the sun. Mercury has a large eccentricity compared to the other planets. The
perihelion has a tiny displacement, as a consequence of the attraction of the other planets.
Astronomers have for a long time measured the displacement, but the measurement did not
agree fully with the calculation done from Newton’s laws. Einstein demonstrated, however, that
a calculation from the general theory of relativity exactly compensated for the discrepancy in
the calculations based on Newton’s laws.
2. The gravitational red-shift. When a massive star emits light, the light will loose energy,
resulting in a an increased wavelength, in the same manner as a body, when launched from the
earth looses energy (and speed). The effect is practically not measurable, when the sun is
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concerned, while it is large, when emitted from a neutron star and infinitely big for a black hole,
from where light cannot escape.
3. When light passes close to a very massive body (a star, a galaxy or a black hole), it will be
slightly deflected, in the same manner as when the star is passed by a massive body. Since light
propagates in ”straight lines” the deflection is due to the curvature of space near the star.
The figure below is wildly exaggerated. The deflection of light passing by the sun is only a couple
of arc seconds

The British astronomer and astrophysicist A. S. Eddington, (who in the 1930’ies were mentioned as
one of the only three people in the world who really understood Einstein’s general theory of
relativity, and confronted with this rather flattering statement in an interview, he seemed to fall into
deep thoughts, and urged by the interviewer, he finally answered. Oh I merely wondered who the
third one might be!).
In a spectacular experiment, Eddington engaged in measuring the deflection of the light from a star
passing near to the sun during a total eclipse on the island Principe outside Africa on the 29. of may
1919.
Edditons experiment created international attention, especially when he allegedly measured a
deflection in accordance with Einstein’s prediction.
Incidentally one should expect no deflection at all from Newton’s law of gravitation, since light has
no gravitation mass, but in the same manner as it is possible to determine the radius of a (strongly
relativistic) black hole, it is possible to make a Newtonian calculation for the deflection.
We shall therefore proceed calculate the deflection of a body having
mass m and speed v which passes the sun, having mass M, and at a
distance ρ (the impact parameter) from its centre.
Mathematically it is the same calculation as when Rutherford calculated
of the deflection of the alfa-particles from a Au-nucleus.
An exact calculation requires some rather complicated mathematics, but
it turns out the we may obtain the same result, when simplifying things
bit. Thus, we assume that the force only acts in a distance of 2ρ of the
passing body, but also that the force is the same, as when the body
passes at a distance ρ. From Newton’s law of gravitation, we then get:
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Replacing ρ with the radius of the sun: rsun,, we find the defelction:  

v 2GM

v
rsun v 2

It is worth noticing that the calculated deflection is independent of the mass m of the body, since it
does not appear in the expression for the deflection. If we (carelessly) replace the speed v of the
massive body by the speed of light c, we obtain a non relativistic calculation of the deflection of
light when passing by (near) the sun.



2GM
rsun c 2



2  6.67 10 11  2.0 1030
 4.27 10 6  2.45 10 4 radian
8
8 2
6.95 10  (3.0 10 )

Since 1 arc second = 1/36000 = 2.78 10-4 degrees, Newton’s (adapted) theory predicts a deflection
of less than an arc second.
The interesting point is that a calculation using the general theory of relativity gives a result of the
same magnitude, but (fortunately) predicts the double deflection, as it was tested by Eddington.
As it is evident the measurement of the line of sight to a star had to be performed with tremendous
accuracy with highly sensitive binocular observations, but nevertheless Eddington claimed that he
had measured the double deflection of that predicted by Newton.
(Measurements performed by a Frenchman in Brazil seemed to be more in accordance with the
Newtonian prediction, but it drowned completely in the noise of the alleged success of Eddington.
3. Astronomical observations and distances
We shall then turn to the astronomical part of cosmology. From ancient times one has observed that
there were two kinds of stars: “The fixed stars”, which only followed the rotation of the earth, but
otherwise had the same positions during the year, and “the wander stars”, which were the planets.
They also followed the rotation of the earth, but otherwise moved, relatively to the fixed stars and
each other with different periods in an inexplicable way.
One of the main argument against the heliocentric view of the world, (that is, that the planets move
in elliptical orbits around the sun) was, however, that it had not possible to observe any change of
the line of sight to the stars, as it should be the case as a consequence of the earths motion around
the sun. But today we know of course that the reason was a vastly underestimate of the distances to
the fixed stars.
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The change in the line of sight to a star due to the motion of the earth around the sun is called the
parallax of the star. In the figure the parallax α is the upper angle in the triangle (by the star), and
we notice that α =α1 – α2.
After Copernicus, Galilei and Kepler had substantiated the heliocentric view of the world,
numerous astronomers had, during the years 1700 and 1800, engaged in measuring the parallax for
the nearest and most lightening stars, but without success.
This might be caused by two issues. Either the heliocentric view of the world was wrong or the stars
were much father away than one had expected.
Not until the year 1838 the German
astronomer and binocular constructor F.W.
Bessel succeeded having constructed a
precision binocular to measure the parallax
for the star Sirius B, which is situated 4.26
light years away from the earth.
The determination of interstellar distances by
measuring of parallax has lead to a definition
of the distance unit 1 parsec (pc), which is
still in use in astronomy.
The arc a in a circle with radius r is,
corresponding to the centre angle α (in
radian) equals the radius r times α.
a=rα
Thus measuring α and knowing a, one can determine the distance r.
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1 parsec is then defined as the distance under which the half axis in the orbit of the earth is seen
under an angle of one arc second, (where 1 arc second = 1/36000).
1 arc second =

1 
 4.848  10 6 rad.
3600 180

If we put the middle radius of the earth to a = 149.6 mill km, we find:
1 parsec =

a





149.6 109 m
 3.086 1016 m
6
4.848 10

Since 1 light year equals the speed of light times 1 year equal to 3.0∙108 m/s∙365∙24∙3600 s =
9.46∙1015 m, we must have:
1 parsec = 3.26 light year
The star nearest to the earth Alfa-Centauri has a parallax 1.3 parsec corresponding to a distance
from the earth of 4.22 light year.
For stars further away than about 100 light years, it is no longer possible to determine the distance
by parallax measurements, and there are stars, which are billions of light years away.
For very distant objects one applies instead another method, called the Cepheide-method , and
alternatively (past the1940’ties) the so called photometric method.
Some stars have a pulsating luminosity, which depends on the frequency of the pulse.
These stars are named Cepheid’s (The name origins from the first Cepheid observed)
For these Cepheid’s, where it is also possible to determine the distances by parallax measurements,
one has found the remarkable property, namely that the frequency in the luminosity in a unique way
depends on the absolute luminosity of the star. Knowing this relation, it has been able to determine
the distance to Cepheid’s, where a parallax measurement cannot be done.
Knowing the frequency it is thus possible to find the absolute luminosity of the star by interpolating
in a table, and subsequently to measure the apparent luminosity.
The absolute and the apparent luminosity are connected by the distance square law.
If Labs og Lobs denotes the absolute and the apparent (observed) luminosity, and r is the distance to
the star, and 4πr2 is the area of the spherical surface with radius r. Then if we neglect absorption,
the same amount of light will pass through any sphere, having the luminous object at its centre.
Therefore:
L
Lobs  abs2
4r
From which it is possible to determine the distance r to the star,
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That was that method that Edwin Hubble invented, when he in the 1920’ties determined
corresponding values of the distances to 18 galaxies together with their velocities.
The velocities were determined by measuring the red-shift in their spectres.
The photometric method is about determining the spectrum from a distant object, corrected from the
absorption of interstellar gasses, and then look for a star at a known distance, having the same
spectrum (absolute luminosity) as the distant star.
If two stars are at distances r1 and r2 , having the same absolute luminosity, and measuring the
apparent luminosities L1 and L2 , then according to the distance square law, we have:

L1 

Labs
2
4r1

and L2 

Labs
2
4r2

From which it follows:

L1 4r1  L2 4r2
2

2

 r2  r1

L1
L2

3.1 Space is homogenous and finite
Up to the mid 1950’ties it was the common view that the space of the world had always existed, and
that it had infinite extension. That it was homogenous in a galactic scale and static. This is referred
to as the steady state model.
Prior to Hubble’s observations, there was in fact no empirical evidence of the contrary.
There were, however, at least two serious objections to the steady state model.
Firstly, as Einstein and others had remarked. If Newton’s law of gravitation had unrestricted
validity, also at cosmologically distances, then the universe would necessarily contract, caused by
gravitation, and that would be in contradiction to the conception of a static universe
For the same reason Einstein invented the cosmological constant, being a correction to the law of
gravity, and caused a repulsion of massive masses at cosmological distances.
As it has always been the case in modern physics, there is an animosity against a theoretical concept
which has no other manifestations than to explain discrepancies between existent theories and
observations.
Einstein declared later “the cosmological constant” the greatest mistake in his life (actually there
were others in the same intellectual weight class), but even then, the cosmological constant as a
physical concept has continued to live its own life, together with dark matter, dark energy and other
unobservable quantities in the scientific literature right up till nowadays.
Secondly, right from the thirties, some astronomers including Fritz Zwicky, was on the track on a
flagrant discrepancy between the rotational velocities of the galaxies and the amount of visible
matter in the galaxies.
It had become obvious that the observable rotational velocities in the galaxies could not be
accounted for from the amount of observable matter.
From such observations emerges the concept of “dark matter”, that is, matter that practices
gravitational attraction, but has no electromagnetic or other atomic properties!
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Dark matter has since been an accepted part of cosmology, without ever coming closer to an
understanding of what the dark matter consist of or what its origin is.
There is another and more concrete reason that the universe is not infinite. It is rather easy to show
that if the universe was infinite and homogenous, that is, the same overall density of stars and
galaxies in an galactic scale, then the sky would not be black!
The infinite many stars would necessarily result in a clear universe, and not a black one.
Let us therefore assume that the density of starts is ns per cubic parsec, and let us assume that the
average luminosity of the stars is Ls. (The luminosity of the sun is Lsol = 3.827·1026W)
According to the square distance law, the luminous intensity from a star at the distance r must be:
L
Ir  s 2
4r
We consider now a point P in space, and at this point we shall evaluate the intensity from all the
stars in the universe, and we shall accomplish this by dividing space into shells with radius r, and
thickness dr.
The volume of such a shell is the area of the surface times the thickness: dV  4r 2 dr
There are thus dN  ns dV  ns 4r 2 dr stars in the shell that contributes with an intensity Ir:
dI  I r dN  I r ns 4r 2 dr 

Ls
4ns r 2 dr  Ls ns dr
2
4r

Should we find the intensity at P from all the shells we only need to integrate from a minimum
distance rmin to ∞.


I  Ls ns  dr
rmin

This integral will, however, always have the value infinity, so the sky should rather be white than
black.
Objections to this inference, referring to interstellar clouds of gas, that could absorb the light will
only change the calculations a bit, but it cannot challenge the conclusion.
So either we must conclude that the universe is not infinite or that the density of stars decreases
with the distance from the earth. The latter is not palatable, (from a non religious point of view),
however, since it would give the earth a unique position in the universe.

4. The red-shift
The red-shift is the designation for the shift in wavelength that occurs when the light source moves
away from the observer. Although the velocities of the stars are large, they are still not relativistic,
and we may therefore apply the non relativistic formula for the Doppler shift, which is also known
from sound waves. We shall therefore derive the formula from sound waves.
The formula for the Doppler shift is most easily derived from the figure below, where the source
moves towards the observer with speed u, and the velocity of sound is v.
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It appears from the figure above that the relation between the wavelengths λ and λ’ (as seen from
the moving source and the observer at rest) is: λ = λ’ + uT. Since the period is T = λ/v, we have:
u
 '   (1  ) ,
v
One may also reason that when the source is moving toward the observer, he will receive a wave
crest with a shorter period, namely that shorter, that it takes the source to move in a period.
T ' T 

uT
u
and since   vT and  '  vT ' we find again  '   (1  )
v
v

That is the amount the wavelength is shortened, when the source is moving towards the observer.
This is called the blue-shift. If we want to find the red shift, when the source moves away from the
observer, we only need to change sign for the velocity u.
u
v

 '   (1  )
If the phenomenon is not sound but light, we should replace u by c.
u
c

 '   (1  )
When the source moves away from the observer, the wavelength is increased, and if the source is
light, it is called the red-shift.
Relativistic the formula looks a bit different, in the case where the source moves away from the
observer at a speed v the formula for the Doppler shift is:

' 

cv
cv

(A Taylor expansion of the square root after v/c gives the non relativistic formula – of course)
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If one measures λ’/ λ then the speed can be calculated from:

  1 c
v
  1
' 2

' 2


Even if the galaxies move fast, some 100 km/s, there are still non relativistic, since a motion is
considered non relativistic if v < 1/10c (c = 300.000 km/s). For this reason the non relativistic
formula is always applied to find the velocity of a star from its red-shift.
The formula can be rewritten to display the relative change of the wavelength shift.
v
c

 '   (1  )   '  

v
c









v
( z )
c

The relative change in the wavelength of the light is equal to the ratio between the speed of the
body and the speed of light. This ratio is often designated z in the literature.
Thus a (realistic) red-shift of 2% correspond to a velocity v = 0.02c.
If one compares the spectres from various galaxies, with the known atom spectre, then firstly we
may establish, that all of the spectres coming from the galaxies are emitted from the 92 elements we
have on the earth, but also that all the spectres from the galaxies as a whole are more or less redshifted. This is, however, not the case for stars in our own galaxy, where some are red-shifted and
some are blue-shifted.
Curiously enough this indicates that all galaxies are moving away from us.

5. The universe is expanding. The cosmological principle
The American astronomer Edwin Hubble performed in the
1920’ties a systematic measurements of the distances and
the red shifts of various galaxies.
What he discovered was that all the galaxies are redshifted, and from which he concluded that they all move
away from us.
More astoundingly the measurements indicated that there
were proportionality between the velocity of the galaxies
and their distances. (See the figure)
That recognition is usually called Hubble’s law.
v =H0 ∙r
where r is the distance to the galaxy, and v is the velocity
with which the galaxy moves away from us.
H0 is called the Hubble constant. The accepted value today is H0 = 2.2∙10-18 s-1, with an uncertainty
of about 25%.
Often the constant is written in the unit km/s per light year. Using this unit, we have:
H0 = 1.9∙10-5 (km/s)/light year
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The value that Hubble originally achieved was only about 20% of the value listed above.
The explanation for this is evidently that the determination of distances to the galaxies are
extremely demanding for the observationally equipment.
For very distant objects the determination of distances are not possible, and instead one uses
Hubble’s law to determine the distance by measuring the red-shift.
Once the red-shift is measured, one may namely determine the velocity from the formula:
 v
 , and subsequently finding the distance, using Hubble’s law: v =H0 ∙r
 c
Since all galaxies are moving away from us, the immediate conclusion might be that the earth is the
centre of the universe. But such a conjecture can only be supported metaphysically.
With the development of Einstein’s general theory of relativity has, however, been opened the
possibility that space is not Euclidian, and that it is finite and curved, which also deliver an
explanation why all galaxies seem to move away from any point in space.
Since the 1960’ties just about all astronomers and astrophysicists
have agreed on the validity of the cosmological principle, which
may be formulated as:
The universe looks the same from any position in space.
Furthermore it is the general agreement that the universe is
homogenous (there is the same spatial distribution of galaxies) on a
cosmological scale.
In a curved universe, any observer, no matter where he is situated,
register that all galaxies move away from him with a velocity in
proportion to the distance to the galaxy.
If the cosmological principle applies, then naturally it is impossible
that space can be described by ordinary Euclidian geometry.
On the contrary, the fact that all galaxies move away from each
other is an indication that they do not move in space, but rather that
space itself is expanding.
The differential geometry for a 4 dimensional non Euclidian space is
mathematically extraordinary complex. A motion which is described
in such a geometry, where time enters as the fourth coordinate, do
not facilitate calculations, and the equation of motions cannot be
solved analytically except in a few cases of high symmetry.
Often the 4-dim curved space is illustrated by a two dimensional
analogy. (See the figure to the left).
The expanding universe is here illustrated by an expanding balloon, with inhabitants living in a
2-dimensional world, from where they cannot look outside.
They live in a spherical non Euclidian world, where the straight lines (and thereby the path of light)
are great circles. They will find that the ratio between the circumference and the diameter of a circle
is less than pi. Since the light (in this model) moves along great circles and two great circles form a
bi-angle, it will be possible to view the same object in two different directions!
In principle it is also possible to see an object behind you by looking forward.

Cosmology a survey

14

Notice also that in this model the galaxies will move away from each other, no matter from where
you observe on it the surface.
Since the distances on a sphere are measured by the radius times the angle (in radian) for the arc,
then all distances will grow proportional to the radius, when the balloon is inflated.
Consequently the velocity with which two points move away from each other is proportional to the
angle of the arc which connects them. The greater the angular distance the greater the speed of
separation. This is in perfect agreement with the contents of Hubble’s law.
It is conceptually fairly easy to perceive a balloon as a 2-dimensional universe, having similar
properties with observations in the real universe, but it is beyond our imagination to perceive the
universe as curved, since we have no way to look at it “from the outside” as is the case with the
balloon, which we can look upon from the third (Euclidian) dimension, let alone to understand that
the galaxies do not move in an ordinary Euclidian space, but it is space itself, which expands.
However, if space expands, and it has always done so, then it is tempting to run the “movie”
backwards and try to understand, when and how space was created.

6. The Big Bang
The Big Bang is a shorthand designation for the assumption that the universe was created at time
t = 0 by a gigantic outburst of energy in a single point, called a vacuum inflation.
If we assume that the galaxies which were created some 30 million years later have moved with the
same speed v (that is, space have inflated with the same speed), and have not been substantially
slowed down by gravitational attraction, then they have reached out to a distance runiverse at time
tuniverse (equal to the age of the universe) which is given by:
runiverse = v∙tuniverse
If we hold this together with Hubble’s law: v = H0∙r, and putting r = runiverse , we see that we must
have that: v∙tuniverse =v/ H0,, or:
1
tuniverse 
H0
It is almost a chokingly simple inference that it is possible to obtain an estimate of the age of the
universe from some elementary conjectures and Hubble’s law.
Inserting the present estimate of the Hubbles constant H0 = 2.0∙10-18 s-1 we find:
tuniverse = 1/H0 =5.0∙1017 s =15.8 billion.years
But as it is the case with the Hubble constant, this age has an estimated uncertainty of about 25%.
Alternative values for Hubble’s constant gives the age of the universe to 13-14 billion years, which
also is the general view since the millennium.

7. Critical density
Until 1950, it was the common perception that the universe was static and flat.
Applying a two dimensional analogy to the general theory of relativity, space could be described as
an infinite Euclidian plane surface inhabited by “valleys”, corresponding to stars and galaxies,
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together with some deeper holes (white dwarfs and neutron stars) and finally some infinite deep
holes from which you may never escape once you have fallen into it (black holes).
Even if the interstellar objects move relative to each other, and new stars are born and decayed, then
the universe was infinite and had always existed. It was a static universe, which neither expanded or
contracted.
The issue about a static universe is however, that it twill eventually contract as a consequence of
gravitational attraction and finally would end in a ”big crunch” billion of years ahead, where the
universe collapsed.
There have, however, never been observations that indicating a contraction of the universe. On the
contrary, Hubble had shown that the galaxies tended to move away from each other at a large speed.
For that reason Einstein invented a “cosmological constant”, a correction to Newton’s law of
gravity, which only at galactic distances induced a gravitational repulsion.
Mathematically and physically there is no contradiction inventing a cosmological constant in the
general theory of relativity, but the problematic thing is (as it has been several times in modern
physics) to invent a new physical quantity that has hitherto have never been observed, and has had
no physical appearance elsewhere, and is only invented to explain a discrepancy between
observations and theory.
(Later Einstein discarded the cosmological constant, as the greatest mistake in his live)
Nevertheless the modern physical literature is still haunted with the cosmological constant, where
you may read that observations actually indicate the existence of a cosmological constant.
See for example: www.olewitthansen.dk The general theory of relativity
We are then left with the question whether the universe will begin to contract at some stage ending
with a Big Crunch (if the the universe has positive curvature), that is, if the velocities of the galaxies
do not exceed the “escape velocity, due to gravity), or that we have an open universe (negative
curvature), where the velocities of the galaxies will increase and exceed the “escape velocity, due to
gravity.
The third possibility is a flat universe, meaning that the curvature of space is zero. The universe is
Euclidian also for cosmological distances. The expansion will continue infinitely, until it comes to a
halt. (The velocities of the galaxies are equal to the “escape velocity”, due to gravity)
One may from Newton’s law of gravity perform a (non relativistic) calculation of the density of the
universe and relate it to the escape velocity of the galaxies. This is (almost) done in the same
manner, when we found the escape velocity from the earth.
The density of the universe that separates the open universe from
the closed universe is called the critical density.
From Gauss’ law we know that if the distribution of mass in space
is homogenous at a cosmic scale, then the force, and the thereby
the potential energy, that acts on a surface of a sphere can be
calculated if all the mass was placed in the centre of the sphere
with radius R.
The sphere we consider is thought to be much larger than the
extensions of the galaxies. If the density is denoted ρc, and the
mass contained in the sphere having volume V is M , we have:
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M   cV  43 R 3 . A galaxy situated on the surface of the sphere has according to Hubble’s law a

radial velocity given by: v  H 0 R
The escape velocity v0 of a galaxy with mass m situated at the surface of the sphere can be
calculated from the gravitational attraction from mass inside the sphere, using conservation of
energy in a spherical symmetric field of gravitation, since in this case both the kinetic and potential
energy are zero at infinity.
2

mM
M
v R
2
½ mv0  G
 0  ½ v0  G
0  M  0
R
R
2G
2

Now if we insert v0 =H0R, from Hubble’s law and M   c 43 R 3 , then ρc will be the ”critical
density”, namely the density that will result in a ”flat” universe, where the expansion will continue
but eventually stop at infinity.
If the density is greater than ρc , then the universe has a positive curvature (a closed universe).
The expansion will eventually stop, and a contraction will begin ending with a Big Crunch,
(And possibly initiate a new Big Bang, and so on. (This view is called pulsating universe)
On the other hand, if the density is less than ρc , then the universe has a negative curvature and we
live in an open universe. The expansion will continue with increasing speed.
If the two expressions found for M are put equal to each other, we have:
4
3

 c R 3 

( H 0 R) 2 R
2G



c 

2

3H 0
8G

When we insert the known values for the constants of nature, we find:
ρc = 7.2 10-27 kg/m3.
The mass of the hydrogen atom is roughly 1u = 1.67 10-27 kg, so it corresponds to about 4 hydrogen
atoms per cubic meter.
Attempts to weigh a section of the universe have been done by including luminous objects,
interstellar gasses, neutrinos and black holes. From such studies the estimate of the density obtained
is of the order of one percent of ρc.
However many cosmologists share the view that the universe must be closed or flat, leading to
speculations of “dark matter”, which has also turned up when calculating the rotational velocities of
the stars in the galaxies, where they seem to exceed the speed that you would expect from the
gravitational force coming from estimating the luminous matter in the galaxy.
This has also instigated more speculations about “dark matter”, but until now the perception of dark
matter is as least as speculative as the invention of the cosmological constant.
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8. Black holes, quasars, dark matter, (and other black mystics in the universe)
Above we have already mentioned that the astrophysicists during the 1990’ties became convinced
of the existence of ”dark matter”. Dark matter cannot consist of atoms, since it is invisible, and
therefore can have no electromagnetic interactions, neither as Planck radiation, because of a high
temperature (as it is the case with the stars) nor as secondary light, as it is the case with interstellar
gasses.
The observations (measurement of the mass of luminous matter) indicate that actually only a tiny
fraction of matter in the universe consists of “atomic matter”, the rest is “dark matter”.
Since dark matter does not have electromagnetic interactions it must consist of neutral particles.
One suggestion has been very energetic neutrinos (but they have no rest mass and move with the
speed of light), a suggestion which has almost been abandoned.
Another (rambling) suggestion has been an unknown type of (stable?) elementary particles,
something that the particle physicists certainly do not appreciate, in particular after 1995, where the
W and Z bosons and especially the tau-meson have been discovered at CERN, followed by the
identification of the Higgs particle in 2011, which has completed the theoretical foundation of the
standard model in particle physics.
Why the “layman physicist” suggestion that dark matter simply is gas planets or proto stars like
Jupiter and Saturn, having a mass less than 0.07 mass of the sun, (which is the lower limit for
initiating fusion processes in the interior of the proto star, resulting in a luminous star), and which
are invisible at large distances, I cannot give an proper answer, other than the proto stars are built
from atoms and therefore, when lit on from a star they become visible, like the planets, but on the
other hand we cannot see planets from distant stars, unless the light from the stars is diminished
when the planet pass by, (an extremely delicate measurement of the luminosity), so proto stars far
way from stars are invisible.
That there must be more mass in a galaxy than provided for the visible stars, you can realize if one
measures the angular velocity of a star belonging to a galaxy together with a measurement of its
distance from the centre of the galaxy.
All measurements of the angular velocities are inflicted with large uncertainty, but even then it is
predominantly clear that the stars rotate too rapidly, when compared to the visible mass within the
orbit of the rotating star.
This has earlier been “explained” by that the centre of the galaxies having an enormous “black
hole” at its centre, corresponding to 3-4 million sun masses.
This conjecture is, however, not in accordance with the third law of Kepler, from which the motion
in a central field of gravitation the third power of the mean distance to the planet divided by the
second power of the period should be constant:
a3/T2 = constant.
For a circular motion in a central gravitational field, where the central body has mass M (the mass
of the galaxy), and the star has mass m the gravitational force FG is equal to the centripetal force Fc.
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If we use that T = 2π/ω (where ω is the angular velocity) we then find:
r 3 2  k

or



k
3

r2
If the main part of the mass of the galaxy wa concentrated at its centre, the the angular velocity of
the stars would decrease as the radius to the power of 3/2.But this is not in accordance with the
observations.
You don’t really need measurement to see that the angular velocity of the stars in a galaxy actually
decrease, it can immediately be recognized by looking at a picture of a spiral galaxy.
Take for example the picture of the
Andromeda galaxy, shown to the left, where
the rearward spiral arms strongly indicate a
decreasing angular velocity of the rotating
stars around the galaxy.
Kepler’s law is based on a homogenous
spherical distribution of mass, which by
Gauss’ law is equivalent to that the mass is
concentrated in the centre of the galaxy.
If we on the otther hand assume that the mass
of the galaxy M0 is distributed in a
homogenous disc having radius r0, then the
mass M(r), which is located within the orbit
2

r
of the star with radius r is: M (r )    M 0
 r0 
2
2
The mass density of the disc is namely: ρ = M0/πr0 , so M(r) = ρπr , which gives the result above:

By the same token (Gauss’ law) as when we calculated the critical density, we may apply that for a
rotational symmetric distribution of mass, it is only the mass within the orbit that contributes to the
gravitational force on the star. We shall then derive “Kepler’s 3. law” for a disc distribution of
mass.
2

Fc  FG

 m 2 r  G

mM (r )

r2

r
  M 0
r
GM
k
2
 r  G  0 2
  2r  2 0  k    1
r
r0
r

In this case, the angular velocity decreases only with the square root of the distance to the centre.
This complies better with observations, but it does not remove the fact that the stars are observed to
move with velocities that are more than 60% faster than theoretically predicted from the
estimatimation of the mass of luminous matter.
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The existence of dark matter remains a mystery. A large negative (attractive!) cosmological
constant might deliver an explanation, but it does not comply with several other observations.
A black hole of the magnitude of a million sun masses might account for the increased angular
velocity, but it does not comply with the dependence of the angular velocity of the stars distances
from the centre of the galaxy.
8.2 Quasars
In the middle of the 1960’ties there were observed some objects with a extreme high red shift,
z = v/c > 0.5, which meant that they moved with velocities comparable to the speed of light.
According to Hubble’s law: v = H0∙r (using: H0 = 1,9∙10-5 (km/s)/lightyear), and inserting
v = 0.5c, where c = 3.0 105km/s, we find:
v
1,5 105
r

ly  7,8 billion ly .
H 0 1.9 10 5
Quasars more the 10 billion light years away have been observed.
The other remarkable thing about quasars are that we actually can see them! And that means that
they radiate far more light than an ordinary galaxy. A quasar can thus emit more light than 1000
galaxies from an area with a linear extension of one light year.
It is the conjecture that the quasars get their enormous quantities of energy from matter falling in to
a gigantic black hole in the centre of the quasar. To get that amount of energy it is, however,
required than the black hole has a mass of 100 million times the mass of the sun.
To explain the enormous spouting of energy, one can calculate that on a yearly basis matter having
a mass comparable to that of the sun falls into the black hole.
If a galaxy has a large black hole at its centre it is said to have an active core. About 1% of the
galaxies have an active core, of which some emits more energy than the billion of stars in the
galaxy. The most powerful, however, are the quasars.
When matter falls into a black hole it looses potential energy, and matter is accelerated to enormous
velocities and acquires very high temperature. The loss of potential energy is converted to heat and
radiation. The high energy radiation ionizes the surrounding atoms, and subsequently they emit
light.
One should have in mind, however, that when we study the quasars we are looking perhaps 10
billion years back in the history of the universe, and we have absolutely no (empirical) ways of
knowing what it looks like today.
8.3 Neutron stars and black holes
When a star has exhausted its ability to produce energy, (by fusion from lighter elements to heavier)
it can no longer sustain a counter pressure from the gravitational pressure from the upper layers.
That is followed by a rapid contraction, releasing enough energy to spout the outer layers out.
How violent the contraction becomes depends of the mass of the star. If the mass of the star is less
than 1.4 sun masses, then the star will end its life as a white dwarf. A white dwarf is a small (of the
size of the earth) and extremely hot star. The density is typically 1010 – 1011 kg/m3.

Cosmology a survey

20

If the mass of the star is greater than 2 sun masses, the contraction will release that much energy
that it results in a gigantic explosion called a supernova explosion. (The name inherits from the
Danish astronomer Thycho Brahe, who was the first (in Europe) to observe a supernova explosion,
which was so fierce, that I could be seen even at daylight, and which he named “Stella Nova”.
The contraction in the collapse af a star is so violent and so swift that the electrons are pressed into
the protons forming a gigantic nucleus, consisting of neutrons only, and is therefore called a
neutron star. The density of a neutron star is of the same magnitude as the density of a nucleon
about 1018 kg/m3, while the radius is only about 10 km.
If the mass of the collapsing star is bigger than 3 sun masses, then the star also ends its life in a
supernova explosion, but the contraction is so fierce that the contraction to a nucleus will continue
into a “gravitational collapse”, resulting in a “black hole”.
Until the end of the 1960’ties, the neutron stars and the black holes only existed on the working
desks of the theoreticians.
Schwarzschild had in 1919 managed to find a solution to Einstein’s general theory of relativity for a
spherical symmetric distribution of mass, and had also predicted the existence of black holes as a
“singularity” in space-time. (An infinite deep and narrow well, with a gravitational field from which
nothing, (not even light), could escape from the “event horizon”.
For more than 50 years it remained as a theoretical spook, since it was the common opinion that a
mathematical singularity could have no physical relevance.
The crucial point, however, was also that neutron stars and black holes could not be observed
directly, since they in principle, were invisible, while physics since Galileo has only dealt with
phenomena that could be observed and measured. For this reason there was a strong reluctance to
accept non observable phenomena as part of the physical world.
However, this attitude changed dramatically when the pulsars were discovered.
A pulsar is an invisible object in space, which emits radio waves, with a constant period of some
milliseconds.
It is the conjecture that the radio waves have their origin from a strong magnetic field surrounding
the stellar object, rotating with the same period as the frequency of the radio waves.
The first pulsar was discovered in the Crab nebular in 1967 by the research student Jocelyn Bell and
her adviser Anthony Hewish, (from which only the adviser received the Nobel price in 1974 for her
discovery)
The Crab nebular is the remnants of a supernova explosion in 1054, observed in China, but not in
Europe. By a well conducted experiment, the research team was able for to locate the position of the
pulsar in the centre of the Crab nebular, and identify it as a neutron star from the supernova
explosion in 1054.
Since then, more than 1000 pulsars (neutron stars) have been observed and registered. There are
thus no longer real doubts of the existence of neutron stars as the remants of a supernova explosion.
8.4 Black holes
Black holes have always been surrounded by mysticism and science fiction, and is has therefore
attracted much public interest also beyond the scientific society.
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It is in fact possible to perform a non relativistic calculation of the size and the mass of a black hole,
since sometimes (but not always) a non relativistic calculation gives the same result as a much more
comprehensive calculation from general relativity.
We have already been occupied by calculating the escape velocity from a spherical body having
mass M and radius R. When a body having mass m is launched with velocity v from a more massive
body with mass M, the mass disappears in the result, since all massive bodies fall with the same
acceleration in a gravitational field.
If the speed is the escape velocity, then both the kinetic and the potential energy are zero at infinity
and equal to the sum of the kinetic and potential energy when the body is launched.
½ mv 2  G

mM
0
R



R

2GM
v2

If we in this equation (negligently) insert v = c (the speed of light), we obtain a non relativistic (and
therefore should not trustworthy), we find a relation between the radius rs and the mass M of a black
hole.
2GM
rS  2
c
This expression is conducted for body launched having mass m.
In classical physics, we should not expect any gravitational force on light, neither in quantum
mechanics, where light is perceived as photons having rest mass zero.
The derivation is therefore in this respect quite rambling, and can only be substantiated, since it is
the same result that Schwarzschild obtained by a far more complicated calculation from general
relativity.
However, in the general theory of relativity it is not surprising that light follows “gravity”, since in
this view there is no gravity in the Newtonian sense, but rather a curved space where light, like any
other object follow the geodesics of space.
The curvature within the horizon of a black hole is that fierce that emitted light is pulled back in the
hole and cannot escape.
The radius derived above is the radius of the “horizon” from where nothing can escape, but it gives
actually no indication of the size or density of a black hole.
Here we may instead apply that a similar massive neutron star that collapses into a black hole.
A neutron star is a gigantic nucleus, and it may there be assumed to have the same density as a
nucleon. The mass of the neutron is mn = 1.675 10-27kg and its radius is rn = 1.4 fm = 1.4 10-15m ,
which gives the density:
mn
n 
 1.46 1017 kg / m3
3
4 / 3rn
For a neutron star of two sun masses, we can find the radius from 43 rn  n  2msun .
To understand the magnitude of this density, we may remark that the head of a needle pin having
the volume of 1 mm3 = 10-9 m3 would weigh 146.000 ton.
The relation between a spherical body with mass M , radius rs and density ρn is given by:
3
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M = 4/3πrs3ρn. If this is inserted in the formula for a black hole, we find:
2GM 2G 43 rs  n

c2
c2
3

rS 

which may be solved with respect to rs, and inserting the values for the constants of nature.
rS 

c
8
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 33km
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Finally one may find the mass of such a neutron star (at the limit of a black hole).
M = 4/3πrs3ρn = 2.25 1031 kg

(Where Msun = 2,0 1030 kg).

So that the mass of such a black hole is about 10 sun masses.
The physical values found for a black hole have the right magnitude, but they deviate by a factor
3-5 from the values derived from general relativity, which perhaps is no entirely surprising.
Many physicists refused, up to the middle 70’ties, to occupy themselves with black holes for the
simple reason that physics is not concerned with phenomena, which cannot be observed.
Later there has, however, been numerous indirect evidence of the existence of black holes.
This is mainly due to the established observatories outside the atmosphere of the earth, that are able
to detect X-rays from the universe, which otherwise would be absorbed in the atmosphere.
When a black hole “sucks” interstellar matter or matter from a nearby star, it happens so violent that
the electrons are torn out from the atoms, and the resulting charged particle achieve accelerations
enough to emit electromagnetic radiation in the X-ray region.
Some galaxy cores are denoted active because they radiate an excessive amount of energy,
(including X-rays), compared to their size. The conjecture is that these active galaxy cores are
gigantic black holes, having masses of several million sun masses.
A more direct evidence of a black hole is the star Cygnus X-1, which is a star orbiting around an
invisible companion. Since the mass of the companion must necessarily be larger than the mass of
Cygnus X-1, (and invisible) it is nearby to assume that the companion is a black hole, which is also
confirmed by measuring the radiation of X-rays from the invisible companion.
Another evidence of black holes is the so called gravitational lenses, that causes that the same
stellar object to be seen in two different directions.
This is illustrated in the drawing below, together with a famous photo, where apparently the same
object (a galaxy core) is seen in four different places. The photo is called Einstein’s cross.
The drawing below shows a schematic illustration of a gravitational lens.
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Einstein’s cross

9. Particle physics. The Big Bang. The cosmic background radiation
According to “The Standard Model” of particle physics, which has been commonly accepted during
the 1990’ties, it has been possible theoretically to describe the evolution of the universe down to
10-43 s after the Big Bang. (The vacuum inflation).
It is , however, not possible to deliver an even rough account for the standard model here, but it is
based on some fundamental and experimentally founded premises.
9.1 The four interactions
There exists four fundamental forces in nature and which are denoted interactions particle physics,
since at least two of them have no similarity with macroscopic Newtonian forces.
Below is a description of the forces arranged after increasing strength.
1. Gravitational forces. These forces are responsible for holding the universe together.
The gravitational forces keep the planets in their orbit, they keep the stars in the galaxies
together, as well as the hold the galaxy crowds together. The gravitational force is described
by Newton’s law of gravitation. All particles (also mass less particles, like the photon) are
influenced by gravitation. The gravitational forces have infinite range.
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2. Weak interactions. Have some similarity with the electromagnetic forces, but they are
much weaker, and they are only present at the nuclear level. Their range is about 10-15 m.
They cause for example the β-decay of nuclei.
3. Electromagnetic forces. The Electromagnetic forces are responsible for holding the atoms
together. They are furthermore responsible for all of the electromagnetic spectrum. The
electromagnetic forces as well as the gravitational forces are present in the macroscopic
world. The electromagnetic forces are, however, much stronger than the gravitational forces
with a factor that roughly correspond the ratio between the size of the planetary system and
the size of the atom. The electromagnetic forces have infinite range. All charged particles
and neutral particles having a magnetic moment (e.g. the neutron) have electromagnetic
interactions. The electromagnetic forces are completely understood from the four equations
of Maxwell and the quantum electrodynamics.
4. Strong interactions. As it is the case for the weak interactions, the strong interactions are
only present at the nuclear level. The strong interactions hold the nuclei together (in spite of
the electromagnetic repulsion of the protons). The strong interactions are for example
responsible for the alfa-particle decay of the nuclei. Crudely speaking, they are a million
times stronger than Electromagnetic forces. They have the same range as the weak
interactions about 10-15 m.
In the table below is shown the properties of the four fundamental forces. The mediating particles
belong to the description of interactions in quantum field theory, on which we shall not elaborate.

In the end of the 1960’ties two American Physicists succeeded in establishing a theoretical
model: ”The Electroweak Theory”, which at very high energies (109 Gev) unify the
electromagnetic interaction with the weak interactions to one electroweak interaction.
During the 1970’tioes and 1980’tioes Physicists finally succeeded in unifying the electroweak
interaction with the strong interactions into the Grand Unified Theory (GUT).
The range of energies where the three or just two of the interactions are united, are excluded
from laboratory experiments on the earth.
Actually the only framework, where on may indirectly test the (GUT) is in the first 10-36 s after
the Big Bang (GUT) and for the electroweak interactions from 10-36 s to 10-12 s.
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9.2 Elementary particles and Quarks
The elementary particles we have known from nature in about 100 years, the proton and the neutron
are hadrons. They carry both strong, electromagnetic and weak interactions.
The electron carry electromagnetic and weak interactions. The electron is together with the neutrino
a lepton. The neutrino has only weak interactions, why it is almost impossible to detect it in a
laboratory.
Until about 1950 these, (and only these particles) were considered as fundamental. By studying
interactions in cloud chambers initiated by particles from the cosmic radiation, a series of new
(short lived) particles were discovered. Most prominent the pi-mesons, which are hadrons, and the
myon, which is a “heavy electron” (200 times the mass of the electron), and more surprisingly some
heavy particles called “Strange particles”. Strange, because they had a long lifetime compared to
baryon resonances, such that something prevented them to a decay, caused by the strong
interactions.
From a theoretical point of view it was unsatisfactory to have more than 100 “fundamental
particles” (and more to come), and that encouraged Murray Gell-Mann in 1964 to suggest, that all
hadrons were built from only three fundamental constituents, which he gave the name quarks. (with
a high literary reference to a novel by James Joyce).
He also dedicated the quarks some picturesque names: Up, down and Strange.
These three quarks should be the sufficient building blocks to explain the structure of all the
hadrons.
However, he had to assume that the quarks were exotic for traditional particle physics, since he
gave the quarks fractional charges and fractional baryon numbers, which was necessary if three
quarks (or a quark and an anti-quark) should form a hadron.
So the charges for the Up, down and Strange quarks were ⅔e, -⅓e and -⅓e, where –e is the charge
of the electron, and they had all baryon number 1/3, (whereas the proton and neutron have baryon
number 1).
To deliver an explanation for the long decay time for the strange particle  0 , (which were the first
strange particle to be discovered), Gell-Mann had to invent a new quantum number “Strangeness”,
which together with charge and baryon number are conserved by the strong interactions.
Since there are no strange particles having mass less than the  0 , it can not decay caused by the
strong interactions, but must decay by the weak-interactions, having a much larger lifetime.
A baryon is then assumed to consists of three quarks, while a meson consists of a quark and an antiquark.
The physics of the quarks is called Quantum Cronodynamics, which is incorporated in the Standard
model, and which is mathematically at least as complex to comprehend as general relativity.
Free quarks or fractional charges and baryon numbers have, however, never been observed and the
conjecture is that quarks can only exists as free particles under such extreme conditions as it was the
case in the first 10-36 s after the Big bang.
To complete the standard model, it has been necessary to add another lepton the tau-meson, the
existence of which was not confirmed until 1995, in the large hadron collider at CERN.
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Since then one (as a consequence of high energy accelerator experiments, and for theoretical
reasons) has been forced to add another three quarks with the likewise picturesque names: Charm,
Top and Bottom.
Thus we have now a beautiful symmetric theory with 6 quarks and 6 leptons (e, μ,τ), their neutrinos
(νe νμ, ντ) , together with their anti-particles.
Below is shown a table of the 6 leptons and their properties together followes by a table of the 6
quarks.

Below is then shown a table of the most prominent hadrons, together with their properties.
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Below is illustrated how we think that four hadrons are built from quarks
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9.3 The evolution of the universe in pictures
On the following two pages are illustrated graphically how modern physics contemplate the
development of the universe from the Big Bang until today.
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It is often stated that it is not possible to deduce anything about the universe before 10-43 s after the
Big Bang. The particle physicists claim that they have an theoretical explanation, since the particle
energies at 10-42 s to 10-36 s there is a theory, the (GUT) which unifies the strong, the
electromagnetic and the weak interactions. The conjecture is at even higher energies the three
interactions can also be unified with gravitation (the curvature of space?).
There are, there and cannot be, a quantum field theoretic description of gravity, since gravitation is
a scalar field, so the are no (TOE) (Theory Of Everything), and most theoreticians doubt that it will
be ever found on the basis of quantum field theory.
It is the conjecture, however, that the four interactions will be unified at distances of 10-35 m, which,
by the way, is the same ratio as the size of a neutron to the size of a galaxy.
This length is called the Planck length lP and it may be expressed by two constants of nature,
namely the gravitational constant and Planck’s constant as:

lP 

hG
 1,616 1035 m
3
2c

The time it takes the light to move the Planck length is:

tP 

lP

c

hG
 0,593 10 43 s
2c

Thus we have no possibilities to comment on what happened to the universe before the Planck time,
since the universe was less than the Planck length.

10. Evidence of the Big Bang. The background radiation
Even if the conception about the Big Bang has been known since the 1930’ties, the theory was until
1970 of purely speculative nature. No on expected (for obvious reasons) that experimental evidence
could ever confirm the theory. The rescue came, however, from a quite unexpected direction.
The two engineers Arno Penzias and Robert Wilson discovered in 1965 in their endeavour to
eliminate back ground noise from radio broadcasting a microwave radiation with unknown origin
and apparently was isotropic, that is, came equally from all directions.
When analyzing the spectrum they found that it matched Planck radiation at a temperature of 2.7 K.
When the cosmologists became aware of this discovery, they were quick to interpret is as an “echo”
of the Big Bang.
It is hard to accept that we may receive electromagnetic radiation emitted 13 billion years ago, but
this is only because we perceive space as infinite.
But if space is finite and curved, the radiation will never leave space even if it expands.
To understand this a little deeper, we shall look at Planck’s law of blackbody radiation.
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Planck’s law of radiation (It was the first quantum mechanical formula of physics)
Every bodies in thermodynamic equilibrium at temperature T emits radiation, where the spectrum is
given by Planck’s law of radiation.
The fraction I(ν)dν of the radiation with frequency ν per unit volume of matter is given by the
formula below, where h = 4.14 10-15 eVs, is Planck’s constant and k = 8,617 10-5 eV/K is
Boltzmann’s konstant:’
8h 3
I ( ) 
 h

c 3  e kT  1


Below is shown the observed curve for the background radiation, and it turns out that it fits
perfectly with the Planck curve at temperature 2.7 K

10.1 The equipartition principle
Boltzmann’s constant is known from the kinetic theory of gasses, as the conversion factor between
the mean kinetic energy of free atoms and the absolute temperature.
1
2

mv 2  32 kT

(The equipartition principle)

There is thus a one to one relation between particle enetgies, photon energies and absolute
temperature for bodies in thermodynamic equilibrium.
Looking at the survey of the evolution of the universe, we may e.g. in the beginning of the (GUT)
period have a temperature of 1030 K and particle energies of 1018 Gev.
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About 1 sec. after the Big Bang the photon energies have dropped to about 1 MeV and the creation
of particle has stopped. The universe may at that time be considered as a Planck body having the
temperature T = 1010 K.
When space expands then the wavelengths of radiation expands as well. You should not, however,
perceive the space as a box which keeps the radiation inside. And it does not make any sense to ask,
what is behind the space.
The discovery of the background radiation, interpreted as Planck radiation, makes good sense for an
expanding universe which is gradually cooled.
Using the equation of state for ideal gasses, one actually gets a fair correspondence of an universe
expanding from a size where the temperature was 1010 – 105 K and until the size of the universe
today, where the Planck temperature is 2.7 K.
The perception of the universe as a Planck body is actually one of most convincing evidence of the
Big Bang.

