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Preface
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William of Ockham
1285 - 1347

Ockham ôs Razor :

ñPlurality is not to be posited 
without necessity. ò

Donôt multiply complex 
causes to explain things 
when a simple one will do

Law of Parsimony 
(lex parsimoniae).
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Albert Einstein
1879 - 1955

ñIt can scarcely be denied that
the supreme goal of all theory
is to make the irreducible
basic elements as simple and
as few as possible without
having to surrender the
adequate representation of a
single datum of experience .ò

ñOn the Method of Theoretical 
Physicsò the Herbert Spencer 
Lecture, Oxford, June 10,1933 .
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Dark Matter  is not 

allowed in science 

unless it is necessary
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Observational Status

Extensive,now 40-yearundergroundandaccelerator
searcheshave failed to find any dark matter or
establishits existence. Thedarkmatter situationhas
becomeevenmore dire in the last few yearsas the
LargeHadron Collider has failed to find any super
symmetric particles, not only of the communityΩs
preferredform of darkmatter, but alsothe form of it
that is required in string theory, a theory that
attempts to providea quantizedversionof Newtonς
Einsteingravity.
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Retardation

Galaxyclusters(but alsogalaxies)are hugephysical
systemshaving dimensionsof tens of millions of
light years. Thus,any changeat the cluster center
will be noticed at the rim only tens of millions of
years later. Thoseretardation effects seemsto be
neglected in ƴŀƠǾŜcluster modelling used to
calculatethe dispersionof velocitiesin the cluster.
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Retardation 

Theory & Weak 

Field GR



Ariel University Asher Yahalom 

15

General Relativity
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General Relativity
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How can one solve those
complex, tensor, non - linear
partial differential equations
for the case of galaxies?
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Answer:

É For most cases (galaxy cluster included) it is
not necessary to solve the full Einstein
equation but only a linear approximation to
them as only weak gravitational fields are
involved .

É For some cases such as compact objects
(black holes) and the very early universe
(big bang) strong gravitational fields are
involved, and one needs to use the exact
Einstein equations .

18
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I would like to thank the late
Professor Donald Lynden -Bell for this
very important observation .
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5 April 1935 ï6 February 2018
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Linear Approximation

(weak gravity)

20
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Solution:
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Affine connection is first order .

zeroth order
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The resulting geodesic:
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Back to Newton?

If retardation is neglected or the density is static:
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Retarded Gravity ¸

Retarded Newtonian Force
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The force is always partitioned to a retarded 

Newtonian force and a retardation force that has 

no parallel in Newtonian theory.
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We suggest that retardation cannot be

neglected on galaxy cluster scales

and the density is not static.



Ariel University Asher Yahalom 

29

Beyond the Newtonian 

Approximation

A Taylor series expansion has a limited range hence the
current approach is ñnear field òthat is of limited distance
Validity from the cluster .
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Obviously for small distances

Newtonian forces dominate over

Retardation forces but what

happens for large distances

were Newtonian forces decline

and Retardation forces are not

reduced?
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Retardation distance

Newtonian regime

Retardation regime

This statement will be made more precise later.
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The virial theorem and the 

Comma Cluster
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The origin of ñdark matterò

The Swiss - American astronomer Fritz Zwicky is arguably the most
famous and widely cited pioneer in the field of dark matter .
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He studied ( 1933 ) the redshifts of various galaxy clusters, as
published by Hubble and Humason, and noticed a large scatter in
the apparent velocities of eight galaxies within the Coma Cluster,
with differences that exceeded 2000 km/s .

The fact that Coma exhibited a large velocity dispersion with
respect to other clusters had already been noticed by Hubble and
Humason, but Zwicky went a step further, applying the virial
theorem to the cluster in order to estimate its mass .
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Zwicky started by estimating the total mass of Coma to be the
product of the number of observed galaxies, 800 (Current
estimates is more than 1000 ), and the average mass of a galaxy,
which he took to be 10 9 solar masses, as suggested by Hubble . He
then adopted an estimate for the physical size of the system,
which he took to be around 10 6 light years (a more recent
estimate is a diameter larger than 10 7 light years), in order to
determine the potential energy of the system .
From there, he calculated the average kinetic energy and finally a
velocity dispersion . He found that 800 galaxies of 10 9 solar
masses in a sphere of 10 6 light years in diameter should exhibit a
velocity dispersion of 80 km/s .
In contrast, the observed average velocity dispersion along the

line of sight was approximately 1000 km/s . From this
comparison, he concluded the following :
"If this would be confirmed, we would get the surprising result
that dark matter is present in much greater amount than
luminous matter ."
This sentence is sometimes cited in the literature as the first
usage of the phrase dark matter .
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In 1937 , Zwicky published a new article in the Astrophysical
Journal, in which he refined and extended his analysis of the
Coma Cluster .
The purpose of this paper was to determine the mass of galaxies .
In particular, he returned to the virial theorem approach that he
had proposed in 1933 , this time assuming that Coma contained
1000 galaxies within a radius of 2 ·10 6 light years and solving for
the average galaxy ôs mass . From the observed velocity dispersion
of 700 km/s, he obtained a conservative lower limit of 4 .5 ·10 13

Mṩ on the mass of the cluster (to be conservative, he excluded a
galaxy with a recession velocity of 5100 km/s as a possible
outlier), corresponding to an average mass per galaxy of 4 .5 ·10 10

Mṩ.
Assuming then an average absolute luminosity for cluster
galaxies of 8 .5 ·10 7 times that of the Sun, Zwicky showed that this

led to a surprisingly high mass - to - light ratio of about 500
Mṩ
Lṩ
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Zwicky's work relied on Hubble's relationship between redshift
and distance, and in the 1937 paper he used the results of Hubble
and Humason, which pointed to a Hubble constant of H 0= 558
km/s/ Mpc , with an estimated uncertainty of 10 - 20 % . If we
rescale these results adopting the modern value of H 0 = 67 .27
\ pm 0 .66 km/s/ Mpc , we see that Zwicky overestimated the
distance by a factor of 558 / 67 .27 = 8 .3 . Despite this substantial
correction, Coma's velocity dispersion still implies a very high
mass to light ratio and points to the existence of dark matter in
some form provided that the virial theorem is correct for
gravitating systems .
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A crucial difference between Newtonian and 

Retarded Forces
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Let us look at a point particle and calculate 

its Newtonian potential:
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And its retarded potential:
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The gravitational force generated by particle 

j on particle k for both:
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Newtonôs third law

Acceleration and
velocity of particles

j and k are unrelated.
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The Virial Theorem ïNewtonian Version
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The Virial Theorem ïNewtonian Version

For Newton ôs gravity!
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The Virial Theorem ïNewtonian Version
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The Virial Theorem ïNewtonian Version
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The Virial Theorem ïNewtonian Version

An ñaverage ò velocity square is thus:
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The Virial Theorem ïNewtonian Version

Define the gravitational radius:
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The Virial Theorem ïNewtonian Version
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The Virial Theorem ïNewtonian Version
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Zwickyôs Estimate

╜
►▌ ○

╖
Dark Matter
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The Virial 

Theorem and 

Retarded Gravity
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The Correct Virial Theorem
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The Correct Virial Theorem
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The Correct Virial Theorem
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The Correct Virial Theorem
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The ñUncertainty 

Relationò of 

Retarded Gravity
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We already know that the gravitational force 

generated by particle j on particle k is:
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But which one is  more important?

We already answered that this depends on the distance, for very 
large distances the retardation force become more important
bdespite the 1 /c 2 term since it drops only as 1 /r (and not as
1 /r 2) . Let us put this in more precise terms for a slow point
particle . Let's look at the acceleration of a test particle in the
vicinity of massive particle j .
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ñUncertaintyò Relation
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The acceleration of the Earth in its orbit around the Sun is approximately5.95 ϊ 10-3 m/sч.
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The Definition of the Newtonian regime:
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Rotational acceleration in M33:

Newtonian radius is much bigger than the galaxy!
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Defining ñDark 

Matterò
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For large distances:

Retardation forces can be repulsive or attractive. We notice that 
this approximation is not always appropriate, but allows us to
encapsulate retardation using a single parameter which is useful .

The rough retardation approximation:
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Mass is accreted from the 
intergalactic gas.

The intergalactic gas is depleted.

The retardation force is attractive in
the galactic scenario.
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Defining ñdark matterò

However, F d is really F r
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Mass Conservation
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ñDark Massò
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Retardation vs. Newtonian 

Forces

►

■
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Acceleration Condition
MOND corrections are needed for small acceleration, so let us 
write the conditions needed for retardation corrections in the 
language of acceleration .


