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Preface

Extensive, now 40-year underground and accelerator
searches have failed to find any dark matter or
establish its existence. The dark matter situation has
become even more dire in the last few years as the
Large Hadron Collider has failed to find any super
symmetric particles, not only of the community’s
preferred form of dark matter, but also the form of it
that is required in string theory, a theory that
attempts to provide a quantized version of Newton–
Einstein gravity.
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MOND

Is an attempt (maybe the first attempt) to solve the
standing problems of gravitation at the large scale
not by postulating a new type of matter or particle
but by looking more deeply at the phenomena of
gravity (and gravity as Einstein taught is nothing but
the structure of space-time).

MOND = MOdified Newtonian Dynamics

(or MOND = MOti’s New Dynamics)
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MOND

A theory of small acceleration defined by a typical
acceleration a0 in which:

a>> a0 is the Newtonian regime.

a<< a0 is the deep MOND regime.

In between there is an interpolation.
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William of Ockham
1285 - 1347

Ockham’s Razor:

“Plurality is not to be posited 
without necessity.”

Don’t 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

“It 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.”

“On the Method of Theoretical 
Physics” the Herbert Spencer 
Lecture, Oxford, June 10,1933.
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Fact I - Retardation

Galaxies are huge physical systems having
dimensions of many tens of thousands of light years.
Thus, any change at the galactic center will be
noticed at the rim only tens of thousands of years
later. Those retardation effects seems to be
neglected in naïve galactic modelling used to
calculate rotational velocities of matter in the rims of
the galaxy and surrounding gas. (And more so in
galaxy clusters)
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Fact II – Strange Rotation 

Curves

If you 
forget 
about 
retardation
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Are those two facts 
connected?

15
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16

Rotation curve for M33. The observational points were supplied by Dr. Michal Wagman, a
former PhD student at Ariel University, under my supervision. The full line describes the
complete rotation curve, which is the sum of the dotted line, describing the retardation
contribution, and the dashed line, which is the Newtonian contribution.
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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?

19
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Answer:

◆ For most cases (galaxies 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.

◆ 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.

20
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I would like to thank the late
Professor Donald Lynden-Bell for this
very important observation.

21

5 April 1935 – 6 February 2018
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Linear Approximation

(weak gravity)

22
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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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However, we suggest that retardation cannot

be neglected on galactic scales

and the density is not static.

A possible cause for this is mass accreted

from the intergalactic medium.
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Beyond the Newtonian 

Approximation

A Taylor series expansion has a limited range hence the
current approach is “near field” that is of limited distance
Validity from the galaxy.
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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?



Ariel University Asher Yahalom 

33

Retardation distance

Newtonian regime

Retardation regime
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For large distances:

Retardation forces can be repulsive or attractive.
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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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When is retardation theory 

important?
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Defining “dark matter”

However, Fd is really Fr
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Mass Conservation



Ariel University Asher Yahalom 

40

“Dark Mass”

𝒓

𝒍
≈ 𝟏𝟎𝟔
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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.
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Acceleration Condition

However, as ac(r) decreases as r-2 this means that this inequality
will be satisfied more easily for larger r. Thus "dark matter"
effects can be interpreted in terms of acceleration as MOND
postulates.

However, acceleration does not need to be small or equal with
respect to a0 in order to have "dark matter" effects, rather
acceleration must be bigger than some critical acceleration ac(r)
which depends on radial distance. Thus, the inequality becomes
easier to satisfy at large radial distances, in which case the
acceleration is indeed quite small as MOND suggests.
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Dynamical Equilibrium
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Depletion

47
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Density distribution outside the 

galaxy

48
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Mass outside the galaxy

49



Ariel University Asher Yahalom 

Mass inside the galaxy
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Mass inside the galaxy

51
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Mass inside the galaxy

52
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Some Results for Various 

Galaxies
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M/L =1

M/L is not a fitting 
parameter as most 
authors assume.
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Work by Michal Wagman former PhD student at Ariel 
University.

NGC 3198 
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Work by Tomer Zimmerman & Roy Gomel
PhD students at Tel Aviv University
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Yuval Glas

1.Automation of the fitting process
2.143 Galaxies in 20 minutes.
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How not to interpret retardation 

theory

Is not constant over large time scales!
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How not to interpret retardation 

theory

If it is assumed constant:
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How not to interpret retardation 

theory

If it is assumed constant:
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How not to interpret retardation 

theory

However, the second derivative of M is clearly not constant as 
dictated by the dynamics.
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Lensing
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The same as in the case of Galactic rotation curves.
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Tully-Fisher Relations

An empirical relationship between the mass or
intrinsic luminosity of a spiral galaxy and its
asymptotic rotation velocity or emission line width.
It was first published in 1977 by astronomers Tully
and Fisher. The relation states that baryonic galactic
mass is proportional to velocity to the power of
roughly four.



Ariel University Asher Yahalom 

77

Derivation of the Tully Fisher Relations
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Derivation of the Tully Fisher Relations
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Derivation of the Tully Fisher Relations

v
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Derivation of the Tully Fisher Relations
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Higher order effects

Are retardation effects result of a Taylor 

series approximation? No.
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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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Conservation of Mass

Question:

How do we know that the correction of the gravitational
potential created by the negative second derivative of the mass
of the galaxy is not cancelled out by the gravitational effect of
the necessarily positive second derivative of the mass of the
IGM.

Answer:

Using the non perturbative approach we can study the
gravitational effect of the galactic matter and the IGM by
considering both as one body with a time dependent density
profile.
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In other words, retardation is a near field effect.

Why?

Let us look at the gravitational potential in the limit 
of large r, in which r is much bigger than a typical 
scale of the system: r>>Rs. In this limit, R is about 
the same as r.
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Which  is the same as:
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How good is the second order 

approximation?
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Not very good, if one considers 

the galaxy + IGM
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This is because the validity domain of the second order
approximation has been violated. This can be amended by
limiting the domain of integration to include only the galaxy.
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The virial theorem and the 

Comma Cluster
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The source of all “dark matter” evil

The Swiss-American astronomer Fritz Zwicky is arguably the most
famous and widely cited pioneer in the field of dark matter.

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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A crucial difference between Newtonian and 

Retarded Forces
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A crucial difference between Newtonian and 

Retarded Forces
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A crucial difference between Newtonian and 

Retarded Forces
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The gravitational force generated by particle 

j on particle k
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Newton’s third law

Acceleration and
velocity of particles
j and k are unrelated.
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The Virial Theorem – Newtonian Version
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The Correct Virial Theorem
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The Virial Theorem
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Precession of the Perihelion for 

Mercury
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Time independent GR

Einstein used the static Schwarzschild
solution in his calculations and was thus
unable to consider time dependent effects.
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Lienard - Wiechert potential
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The Solar System Center of 

Mass

Krizek, M.: Influence of celestial 
parameters on Mercury's 
perihelion shift. Bulg.
Astron. J. 27 (2017), 41-56.
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Lienard - Wiechert potential

113
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Lienard - Wiechert potential

114
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Lienard - Wiechert potential

115
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Taking time dependent effects 

into account
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1. Weak Gravity suffices to describe gravity in 

the solar system (contrary to the claims the 

only strong gravity can explain Mercury’s 

perihelion precession).

2. Precession of the perihelion of Mercury can 

be fully explained within error bars.
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MOND & Retardation Theory
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Standard Interpolation Function
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Deep MOND Regime
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Deep MOND Regime = Retardation 

Force becomes significant

Problematic given a flat velocity
as the left-hand side is spatial
independent and the right-hand
side depends on r, but can be
used to calculate the mass
secod derivative approximately.

The velocity at 15.33 kpc from the center of the M33
galaxy is 135,640 ms−1.
We thus obtain | ሷ𝑀| ≃ 4.94 × 1016 kgs−2
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Deep MOND Regime = Retardation 

Force becomes significant

Problematic given a flat velocity
as the left-hand side is spatial
independent and the right-hand
side depends on r, but can be
used to calculate the mass
secod derivative approximately.

The velocity at 15.33 kpc from the center of the M33
galaxy is 135,640 ms−1.
We thus obtain | ሷ𝑀| ≃ 4.94 × 1016 kgs−2.
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Parameter Estimation
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Retardation Theory as a MOND 

type of theory
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Non-Standard Interpolation 

Function
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Deep MOND Regime
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Deep MOND Regime
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a0 calculated
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Retardation Theory is (approximately) 

a MOND type theory

But with a nonstandard interpolation function.
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Conclusion
We show that galactic rotation
curves, lensing effects, the Tully-
Fisher relation, and the coma cluster
virial high velocities are explained in
the framework of standard GR as
effects due to retardation without
assuming any exotic matter or
modifications of the theory of
gravity.
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Conclusion
Retardation theory can be
approximated as a MOND type theory
with non-standard interpolation
function.
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What will happen if the mass
outside the galaxy is totally
depleted or not yet depleted?
In this case retardation force
should vanish. This was indeed
reported for the galaxies
NGC1052-DF2 and NGC 1052-DF4.
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More Fundamental Conclusions
“The Lord God is subtle, but malicious he

is not. ” — Albert Einstein. Remark during visit to

Princeton University (1921) - “dark matter”

effects are subtle indeed.



Ariel University Asher Yahalom 

134



Ariel University Asher Yahalom 

135

A Recent Paper

arXiv:2207.14688v1 [astro-ph.CO] 28 Jul 2022
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LOOKING FORWARD TO THE 

NEXT 40 YEARS OF MOND!
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