
 

 

 University of Groningen

On the linear and non-linear evolution of dust density perturbations with MOND
Llinares, Claudio

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Llinares, C. (2011). On the linear and non-linear evolution of dust density perturbations with MOND. [Thesis
fully internal (DIV), University of Groningen]. [s.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/9e657d99-6d11-48cd-8cdb-278f326c437f


English summary

This thesis is about testing an alternative model for gravity in a cosmological context.
Our opinions about how to describe and to explain gravitational phenomena has a long
history of evolution and modifications over modifications. This long route is marked
by two fundamental works. The first one, which gives for first time the definition of a
gravitational theory, was published in a set of three books by Isaac Newton in 1686. At
that moment, the most basic rules of calculus that today are summarized in the first
course for undergraduate students were still under development. Therefore, the first law
of gravity was not given by the complicated formula that we use today, but simply with
words. For instance, the proposition I of the book III states: that the forces by which
the circumjovial planets are continually drawn off from rectilinear motions, and retained
in their proper orbits, tend to Jupiter’s centre; and are inversely as the squares of the
distances of the places of those planes from that centre. The great idea presented in this
work, is not only that there is something which we could call gravitational force that
dictates the movement of planets, but, most important, that this force is the same force
that makes your toast with butter to fall down over your shoe before going to work. By
defining the gravitational force, Newton was able to connect very different phenomena
happening at very different scales with a very simple statement.

The second milestone in the development of gravity appeared more than 200 years af-
ter Newton’s proposal. Einstein presented for first time his equations for the gravitational
field in 1915 in a tiny conference proceeding that consisted only of four pages. The two
centuries between this two publications were not quiet. A huge mathematical machinery
had to be built to give Einstein the possibility of writing his equations. Many physi-
cist and mathematicians contributed to that, including Newton himself. The complete
theory was published in 1916. The work of Einstein consisted of making the connection
between this mathematical machinery and the gravitational phenomena, giving at the
same time a complete new definition for the concepts of space and time that throws away
everything we knew before. In his original paper, Einstein divested gravity of its status
of force and described its effects as the curvature of the space-time. After Einstein, the
planets are considered as free bodies and move in the shortest path between two points
in space-time. What is curved in this description are not the trajectories of the planets,
but the space-time that we use to measure them. This theory has had great success, not
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only in explaining the solar system, but also in making predictions related to phenomena
that were unknown at that moment and that were confirmed a posteriori. One of these
predictions is, for instance, the fact that gravity affects not only massive bodies, but also
photons, which are considered to have no mass. This effect of gravitational lensing was
not only confirmed through observations, but it is considered today as one more of the
every day basics tools of astronomers.

What’s next? Did Einstein’s work set the end of the evolution of the gravitational
theory? Are Einstein’s words the last words about gravity? Many scientists today
strongly believe that this is indeed the case, at least in the lower energy regime before
quantum effects become important. There is nothing more to learn about gravity and
any minimal attempt to think in the opposite way must be punished with exile and the
expulsion from the community. It is important to note that this is not a strange behavior
among scientists. Einstein himself had problems in his time to gain acceptance for his
theory; the same happened, for instance, to Boltzmann. Philosophers of science, who
are not influenced by the natural passion connected to the calculations of a particular
physical theory and who see scientists in the same way a biologist see a monkey in a
laboratory, have different ideas. There is a line of thinking in the philosophy of science
that see strong changes in the way of explaining reality (as for instance the one given by
Einstein’s proposal about the definition of space and time) as the rule, not the exception.
Scientific knowledge does not only evolve in a smooth way by adding small pieces of
knowledge over the time, but also by sudden changes in direction as the one given by
Einstein. But, these revolutions do not happen for no reason. These changes are induced
by a repeated failure of the predominant theory to explain a given number of observations.
In the case of Einstein, for instance, the failure with Newtonian theory was found many
years before his proposal. At that moment, physicist started to have problems to find the
ether in which the waves that constitute the light were believed to propagate. Einstein
solved the problems in a particular case with his special theory of relativity in 1905
and had to work 10 more years to find the general solution given by his new theory of
gravity. In other words, those who work doing research in the history of science know
that theories are not unquiestionable truths and even the most successful theories are
likely to be changed at some point. Before that change to happen, one needs to wait for
an inconsistency to appear between its predictions and the observations. In case that
no contradiction appears, one can stay with the dominant theory, which is the simplest
one with which we can explain reality. Before discussing if these inconsistencies between
predictions and observations already exist at present in the context of gravity, let us see
which is the description that the scientist make of the universe today, under the light of
Einstein’s theory for gravity.

The standard cosmological model assumes that the universe is constituted by three
different components: baryons, dark matter and dark energy. The baryons are the
elements with which humans, the earth, the sun and everything that we can see is formed,
including all the atoms in the periodic table of elements. The quantity of baryons can
be measured through astronomical observations, and it was found that they constitute
only 4 per cent of the total mass energy content of the universe. The same observations
say that a 26 per cent of the energy is in the form of something that astronomers like
to call dark matter. We still do not know what it is or if it even exist, but we can
infer its presence by studying the way things move in the universe. For instance, we
know that a spiral galaxy rotates with a speed that is proportional to its mass. Indeed,
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the standard theory of gravity says that the more massive a galaxy is, the faster is the
speed of the stars on their orbits. This gives a very accurate way to determine the mass
of the galaxy once the velocity of the stars and gas is measured. The problem is that
the masses that astronomers infer with this method are much larger that the masses
that they can calculate from what they see in a direct way, for instance by counting the
number of stars. The discovery of the need for this extra amount of matter to explain the
movement of galaxies was made by Zwicky in 1933. There are many proposals regarding
the nature of these particles that constitute this dark component. There is a general
consensus that this particles are non-baryonic and that, if real, they belong to a group
of particles that can be predicted by extending the standard model of particle physics.
The problem in the detection of these particles in laboratories is that their masses are
too high, nevertheless, the new particle accelerator Large Hadron Colider may be able to
find some of them. The final component of the universe, the dark energy, represents the
70 per cent of its energy, and is something even more strange that the dark matter. We
infer its presence also because of the way things move, but with the difference that its
effect can not be seen on individual galaxies but by the speed with which galaxies move
away from each other owing to the expansion of the universe.

Is the standard cosmological model enough to explain observations? It is not possible
to answer this question with one word. The standard cosmological model has shown
great success in predicting the large scale distribution of galaxies, which is not a trivial
task at all. Nevertheless, the model still has imperfections. For instance, the amount
of dark energy can be predicted from basic principles using arguments that come from
particle physics. The value obtained with this method differs from the value observed
by astronomers in many orders of magnitude. The model has its weakneses also on the
scales of galaxies. In fact, at present there is no fully self consistent theory of galaxy
formation. The common belief is that this problem exist only because we are trying to
explain something that is extremely difficult. From this point of view, we just need more
time to obtain a better understanding of the solutions of the equations. Other scientist
see in these problems the signal of a possible crisis that will end up in a change of the
paradigm, for instance through a change of the gravitational theory.

The original definition of the gravitational model that we will consider in this thesis
is based on the following question. What if we never find the particles that are believed
to constitute the dark matter? Is it possible that we are looking for something that
does not really exist? One could always think that more precise observations or new
methods will give the possibility to find these particles and that we just need time. The
problem is that in case that an increase of precision can not find them, theoreticians
will always be able to propose a new particle that will require higher precision to be
observed. In other words, the model is constructed in a way that a failure to find the
dark matter particles can be cured by changes on the particle physics side, keeping it
always alive. So, the question is, how long are we going to wait before accepting that
this hypothetical particles do not really exist? This is the point that was rise by Moti
Milgrom when he presented his dynamical theory in 1983. He assumed that the elusive
dark matter does not exist and that the discrepancy found in the measurements of masses
of galaxies is in fact a signal that the gravitational theory is not correct. He proposed a
modification of gravity that permits one to explain the rotation curves of galaxies without
the addition of dark matter. The new theory includes a new fundamental constant a0
which has units of acceleration and sets a limit between two different descriptions of
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gravity. For accelerations greater than a0, the new theory is equivalent to the old one.
On the contrary, when the accelerations are lower that a0, the modification proposed
by Milgrom appears and the gravitational force acquires values which are higher than
those predicted by the old theory. The value of a0 was measured experimentally and
was found to be of the order of 10−8 cm/sec2, which is in fact, a relatively small value.
As a reference, think that the gravitational acceleration that we feel on the surface of
the earth is 980 cm/sec2, which is 1010 times higher that a0 and makes the dynamics on
the earth to be dictated by the old theory. Furthermore, the acceleration that we suffer
because of the presence of the sun is 0.6 cm/sec2, still much too large. Even the force
that the Little Prince will feel while sitting for instance on Pluto is still one thousand
times a0. In other words, the accelerations in the solar system are too high and thus,
the effects of the new theory are too small to be detected in a simple way. To experience
its effects in all its plenitude, it is necessary to go to larger scales, for instance galaxies,
were the accelerations can be as small as one tenth of a0.

This new theory was proven to be very succesful in explaining the dynamics of galax-
ies. What we need to know now, is if its success can be extended to much larger scales,
as for instance those that are being considered by cosmologists. This is the topic of this
thesis. We want to investigate the consequences of the new theory in the cosmological
evolution and see if it can reproduce the success of the standard model without the ad-
dition of a dark matter component. The very few works that exist at present on this
topic show pessimistic results: the theory predicts the structure formation that is too
vigorous. This means that the predicted distribution of galaxies at the present epoch
appears similar to what we expect to happen in the future, not today. In short, the
structure formation with MOND is too fast. These few studies, are based in a set of
untested hypothesis that could bias the results. The goal of this thesis is to understand
the effect that those simplifications have on the cosmological evolution.

To study the cosmological evolution of matter from the big bang until today is a
very difficult task. To take into account all the physics together in the calculations is
impossible, so theoreticians divide the study into different epochs, taking into account
only the dominant physical effects at every epoch. In this thesis, the focus will be put
in what is called the non-linear regime, which corresponds to the later epoch of the
evolution. The standard way of calculating the evolution during this epoch is to use
N-body simulations. The method consists in describing the density of the universe at
every point with a distribution of particles. The evolution of the density can be traced
by the movement of the particles, which is given by the equations that characterize the
particular theory under study.

The first thing that one should do before studying the cosmological evolution of
density perturbations is to determine which is the set of equations that will be solved.
There are two ways to obtain the equations for the gravitational forces in a cosmological
context. One of them is to start from basic principles, using a relativistic extension of
the theory given by Milgrom. The other is to apply a commonly used set of physical
arguments and to introduce the effects of the cosmological expansion into Milgrom’s
equations for galaxies by means of a change of variables. The fact that, at present,
there is no unique relativistic extension of MOND makes any kind of relativistic analysis
theory dependent and entails the risk of loosing generality and missing the fundamental
points that characterize the MOND theory; because of this, we decided to use the second
approach to obtain our equations, leaving the relativistic, more complete, analysis for



English summary 175

the future.
The first problem (chapter 2) was to understand which are the effects on the non-linear

evolution of using the fully non-linear Bekenstein-Milgrom field equation instead of the
simple MOND prescription. In the context of cosmology based on Einstein’s gravity, the
equations for the gravitational forces have a property called linearity, or in other words,
they are linear equations. This is a very good thing because this type of equations are
very well known and there are already many methods to solve them. In the case of
MOND, the situation is different. The MOND field equation is highly non-linear. This
makes its treatment very difficult and, in most of the cases, impossible to do without
the aid of a computer. Nevertheless, it is possible to obtain a linear approximation to
the MOND equation, which is not exact but gives the correct description for special
symmetries. Thus, our first project was to study how good this approximation is in the
general case where there is no such a symmetry. To this end, we run a set of N-body
simulations with the exact and approximate solutions. We found that the use of the exact
solutions gives a further state of evolution on large scales. This means that the form of
the galaxy distribution is not very sensitive to this approximation, but their positions are
affected when the exact solution is used. Basically, the large scale forces that move the
galaxies (in opposition to the small scale forces that give them their shapes) are larger
in case that the exact solutions are used.

Using the same simulation data, we found also that the collisional velocity of objects
is larger in a MONDian universe (chapter 3). This helps to relax the tension that exist
with the velocity of the Bullet Cluster in the standard cosmological model which is
too high and can be considered as one of the possible discrepancies that the Einstein’s
gravitational model has with respect to observations. Furthermore, since both theories
give different distributions for the collisional velocity, the result gives a way to determine
through observations which theory is closer to reality.

Following the analysis, we focused on the intensity of the accelerations at early times
(section 5.1). It is easy to show that the typical peculiar accelerations in cosmological
scales decrease with time, or in other words, the accelerations were much higher in the
early universe than today. The question is how high were they. In case that they were
greater than Milgrom’s acceleration constant a0, one could accept that the old theory
was valid at that epoch and generate the initial conditions for the non-linear N-body
simulations described before by using standard methods with standard gravity. This
simplifies greatly the calculations and was the hypothesis made by previous authors in
the field. We calculated the accelerations for first time in a self consistent way, which
means that we did not consider only spherical isolated regions (as is done in the usual
analysis), but we took into account larger pieces of the Universe. We did not only consider
the spherical perturbations responsible for the accelerations, but also their environment.
The result of the analysis is that, in effect, at very high redshift, the accelerations are not
in the Newtonian regime and that MONDian physics is not only needed to study the late
evolution through N-body simulations, but also to generate initial conditions for these
simulations. The natural step after this discovery is to propose a method to generate
these initial conditions, which I did in section 5.2.

In an effort to obtain a better understanding of the underlying hypothesis of our
simulations and to check for possible biases in the analysis made by previous authors,
we tested the validity of spherical collapse models in MOND. These spherical collapse
models are usually used in the process of generating initial conditions for the N-body
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simulations. The analysis was made with one possible set of generalized equations to
describe the evolution. The novel aspect of our analysis was the fact that, again, we
took into account not only the evolution of spheres of matter, but also the effects of
their environment. The result that we found is that the particular characteristics of
the MOND equation, basically its non-linearity, make its solutions very sensitive to the
environment, giving a different evolution when the environment is taken into account
(section 5.2.4).

Coming back to the question that we raised above: can MOND reproduce the success
of the standard model on large scales? From the results of this thesis, we can say that, a
Newtonian treatment of the equations, which means that the cosmological equations were
obtained from those defined for galaxies and not from basic principles, does not give the
correct evolution and that a MONDian universe appears to have an excess of structure
evolution in the late stages. The improvements that we proposed on the calculations
described before, did not help to solve this pathology that the theory was known to have.
We tested a possible solution to this problem, which consist on giving a cosmic time
dependence to Milgrom’s constant. While this proposal can solve the problems on large
scales, it generates a new problem on small scales, since with this conditions, the small
scales can not collapse and it is not possible to form galaxies. It should be recalled,
however, that our calculations are completely dissipation-less (no gas dynamical effects)
which is probably not the case in a pure baryonic universe.

The last project I considered (chapter 6) is related to a new formulation of MOND
that has being proposed very recently. This prescription of MOND is based on the idea
that the universe is a two components universe, which consist in baryons and a different
component which Milgrom call twin matter (it is important to emphasize that is not dark
matter). The particular property of this twin matter is that the gravitational interaction
that it has with the normal matter is not attractive but repulsive. I ran simulations
under this new formulation, tracking the evolution of the two components, and found
that the effect of the presence of the twin component is to increase the evolution rate
at late times. In other words, under this formulation, the same problem of excess of
structure evolution still exists.

While the results presented in this thesis seems to be discouraging regarding the vi-
ability of the MOND idea, one has to take into account the sociological issues involved.
The main problem of MOND is not systems like the Bullet Cluster or its peculiar cosmo-
logical behaviour, but the fact that the fraction of the astronomical comunity working
in solving this problems is extremly small. Most of the hard problems related to MOND
are being worked out by PhD students. This makes the advances to be very slow. For
every working contract that is signed with a PhD student, one has to wait at least one
to two years for the student to start thinking not as a student, but as a real independent
scientist, capable of introducing his own ideas into the discussion. Thus, from every stu-
dent working on the field, one gets only one to two years of real science, which is devoted
not only to research, but mostly to the writing on the thesis. Afterwards, this PhD stu-
dents are forced to quit the subject (or even the scientific comunity in some cases) after
finishing the PhD. Phrases like “You are ruining your career working on that” are very
common in the corridors at international conferences in cosmology. So, we are forming
people to work in a particular subject, but we are not making use of what they have
learned afterwards. There is a lack in the MONDian community of researchers working
in the postdoc level, who are young enough to be free of the Professorship responsabilities
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and, at the same time, are enough experienced/mature to tackle the hard problems with
the intensity they should be treated.

The common question between scientist is “Why should we work on MOND if it has
problems in cosmology?”. There are two answers to this question. In first place, we still do
not know if the problems found in this thesis are real. While it is true that I have improved
the analysis that was previously made, there are still two fundamental hypothesis that
I did not relaxed: the absence of baryonic physics and a fully self consistent relativistic
treatement. Both should be treated before accepting that the theory has to be rejected.
The second answer resides in the performance that the theory has on galactic scales. The
extremely accurate and stable predictions made by MOND theory on galaxies makes it
a very respectable idea that should be developed by more than just PhD students.

Furthermore, if the same reasoning used to reject the MOND theory is applied to the
standard model, we should have rejected the standard model at least one decade ago,
when the missing satellites problem or the angular momentum catastrophe appeared.
The number of researchers working on solving these problems is greater by more than
one order of magnitude than those working on MOND and they still have not found a
solution after ten years. It is not possible to predict what will happen if just a fraction
of all this energy is applied to MOND. The only way to know it is to do it.
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