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Abstract

In this thesis, we investigate statistical properties of the redshift zero matter distribu-
tion in disformal gravity through N-body simulations. The disformal model studied
here is a conformally coupled field in a symmetron potential, but with an additional ex-
ponential disformal term. First, important concepts about general relativity, modified
gravity, and simulations are presented. The equation of motion for the disformal scalar
field is found, along with the modified geodesics of dark matter particles in this model.
We implement the resulting differential equations into the N-body code Is1s/RAMSES.
The results of tests, which compare results from the disformal code to simulations done
with earlier symmetron-only codes, are shown; and the code reproduces the symmetron
results fairly well. Finally, we perform cosmological simulations with 2563 particles,
for five different parameter sets, for which the matter power spectrum and the halo
mass function are shown. We also present the average field profile, the field oscillation
amplitude, and the magnitude of the fifth forces around a massive halo. The con-
formally coupled symmetron increases both the power spectrum and the mass function
noticeably, compared to ACDM. The main result of this study is that adding a strong
disformal term can mask some of the increase in clustering, thereby bringing both the
power spectrum and the mass function closer to general relativity. Furthermore, we
found that the disformal term gives rise to oscillations of the scalar field in high density
regions. Such oscillations can lead to increased magnitudes of the fifth forces, compared
to the symmetron alone.
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Chapter 1

Introduction

1.1 Motivation

The Einstein field equations were first introduced by Albert Einstein in 1915 [1]. These
equations are used to calculate how matter curves space, and in turn how the curved
space affects matter. In other words, these equations tell exactly how gravity works, and
how stars and galaxies should move in the universe. The solutions to these equations
implied either an expanding or a collapsing universe. However, at the time the field
equations were introduced, the universe was believed to be static, neither collapsing nor
expanding. Einstein knew the equations allowed for an additional constant term, so he
introduced the cosmological constant — simply called A — two years later. This was done
to achieve a static universe solution to the field equations [2]. Not many years after the
introduction of A, Edwin Hubble discovered that the universe was in fact expanding [3],
and the cosmological constant was largely forgotten.

Knowing that distant galaxies were expanding away from each other, it was logical
to assume they had been closer together in the past. Lemaitre came to this conclusion
already in 1931 [4], but it was not until after the discovery of the cosmic microwave
background radiation (CMB) in 1964 [5], that the Big Bang model was universally
accepted as the theory for the early universe. In this model, the universe started out in
an extremely hot and dense state. Adiabatic expansion cooled the universe, and allowed
stars and galaxies to form under gravitational collapse.

In 1998 two separate groups studied distant type Ia supernovae and found the first
observational evidence indicating that the universe not only expands, but expands at
an accelerating rate. This is consistent with the existence of a cosmological constant
A |6, 7]. The extra constant term was quickly reintroduced into the Einstein field
equations, where it was taken to represent the density of the unknown dark energy that
is pushing distant galaxies apart from each other.

Cold dark matter is an invisible, pressureless and frictionless form of matter that
gives galaxies most of their mass. Dark matter was indirectly postulated in 1933 by
Zwicky — he found from galaxy movements that the Coma cluster had a mass around
500 times larger than expected, compared to the amount of visible light it emitted
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[8]. Recent measurements suggest that the universe in total contains over five times
as much dark matter as normal baryonic matter [9]. The cosmological constant and
cold dark matter are the main ingredients in the standard model for cosmology, called
ACDM. The ACDM model seems to fit most modern precision observations of large
scale structures and of the cosmic microwave background radiation [10, 11]. However
successful in predicting observations, the model does not explain what the source of the
dark energy A is. Attempts to calculate the energy density from the so-called vacuum
energy in particle physics, yields answers of 60 or more orders of magnitude greater
than the measured cosmological value of A. A cancellation of that many terms by
whatever process is very improbable and would require an extreme fine-tuning. This is
the cosmological constant problem, which is considered a severe issue in modern physics
[12].

A viable solution to this problem might be that the particle physics vacuum energy
is completely concealed on gravitational scales — for example due to the breaking of
supersymmetry [13] — while other mechanisms than the vacuum energy are responsible
for the measured cosmic expansion. One way to search for such mechanisms is by
slightly modifying the equations for gravity in general relativity in such a way that the
equations give rise to dark energy and expansion on large scales. There are innumerable
models for modified gravity [14], some of which will be presented in this thesis.

An important property for viable modifications to gravity is that the equations
should reduce to standard general relativity on solar system scales. This is needed
because general relativity is experimentally tested in the solar system to extremely high
precision. Consequently, any modifications to gravitational physics must give similar
results within very tight constraints on these scales [15]. Recovery of general relativity
in environments similar to the solar system is achieved through so-called screening
mechanisms. Screening mechanisms usually work by making mathematical terms that
are different from standard general relativity insignificant in high density regions, like
inside a galaxy [16].

In the last decades, N-body simulations have become increasingly popular tools in
cosmology. These are very computationally demanding applications, usually designed
to run on supercomputers for several hours, or even days. The purpose of N-body
codes is to trace the motion of millions of particles as they interact with each other,
mainly through gravity, but any other forces — like friction and radiation pressure —
can in theory be implemented. The simulated particles are not necessarily individual
particles like atoms, quarks or electrons; In cosmological simulations, the mass of each
"particle" is often several millions or billions times the mass of the sun. One example of
a well-known cosmological N-body simulation is the Millennium run, which simulated
the evolution of over 10 billion particles — each with a mass of a little over a billion suns
—in a cube with sides spanning over 2 billion light years [17]. Such simulations generally
retrieve large scale structures like galaxy clusters and filaments similar to the ones we
observe in large scale surveys, like the Sloan Digital Sky Survey [18]. See figure 1.1 for a
visual comparison of the Millennium simulation and the observed galaxy distribution on
scales of some billion light years. Even though these simulations give impressive results
on large scales, some evidence exists that they fail on sub-galaxy scales, for instance
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in the prediction of dwarf galaxies orbiting the Milky Way [19, 20]. A common factor
for some of these simulations is that they only include A and cold dark matter, but no
baryons, neutrinos, or alternative dark energy theories. However, as computing power
increases, more and more advanced simulations can be done.

Evidence suggests that one has to investigate and simulate physics beyond ACDM to
understand the whole picture. Of course, including interacting baryons and other known
physics might alleviate some of the problems with ACDM simulations [21], but the most
daunting question still remains: What is the nature of the two main components of our
universe, namely dark energy or dark matter? We will leave to the particle physicists
to answer what dark matter is, allowing us to focus on investigating theories for dark
energy. This thesis will focus on simply one model of modified gravity that has shown
some promise, namely the disformal model. The disformal model has been studied
extensively in the linear regime with applications to inflation, dark energy, and dark
matter [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38|. Still, this model
has not been studied well on non-linear scales, which means on the scale of galaxy
clusters and smaller. This study aims to begin filling this gap.

This thesis will first introduce the basic astrophysics and numeric computation back-
ground needed to understand the rest of the text. Calculations will be carried out to
find equations that describe the disformal theory of gravity. Using these equations, we
perform N-body simulations by altering the already existing non-static N-body code
Is1s [39, 40], which in itself is a modification of RAMSES [41, 42], extended to simulate
scalar field theories. The goal of this thesis is to investigate statistical properties of the
simulated matter distribution on galaxy and galaxy cluster scales at redshift zero. In
particular, the matter power spectrum and the halo mass function of particles affected
by disformal gravity will be presented. These will be compared to the ones from stand-
ard ACDM simulations. These kinds of simulations have never been carried out for this
model before. The results found in this study can be used to predict observational evid-
ence for disformally coupled fields, and perhaps to inspire further theoretical research
on the disformal screening mechanisms present in this theory.
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Figure 1.1: The distribution of galaxies on large scales.

The left panel is a slice of the observed galaxy distribution in our universe, gathered
from the Sloan Digital Sky Survey [43]. Each dot represents a galaxy, and the slices are
2.5 degrees thick. The earth is at the centre, and a redshift of 0.15 is approximately
a distance of 2 billion light years. The sectors to the left and right are excluded from
the survey because dust in our own galaxy is obstructing much of the view. The right
panel is a slice from the Millennium Simulation, which shows the computed galaxy
distribution on large scales, assuming ACDM [44]. The width of the right image is a
little under 2 billion light years, so the scales of the two images are comparable®. In
both images one can clearly see galactic structures, which are often called the cosmic
web due to the filaments resembling a spider’s web.

*The concerned reader might notice that the observations have redshift as the distance scale, while
the simulations use actual distances. For small redshifts (z < 1), the linear Hubble law is quite accurate.
This means that there is approximately a one-to-one ratio between the redshift z and the distance in
Mpc for the scales that are relevant here.



Table 1.1: List over common symbols

Symbol Explanation

Numerical value

Newton’s gravitational constant

Newton’s gravitational constant in units of pc/Meg
(when ¢ =1)

The Einstein tensor

The metric tensor in the Einstein frame, or in GR
Christoffel symbols, see section 1.4

The Ricci scalar, see section 1.4

The cosmological constant

The mass of the sun, a useful mass unit in cosmology
The Planck mass

The density at some point

The average density in the universe

The Newtonian gravitational potential

A real-valued scalar field in scalar-tensor theories
The vacuum expectation value of a scalar field

A dimensionless scalar field, normalized to ¢y

The action of a physical system

The Lagrangian density

Expansion factor of the universe, a = 1 today
Redshift, a measure of time/distance, z = 0 today
The Hubble parameter at a given time

The Hubble parameter today

The dimensionless Hubble parameter today
Supercomoving time, useful in simulations
reduced Planck constant, used in quantum physics
Speed of light

Speed of waves in a wave equation

Matter power spectrum

Wavenumber, inversely proportional to distance

6.673 - 10~ N-m?kg !

4.780 - 1071 pc/ Mg

1.989 - 10%° kg

2.177-1078 kg

67.11km/s/Mpc 9]
0.6711 [9)]

Table 1.1: Symbols used in this thesis, with a short explanation and the numerical value.
Not all values given here are used in calculations, but are included for completeness.
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1.2 Conventions

In this thesis, index notation is used for vectors and tensors, where Greek indices
means any spacetime index 0, 1, 2 or 3, while latin indices means only some spatial
index 1, 2 or 3. Upper indices are contravariant, while lower are covariant. Standard
Einstein summation is assumed, which means that repeated indices — with one up-
per and one lower index — indicates a summation over all possible indices, specifically
zuyt = (voy” + 21yt + 229 + 131°).

The comma notation for partial derivatives will be used throughout this thesis, where
Gp=0u0= % Notice that physical vectors are contravariant, while derivatives with
respect to vectors are covariant. A dot over a quantity is always a partial derivative
with respect to cosmic time, qS = % = ¢ (we will sometimes use the comma notation
¢ in intermediate calculations, often to emphasize the origin of the time derivative).
A prime denotes a partial derivative with respect to supercomoving time z’ = %.

The notation for the covariant derivative is nabla notation (e.g. V,¢). A nabla
without indices simply means the three-dimensional gradient, a vector which is in flat
space defined as Vo = ¢ X+ ¢ ¥ + ¢ .z. Here X is a unit vector in the direction of the
x-coordinate, and so on. All three-dimensional vectors in this thesis are denoted with
boldface.

For simplicity, natural units where ¢ = h = 1 are used in the thesis, but in the code
the units of ¢ will be reintroduced because RAMSES has its own length and time unit
system with ¢ # 1. The metric signature (—, +,+, +) is assumed.

Table 1.1 on the preceding page shows a key to most symbols that will be used.

1.3 Statistics in cosmology

When proposing or testing models in cosmology, it is imperative to have some way
to statistically compare results from the model with the observed universe. When
comparing the results, it is important to remember that we only have one observable
universe, which may or may not be statistically close to the theoretical average universe
with the exact same parameters and laws of physics.

The cosmological principle can be stated as follows: “At large enough scales, the
universe is homogeneous and isotropic.”. This principle implies that the universe follows
strict mechanical rules, and that our position in the universe is not statistically different
from any other vantage point. Without accepting the cosmological principle, there is
no convincing way to compare models with observations, since what we observe around
us could in some sense be specially tailored instead of evolved from physical laws.

The mapping of large scale structure in the local universe is done through redshift
surveys, which are both time consuming and might have problems measuring distances
accurately due to the peculiar motion of galaxies. The measurements can however be
corrected quite well. After applying these corrections, one can find the observed power
spectrum of overdensities P (k) and the halo mass function n (> M). Both of these
quantities can also be found theoretically for a given model, hence the power spectrum
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and mass function are good tests for cosmological models [45].

For many cosmological models, estimates for P (k) and n (> M) can be found ana-
lytically through linear perturbation theory. However, these results are only valid for
large scales, and tell little or nothing about the formation of structures. To find P (k)
and n (> M) that are valid for non-linear scales, one must extract them from simulated
data.

1.3.1 The Fourier transform and the wavenumber

Fourier transformation is a method to extract wave information from a function f (x).
The Fourier transform f (k) will contain the prevalence of repeated patterns with fre-
quency k in the original function f (z). The wavenumbers k are inversely proportional
to the corresponding length in real space, k oc 1/L. A large k therefore symbolizes high
frequencies and small length scales, while a small £ means large scales. It follows that
f (k) is a measure of the strength of waves with wavelength L = 27 /k found in the
function f(x). In cosmology this is useful, for instance if we have the average density
field in real space. By first Fourier transforming the density field, we can read out the
presence of structures at specific length scales given by k. More on this in the next
subsection about the power spectrum.
The definition of the three-dimensional Fourier transform and its inverse is [45]:

F k) = / g (x) d, (1.1)
1 / ikx ¢ 3
e f (k) d°k. (1.2)

Note that the conventions for where to have the factors of 27w vary, for example some
books use the symmetric definition with 1/ (271')3/ % in front of both the Fourier and the
inverse Fourier transform. The wavenumber k is the absolute value of the wave vector
k. In cosmology, the units of k are usually h/Mpc.

1.3.2 The power spectrum

After finding the mass density p (x), and the mean mass density p, the overdensity at
some coordinate x is found from the definition ¢ (x) = (p(x) — p) /p. The power spec-
trum P (k) is defined from the self correlation of the Fourier transform of the overdensity
[45], specifically

<5 (k) (k’)> = (20> P (k)5 (k—K). (1.3)

The power spectrum is a good measure of how prevalent lumps of size approximately
1/k are in the data set.

Transforming the power spectrum P (k) back into real space with the inverse Fourier
transform gives the two-point correlation function £ (r). The two-point correlation func-
tion is defined as the increase in probability of finding two overdense lumps (e.g. two
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galaxies) at a distance r apart, over a completely random distribution. In other words
& (r) = 0 for all » means that the matter is completely randomly distributed. £ (r) > 0
for a specific r indicates that, because of some mechanism, the probability is larger for
finding two overdensities separated by a distance r than it would be if the matter was
randomly distributed. Similarly, a negative £ (r) for some r implies that at a distance
r from an overdensity, there is an increased probability of finding an underdensity.

1.3.3 Cumulative halo mass function

Dark matter tends to gather in gravitationally stable lumps. These dark matter haloes
are the seeds for the formation of galaxies and galaxy clusters.
The cumulative halo mass function

n(> M), (1.4)

is a measure for how many dark matter haloes, with mass larger than M, that exist per
cubic megaparsec.

Some times the mass function is presented not as the cumulative mass function, but
as the number density of haloes with mass M within a logarithmic interval,

dn (> M)
dln M

This definition is not used in this thesis.

(1.5)

1.4 Curvature in general relativity

In general relativity, gravity is considered to be a result of the curvature of spacetime.
To calculate how particles interact through gravity, one must first calculate how space
curves and then find the shortest possible paths — called geodesics — for the particles
in this curved spacetime. In this section, quantities used in general relativity to de-
scribe curved spacetime will be presented briefly. This field of study is called Riemann
geometry [46].

The basic quantity used to describe the geometry of space is the metric tensor g, .
In a curved spacetime, one needs a Christoffel connection Fi‘w, to describe covariant
derivatives, which basically are directional derivatives that are independent of the choice
of coordinates™. The definition of the covariant derivative is V2" = 2", + FZ)\JJ’\ for

the contravariant z¥, and V,w, = wy,, — F;\“,wA for the covariant w,. Note that for
scalar quantities, the covariant derivative is equal to the partial derivative V¢ = ¢ .

*Recall for example, that to find the gradient in flat three-dimensional space, one simply has

that V = fc% + ya% + i% in cartesian coordinates, while in spherical coordinates one has V =

f‘% + %(}ba%) + ﬁé% Here the factors 1/r and 1/rsin ¢ appear because of choice of coordinates,
and can be “hidden” inside the Christoffel symbols to create expressions independent of coordinate
system. To regain the numerical values one has to extract the Christoffel symbols from the specific
metric (coordinate system) that is used, for instance grr = 1,gg0 = r2sin? ¢, Jop = r2 for spherical

coordinates and simply gz = 1, gyy = 1,¢9.. = 1 for Cartesian coordinates.
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The Christoffel symbols can be found from the definition

1

iggp (ng,u + 9opp — g,uu,p) . (1.6)

The Riemann tensor quantifies the curvature, and can be found from the Christoffel
symbols via the formula

Rf,, =T

ouv

A
FW—

o= Dy #1000 = T (1.7)

A contraction of the Riemann tensor gives the Ricci tensor R, = R/;\mw and a
further contraction of this (after raising an index) gives the Ricci scalar, R = g"" R, .
In general relativity one often sees the Einstein tensor G, = RH,,—%RgW, the usefulness
of which will be clear in the next section about Einstein’s field equations.

To find how individual point particles move in the curved spacetime described by
the metric g,,, one uses the geodesic equation (which can be found from the action
principle, but is defined geometrically through the curve along which the tangent vector

is parallel-transported [46]). The geodesic equation in general relativity reads
B4 Th i3 = 0. (1.8)

This equation follows from stating that gravity is not a force in the common sense, but
rather just a result of the curvature of space; particles that are not affected by external
forces, will move in a locally straight line relative to the curved space. The geodesic
equation therefore is the equation of motion for a particle affected only by gravity.

1.5 The action principle and Einstein’s field equations

A very important principle in all branches of physics is the principle of least action [47].
For any system, there exists an action which is the time integral of the Lagrangian.
Mathematically, this action can be written S = f Ldt. In classical mechanics, the
Lagrangian is equal to the difference between the kinetic and the potential energy of a
system L = K — V. If the system contains continuous matter or fields, it can be useful
to write the action as the four-dimensional spacetime integral of a Lagrangian density
L, such that S = [ L£dz? in Minkowski space. The Lagrangian density £ will often
simply be referred to as the Lagrangian in this thesis, when there can be no confusion.

The action principle states that, during any spacetime interval, the action should
stay the same, 65 = 0. In classical mechanics, consequences of the action principle
include the Euler-Lagrange equation (which can be used to find the equations of motion
for mechanical systems), and conservation of mechanical energy. A modified version of
the action principle is important in quantum mechanics and quantum field theory.

Here follows an example of how to apply the action principle, which doubles as an
introduction to Einstein’s field equations. We will perform a variation of the Einstein-
Hilbert action, and use the action principle to derive Einstein’s field equations in general
relativity. The Einstein-Hilbert action is given by [46]:

SEH :/\/ngd4.%', (1.9)
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where g = det (g,,) is the determinant of the metric g,,,, and R is the Ricci scalar.
This action is the integral of the simplest scalar invariant Lagrangian density that can
be constructed from the metric, namely £ = R. The factor of \/—g is a geometric
volume factor (the Jacobian) that is needed when taking the integral over the non-flat
four-dimensional spacetime.

Adding the Einstein-Hilbert action and the matter action together, one finds the
total “action of the universe”:

S = /\/?9(16}7§G> d4x+/\/?g£M d*z. (1.10)

Here, the constant factor of 1/167wG is included so that the resulting equation reduces
to the usual Newtonean gravity in the nonrelativistic limit (this is common in e.g. [46]).
This action should now be varied with respect to the inverse metric g"¥, meaning that
one has to do a linear perturbation g — g +§g¥, such that S — S+46S5. This gives

55:/ [(16;(;) § (vV=gR) +5(\/—795M)} d*z. (1.11)

Here the notation J (x) means a variation of some variable z. Using that 6/—g =
—%\/— 99,,09", and the definition of the Ricci scalar (see section 1.4), one eventually
finds that

1 1 §Cy 1 ,
55 = [ V75| (5m) (o = gftaw) + S — gomtar| o0 ata. (112

Now, the action principle states that the action should stay unchanged no matter
how the metric changes, meaning 65 = 0 for any d¢g*”. This can only be achieved
if everything inside the square brackets of equation (1.12) is equal to zero. Which easily
results in the equation

1 0Las
RHV — ingj = 8rG <_25g#l’ + g#y£M> . (113)
Here everything inside the parenthesis on the right hand side is defined to be the energy-
momentum tensor 7),,. Using the definition of the Einstein tensor, G, = R, — %ng,
we now have the simplest form for Einstein’s field equations, namely the tensor equation

G = 87GT,,. (1.14)

The field equations™® tell all there is to know about how all the contents of the universe
— on the right hand side of equation (1.14) — interact with the curvature of space — on

*The reason for the plural equations, is that the tensor equation (1.14) actually consists of 4 x 4 =
16 separate equations, when inserting all possibilities for p and v. Not all of these equations are
independent, however.
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the left hand side. This equation can be used to find the evolution of matter, radiation,
and scalar fields in the universe.

There are many scalar invariant terms that are technically allowed to be added to
the Lagrangian in addition to R. For example, simply adding a constant scalar term A
such that
S = /\/TQM;G (R—2A)d*z + / V—gLy dz, (1.15)

will give rise to the Einstein field equations with a cosmological constant,
G + Agu = 87GTy,. (1.16)

This tensor equation allows for an exponentially expanding universe, and is the corner-
stone of the standard model of cosmology, ACDM. The expressions general relativity
(GR), standard gravity, and ACDM all refer to unmodified gravity in this thesis.

1.6 Modified gravity

Modifications to Einstein’s general relativity were considered already a few years after
his theory was first published. This was done by realizing that it is completely possible
to include higher order invariant terms in the action (1.10), for example R? and so on
[48]. Such higher order theories became more popular in the 1960s. When trying to
quantize the classical theory of gravity, it was found that higher order counterterms
in the action were necessary to make the quantized theory normalizable [49]. These
theories were mostly interesting in high-energy physics.

The first generally popular modification of gravity to be applied on galaxy scales
was modified Newtonian dynamics (MOND). MOND was introduced in 1983 to explain
galaxy rotation curves and hence greatly reduce the amount of dark matter needed in
the calculations [50]. The original idea in MOND is to modify Newtons second law
such that the equation reads Fi o< a? for low accelerations, but reduces to Fy  a in
the solar system and on earth. This theory is still studied, but has multiple problems,
especially in systems that are not spherically symmetric [51, 52].

Today there exist a multitude of theories for modified gravity [14]. The starting
point of most of these theories is to begin with another form for the Lagrangian than
simply £L = R, or L = R+ 2A. For example one can take some scalar function of R
instead of simply R, such that £ = f(R). These kinds of theories are called f (R)-
theories. One example that can lead to early cosmic inflation is f (R) = R + aR? [53].
There are many other more or less justified terms that can possibly be constructed and
inserted into £, especially if one in addition to the tensor field g,,, also allows for the
existence of a scalar field ¢. The general Lagrangian in these scalar-tensor theories
is called the Horndeski Lagrangian [54|, but writing down this complete Lagrangian
requires multiple pages, and it is not very relevant for the rest of the thesis. The most
important addition to the Lagrangian for our purposes is that of a canonical scalar field
¢, namely

Lo=—50%0,—V(6). (1.17)
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The first and second term on the right hand side represent the kinetic energy density
of the scalar field and the potential energy density respectively. These terms are known
from classical field theory, and are therefore well motivated. Even more so after the
confirmed existence of the Higgs boson, whose field obeys this very Lagrangian [55, 56].

The idea of a scalar field as the source of dark energy emerges because the potential
energy of the scalar field can under certain conditions emulate a cosmological constant in
the resulting field equations. Just adding the Lagrangian of a scalar field that rolls slowly
down a potential can therefore give an accelerating expansion on large scales. Such
models are called quintessence models [57]. However, quintessence models lack screening
mechanisms and a coupling to matter. They have theoretical results that diverge from
ACDM, which one should be able to measure in observations. Such divergences are not
measured to this date.

As stated earlier, all valid theories of modified gravity must contain some screening
mechanism for the theory to recover general relativity on solar-system scales. One large
class of scalar-tensor theories are the ones that are screened in regions of high Newtonian
gravitational potential ¥ — which usually happens in areas inside or close to high density
galaxies and galaxy clusters. In these theories there needs to be a coupling between the
scalar field ¢, and the matter. This coupling is introduced through the Jordan frame
metric g,,,, which in general is some function of the field, the standard Einstein frame
metric g,,,, and their derivatives. The Jordan frame metric enters in the matter section
of the action, meaning that it must be used instead of the Einstein frame metric for
calculating the matter Lagrangian, and the Jacobian \/—¢g factor. The general action
for all of these density screened theories with a canonical field then reads

s= | [\/fg <R g, v (¢)> n \/?gzm} de. (1.18)
167G 2

Now, L,, is the Lagrangian density of matter computed using the Jordan frame metric

g instead of g,,,, whenever applicable.

In section 1.5, we varied the Einstein-Hilbert action with respect to the metric to
find how particles should behave in general relativity. Doing the same thing to the
new scalar-tensor action (1.18), would result in a modified version of Einstein’s field
equations. One can now also vary the action with respect to the scalar field ¢, which
yields the equation of motion for the field value. Assuming Minkowski space, this
equation of motion in the simplest case is a second order differential equation on the
form

¢ =V~ Vet g, (1.19)

where Vg is the effective potential felt by the scalar field, and is usually a function of
¢ and the matter density p [16]. This equation of motion is comparable to the Klein-
Gordon equation in quantum field theory, which describes how the quantum field of a
spin zero particle (e.g. the Higgs field) evolves.

To find out how point particles® move in the modified theory, we assume that the
particles follow straight lines in the Jordan frame, thus we must calculate the geodesics

*In cosmology point particles often means galaxies.
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using the Jordan frame Christoffel symbols f‘g found from the Jordan frame metric
Juv- The geodesic equation — at least in the models shown here — now takes a similar
form to that in general relativity [58],

B Thai” = 0. (1.20)

However, the Jordan frame Christoffel symbols are usually more difficult to calculate
than the Einstein frame Christoffel symbols from general relativity. The acceleration of
particles in the Jordan frame can be decomposed into the few terms originating from
general relativity — which will always be present — and all the extra terms, arising from
the modification to gravity. These extra terms in the acceleration of particles are called
fifth forces, and are present in many alternative theories of gravity. The fifth forces
should vanish in screened areas.

Two specific matter coupled scalar-tensor theories will be presented in the following
subsections. First, the relatively simple and well-studied symmetron model with just a
conformal coupling. Secondly, the disformally coupled model will be introduced.

1.6.1 The conformally coupled symmetron model

In conformally coupled theories, a scalar field ¢ interacts with matter and changes the
Jordan frame metric g that matter recognizes. The relation between the Jordan frame
metric and the Einstein frame metric is given by

Juv = A (@b) *Guvs (1-21)

where A (¢) is some function of the value of the scalar field, and is called the conformal
coupling term.

The symmetron model is a specific conformally coupled theory which has been well
studied, both in the background linear regime [59, 60|, and in the non-linear regime
through simulations [61, 62, 40, 63, 39]. The modified Einstein-Hilbert action for the
symmetron model is given by equation (1.18). The Jordan frame metric g is related to
the Einstein frame metric g, according to

G = [Asyn (O - g (1.22)

where the conformal coupling term Agyy, is responsible for how the field interacts with
the matter/energy content of the universe*. Note that if Agy, = 1, the Jordan and
Einstein frame metrics are identical, and the field will not couple to matter. The
symmetron screening mechanism — which will be explained soon — is designed to make
Agym — 1 in high density areas. Particles in screened locations will behave like in
general relativity.

*The definition of the conformal term in the Symmetron theory, where A (¢) — [Asym (¢)]%, is
purely practical.
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In the symmetron model, one specifies the symmetron potential and the conformal
coupling as

V(6) = —gi0* + A6+ Vo, (1.23)
Asym (¢) =1+ ﬁ&, (1.24)

where u, A, Vo, and M are free parameters of the model. It should be noted that the

mass-scale M is always large compared to the scalar field value ¢, so one often takes the
2

approximation Agym =1+ <%) , ignoring terms to forth order of (%) This specific

choice of Agym and V, after applying the action principle dS = 0 to equation (1.18),

leads to an equation of motion for the scalar field where the field behaves as if it rolls

on an effective potential of the form

Ve (6.0) = 5 (303 — 7) 6 + 20" (1.25)

Figure 1.2 shows the effective symmetron potential for two different densities, spe-
cifically p = 0 (vacuum, comparable to the void between galaxy clusters) and p = 4u2M?
(a high density, comparable to the inside of a galaxy cluster). In high densities, the
effective potential is parabola-like and has a single minimum at ¢ = 0, V = 0. In low
densities, the effective potential achieves the characteristic “Mexican hat” form with
two minima that lie at a lower potential than V' = 0. The specific density at which
the potential switches from one to two minima is psgg = M?u?, where SSB is short for
spontaneous symmetry breaking.

The early universe is dense, such that p > pgsp, and the scalar field starts out at
rest close to ¢ = 0. As long as the field sits in the bottom of the high density potential,
there is no coupling to matter, because when ¢ — 0, one finds that Agym — 1, and
therefore g, — g,,. This means that the theory is completely screened in the early
universe. However, as the universe evolves and expands, the areas of lowest density
— often called voids — will experience spontaneous symmetry breaking when p < pssp.
The name symmetry breaking comes from the fact that the ¢ — —¢ symmetry is broken
when there no longer is an oscillation around ¢ = 0, but rather around either ¢ = +¢q
or ¢ = —¢p. The quantity ¢g = u/v/X is called the vacuum expectation value of the
field, and is the minimum of the effective potential, when we assume complete vacuum,
specifically p = 0. In the voids where the symmetry is broken, the screening is no longer
efficient and fifth forces will appear [64]. In galaxy clusters, the overdensities grow fast
enough that the density has never dropped below pgsp, and the model is still screened.

Whether the field falls to +¢g or —¢g after the symmetry breaking is a complex
matter, and small differences in parameters or initial conditions could change the res-
ulting sign of the scalar field. In the symmetron model, the physics are the same for a
field that has fallen to a negative value and a field that has fallen to a positive value,
but interesting features and physics appear in the domain walls between areas that have
opposite signs of the scalar field [65, 66].
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The geodesic equation in the symmetron model is given by [61]:

B OlogAgym (¢)
¢

which for Agym = 1 reduces to general relativity, as expected. This means that for a
stationary particle (i.e. all ## = 0), one expects a fifth force proportional to both the
value and the gradient of the scalar field. Specifically

B4 Th i3 =

(V“qb + ¢'>a':“) : (1.26)

Fs oc (log Agym) , Vo X 6V, (1.27)

where in the last approximation, it was assumed that 1/A a~ 1*. The relation (1.27)
confirms that the fifth force should be screened in areas where ¢ — 0, but also shows
that there should be little of the fifth force when the gradient of the field is low (e.g. in
large areas of relatively uniform matter density, far from massive haloes).

3_' T | 1 T | T II | T

/

\ || — Low density
|- High density

0/,

Figure 1.2: The figure shows the effective potential of the symmetron field in areas of
low density (black line) and in areas of high density (red, dashed line).

*This approximation is valid when we have decided on a value of the parameter M such that
M > ¢.
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1.6.2 Disformally coupled models

In disformally coupled theories of gravity, the action is again given by equation (1.18).
However, the expression for the Jordan frame metric g has an extra disformal term,
which links the time and space derivatives of the field to matter,

G = A(P) Guv + B(4) ¢,9 .- (1.28)

On the most general form, the conformal term A (¢), the disformal term B (¢), and
the potential V (¢) are free functions. They are in some papers taken to be either
constant or exponential functions of ¢, which simplifies some analytic calculations [36].
In this thesis the symmetron form for the potential V' and the conformal term A will
be used, in addition to a simple exponential for the disformal term B (as will be seen
in section 2.1). Now the variation of the action with respect to ¢ becomes much more
complicated than in the symmetron case, because of cross terms from the two terms
in the Jordan frame metric (1.28). The details on the calculation of the equation of
motion will be given in section 2.3.

Matter particles will move in geodesics determined by the Jordan frame metric.
Generally, the modified geodesic equation reads

B4 Th 3" =0, (1.29)

where T 5 are the Christoffel symbols for matter found from the relation [58]

BT %g"” Vadss + YV sGaw — Voias) (1.30)
The detailed calculation of particle movements for the disformal model will be carried
out in section 2.5.

In the case of a constant disformal coupling, B = const, and no conformal coupling,
A =1, the disformal fifth force is expected to be proportional to the second derivative
of the field with respect to time, as well as the gradient of the field [25]. Specifically

F5 x $Vo. (1.31)

From this, one would expect that oscillations of the field in areas with some field gradi-
ent will give rise to fifth forces. To screen these forces, the field needs to be at rest,
or oscillate uniformly over large areas. In the general case where there is some con-
formal coupling, one can expect more terms in the fifth force. This possibility will be
investigated further in this thesis.

1.7 N-body simulations

A computer simulation is a program that is made to behave like some physical system,
so that one can study the result of the program instead of the actual physical system it
imitates. In cosmology this is especially helpful, because doing a real-world experiment
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on how stars and galaxies evolve would be unpractical, or indeed impossible. We only
have access to one visible universe, so without simulations we would have no way to
examine how the universe would behave if we rewinded it and allowed it to evolve with
slightly different parameters or initial conditions.

With simulations, complex nonlinear systems of many particles — that are com-
pletely uncomputable by pen-and-paper methods — can be studied. For example, even
finding the exact motion of three particles interacting through gravity is not possible
analytically, but a good approzrimate solution can be found quite easily with a simple
simulation. Any number N of particles can be simulated using such methods, hence the
name N-body simulation.

When doing numerical simulations it is important to normalize the variables one
uses, such that the values do not exceed unity by far. This is because numerical errors
are more likely to occur when performing floating-point operations on two numbers of
different orders of magnitude.

1.7.1 Newtons second law, algorithm

As a simplified example, it will be shown how to numerically compute the motion of
particles affected by gravity, using Newton’s gravity and Newton’s second law [67]. New-
ton’s second law states that the acceleration a = X of a massive object ¢ is proportional
to the vector sum of all forces F; ; acting on the object from all other objects j # i,
and inversely proportional to the mass m; of the object. Specifically

a, — Z& (1.32)

J#i

Assuming that the objects are point masses, and that Newtonian gravity is the only
force acting between them, the magnitude of the gravitational force on a single object
from another is given by Newton’s law of universal gravitation,

mimj
2

|Fij| =G (1.33)
G is Newton’s gravitational constant, and r is the distance between object ¢ and j. The
direction of the force is along the line connecting the two objects. The inertial mass of
an object is incidentally equal to the gravitational mass of the object. From this follows
that, when finding the total acceleration due to gravity, the mass of the object studied
can be cancelled.

G mymg;
| =Y — ;2 1, (1.34)
prried

To implement this equation into a code and track the positions and velocities of the
particles, one has to make a system of first order differential equations; One equation
for the position, and one for the velocity og each particle. The equations in this case



18

Introduction

are:
)‘(2‘ = Vy, (135)
: m;
VizaiZGzi(Xj—Xi).

3
G |Xj - Xi|

These equations must be discretized in time to be solved by a computer. The simplest
way to do this is with the forward Euler integration, simply by letting the infinitesimals
become finite, dt — At. We now find that the change in position, Ax;, at a given time
t is given by v; (¢) - At. Similarly, the change in velocity during the same time interval,
is given by Av; = a; (t) - At. Taking one time step forward, one gets the forward Euler
algorithm for integration:

i (4 At) = x; (1) + vi (1) - AL, (1.36)
V; (t + At) =vV; (t) + a; (t) - At.

In a three-dimensional implementation, the calculation will probably be split up into
a separate set of equations for each of the three spatial components of x and v. The
calculation must be done for each particle ¢, summing over the forces from each other
particle j # 4. This iteration is then repeated for each new time step of size At, from a
pre-decided initial state, at ¢t = tg, until some time ¢ = tepq.

In theory, one can include as many particles as desired in this method, classifying it
as an N-body simulation. However, this simple, brute-force algorithm quickly becomes
computationally demanding when increasing the number of particles. When using for-
ward Euler, the time step At must be chosen sufficiently small for the particles to not
jump too far in each step. This is because in practice, the particles follow straight lines
between each discrete calculation. If, for instance, two particles are supposed to orbit
each other in stable, elliptical orbits, a too large time step will actually result in the
particles spiralling outwards in the simulation. Consequently, forward Euler does not
conserve mechanical energy.

Ways to improve the implementation is to use smarter schemes for the time in-
tegration — for example the leapfrog scheme, which conserves energy — and to collect
particles in groups. Using these groups when calculating the gravity force on a distant
particle, instead of summing over each particle individually, will drastically reduce the
time needed for the computations.

1.7.2 The leapfrog scheme

The leapfrog method is a second order method for solving coupled differential equations,
unlike forward Euler, which is only a first order method*. Nevertheless, the leapfrog
algorithm uses the same amount of calculations per time step, and has the added benefit
of conserving energy in a mechanical system.

*A second order method has an absolute error e that goes as ¢ o (At)?, whereas a first order
method has an error that goes as € o« At. Forward Euler requires a power of two the amount of time
steps in the same interval, to reach the same accuracy as the leapfrog scheme.
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The scheme is some times called velocity Verlet, these schemes essentially consist of
the same calculations. The principle is that the velocity is evaluated at each integer-
and-a-half time step, while the acceleration and position are evaluated at each integer
time step. Thus the velocity and the position evaluations will “leapfrog” over each other.
One time step of the leapfrog method (for one particle with position x, velocity v = %
and acceleration a = X) can be written as

v <t+;At> :v(t)+a(t)ém
1
x(t+A)=x(t)+v (t—i— 2At> <At (1.37)
v (t + At) :v<t+;At> +al(t+ At) - At.

Here, the acceleration at time ¢t + At that is evaluated at the end of a time step is saved
and re-used at the start of the next time step (where t — ¢ + At). In this way there is
only one evaluation of the acceleration in each time step [68].

1.7.3 Cosmological simulations

There are many cosmological N-body codes that apply different methods to efficiently
simulate the evolution of point particles in the universe. Examples of cosmological
N-body codes are the particle mesh code RAMSES [41]| and the hierarchical tree code
GADGET-2 [69]. This subsection will be focused on particle mesh codes, on which Isis
is based.

The code has an initial, coarse particle mesh grid, on which particles are distributed
from some given initial conditions. The initial random distribution of the particles must
fulfil certain criteria, often constrained by observations of the cosmic microwave back-
ground. The initial distribution is usually computed in an external program through
linear perturbation theory.

A common feature in particle mesh N-body codes is adaptive mesh refinement
(AMR). First, the best approximation of the gravitational potential ¥ at the centre
of each cell is calculated from the densities of particles in the other cells of the grid.
The acceleration of a single particle is then found from the gradient of this estimated
gravitational potential. In this way, the code saves a lot of computing power by treating
all other particles as a density field instead of as point particles. As time passes, the
particles start to gather in lumps due to gravity. When many particles are clustered in
a few cells, the value of the estimated W at the centre of each of these cells becomes
unprecise. Furthermore, the large gravitational acceleration close to a dense lump of
particles gives rise to numerical errors when the time step is too large. Both these
problems are solved by refining the mesh structure — for grid cells where the particle
density is high, the three-dimensional cell is divided into eight cells with half the width
and half the time step of their parent cell. Such refinements can, if needed, be applied
to already refined cells to further increase both the temporal and spatial resolution in
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important areas. This recursive subdivision into octants results in a so-called octree
grid structure.
The gravitational potential ¥ is found from the density field using the Poisson
equation,
V23U = 47Gp. (1.38)

This equation can be solved numerically by doing a given amount of Gauss-Seidel it-
erations. In Gauss-Seidel iteration number n + 1, the potential \I!;"H at each cell 7 is
estimated from the density in the current cell p;, and the potential of the surrounding
cells at the previous iteration n. The simplified formula for such an iteration reads

n+l
Uit =

D=

> | - Ap, (1.39)

six adjacent

where A is some constant including 47G and the width of the grid cell. This method
converges very slowly, but the equation (1.38) is in RAMSES solved quite efficiently
on a level-by-level basis with a multigrid scheme [42]. This scheme uses Gauss-Seidel
iterations on each grid, but with added corrections from the coarser grids.

The absolute size of the simulation box is limited. The length of each of the edges
of the box is often 64, 128, or 256 Mpc/h*. To ensure that the simulation behaves as if
there was infinite space, and not just a box of particles with nothing outside, one usually
applies periodic boundary conditions. In this way, particles on the far left side of the
simulation are gravitationally affected by particles on the far right side, and particles
that disappear out of the box will warp over and reappear on the other side. In short,
the simulation behaves as if the simulation box was copied and placed on each side of
the original box.

1.7.4 Scalar fields in simulations

When simulating conformally coupled scalar fields, it is normal practice to assume the
field is quasistatic, which means one takes gb (;5 = 0. This is usually justified by the
fact that the fifth force is F5 X ¢V ¢, and therefore the motion of the particles is not
affected by temporal oscillations of the field. The resulting equation of motion for the
scalar field, when removing all time derivatives, is a Poisson equation on the form

V¢ = Vegr,p (0, 8) - (1.40)

This equation can be solved numerically by setting up a grid of scalar field values, and
doing a sufficient amount of Gauss-Seidel iterations, or multigrid iterations for each
time step of the particles [70]. The result is a field value at each grid point depending
on the mass density in that grid cell. The field achieves the value it would have had if
it did not oscillate, specifically ¢ = +¢g in vacuum far from galaxy clusters, and ¢ = 0

*The variable h is used as a normalization during calculations, so that the results are valid even if
the actual value of h turns out to be slightly different.
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in high density areas. This approach for simulating scalar fields is used in for example
[61] and [40].

To include the oscillating nature of the scalar field, one sets up a time-stepping
scheme similar to the one used for solving the equation of motion for particles. One can
then discretize the full equation of motion for the scalar field. Defining a new variable
q= é, and applying the leapfrog scheme, one obtains these difference equations, that
can be solved step by step numerically:

q <t+ ;m) =qt)+o(t)- %At,
dt+At)=¢(t)+q <t + ;At) At (1.41)

q(t+At):q<t+;At> + & (t+ At) - AL

The acceleration of the field is calculated by isolating ¢ in the specific equation of motion
for the field that is simulated.

This non-static approach is used by Llinares et al. in the paper [39], where they
describe the method outlined above in detail, including how to choose initial conditions
for the field values. A point worth mentioning is that the symmetron field is expected
to oscillate faster than the average motion of dark matter particles. This is allowed in
the code by letting the field evolve with multiple smaller time steps for each coarse time
step of the particles. A problem with current non-static codes is that they don’t allow
for adaptive mesh refinement of the N-body grid.

The resulting non-static Isis code from the paper [39] is used to implement the
disformal equations presented in this thesis.
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Chapter 2

The disformal equations

After specifying the disformally coupled model, we will in this chapter calculate both
the field equation of motion — describing how the field will evolve when coupling to
matter — and the geodesic equation — describing how dark matter particles will move in
this model. Before implementing these equations, we normalize the field and introduce
supercomoving variables to make the implementation easier. For more specific details
on the implementation, see Appendix D.

2.1 Specifying the disformally coupled model

The action in disformal gravity is in general given by

s/ [\/—7 (16% OOV <¢>> n \/—Tyam} diz, (2.1)

with
Juv = A(o) g + B (®) GuPu- (2.2)

The field potential V' (¢) can have many different forms, but we choose the symmet-
ron “Mexican hat” potential given by

V(p) = —%M%Q + %Aqﬁ“ + Vo, (2.3)

with the three free parameters p, A, and V4. The specific forms of the conformal term
A (¢) and the disformal term B (¢) studied in this thesis are as follows:

Ag) =1+ (;})2 (2.4)

¢
B (¢) = Bpexp <ﬁ¢0 . (2.5)
By and 8 are free parameters for the disformal coupling. ¢q is a normalization constant
chosen to be the vacuum expectation value of the field ¢y = % The symmetron mass

scale M is a free parameter, deciding the interaction strength of the conformal coupling.
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This specific choice of A, B, and V essentially gives a symmetron model with an
additional non-symmetric disformal term described by the exponential B (¢), meaning
that the model should reduce to the already well studied symmetron model when setting
By = 0. Hopefully the conformally coupled symmetron part of the equations will be
dominating, and turning up the disformal part step by step will show how these parts
interact.

Both the existence of a conformal term A and a disformal term B can lead to
screening effects, see [64] and [25] respectively.

2.2 Assumptions

The main assumptions that will be used in this thesis are:
1. ¢ is a canonical massless field with Lagrangian density L4 = —%8“(1)8,@ -V (9).

2. All matter is nonrelativistic shearless and pressureless matter, namely cold dark
matter. This means that the energy-momentum tensor simply is given by
TE = diag (p, 0, 0, 0) . Most observations indicate that dark matter is cold, and
that it has multiple times more mass than baryonic matter. This should not be a
too bad assumption for a first study.

3. We are working on large scales, and with nonrelativistic, shearless, and pressureless
matter. The metric can therefore be set to the linearly perturbed flat FLRW
metric, also called the conformal Newtonian gauge [71]|. The line element is given
by ds? = — (14 2¥) dt? + a® (¢) (1 — 2¥) (da? + dy? + d2?). Note that the time
and space perturbations are assumed equal, and in the nonrelativistic limit the
perturbation ¥ is equal to the Newtonian gravitational potential.

4. The Newtonian gravitational potential is negligible on the scales we are interested
in, |¥| < 1. This means the approximation (14 O (¥)) = 1 is safe in the last
step of derivations*.

5. Assuming matter moves slowly, it follows from assumption 4 that the gravitational
field varies very slowly in time, namely ‘\I/’ ~ (0. This is called the quasistatic

approximation.

Notice that we do not assume the quasistatic approximation for the scalar field ¢. This
is because the symmetron field oscillates in a potential, and the non-static terms might

*This is true as long as the main volume of the scalar field is not too close to a neutron star or a
black hole, where the zeroth order assumption that 1+ O (¥) = 1 — and even the first order perturbation
of the metric — will break down. As an example, let us look at the supermassive black hole at the centre
of the Milky Way, with My, = 4.1 -10°Mg [72]. The dimensionless Newtonian potential is given by
¥ = —GoM/r, meaning that in the extreme case — to have (1 + ¥) = 1 within 1 % accuracy — one
needs a distance of at least r > GoM/0.01 ~ 2 - 1075 pec, which is just over 4 astronomical units.
Anything smaller than solar system scale is completely irrelevant for cosmological purposes, but might
of course be important to consider when doing solar system tests of modified gravity. This assumption
will in addition be checked numerically in section 4.5.
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contribute even in the symmetron case [39]. Moreover, the time derivatives of the field
are especially important in disformal theory, where the fifth force is expected to be
proportional to the double time derivative of ¢ (see equation 1.31).

2.3 The equation of motion for the scalar field

The resulting equation of motion for the field after varying the action (2.1) with respect
to ¢ is in general given by

v v _
MUYV + o QT 4V =0, (2.6)
where
MY = Ly xg" + Ly xxH ot — LT’W (2.7)
’ ’ A—-2BX ™’
_ A AgB By
Q,ul/ - ﬂgyl/ + < A2 2A) ¢,u¢7ln (28)
1 1,
= — 5 (V%0) (Vd) = —36" 0.0, (29)
V — £¢’¢ + 2X£¢7X¢. (210)

This formula is taken from the paper [25], and will be the starting point for finding a
more tangible equation of motion for the specific model given here.

The assumed canonical field with L5 = X — V (¢), means that Ly x =1, Ly xx =
Ly x¢ = 0. This simplifies the following symbols:

B
MW = ghv T (2.11)
V=—V,. (2.12)

The insertion and calculation of the specific equation of motion is done in appendix B.
The resulting equation of motion for ¢ is given by

B P | B P
(12 e) S a0 E bt s B v
i=1,2,3 i=1,2,3
. A A7¢ A@,B Bs\ ;9 _
—3H(1-2V)9+ = <—(1+2W)2A+ <Az—2A 0°)p=Ve=0.
(2.13)

One can now further simplify the expression in equation (2.13) by assuming that
(1+ W) = 1. This should drastically reduce the amount of computational operations
needed in the code while still keeping enough accuracy for the purpose of this thesis. It
will be useful to introduce the shorthand notation

9 B

"= AT9Bx (2.14)
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Now the equation of motion for any A, B, and V in the conformal Newtonian gauge is
given by

9 [ Ag(0) 2 B (0) o A4 () 1 S
TP\ A0 C 29" ) @ ;3 i (9)

2.3.1 Imserting A, B, and V'

We can already now insert the expressions for A, B, and V that will be used, namely

62
A(g) =1+ (M) , (2.16)
Ay (d) = 2%7 (2.17)
B(6) = Baowp (52 ). (2.18)
0
By (¢) = fB (¢), (2.19)
0
Vi(9) = —%u%? + iw‘* + Vo, (2:20)
Vi (9) = =1 + 2% (2.21)
This means that the specific equation of motion is
. .1 2 B\ .
(14++%p) ¢+ 3H¢ — gv% =’p (W - m) ¢? (2.22)
2
Y P 120 - A

By exp (5 %)
where, fully written out, 72 is given by
K3
- By exp (,8 ¢0>
B % 6 '
1+ () +Boexp (L) 906,

The term a% Zi:17273 VU ;¢ ; from equation (2.15) is omitted for now, because this gradi-
ent is difficult to interpret analytically. The term will be kept when doing the numerical
analysis later.

On this form, the equation of motion (2.22) is not very useful; it simply has too
many terms to understand intuitively, and it is not optimized for insertion into the
N-body code. However, one can make some predictions about the behaviour of the
disformal field in three special cases.

gt (2.23)
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2.3.2 Analytical considerations in three special cases
The symmetron limit

The symmetron limit is equivalent to taking 8 = By = 0. In the term with v2/By one
must first cancel By in the numerator and denominator, then insert By = 0 everywhere
else. This results in the symmetron equation of motion

o f L
2 2

M 14 ( % )
When assuming 1+ (¢/M )2 = 1%, the equation above reduces to exactly the equation of

motion that is used in the paper [39], where the symmetron model is simulated without
assuming the quasistatic approximation ¢ = ¢ = 0.

é+3Ho— %V% + u2p — AP (2.24)

The low density limit

There are two predictions that can be made about the behaviour of the scalar field in
the disformal case, with By # 0. First and simplest is the low density limit, which is
equivalent to setting p = 0 in equation (2.22). In this case the equation becomes exactly
the vacuum symmetron equation of motion

é+3H{b—%V2¢ = 12p— N (2.25)

From this one can expect that in the void far from dense galaxy cluster, the disformal
field will behave like the symmetron field. The differences between these models should
be more important on small scales.

A simple way to find the vacuum expectation value ¢g, is to see where the field has
no acceleration when assuming no velocity and no gradient. <z5 = gb = V2¢ = 0 gives
the following equation for the stationary points ¢gp of the effective potential:

12hsp — Agip = 0. (2.26)

One solution is ¢gp = 0, but this solution is unstable since the potential has a local
maximum there. The other two solutions are the stable minima of the potential, given
by ¢sp = #p/vA. This is the reason for defining the “vacuum expectation value” of
the field ¢g = pu/V\.

The high density limit

The last special case is the high density limit, where one can assume that p — oo, and
therefore ignore all terms without p in equation (2.22). After dividing by v2p on both
sides one finds

v 2¢_5> v o
¢ = <M2+¢2 2¢0 ¢ Bg@(p(ﬁ%) 2 (2.27)

*This is actually a good approximation in the symmetron case, see section 4.5.
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In this case, assuming ¢ is small enough that one safely can take ¢ ~ 0, one finds a
stable attractor at ¢ = 0. Unlike in the symmetron case, however, this attractor will
not behave exactly like a symmetric harmonic oscillator. The terms with 8 makes the
effective potential asymmetric.

Consider the exponential factor in the denominator of the last term of equation
(2.27). For positive ¢, the exponential will be larger than one, and the acceleration
term gi) will become smaller than if ¢ was negative. This means that at a negative
displacement ¢ = —¢, there will be a stronger acceleration towards ¢ = 0 than at a
positive displacement of the same magnitude ¢ = +e. This effect gives a net positive
acceleration for the disformal field in high density areas. However, the term —8¢2/ (2¢0)
gives a net negative acceleration when the time derivative of the field is not negligible.
Telling which of these effects — if any — that will dominate, is difficult at this point.

2.4 The equation of motion, arranged for the computer

2.4.1 Dimensionless definition of the field

For computational convenience, the field is normalized to the vacuum expectation value

of the field,

I
% (2.28)
The new dimensionless field x = ¢/¢o should keep in the range O (£1), at least for a
symmetron-dominated case when By is small. We introduce the parameter agsp, de-
fining the expansion factor at spontaneous symmetry breaking, assuming a conformally
coupled field and a uniform matter distribution [39]. Furthermore, we define the density
of spontaneous symmetry breaking

%o

Po(z=0
pssp = M2 = =0 (2.29)
assB
a dimensionless symmetron coupling constant
_ ¢oMp
0= TR (2.30)
the symmetron range
1
A= —, (2.31)
V2
and finally, the dimensionless disformal coupling constant
bo = BoHZ M3, (2.32)

Mp) = 1/+v/87G is the Planck mass in natural units. The average matter density po at
redshift zero for a flat universe, found from the Friedmann equations 73], is

Po(z=0) = Qope = 300 HE M3, (2.33)
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These definitions will yield practical parameters, where # and agsp are dimensionless
and have values around 1; and A\ has units of length, usually around 1 Mpc [40]. All
relevant parameters will be summarized and explained in subsection 3.1.

Realizing that V4 (¢) = (%) Vy(x) = %V’X (x), then inserting ¢ = x¢p and

dividing by ¢ in the equation of motion (2.15), gives the general disformal equation of
motion for the dimensionless field Yy,

. 1 _ Ax(X) .o ByxX). Ay () Vi (X)
(7)o - v =% (G - e - 2525 ) .
(2.34)

Using the dimensionless system introduced here, some useful relations can be found
from simple algebra, namely

__ Po(2=0)

M? =2 (2.35)
pradyy
600 HZ MA N3
M? = 20RO (2.36)
assp
12
A=, (2.37)
%
M?  60Q0HZMp )3
go =0 — =~ 0PI, (2.38)
Mp, assB
It already seems convenient to use a constant
3Q0HZN2
(=00 070 (2.39)
assB
to shorten equations. Notice specifically that this means
M? = 2M3(. (2.40)

With these new definitions for the dimensionless field x, one gets the following
expressions for A, B, V', and their derivatives :

A(x) =1+260%Cx%, (2.41)

A (0) = 46%x, (2.42)

B(x) = ?fiﬁl exp (8x) , (2.43)

Bx(x) =8B (x), (2.44)

Vix)= —%u2¢3x2 + iwéx“ + Vo, (2.45)
¢2 ¢2

V() = =535 X+ 515X (2.46)

“oagX T g
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Notice how because of the definition of i and A, one has in the expression for V' that

¢2
by = 1266 = 515 (2.47)
0

The equation of motion for the dimensionless field, equation (2.34), with these ex-
pressions inserted, now becomes

1
(1+9%p) X +3HY — 5 V?x =
a

460%¢C B . 1 1
2 -2 2

-5 T A~ N AT + q’l 7 + .
L D7 S R 7o TP s TR 21273 Xi |+ (x— X)2)\g

(2.48)

2.4.2 Supercomoving time

What remains before we can insert equation (2.48) into ISis/RAMSES is a switch to
supercomoving time — the time variable used by RAMSES, defined by [74] — and to
split this second order differential equation of motion into a set of two coupled first
order differential equations. Supercomoving time 7 is related to the cosmic time ¢ by

dr = th All primes in this thesis denote derivatives with respect to supercomoving
time / = 8"”” . The transformation of time derivatives is done through the relations
d 1 d
—==— 2.49
dt  a?2dr’ (249)
d? 1 d? d
— = —2H 2.50
dt? <dT dT> (2:50)
Supercomoving variables (marked with tilde) are defined by
~ a,
H = — =d°H, (2.51)
a
U = 0. (2.52)

Just substituting these relations into the equation (2.48) gives

1 d? ~d d
(1+72p)a4<d7-2x_2Hd7- )+3H dx——V2x—

40%¢  B1/1 d \? 1 1
2 s, i \j 3 iy
7p [Ax ]<2d > szt 4123 x|+ (x x)%%
(2.53)
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Multiplying this by a* and isolating x” on the left hand side gives

1 _ N
"= x { —3HY + (14++2%p) 2HY + a*V?
X' =17, X'+ (L4++%p) 2Hx X
40% B, e d i a4
2 / 3
5, _F - Uy _ el
+v%p { X~ 5| () 2CBM2><+'§ Wi + (x x)%Q
Pl i=1,2,3 0
(2.54)

The variable ¢ is now introduced to represent the time derivative of the field by
defining ¢ = a)’, which results in ¢ = a’x’ 4+ ax”. This choice of ¢ gives a cancellation
of Hq in the equation for ¢. We end up with this set of two first order differential
equations in g and y:

r 4
=1 2.55
X a ( )

- 462 2 -
x4 a3V ++%p | 3Fq + {ACX— g} % ta > Wx (2.56)
i=1,2,3

1 0’5 + (1 2) LE)
A—2BX 202"~ XaonX

Here one term has been extracted from the y?p-bracket to cancel factors of B in the
numerator and denominator. This system of differential equations can readily be solved
by the leapfrog scheme, which is already implemented in the non-static version of
Isis/RAMSES [39], as shown in the subsection 1.7.4.

2.5 The geodesic equation
As already stated in section 1.6, the disformal geodesics are given by the general equation
B4 Th i3 = 0. (2.57)
Since we are studying nonrelativistic dark matter with v < ¢, the proper time for a
particle goes as cosmic time ds = dt, and therefore #° = 1. Neglecting quadratic terms
in the velocity, the geodesic equation can be simplified to
i + Ty + 2T%i7 = 0. (2.58)

The calculations of the necessary Jordan frame Christoffel symbols T, and fé’o are
done in Appendix C.
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2.5.1 The resulting geodesic equation

The full nonrelativistic equation of motion (2.58) to first order in ¥ with both Jordan
frame Christoffel symbols inserted becomes

i, Vi 2 ¢pid? 5 1 P 1
s A e ) G20 5 1+4WWM22155§
14+20) ¢, [~ 1 2\1/
+% ¢_7 7J¢7 + )B 2¢2¢Z
a %o
7j=1,23

2 | H8, — o= 616,6 (1+29) + — (1420) 6 (¢ — Ho;—;0)

J a2 AM2 7T JO N R

1 B ¢q; ; y
+T¢2(1+2W)%¢¢,i¢,j’72+ e <5] -3 200 (1+2\11)) il = 0.
(2.59)

Taking the approximation (14 2W¥) = 1, this results in the more compact disformal
geodesic equation

- K 2 2, 2 ol
$+ﬁ‘MmﬂWW+%HHW2

1 o (- 1 LB
T2 ¢ — 22 Z k¢k+§¢*¢ 0¥
k=1,2,3
1 : .
+2-57" <¢>7j —Ho; -V 0+
1
e A 2BX

%ioﬁw,j) ¢ 37
4 Gt jpi? = 0. (2.60)

¢¢z_ ’Y

a2 AM?2

This equation fully describes how nonrelativistic particles move through curved space-
time in disformal symmetron gravity*. However, just like for the equation of motion,
it is difficult to say anything about the expression intuitively, and it is not yet ready
for implementation into the code; it still needs a switch to the dimensionless field and
supercomoving time variables. One can at this stage recognize the acceleration terms
associated with perturbed FLRW geodesics in standard gravity, namely

i+ = +2Hi =0, (2.61)
a

where the second term is the standard acceleration due to Newtonian gravity, and the
third term is the Hubble friction. All the other terms in equation (2.60) are due to the
disformal theory of gravity.

*As long as they are not close to a black hole or a neutron star, of course.
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2.5.2 Changing to supercomoving time and the dimensionless field
definition

Switching to supercomoving time dr = %dt, the geodesic equation becomes,

1 [ d2 4\ . U, 2 dp\? 2 /- ¢ do\ dat
— (S e S )iy 200, (S2) + 2 (A e
a4 <d72 dT> T E T Ags ) 9 <dT> ta < e d7> ar

1 d2 _d - 18 [(do)?
+57" <72—2H dT)gb— D bat 5o (dT> X

k=1,2,3
2 5 (do; 1. dp g do da?
il JHb s — o 2P —
T (d P 2 a Y agear ) Ve
1 1 o d¢ da?
i 47’ b =0
e A1 2Bx%% Y a4
(2.62)

Simplifying this equation and grouping together similar terms, one finds

s 20, 4 . a® 1
! \I/z / ql «@ ;
R R Y Ve Vel Y5 dd
2 _ B 9 ﬁ
B G CE SR e I C R - CIR B Y
k=1,2,3 0
2 5 - R B 26 .

Notice that the supercomoving coordinates automatically incorporate the Hubble fric-

tion; in general relativity the supercomoving version of equation (2.61) would simply
read z¥' = —U ;.

Using the definition for the dimensionless field x = ¢/¢o, X" = % (q’ - I:Iq) and

X' = q/a, leads to the following equation for particle motion:

L= 402 1 a?
il ) - il 292 .
2(y2 M3 - - 4
+20°C] = | |d =3Hg—a Y Vx| + (8- 507X ) | pxs

k=1,2,3

80°¢ - B 1. 4 .
T (v* M) (qd —aHy,; + [QXJ — ¥ A‘92CXX,J':| Q> X2’ = 0.

(2.64)
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2.5.3 Fifth force for a stationary cold dark matter particle

It would be possible to implement the full equation (2.64) into an N-body code. How-
ever, this would both use a lot of computing power, and the results would be difficult to
interpret due to the vast amount of terms that could give different effects. As a starting
point for exploring disformal gravity we therefore choose to only study the disformal
effects when ignoring all damping terms proportional to 2’. This is equivalent to assum-
ing that the massive cold dark matter particles move very slowly through the cosmic
grid*.

To isolate the effect of the fifth force on a particle, the standard gravity term can
be separated from the fifth force terms,

2" =0, taflh,. (2.65)

The resulting acceleration in supercomoving time, due to the fifth force of disformal
gravity, is given by

i 26%¢

=X
Thfth A +B- (3¢)2

2¢ b exp (Bx)
2 —_—
CXT at Hg

al|lqd —3H —az\il —|—5_492XC2 .

q q KXk A q X,i+
k=1,2,3

(2.66)

Where the relation

bo exp (5X)
2772 0 €Xp (PX
M2 — 9P AEA)
TP Hg(A—2BX)

has been inserted. This expression for the fifth force is relatively simple to implement
numerically, and if the particle velocities are small, this should be very close to the true
fifth force due to the disformally coupled scalar field.

(2.67)

*This might not be a too bad approximation, as will be shown in section 5.4
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Parameters and algorithms used

In addition to implementing the disformal equations into Isis/RAMSES, one must use a
couple of other programs and scripts both for creating the initial particle distribution,
and for analysing the final data. Here follows a short description of all parameters,
software, and algorithms used in this study of disformal gravity.

3.1 Parameters

In all data preparations, simulations, and analyses, certain cosmological parameters are
needed. All cosmological parameters used in this work are extracted from the Planck
2013 data best fit |9], and can be found in table 3.1.

The free model parameters are given and explained in table 3.2 on the following
page. All model parameters except Ay are dimensionless. Ay and assp are equivalent to
the same parameters in symmetron papers like [39], and 6 in this thesis is equivalent to
what is often called § in these papers.

Cosmological Parameter Value used
Matter density parameter €2, 0.3175

Dark energy density parameter {25 0.6825

Hubble expansion factor Hy 67.11 km/s/Mpc
Hubble coefficient h 0.6711

Spectral index ng 0.9624

Cluster abundance normalization og 0.8344

Table 3.1: Cosmological parameters used in the simulations.
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Symbol Interpretation Values used
0 Strength factor for the fifth force 1

bo Disformal coupling strength 0,1,2

I} Disformal exponential factor 0,1,2

Ao Symmetron potential range 1 Mpc

Expansion factor of spontaneous symmetry
breaking, assuming a uniform universe

assB 0.5

Table 3.2: Model specific parameters for the disformal equations.

3.2 Initial particle and field distribution

The software GRAFIC1 from the package GRAFIC-2 is used to generate initial particle
distribution from Gaussian random fields. The procedure is described in [75]. Note
that all parameters used here are found by assuming standard gravity and ACDM when
they are extracted from Planck data, and the same assumptions are used when GRAFIC
computes the initial particle distributions. This is not a big problem because the early
universe is screened, and should follow the evolution of ACDM closely. Consequently,
the resulting particle distribution at early redshifts should stay unchanged. GRAFIC1
finds the transfer function 7' (k) from an approximate analytical fit to the parameters
chosen, and normalizes the power spectrum to og. The random seed number 123456789
was used for GRAFIC to find the specific particle distributions used in this thesis.

The mass of each particle is simply M = po - Viox/Nparticles; Where pg is the average
matter density at redshift zero, 4,0« is the volume of the simulation box, and Nparticles 18
the amount of particles in the simulated volume. We let the measure for the box length
Lipe/n (Which is actually given in Mpc/h) be dimensionless. The particle number is
typically given as a cubed number, Nparticles = (Nld)g. The average matter density in
a flat universe is pg = Oy pe, which leads to a particle mass given by

3HZ ( Lnipe/n ’
Mar ice:Qm 0 P M . 3.1
particl 87TG(h‘N1d pc ( )

Inserting all parameters and constants here gives the numerical value

Lytoe/n\ >
Mparticle = 8.812 - 1010 . (Mp/h> Me /h, (3.2)
Nig

for the mass of each particle in the simulation. In practice this means that every point
particle is comparable to a small galaxy in a typical simulation, with one particle per

Mpc/h of the grid.
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The initial value of the dimensionless scalar field x at the early time a ~ 4 - 1072,
was set to some small value drawn from a uniform random distribution with xg €
[~10713, 10713]. The scalar field was assigned a random, independent value from this
distribution at each separate grid point. This procedure is tested in section 4.1 and
found to be acceptable.

3.3 Finding the time average of the field

At any given point in space, the symmetron field oscillates noticeably over time [39].
It is therefore necessary to do a time smoothing of the scalar field x over multiple
oscillations to achieve a mean field value at any point*. We choose the start of the
time smoothing to be at expansion factor a = 0.995. The time average of x? was also
calculated, so that the standard deviation of the field value at any point could be found
by using the formula

oy =/ (%) = ()% (3.3)

The lookback time to a = 0.995 is about 108 years, and it might be argued that this
is a too long time for smoothing. Matter moving at peculiar velocities of 10* km /s could
have moved a whole Mpc during this time. This is enough to move a particle from one
grid box to another. We wanted to capture enough oscillations of the scalar field for
a statistically significant average, and in section 5.4 we will show that the velocity of
most particles are below 10% km/s. Haloes should therefore not be able to move more
than a fraction of the grid resolution during this time.

3.4 Field profile and fifth force at redshift zero

The ROCKSTAR halo finder — described in [76] — is used to find the most massive dark
matter halo in the redshift zero output from RAMSES/IsiS. A script plots the radial
profile of the scalar field, where r is the distance from the centre of this halo. The
script divides the distance from 0 to 20 Mpc/h into evenly spaced bins, and places each
grid box in one of those bins according to its distance to the centre of the halo. For
each bin 7, the average of all n; time averaged field values (x) at the same distance r;
from the halo centre is computed. The average of the standard deviation o, of all the
boxes in the bin is also found. This results in an average field value and an average field
dispersion around the massive halo, as a function of distance from the halo centre.

Similarly, another script plots the absolute value of the acceleration due to the fifth
force around the most massive halo at redshift zero, see equation (2.66).

*Otherwise, one could not have compared the redshift zero fields of two simulations, since the scalar
field could have been in different phases of the oscillation in the two simulations.
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The distances r are normalized to the virial radius of the halo. The virial radius
is found in ROCKSTAR, and is defined by the radius from the halo centre within which
the average density is 200 times the background density pp. In mathematical terms, the
definition of the virial radius 7y, is

M

3 T iy

3.5 Halo mass function and power spectrum

The cumulative mass function is found by first sorting all haloes from the ROCKSTAR
output by their virial mass, then numerize them from highest to lowest mass. The halo
number is then plotted against the mass of that halo. This results in a graph with
mass M on the xz-axis, where the y-axis indicates how many haloes that exist with
Mhyaio > M.

In this study, a C code is used for finding the power spectrum of the final density
distribution. The code takes the Fourier transform of the density field to find P(k), and
corrects it for discreteness errors with the method described in [77].
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Cosmological tests

4.1 The importance of the initial field values

We were concerned that the amplitude of the initial field would have an impact on the
final evolution of the scalar field. To check whether this was the case, the simulation
was run without the fifth force geodesics, only including the equations of motion for
the field. The simulation had 643 particles in a 64 Mpc/h box. The most massive halo
was found to have a virial mass of 1.2 - 10'* M /h. The scalar field around this halo
was compared for the cases where the field had initial values from the random uniform
distribution yo € [—¢, €], with ¢ = 1072, 1077, 10719, 10713, 10715, and 10~'7. As
seen from figure 4.1, the field value at redshift zero does not significantly depend on
the initial values of the field. For this reason it is safe to keep ¢ = 10713, and to use a
uniform distribution (and not for instance a Gaussian distribution).

1 \

<x>

vir

Figure 4.1: The figure shows the time averaged field profiles around a massive halo.
The initial field values are drawn from a uniform distribution, xo € [—¢, €].
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4.2 Comparing the field evolution in the symmetron limit
to the evolution in the symmetron code

Setting the disformal parameters such that b9 = g8 = 0, § = 1, A\g = 1Mpc, and
assg = 0.5 turns off the disformal coupling, so that the model is equivalent to the
symmetron model. The intent is to compare the simulation to a symmetron simulation
with the code used in the paper [39], using the same parameters. Both codes are given
the same initial particle distribution.

The comparison simulation consists of 1283 particles in a box with side lengths of 64
Mpc/h. The field profiles for the two codes around the same massive halo (with virial
mass M = 2.5 - 10" Mg /h) are very similar, with about 0.5 % difference in the centre
of the halo, and less than 0.1 % difference outside one virial radius. See figure 4.2.
This indicates that the symmetron part of the implemented field equation of motion is
correct, and there should be no bugs related to this part.

1 T | T | T | T | T | T | T J T | T ] T

0.8 — — Disformal code with b, =0 »
--- Symmetron (Llinares & Mota 2014) | |

<x>
T

02 —

0.002
0.002

-0.002
-0.004
-0.006

Relative difference
o
TTTTTTTTTd

| | | | | | | | | | | | | | |
3 4 5 6 7 8 9 10

rlr.
vir

=)

Figure 4.2: The figure shows the average field profile around a massive halo, for the
symmetron code from [39] (red, dashed) and the disformal code with the disformal part
turned off (black, solid). The lower panel of the graph shows the relative difference
between the curves, which is less than 0.6 %.
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4.3 Comparing the power spectrum in the symmetron limit
to the symmetron code

After turning on the fifth forces, the power spectrum of the disformal code should be
compared to the results from the symmetron code. The power spectra for the two
different codes with the same parameters overlap very well. The relative difference
between them is well below 0.35 % in all the simulated scales, as shown in figure 4.3.
The simulations consisted of 1283 particles in a box with side lengths of 64 Mpc/h. The
initial conditions were identical.

A detail worth mentioning at this point is that the code from this study uses about
three times more computing time than the symmetron code for a similarly sized simu-
lation. This is of course both due to the fact that the disformal model is more complex*
and due to the conservative use of simplifications. This leads to much more involved
expressions for the equation of motion for the field and the fifth force geodesics — equa-
tions (2.55) and (2.66) respectively — than the corresponding equations used in the
symmetron code [39)].
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0.003
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0.001
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0.0005

1
k [h Mpc ]
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—_

Figure 4.3: The figure shows the relative difference between the matter power spectra
P(k) for the disformal code, and from the symmetron code [39].

*When by = 8 = 0, the disformal code still calculates all the terms with these factors included,
even though the result is zero.
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4.4 Errors in the power spectrum due to the lack of AMR

The disformal code presented here, and the non-static symmetron code from [39], both
do not have refinements in their particle grids during a simulation. The great advant-
age of an N-body code like RAMSES is that it supports adaptive mesh refinement.
However, grid refinement has proven to be very difficult to implement when including
the time derivatives of the scalar fields. For the moment we unfortunately have to
run simulations without refinements*. This of course leads to incorrect particle move-
ments on small scales, which can be seen in the power specra from general relativity,
shown in figure 4.4. In this plot, RAMSES was run assuming ACDM; once with, and
once without grid refinements. It is evident that the refinements are important already
around k > 1hMpc™!, at smaller scales than this the error rises to above 10 %. This
is for a grid of 1283 cells in a 64 Mpc/h box, so one can expect that a grid of 2563 cells
with the same box size will give a valid power spectrum up to k ~ 2h Mpc~!.

— GR with refinements
---- GR without refinements

1000

100

P(k) [h” Mpc’]
T T T 171 II

10 -

0.2 (P, - PO, ) (P(K))

ref

Relative difference
o

k [ Mpc ']

Figure 4.4: The figure shows the resulting matter power spectrum for ACDM. The
black line, P (k) .. results from a grid without refinements, and the red dashed line,
P (k) results from using AMR. The relative difference between P (k) and P (k)
is plotted in the bottom panel.

no—ref

*Implementing AMR in non-static simulations of scalar fields could be a nice mission for a PhD...
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4.5 Testing some assumptions

At the end of a simulation with 1283 particles and 64 Mpc/h box length, the code was
set to output the maximum absolute value that the Newtonian potential ¥ has had in
any of the grid cells, at any time; and also the value of |¥| averaged over all values in
the grid and all time steps. On average, the dimensionless ¥ had a value of around
1079, while the maximum value was about 5-107°, both of which are much less than 1.
This means that the assumption that (1 4+ W) = 1 is sufficiently accurate for this thesis,
where an error of less than 1 % is considered good.

Dark matter haloes do not move very fast, and are the only things that could

significantly change ¥ over time. This indicates that ‘\I/‘ is also small, but we did not

measure this explicitly, because RAMSES does not track the value of U,

The relative size of the term ., 2.3 V,iX, 1s interesting. This term appears both
in the equation of motion for the scalar field (2.54), and in the expression for the fifth
force (2.66). At first the plan was to not include this term in the equations, but with
no rigorous reason to neglect it, a test had to be performed. The result was that the
term is on average small — a factor of 107% compared to the other terms in the equation
of motion — but it does in some cases become dominant in the equation and should
therefore not be omitted.

Additionally, we found that 1/A = 1 is a good assumption in the symmetron case.
To find this, we used the disformal code with symmetron parameters (i.e. by = § = 0),
using 128 particles in a box with side lengths 64 Mpc/h. We ran the code twice, but

2
the second time we modified the equation of motion such that 1+ (%) — 1 in the

denominator of the symmetron equation of motion (2.24). This approximation is used
in the symmetron code to which we are comparing [39], but it is not used in the final
version of the disformal code. The field profile changes less than 10~* % with this
approximation, as seen in figure 4.5 on the next page. The effect is too small to account
for the 0.5 % difference in the field profiles presented in section 4.2.
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Figure 4.5: The figure shows the field profile around a massive halo, with the approx-
imation & =1 (red, dashed) and without the approximation % =1 (black, solid). The
field profiles overlap almost completely. The bottom panel shows the relative difference.
CD is short for the conformal-only disformal code.



Chapter 5

Results of the cosmological
simulations

5.1 Description of the different simulations

In this chapter, the largest simulations with this code are presented, specifically 2563
particles in a box with side lengths 64 Mpc/h. The same initial particle distribution
will always be used. Five different runs are to be compared. Table 5.1 shows the model
parameters used in these simulations.

bo B
Standard gravity - -

Symmetron-like 0
Disformal A 1
Disformal B 2

1

0
1
2
Disformal C 0

Table 5.1: Parameters for the five simulations.

Disformal A has what we consider to be standard parameters. Disformal B has an
amplified disformal part due to increased by and . Disformal C has 8 = 0, effectively
setting B (¢) = constant. Both Disformal A and Disformal B have an asymmetric B (¢)
when ¢ — —¢ (see the discussion about the high density limit in subsection 2.3.2). The
Symmetron-like simulation is a simulation done with the disformal code, but with the
disformal part of the equations turned off by setting by = 5 = 0.

Of course, the parameter space for this disformal model must be more thoroughly
explored in future papers. However, results from these simulations should serve as an
indication of the effects of the disformal term on the formation of structure.

All simulations in this study have a flat ACDM background cosmology with
Q= 0.3175, Qp = 0.6825, and Hy = 67.11 km/s/Mpc, the parameters presented in
section 3.1. All results shown in this section are for redshift zero (a = 1).
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5.2 Power spectrum

Figure 5.1 shows the relative difference of the power spectra compared to standard
ACDM. The most relevant scales are k € [0.1, 2] hMpc™! because larger scales than
about k = 0.1hMpc~! can’t be measured well in a box of only 64 Mpc /h, and smaller
scales than k& = 2hMpc~! become unprecise due to the grid resolution (as explained
in subsection 4.4). Disformal B — the simulation with the strongest disformal part —
results in the power spectrum which is on average closest to GR on all scales, but the
decrease in power is especially visible on smaller scales (i.e. large k in figure 5.1).

All four models for modified gravity increase the power spectrum by 0.5 to 5 percent
relative to the one expected from ACDM for the safe scales k € [0.1, 2] hMpc~t. At
large scales, the power spectrum of all the four modified gravity simulations approach
ACDM. From these data, the increase in power compared to ACDM is approximately
proportional to k for small scales k& > 2hMpc~!. This statement should be investigated
further when grid refinements are implemented in the non-static ISIS code.
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Figure 5.1: The figure shows the relative difference to GR of the matter power spectra
P (k) resulting from the four models of modified gravity. The difference is computed
relative to the power spectrum resulting from the ACDM simulation (P (k)qg)-
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5.3 Halo mass function

Figure 5.2 shows the halo mass functions found for each of the five simulations. All
modified models investigated here have an increase in the number of haloes compared
to GR, but especially haloes smaller than 10'2Mg /h are about 20 to 35 percent more
frequent, depending on model and halo mass. The change in the halo mass function and
the power spectrum are observable ways to distinguish between the models presented
here, and to constrain parameters.

It is interesting to notice that an increase in the strength of the disformal term
(as in Disformal B) reduces the number of smaller haloes slightly. In other words, the
disformal term can mask some of the increase in both the mass function and the power
spectrum introduced by the symmetron field.
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Figure 5.2: The top plot shows the total amount of haloes with virial mass larger than
M, for each of the five simulations. The relative difference of the four modified models
compared to GR is shown in the bottom plot.
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5.4 Velocity histograms

The decrease in the power spectrum and mass function on small scales could be a
result of warm dark matter*. To check if the disformal coupling actually increases
the temperature of the dark matter particles, we plotted the velocity histogram of the
particles, which is shown in figure 5.3.

It is evident from the plot that the strong disformal terms do mot heat the dark
matter significantly compared to the symmetron terms alone, hence the reduction in
power and mass function must be a result of another mechanism.

As a side note, since & < ¢, it is now more plausible to state that 2’ &~ 0 is a decent
approximation for the geodesic equation, which we applied in subsection 2.5.3.
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Figure 5.3: The figure shows the velocity histograms for the simulations general relativ-
ity (black), Symmetron (red), and Disformal B (green). Like Disformal B, all of the
disformal models had a velocity histogram almost identical to the symmetron model.
This is why Disformal A and Disformal C are not plotted.

*D. F. Mota, personal communication.
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5.5 Halo choice for the field profiles

In each of the simulations, the position of the most massive halo (sorted by the virial
mass found by ROCKSTAR) was identified in the redshift zero matter distribution. The
most massive halo was found to have the same coordinates in all of the simulations, and
had a mass of about 3.45 - 1014My /h =~ 5.1 - 10 My, (equivalent to 10% kg). To put
this into perspective, the mass of this halo is about 100 times the estimated virial mass
of the Local Group [78]. The variance in the halo mass was not more than 2 % between
the different simulations, with the lowest virial mass of 3.42 - 1014 Mg /h in Disformal B
and the highest virial mass of 3.47 - 1014 Mg, /h in Disformal A. Because the simulations
used identical initial conditions, we are certain that these haloes are actually the same
halo, forming under different models for gravity.

Figure 5.4 shows the density profile in the dark matter distribution centered around
this halo. The density plotted here is taken from the simulation Disformal A, but the
density profile from the other simulations overlapped this one almost perfectly. The
dark matter density in the core of the halo is very high, and at one virial radius the
density has dropped to about 100 times the background density. The density falls to
the background value at about three virial radii, or 5 Mpc/h.
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Figure 5.4: The average dark matter density at a radius r from the centre of the
most massive dark matter halo in the simulations. Real distances are given in Mpc/h
along the bottom z-axis, while distances normalized to the virial radius of the halo are
given along the top z-axis. This density profile did not change visibly for the different
simulated models.
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5.6 Field profiles

All field profiles here are measured around the halo with virial mass of 3.45- 10 My /h
described in the previous section.

In all simulations except Disformal B, the field fell to the negative value in the whole
64 Mpc/h box, with an average field value* of about —0.95. Disformal B fell to the
positive value of the symmetron potential and ended at an average of about +0.95.
Very few grid cells had another sign for the field than the average in the disformal
simulations, and most of these oddities are probably in the centre of massive haloes,
where the disformal term leads to oscillations around zero, as we will shortly see. The
symmetron simulation with no disformal term had no cells with a positive field value.
No domain walls — interfaces between areas with different sign of the scalar field — were
found in any of the simulations.

To plot the field profiles more comparably, all the field values were inverted (i.e.
X — —X) in the data from the Symmetron, Disformal A, and Disformal C simulations,
before plotting the field profiles of all four models. This plot is shown in the top panel
of figure 5.5 on the facing page. Without the mentioned inversion, the relevant field
profile plots would have started at y = 0 at the centre, and fallen down to x =~ —0.95
far from the halo.

The shape of the field profiles are as expected for the symmetron model; the field
is close to 0 in high density regions due to the conformal coupling to matter, and goes
towards the vacuum expectation value, +¢g, in the regions far from the halo. The shape
of the profiles for the disformal models are surprisingly similar to the symmetron field
profile.

A very interesting result regarding the field profiles, is the amplitude of oscillations
of the field — or equivalently, the dispersion o, of the field values — which is plotted
in the lower panel of figure 5.5. The well studied symmetron is supposed to have a
field value approaching zero in high density regions, and will also end up being almost
completely at rest there. This is because the conformal-only equation of motion gives
an acceleration proportional to the field value x. Densities where p > pggp gives a
stable minimum point at xy = 0, and inside the overdensity the field will not oscillate far
away from this value. The disformal models, however, have multiple other terms in the
acceleration of the field not proportional to x. These terms are instead proportional to
some power of the fields time derivative, or even to its spatial derivatives. This could
lead to a positive feedback loop in high density regions, explaining the oscillations in the
centre of the halo in figure 5.5. Such oscillations should lead to increased fifth forces,
see equation (2.66). The fifth forces will be explored further in the next section.

*This average is taken first over all time steps since a = 0.995 in each grid cell, then averaged over
all grid cells.



5.6 Field profiles

T T T T T T T T T T T T T T T T T T T T
0.8 _|
0.6 _|

A — Symmetron
if i --- Disformal A ]
04— Disformal B _|

------- Disformal C
0.2+ —
0 _ﬁ// I I I | I I I I | I I I I | I I I I | I I [
F T T T T | T T T T | T T T T | T T T T | T T T i
03F s
E 3
= 02N —
b - \\\-.". =
0.1 et =
0 E_ "“"“""“'*'—~———~—~~-w.m,ﬁ.*.m.ﬁ.,.‘..-.T.ﬁ.f.ﬁ,_._..ﬁ,.,,.w.ﬁ,.ﬁ,.ﬁ_%
- 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 T

0 1 2 3 4

Figure 5.5: The top panel shows the average field profile () at distance r from the centre
of the halo, for all four simulations of modified gravity. The Symmetron, Disformal A
and Disformal C actually have negative field values, but for them — (x) is shown instead,
such that the plotted field appears positive for all models. The bottom panel shows the
average standard deviation of the field.
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5.7 Fifth forces

The magnitude of the fifth force acceleration for all four modified gravity simulations
is shown in figure 5.6. It is important to note that this is the instantaneous fifth
force acceleration, not an average over time. This means that the plots of the different
simulations are not necessarily comparable; if the scalar fields are in different phases,
the amplitudes of the fifth forces could vary accordingly.

As expected from the increased oscillations of the field in r < ry;;, we see an increase
in the fifth force compared to the symmetron model in these regions. Interestingly, all
simulations have maximum fifth forces around one virial radius from the centre of the
massive halo, approximately where the spatial gradient of the field is largest. All models
have a reduction of the fifth force towards the centre of the halo. The fifth forces in
Disformal A and especially Disformal C do not become exactly zero close to » = 0. This
could indicate the existence of measurable fifth forces inside galaxy clusters, but the
effect of this is difficult to study precisely with the current grid resolution.
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Figure 5.6: The figure shows the absolute value of the average fifth force (per mass)
at distance r from the centre of the same halo, for all four modified models of gravity.

This is a snapshot at exactly a = 1.
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5.8 Disformal screening condition

The disformal screening mechanisms should be active when Bp 2 10*. For this reason, it
is interesting to plot the value of the dimensionless combination Bp at different distances
from the massive halo. This is done in figure 5.7. The condition Bp 2 10 is true
approximately within one virial radius of the halo centre for the simulations Disformal
A and Disformal C. More interestingly, because the field fell to the positive value in the
run Disformal B, and because of the strong disformal parameters § = by = 2, it follows
that Bp 2 10 even in low density areas of this simulation. The disformal screening
mechanism should according to this be active everywhere in Disformal B.
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Figure 5.7: The figure shows the average value of the combination Bp at a distance r
from the centre of the massive halo, for all three disformal models. The density contrast
p/po is also plotted (the grey line, overlapping Bp from Disformal C).

*M. Zumalacarregui, personal communication.
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Chapter 6

Conclusions

6.1 Interpretations of the results

The symmetron model alone is known to increase clustering, especially on small scales,
thus raising both the power spectrum and the mass function compared to ACDM [62].
The main result of this thesis is that adding a disformal term in the coupling between
the Jordan and Einstein frame metrics, can prevent some of this symmetron clustering.
The fact that the disformal terms counteract small scale clustering confirms similar
findings on linear scales in a recent paper [38]. In our study, the decrease in clustering
was only observed in one of the simulations, specifically the one with the strongest
disformal coupling.

Velocity histograms of the dark matter particles showed a slight heating of the
particles in all the modified gravity simulations compared to general relativity, but the
addition of a disformal term did not heat the dark matter more than the symmetron
alone. This implies that the reduction in small scale clustering is not due to a heating
of the dark matter.

The reason why this reduction is seen in the specific simulation Disformal B — and not
in the other disformal runs — is difficult to explain from the small amount of simulations
done in this study. Part of the reason may be related to the fact that the field in
Disformal B fell down to the positive potential minimum, instead of the negative like in
Disformal A and Disformal C. This gives a significant increase in the dominance of the
asymmetric disformal term B = By exp (8x), and results in the condition Bp 2 10 being
fulfilled, even in voids where the density is below the average density. The mathematical
reason for this increase is as follows: With 5 = 2, the exponential exp (8x) has the value
€2 ~ 7.4 if the field is at the positive minimum, and the value e™2 ~ 0.14 if the field is
at the negative minimum of the potential. Consequently, the disformal term B becomes
over 50 times larger — even under similar physical conditions — just because the field
falls to one potential minimum instead of the other.

If the hypothesis presented in section 5.8 is correct, the disformal screening mech-
anism is active in areas where Bp = 10. This mechanism could play an important role
in reducing the fifth forces on all scales of Disformal B, compared to the conformally
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coupled symmetron. However, if the disformal screening is active, it is strange that the
absolute values of the fifth forces in the massive halo were found to be larger in the
disformal models than in the symmetron model. A possibility here is to consider the
fact that the direction of the disformal fifth force is expected to oscillate. Specifically
the fifth force will oscillate with the time derivatives of the field, as seen from equa-
tion (2.66). In this way, the absolute value of the fifth force can be larger than in the
symmetron case, even though the time-averaged effect on the particle distribution is
smaller. A problem with this interpretation is that large instantaneous fifth forces —
even if the direction is oscillating — should be measurable, which could lead to strict
constraints on the parameter space.

The increased oscillations of the field in high density regions found in section 5.6
are highly peculiar. A naive interpretation of the high density limit of the equation of
motion — given by equation (2.27) — is that as long as the field starts out being at rest
close to the stationary point at ¢ = 0, it has no reason to increase the amplitude of its
oscillations in high density areas. Just like in the symmetron model, the field should
therefore not oscillate inside of haloes. The data presented here do show increased field
oscillations in the centre of the haloes, and the result is an increased amplitude of the
fifth force in these regions. A hypothesis that can explain the increased oscillations in
the disformal model goes as follows*: The equation of motion for the scalar field (2.22)
is a slightly complicated wave equation, and the factor of (1+~2p) in front of ¢ can be
regarded as 1/c2. Here c; is the speed of waves propagating in the field, comparable to
the speed of sound for propagating sound waves. With increasing 42p (or equivalently,
increasing Bp), the wave speed decreases. This in turn means that any wave that enters
an overdensity with a large Bp will slow down, and the wave energy will effectively be
trapped inside the halo, possibly increasing the amplitude of the field oscillations there.
Further analysis must be done to confirm this hypothesis.

A possible connection between the increased fifth forces and the reduction in small
scale power, could be that the disformal fifth forces prevent clustering by pushing
particles away from dense areas. If this is the case, another unanswered question arises:
There is no significant reduction in power for Disformal A, which had larger oscillations
and stronger fifth forces than Disformal B, at least around the massive halo presented
in sections 5.6 and 5.7. A potential reason for this is that different terms in the fifth
forces could be responsible for separate effects. Some disformal terms might oscillate
with the field and vary in direction and magnitude without significantly affecting the
particle distribution over time; these terms might contribute more to the total fifth force
in Disformal A and Disformal C. Other terms might be smaller, but systematically push
particles away from overdensities. These terms could for some reason be more dominant
in Disformal B. Further research on the connection between the field oscillations and
the fifth forces is needed to investigate this claim.

*C. Llinares, personal communication.
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6.2 Discussion and way forward

When implementing the dark matter geodesics, we ignored all terms proportional to
the particle velocities z’. This was done to reduce the complexity of the model, but
there is no good physical motivation for this simplification, except that the dark matter
particles were expected to move relatively slowly. These terms could be important for
the fifth forces and the evolution of structure in the universe. We have left for future
work to study the effects of the omitted terms.

In this study, only the instantaneous absolute values of the fifth forces were analysed.
Preferably, the fifth forces should be collected over time to create animated vector maps,
granting the possibility to investigate whether the fifth forces are oscillating, and what
the average impact of them are. This would provide valuable information for studying
the effectivity of the disformal screening mechanisms.

The specific model chosen in this study has a disformal term B = Bgexp (8¢/ o),
which is asymmetric under the transformation ¢ — —¢. Both the symmetron poten-
tial and the conformal coupling term are symmetric under the same transformation,
implying that the model does not behave differently if the field falls down to ¢ = ¢g
or ¢ = —¢g when the disformal term is turned off. The disformal term however, will
be large if ¢ is positive and smaller if ¢ is negative. The concern is that with the few
simulations we could do here, only one had a field that fell to the positive minimum. In-
cidentally, this was the only simulation where we saw a significant decrease in small scale
clustering; hence, we cannot know if the results were caused by the positive minimum,
or from the choice of parameters without conducting multiple new simulations. The
effect of the asymmetric disformal term is very interesting, and should be studied fur-
ther to find observational signatures of this disformal model. To avoid the uncertainty
mentioned above, other, symmetric forms for the disformal term could be considered,
for instance B = Byexp (3 |@| /o), or even just a polynomial B = By + By (¢/do)>.

We only considered four different sets of disformal parameters in this thesis. N-body
simulations of sufficient resolution are very computationally intensive, so a detailed
exploration of the parameter space of by, 8, Ao, 8, and agsg must be done by other
means. Dynamical system methods have been used for other disformal models before
[33], and such methods could be used to find viable parameters for this model which
satisfy observational constraints. The parameters can later be tested with N-body
simulations to show specific power-spectra, mass functions, and fifth forces. For each
set of parameters investigated, there should also be done more simulations with different
initial particle distributions. This will result in more statistically significant results, and
offer a possibility to study the importance of the sign of the field in better detail.

A rather important philosophical subject regarding this study is that in the field
equations, the cosmological constant A is replaced with the potential displacement of
the scalar field potential, V4. In this work, V;; was set to the same numerical value as the
measured A/87(G, simply to achieve a similar background evolution to the one that is
found using ACDM. There is still a fine-tuning problem; there is no physical reason why
Vo has exactly this value. Finding a model where the correct value of A/87G occurs
naturally in the field equation would be the holy grail to researchers in dark energy.
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The initial particle distribution is computed assuming ACDM. Strictly speaking, one
should use a modified version of GRAFIC that takes disformal gravity into account when
computing the particle distribution. Moreover, the analysis of the Planck data should
be done with extreme caution so as to not assume ACDM when extracting cosmological
parameters. In this thesis, these problems are omitted by assuming that the universe has
a large-scale and early time evolution which is indistinguishable from ACDM; therefore
the error introduced when using GRAFIC and Planck data out-of-the-box is considered
negligible. This statement should be investigated more rigorously.

When computing the gravitational potential, RAMSES only solves the Poisson equa-
tion from general relativity,

V20 = 47Gpp,. (6.1)

However, to be completely accurate there should be more terms on the right hand
side of this equation, including the energy density of the field. This fact might lead
to interesting effects on the particle distribution, but in this thesis these effects are
assumed small. Furthermore, the simulations presented in this thesis only considered
dark matter particles, and included no hydrodynamics or baryon physics. In future
works, interacting baryons should be included for more realistic particle movements
and galaxy formation.

The lack of grid refinement (AMR) is a big disadvantage when studying particle
distributions in the nonlinear regime. We hope to be able to implement refinements
in the non-static Is1S/RAMSES code at a later time. This will simultaneously allow
for a larger total box size and higher resolution in high density regions with the same
amount of CPU hours. A higher resolution around high density haloes will of course
lead to more correct particle movement on small scales, and hence a more precise power
spectrum and halo mass function. In a larger simulation box, with side lengths of 256
or 512 Mpc/h, the formation of superclusters will be possible, such superclusters might
influence the field evolution.

Larger simulations will also increase the probability to find domain walls, where the
scalar field value falls to opposite signs in two neighbouring regions after the symmetry
breaking. Such domain walls in the symmetron model were found to have interesting
properties [65, 66|, and could lead to significant effects in the disformal model, where
the derivatives of the field are even more important than in the symmetron case. It
must be noted that even though no domain walls were found in the final output of our
simulations, they could have formed at earlier times and collapsed before z = 0. Such
a collapse releases significant amounts of energy in the form of waves in the scalar field.

We use the leapfrog algorithm for stepping the field x and its time derivative ¢
forward in time. However, the value of ¢ is used when calculating the acceleration
of the field ¢/, as seen in equation (2.55). This can be a slight problem, because the
leapfrog scheme is designed to be a stable second order algorithm if the acceleration is
velocity-independent [68]. The error made by including an asynchronous velocity ¢ in
the calculation of the acceleration ¢’ is probably not too large, so the algorithm is still
more accurate than a simple Euler integration. In future work, it should nevertheless
be considered to use other integration schemes for the scalar field — like the fourth order
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Runge-Kutta — such schemes work well, even if ¢ depends on ¢. Since RAMSES uses the
leapfrog scheme for integrating particle positions as well, the same problem will arise if
one in the future is to include velocity-dependent fifth forces in the geodesic equation.

As a concluding remark, the dynamics of the disformal model studied here were
found to be very rich and the results open many doors for future research in disformally
coupled theories. Both the reduction in small scale clustering, and the increase of oscil-
lations in the centre of haloes are new phenomena that will be interesting to investigate
further.
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Appendix A

Useful relations

A.1 Definitions used for the disformal field

2 _ B
T = A9BX
300 H2N2
(=—3
agsp
X = ¢/¢o
1 M?
= — =0— = 20CM,;
oo Y Mo, ¢Mpy

A(x) =14 2¢6%y?
bo
B (X) = =55 exp (8X)
Hi Mg,

1
X = _7gw/¢,u¢,u

2
X (x) = =260 Mp1g" X X
Po(z=0
M2 — 2(Z3 ) ZQME’IC
H7agsp
bo exp (Bx)
2972 0 €XpP (PX
M2 = — 22U
TP g2 (4~ 2BX)

3Q
Bp = = bonexp ()
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A.2 Cosmological relations

Mp] = 1/\/ G
Poz—0) = Qope = 3Q0HG M3,
3HZQ
(103 Mlg’ln
P
n="1
Po

A.3 Supercomoving time, and related variables

1
dT: aﬁdt
d_14d
dt  a2dr
d2 1 d2 - d
- (= _9og—
dez  at <d72 dT)
. 1d
H = L a’H
adr
U = a0
q=ay

A.4 Curvature: covariant derivatives, Christoffel symbols,
and the Ricci scalar

v o__ v VoA
Vya” =a", + T/ z

A
Vouwy = wyy — FHVUJ)\

vud’ = ¢7u

vltgb?V = vV(b’ll’
A 1 op
D = 99 (Gvp + Gpuw — Guv,p)
— P TA P T
Rer,uu - Pl;/o,u - Ff:w,zx + FM,\F vo Fykr,ucr
A
Rlﬂ/ = RM}\I/

R =g¢""R,,
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A.5 The Einstein frame metric, and some Christoffel sym-
bols in the Conformal Newtonian gauge

g% =—(1-20)
y 1

g' = 2 (1+2v)

goo = — (1 +2¥)

gii = a2 (1 — 2\11)

jo = HJ;

i Y

0= g2

Ty =(01-20)V,~ U,
Iy =2¥ ~0

A.6 Special expressions to first order

In most of this thesis the Newtonian potential ¥ is taken only to first order, meaning it
is useful to know some common first order approximations. The two most common are:

1
14+ a¥
(14 a¥)? =1+ 220 + (a¥)* ~ 1+ 20V

=1—aV+ (a¥)? — (a¥)’+...~1—a¥

Here, a is some real number. Furthermore, a general multiplication of two first order
terms is to first order given by

(1+a®)(1+b¥) =1+ a¥ + bW + ab¥? ~ 1+ (a +b) L.
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Appendix B

Calculation of the disformal field
equation of motion

The general equation of motion for the scalar field is given by [25]:

A
v . v _
MV, NV, + 1_ 25X QuTH +V =0, (B.1)
with
MW = L4 xg" + Lo xxdP P — LT#V (B.2)
' ' A—-2BX ™’
_ Ay AyB By
Q,Lw = ﬂgm/ < Az 2A> d),u(b,w (B~3)
1 1
X = ) (VFo) (vu¢) = —§9W¢,u¢,u7 (B.4)
V==~Lss+2XLyxp. (B.5)

From the line element ds?, one can read out the metric tensor
g = diag (— (1 +20), a® (t) (1 — 2V), a* () (1 — 2¥), a® (¢) (1 — 20)).  (B.6)

The inverse metric tensor is given by

g = diag (- (1-20), (1+2v), (1+2V),

perry it 2@)) . (B7)

a?(t)
This is found trivially since g,,, is diagonal, thus g"* = 1/g,,.

The only contributing part of the energy-momentum tensor is 7% = p (i.e. the
dark matter density). This means that M*” is diagonal, so we only need to calculate
the diagonal elements of V,V,¢. For calculating the first term of equation (B.1), one
therefore needs the quantity

vuvu(b = vu (¢,u) = Qs,uu - quﬁbwa (B'8>
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where repeated lower indices do not indicate a summation, but simply means any single
index; 0, 1, 2 or 3.
Because ¥ <« 1, one can always discard terms of higher order in ¥ than O (‘Ill)
Using the definition

1
Tag = 59" (9vap + 9up.a = Jasw) (B.9)

the 00 index of the first term, VoVo¢ = Voo o is given by

T
VoVop = ¢ — 59’” (9v0,0 + 9v0,0 — 900,v) D .- (B.10)

The only terms from ¢g"” that will contribute here are the ones where u = v, and the
only non-zero term from g,00 has v = 0, therefore

L1
VoVog = ¢ — 5 (9" 900,000 + 9" 900,000 — 9" G00,0D,11) (B.11)
.1 y
VoVog = ¢ — 5 9% 900000 — Y 9"g00i¢ | - (B.12)
i=12,3

However, goo,0 = —20 ~ 0. Moreover g" = (14 2%¥) /a® and gop; = —2¥ ;. Only terms
to the first order in ¥ are kept, and the quantity UV ; is assumed negligible.
Doing this for all the possible indices in the first term will result in

VoVog = ¢ — % i:%’g‘l’m,m (B.13)
ViVig =911 — % (9" g11,10,1 — 9% 11,000 — 92911202 — 9% 911,30.3)
=¢11—d®H(1—40) ¢+ V161 — Uado — VU3sds, (B.14)
VoVap = ¢ — aH (1 —40) ¢+ W o5 — U101 — V33, (B.15)
VsVs = a3 —a’H (1 —40) § + U305 — Vid1 — Vo, (B.16)

Here a dot symbolizes a derivative with respect to cosmic time ¢t = xy. The sum
21:17273 (g“) ViVi¢ can be found by first realizing that ¢ = (1 + 2¥) /a? for all 1,
such that ¢” can be taken outside of the sum. The remaining sum is given by

Y ViVip= > (¢~ Vigs) — 3°H (1 —4T) ¢, (B.17)

i=1,2,3 i=1,2,3

Remember that (14 2V) (1 —4¥) =1 — 2V to first order in V.
To finalize the expansion of the first term, one must insert the diagonal M*” and
separate the expression in time terms and the space terms.
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g = 72BX )V Vo

TOO) VoVoo + Z (9") ViVio (B.18)

1=1,2,3

00
(g A 2BX
B .1
( (1-2%) 2BX) ¢_a2i;3‘yv’¢”'

+a (1+20) D (b — Vidy) —3H (1 -20)¢ (B.19)
i=1,2,3

Multiplying this out, the resulting expression for the first term becomes

B
uy o THY
(g A—2BX > ViVvd
B . B 1
< * A—2BXP)¢+<A—2BXP> %}23 i,
1 20
= D Vibi— g Y Wby
i=1,2,3 i=1,2,3
1 20
(1+29) ' Z G — e Z Vip; — z Z Vo,
i=1,2,3 i=1,2,3 i=1,2,3
—3H(1-20)¢ (B.20)
B
i=1,2,3
_4\1/7 D Vibit oy ZBX 2N o,
1=1,2,3 1=1,2,3
—3H (1 —20) é. (B.21)

Using this, and again assuming that YW ; ~ 0, the complete field equation to first order
in U can now be written out as

B - 1 B )
42— —— — (1+20¥ it —— U0,
( * A—2BXp)¢+a2( T2) D it T opy e i,
i=1,2,3 i=1,2,3
. A Ag  (AsB  Bs) : B
_SH(I_Q‘IIWJFA—ZBX( (”szﬂ( e A>¢ p=Vo=0.

(B.22)
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Appendix C

Calculations of the Jordan frame
Christoffel symbols

To find the necessary barred Christoffel symbols, the following equation is used [58|:

_ 1, B B B
Fgg = Fgﬁ + 59“ [Vagﬁu + V,Bgaz/ - Vugaﬁ] . (Cl)

The covariant derivative of the Jordan frame metric must be calculated. Writing
out Vagu, gives

Vo (Agw + B o) = guw (VaA)+ A (Vaguw) + B (Vadudu) + 640y (VaB). (C.2)

The Einstein frame connections Fgﬂ are chosen such that V,g,, vanishes [46]. Further-
more, the expressions for A and B are scalar quantities, thus the covariant derivative
acting on them is equivalent to a partial derivative. The simplified expression used to
find the covariant derivatives is therefore

vaguu = gw/A,a + B (va¢,u¢,u) + ¢,,u¢,VB,a- (C-?’)

Two of the Jordan frame Christoffel symbols need to be found to achieve the ex-
pression for i, namely '}, and f§‘0~ Both of these will be calculated here, by using
equation (C.1) with the relevant indices, followed by inserting the necessary version of
equation (C.3).

C.1 The inverse Jordan frame metric with proof

The Jordan frame metric in disformal theories is g, = Agu, + B¢ ¢, but one also
needs the inverse of this metric, g*” — which is given in [58] — to calculate the geodesics.
The expression is
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I <gm/_ Bg"o‘g”%,aqﬁ,ﬁ)
A A + Bgo)‘ﬁb,afb,)\
1 Bohg”
S Vs 4
A (g A ZBX> (C-4)

A short proof that this is the correct form for g*” can be done by contracting the Jordan
frame metric with its inverse,

g 7 Gov (C.5)
1 Bg 9P 0t >
s A ov +B oc¥.v
A< " At Bg o0, ) batw)
< )\ gAagUﬂ¢a¢ﬂg +§¢ p g)‘g— E(;S p ngagaﬂd),agj)ﬁ)
Y A+ Bgrd o700 ATTTY ATTTY A+ BgPTd 0,
2
5 + _B.g)\ago.ﬁq5 a® BYov T+ %¢,o¢,u9>‘a (A + Bgaﬁqs,ad),ﬁ) - %¢,U¢,V§Aagaﬁ¢,a¢,ﬁ
A+ ngT¢,p¢,‘r
2 2
(s, Bg ¢ ady + B od 19 + -6 06,079 b 0 s — Zr 0005 97P b0t p
v A+ Bgm@b,pd),r

Indices that are summed over in a term are dummy indices, and can be renamed.
Therefore all the terms in the fraction above cancel out, and we are left with g*? g,,, = 4,
which is the definition of a tensor and its inverse.

C.2 Finding the :00 component:

=i
00
1

=Lt + igw [Vogor + Vogor — Vugoo)
1

=L + §§W 2900 A0 + 2B (Vo 0¢,) + 2006 ,Bo — gooAd ., — B(Vudodo) — ¢000B,]

1.
3" [—9004,, +2B¢ ,Vod o+ 2000 ,Bo — ¢ 00,0B,]. (C.6)

=T}y + 3" g00A0 + 5

Where in the last step we used the relation Vo¢ , = V,¢ " to find that
2V (900,0) — Vi (d000) = 20,Vodo+200Vod, —200Vudo
= 2¢,Vodp. (C.7)
*The relation can be seen from the fact that V,V.,¢ = Vo = ¢ 0w — F;\wgé,x. Because partial

derivatives commute, and because the Christoffel symbols are symmetric in the two lower indices, one
finds that V¢, = ¢,uu — 0,00 = Vi,
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Inserting the first order expressions for the Einstein frame metric, one can write out
all six terms of equation (C.6).
The first term is

, 1,
0 = igl (9v0,0 + 9v0,0 — Yoo,)
1 .
= —59”900,1
\Ij .
= — (C.8)

a?

Here it was used that v = i is the only nonzero contribution from ¢, and therefore
it follows that g,00 = gio,0 = 0. This is a common trick that will be applied in the
following calculations.

The second term is

i0 i 1,0
_i0 g’ 1 Bo'ep

Ag= % gpdo—
9 90040 (Agoo 0T T A _apxJdo
1 BgipOA,

= e (14+20). (C.9)

The third term is

1., 1 (g% 1 Bo'loY

—= A, = (LA, - =~ "7 7 A )(1+20
99 9004, 2<A v T AA_apxv)1+2Y)

T2 a2A 2A A—2BX (C.10)

The fourth term is

. w Bd'tdY
39"280,V000 =5 (4 = 4700 ) (6,Vu60)

A AA-2BX
1 Bcb’icb’”cb,uvocb,o)

(20 L
=B <a214 (¢,zv0¢,0) - A A—-—92BX

B(1+29)1

2BX
T a2 A <1 + W) (0,iVod,0) - (C.11)

Now follows an intermediate step using the definition of the covariant time derivative,
resulting in the relation

T
Vodo = ¢—— Z Ui, (C.12)

=123
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which means that the fourth term can be written

B(1+2¥) 1 2BX |
a? A< +A—2BX> b ¢—a—242 Vata |- (C13)
7=1,2,3
The fifth term is
L (g% 1 Bg¢'e"
59 2¢,0¢,VB70 = ( A AA_ QBX> ¢,0¢,VB,O
_((1429) ' 1 2Bg¢ ;60X B
- < 2 P00iBot T oY
(142¥) 1 9BX
S M A D el By. 14
2 a\!T azapx ) 90dibBo (C.14)

Finally, the sixth term of ff)o is given by

1_; 1 /g% 1 BeioV
LY ; S (i B,
39" 90908, 2<A A4d—2px ) P000b,

1(1429)¢00B,; | 1 BeloVdodoB,
2 a?A T9A4T A—2BX (C.15)

C.2.1 Inserting derivatives of A and B, and lowering the indices.

The expressions for the partial derivatives of A and B are given by

_0A . )
A’O — % — 272, (016)
A,i = %¢71 =2 R (Cl?)
_oB, B
B, = 9 b= % B¢,. (C.18)

All derivatives of physical vectors are covariant, therefore all derivative indices that
are not summed over, must be lowered. This is done through the inverse metric, spe-
cifically

o 1
' =g"¢; = o) (1+29)¢,, (C.19)
¢ = g% =—(1-27)¢. (C.20)

The final expression for the third term is now



C.3 Finding the ij0 component:

75

1., 1(1+49) 1 BA,¢"¢"
R 0y =5y A (2 o g
1 po; 1 9BX
= 5 (1+40) M2A<1+A—2BX)' (C.21)

Moreover, the sixth term is given by
_}4% $oB., = C1(1+29)¢0p0Bi | 1 Bo'o¥dodoBy
97 TOTOTY T Ty a?A 24 A—2BX
2BX )

1 3 1
= g 1429 Bousty (1 1 apy

It seems that this familiar combination appears in many terms:

B 2BX B (A—2BX +2BX B
(HA >:< + ) 2 (C.23)

(C.22)

A —9Bx) " A A—2BX T A-2Bx
Combining all the terms and simplifying gives the final expression for féoz
no Vi 2 497 ¢ 1
07 q2  a24 M2 M? A—-2BX

(1+427) -1
o [0 Y Y0y

Jj=123

1
72(1+2\Il)+¥(1+4\11)

a

LA+2V) B 9.9,
SR %7 b ;. (C.24)
C.3 Finding the ij0 component:

» 1 ) ) )
%0 =050 + 59”’ [Vigov + Vogjv — Vugjol s

1
=T + 59“’ [govAj + B¢ Vjigo+ BooVid, + dod.B;
+gjuAo+Bé Voo + Bo Voo, + ¢ b .8

—gjody — BooVud; — Bo;Vido — ¢;0,0B,],
1
=Tjo + 59" [90wAj + 2B,V 6.0+ B'oodvé i + gjvAo] (C.25)
where many terms cancelled out. Again, one can write out all five remaining terms,
where the first term is simply

1.
Tjo = 59" (9vj0 + 9v0 = gjou)
1 ..
= 59“9@‘,0
- H6; (C.26)
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The second term is

1., 1 [ Bgiep®
_aqw VA = — | —/———— ) .
2L O 660 2w) (C.27)
a? AM27 ‘

The third term, using the same logic as for the sixth term of I', is

1 . 1
59280, Vb0 = — (1+29) 6,V 607" (C.28)

The fourth term is

g

" =i 7" (C.29)
0

1 1
*g ,q%b 0¢ V¢,j ( + 2\11)

Lastly, the fifth term is

1 1.
iglygij,O = ig”gjjA’(b(ﬁp
— i Beigd \ o
= 24 (5 (1+2¥) — A_23X>a (1—20) A 400
¢b (4 1
= AME <5j - ;“Y%WJ (1+ 2‘1’)> : (C.30)

One can further insert

Vido = ¢j0—T5%00
= ¢jo—Ho; —V ;0. (C.31)

This is because FJO(;5 vy = ]OQZ) + FJO¢0 We have already found that I' 0¢z = Ho;,

and can now find I’]O, given by
1‘\0 _ 1 Ov
0 = 59 (9ujo+gvoj = giow)
1
= 5900g007j7
= 1-20)V,~ V. (C.32)

When piecing all of this together, one arrives at the expression

) 1 ¢ . 1 )
— 5t 2 2
Dl =HO} = 77—~ 50.060,6 (1+20) + — (1+20) 6, (90 — Hoy — V6 7

1 8, 0o ([
+ T‘? (1 + 2\1/) %gbgb,igb,ﬂg + A2 <5j — —7 ¢z¢,] (1 + 2\1/)) (C.33)
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Implementation details

The equations introduced in the chapter 2 are readable by humans, but computers do
not understand the Einstein summation notation. Additionally, all instances of the
Planck mass Mp; must be cancelled by hand before inserting the equations into the
code, because this number is far away from O(1), which would reduce the precision of
the calculations drastically. RAMSES uses internal units where ¢ # 1, thus one must use
dimensional analysis to regain these factors.

The conformal factor A is supposed to be dimensionless. From section 2.4.1, this
factor is given by

_ 2 2.2
A=1+ 500, (D.1)

where a factor of ¢? is now inserted because the units of ¢ are velocity squared*. The
result is a dimensionless A, which can be implemented without problems.

One term used both in the equation of motion for the scalar field and in the geodesics
is —2BX. Written out this term reads

bo .
a2, P (Bx) 9" ¢, 0,0 (D.2)
Using the definition for the dimensionless field,

¢ = 20 Mp1Cx, (D.3)

one finds that the Planck mass indeed cancels out, and one ends up with (still with
c=1)

2
co
—2BX = 4by <H exp (BX) 9" X uX v- (D.4)
0
24,2
(= SngHO i , where Hy carries units of inverse time, and Ao has units of length. The other symbols
SSB

are dimensionless, hence [¢] = [¢?].



78

Implementation details

Deciding that the derivatives x , have units of inverse length, g"x ,Xx . can be written
out as

, 1 _ 1
9w = g =200 Y G 20 )t (D)
1=123
2
q 1 2
FERRII DI (D.6)

The fact that x = 2'/a? = q/a® was utilized, and in the last step it was assumed that
U <« 1. Now, since the units of { are velocity squared, 1/Hp has units of time, and
9" X uX,» has units of inverse length squared, the correct dimensionless form of —2BX
is given by

1=123

2 2
—2BX = % (;;;) exp (Bx) {—ach + azl(t) Z (X’i)Q} _ (D.7)

The density p can be written as

Po(2=0 3HEQ
p= 53 Ly = 5 Mpm, (D.8)

where 7 is the density contrast 7 = p/po. This means that the factor 42p can be written
out without the Planck mass, namely

o _ boexp(Bx) 3%

TP A—_2BX & (D.9)

Here, the Planck mass cancelled because the choice of the dimensionless definition of
bo. Similarly, the factor 72M1%1 that appears in the geodesic equation can be rewritten
as

bo exp (Bx)
HZ (A-2BX)’
Some parts of the equation of motion (2.55) can be rewritten. By remembering that
¢’ should have units of inverse time squared, one finds the term in square brackets to

be

v Mp) = (D.10)

AT P -

A2 X T 9| T 22

Furthermore, inserting the expression (D.8) for p, the term with py in the equation of
motion (2.55) can be written as

5 5.2 3
1 a 1 a’c” aggp

2
- . D.12
A—2BXacM2 X T A 2BXx 2 a3 X (b-12)
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This means that the last two terms of the equation of motion for the scalar field (2.55)
can be written together, specifically

1 a® c2ab 1 as cad
_ (1 SSB,,7 _ X2>

_ 2 RO ca
a—apx o Nt X 5 A-2BX a? Xoxz
(D.13)

These terms give rise to a symmetron-like behaviour of the effective potential when

bo = 0. Notice the similarity to the symmetron equation of motion used in the paper
[39].
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