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Foreword

Presented in this thesis is research studying the way modifications to the
standard gravity theory can impact the formation of large-scale structures,
with particular emphasis on the baryonic component of the Universe.

By studying the large-scale structures we find observables that can be
used to probe the effect of gravity, to rule out or constrain modified gravity
theories, or even discover new forms of physics altogether.

This has been done by using one of the first N-body codes that include
both hydrodynamics and modified gravity theories, notably for the f(R)-
gravity and symmetron models. These models have been implemented as
toy models, models where we push the boundaries to see what kind of
behaviour these alternative theories of gravity can produce in the large-scale
structures of the Universe.

The research is presented as a series of papers published in Astronomy
& Astrophysics and The Monthly Notices of the Royal Astronomical Society
attached at the end of the thesis.

In chapter 1 an overview of how we believe the Universe evolved from
the Big Bang to the present day is presented, along with speculations as to
the future of the Universe and the possibility of an end. This is followed by
an overview of the history of the theory of gravity, from the first theories in
ancient Greece to the present day theories with the possibility of modified
gravity.

In chapter 2 an introduction to modified gravity theories is presented,
including motivations and the most important equations that parameterize
these models. Extra attention is given to the two models that is part of the
research, the f(R)-gravity and symmetron model.

In chapter 3 the concept of modelling large-scale structures using N-body
simulations is presented. This is followed by sections describing how to
analyse the resulting large-scale structures.

Finally, in chapter 4 details of my PhD thesis project is provided along
with short descriptions of all the papers.

In chapter 5 we provide some concluding remarks about the research,
and thoughts about what the future holds for large-scale structure modelling
with modified gravity theories.

iii



"Of these four forces, there’s one we don’t really understand."
"Is it the weak force or the strong–"

"It’s gravity."
Randall Munroe, https://xkcd.com/1489/
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CHAPTER 1
Modern cosmology

Cosmology is defined as the scientific study of the origin and structure of the
universe. This entails describing its creation, evolution from creation until
today and further on to the possible end of the Universe. A cosmological
model should also set the framework for describing what the Universe looks
like today, and should explain all phenomena we can observe around us, on
large scales1.

Modern cosmology is built upon the Copernican principle, or cosmologi-
cal principle. The Copernican principle states that no places in the Universe
is special, so that any randomly chosen point in space is representable for
every other randomly chosen point in the Universe.

In this chapter I will briefly present the current view of the history of
the Universe, and then give an overview of the evolution of the theory of
gravity, and with it the rise of modern cosmology. The majority of the
information in this chapter is found in textbooks such as Sean M. Carroll’s
“Spacetime and Geometry” [1] and Scott Dodelson’s “Modern Cosmology”
[2].

1.1 The History of the Universe

The prevailing cosmological model of our time is the Big Bang theory,
parameterized by the ΛCDM model, which can account for phenomena from
the very earliest periods to present day large-scale structures with a high
degree of accuracy. The model explains that approximately 13.8 billion
years ago the entire Universe was concentrated in a very small, dense and
hot state. This state is often referred to as the Planck era, however there
is currently no widely accepted theoretical framework that describes this

1Large scales as used in cosmology is usually meant to mean scales larger than that
of a galaxy

3



4 Chapter 1. Modern cosmology

period, as it would require a unified theory of quantum gravity. The model
does not concern itself with how the Universe came to be.

After the Planck era the Universe entered an era of very rapid expansion
called inflation. In a mere 10−33 seconds the entire Universe expanded from
a sub-nuclear scale to an astronomical scale. The resulting Universe was
smooth and flat, with small fluctuations that will eventually lead to larger
structures.

The Universe continue to expand after the inflationary period, however
at a much slower rate. As the size of the Universe increased, it started
to cool. After about one second the first nucleons were formed as the
temperature dropped sufficiently for protons and neutrons to bind; however
the temperature and abundance of photons was too high for the electrons to
bind to the nucleus. The Universe at this time then consisted of an opaque,
ionized gas, and was firmly dominated by radiation.

Approximately 380 000 years after the Big Bang the temperature had
dropped down to about 2700 K, low enough to allow electrons to bind
with protons and neutrons. This allowed the photons for the first time in
history to travel freely through space, turning the Universe transparent.
This event, called recombination, is the origin of the Cosmic Microwave
Background (CMB) radiation that we can detect here on the Earth today.
The CMB consist of photons that have travelled through space ever since
recombination, having in the mean time cooled down to about 2.7 K, and
paint a distinct picture of what the Universe looked like 380 000 years after
the Big Bang.

From this point on, the Universe continued to expand, cool down, and
eventually allowed heavier atoms to form neutral gas clouds, radiation
dissipated and the Universe became dominated by matter. Due to the
initial perturbations, the gas clouds started to contract due to gravitational
interactions, creating stronger gravitationally bound objects. As the gas
clouds collapsed the density started to increase. After some time the density
and temperature at the centre of these gas clouds would reach a high enough
value to start nuclear reactions, signalling the birth of the very first stars.

As the first stars ignited, high energy photons were spread throughout
the Universe, ionizing the gas clouds all around, this event is called the
re-ionization of the Universe, now the Universe became more opaque again.
Eventually this first generation of stars2 started to die, having during
it’s lifetime produced heavier elements in its core. As these stars died
in magnificent supernovae, these heavier elements (metals) were spread
throughout the Universe, laying the building blocks for planets and metal-
rich stars.

In the following billions of years, gravity causes new gas clouds to collapse,
now containing heavy elements, which form solar systems consisting of stars

2Ironically, the first generation of stars are classified as Population III stars, as they
were discovered last.
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Figure 1.1: This illustration summarises the almost 14-billion-year long history
of our Universe. It shows the main events that occurred between the initial phase
of the cosmos, where its properties were almost uniform and punctuated only by
tiny fluctuations, to the rich variety of cosmic structure that we observe today,
from stars and planets to galaxies and galaxy clusters. Curtsey of ESA.

and planets. The future of the Universe is currently not known, however
there are three outcomes predicted by the Big Bang theory, dependant on
the shape of the Universe.

1.1.1 The end of the Universe?

The ultimate fate of the Universe is dependent upon the mass density of the
Universe, in relation to the critical density of the Universe, and on Λ, the
cosmological constant in the ΛCDM parameterization. The critical density
is defined as the minimum value the matter density of the Universe need
to have to ensure that the Universe does not expand forever, nor collapse
down to a singularity again. It is defined as

ρc =
3H
8πG

, (1.1)

where G is Newton’s gravitational constant and H is the Hubble parameter.
The form of the critical density is derived using a Friedmann-Lemaître-
Robertson-Walker metric and assumes that Λ = 0, we will return to de-
scribing both this metric and what the Hubble parameter is in the following
section.



6 Chapter 1. Modern cosmology

Thus we have three scenarios: (i) that the matter density is less than the
critical density, (ii) that the matter density is equal to the critical density
and (iii) that the matter density is more than the critical density.

i In this case we denote that the Universe is open. In such an universe
the sum of the angles in a triangle add up to less than 180◦, and it will
continue to expand forever, with the rate of expansion being negligible
slowed down by the gravity in the Universe. As the Universe expands
for all eternity, the gas reserves will at some point be expended and no
new stars will be formed, the temperature will decrease and eventually
reach absolute zero. This end is called the Big Chill.

ii In this case we have a flat Universe. In this universe the sum of the
angles in a triangle is exactly 180◦. Other than the geometry, this
Universe will have the exact same fate as the open universe.

iii In this case, the Universe is considered closed. The sum of the angles
in a triangle is than greater than 180◦. In this case the gravity of the
matter in the Universe will halt the expansion, and start to contract
the Universe. Eventually the Universe will return to the hot and dense
state like the Big Bang, this is called the Big Crunch.

However, these futures assume that Λ = 0, however observational data
based on supernovae imply that Λ > 0. This means that the Universe is
undergoing an accelerated expansion. The fate of the Universe in this case
will be similar to that of the flat and open case, however the expansion
will keep accelerating. Eventually the expansion rate will become so strong,
that objects that are not gravitationally bound will be moved away from
each other so fast that they will no longer be visible to one another. In this
end the entire observable Universe will only consist of the Local Group3

1.2 The Theory of Gravity

This section also includes information from textbooks such as Edward
Grant’s "The Foundation of Modern Science in the Middle Ages" and [3]
and Olaf Pedersen’s "Early Physics and Astronomy" [4].

The history of gravity is as old as science itself, with the oldest records of
discussing the nature of gravity reaches back to Aristotle in ancient Greece,
4th century BC. Aristotle believed that every object had its own "gravitas",
which would indicate whether it would fall down or float upwards, and at
the rate of which it would do so. At this point the theory of gravity thus
only relied upon an unknown, dark quantity, rather than any mathematical

3The Local Group is a collection of more than 54 galaxies, where the Milky Way and
Andromeda galaxy are the largest members, that are gravitationally bound together.
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laws. Later, the roman engineer Vitruvius [5] would refined Aristotle idea
by concluding that the weight of an object was independent of whether an
object would fall or float, further solidifying the idea of an innate "gravitas".

In the 16th and 17th century, during the European Renaissance, a long
serious of advancement in science occurred that would eventually lead to the
first real theory of gravity. Nicolaus Copernicus proposed that the Earth
move around the Sun, and not otherwise. Galileo Galilei discovered that
all objects would accelerate equally regardless of any weight or "gravitas",
as long as the air resistance was negligible or the same for the objects.
Johannes Kepler empirically discovered the laws of planetary motion,

1. Planets move in elliptical paths around the Sun.

2. A line drawn between a planet and the Sun cover equal areas over
equal time.

3. The square of the orbital period of a planet is proportional to the
cube of the semi-major axis of its orbit.

Using all of these discoveries as basis of foundation Isaac Newton was
able to create the first, mathematical theory of gravity. Newton proposed
that the forces that kept the planets in their orbits were proportional to
the distance, r, squared of what they orbit,

F = G
m1m2

r2
, (1.2)

where G is Newton’s Gravitational constant.
Newton’s laws were immediately put to the test, and could successfully

calculate the orbit of all the planets in the solar system known at that time.
With two notable exceptions, the orbit of Uranus and Mercury did not match
Newton’s prediction. Either something was wrong with Newton’s theory,
and it needed to be modified, or there might be some, dark, undiscovered
planets in the solar system. In 1846 Urbain Le Verrier used Newton’s laws
to predict the position of such a planet outside of Uranus, and with the help
of observational astronomer Johann Gottfried Galle was able to discover a
planet later named Neptune. This was one of the strongest validation of
Newton’s laws to be presented at the time.

However, there was still the problem with Mercury. Mercury’s orbit
was rotating4 to an extent far more than what was predicted by Newton’s
mechanics. With the success of finding Neptune, Le Verrier suggested that
there could exist a small planet even closer to the Sun than Mercury that
could account for Mercury’s orbit. This hypothetical planet was named
Vulcan, and was sought after for some time by observers. With many

4The rotation of a planets orbit is called its precession, and is something that is
found for all planets.
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potential observations being ruled out as asteroids or comets, the final
conclusion was that no planet like Vulcan existed. Newton’s laws for gravity
could not explain this, and something needed to change.

In 1915 Albert Einstein presented his theory of relativity, a brand new
theory of viewing the Universe that successfully described the precession of
Mercury. Before we go into details on Einstein’s theory of relativity it is
worth noting that the discovery of relativity does not invalidate Newton’s
laws, but rather put limits on the theory. As Newton’s laws work perfectly
for the planets in the solar system beyond Mercury, one can conclude that
Newton’s laws are valid, as long as we work with non-relativistic speeds5
and low gravitational fields.

1.2.1 General Relativity and Cosmology

Einstein introduced the idea that the effects of gravity are due to the
geometry of space-time6, rather than a gravitational force. Matter will
cause the space-time to curve, the curvature of space-time will then in turn
tell matter how to move which will change the curve of space-time. Fig. 1.2
show an artistic representation of space-time.

The underlying principle of general relativity is the equivalence principle,
which states that inertial motion is equivalent to free falling motion. In
other words; an object in free fall will experience the exact same motion as
an object in deep space that is completely inert. This realization is often
attributed as Einstein’s "Eureka!" moment that got the ball rolling for the
development of the theory of relativity.

Einstein developed a set of field equation for general relativity that
relation between matter and the curvature of space-time. The Einstein’s
field equations are a set of 10 coupled, non-linear, differential equations,
which can be expressed in a short form as

Gµν = Rµν −
1

2
gµνR + gµνΛ = κ2Tµν , (1.3)

where gµν is the metric tensor, Rµν is the Ricci tensor, R = gµνRµν is
the trace of the Ricci tensor, Λ is the cosmological constant, Tµν is the
stress-energy tensor and κ = 8πG

c4
is a constant where c is the speed of light.

The metric tensor gµν describe the geometry of space-time, and can be
used to have a notion of past and future, and to derive concepts such as
time, distance, volume, curvature and angle. A metric in 3-dimensional

5Relativistic speeds is usually meant to mean speed that equal, or exceed, 10% the
speed of light.

6Space-time is a mathematical representation of space and time as a continuum, de-
veloped by Minkowski, rather than consisting of 3-dimensional space and a 1-dimensional
time component. Time cannot be separated from the 3-dimensional space, since the rate
that time passes is dependent on the velocity of an observer and the strength of the
gravitational speed.
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Figure 1.2: This artistic representation visualises space-time as a simplified,
two-dimensional surface, which is being distorted by the presence of three massive
bodies, represented as coloured spheres. The distortion caused by each sphere is
proportional to its mass. Curtsey of ESA.

space is simply a generalization of Pythagoras’ theorem for the distance
"ds" between points:

ds2 = dx2 + dy2 + dz2. (1.4)

In 4-dimensional Minkowski space where space-time is taken into account
this becomes

ds2 = cdt2 − dx2 + dy2 + dz2. (1.5)

The metric tensor in this case is then

gµν =




c 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1


 (1.6)

Furthermore, photons are said to be travelling on null-geodesics, rep-
resented by ds2 = 0. Particles attempt to move on straight lines on the
space-time, however due to the curvature there might not exist any straight
lines for the particles to follow, what they follow instead are the geodesics
representing the shortest possible distance. The path of a particle is param-
eterized by the geodesic equation

ẍα + Γαµν ẋ
µẋν = 0, (1.7)
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where Γαµν is the Christoffel connection, describing parallel transport in
space-time,

Γµαβ =
gµν

2
[gαν,β + gνβ,α − gαβ,ν ] . (1.8)

The Ricci tensor Rµν is a complicated mathematical construct that
provides a measure of how much the geometry deviates from Euclidean
geometry, expressed by Christoffel symbols

Rµν = Γαµν,α − Γαµα,ν + ΓααβΓβµν − ΓαβνΓ
β
µα. (1.9)

The stress-energy tensor is a tensor expressing the energy and matter
content of the Universe, and works as the source of the gravitational field
for the Einstein field equations. For a general fluid7 the stress-energy tensor
is given by

Tµν = (ρ+ p)uµuν + pgµν + 2q(µuν) + πµν , (1.10)

where ρ and p are the energy and momentum density of the fluid, q is the
heat flow, πµν is the anisotropic stress8 and uµ is the four-velocity9.

The cosmological constant Λ is defined as the value of the energy density
of the vacuum of space, and has had quite a turbulent history. At the time
when Einstein created general relativity the contemporary cosmological
idea of the Universe was that it was static, not expanding nor contracting.
However, when Einstein attempted to find a cosmological solution of the
field equations, he could only produce a universe that contracted, unless he
added this constant to counteract gravity.

In 1929 astronomer Edwin Hubble made the discovery that the rate of
which a galaxy is moving away from us is increasing with the distance to the
galaxy, implying that the Universe is expanding. This revelation prompted
Einstein to drop the cosmological constant from his equations once again,
and for the majority of the 20th century astronomers worked with Λ = 0. It
wasn’t until a discovery made in 1998 that the cosmological constant would
return.

One exact cosmological solution of the Einstein field equations that de-
scribes a homogeneous, isotropic expanding or contracting universe was de-
veloped independently by Alexander Friedmann, Georges Lemaître, Howard
P. Robertson and Arthur Geoffrey Walker and is today used as the standard
model of modern cosmology. This FLRW metric is represented by

ds2 = a(t)2

(
−dt2 +

dr

1− kr2
+ r2dθ2 + r2 sin θdφ2

)
, (1.11)

7In the field of cosmology one often assume that the Universe is composed of various
fluids, both effective fluids (photons, neutrinos) and actual fluids (baryons, cold dark
matter).

8For our intents and purposes we will neglect the heat flow and the anisotropic stress.
9The four-velocity is the relativistic counterpart of velocity, which is a 3-dimensional

vector in space.
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where θ, φ and r are polar coordinates in the radial form, k is the curvature
parameter and a(t) is the scale factor of the Universe. The scale factor is a
dimensionless parameter that represents the size of the Universe over time.
Today, at t = t0, the scale factor is a(t0) = a0 = 1 while at the big bang it
was a(t) = 0. The scale factor can be related to the redshift of radiation we
observe by

1 + z =
a0

ae
, (1.12)

where ae is the scale factor of the Universe at the time of emission.
Using the FLRW metric with Einstein’s field equations Friedmann

derived a set of evolution equations for the scale factor called the Friedmann
equations

H2 =
κ2

3
ρa2, (1.13)

ä

a
=
κ2

6
(ρ− 3p)a2, (1.14)

where κ = 8πG
4

and H = ȧ
a
is the Hubble parameter, the dots and double-

dots represent the first and second derivatives with respect to time. The
Hubble parameter is then an expression for the rate of expansion of the
Universe, if H = 0 then the Universe is not expanding any longer.

Note that the Friedmann equations are an oversimplification. The FLRW
metric has no galaxy clusters or stars, due to its smoothness. It is however
a very good first approximation of the evolution of the Universe, and is
therefore often used to simulate the Universe on a background level.

Concurrently with the advances in the theory of gravity, our understand-
ing of structures in the Universe evolved. Up until the early 1920s the
consensus was that the entire Universe consisted of the Milky Way, until
Hubble proved that observed nebulae were too distant to be a part of the
Milky Way. Following Hubble’s discovery Jan Oort measured the velocity of
galaxies in the local group, and discovered that there simply was not enough
mass in the galactic plane to sustain these velocities, and he proposed that
there exist an invisible contribution to the mass of the galaxies in the form of
dark matter. In 1932, the year after Oorts hypothesis, Fritz Zwicky studied
the Coma cluster, and based on velocity measurements discovered that the
cluster had to contain 400 times as much mass as what was visible. In the
following decades more and more evidence of dark matter were discovered
by studying phenomena such as rotational curves of galaxies, gravitational
lensing and particle physics.

With the discovery of a Universe beyond the Milky Way the nature of
how these large structures form became a focus of research. The prime
scientific method for studying galaxy clustering was to perform N-Body
simulations, in which N objects are representing galaxies or clusters of
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galaxies and then are allowed to evolve following Newton’s gravitational
laws10.

The first N-body simulation was performed by Erik Holmberg in 1941,
with the lack of advanced computational resources Holmberg used a set of
37 light bulbs to represent stars in two galaxies that were set to collide11.
Two decades later the first numerical N-Body simulations were performed by
Sebastian von Hoerner and then progressed substantially by Sverre Aarseth,
progressing the number of objects to several hundreds. Ever since the 1960s
the number of bodies in N-Body simulations have increased as described
by Moore’s law, with current N-Body simulations numbering in N ∼ 1010

objects or more.
For simplicity the first N-Body simulations of structure formation treated

all objects as dark matter, objects that only interact gravitationally. However
by the end of 1970s computational resources had evolved sufficiently for
N-Body simulations to start including hydrodynamics, where a simple gas
simulates the baryonic matter in the Universe. This gas would then interact
with gravity, pressure and friction.

In 1964 Arno Penzias and Robert Wilson accidently made the discovery
that would solidify the Big Bang theory as the strongest theory of the
Universe. They discovered that there exist a cosmic microwave background
radiation in the Universe, which at the time was measured to be universal
in direction and temperature. No matter what direction they pointed their
equipment, they would register a 3K universal microwave radiation. The
Big Bang theory was the only theory that had predicted exactly this kind
of phenomena, as radiation resulting from the moment the Universe became
transparent (recombination) where the entire Universe at that time was
2700K hot.

With the introduction of the CMB astrophysics would start evolving
into a high-precision science as never before. The CMB has turned out
to be one of the best tools for probing the content and structure of the
Universe, as it tells us about the Universe as it was 380 000 years after the
Big Bang, while also telling us what the light have experienced ever since
the decoupling.

The biggest breakthrough in the field of astrophysics in recent years
occurred in 1998. Using observations of Supernovae of type Ia, one team
lead by Adam Riess and another team lead by Saul Perlmutter and Brian
Schmidt made the discovery that the Universe is undergoing an accelerated
expansion. Contrary to what all astronomers thought, the expansion of
the Universe is happening faster and faster. There is only two ways of
explaining this, either our understanding of gravity is still not good enough,

10For simple systems where entire galaxies are represented by point-particles, Newton’s
laws are more than sufficient enough to model the motion, general relativity is not needed.

11The light of the light bulbs were set to represent the mass of the stars, with a higher
brightness representing a higher mass. This simulation was a huge success and set the
foundations for the N-Body community.
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Figure 1.3: The cosmic microwave background radiation as first observed by
Penzias and Wilson (top), by the COBE satellite which first showcase the small
fluctuations (middle) and the latest version of the CMB from Planck further
refining the results from COBE (bottom). Curtsey of NASA.

and Einstein’s theory of relativity needs to be modified, or there exist some
dark energy in the Universe that can give rise to a cosmological constant in
Einstein’s field equations.

Luckily enough, quantum field theory tells us about a vacuum energy
that exist everywhere in the Universe that is a perfect candidate for the
cosmological constant. However, the theoretical value of this vacuum energy
density is an astounding 10120 times smaller than the one needed for driving
the accelerated expansion. This discrepancy is sometimes referred to as
the worst theoretical prediction in the history of science. What it tells us
is that the dark energy driving the accelerated expansion of the Universe
cannot only be due to the vacuum energy, it also consist of something else.
Or, maybe the time has come to finally modify Einstein’s theory of gravity?

1.2.2 Summary

The theory of gravity has evolved from being a mysterious, dark quantity
innate to every object in nature to being a mathematical description of
a natural force. Ever since the mathematical framework was established
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inconsistencies in observations have either been explained by postulating
that unseen, dark objects exist, or that the mathematical framework needs
to be modified. In the case of Uranus orbit, the dark matter turned out to
be Neptune, Mercury’s orbit needed a new theory of gravity, the rotational
speed of galaxies seem to hint at huge amounts of dark matter in the
Universe and finally the accelerated expansion of the Universe hint of a
dark energy that dominate the Universe. The dark energy however has huge
theoretical inconsistencies, and many theoreticians are not happy with it
and rather propose to modify gravity even further.



CHAPTER 2
Modified gravity

2.1 Motivation
General relativity is an elegant and simple theory that has resulted in a
cosmological theory that have succeeded every test to break it and that
have predicted a wide range of phenomena before being observed. So why
would we want to modify it?

One should keep in mind that the standard model of cosmology doesn’t
arise naturally from general relativity, but require a wide range of artificial
constructs to agree with observational discrepancies. One need to introduce
the inflationary epoch to explain a range of problems1, dark matter to
explain the high rotational speed of galaxies, how galaxy clusters can stay
gravitationally bound etc. and dark energy to explain the accelerated
expansion of the Universe.

While these constructs are valid assumptions, many theoreticians would
prefer the solution to these problems to occur naturally from the theory of
gravity itself, and therefore search for a theory of gravity that automatically
solve these problems. So why modify gravity, and not just create something
from scratch?

General relativity has been tested to a very high degree of accuracy by
a long range of surveys. The Cassini spacecraft tested the frequency shift of
photons that pass very close to the Sun, where the space-time curvature due
to the Sun are so that the photons travel further than otherwise, finding
results that agree with general relativity within 0.002%. Earlier this year
the LIGO and Virgo collaboration provided the first conclusive evidence of
gravitational waves as ripples in the space-time curvature resulting from
the merger of a pair of black holes. This is but two name two of many
tests of general relativity. Simply put, general relativity agrees too well
with experiments for it to be discarded. However, from quantum physics

1The two main problems that inflation solves is the "flatness" and "horizon" problem.
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we know that physical laws can depend on the scale in question, and all
the tests of general relativity have been performed on solar system scales.
This means that there is room for general relativity to not be correct on
scales larger than the solar system. Furthermore, since general relativity
framework breaks down at the singularity of the Big Bang, we do know that
it is an incomplete theory.

Alternatively, one can view modified gravity theories as a roundabout
way to test general relativity itself. Many modified gravity theories will
have phenomena and traits that does not exist in standard gravity, which
can either reaffirm standard gravity or disfavour it whether those traits are
observed or not.

2.2 Screening modified gravity

As general relativity has been verified to be accurate to a very high degree in
the solar system, this puts a strong limitation on any competitive modified
gravity theory; it cannot contradict general relativity in the solar system.
For this reason theoreticians have developed modified gravity theories that
reduce to general relativity on smaller scales, while act in a modified way
on larger scales. This technique is called a screening mechanism, and in
this thesis I have studied two forms of screening mechanisms that are both
dependant on the local density.

In areas of high local density, defined such that the solar system is
considered a place of high local density, the amplifications of gravity are
subdued so that in effect we return to standard general relativity. In areas
of low local density, defined such that galaxy cluster scales are considered
places of low local density, the modifications are allowed to reign free and
we will have strong modifications to the effect of gravity.

2.3 Scalar-tensor theories of gravity

The two modified gravity theories that we will study in this thesis, the
symmetron and f(R)-gravity theories, are both versions of scalar-tensor
theories of gravity. These are a set of theories that use scalar- and tensor
fields to represent gravitational interactions.

In our case the models use a scalar field ϕ as the driving force to modify
gravity. The scalar field, which is coupled to matter by a coupling function
A(ϕ), give rise to a fifth2 force Fϕ, which will amplify the effects of gravity
in addition to that of general relativity, so that the effective gravitational

2This force can be considered a fifth force alongside the four fundamental forces of
nature, and therefore referred to as the fifth force
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force is

Feff = FGR + Fϕ. (2.1)

It is this fifth force that will be supressed in areas of high local density, so
that the effective force reduces to that of general relativity.

Scalar-tensor theories are defined by the action3 [6, 7]:

S =

∫
d4x
√−g

[
R

2
Mpl −

1

2
∂iϕ∂iϕ− V (ϕ)

]
+ Sm(g̃µν , ϕi), (2.2)

where Mpl =
√

h̄c
8πG

is the reduced Planck mass, V (ϕ) is the potential of the
scalar field, Sm is the action of the matter fields and g is the determinant
of the metric tensor gµν .

The equations of motion for the scalar field and the form of the stress-
energy tensor can be found by using the principle of stationary action, which
simply require us to vary the action with respect to the scalar field or metric
respectively and demand that this result is zero.

The resulting equation of motion for the scalar field is

2ϕ = V ′(ϕ)− A′(ϕ)T (m), (2.3)

where T (m) is the trace of the stress energy tensor, using the notation
V ′(ϕ) = ∂V

∂ϕ
. The right hand side is often denoted as an effective potential

V/mathrmEff .The resulting stress-energy tensor is

Tµν = A(ϕ) [(P + ρ)uµuν + Pgµν ] (2.4)

+∇µϕ∇νϕ− gµν
(

1

2
∂iϕ∂iϕ+ V (ϕ)

)
.

The stress-energy tensor is a conserved4 quantity[8],

∇µTµν = 0. (2.5)

Calculating the conservation of the stress-energy tensor require us to
specify a metric, for this work we will use the Newtonian Gauge metric,
which is a perturbed version of the FLRW metric

ds2 = −(1 + 2Φ)dt2 + a2(1− 2Φ)δijdx
idxj, (2.6)

where Φ is the Newtonian gravitational potential that satisfy the Poisson
equation

∇2Φ = 4πGρ.. (2.7)

3An action, S, is a mathematical function that can be used to describe the evolution
of a dynamical system.

4Note that in general relativity we need to take the covariant derivative ∇µ rather
than the normal derivative
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Neglecting the time-derivatives of the scalar field5, the fluid equations
become

∂ρ̃

∂t̃
+∇(ṽρ̃) = 0, (2.8)

∂ṽ

∂t̃
+ (ṽ · ∇)ṽ = −1

ρ̃
∇P̃ −∇Φ̃− A′(ϕ̃)

A(ϕ̃)
∇ϕ̃, (2.9)

∂Ẽ

∂t̃
+ ṽ · ∇Ẽ +

P̃

ρ̃
· ∇ṽ = −(ṽ·∇)Φ̃− A′(ϕ̃)

A(ϕ̃)
ṽ · ∇ϕ̃, (2.10)

We have at this time implemented a set of so-called super-comoving
coordinates[11], which make the equations easier to implement numerically
and eliminate unwanted dependencies on the scale and Hubble factors,

dt̃ = a−2dt, ρ̃ = a3ρ, ṽ = a2v, (2.11)

ϕ̃ = aϕ, P̃ = a5P, Φ̃ = a2Φ, Ẽ = a2E, (2.12)

where the tildes represent quantities in the super-comoving coordinates.
If one were to compare these equations to the fluid equations for standard

gravity in any textbook, we would see that the fluid equations for scalar-
tensor theories of gravity are identical to standard gravity except for an
additional term of the same form as the gravity term ∇Φ, but for the scalar
field ϕ. This extra term is thus the fifth force

Fϕ =
A′(ϕ̃)

A(ϕ̃)
∇ϕ̃, (2.13)

and the geodesic equation becomes

ẍ+∇Φ +
A′(ϕ̃)

A(ϕ̃)
∇ϕ̃ = 0. (2.14)

2.3.1 The symmetron model

The symmetron model was introduced by Kurt Hinterbichler and Justin
Khoury [12] very recently as a new screening mechanism, one where the
form of the potential field of the scalar field and the coupling function make
the scalar field vanish in regions of high density. In other words, the fifth
force in the symmetron model goes to zero in areas of high local density,
while allowing it to reach its maximum value in areas of low local density.

To get this behaviour the coupling function and potential of the scalar
field have to be symmetric around the value ϕ = 0.

V (ϕ) = −1

2
µ2ϕ2 +

1

4
λϕ4, (2.15)

A(ϕ) = 1 +
1

2

( ϕ
M

)2

, (2.16)

5An argument can be made that the time-derivatives of the scalar field is negligible
relative to spatial gradients[9, 10].
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where M and µ are mass scales and λ is a dimensionless parameter. The
fifth force for the Symmetron model is thus

Fϕ =
A′(ϕ)

A(ϕ)
∇ϕ =

ϕ

M2
∇ϕ. (2.17)

With this the effective potential field for the scalar field in the right
hand side of Eq. (2.3) become

VEff (ϕ) = V0 +
1

2

( ρm
M2
− µ2

)
ϕ2 +

1

4
λϕ4. (2.18)

From classical mechanics we know that a system is in equilibrium when
the gradient of the potential field is zero. By taking the derivative of this
potential field and setting this to zero, V ′Eff (ϕ) = 0, we can see what value
the scalar field has when the system is stable.

In regions of high density, where ρm � M2µ2, the potential has a
minimum at ϕ0 = 0, while in regions of low density, ρ → 0, we get two
minima at ϕ0 = ±µ

√
1
λ
. Thus ensuring that the fifth force vanishes in areas

of high local density.
The unintuitive free parameters above, µ, M and λ , can be replaced

with a set of parameters with an intuitive physical interpretation [13],

β =
Mplϕ0

M2
, (2.19)

a3
SSB =

3H2
0 ΩmM

2
pl

M2µ2
, (2.20)

λ2
0 =

1

2µ2
. (2.21)

These parameters now represent

• β - The strength of the coupling to the scalar field, and as we will see
the amplitude of the fifth force.

• aSSB - The expansion factor of the Universe at the time of symmetry
breaking. Prior to this the density of the Universe had the fifth
force permanently screened. It also tells us the local density limit for
screening by using the relation ρSSB = Ωm0ρc0a

−3
SSB.

6.

• λ0 - The range of the fifth force, in units of Mpch−1.

For numerical reasons the scalar field is replaced by a dimensionless
scalar field χ,

ϕ̃ = ϕ0χ, (2.22)

6This can be derived from the Friedmann equations
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With all of the above the equation of motion for the scalar field is [14]

∇2χ =
a2

2λ0

[(aSSB

a

)3 ρm
ρm

+ χ3 − χ
]
, (2.23)

and the final expression for the fifth force become

Fχ = 6ΩmH
2
0

(βλ0)2

a3
SSB

χ∇χ, (2.24)

with the geodesic equation

ẍ + 2Hẋ +
1

a2
∇Φ +

6ΩmH
2
0

a2

(βλ0)2

a3
SSB

χ∇χ = 0, (2.25)

2.3.2 f(R)-gravity theories

f(R)-gravity theories [15] are a set of modified gravity theories where the
Ricci scalar in the action integral is replaced by a much more general
function including terms of higher order in derivatives of the metric f(R) =
(R2, RµνR

µν , RαβµνR
αβµν . . .).

The traditional f(R)-gravity action is defined as

S =
1

2κ2

∫
d4x
√−gf(R) + Sm(gµν , ϕi). (2.26)

Due to its versatility f(R)-gravity theories have been used to produce
a wide range of phenomena, such as dark energy, inflation etc. However,
since there can exist an infinite number of f(R)-gravity models we need to
choose one to study.

For this thesis we will study the Hu-Sawicki f(R) model [16], which is
one of the few f(R)-gravity models that contain a screening mechanism to
satisfy the solar system constraints. The action integral is

S =

∫ √−g
[
R + f(R)

16πG
+ Lm

]
d4x, (2.27)

with

f(R) = −m2 c1(R/m2)n

1 + c2(R/m2)n
, (2.28)

where n, c1 and c2 are free parameters and m2 = H2
0 Ωm0. The number of

free parameters can be reduced by setting c1 = 6c2
ΩΛ

Ωm
, which allows the

Hu-Sawicki to mimic the evolution of ΛCDM with dark energy. We can
further express c2 in terms of fR0 so that the only parameters we will use is
fR0 and n

fR0 = −6nΩΛ

c2Ωm

(
ΩΛ

3(Ωm + 4ΩΛ)

)n+1

. (2.29)
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This fR0 parameter is related to the range λ0 of the scalar field λ0 ∝ 1/
√
fR0

in units of Mpc h−1. The Hu-Sawicki f(R)-gravity model possesses a
screening mechanism of the Chameleon family, where the local density set
the mass of the scalar field, which again determine the interaction range of
the scalar field [17]. In areas of high local density the range becomes very
short, while in areas of low local density the range is large and the fifth
force is allowed to reach its maximum value.

The action Eq. (2.27) can be transformed to the scalar-tensor theory
action Eq. (2.2), and introducing the scalar field to f(R)-gravity, by
employing a conformal transformation

g̃µν = A2(ϕ)gµν , (2.30)

where the tilde represents the metric in the Jordan frame7, and

A(ϕ) = e
−βϕ
Mpl (2.31)

with β = 1/
√

6. The scalar field is redefined as

fR = A2(ϕ)− 1 ≈ −2βϕ

Mpl

. (2.32)

The potential for the Hu-Sawicki model is then given by

V (ϕ) = M2
Pl

fRR− f
2(1 + fR)2

. (2.33)

Using all of the above the equation of motion for the scalar field fR is

∇2fR =− 1

a
ΩmH

2
0 (η − 1) + a2ΩmH

2
0×

×
[(

1 + 4
ΩΛ

Ωm

)(
fR0

fR

) 1
n+1

−
(
a−3 + 4

ΩΛ

Ωm

)]
, (2.34)

the fifth-force ffor the Hu-Sawicki f(R)-gravity is then

Fϕ =
a2β

Mpl

∇ϕ = − 1

2a2
∇fR, (2.35)

with the geodesic equation

ẍ+ 2Hẋ+
1

a2
∇Φ− 1

2a2
∇fR = 0. (2.36)

7The Jordan frame is simply an alternative framework where the metric where the
Ricci scalar is scaled with the scalar field.
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2.4 Summary
There exist an infinite number of modified gravity theories, theories which
attempt to explain a wide range of phenomena in the Universe for various
reasons, such as to alleviate the need of exotic matter and energy, the need
for ad-hoc solutions added to ΛCDM and so on.

Unfortunately the majority of these are not viable simply because they
would modify gravity at all scales, and thus not satisfy tests of gravity
performed in the solar system. The only viable modified gravity theories are
thus the ones that behave exactly as general relativity at the solar system
scales, the ones posessing a screening mechanism.

The two such theories we have looked at is the symmetron and f(R)-
gravity models, two simple models that result in an extra fifth force that
amplify the effect of gravity which is screened in areas of high local density.

Above we presented the most important equations associated with these
models, such as the geodesic equation, equation of motion for the scalar
field and Euler’s fluid equations. With these equations we can simulate how
these modified gravity theories affect the Universe on large scales and the
formation of structure.



CHAPTER 3
Large scale structures, N-Body

simulations and cluster
properties.

3.1 Modelling the large-scale structures
If one were to look out at the Universe one would see that it is homogenous
and isotropic, as long as we look at scales larger than ∼500 Mpc, as
demonstrated by the coarser CMB maps. On smaller scales we see that the
Universe is clearly not homogenous and isotropic, we observe planets, stars,
galaxies, galaxy clusters and what we may call the cosmic web. The cosmic
web shows us that galaxies and galaxy clusters gather in galaxy-filaments,
separated by large voids containing very few galaxies.

Structure formation refers to attempts to explain how these structures
formed from small density fluctuations in the early Universe, as briefly
described in the introduction. The ΛCDM model has proven very good
at describing the galaxy-filaments and large-scale structures, however on
smaller scales, such as for individual galaxies, the standard gravity model
struggle, as non-linear processes start to factor in, such as baryonic physics,
star formation and various feedback1

The standard gravity model works so well on large scales due to the dark
matter dominating over the normal, baryonic matter. The dark matter is
only sensitive to gravity, and processes that could oppose structures from
forming, such as radiation pressure, will have no impact. This allows the
dark matter to collapse into the complex web-like strings long before normal
matter, and then gravitational attract normal matter to follow the same
web pattern.2

1Such as supernovae feedback and stellar winds.
2Interestingly, galaxy formations would not have occurred as early in the Universes

23
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Figure 3.1: Light captured from 1.6 million galaxies in the local Universe, show-
ing the galactic filaments and voids making up the cosmic web. Obtained as part
of the Two Micron All Sky Survey (2MASS), a joint project of the University of
Massachusetts and the Infrared Processing and Analysis Center/California Insti-
tute of Technology, funded by the National Aeronautics and Space Administration
and the National Science Foundation.

To model the large-scale structures one quickly find that the systems
and physics become too complex and unwieldy to perform any analytical
analysis, particularly due to the number of elements needed to properly
simulate the structures. The solution is to perform numerical simulations,
such as with N-body simulations, to model the large-scale structures.

3.1.1 N-Body simulations

In principle N-Body simulations[18] are very simple, we have a 3-dimensional
box with sidel engths around 100-500 Mpch−1 filled with N particles that
obey the equations of motions for its kind and is set to evolve for billions of
years. However it is not quite as easy as that.

First of all, this box is supposed to be a small part of a much larger
Universe. This means that we need to have a set of boundary conditions
that is supposed to represent the way matter and space-time around the
box will affect the contents inside the box. If one were to not use boundary
conditions then the content of the box would have a greater tendency to
cluster towards the centre of the box, due to the lack of external gravitational
forces.

Secondly, the simulation span billions of years and in that time the
Universe expands significantly, and therefore the box must as well. The

history as observations tell us without dark matter, an indirect evidence for the existence
of dark matter.
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simulations will therefore also need a background cosmology model, that
tells us what the density parameters are at any given time, what the scale
factor of the Universe is and so on. Luckliy, several codes are publicly
available that provide such a background cosmology for use with N-Body
simulations [19]. To keep track of the proper space-time coordinates of the
box in an expanding universe we need to use co-moving coordinates3. When
referring to the box size of the simulations, we are referring to the size of
the box today, and not the size at the beginning of the simulation.

Our aim is to model the large clusters, consisting of thousands of galaxy
clusters forming the cosmic web. One galaxy cluster contains hundreds of
galaxies, a galaxy contains anything between 103 to 1014 stars and each star
contain more than 1057 atoms. Clearly, simulating each and every atom in
the box would not be feasible.

Luckily, as we are interested in the large-scale structures we only need to
concern ourselves with processes that will affect the structure of the cosmic
web. Interactions between atoms are too short-ranged to have any effect on
such large scales. Furthermore, since the dark matter is the main source
of the evolution of the cosmic web, we can safely neglect the presence of
baryonic matter and treat the Universe as only consisting of dark matter.

Dark matter is only affected by gravity, which means that we do not need
to consider objects smaller than galaxies In fact, the particles in N-Body
simulations are the galaxy dark matter halos. A dark matter halo is a
hypothetical cloud of dark matter surrounding the normal, visible matter
of a galaxy.

Now that we know that the particles are only dependant on the gravity,
the setup for the simulation is simple and consists of two routines. One
routine calculates the gravitational field in each cell of the box using the
Poisson equation Eq. (2.7)

∇2Φi = 4πGρi, (3.1)

where the density ρi is now simply the number density of the dark matter
particles in the cell i. The second routine then takes this gravitational field
and passes it along to the geodesic equation

ẍ+ 2Hẋ = − 1

a2
∇Φi, (3.2)

which is used to update the positions of the dark matter particles one time
step ahead. With the particles now in new positions, the gravitational field
needs to be recalculated , which then move the particles yet again. These
two routines keep looping indefinitely until a certain end state is reached4.

Dark matter only N-Body simulations have been very succesful for quite
some time now, with newer simulations getting ever bigger and bigger. The

3Comoving coordinates remain fixed even as the Universe expands.
4The end state is usually set to be present day.
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Figure 3.2: A slice of the Millennium XXL simulation showing the cosmic web.

most famous simulations is the Millennium simulation, which in its latest
version has a box size with length of 4100 Mpc and 67203 dark matter
particles, in Fig. 3.2 we see the cosmic web as simulated by the Millennium
simulation.

However, the light that we observe is emitted from luminous, baryonic
matter, not from dark matter. At this point we thus have a large discrepancy
between what we simulate, and what we observe. The aim of doing structure
formation is to test our theories and see if we fully understand the workings
of the Universe, to do so we need to compare our simulations to observations.
Furthermore, it turns out that dark matter is unable to form smaller, denser
structures. This is due to the dark matter being collisionless and have no
way to loose angular momentum, dark matter would continuously oscilate
around a gravitational centre, rather than clustering in the middle.

The majority of the baryonic matter in the Universe is in either hydrogen
(74%) or helium (24%), this means that we can simulate the baryonic
components of the Universe by adding a simple ideal gas to the simulation.
The ideal gas law,

p = RsρT, (3.3)

represents the equation of state for such a gas and has been found to be a
very good approximation. Here Rs = kB

m̄
is the specific gas constant and m̄

is the average mass of the particles, and can be found by using the molecular
weight of the gas µ = m̄

mH
, where mH is the mass of hydrogen. The mean

molecular weight of a gas with the composition above is µ = 0.59.
The ideal gas would then follow the equations of motion for a gas from
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the previous chapter Eqs. (2.8 - 2.10),

∂ρ

∂t
+∇(vρ) = 0, (3.4)

∂v

∂t
+ (v · ∇)v = −1

ρ
∇P −∇Φ, (3.5)

∂E

∂t
+ v · ∇E +

P

ρ
· ∇v = −(v·∇)Φ. (3.6)

The gas would then be simulated in the same manner as the dark matter,
just with much more complexity. The gravitational field would be calculated
by the Poisson equation, now with the density including both dark matter
and the gas, and then the gas density, pressure, velocity and energy would
be updated in each cell following the equations of motion.

The added complexity of the gas means that it require a lot more
resources to run these N-body simulations than the dark matter only ones,
which is what has been holding these simulations back for some time.
However during the last decade these simulations have been going strong,
with a lot of success. The most famous of a more complex N-body simulation
is probably the Illustris project, with a box size length of 106.5 Mpch−1 and
∼ 6× 109 dark matter particles and cells. In Fig. 3.3 we see their results
for both their dark matter and the gas.

Figure 3.3: Large-scale projection through the Illustris volume at z=0, centred
on the most massive cluster, 15 Mpc/h deep. Shows dark matter density overlaid
with the gas velocity field. Curtsey of the Illustris Collaboration.
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3.2 Analysing the simulations
Now that we have the simulations up and running and producing data,
we need to know how to analyse it. It is one thing to simple look at the
positions of the particles and the density of the gas like the two previous
figures, and then look at the Universe and see that they look alike, but it is
another thing to do a proper scientific analysis.

It is important to note that the theories and simulations only tell us
something about the statistical properties of the Universe. We cannot take
an N-Body simulation and expect to find a point in space where the cosmic
web is positioned exactly as in the simulation, however we like to believe
that we can learn something about the statistical distribution of the cosmic
web, galaxy clusters and so on. There exist a plethora of different ways to
analyse the statistics of such data, we will look at two of the most common
ones, cluster properties and power spectra.

3.2.1 The matter power spectrum

The matter power spectrum describes the fluctuations in the density of the
Universe as a function of scale, and is considered one of the main observables
for probing gravity theories[20]. When objects cluster at a certain scale, then
the amplitude of the power spectrum at those scales will also increase. It is
usually represented by a logarithmic-logarithmic plot, with the power P (k)
on the y-axis and the wavenumber k = 2π/λ, where λ is the wavelength, on
the x-axis. Note that since the wavenumber is the inverse of the wavelength
small k refers to large scales, and large k refers to small scales.

From inflationary theories one predict that the matter power spectrum
originally followed a power law, with a very low power at large scales and
high at low scales, as illustrated in the left part of Fig. 3.4. What the
present day matter power spectrum is supposed to look like according to
ΛCDM is presented in the right part of Fig. 3.4, together with observational
data points [21].

Clearly the power spectrum has changed a lot since inflation and to
today. The shape of the matter spectrum can tell us a story about the
evolution of the Universe, and also about the state of several cosmological
parameters such as Ωm, H0, Ωb and ΩΛ. So how did the left power spectrum
become the one on the right, and how can we derive cosmological parameters
from this simple plot?

When the Universe was radiation dominated and the photons were
strongly coupled to the photons (before recombination), the radiation was
so strong that the radiation pressure would cause small, dense clumps to
be pushed apart, however once they were pushed sufficiently far away, they
would again start clustering before the radiation once again pushed them
away. This is referred to as acoustic oscillations. The largest clumps however
were too large for the radiation to counteract the gravity. Therefore, on
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Figure 3.4: Left: The matter power spectrum P (k) versus wavenumber k as it
is expected to have looked like after inflation. Right: The matter power spectrum
for various measurements (extrapolated to present day values) and the best fit
from ΛCDM as a solid line.

large scales the Universe would get heavier clustering, while due to the
oscillations the small scales would on average have no clustering. This makes
it so that the leftmost part of the power spectrum would grow in amplitude,
while the rightmost part would not. As time went on, the radiation pressure
will have had enough time to start working on the larger scales as well, so
they too will start to oscillate, shifting the amplitude increase further left.

After we enter the matter dominated era the radiation is no longer strong
enough to prevent clustering, and all scales will cluster at the same rate.
Thus the amplitude of the entire power spectrum freezes, and the peak that
we will now have gotten will remain there forever. The position of this peak
will therefore tell us about the amount of matter in the Universe5.

Furthermore, we have mentioned how dark matter is not able to form
small, dense objects due to its angular momentum, and we know that the
higher velocity, then higher is the angular momentum. This means we can
study the slope of the right hand side of the peak to say something about
the velocity of dark matter. If the dark matter is fast (hot), then we would
have less clustering at smaller scales, and the slope would go to zero at a
faster, steeper rate than it would for slow (cold) dark matter.

If one now assumes that the baryonic matter will follow the dark matter,
since there is so much more dark than luminous matter, one can use the
matter power spectra to extrapolate the amount of baryonic matter as well.
This is of course another one of the discrepancies we get when comparing
observations to dark matter prediction, and the importance of having the
baryonic component in N-body simulations is ever more apparent.

5The more matter in the Universe, the earlier the radiation dominated era will end,
and peak will be at smaller scales.



30 Chapter 3. Structure formation and cluster properties.

One should note on Fig. 3.4 how well ΛCDM trace the observational
data points, showcasing how difficult it will be for any modified gravity
theory to produce results that will fit better with the data than ΛCDM.

3.2.2 Cluster properties

The second set of main observables we have are the statistical properties
of the dark matter and galaxy clusters themselves. We can differentiate
between two kinds of cluster properties, profiles studying how properties
change from the centre of a cluster and outwards and total properties for a
cluster as a whole.

What is the average density of a galaxy cluster, how does it evolve from
the centre and outwards? What about the temperature? The mass? Are
there any expectations for these quantities, or any known (or unknown)
relations between them?

These are the kind of questions one can hope to answer studying cluster
properties from N-body simulations, and some can be prove to be good
probes of gravity.

Determining the size of a cluster

Regardless of whether we want to look at a profile of a cluster or study
the cluster as a whole, we need to know where the cluster ends. Finding
the centre is easy for regular, spherical symmetric, clusters, as it is the
gravitational centre of the system and can be calculated using Newtonian
physics. Irregular clusters however, prove that the centre is hard to define.
A galaxy cluster has the loose definition of being a collection of galaxies
that are gravitationally bound together, should the size of the cluster then
be defined as the distance to the galaxy furthest from the centre that is
part of the cluster?

It turns out that there is no clear answer to this problem. Rather, a
galaxy cluster is often discussed in regards to a radius related to the critical
density of the Universe ρc or to the so-called virialization radius Rvir.

The radius where the density of a galaxy cluster is ∆ times as large as
the critical density of the Universe is denoted as R∆c. Alternatively the
radius can be stated in relation to the background, average, density of the
Universe ρb and is then denoted as R∆b.

The virialization radius is the radius at which the virial theorem is ful-
filled. The virial theorem states that a system of gravitationally interacting
objects is stable if the total potential energy is twice the negative kinetic
energy of the system,

Epot = −2Ekin. (3.7)
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By stable it means that the small structures, the galaxies, within the cluster
still interact with one another, but that the cluster as a whole doesn’t
expand or collapse anymore.

The most common definitions of the size of a cluster is to say that the
cluster ends at r = Rvir or r = R200c.

Density profiles

Of the various profiles one can construct, the density profile is the most
studied one. From simulations the density profile is either constructed by
counting the number of dark matter particles in annular bins, multiplying
by the mass of the particles and dividing by the volume of the annular bins,
or by doing the same with the gas density directly. An alternative is to use
spherical bins to construct a cumulative density profile.

Julio Navarro, Carlos Frenk and Simon White have constructed an
empirical density profile model for dark matter halos based on a series of
dark matter only N-Body simulations,

ρ(r) =
ρ0

r
Rs

(1 + r
Rs

)2
, (3.8)

where Rs = cRvir is the scale radius, where c and ρ0 are free parameters that
vary from halo to halo. The NFW-profile is very often the go-to profile for
theoreticians who study density profiles, and even observers who attempt to
reconstruct a density profile based on directly observed temperature profiles,
despite the fact that the NFW-profile diverges at the centre.

For simulations that include gas the NFW-profile is no longer the best
fit for density profiles, neither for the dark matter nor the gas. The best fit
in hydrodynamical simulations is the Einasto profile[22, 23]

ρ(r) = ρs exp
{
−2n

[
(r/rs)

1/n − 1
]}
, (3.9)

where ρ0, rs and n are free parameters. Despite these results the NFW-profile
is still the go-to profile used in the literature.

Masses

The mass of a galaxy cluster can be calculated in a wide range of ways, and
thus is an excellent probe of gravity. All of the different methods should in
theory result in the same number, as the mass of a cluster is an absolute,
not relative, quantity.

Lensing mass The lensing mass is the mass of a cluster derived from
weak lensing. Light will be bent as it moves through a strong gravitational
field, and the amount the light gets bent can be used to derive the mass
of the object generating the gravitational field. Fig. 3.5 demonstrates the
lensing effect around a galaxy cluster.
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Figure 3.5: Image and caption curtsey of [24] "The gravity of a luminous red
galaxy (LRG) has gravitationally distorted the light from a much more distant
blue galaxy. More typically, such light bending results in two discernible images of
the distant galaxy, but here the lens alignment is so precise that the background
galaxy is distorted into a horseshoe – a nearly complete ring. Since such a lensing
effect was generally predicted in some detail by Albert Einstein over 70 years ago,
rings like this are now known as Einstein Rings."

The method of calculating the mass from the lensing often assume that
the density follow an NFW-profile.

Kinetic mass From the virial theorem one can calculate the mass of
the virialized system by measuring the velocity dispersion σ of the galaxies
along the line of sight as

M =
Rσ2

G
, (3.10)

where M is the mass within radius R, the virial radius is often considered
to be at the radius where the velocity dispersion is at its maximum, so that

Mvir =
Rvirσ

2
max

G
. (3.11)

To derive Eq. (3.10) we used Ekin = 1
2
v2 ∼ 3

2
σ2 and Epot = 3GM

5R
. Clearly

this mass assumes the system to be virialized.
Note that there exists an alternative definition of the virial mass using the

relative density compared to the critical density ρ = ∆cρc. The virialization
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radius is often approximated to be Rvir ≈ R200c, this means that Mvir ≈
M200c, which simply is

M200c =
4πR3

200c

2
ρ200c. (3.12)

Thermal mass If one assumes that the system is in hydrostatic equi-
librium, that the outwards pressure gradient is balanced by the gravity so
that the system is neither collapsing nor dissipating, then one can estimate
a mass based on the observed temperature of the system. The hydrostatic
equilibrium can be stated as

dP

dr
= −GM(r)ρ(r)

r2
. (3.13)

For an ideal gas the thermal pressure can be related to the temperature of
the gas, Pthermal = kBngasTgas, where n is the number density of the gas so
that ρgas = µmpngas. With this one can define the thermal mass as

M(r) = −kBr
2Tgas(r)

µmpG

(
d ln ρgas

d ln r
+
d lnTgas

d ln r

)
. (3.14)

This mass assumes the system to be in hydrostatic equilibrium and that
the system can be described by an ideal gas.

Sunyaev-Zel’dovich effect The Sunyaev-Zel’dovich tells us how we
can estimate the mass of the gas in the galaxy clusters by studying the
CMB. As a photon travels through the Universe and passes through a galaxy
cluster it will interact with high energy electrons in the gas of the cluster,
picking up or loosing energy depending on the frequency of the photon.
This will result in the CMB appearing hotter or colder in the direction of
that galaxy cluster. It turns out that this change in energy can be directly
related to the electron density, and thus the mass, of the cluster.

3.2.3 Mass-temperature relation

In the previous section we saw that we can derive an estimate of the mass of
a cluster, using the thermal property of temperature. As it turns out, there
exist a theoretical framework for relating these quantities to one another
[25].

From the virial theorem Eq. (3.7) one can find the relation

3GM

5R
=

3kBT

2mp

, (3.15)

or rather in short

T ∝ M

R
, (3.16)
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to simplify matters, where we used that for a thermal gas Ekin = 3kBT
2mp

. For
a virialized cluster we also have the relation from Eq. (3.12), which we
insert here and get

T ∝ Mvir

Rmathrmvir

∝ R2
vir ∝M

2/3
vir . (3.17)

This thus relates the thermal temperature of a virialized galaxy cluster to the
total mass within radius Rvir ≈ R200c. However, the choice of Rvir ≈ R200c

is mostly an arbitrary one, and arguments can be made that this relation is
valid for any R∆c.

3.3 Summary
To model the large-scale structures of the Universe we need to perform
large N-Body simulations that include a hydrodynamical component, in
order to capture the behaviour of both the dark matter and an ideal
version of the baryonic component of the Universe. Although the set-up for
these simulations are simple, the vast amount of resources needed to run
the simulations is still restricting the level of detail one can add to these
simulations.

The matter power spectrum proves to be one of the best ways to analyse
the results of large simulations in a short and compact form, where the
simple shape of a 2-dimensional plot can tell us a lot about the evolution of
the Universe.

A wide-range of galaxy cluster properties can be studied by analysing
the simulation data, with some of the most important ones outlined above.

With the information above and the preceding chapters, we now have
the groundwork needed to look at my own research in adding modiified
gravity to simulations of large-scale structure formation.
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CHAPTER 4
My PhD thesis

4.1 Overview

For nearly three-quarters of a century, ever since Erik Holmberg’s pioneer-
ing experiments, N-body simulations have been a very successful way of
modeling structure formation, both with and without a hydrodynamical
part. However, it was not until the last decade that the addition of modified
gravity was made to the simulations [26, 27, 28, 29, 30, 14, 31, 32, 33, 34, 13].

Due to the complex nature of the hydrodynamic part of N-Body simula-
tions, and the heavy computational resources needed, all of the modified
gravity codes were dark matter only codes. This, however, did not stop the
authors from comparing their results to observations disregarding the large
discrepancy this entailed.

In order to progress further and start making prober predictions for
modified gravity theories the hydrodynamics had to be included. This is
where my work comes in. Together with [35, 36, 37, 38] we have been in
the forefront of modified gravity simulations that include hydrodynamic
processes.

My work is a continuation of the work begun by Claudio Llinares and
Hans A. Winther with the ISIS code [14]. The ISIS code is a dark matter
only, modified gravity N-body code, based on the existing hydrodynamic,
N-body code RAMSES [39].

They implemented the f(R)-gravity and symmetron models as two scalar
field theories to the dark matter part of RAMSES but left the hydrodynamic
part untouched and shielded from the scalar field. My work was to see
how the fifth force behaves for the fluid equations, as shown in Chapter
2, and then to pair the scalar field from ISIS to the hydrodynamic part of
RAMSES.

The simulations were run using Hexagon, a Cray XE6 supercomputer, at
the Norwegian metacenter for computational science (NOTUR), with 1024
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CPU cores in parallel. The simulations were initially identical, but with the
appearance of [35] we modified the box size and background cosmology for
our f(R)-gravity simulations so that we could directly compare our results
to theirs.

To identify the galaxy clusters in our data we used the Rockstar halo
finder [40] for the first two papers, and the Amiga Halo Finder [41] for the
last two papers. We make the assumption that the galaxy clusters track
the dark matter halos to such an extent that the centre of the halo is also
the centre of the galaxy cluster.1

We originally used the Rockstar halo finder because that was the tool
we were familiar with from the ISIS study. However, Rockstar does not take
into account the gas of the simulation, and treat the result as dark matter
only. This lead to some additional uncertainties for the positioning of the
galaxy clusters, this is noted in the respective papers. Once we were aware
of the fact that the Amiga Halo Finder includes the gas in its calculations
of the halo positions and size, we switched over to using it instead.

To calculate the power spectra, one power spectrum for dark matter and
one for the gas, we used the POWMES [42] code. The code is designed to
calculate the power spectrum based on particles with a certain mass. For
the dark matter the calculation is straightforward, we provide the positions
of all the dark matter particles, that all have the same mass, and that’s it.
For the gas we need to convert the gas density to proxy gas particles. We do
this by taking the volume Vi for cell i with density ρi to calculate the mass
of the cell mi = ρiVi. POWMES can then calculate the gas power spectrum
by providing the position of the cell centre for all cells in the simulation,
together with the proxy mass mi.

By using the location from the halofinder as the centre of the galaxy
clusters we average the cluster properties of interest in logarithmically spaced
annular bins and do so out to r = 10R200c. We go to 10 times past R200c

due to the uncertainties in the positioning of the galaxy cluster compared
to the dark matter halo, this way we are almost certain the entirety of the
galaxy cluster is analysed. These cluster properties are most often averaged
over all halos, making so-called stacked cluster profiles.

Due to concerns regarding the resolution of the simulation we always
make sure the halos contain at least 100 dark matter particles.

At this point it is worth noting that the modified gravity theories we
study, the f(R)-gravity and symmetron, are treated as toy-models rather
than alternatives to ΛCDM. By that I mean that we use these models to
probe what signatures and imprints they leave on structure formation, we
push and pull on everything to see what breaks and what don’t.

1This is a good assumption given the ratio of dark matter contra baryonic matter in
the Universe. However there are known cases where this is not the case, such as with the
Coma cluster.
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4.1.1 Aims and goals

The entire point of the research for my PhD thesis can be summarized by
two simple goals

Thesis goal 1: Hydrodynamic effects of modified gravity

How does modified gravity theories affect a simple representation
of the baryonic component of the Universe in structure formation
simulations?

Thesis goal 2: Constraining modified gravity

Can we find observables that can be used to constrain and rule out
modified gravity theories?

In the following papers you will see that we have strived to answer these
questions, with the first two papers focusing more on what happens when
we have modified gravity in a hydrodynamic N-body simulation, while the
second two attempt to explore possible tests and observables to a greater
extent.

4.2 Papers

In the following sections I will briefly describe how the papers came to be
and the most important findings of our papers, the full text for each paper
is found later in the thesis.

4.2.1 Paper I

In this paper we presented one of the first hydrodynamic N-body simulations
for the f(R)-gravity model and the very first, and still only, hydrodynamic
N-boy simulations for the symmetron model. We studied the matter power
spectrum for both the dark matter and the gas, noting that the gas power
spectra agree well with the dark matter power spectra on scales k <
0.5Mpch−1. We also studied the density and temperature profiles and found
in many cases that the deviations from ΛCDM were diminished in the gas
case compared to the dark matter case..

In general we found that the gas observables do not necessarily mirror
those of the dark matter ones, thus proving the fallacy of using dark matter
only simulations as probes of gravity. Our strongest result was perhaps that
the largest deviations from ΛCDM appeared in the temperature profiles,
and that the thermal part of cluster profiles is the observable to keep an
eye on.
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4.2.2 Paper II

In this paper we performed a new series of simulations for the symmetron
model, but this time we allowed the coupling strength β between matter and
the scalar field to vary depending on whether it coupled to the gas or the dark
matter. This way we had the opportunity to test the equivalence principle,
that imply that one should not find any notable differences whether the
coupling is universal or not.

We could not, however, find any signature of non-universal coupling,
other than the fact that deviations from ΛCDM are smaller in the cases of
universal coupling for the baryon fraction. The baryon fraction, defined as
the relationship between the gas and dark matter density profiles, can then
be a good probe of the equivalence principle. If observations of the baryon
fraction, or power spectrum bias, deviates significantly from the ΛCDM
reference value, then this could be an indicator that there is some breaking
of the equivalence principle.

4.2.3 Paper III

In this paper we study the mass-temperature relation of galaxy cluster. We
discover that the various models can very easily be distinguished from one
another when studying smaller, less hot galaxy clusters, with mass less than
M = 5× 1014 M�h−1 and temperatures below kBT = 1 keV.

The strength of using the mass-temperature relation as a probe of gravity,
asides from the fact that we can easily distinguish models, is that this is a
known quantity to observers that they have a lot of experience observing,
and that will be explored in upcoming surveys.

Feedback from the community after posting to ArXiV prompted us to
also test the M − YX relation, using the mass-proxy YX . This supposedly
would be a better observable as YX has the temperature scaled by the gas
mas, which is a direct observable. We found however that in this case
the differences between the models were suppressed, and thus not a good
observables for probing modified gravity.

However, when testing the mass-temperature relation for the gas mass
we found even larger differences than before, and since the gas mass is a
direct observable this could prove to be an even better probe.

We discover that for modified gravity theories where the coupling between
matter and the scalar field is not universal the effects of modified gravity
can be hidden from the mass-temperature relation if the gas is minimally
coupled while the dark matter is not. Thus the mass-temperature relation
is not a good probe of gravity if the coupling is non-universal. Thus the
mass-temperature relation is a poor probe of gravity for models where scalar
field is minimally coupled to the gas.
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4.2.4 Paper IV

In this paper we study various ways of calculating the mass of galaxy cluster,
and compare them to the lensing mass. In practice, we define the lensing
mass to be the cumulative mass of the dark matter plus the mass of the
gas. The thermal and kinetic masses are calculated as described previously.

We find the thermal mass is most sensitive to the gas coupling, while
the kinematic mass is most sensitive to the dark matter coupling. Thus one
can probe non-universal couplings by studying these two masses in relation
to one another.

Using observational data for the kinetic, lensing and thermal masses we
attempt to put constraints on the modified gravity models using a general
screened-modified gravity parameterization developed by [43].





CHAPTER 5
Summary

This work set out with the intent of discovering new ways to test modified
gravity theories, and in that regard it has been a success. By being the very
first people in the world to perform structure formation simulations that
include a simple hydrodynamic gas for the symmetron model, and among
the first for the f(R)-gravity, the playing field was very much open for us.
This allowed us the freedom to analyse any quantities we desired, with no
previous knowledge holding us back.

We’ve identified the thermal quantities of galaxy clusters to be among
the best probes of modified gravity theories, with the personal favourite
being the mass-temperature relation where standard gravity and modified
gravity models had significant different behaviour for the smaller galaxy
clusters.

Future surveys will enable observations to get an even higher degree
of accuracy than before, and it is possible that our results, and future
derivatives of our work, will be able to be compared to observations with a
high degree of precision in the not too distant future.

An example of such future surveys is ESA’s Euclid mission, which will
measure redshift of galaxies to study the expansion of the Universe and
structure formation. Another example is eROSITAm which will study the
gas of 50 to 100 thousand galaxy clusters.

In the mean time we hope that the general understanding of baryonic
processes in the Universe will improve, as that is still one of the largest
uncertainties of all hydrodynamic structure formation codes with modified
gravity. How can one say anything about the nature of gravity from baryonic
processes, if the baryonic process itself is an unknown?

Refinements to the work performed in this thesis will have to resolve
around adding more complex physics to the simulations, to move beyond
the very simplest representation of baryonic matter that we have. Future
simulations could contain actual star particles, proper galaxy formations,
cooling processes, radiative transfer and so on.
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What we can conclude with in the end is that there is still need for a lot
more work ahead for modified gravity models in structure formation, and
the results will prove to be exciting.
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ABSTRACT
In this paper, we present the first results from implementing two scalar–tensor modified gravity
theories, the symmetron and the Hu–Sawicki f(R)-gravity model, into a hydrodynamic N-body
code with dark matter particles and a baryonic ideal gas. The study is a continuation of
previous work where the symmetron and f(R) have been successfully implemented in the
RAMSES code, but for dark matter only. By running simulations, we show that the deviation
from � cold dark matter (�CDM) in these models for the gas density profiles are significantly
lower than the dark matter equivalents. When it comes to the matter power spectrum, we find
that hydrodynamic simulations agree very well with dark matter only simulations as long as
we consider scales larger than k ∼ 0.5 h Mpc−1. In general the effects of modified gravity on
the baryonic gas is found to not always mirror the effects it has on the dark matter, but when it
does, it does it to a lesser extent. The largest signature is found when considering temperature
profiles. We find that the gas temperatures in the modified gravity model studied here show
deviations, when compared to �CDM, that can be a factor of a few larger than the deviations
found in density profiles and power spectra.

Key words: gravitation – hydrodynamics – galaxies: haloes – large-scale structure of Uni-
verse – cosmology: theory.

1 I N T RO D U C T I O N

The current standard model of cosmology is the � cold dark mat-
ter (�CDM) model, and even though it is remarkably accurate in
many aspects, it still has several problems that remains to be solved
(Kroupa et al. 2010). Furthermore, �CDM has no proper moti-
vation for adding the � constant other than the fact that it gives
rise to the acceleration of the expansion of the Universe (Peebles
& Ratra 2003). This can also be explained by introducing a new
fluid known as dark energy (Copeland, Sami & Tsujikawa 2006) to
the matter content of the Universe. Alternatively, the acceleration
of the Universe might be a signal that gravity is modified on the
largest scales. Modifying gravity is usually done by modifying the
Einstein–Hilbert Lagrangian densityLEH = R by replacing it with a
more general function including terms of higher order in derivatives
of the metric (R2, RμνRμν , RαβμνRαβμν . . . ) or by introducing new
dynamical degrees of freedom, such as scalar fields (Capozziello &
de Laurentis 2011), coupled to the matter sector (Brookfield et al.
2006).

General Relativity (GR) have been thoroughly tested in the lab
(Hoyle et al. 2004; Dimopoulos et al. 2007) and in the Solar system
and no deviation have so far been found (Bertotti, Iess & Tortora

� E-mail: amirham@astro.uio.no

2003; Will 2014). This places strong constrains on any model that
seeks to modify gravity and for such models to have any cosmo-
logical signatures, apart from modifying the background expansion
history, a screening mechanism is required. A screening mechanism
(Khoury 2010; Brax et al. 2012) is a way of suppressing the effects
of modifications of gravity in high-density regions, compared to the
critical density, such as on Earth and in the Solar system. In this pa-
per, we will take a look at the symmetron (Hinterbichler & Khoury
2010) and f(R)-gravity models (Hu & Sawicki 2007), which are but
two of numerous scalar–tensor field theories that possess such a
screening mechanism.

With the ever increasing number of theoretical modified gravity
models it is important to find ways to compare these models to
observations in order to exclude the ones that are not viable. Local
gravity experiments typically gives constrains on modified gravity
models that translates into signatures being in the non-linear regime
of structure formation. Therefore, one of the ways to find useful
observables is to use N-body simulations. So far the majority of the
cosmological N-body community that works with modified gravity
has focused solely on simulations made with collisionless dark
matter (Llinares, Knebe & Zhao 2008; Oyaizu 2008; Schmidt 2009;
Li, Mota & Barrow 2011; Zhao, Li & Koyama 2011; Li et al. 2012;
Barreira et al. 2013; Brax et al. 2013; Li, Zhao & Koyama 2013;
Puchwein, Baldi & Springel 2013; Gronke, Llinares & Mota 2014;
Llinares & Mota 2014; Llinares, Mota & Winther 2014). However,
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in doing so we neglect a wealth of physics, after all what is observed
are photons emitted from luminous matter. To go beyond dark matter
(DM) and try to describe the plethora of baryonic effects that take
place in our Universe is very challenging. Over the last decade,
several codes have been written that combine N-body simulations
with hydrodynamics (Cen 1992; Ryu et al. 1993; Teyssier 2002;
Springel 2005; Vogelsberger et al. 2014) and include recipes for
handling star formation and feedback processes.

So far there has only been, to our knowledge, two attempts at
combining modified gravity with hydrodynamics in N-body codes
(Puchwein et al. 2013; Arnold, Puchwein & Springel 2014). In this
paper, we show the first results from a hydrodynamic N-body code
with the symmetron model, and also reproduce and expand upon
the same f(R)-gravity theory as presented in Puchwein et al. (2013)
and Arnold et al. (2014). The code that this paper is based on is a
slight modification of ISIS (Llinares et al. 2014), which in turn is
a modification of the RAMSES hydrodynamic N-body code (Teyssier
2002). This paper will only concern itself of the modifications made
in order to combine the modified gravity part of the N-body code
with the hydrodynamic part of RAMSES. For more on the implemen-
tation of the scalar fields and other technicalities we refer the reader
to Llinares et al. (2014). The aim of this paper is to study the effects
of modified gravity on the baryonic gas, compared to the effects
that modified gravity has on the DM physics. For this purpose, we
will focus on simple observables such as the matter power spec-
trum and density and temperature profiles for both the DM and gas
components separately.

The structure of this paper is as follows. In Section 2, we give an
introduction to scalar–tensor theories of gravity and take a look at
how the equations differ from those of standard gravity. Section 3
briefly details the code implementations and the run parameters
of our simulations. We show our results for density profiles in
Section 4, for temperature profiles in Section 5 and for power spectra
in Section 6. We finish the paper with a short discussion in Section 7.

2 SC A L A R – T E N S O R T H E O R I E S O F G R AV I T Y

We are interested in scalar–tensor theories that are defined by the
following action (Sotiriou 2006; Fujii & Maeda 2003):

S =
∫

d4x
√−g

[
R

2
M2

pl − 1

2
∂iψ∂iψ − V (ψ)

]

+ Sm(g̃μν, �̃i), (1)

where g is the determinant of the metric tensor, gμν in the Einstein
frame, which is related to the Jordan frame metric tensor g̃μν by a
conformal factor A(ψ),

g̃μν = A2(ψ)gμν, (2)

and R is the Ricci scalar. The conformal factor satisfy A � 1 for all
the models we consider in this paper and we will use this approxima-
tion throughout. For more on these frames and the transformations
between them and possible errors see Faraoni, Gunzig & Nardone
(1999) and Brown & Hammami (2012).

Varying the action with respect to the scalar field and the metric
gives us the scalar field equation of motion and the stress–energy
tensor, respectively,

�ψ = V ′(ψ) − A′(ψ)T (m), (3)

where T(m) is the trace of the stress–energy tensor, T (m) = gμνT (m)
μν ,

and

Tμν = A(ψ)T (m)
μν + T (ψ)

μν

= A(ψ)
[
(P + ρ)uμuν + Pgμν

]
+ ∇μψ∇νψ − gμν

(
1

2
∂iψ∂iψ + V (ψ)

)
. (4)

Note that the total stress–energy tensor is covariantly conserved,
while the scalar field component itself is not

∇νT (ψ)
μν �= 0.

We will now briefly go through the derivation of the fluid equa-
tions we get by using basic principles on the above action, and show
what form they take for the symmetron model and the f(R)-theory.

2.1 The fluid equations

We can derive the fluid equations of scalar–tensor theories from
basic principles. We use the general action equation (1) and stress–
energy tensor equation (4) and start by computing the covariant
derivative of the stress–energy tensor, which is a conserved quantity
(Misner, Thorne & Wheeler 1973)

∇μTμν = 0. (5)

We work in the Newtonian Gauge,

ds2 = −(1 + 2
)dt2 + a2(1 − 2
)δij dxidxj , (6)

and from the conservation of the stress–energy tensor and by im-
posing the quasi-static limit (Llinares & Mota 2013; Noller, von
Braun-Bates & Ferreira 2014) for the scalar field, in which time-
derivatives of the scalar field is ignored relative to spatial gradients,
we find the fluid equations for scalar–tensor theories of gravity,

∂ρ

∂t
+ ∇(vρ) + 3Hρ = 0, (7)

a2(P + ρ)

[
Hv + ∂v

∂t
+ (v · ∇)v + 1

a2
∇


]
(8)

+ ∇P + A′(ψ)

A(ψ)
ρ∇ψ = 0,

∂E

∂t
+ 2HE + P

ρ
· ∇v = −(v · ∇)
 − A′(ψ)

A(ψ)
(v · ∇)ψ. (9)

We now perform a change of variables by implementing a vari-
ation of the so-called supercomoving coordinates, introduced by
Martel & Shapiro (1998),

dt̃ = a−2dt, ρ̃ = a3ρ, ṽ = a2v, (10)

ψ̃ = aψ, P̃ = a5P , 
̃ = a2
, Ẽ = a2E, (11)

where the tildes represent quantities in the supercomoving coordi-
nates. The purpose of these coordinates is to eliminate unwanted
dependences on the scale and Hubble factors. The equations then
take the form1

∂ρ̃

∂t̃
+ ∇(ṽρ̃) = 0, (12)

1 This result is reached by excluding terms of second order and assuming
static pressure and fields.
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∂ṽ

∂t̃
+ (ṽ · ∇)ṽ = − 1

ρ̃
∇P̃ − ∇
̃ − A′(ψ̃)

A(ψ̃)
∇ψ̃, (13)

∂Ẽ

∂t̃
+ ṽ · ∇Ẽ + P̃

ρ̃
· ∇ṽ = −(ṽ · ∇)
̃ − A′(ψ̃)

A(ψ̃)
ṽ · ∇ψ̃, (14)

which are the equations we have implemented in the N-body code.

2.2 Symmetron model

The symmetron model was introduced by Hinterbichler & Khoury
(2010) as a new screening mechanism, similar to the one found in
the Chameleon models (Khoury & Weltman 2004; Mota & Shaw
2007). It utilizes a screening mechanism so that we recover GR
in regions of high density (such as the Solar system where gravity
has been very well tested) whereas we get an order 1 modification
of gravity in low-density regions. This is done by introducing a
potential on the symmetry breaking form

V (ψ) = V0 − 1

2
μ2ψ2 + 1

4
λψ4, (15)

where ψ is the scalar field, μ is a mass scale and λ a dimensionless
parameter.

The coupling factor just mentioned is also chosen to be symmetric
in the same manner as the potential

A(ψ) = 1 + 1

2

(
ψ

M

)2

,

where M is another mass scale.
From the field equation we have that the dynamics of the field is

determined by an effective potential given by

Veff (ψ) = V0 + 1

2

( ρm

M2
− μ2

)
ψ2 + 1

4
λψ4. (16)

In regions of high density (ρm 	 M2μ2), the field is driven towards
the minimum ψ = 0, while in regions of low density we get a

minimum at ψ0 = ±μ

√
1
λ

for which the field will reside close to.
The fifth-force (see below) is proportional to the local value of
the scalar field so in high-density regions ψ ≈ 0 and it will be
suppressed.

We want, however, to work with slightly other parameters, for
which the physical interpretation is more clear, as presented in
Winther, Mota & Li (2012). This entails changing our free param-
eters μ, M and λ to β, λ0 and aSSB like

β = Mplψ0

M2
, (17)

a3
SSB = 3H 2

0 mM2
pl

M2μ2
, (18)

λ2
0 = 1

2μ2
. (19)

Now β represents the strength of the scalar fifth-force (relative to
the gravitational force), aSSB is the expansion factor at the time of
symmetry breaking, and is also related to the density at which the
screening mechanism kicks in via the relation ρSSB = m0ρc0a

−3
SSB,

and λ0 is the range of the scalar fifth-force in units of Mpc h−1.
Further the scalar field itself is replaced by a dimensionless scalar
field χ by

ψ̃ = ψ0χ. (20)

The equation of motion for this scalar field in the quasi-static limit
is (Llinares et al. 2014)

∇2χ = a2

2λ0

[(aSSB

a

)3 ρm

ρm

+ χ3 − χ

]
. (21)

Simulations beyond the static limit were presented in Llinares &
Mota (2013, 2014), finding only sub-per cent differences between
the static and non-static solutions.

The fifth-force in the symmetron model takes the form

Fψ = A′(ψ̃)

A(ψ̃)
∇ψ̃ = ψ̃

M2
∇ψ̃

= 6mH 2
0

(βλ0)2

a3
SSB

χ∇χ, (22)

which is how it is represented in our code. For more on the sym-
metron model we refer to Hinterbichler & Khoury (2010).

2.3 f(R)-gravity

All f(R)-gravity theories revolve around promoting the Ricci scalar
in the Einstein–Hilbert action to a function of the Ricci scalar in-
stead. In the N-body code the Hu–Sawicki f(R) model (Hu & Sawicki
2007) has been implemented and this is the model we focus on in
this paper. The action for f(R)-gravity is given by

S =
∫ √−g

[
R + f (R)

16πG
+ Lm

]
d4x, (23)

and in the Hu–Sawicki model f(R) has the form

f (R) = −m2 c1(R/m2)n

1 + c2(R/m2)n
, (24)

where n, c1 and c2 are the free parameters and m2 = H 2
0 m0. We

can reduce the number of free parameters from three to two by
demanding that c1 = 6c2

�

m
(to yield dark energy) as demonstrated

in Hu & Sawicki (2007). Further it is convenient to use a parameter
fR0 instead of c2 (Llinares et al. 2014)

fR0 = −6n�

c2m

(
�

3(m + 4�)

)n+1

. (25)

By applying the conformal transformation equation (2) to the action
equation (23) using

A(ψ) = e
−βψ
Mpl (26)

with β = 1/
√

6 we recover the general scalar–tensor theory action
equation (1). This model is then further characterized by the fR

function

fR = A2(ψ) − 1 ≈ −2βψ

Mpl
. (27)

In order to get the field-equation on a convenient form for a nu-
merical implementation we must perform a change of variables. As
justified in Oyaizu (2008) we introduce a substitution of the form

fR = −a2eu, (28)

combining this with equation (27) we see that this is essentially a
substitution like

ψ = a2 Mpl

2β
eu ⇒ ∇ψ = a2 Mpl

2β
eu∇u. (29)

In Oyaizu (2008), it has been shown that the equation of motion for
this scalar field is then
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∇ · (eu∇u) = maH 2
0

⎡
⎣(ρ̃ − 1) +

(
1 + 4a3 �

m

)

− a3

(
1 + 4

�

m

) (
a2fR0

) 1
n+1 e− u

n+1

⎤
⎦, (30)

where fR0 is related to the range of the scalar field via λ0 ∝ 1/
√

fR0.
The fifth-force is given by

Fψ = A′(ψ̃)

A(ψ̃)
∇ψ̃ = a2β

Mpl
∇ψ̃

= 1

2
eu∇u, (31)

which is how it is represented in our code. For more on f(R)-theories
of gravity see the review by de Felice & Tsujikawa (2010).

3 C O D E I M P L E M E N TAT I O N A N D
RU N PA R A M E T E R S

Implementing scalar–tensor theories of gravity to the hydrody-
namic part of the N-body code is rather straightforward, thanks
to the scalar–tensor theories all giving contributions as a fifth-force
and the fact that RAMSES, which ISIS is based on, has been widely
used, thoroughly tested and optimized. Wherever the code normally
works with the gravitational force, call it FGR, we simply replace
it with an effective force Feff that includes the effects of modified
gravity

Feff = FGR + Fψ, (32)

which is then naturally permeated throughout the code. For more on
the implementation of the scalar field solver itself see Llinares et al.
(2014). In the next two subsections we present our initial conditions
and other parameters we used in our runs. For both models we
also made a run with standard gravity (�CDM) to use as a base of
comparison. All initial conditions have been generated by using the
GRAFIC code, which is a part of COSMICS (Bertschinger 1999), based
on the parameters described below.

3.1 Parameters for the symmetron simulations

The symmetron simulations were run using 1024 cores, 2563 DM
particles, with a box width of 256 Mpc h−1 and six levels of
refinements. The background cosmology is a standard �CDM
background with h = 0.65, � = 0.65, m = 0.35 and b =
0.05.

The symmetron parameters are presented in Table 1. These pa-
rameters were chosen to focus on various aspects of the symmetron
models. Varying β changes the strength of the fifth-force while
changing aSSB changes the time of symmetry breaking (i.e. it is the
scalefactor for which the fifth-force kicks in) and also the density
criteria for the screening mechanism.

3.2 Parameters for the f(R) simulations

The f(R) simulations were run using 1024 cores, 2563 DM particles
with a box width of 200 Mpc h−1 and eight levels of refinements.

Table 1. Overview of the model pa-
rameters for the symmetron and f(R)
models.

Name β aSSB λψ

Sym_A 1.0 0.5 1.0
Sym_B 1.0 0.33 1.0
Sym_C 2.0 0.5 1.0
Sym_D 1.0 0.25 1.0

Name fR0 n

FofR04 10−4 1
FofR05 10−5 1
FofR06 10−6 1

The background cosmology is a standard �CDM background with
h = 0.70, � = 0.727, m = 0.272 and b = 0.045.2

The f(R) parameters are presented in Table 1. These parameters
as briefly introduced above were chosen as they give the full range
of effects found in the model: from almost no screening and large
deviations from �CDM for FofR04 to much screening and small
deviations from �CDM for FofR06. The main effect of changing
fR0 is to change the range over which the fifth-force is acting on and
also the density threshold for screening.

4 D EN SITY PROFILES

In this section, we present density profiles for multiple haloes identi-
fied by using the ROCKSTAR code developed by Behroozi, Wechsler &
Wu (2013) and incorporated into the YT-Project (Turk et al. 2011).
We filter all the haloes that have not reached a relaxed state. This
is done by following the methods described in Neto et al. (2007)
and Shaw et al. (2006), where we use relations between the kinetic
and potential energy and the surface pressure to determine if a halo
is relaxed or not. We used the method presented by Gronke et al.
(2014) to take into account the effects of modified gravity in the
virialization state of the haloes. A halo is defined to be relaxed if∣∣ 2T −Es

U

∣∣ ≤ 0.2. See Gronke et al. (2014) for more on this limit and
its implications.

We are also interested in seeing how the behaviour depends on
the mass of the haloes. We will therefore study haloes with masses
in the ranges 1–5 × 1013 and 1–5 × 1014 h−1 M�. The density
profiles are calculated by binning DM particles and the baryonic
gas density in annular bins for each halo, then averaging over all
haloes. We focus only on the present day epoch which corresponds
to z = 0.

Our calculated density profiles are averages of all density profiles
of the proper size, ranging from 10 per cent of the virialization
radius, r = 0.1R200c, to ten times the virialization radius, r = 10R200c.
This range was chosen to properly catch all behaviours of the fifth-
force on the DM and gas haloes while also avoiding the inner
regions of the haloes where the resolution of our simulations is not
sufficient.

In Fig. 1, we present the deviations from �CDM of the density
profiles for the DM and the baryonic gas for the symmetron model,
while in Fig. 2 we present the same figures for the f(R)-gravity
model.

2 These �CDM parameters were chosen to coincide with those of Puchwein
et al. (2013) to enable cross-checking.
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Figure 1. The top figures show the deviations from �CDM for our symmetron models for CDM and baryons, respectively, for all density profiles with a mass
between 1014 and 5 × 1014 h−1 M�. The bottom figures show the same for all density profiles with a mass between 1013 and 5 × 1013 h−1 M�.

Figure 2. The top figures show the deviations from �CDM for our f(R) models for CDM and baryons respectively for all density profiles with a mass between
1014 and 5 × 1014 h−1 M�. The bottom figures show the same for all density profiles with a mass between 1013 and 5 × 1013 h−1 M�.

MNRAS 449, 3635–3644 (2015)
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Figure 3. The left-hand figure show the gas temperature profiles for �CDM and our symmetron models for all haloes with a mass between 1014 and
5 × 1014 h−1 M�, the right-hand figure show the deviations from standard �CDM for the same models.

The DM density profiles for modified gravity show in general
stronger clustering at the outskirts of the haloes than the inner
regions. The additional force from the scalar field will increase the
rate at which DM and the gas collapses towards the centre. When
the density criteria is then met and the fifth-force is screened the
DM particles will have gained such velocities that they overshoot
the centre of the halo and does not cluster there. The particles that
overshoot the centre will then end up in the outskirts as we see in
the density profile deviations.

We observe that overall the gas profiles behave closer to the
�CDM counterpart than that we find in the DM profiles. In pre-
vious works similar effects on the power spectra have been at-
tributed to AGN feedback (Puchwein et al. 2013). In our simulations
however we do not have these effects, as we chose to implement
only the most rudimentary of baryonic components, a perfect fluid,
clearly this effect is much more intrinsic to baryons than before
assumed.

What we see here might be an environmental effect, from the
DM, on the gas component. The DM collapses faster than the gas
component, due to the CDM being collisionless while the gas com-
ponents are hindered from collapsing due to friction and pressure
as enforced by the Euler equations (12) and (13), this means that
the DM will cluster faster than the gas and reach higher densities
earlier than the gas. The total density, DM and gas, will trigger the
density criteria that turns on the screening mechanism before the
baryonic gas has had a chance to collapse as much as the DM. In
other words, DM cuts off the fifth-force before it has had the time to
work on the gas component to the same effect as it does on the DM.

As seen in Table 1, we remember that all our symmetron simu-
lations have the same coupling strength and force range, but with
varying symmetry breaking criteria. The exception is Sym C which
has the same symmetry breaking criteria as Sym A, but with twice
the coupling strength. Due to this we will temporarily ignore Sym
C when studying the effects of the symmetron parameters.

We immediately see that the lower aSSB is, meaning the fifth-force
has been acting upon the Universe for a longer time and also screens
at a higher density, the bigger the deviations from �CDM are in the
extremities of the density profile plots, with the differences between
the models being smallest near the virialization radius. One might
naı̈vely expect that models with a lower aSSB should break off from
�CDM closer to the centre of the halo, where the density is higher;

however, it is clear from these profiles that the length of time that
the fifth-force has been working on the particles is the stronger of
the two effects.

Returning to Sym C, we note that the increased coupling strength
amplifies the amplitude of Sym A, while also making it behave as
if it had a slightly lower aSSB than it actually has, in short it simply
boosts the effects of the fifth-force. Looking at the low-mass figures
we note that the profiles follow the same trend as before, but that
the effects from the stronger coupling in Sym C is much stronger.
This is due to the fact that the haloes of this mass range have sizes
that are approximately of the order of the force range and we get a
stronger resonance.

For the f(R) case the main difference between the parameters is
the range of the fifth-force, and the behaviour of these f(R)-gravity
models have been discussed before in Lombriser et al. (2013). What
is worth noticing is that we observe the same behaviour when com-
paring the DM density profiles to the gas density profiles as we did in
the symmetron case. The only exception is for the high-mass haloes
in the FofR06 simulation, which is the model closest to �CDM, as
is expected, in the DM case. However, the gas profiles show slightly
lower clustering in the inner regions than what we have for the DM
(similar to what we see for Sym B, but to a larger extent).

5 TEMPER ATU R E PROFILES

In this section, we provide the temperature profiles for the haloes
in our simulations. The motivation for showing this is that the
temperature of the gas in our Universe is one of the direct, and
easiest, observables that we can use to compare to our results,
furthermore this is something that, to our knowledge, has never
before been presented for modified gravity theories. To calculate
the temperature from the simulations we utilize the ideal gas law,

p = RsρT , (33)

where p is the thermal pressure, Rs = kB
mH

is the specific gas constant

and p/ρ is provided to us from the simulation output.3 In Figs 3
and 4, we show both the profiles and the deviations in the profiles

3 The profiles we show are mass-weighted, i.e. T =
∑

miTi∑
mi
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Figure 4. The left-hand figure show the gas temperature profiles for �CDM and our f(R) models for all haloes with a mass between 1014 and 5 × 1014 h−1 M�,
the right-hand figure show the deviations from standard �CDM for the same models.

Figure 5. Gas temperature deviations from standard �CDM for our f(R)
models for haloes with a mass between 1013 and 5 × 1013 h−1 M�.

with respect to �CDM for our symmetron and f(R)-gravity models,
respectively, while in Figs 5 and 6 we show the deviations for the
smaller set of halos.

For the models we have simulated the screening properties for
(DM) Navarro-Frenk-White (NFW) haloes have been studied in
Gronke et al. (2014) and these results are very useful to understand
the results we find.

The first thing to notice from the temperature profiles is that
the effect of modified gravity can be larger than what we find in
the density profiles and power spectra. This is a similar kind of
signature as has been found in the velocity field in modified gravity
simulations previously (Li et al. 2013) and not surprising as the
temperature of the gas is closely related to how fast (and faster
means more turbulent) the gas is moving.

The largest haloes we study are so massive today that they have
been screened (as modifications of gravity is a late time effect
in our models) during most of their evolution. This is also re-
flected in the temperature profiles for FofR05, FofR06 and all
the symmetron models where we see a close to zero deviation
in the centre of the largest haloes. The only exception is FofR04
where we see a deviation even in the centre. As seen in fig. 6

Figure 6. Gas temperature deviations from standard �CDM for our sym-
metron models for haloes with a mass between 1013 and 5 × 1013 h−1 M�.

of Gronke et al. (2014) all of our simulations, except FofR04,
have a large degree of screening for our largest halo mass range.
FofR04 does not have much screening even for the largest haloes
and consequently the modifications of gravity are active inside our
most massive haloes leading to a non-zero deviation even in the
centre.

FofR04 is our simulation that is closest to act as a linear (non-
screened) model. For this reason the modification in the temper-
ature profiles is close to a constant over the whole profile for
both mass-ranges. This is to be expected since if we neglect the
finite interaction range of the fifth-force then the modifications
of gravity can be thought of as just a rescaling of the strength
of gravity (i.e. of Newton’s constant). For FofR04, the difference
in amplitude in the temperature with respect to �CDM is seen
to be slightly larger in the centre for our smallest haloes. This
is likely related to the range of the fifth-force, being density de-
pendent and smaller for denser objects, making the effect of the
fifth-force (through not much screened) smaller for the largest
haloes.

For FofR05, we see a modification in the centre only for our
smallest haloes. This is also to be expected from fig. 6 in Gronke
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et al. (2014) which shows that for FofR05 our large haloes are
very much screened, but our small haloes are not much screened.
For FofR06, we see only a very small (a few per cent) devia-
tion in the temperature for both of our haloes mass-ranges over
the whole profile again consistent with the findings of Gronke
et al. (2014). The FofR06 model has the highest amount of
screening and generally the shortest range of all models and to
see sizeable deviations in this model we would need to go to
much smaller halo masses which is beyond the resolution of our
simulations.

For the symmetron models, we also see the effect of the additional
symmetron screening mechanism. Sym D is the symmetron model
that has the least amount of (non-linear) screening and the fifth-
force has been in operation for the longest time. However, opposed
to FofR04, the deviation in the centre of the largest haloes is rather
small. The reason for this is that the coupling to matter β(ϕ) ∝ ϕ is
field-dependent and goes to zero for large and dense haloes giving
rise to additional screening which we do not have the f(R) model
where β is a constant. This effect suppresses the modifications of
gravity inside large haloes even though we do not have a large degree
of (non-linear) screening. For the other symmetron models (Sym A
mostly), we also have a large degree of non-linear screening further
suppressing the fifth-force and thereby suppressing the deviations
seen in the temperature profiles.

The temperature profiles show all the different aspects of screen-
ing we have in the models we have simulated and because of this
we would also expect to see an environment dependence of the
temperature profiles for haloes residing in different environments
similar to what was found in Winther et al. (2012) for DM haloes.
This is left for future work.

6 POWER SPECTRA

The power spectra were computed using the publicly available
POWMES code (Colombi & Novikov 2011), for both the DM and
the gas. In order to use POWMES to compute the gas power spectrum
we needed to extract the mass of each cell from the density of the
cell. This is done by assigning a mass to grid cells using

m = ρVcell, (34)

where ρ and Vcell correspond to the gas density and volume of each
cell.

We will start by studying the effects modified gravity have on the
ratio between the gas power spectrum and the DM power spectrum,

b = PDM

Pgas
. (35)

In Figs 7 and 8, we show the fractional difference of the gas–
DM bias with respect to �CDM for both the f(R) and symmetron
simulations, respectively. We first note how the bias is strongly scale
dependent. At large scales (k� 0.5 h Mpc−1) we see that all theories
converge to the bias of �CDM. However, once we move to smaller
scales k � 0.5 h Mpc−1 we see that the deviations of the bias grow
at an increasing rate for most models.

Looking at Sym A, B and D (again, Sym C mirrors Sym A, but
is more extreme) we see that the bias can both be higher and lower
than the �CDM bias depending on aSSB. The bias seem to rotate
in a clockwise motion as aSSB increases. We also see a direct link
between the strength of the coupling and the increased deviations in
the bias when comparing Sym A and Sym C. For the f(R) simulations
we see that FofR04 has a bias that increases strongly when we go to
smaller scales, whereas FofR05 and FofR06 has a bias that is close

Figure 7. We show the deviation of the bias from �CDM, for f(R) gravity.

Figure 8. We show the deviation of the bias from �CDM for the symmetron
model.

to �CDM. It should be pointed out that Sym A and Sym B together
with FofR05 and FofR06 are the most realistic models, whereas
FofR04 and Sym D are extremes (which most likely can be ruled
out already based on current data). The main thing we observe is that
the behaviour of the bias can be very different depending on how
long the fifth-force have been in operation, the range over which it
acts, the coupling strength to matter and the amount of screening
that is in play. This makes it hard to give a general prediction for
what the gas does in these theories as it is very dependent on the
model parameters. However, we do notice that it is in the simulations
where we have a lower degree of screening (Sym D, FofR04 and to
a lesser degree Sym B) that the relative bias grows significantly with
scale. A possible explanation for this is that it is only the very dense
gas inside clusters that experience much screening of the fifth-force
and therefore do not cluster as expected.

In Figs 9 and 10, we present the deviations of the DM and
gas power spectra for the symmetron models and the f(R)-gravity
theories from �CDM, respectively. For both models we see that
the majority of the models peak at approximately 1 h Mpc−1,
which is the scale at which streaming velocities reach a value
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Figure 9. The left- and right-hand figures show the power-spectrum deviations from standard �CDM for our various f(R) models for CDM and baryons,
respectively.

Figure 10. The left- and right-hand figures show the power-spectrum deviations from standard �CDM for our various symmetron models for CDM and
baryons, respectively.

large enough to prevent further clustering. The results for DM is
found to be in good agreement with existing simulations in the
literature.

We start by noting a direct correlation between the amplitude
of the power-spectrum deviations and the time since symmetry
breaking. The longer time the fifth-force has had a chance to work
on the DM particles and the gas the larger deviations from �CDM
we find, in agreement with expectations.

Further we see that the higher aSSB we have, the lower the scale
at which the screening mechanism starts, we might have expected
a complete opposite effect as the density usually increases as we
go to smaller and smaller scale, however, this is clearly not what
we observe. This might tell us that the screening mechanism is less
effective for these values than naively expected.

By looking at Sym C, we can see the sensitivity of the power
spectrum with regards to the strength of the fifth-force. We observe
that the effect of doubling the strength of the force compounds dras-
tically in the non-linear regime, particularly for the gas component.

For the f(R) case we know that in the FofR04 simulations we have
much less screening than in the FofR05 and FofR06 simulations (as

can be observed by comparing full simulations with linearized no-
screening simulations, see Li et al. 2011). It is only in the most dense
regions of the simulation box where the fifth-force is significantly
screened for FofR04. As the most dense regions in the simulation
box largely consist of highly clustered baryonic gas, the gas will
experience much more screening than the DM counterpart and this
effect can explain the large growth of the bias with scale as we
observe for FofR04. For models where the screening mechanism
works effectively, like for FofR05 and FofR06 the fifth-force seem
to affect the DM and gas equally well.

7 D ISC U SSION

In this paper, we have studied the effects modified gravity has on
structure formation with DM and a baryonic gas. The aim being to
study the effects of modified gravity on the baryonic physics in its
simplest form.

We ran several simulations with 2563 particles for the symmetron
and f(R)-gravity models, respectively. With the data from these
simulations, we analysed the density profiles and power spectra for

MNRAS 449, 3635–3644 (2015)



3644 A. Hammami et al.

both the DM and gas components, while also commenting on the
behaviour of the gas–DM bias.

We have shown that great care must be taken when trying to
rule out modified gravity theories by comparing observations to the
DM predictions, as the addition of the baryonic gas reduces the
deviations from �CDM significantly, at least for density profiles.
The smaller effect of modified gravity on the gas density profiles
compared to the effect it has on the DM density profiles is most
likely due to an environmental effect from the DM. Namely that
the total density ρ tot = ρDM + ρgas gets sufficiently high to trigger
the screening mechanism before the gas component has had enough
time to be acted upon by the extra force to give the expected impact.
The collisionless nature of DM give rise to a lower density at the
inner regions of the DM haloes than the inner region density of the
gas haloes.

The analysis of power spectra shows us that it is mainly in the
non-linear regime that the differences between the DM and the
gas cases are significant, in agreement with previous findings. The
power spectrum is highly sensitive to the range of the scalar field,
and especially sensitive to the time that the fifth-force has had to
affect the content of the Universe.

We have found that temperature profiles of clusters can be a strong
signature of modified gravity. The deviation from the �CDM pre-
dictions can be a factor of a few larger than the same deviations
found in the density profiles and power spectra, and much more
sensitive to the fifth-force then previously assumed. It is also im-
portant to notice that the effects that modified gravity theories have
on the baryonic gas does not always exactly mirror the effects it has
on the DM.

Using these newfound characteristics of the symmetron and f(R)-
gravity models of modified gravity on the temperature we can start
comparing to probes of gravity such as in Terukina et al. (2014)
or as suggested in Jain et al. (2013) and hopefully produce better
constraints.

It is worth to note that our study have only focused on a simple
baryonic gas without taking into account important physical effects
we know take place in our Universe. In the future we aim to extend
this work by adding such effects as feedback and cooling into our
code. Feedback effects will particularly be interesting to see whether
they enhance the deviations we already observe or not, whereas
cooling might have significant effects on the extremities of the
temperature profiles, where we observe the extreme deviations.
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ABSTRACT

Aims. We study the effects of letting dark matter and gas in the Universe couple to the scalar field of the symmetron model, a modified
gravity theory, with varying coupling strength. We also search for a way to distinguish between universal and non-universal couplings
in observations.
Methods. The research is performed utilising a series of hydrodynamic, cosmological N-Body simulations, studying the resulting
power spectra and galaxy halo properties, such as density and temperature profiles.
Results. In the cases of universal couplings, the deviations in the baryon fraction from ΛCDM are smaller than in the cases of non-
universal couplings throughout the halos. The same is apparent in the power spectrum baryon bias, defined as the ratio of gas to dark
matter power spectrum. Deviations of the density profiles and power spectra from the ΛCDM reference values can differ significantly
between dark matter and gas because the dark matter deviations are mostly larger than the deviations in the gas.

Key words. hydrodynamics – galaxies: halos – gravitation – cosmology: theory – large-scale structure of Universe

1. Introduction

One of the most challenging problems in the field of cosmol-
ogy is to understand the accelerated expansion of the late-time
Universe (Riess et al. 1998). The Λ cold dark matter (ΛCDM)
model is the most accepted explanation for this expansion and
is reached by modifying general relativity (GR) through adding
a cosmological constant, dark energy, to the energy-momentum
tensor.

An alternative to adding a dark energy component to GR is
to modify gravity, by altering the Einstein-Hilbert Lagrangian,
which the Einstein tensor is derived from. Many of these mod-
ified gravity theories exist (Brans & Dicke 1961; de Felice &
Tsujikawa 2010; Sotiriou 2006; Clifton et al. 2012; Boehmer
& Mota 2008) and several have previously been studied (Brax
et al. 2013; Barreira et al. 2013; Li et al. 2011, 2012;
Davis et al. 2012; Barrow & Mota 2003; Mota et al. 2008;
Puchwein et al. 2013; Winther et al. 2012). These theories are
often implemented by introducing a scalar field to the Einstein
tensor, which couples to the matter component of the Universe.
This scalar field gives rise to a fifth force, an additional
gravitational force, which is negligible at solar system scales
and below, according to laboratory experiments (Hoyle et al.
2004; Dimopoulos et al. 2007) and solar system gravity probes
(Bertotti et al. 2003; Will 2014).

If we assume that this fifth force acts on larger scales than
the solar system, then some mechanism is needed to negate the
fifth force on solar system scales. One way to achieve this is to
utilise one of the screening mechanisms found in the literature
(Khoury 2010; Brax et al. 2012; Hinterbichler & Khoury 2010;
Khoury & Weltman 2004; Vainshtein 1972; Koivisto et al. 2012)
that screens the fifth force based on a series of different criteria.

In this paper, we study the symmetron model (Hinterbichler &
Khoury 2010), which screens the fifth force in regions of high
density.

With these modified gravity theories comes the challenge
of finding methods to test them against observations (Terukina
et al. 2014; Wilcox et al. 2015). Theorists in the past have
mainly used predictions from models and simulations that only
include dark matter due to the simplistic nature of dark matter,
when constraining modified gravity theories. Use of models that
only include dark matter can be justified by the matter compo-
sition of the Universe, which is 84.4% dark matter and 15.6%
baryonic matter, according to the Planck Collaboration XIII
(2015). However, astronomers observe the electromagnetic spec-
trum emitted from the baryonic components of the Universe,
leaving the community with a disconnect between theories and
observables.

Introducing the concept of a bias between the dark matter
and baryonic components is one way to rectify this disconnect.
The bias assumes that the behaviour of the two components are
the same, but that the strength or amplitude of the behaviour
might be different. The community generally assumes that the
bias of the standard model ΛCDM is equal to one, which jus-
tifies studying the Universe and comparing the observations to
simulations that only include dark matter. However, if the bias
is not unity researchers might greatly underestimate or overesti-
mate their findings.

The bias can deviate from unity even in ΛCDM because of
baryonic effects other than a non-universal coupling, such as
AGN-feedback (van Daalen et al. 2011) or the hydrodynamic
effect observed in the Bullet cluster (Tucker et al. 1998; Clowe
et al. 2006). This means that these baryonic processes need to
be comprehensively understood before the bias can be used to
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test a non-universal coupling. Recent work (Schaller et al. 2015)
has made progress in studying the differences between galaxies
(gas) and dark matter in the ΛCDM model.

In our previous work (Hammami et al. 2015), we studied the
effects of adding a hydrodynamic gas to an existing N-body code
with the symmetron model implemented (Llinares et al. 2014)
with the assumption that the scalar field would couple to the gas
and the dark matter to a universal coupling. There are, however,
no justifications for assuming that the dark matter and gas have
the same coupling to the scalar field. In fact, several known par-
ticles, such as neutrinos and baryons, do not interact in the same
manner with electromagnetic forces, and it therefore stands to
reason that it is worthwhile to study the effects of non-universal
coupling between the scalar field and matter components.

In this paper, we study density and temperature profiles and
power spectra of dark matter and gas for symmetron models with
different values for the coupling strength. The paper starts with
an introduction to the symmetron model in Sect. 2, followed by
a very brief section on the simulation parameters in Sect. 3, pre-
senting and discussing the power spectra in Sect. 4 and the den-
sity and temperature profiles in Sect. 5, and finishes with con-
clusions in Sect. 6.

We work with some models that are extremely coupled to
the scalar field to push any signatures of the non-universal
coupling to their limits and possibly reveal signatures that
would not immediately be clear from more sensible scalar field
couplings.

2. The symmetron model

Introduced by Hinterbichler & Khoury (2010) the symmetron
model is a scalar theory of gravity using a symmetric potential,
where the action (Sotiriou 2006; Fujii & Maeda 2003) is

S =
∫

d4x
√−g

[
R
2

M2
pl −

1

2
∂iψ∂iψ − V(ψ)

]
(1)

+ S m(g̃μν, Ψ̃i),

where ψ is the scalar field1, R is the Ricci scalar, Mpl is the
Planck mass, and g = |gμν| is the determinant of the metric ten-
sor in the Einstein frame, which can be converted to the Jordan
frame by

g̃μν = A2(ψ)gμν. (2)

The conformal factor satisfies A � 1 for the symmetron model
and we use this approximation throughout. For more on these
frames and the transformations between them and possible er-
rors, see Faraoni et al. (1999) and Brown & Hammami (2012).

To preserve the behaviour of gravity, as described by GR,
the symmetron model utilises a screening mechanism that trig-
gers based on a set density value ρassb at the solar system scale(a
region of high density). In regions of low density, the symmetron
would produce a modification of order one on the gravity. To ac-
complish this, the potential in the action above is defined to be
symmetric, as in

V(ψ) = V0 − 1

2
μ2ψ2 +

1

4
λψ4, (3)

1 We only study the quasi-static limit (Llinares & Mota 2013; Noller
et al. 2014) of the scalar field, where time derivatives are ignored.

where ψ is the scalar field, μ is a mass scale, and λ a di-
mensionless parameter. Likewise, the coupling factor is also
symmetric,

A(ψ) = 1 +
1

2

(
ψ

M

)2
,

with M being another mass scale.
To find the stress energy tensor for the symmetron model, we

vary the action with respect to the metric

Tμν = A(ψ)T (m)
μν + T (ψ)

μν

= A(ψ)
[
(P + ρ)uμuν + Pgμν

]
(4)

+ ∇μψ∇νψ − gμν
(

1

2
∂iψ∂iψ + V(ψ)

)
,

where P and ρ are the pressure and density, respectively.
The scalar field component of the stress energy tensor is not

covariantly conserved, i.e.

∇νT (ψ)
μν � 0,

while the total stress energy tensor is (Misner et al. 1973)

∇νTμν = 0. (5)

The equation of motion for the scalar field is found by varying
the action again, this time with respect to the scalar field,

�ψ = V ′(ψ) − A′(ψ)T (m), (6)

where T (m) is the trace of the stress energy tensor T (m) = gμνT (m)
μν .

The right side of Eq. (6) can be recognised as an effective
potential, and, using Eq. (4), we write

Veff(ψ) = V0 +
1

2

(
ρm

M2
− μ2
)
ψ2 +

1

4
λψ4. (7)

With this potential, the scalar field goes to zero in regions of high
density, ρm � M2μ2, while in regions of low density it reaches a

minimum of ψ0 = ±μ
√

1
λ
. The addition to gravity, the fifth force

scales with the value of the scalar field, and we see from this that
it is suppressed in regions of high density.

We redefine the free parameters μ, M, and λ to β, λ0, and
aSSB to a set of parameters that are more physical intuitive as
described in Winther et al. (2012),

β =
Mplψ0

M2
, (8)

a3
SSB =

3H2
0ΩmM2

pl

M2μ2
, (9)

λ2
0 =

1

2μ2
, (10)

where H0 is the Hubble factor at present day (z = 0) and Ωm is
the matter density parameter.

The relative strength of the fifth force to the gravitational
force is represented by β, the moment of breaking symmetry is

represented by the expansion factor aSSB = (Ωm0ρc0/ρSSB)1/3,
and the range of the fifth force is represented by λ0 in units
of Mpc/h.
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A dimensionless scalar field χ is defined as

χ ≡ ψ

ψ0

, (11)

with an equation of motion in the quasi-static limit (Llinares
et al. 2014)2 as

∇2χ =
a2

2λ0

[(aSSB

a

)3 ρm

ρm

χ + χ3 − χ
]
, (12)

where ρm is the mean density.
The equation of motion for the position x of the dark matter

N-Body particles has been derived from Eq. (1) in Llinares et al.
(2014) and takes the form

ẍ + 2Hẋ +
1

a2
∇Φ + 1

a2

A′(ψ)

A(ψ)
∇ψ = 0, (13)

where Φ is the Newtonian gravitational potential.
The fluid equations for the symmetron model is a special

case of the general fluid equations for a scalar-tensor theory. Via
the action Eq. (1), stress-energy tensor Eq. (4), conservation law
Eq. (5), and working in the Newtonian Gauge,

ds2 = −(1 + 2Φ)dt2 + a2(1 − 2Φ)δi jdxidx j, (14)

the fluid equations are derived,

∂ρ

∂t
+ ∇(vρ) + 3Hρ = 0, (15)

a2(P + ρ)

[
Hv +

∂v

∂t
+ (v · ∇)v +

1

a2
∇Φ
]

(16)

+ ∇P +
A′(ψ)

A(ψ)
ρ∇ψ = 0,

∂E
∂t
+ 2HE + v · ∇E +

P
ρ
· ∇v = −(v · ∇)Φ − A′(ψ)

A(ψ)
(v · ∇)ψ,

(17)

where H = ȧ
a is the Hubble factor, v is the velocity of the fluid,

and E is the internal energy of the fluid.
To remove explicit dependencies on a and H from the equa-

tions above, we use a variation of the super-comoving coordi-
nates from Martel & Shapiro (1998), represented by a tilde,

χ̃ = aχ, dt̃ = a−2dt, ρ̃ = a3ρ, ṽ = a2v, (18)

ψ̃ = aψ, P̃ = a5P, Φ̃ = a2Φ, Ẽ = a2E; (19)

all equations from this point on are in comoving coordinates.
By excluding terms of second order and assuming static

pressure, the field Eqs. (15)–(17) transform to3

∂ρ̃

∂t̃
+ ∇(ṽρ̃) = 0, (20)

∂ṽ

∂t̃
+ (ṽ · ∇)ṽ = −1

ρ̃
∇P̃ − ∇Φ̃ − A′(ψ̃)

A(ψ̃)
∇ψ̃, (21)

∂Ẽ
∂t̃
+ ṽ · ∇Ẽ +

P̃
ρ̃
· ∇ṽ = −(ṽ · ∇)Φ̃ − A′(ψ̃)

A(ψ̃)
ṽ · ∇ψ̃. (22)

2 Simulations beyond the static limit were presented in Llinares &
Mota (2013, 2014), finding only sub-percent differences between the
static and non-static solutions.
3 With this transformation, the derivative in A′(ψ̃) is now with respect
to ψ̃.

Table 1. Coupling factor combinations explored.

Configuration βDM βGas

DM1G1 1.0 1.0
DM10G10 10.0 10.0
DM0.1G0.1 0.1 0.1
DM10G1 10.0 1.0
DM1G10 1.0 10.0
DM0.1G1 0.1 1.0
DM1G0.1 1.0 0.1

With this approach, the symmetron model version of the fifth
force is

Fψ = −A′(ψ̃)

A(ψ̃)
∇ψ̃ = −

ψ̃

M2

1 + 1
2

(
ψ̃

M

)2∇ψ̃ ≈ − ψ̃

M2
∇ψ̃

= −6ΩmH2
0

(βλ0)2

a3
SSB

χ̃∇χ̃. (23)

For more on the symmetron model, see Hinterbichler & Khoury
(2010).

3. Parameters

The coupling factor defined above is split into two new coupling
factors,

β→
{
βDM

βGas,
(24)

which replace the coupling factor in the dark matter and fluid
equations, respectively.

In order to study the effect, we choose couplings of varying
orders of magnitude4 and our chosen configurations are shown
in Table 1.

The simulations were run using 1024 cores, 2563 dark mat-
ter particles, with a box width of 256 Mpc/h, and six levels of
refinements. The background cosmology is a standard ΛCDM
background, with h = 0.65, ΩΛ = 0.65, Ωm = 0.35, and
Ωb = 0.05. The chosen symmetron model has aSSB = 0.33 and
λ0 = 1 Mpc/h.

Because of the use of extremely coupled models, we ran a set
of convergence tests to verify that the errors induced by extreme
coupling were not too extensive. The tests showed that the code
handled the extreme models well for the most part, however, for
the power spectra there were slight errors at the smallest scales
k > 4 Mpc/h and for the halo profiles at radius above R > 3R200c.
These errors were not significantly large, but results from the
extreme models should be taken with a grain of salt in these
regions.

All results in the following sections only focus on the present
day epoch, which corresponds to z = 0.

4 The extreme couplings with β = 10 can induce accelerations upwards
of Fψ = 200FGR. Accelerations of this kind can result in relativistic
velocities, requiring a relativistic set of equations to properly describe
the systems. Luckily, none of our models induced relativistic velocities,
the fastest dark matter particle in our simulations reached a speed of
vmax = 0.033c for the DM10G10 model, barely a factor of 2 higher than
the fastest dark matter particle in the ΛCDM model with vmax = 0.016c.
We continue with the extreme models to push any signatures of non-
universal coupling to its limit.
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Fig. 1. Top: power spectra for all our models. Middle: power spectra deviations of our extreme models from the ΛCDM model. Bottom: power
spectra deviations for the remaining models. Left column shows the dark matter component, while the right column shows the gas component. All
results are at z = 0.

4. Power spectra

With the use of the open POWMES code (Colombi & Novikov
2011), we compute the power spectra for both dark matter and
gas. To calculate the gas power spectrum, we treat each cell as a
particle with a mass defined as

m = ρVcell, (25)

where ρ and Vcell is the gas density and volume of the cell,
respectively.

In Fig. 1 we present the power spectra for all our models and
the deviations of these power spectra from ΛCDM for both the
dark matter and gas components.

At the large scale range of the power spectra, k < 1 Mpc/h,
the extreme dark matter models (DM10G10 and DM10G1) show
stronger effects of the scalar field in dark matter power spectra
than in gas power spectra. This is because the power spectra of a
component are most sensitive to changes to that component. The

smaller differences between the various models in the gas spec-
tra are due to the simulation, which is strongly dominated by
dark matter compared to the gas, so that the extreme gas model
(DM1G10) is suppressed by dark matter. This also accounts for
that fact that DM1G10 is not clearly distinguishable in dark mat-
ter spectra.

On smaller scales, k > 1 Mpc/h, the variations between the
models are most noticeable in gas spectra, as is to be expected as
the baryonic processes are strong at the smaller scales. Overall,
we see a clear example that big deviations in dark matter power
spectra do not mean big deviations in the gas power spectra.

4.1. Power spectra deviations

The main difference between DM10G10 and DM10G1 in dark
matter power spectra deviations is that the latter is shifted
slightly towards smaller scales and has a slightly smaller am-
plitude. The addition of the extremely coupled gas increases
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clustering on larger scales, while decreasing clustering on
smaller scales.

The gas spectra deviations show that the spectra is greatly
influenced by both the dark matter and gas. This is evident be-
cause DM10G10 has the strongest deviations, while the second
and third largest deviations come from DM1G10 and DM10G1,
respectively. The effect of dark matter on the gas spectra is much
stronger than the effect of the gas on the dark matter spectra, a
consequence of the dominance of dark matter.

DM1G1 and DM1G0.1 show that a minimally coupled gas
reduces the amplitude of the power spectra in the range k ∈
[0.1, 3), with the largest difference from DM1G1 at k ∼ 1 Mpc/h.
However, at the smallest scales these models end up with the
same amplitude, indicating that at this point the gas coupling is
irrelevant for dark matter spectra.

The models DM0.1G0.1 and DM0.1G1 reveal that the gas
has an impact on dark matter spectra, although not significantly,
and the same very minor effect was also evident when comparing
DM1G10 to DM10G10 and DM10G1.

The gas spectra is more susceptible to changes to dark
matter coupling, however, it is still most dependent on gas
coupling, as demonstrated by the increasing amplitude as
DM10G1 < DM1G10 < DM10G10. All the models with an ex-
treme coupling have very low amplitude at small scales, and at
the very smallest scales, they all end up at more or less the same
value regardless of whether the coupling is universal or not. The
same effect is seen when comparing DM1G1 to DM0.1G1.

4.2. Bias

The bias is defined as the ratio between the gas power spectrum
and the dark matter power spectrum,

b =
PGas

PDM

, (26)

and is shown in Fig. 2. In the very large scale region, k <
0.3 Mpc/h, the DM1G10 model has a bias that sky rockets to val-
ues larger than theΛCDM bias. On the other hand, DM10G1 ex-
hibits the exact opposite behaviour with a lower bias that rapidly
decreases. DM10G10 displays behaviour intermediate between
these two models, but much closer to DM10G1.

The remaining large scales, 0.3 < k < 1 Mpc/h, prove a
turning point for all models. DM1G10 stops its growing bias
and starts to decrease, and DM10G1 slows its rapid decrease
and seems to stabilise at a constant value with bψ = 0.25bΛCDM.
Similarly, DM10G10 starts to level out, however, as DM1G10
starts to decrease DM10G10 does as well.

On smaller scales, the biases of these models start to dimin-
ish and eventually all are at lower values than the ΛCDM bias.
Bias deviations in the smaller, non-linear scales are strongly cor-
related with gas coupling, while also dependent on the coupling
to the dark matter. DM10G10 reveals that the components com-
pound the effect of the deviations so that the DM10G10 devia-
tion is larger than the sum of the DM10G1 and DM1G10 devi-
ations. DM0.1G0.1 exhibits almost no deviations from ΛCDM,
as is to be expected. In the final models, the behaviour of the
bias deviations act in extremely different manners depending on
what components are strongly coupled.

For DM1G0.1, we see that the bias deviations plummet at
large, non-linear scales until they reach more or less constant
values that are decreasing slightly from k ∼ 1 Mpc/h and out.
The DM0.1G1 model exhibits the exact opposite behaviour at
large, non-linear scales. DM1G1 displays a behaviour interme-
diate between the other two models at the large scales, and then
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Fig. 2. Deviation of the bias from the ΛCDM bias for our various mod-
els. The top image shows the extreme models, the bottom image the
remaining models. All results are at z = 0.

eventually starts to decrease to much less than the sum of the
respective deviations. The power spectrum bias at larger scales
shows that models with a universal coupling have fewer de-
viations from the ΛCDM model than the models with a non-
universal coupling.

For observational astronomers the implications of this be-
haviour is that if the bias deviations are greater than unity,
bψ > bΛCDM, then researchers who infer dark matter properties
from baryonic physics features will make predictions with val-
ues of the power spectrum that are too high. The opposite is true
if the bias deviations are less than unity, bψ < bΛCDM.

5. Halo profiles

In this section, we present density and temperature profiles for
multiple halos identified by using the Rockstar code developed
by Behroozi et al. (2013). We study massive halos with mass
in the range [1 × 1014h−1M, 5 × 1014 h−1M), the high mass
of these halos should ensure that the screening mechanism are
triggered in dense regions.

In previous works (Hammami et al. 2015; Llinares et al.
2014), the halos that had not yet reached a relaxed state were fil-
tered out following the methods described in Neto et al. (2007)
and Shaw et al. (2006). The method used relations between the
kinetic and potential energy and surface pressure to determine
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Fig. 3. Density properties for the massive halos with mass in the range [1 × 1014 h−1 M, 5 × 1014 h−1 M). Top: density profiles for ΛCDM and
symmetron models. Middle: density profile deviations from ΛCDM for the extreme models. Bottom: density profile deviations from ΛCDM for
the remaining models. Left column shows the dark matter component, while the right column shows the gas component. All results are at z = 0.

if a halo was relaxed or not. Gronke et al. (2014) refined the
method to take the effects of modified gravity in the virialisa-
tion state of the halos into account. However, if we filtered the
non-relaxed halos, this would eliminate too many halos in the
extreme models and leave almost no remaining halos. For this
reason, we do not filter the non-relaxed halos from the relaxed
halos.

The halo profiles are calculated by sweeping over all the
cells in the simulations, binning dark matter particles and bary-
onic gas properties in annular bins for each halo5, then aver-
aging over all halos. The profiles range from 10% of the viri-
alisation radius, r = 0.1 R200c, to ten times the virialisation
radius, r = 10 R200c. This range was chosen to properly catch
all behaviours of the fifth force on the dark matter and gas ha-
los, while also avoiding the inner regions of the halos where the

5 Rockstar filters out unbound particles when calculating the halo
properties, while we construct the profiles by sweeping over all cells
and binning particles within r = 10 R200c, potentially including these
unbound elements.

resolution of our simulations is low. All profiles are calculated
at the present epoch z = 0.

5.1. Density profiles

The density halo properties are presented in Fig. 3. An extreme
coupling in the dark matter strongly affects both dark matter and
gas density profiles. For dark matter profiles, the effect is mostly
contained at the exterior of dark matter halos, while the gas pro-
files show signs of extreme dark matter coupling in all parts of
the halo and outside. The diminished clustering at the inner re-
gions of the halos can be explained with an environmental effect
from the dark matter on the gas.

The dark matter clusters faster than the gas because of its
collisionless nature, in which the gas is prevented from collaps-
ing, due to the pressure, and the dark matter clusters unhindered.
This means that the dark matter reaches higher densities at a
faster rate than the gas, and from the description of the screen-
ing mechanism, we know that the screening is triggered by a
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combined density, dark matter plus gas, threshold, resulting in
the dark matter triggering the screening mechanism before the
scalar field has had a chance to work on the gas component as
much as on the dark matter.

An extremely coupled gas has a minor, however, not negligi-
ble effect on the dark matter profiles, while it has a huge impact
on the gas profiles. This is expected as there is much more dark
matter than gas, resulting in the effect of the gas not being as
strong. Also, DM10G10 is the model with the biggest effect on
the gas profiles, while the dark matter profiles seem to prefer
DM10G1.

5.2. Density profiles deviations

The deviations from ΛCDM for the halos are found in the lower
two rows of Fig. 3. The deviations confirm the conclusions from
the total density profiles, and also reveal previously unseen ef-
fects. All models without extremely coupled dark matter make
dark matter halos cluster less at the inner regions than in those
two cases (DM10G10 and DM10G1). The exact opposite occurs
in the gas power spectra, where all extremely coupled models
(the two previously mentioned and DM1G10) cluster less than
the other models. This is due to baryonic physics preventing the
gas from collapsing as far inwards as the dark matter, and then
the gravitational contribution from the gas on the dark matter
also prevents the dark matter from clustering.

The peak of deviations does not occur at the same radius for
all the models. For DM1G10, the peak in deviations is closer to
the halo centre, while for DM10G10 and DM10G1 the devia-
tions peak further out. This effect is due to the extreme coupling
in the gas. The extreme coupling allows the scalar field to affect
the gas component to such an extent that it collapses further in-
wards before the environmental effect of the combined density
triggers the screening mechanism.

The bottom row reveals that DM1G10 has a strong effect
on dark matter halos throughout the density profiles with higher
peak deviation than DM1G1. The gas profiles are under-dense at
the inner regions of the halos in the cases where the dark mat-
ter is normally (or extremely) coupled to the scalar field. In the
cases where the dark matter is minimally coupled, the profiles
approach ΛCDM at the centre of the halos. This behaviour fur-
ther asserts our conclusions about the environmental effect.

To study how deviations from ΛCDM differ in dark matter
and gas cases, we introduce the deviation bias δDM, defined as
the relative difference between the deviations

δDM=
ΔDM − ΔGas

ΔGas

=

ρDM−ρΛCDM

ρΛCDM
− ρGas−ρΛGas

ρΛGas

ρGas−ρΛGas

ρΛGas

, (27)

where ρΛGas is the gas ΛCDM density and ρΛCDM is the
DM ΛCDM density.

The DM10G1 model represents a model that has an enor-
mous deviation from ΛCDM in the dark matter component of
ΔDM ∼ 8.5 at R ∼ 4R200c, and a much smaller deviation
of ΔGas ∼ 2.5 in the gas component, giving a deviation bias
of δDM ≈ 2.4. The same effect, but now with enourmous devia-
tions in the gas component, is present in DM1G10 where the de-
viations from ΛCDM are ΔGas ∼ 1.5 for the gas and ΔDM ∼ 0.5
for the dark matter, giving a deviation ratio of δDM ≈ − 2

3
.

5.2.1. Baryon fraction profiles

One of our aims is to find a method of distinguishing be-
tween models that have universal coupling and models with
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Fig. 4. Baryon fraction profiles for the halos with mass in the range
[1 × 1014 h−1 M, 5 × 1014 h−1 M). Top: models with non-universal
coupling. Bottom: models with universal coupling. All results are at
z = 0.

non-universal coupling. For this purpose, we use the baryon frac-
tion (Kravtsov et al. 2005),

fGas =
ρGas

ρGas + ρDM

, (28)

and present the baryon fraction profiles in Fig. 4.
The baryon fraction shows that all the models have the

same behaviour as ΛCDM, except the three models DM10G10,
DM1G10, and DM10G1. DM10G10 converges with the ΛCDM
baryon fraction earlier than DM1G10 and DM10G1, however, in
general this model has a higher deviation at the inner region. In
fact, the models with a universal coupling seem to deviate less
from ΛCDM than the models with a non-universal coupling.

This is the same behaviour displayed by the power spec-
trum bias at larger scales, and allows us to conclude that signif-
icant deviations in the baryon fraction from the ΛCDM model
throughout the halos might be an indication of a non-universal
coupling.

5.3. Temperature
The temperature is a very interesting component to study due to
its close relation observables (Wilcox et al. 2015; Terukina et al.
2014). The temperature is not an output of our code and needs
to be reconstructed using the ideal gas law,

p = RsρT, (29)
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where p is the thermal pressure, Rs =
kB

m̄ is the specific gas con-
stant, m̄ = 0.59mH is the mean mass of the gas, mH is the hy-
drogen mass, and ρ is the gas density. The temperature profiles
are made and analysed in the exact same manner as the density
profiles.

5.3.1. Total temperature profiles

The temperature profiles are presented in Fig. 5. The tempera-
ture is a product of the baryonic processes and is most sensitive
to strong coupling between the gas and scalar field (Hammami
et al. 2015).

The stronger the coupling to the scalar field is, the higher
the temperature in the halos is. The slope of the profiles outside
of the halo, as the temperature starts dropping, is shallower for

DM10G10, DM1G10, and DM10G1 than in the other models.
DM10G10 gives an even higher temperature than DM1G10, in-
dicating that the dark matter plays a vital role in the temperature
of baryonic halos. This is also evident from DM10G1, which has
a higher temperature than the less extreme cases.

5.3.2. Temperature profiles deviations

The temperature deviations from the ΛCDM temperature are
found in the bottom two rows of Fig. 5. DM0.1G1 and
DM0.1G0.1 are two similar models in which one has univer-
sal coupling and the other does not. These two models display
no signatures that can be interpreted as a trait of non-universal
coupling. DM1G0.1 and DM0.1G0.1, on the other hand, display
an increase in temperature outside of the virialisation radius.

Both of these effects come from the fact that these ha-
los are so massive that they are most likely screened from the
scalar field. The difference between DM1G0.1 and DM0.1G0.1
is that the regions outside of the halos are non-screened, and the
stronger coupling to dark matter allows DM1G0.1 to be influ-
enced by the scalar field to a larger extent than DM0.1G0.1.

6. Conclusions

We investigate scalar-tensor theories of gravity, which present
a non-universal coupling. That is, baryons and dark matter are
coupled with the scalar degree of freedom with different cou-
pling strengths. The models we investigate utilise a screening
mechanism to suppress the deviations from GR at small (solar
system) and large cosmological scales: the symmetron screen-
ing mechanism, specifically.

As a result of the screening mechanism, the strongest sig-
natures in these models are expected to occur at the non-linear
regime of structure formation. Therefore, in order to unveil the
imprints of these theories at astrophysical scales, we ran several
hydrodynamic cosmological N-body simulations. We compared
models with and without a universal coupling to the symmetron
scalar field, and showed that several astrophysical observables
(density profiles, temperature profiles and power spectra) show
significant differences between the dark matter and gas compo-
nents when the coupling is non-universal.

The deviations from ΛCDM are typically larger in the gas
than in the dark matter near the centre of the halo. The opposite
holds true at larger radii, where the dark matter deviates more
strongly from ΛCDM. However, this is not the case for models
in which coupling of the gas is significantly stronger than that of
the dark matter.

For power spectra, dark matter deviations are larger than that
of the gas in models with universal coupling or in models in
which dark matter coupling is stronger than gas coupling.

Our attempt to find signatures in density profiles and power
spectra, which would reveal whether coupling to the scalar field
is universal or not, revealed one signature: in the cases of univer-
sal coupling, the deviations in the baryon fraction and bias from
ΛCDM are smaller than in the cases of non-universal couplings
throughout the halos. This is expected, since GR is a universally
coupled theory. If observers find the baryon fraction or power
spectrum bias to deviate from the calculated ΛCDM bias, then
this might very well be a sign of a non-universal coupling, and
therefore a breaking of the equivalence principle.

Separating the dark matter and gas will prove to be a chal-
lenge for observers intending to compare their results with the-
ories, since the dark matter is not a direct observable, while
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the gas is observable. To work around this, we propose to use
the baryon fraction as presented in this paper. To measure this
baryon fraction, first we suggest the constructing of the total
density profile, ρTot = ρDM + ρgas, using rotational velocity pro-
files of individual galaxies to measure the dynamical mass, and
then constructing the gas density profile ρgas, using X-ray surface
brightness and X-ray temperature profiles.

A caveat with the above mentioned method is that the cal-
culated dynamical mass is dependent on the particular gravity
model used. An alternative option is to calculate the lensing mass
using gravitational lenses as the path of light that is independent
for all conformal scalar gravity theories (Bekenstein & Sanders
1994; Carroll 2004) and generally ideal for studying modified
gravity theories (Zhao et al. 2011).

The above method for detecting non-universal couplings
may not be possible with the current state of observational and
theoretical limits. The deviations we found from ΛCDM are all
quite small, when we exclude the extreme models, and also con-
tain large uncertainties depending on the modelling of feedback
physics.

Furthermore the observational baryon census of galax-
ies contains significant errors and may still be incomplete,
i.e. the halo missing baryon problem (Werk et al. 2014), while
the baryon consensus in galaxy clusters is less challenging as
the majority of the gas is hot enough to be visible in X-rays. The
above method is therefore more likely, yet still very challenging,
to work in galaxy structures than in galaxies.

If one takes seriously the possibility of matter components
with a non-universal coupling to a gravity scalar degree of free-
dom, then our work shows the bias will be greatly affected.
Therefore, attempts to rule out or constrain modified gravity
theories by comparing dark matter predictions to the observed
quantities based on baryonic properties may be misleading, and
one must consider the possibility of a non-universal coupling
that might skew the conclusions and dark matter properties that
are inferred from baryons.
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ABSTRACT

We propose that the mass-temperature relation of galaxy clusters is a prime candidate for testing gravity theories
beyond Einstein’s general relativity, for modified gravity models with universal coupling between matter and the scalar
field. For non-universally coupled models we discover that the impact of modified gravity can remain hidden from
the mass-temperature relation. Using cosmological simulations, we find that in modified gravity the mass-temperature
relation varies significantly from the standard gravity prediction of M ∝ T 1.73. To be specific, for symmetron models
with a coupling factor of β = 1 we find a lower limit to the power law as M ∝ T 1.6; and for f(R) gravity we compute
predictions based on the model parameters. We show that the mass-temperature relation, for screened modified gravities,
is significantly different from that of standard gravity for the less massive and colder galaxy clusters, while being
indistinguishable from Einstein’s gravity at massive, hot galaxy clusters. We further investigate the mass-temperature
relation for other mass estimates than the thermal mass estimate, and discover that the gas mass-temperature results
show an even more significant deviations from Einstein’s gravity than the thermal mass-temperature.

1. Introduction

Ever since the discovery that the universe is undergoing
a late-time accelerated expansion (Riess et al. 1998) the
biggest challenge within the field has been to argue why
this is happening. The two main hypothesis are that the
expansion is driven by some unknown exotic component
known as dark energy (Frieman et al. 2008), or that the ac-
celerated expansion is the sign that general relativity need
to be modified at large scales (Clifton et al. 2012; Brans &
Dicke 1961).

The biggest challenge of modified gravity theories is to
alter the behaviour of gravity on large scales, where the
accelerated expansion is observed, while leaving the grav-
ity interaction on smaller scales unchanged, where general
relativity has been tested with high precision (Hoyle et al.
2004; Dimopoulos et al. 2007; Bertotti et al. 2003; Everitt
et al. 2011). To accomplish this, several screening mecha-
nisms have been proposed (Khoury 2010; Brax et al. 2012).
In this paper, we study two specific cases, the chameleon
f(R)-gravity (Hu & Sawicki 2007) and the symmetron scalar
tensor theory (Hinterbichler & Khoury 2010). Notice how-
ever that our results are valid for a general class of theories
of modified gravity.

Modifying general relativity at cosmological scales af-
fects structure formation. In the case of theories with a
screening mechanism, the main signatures occur in the
nonlinear regime and at galaxy cluster scales. Performing
dark-matter only N-Body simulations within these modi-
fied gravity theories is therefore a promising way of prob-
ing their effects (Oyaizu 2008; Llinares et al. 2008; Li et al.
2011; Li et al. 2012; Zhao et al. 2011; Llinares et al. 2014;
Brax et al. 2013; Li et al. 2013; Llinares & Mota 2014;
Gronke et al. 2014; Winther et al. 2012). However, there is

a major pitfall in such approach: in order to test these theo-
ries against observations one needs to compute real observ-
ables. The latter cannot be directly calculated from dark
matter only simulations, since experiments only measure
photons, which are in fact emitted from the baryonic mat-
ter.

This raises a major question: what observables from the
simulations would be best suited for comparing to observa-
tions, in order to put stronger constrains on modified grav-
ity theories and test Einstein’s general relativity? In order
to tackle such crucial problem N-Body simulations for mod-
ified gravity theories have started to include hydrodynamics
to simulate the behaviour and observables associated with
baryons (Hammami et al. 2015; Hammami & Mota 2015;
Puchwein et al. 2013; Arnold et al. 2014). Cluster proper-
ties such as halo profiles and probability distribution func-
tions have been computed, and lately, the gas-fraction of the
galaxy clusters and power-spectra have been suggested as
viable candidates (Hammami & Mota 2015; Li et al. 2016).

In this paper, we propose to use the mass-temperature
relation of a galaxy cluster as a new and quite unique ob-
servable for testing gravity theories. We show that it can
be used to set strong constraints on modified gravity the-
ories and to test general relativity in a new region of the
parameter space.

We also show that the mass-temperature relation is a
very promising probe in part due to the vast amount of
new, high resolution X-ray data from XMM Newton and
Chandra, and also due to the quite specific signatures that
different models predict. Therefore, allowing us to probe
the nature of gravity at cluster scales.

In Section 2 we briefly introduce the theoretical frame-
work for our chosen modified gravity theories and the mass-
temperature relation. In Section 3 we discuss which obser-
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vations to use and the various assumptions used in the lit-
erature. In Section 4 we describe our simulations and how
we calculate the mass-temperature relation. In Section 5 we
show the results from our simulations and compare them
to the observations from Section 3. We summarize and give
our final thoughts in Section 6.

2. Theory

2.1. Modified gravity

The symmetron model and f(R)-gravity are both scalar-
tensor theories of gravity that can be defined by the same
general action

S =

∫
d4x

√−g

[
R

2
Mpl − 1

2
∂iϕ∂iϕ− V (ϕ)

]
+ Sm(g̃μν , ϕi),

(1)

where R is the Ricci scalar, Mpl is the Planck mass, ϕ is the
scalar field, V (ϕ) is the potential, ψ are the matter fields, g
is the determinant of the metric tensor gμν . The scalar field
is conformally coupled to matter by the conformal factor
g̃μν)A(ϕ)

2gμν , which will result in an extra, fifth, force of
the form

Fϕ = −A′(ϕ)
A(ϕ)

∇ϕ. (2)

2.1.1. Symmetron

The symmetron model (Hinterbichler & Khoury 2010) pos-
sess a screening mechanism that is sensitive to the local
density. If the density is high, the scalar degree of freedom
decouples from matter, and the fifth force becomes negligi-
ble. In regions of low density, the coupling between matter
and the extra field is strong, and the fifth force reaches
its maximum value. This mechanism is ensured by having
a symmetric coupling function and potential, around the
value ϕ = 0,

A(ϕ) = 1 +
1

2

( ϕ

M

)2

(3)

and

V (ϕ) = V0 − 1

2
μ2ϕ2 +

1

4
λϕ4, (4)

where M and μ are mass scales and λ is a dimensionless pa-
rameter. These free parameters can be recast to parameters
with a more intuitive physical interpretation

β =
Mplϕ0

M2
, (5)

a3SSB =
3H2

0ΩmMpl

M2μ2
, (6)

λ2
0 =

1

2μ2
, (7)

where ϕ0 is the scalar field minimum, which vanishes in re-
gions of high density, H0 is the Hubble constant and ΩM

is the matter density parameter of the Universe. These pa-
rameters now represent

– β - The strength of the scalar field, and therefore the
amplitude of the fifth force.

– aSSB - The expansion factor of the Universe at the time
of symmetry breaking. Prior to this the density of the
Universe had the fifth force permanently screened.

– λ0 - The range of the fifth force, in units of Mpch−1.

With the symmetron coupling function, the fifth force
becomes

Fϕ = − ϕ

M2
∇ϕ = 6ΩmH2

0

β2λ2
0

a3SSB

ϕ̃∇ϕ̃, (8)

in the last step a switch to super-comoving coordinates has
been made, as detailed in Hammami et al. (2015); Ham-
mami & Mota (2015)

2.1.2. f(R)-gravity

The f(R)-gravity models are a set of extended gravity the-
ories where the Einstein-Hilbert Lagrangian density LEH =
R is replaced by a more general function of the Ricci scalar
f(R).

The action describing the f(R)-gravity theories,

S =

∫ √−g

[
R+ f(R)

16πG
+ Lm

]
d4x, (9)

can be transformed to the form of the general action for
scalar-tensor theories Eq. (1) using the conformal transfor-
mation

A(ϕ) = exp

(
− βϕ

Mpl

)
, (10)

where the coupling factor is constant β =
√
1/6.

These theories possess a so-called Chameleon screening
mechanism, where the mass of the scalar field is dependent
on the local density, which in turn decide the interaction
range of the scalar field (Khoury & Weltman 2004). If the
density is high, the scalar degree of freedom becomes very
short ranged, while in low dense the range is large and
deviations from general relativity reach its maximum value.

For this paper we will be working with the Hu-Sawicki
f(R) model (Hu & Sawicki 2007)

f(R) = −m2(1−n) c1R
n

1 + c2(R/m2)n
, (11)

where m2 = H2
0Ωm0 and n, c1 and c2 are free parameters.

We can reduce the number of free parameters to be n and
fR0 by the relations

c1 = 6c2
ΩΛ

Ωm
, (12)

and

fR0 = −n
c1
c22

(
ΩΛ

3(Ωm + 4ΩΛ)

)n+1

. (13)

The range of the scalar degree of freedom is dependent on
these parameters as λ0 ∝ √

1/fR0.
With the Hu-Sawicki f(R)-gravity formalism the fifth

force becomes

Fϕ = − a2β

Mpl
∇ϕ. (14)

Further details can be found in our previous work (Ham-
mami et al. 2015) or in the review by de Felice & Tsujikawa
(2010).
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2.2. Mass-temperature relation

The virial theorem that relates the kinetic energy T to the
gravitational potential U ,

2T + U = 0, (15)

can be used to find a simple theoretical mass-temperature
relation

M ∝ T 3/2, (16)

valid at the virial radius rvir ≈ r200c
1. The full expression

is very complicated (Lilje 1992), consisting of cosmologi-
cal parameters and the density profile. Furthermore, stud-
ies have shown (Del Popolo 2002) that the relation grow
steeper for the low mass-temperature range, and that two
separate power-laws can describe the low mass-temperature
and high mass-temperature range respectively.

Observational investigations of the mass-temperature
relation have been performed to test this theoretical re-
lation. However no consensus has been reached with results
ranging from substantially lower and higher than 3/2. In
this paper we aim to investigate how this relation changes
within modified gravity.

In order to test this relation, the thermal mass must
be constructed using our simulation gas output, which cur-
rently consist of pressure p, density ρ and velocity v.

In order to compute the thermal mass one assumes that
a galaxy cluster has reached hydrostatic equilibrium at the
present epoch, z = 0, and at a radius of r200c 2, we express
this as

dP

dr
= −GM(r)ρ(r)

r2
, (17)

where G is Newton’s gravitational constant and M(r) is
the mass within radius r. Using the ideal gas relation be-
tween pressure and temperature Pthermal = kBngasTgas with
ρgas = μmpngas we get the mass within radius r to be

M(r) = −kBr
2Tgas(r)

μmpG

(
d ln ρgas
d ln r

+
d lnTgas

d ln r

)
, (18)

where μ = 0.59 is the mean molecular weight of the gas and
kB is the Boltzmann constant.

Experimentally, one calculates the thermal mass by
measuring the temperature and density profiles via X-
ray temperature, Sunyaev–Zel’dovich effect and surface-
brightness observations (Terukina et al. 2014; Wilcox et al.
2015). Theoretically, one computes the thermal mass in the
same way: temperature and density profiles can be directly
obtained from our hydrodynamic and n-body simulations
for the different modified gravity models.

1 r200c is defined as the radius where the density of a galaxy
cluster is 200 times the critical density of the Universe and is
generally thought to be the point where the halo is fully virial-
ized and at hydrostatic equilibrium.
2 It has been shown (Wilcox et al. 2015) that given all other
uncertainties involved this is a good assumption.

2.3. The YX mass indicator proxy

An alternative to studying the mass-temperature relation
exist in the form of the YX proxy introduced by Kravtsov
et al. (2006). The proxy is defined as the product of the
spectral temperature and the mass of the gas in a galaxy
cluster

YX = TspecMgas. (19)

Studies show that the YX proxy has a low scatter at high
and low redshifts independent of whether the cluster is re-
laxed or not. In short the YX might prove a better probe
for modified gravity theories, particularly since it is not as
sensitive to astrophysical uncertainties as the mass temper-
ature relation.

YX is a function of the spectral temperature, while the
simulations contain a gas mass weighted temperature. It is
found in Vikhlinin et al. (2006) that it is possible to relate
these temperatures to one another by a simple factor of

Tspec = 0.9Tgas. (20)

This result is based on observations of 12 galaxy clusters
and is completely empirical, with no assumptions of theories
of gravity.

3. Observations

The observations found in the literature can be categorized
as either having well defined spatial- or spectral resolution.
Historically there have been very few observations with high
spatial resolution (Horner et al. 1999) where the profiles
can be directly observed. The majority of the observations
need to construct the profiles using analytical and numer-
ical models, with the most common being the isothermal
β-model. We are hopeful that the increased resolution of
XMM Newton and Chandra can alleviate this problem in
the future.

There exist a large range of studies of the mass-
temperature relation (Neumann & Arnaud 1999; Ettori
& Fabian 1999; Horner 1999; Nevalainen et al. 2000;
Finoguenov et al. 2001; Xu et al. 2001; Shimizu et al. 2003;
Vikhlinin et al. 2006; Dai et al. 2007; Lieu et al. 2015) in
the literature, however, not all of these are readably usable
for our purpose. Our simulations have derived the quanti-
ties at r200c, we therefor require that the observations also
have their quantities measured at the same radius. There
exist methods for converting one set of rΔc to any other
value (Shimizu et al. 2003), however it require us to have a
model for the density profile, a restriction we’d not like to
impose on our comparisons.

In the end we chose to work with the data from Dai et al.
(2007) and Horner (1999). Dai et al. (2007) is presenting
stacked galaxy cluster masses and temperatures from the
ROSAT All-Sky Survey counting over 4000 clusters, while
Horner (1999) presents data from the ASCA cluster cata-
logue counting 273 clusters.

For the YX mass proxy we obtain data from Eckmiller
et al. (2011); Lovisari et al. (2015), using 26 clusters from
Chandra and 82 clusters from XMM-Newton respectively.
The data for the YX mass proxy is unfortunately not avail-
able at r200c, but only at r500c. To work around this we
calculate the YX − T relation at r = 0.63r200c, which is a
good approximation of r500c.
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Table 1. Overview of the model parameters for the symmetron
and f(R) models.

Symmetron models β aSSB λϕ

Sym A 1.0 0.5 1.0
Sym B 1.0 0.33 1.0
Sym C 2.0 0.5 1.0
Sym D 1.0 0.25 1.0

f(R) models fR0 n
FofR04 10−4 1
FofR05 10−5 1
FofR06 10−6 1

4. Simulations

Our code is a modification of the ISIS code (Llinares et al.
2014), which in turn is a modification of the cosmological,
hydrodynamic N-body code RAMSES (Teyssier 2002). ISIS
implemented the f(R)-gravity and symmetron models to
the dark matter component of RAMSES, while the current
code extended the modified gravity to also work on the
hydrodynamic part of RAMSES.

We run two sets of simulations; one for the symmetron
models and one for the f(R)-gravity models. Due to consis-
tency with previous work (Hammami et al. 2015; Hammami
& Mota 2015) the background cosmology and box size dif-
fer in these two sets. Both sets contain 2563 dark matter
particles.

For the f(R)-gravity set we have a box size of 200
Mpc/h0, with h0 = 0.7, ΩΛ = 0.727, ΩCDM = 0.227 and
Ωb = 0.045. The resulting dark matter particle mass is
3× 1010M�/h.

For the symmetron set we have a box size of 256
Mpc/h0, with h0 = 0.65, ΩΛ = 0.65, ΩCDM = 0.3 and
Ωb = 0.05. The resulting dark matter particle mass is
8.32× 1010M�/h.

The two different cases of the ΛCDM model need to
be distinguishable in the text. We denote the background
ΛCDM model using the symmetron box size and back-
ground as ΛCDMS and the one using the f(R)-gravity box
size and background as ΛCDMf(R).

An overview of the model parameters employed is found
in Table 1.

5. Results

Using the Amiga Halo Finder (Knollmann & Knebe 2009)
we obtain the location of all the galaxy clusters and their
respective r200c. We keep all galaxy clusters that contain at
least 100 dark matter particles to ensure that all clusters we
study are well above the resolution limit of our simulations.
In general this leaves somewhere between 9000 to 10000
clusters per model.

All mass quantities are scaled by the dimensionless Hub-
ble parameter and presented in units of M�h−1

0 and the
temperature is scaled by the Boltzmann constant kB and
presented in units of keV .

Fig. 1 show the raw mass-temperature plot for all the
identified galaxy clusters in the ΛCDMS model, the same
plot for ΛCDMf(R) is very similar and will not be shown.

0.1 1 10
k T (keV )

1011
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1013

1014
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1016

M
(M

h
−1 0
)

ΛCDM

Fig. 1. The raw mass-temperature data for ΛCDMS, containing
all 9307 identified galaxy clusters.
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Fig. 2. The mass-temperature relation for ΛCDMS and the sym-
metron models, for the stacked galaxy clusters.

The majority of the mass and temperature is, in gen-
eral, following a near-linear relation, however with a notable
amount of outliers. The outliers consist of low-mass halos
with very large temperatures. Attempting to find an an-
alytical fit to this result would be highly skewed due to
the outliers. The outliers appear in all our models, both
standard gravity as well as modified gravity. We assume
that these are clusters that have not yet reached hydro-
static equilibrium, and that Eq. (18) is not valid for these
clusters.

However, the mass-temperature relation using stacked3

masses and temperatures show no signs of any outliers,
which have been suppressed by the stacking process. For
the remainder of the paper we will be discussing the mass-
temperature relation constructed from stacked quantities.

In Fig. 2 and Fig. 3 we present the mass-temperature re-
lation for the symmetron- and f(R)-gravity models respec-
tively. The broadening of the lines in the figures represents
the standard deviation due to the stacking.

The massive, hot galaxy clusters, found at the top-right
corner of the figures, show that all the models are indistin-
guishable from one another. However, the smaller, less hot
clusters, show that the differences between the models get

3 We stack the quantities in mass bins and then calculate the
average. The bins are chosen so that the largest bin have a min-
imum of 15 clusters, the remaining bins contain hundreds of
clusters

Article number, page 4 of 9



A. Hammami and D. F. Mota: Probing modified gravity via the mass-temperature relation of galaxy clusters.

0.5 1 3 10
k T (keV )

1013

1014

1015

M
e

l(
M

h
−1 0
)

ΛCDM
FofR04
FofR05
FofR06

Fig. 3. The mass-temperature relation for ΛCDMf(R) and the
f(R)-gravity models, for the stacked galaxy clusters.

more pronounced the smaller and colder a cluster is. The
differences between the models can clearly be distinguished
when studying the smallest and coldest galaxy clusters.

A consequence of the minimum limit of dark matter
particles described earlier is apparent when comparing the
modified gravity models to the LambdaCDM models. The
smallest clusters in the modified gravity models are no-
ticeably larger and hotter than the smallest clusters in the
LambdaCDM models. In the modified gravity models the
temperature is larger than in ΛCDM (Hammami et al. 2015;
Hammami & Mota 2015), resulting in the thermal mass
being noticeably larger in modified gravity models than
in standard gravity. A comparison of how modified grav-
ity theories affect the various masses (kinetic, lensing and
thermal) can be found in a paper submitted to A&A by
Gronke, M., Hammami A., Mota, D. and Winther, A..

Fig. 2 show that the symmetron models deviate from
ΛCDM in the order Sym D > Sym B > Sym C > Sym
A, for the medium to low mass range. This demonstrate
that the mass-temperature relation is more sensitive to the
symmetry breaking criteria aSSB than the strength of the
coupling β, similar to what was found in Hammami et al.
(2015); Hammami & Mota (2015).

The f(R) models show that the higher the coupling,
the larger the deviations, with FofR04>FofR05>FofR06.
However, unlike the symmetrons, we have a model that is
permanently deviating from the ΛCDM value even for the
largest clusters, namely that of FofR04. This is however not
surprising, as FofR04 has long been ruled out as a viable
candidate.

Due to the smaller box size employed in the f(R) sim-
ulations the largest masses in this set of simulations are
smaller than in the symmetron simulation set.

In Fig. 4 and Fig. 5 we present the observations from the
literature as points overplotted on the previous two figures,
for the symmetron- and f(R)-gravity models respectively.
The red circles represent the data from Dai et al. (2007) and
the blue points are data from Horner (1999). Additionally
we plot the only spatially resolved data points that could
be found fitting our criteria, curtsey of Horner (1999), as
yellow stars.

The observational data points clearly have a wide spread
that encompasses all of our models at the largest masses. At
the very lowest masses the observations have a higher value
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Fig. 4. The mass-temperature data for ΛCDMS and the sym-
metron models, for the stacked galaxy clusters.
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Fig. 5. The mass-temperature data for ΛCDMf(R) and the f(R)-
gravity models, for the stacked galaxy clusters.

than any of our simulated models, however the number of
data points in this region is also low.

The data using spatially resolved observations seem to
have a lower mass-temperature value than all of our models,
both standard and modified gravity. This has however been
pointed out in the literature and our source of the data
Horner (1999).

Fig. 4 show that all models are consistent with obser-
vations at the large mass range, however at the medium-
to-low end we note that the data is only consistent with
standard gravity and Sym A. Sym B, Sym C and Sym D
all fall substantially far below the observed data point, a
clue that the mass-temperature relation could be a prime
candidate for excluding modified gravity models.

Fig. 5 show the same behaviour, but here all models re-
main consistent with observations for a wider mass-range
than the symmetrons. First at temperatures below 1 keV
can we point to FofR04 and FofR05 no longer being consis-
tent with the observations.

In Fig. 6 and Fig. 7 we present the proxy mass indicator
relation M-YX for the symmetron- and f(R)-gravity models
respectively, while also including the observations from the
literature as points. The yellow circles represent the data
from Eckmiller et al. (2011) and the magenta triangles are
data from Lovisari et al. (2015).

It is clear that, although less sensitive to systematics,
the mass-YX relation is less suited for probing modified
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Fig. 6. The mass-YX data for ΛCDMS and the symmetron mod-
els, for the stacked galaxy clusters.
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Fig. 7. The M-YX data for ΛCDMf(R) and the f(R)-gravity
models, for the stacked galaxy clusters.

gravity theories than the mass-temperature relation. Scal-
ing the temperature with the mass of the gas has the effect
of diminishing the variations between the various models.
This seems to tell us that the temperature and mass of the
gas deviate in opposite ways, and when combined negate
each other.

The compelling reason for using this mass proxy is that
the gas of the mass is an easier observable than the ther-
mal mass, which require several assumptions as detailed
above. We therefore perform the analysis once more for the
mass of the gas. In Fig. 8 and Fig. 9 we present the mass-
temperature relation for the gas mass instead of the thermal
mass, with observations from the same sources as for the
proxy.

The mass of the gas and the temperature does not follow
a power law as clearly as the thermal mass and tempera-
ture is. However, the relation show much larger variations
between the models than the two previous relations did.
For the least massive clusters we can note as much as an
order of magnitude difference between ΛCDMS and Sym D.
Other than the size of the deviations, the models deviate
in the same order as before.

5.1. Analytical fit

Theory predicts that the thermal mass and temperature
should follow a power law function of the form of Eq. (16),
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Fig. 8. The gas mass-temperature data for ΛCDMS and the
symmetron models, for the stacked galaxy clusters.
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Fig. 9. The gas mass-temperature data for ΛCDMf(R) and the
f(R)-gravity models, for the stacked galaxy clusters.

it is therefore of interest to see if we can fit a power law re-
lation between the mass and temperature to our simulation
results.

We perform a non-linear least squares fit, using the
Levenberg-Marquardt algorithm (Levenberg 1944), through
the scipy Python package (Jones et al. 2001–) to fit the data
with a power law function

M = aT b. (21)

The fit analysis is run on the mass-temperature rela-
tion using the stacked galaxy clusters, to avoid skewing the
results with the outliers. The results for b and its corre-
sponding standard deviations are presented in Table 2.

The power law fit for ΛCDMSand ΛCDMf(R) differ,
however both are consistent with one another when con-
sidering the standard deviation. The amplitude is expected
to differ due to the difference in box size of the simulation
and general differences in masses and temperatures that
follow.

The largest deviations from the ΛCDM fits are found
in the models Sym D and FofR05, while only FofR04 and
FofR06 are consistent with ΛCDMf(R).

The symmetron best fits follow a pattern of an increas-
ing exponent and decreasing amplitude for a decreasing
symmetry breaking criteria. With only one model with a
coupling other than unity, we cannot, as of now, discern the
effect the strength of the coupling has on the best fit. We
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Table 2. The result from fitting a power law to our simulated
mass-temperature relation

Models a b
ΛCDMS 0.360± 0.014 1.742± 0.014
ΛCDMf(R) 0.405± 0.025 1.720± 0.025
Sym A 0.347± 0.010 1.760± 0.014
Sym B 0.270± 0.021 1.843± 0.038
Sym C 0.323± 0.016 1.794± 0.026
Sym D 0.213± 0.015 1.933± 0.035
FofR04 0.325± 0.016 1.718± 0.027
FofR05 0.347± 0.019 1.806± 0.036
FofR06 0.421± 0.016 1.717± 0.028

Table 3. Various couplings based on the Sym B model.

Configuration βDM βgas

DM1G1 1.0 1.0
10G10 10 10

DM0.1G0.1 0.1 0.1
DM10G1 10 1.0
DM1G10 1.0 10
DM0.1G1 0.1 1.0
DM1G0.1 1.0 0.1

can estimate a mass-temperature relation correlated with
the symmetry breaking criteria aSSBf as

MSymmetron = 0.600a0.681SSB × T 1.600a−0.134
SSB . (22)

This relation assumes that β = 1. The relation proves to
have a 2.4% accuracy in the amplitude and a 0.3% accu-
racy in the exponent. Inserting aSSB = a0 = 1 into the
relation above we find that the lower limit power law for
the symmetron model is T 1.6, for models where λ0 = 1 and
β = 1.

We are unable to find a direct correlation between the
power and value of fR0, however the amplitude is increasing
with a decreasing fR0. For both FofR04 and FofR06 the
exponent is consistent with ΛCDMf(R), with FofR05 having
a larger power. By assuming that the power of FofR05 is a
curiosity and that the power of the f(R) mass-temperature
relation is the same as in ΛCDMf(R), we can construct a
relation between fR0 and the amplitude as

MF(R) = 0.184f−0.582
R0 × TΛCDM, (23)

with a 5% accuracy.

5.2. Universal and non-universal coupling

In our previous work (Hammami & Mota 2015) we studied
the effect of having two different couplings to matter, one
for baryons βgas and one for dark matter βDM . We repeat
part of the analysis above for the Sym B model, now with
a wide range of various coupling combinations as shown in
Table 3

Our hope is to find some signature that can distin-
guish models with universal coupling from models with
non-universal coupling. If one were to find traces of a non-
universal coupling in observations this would essentially a
breaking of the equivalence principle.

In Fig. 10 we present the thermal mass-temperature re-
lation, the mass-YX relation and gas mass-temperature re-
lation for both the universal and non-universal models.

Once again we see that we have a hard time distin-
guishing the models when studying the mass-YX relation,
a better time distinguishing models for the thermal mass-
temperature relation and a very easy time distinguishing
models in the gas mass-temperature relation.

Models where the gas is minimally coupled to the scalar
field show very little deviations from the standard grav-
ity mass-temperature relation. This effect is seen in all
three types of mass-temperature relations. This finding is in
agreement with results in Hammami & Mota (2015), where
we noted that deviations in the temperature profiles were
not noticeably different from standard gravity for a min-
imally coupled gas. As all the mass estimates above use
either the gas or the temperature to estimate the mass,
a minimally coupled gas will result in a mass that is also
indistinguishable from the mass in standard gravity.

No signatures that can identify universal coupling from
non-universal coupling can be found.

6. Conclusions

In this paper we have shown that the mass-temperature re-
lation can be a prime candidate for testing modified gravity
theories against observations.

The strength of studying the mass-temperature relation
is that the modified gravity models can easily be distin-
guished from the ΛCDM reference values, masses below
M = 5 × 1014 M�h−1 and temperatures below kBT = 1
keV, the best-fit analysis returns a power-law very unlike
the theoretical M ∝ T 3/2, there already exist a framework
for observing the mass-temperature relation and that there
exist large quantities of data available.

Unfortunately the amount of observations available in
this mass-temperature range is sparse, with the majority
of the observations being for massive, hot galaxy clusters
where all models are indistinguishable from one another.
However with major surveys such as Chandra and XMM
Newton the data is available, and only need to be assem-
bled.

Alternatives to the standard thermal mass-temperature
relation were explored, by using the mass proxy YX as well
as the mass of the gas directly. Both of these suffer less ob-
servational systematics than the thermal mass observations
as the gas can be directly observed. The mass proxy unfor-
tunately diminished the deviations that allowed us to easily
distinguish the models. With the gas mass-temperature re-
lation however the models could be distinguished to an even
greater degree. We therefore propose that the gas mass-
temperature relation can be an even stronger candidate
than the standard thermal mass-temperature relation.

It is imperative that the observers and the theoreticians
running simulations communicate, at the moment the ob-
servables are presented in a wide range of variable ways. A
consensus for what radius rΔc to perform the measurements
at and whether to use a fitting model for the cluster profiles
or actual spatially resolved profiles need to be reached.

We showed that, for the symmetron models, the thermal
mass-temperature relation is strongly sensitive to the sym-
metry breaking criteria aSSB with a smaller dependency
on the strength of the coupling to the scalar field. The an-
alytical fit for the symmetron models also showed a high

Article number, page 7 of 9



A&A proofs: manuscript no. mass_temp

Universal Non-universal

0.5 1 3 10
k T (keV )

1013

1014

1015

M
e

l(
M

h
−1 0
)

ΛCDM
DM1G1
DM0.1G0.1

0.5 1 3 10
k T (keV )

1013

1014

1015

M
e

l(
M

h
−1 0
)

ΛCDM
DM0.1G1
DM1G0.1

1012 1013

Yg(M h−1
0 keV )

1013

1014

M
e

l(
M

h
−1 0
)

ΛCDM
DM1G1
DM0.1G0.1

1012 1013

Yg(M h−1
0 keV )

1013

1014

M
e

l(
M

h
−1 0
)

ΛCDM
DM0.1G1
DM1G0.1

0.5 1 3 5
T (keV )

1011

1012

1013

M
(M

h
−1 0
)

ΛCDM
DM1G1
DM0.1G0.1

0.5 1 3 5
T (keV )

1011

1012

1013

M
(M

h
−1 0
)

ΛCDM
DM0.1G1
DM1G0.1

Fig. 10. The top figures show the thermal mass-temperature ratio, the middle figures show the mass-YX relation and the bottom
figures show the gas mass-temperature relation, for universally and non-universally coupled models respectively.

sensitivity to the symmetry breaking criteria, and we con-
structed a mass-temperature relation with aSSB as an input
parameter, for all symmetron models with a coupling factor
β = 1.

While the power of the f(R) mass-temperature relations
did not appear to follow any relation to the choice of fR0,
we are able to present a relation for the amplitude of the
mass-temperature relation and the input parameter fR0.

Numerous pitfalls still exist for using the mass-
temperature relation as a primer on modified gravity the-
ories, such as the assumption of galaxy clusters being in
hydrostatic equilibrium, the vast number of uncertainties
related to observational astronomy and numerical uncer-
tainties. However, armed with the information presented in
this paper a renewed focus on studying and understanding
the mass-temperature relation in future studies should be
warranted.

Furthermore, if the gas is minimally coupled to the
scalar field then the temperature of the gas is unchanged,
and therefore the thermal mass shows no deviations from

general relativity. This means that even if the dark matter is
coupled to the scalar field, the mass-temperature relation
may still be indistuingishable from standard gravity. The
mass-temperature relation is thus a poor probe of gravity
for models where the baryons are minimally coupled to the
scalar field.
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ABSTRACT

We use cosmological hydrodynamical simulations to study the effect of screened modified gravity models on the mass estimates
of galaxy clusters. In particular, we focus on two novel aspects: (i) we study modified gravity models in which baryons and dark
matter are coupled with different strengths to the scalar field, and, (ii) we put the simulation results into the greater context of a
general screened-modified gravity parametrization. We compare the mass of clusters inferred via lensing versus the mass inferred
via kinematical measurements as a probe of violations of the equivalence principle at Mpc scales. We find that estimates of cluster
masses via X-ray observations is mainly sensitive to the coupling between the scalar degree of freedom and baryons – while the
kinematical mass is mainly sensitive to the coupling to dark matter. Therefore the relation between the two mass estimates is a probe
of a possible non-universal coupling between the scalar field, the standard model fields, and dark matter. Finally, we use observational
data of kinetic, thermal and lensing masses to place constraints on deviations from general relativity on cluster scales for a general
parametrization of screened modified gravity theories which also contains f (R) and Symmetron theories.

Key words. cosmology: large-scale structure of Universe – cosmology: dark energy – gravitation – galaxies: clusters: general –
galaxies: kinematics and dynamics – X-rays: galaxies: clusters

1. Introduction

Over a decade has passed since the indisputable discovery of the
accelerated expansion of the Universe (Riess et al. 1998; Perl-
mutter et al. 1999) but its physical origin is still unknown. A
possible – and rather popular – solution is to modify the the-
ory of general relativity (GR). This has been done for a number
of years and lead to numerous theories of modified gravity (for
reviews, see, e.g., Amendola & Tsujikawa 2010; Clifton et al.
2012). The main challenge for many modified gravity theories
are measurements of the gravitational strength on Earth and in
the solar system (e.g., Bertotti et al. 2003; Will 2006; Williams
et al. 2004), which confirm the predictions of GR with great
precision. One viable solution to this is to employ a so-called
‘screening mechanism’ which restores GR in the solar system.
Screening mechanisms are usually triggered by large local mat-
ter density or space-time curvature and lead to a convergence of
the gravitational strength to its value predicted by GR.

For the sub-category of the extension of GR in the scalar sec-
tor1, i.e., by adding a coupled scalar field to the Einstein-Hilbert
action, several possible screening mechanisms are on the market
(see, e.g., Khoury 2010; Joyce et al. 2014). They can be catego-
rized as follows:

– Screening because of the scalar field value – also often de-
noted as Chameleon screening. This group can be further di-
vided into screening mechanisms that affect directly the cou-
pling strength – such as the Dilaton (Damour & Polyakov

1 Also, other extensions of GR, e.g., in the vectorial sector are possi-
ble. However, apart from managing theoretical difficulties they are also
obliged not to violate the local constraints mentioned, and, thus might
also employ a screening mechanism.

1994) and the Symmetron (Hinterbichler & Khoury 2010;
Hinterbichler et al. 2011) screening – as well as mechanisms
that alter the range of the additional force. The latter screen-
ing is often dubbed Chameleon screening (Khoury & Welt-
man 2004; Khoury & Weltman 2004; Mota & Shaw 2007).

– Screening due to derivatives of the field value – also called
Vainshtein-like screening. Here, one can differentiate be-
tween screening due to the first or the second derivative of
the scalar field. Screening mechanisms belonging to the for-
mer group are the k-Mouflage (Babichev et al. 2009; Zu-
malacarregui et al. 2010; Brax & Valageas 2014) and D-
Bionic screening (Burrage & Khoury 2014) whereas the lat-
ter group consists of the eponymous Vainshtein screening
(Vainshtein 1972).

It is important to differ between the screening mechanism and
the particular theory of gravity employing this mechanism. For
instance, particular theories employing the Vainshtein screening
are the DGP model (Dvali et al. 2000), Galileons (Nicolis et al.
2009), and, massive gravity (de Rham 2014).

This wealth of theoretical alternatives to GR stands in stark
contrast to the observational findings which – so far – con-
firm GR on a variety of environments & scales (for observa-
tional reviews see, e.g., Koyama 2015; Baker et al. 2015; Bull
et al. 2015) although deviations in many observables are pre-
dicted. Apart from the background cosmology (e.g., Koennig
et al. 2014; Brax et al. 2004; Hinterbichler et al. 2011, for the
Vainshtein, Chameleon and Symmetron, respectively) usually
N-body codes are used to study screened modified gravity mod-
els (for a review of the numerical techniques, see Winther et al.
2015). The most common approach is to start a ΛCDM and
a modified gravity simulation using the same initial conditions
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and then analyze the deviations between the simulation outputs
at later times. In this way, one found deviations in the matter
power spectrum (Oyaizu et al. 2008; Li et al. 2011; Li et al.
2012, 2013; Llinares & Mota 2013; Puchwein et al. 2013), the
halo mass function (Schmidt 2010; Barreira et al. 2013; Clifton
et al. 2005; Davis et al. 2012; Achitouv et al. 2015), the velocity
field (Corbett Moran et al. 2014; Hellwing et al. 2014; Gronke
et al. 2015a; Fagernes Ivarsen et al. 2016), gravitational lens-
ing (Barreira et al. 2015; Tessore et al. 2015; Higuchi & Shi-
rasaki 2016) and many other quantities. These predictions give
valuable insights on how screening mechanisms act on the envi-
ronment. However, how transferable to observations they are, is
questionable due to the neglecting of baryonic effects which are
somewhat degenerate with the enhancement of gravity (Puch-
wein et al. 2013; Hammami et al. 2015), and, more importantly
the direct comparison with another, alternative ‘Universe’ – a
technique which is certainly not possible with real data.

Another problem associated with the confrontation of the nu-
merical predictions with real data is the richness of the modi-
fied gravity landscape. Not only is the above mentioned number
of models incomplete (and steadily increasing) but each model
has its own (possibly multi-dimensional) parameter space. This
makes the ‘classical approach’, i.e., using a suite of N-body sim-
ulations to constrain the model parameter spaces one-by-one,
unfeasible. One alternative is to speed up the numerical simu-
lations tremendously as done by Mead et al. (2015) and Winther
& Ferreira (2015). Alternatively, one can try to unify the predic-
tions of several modified gravity models potentially allowing to
rule out (parts of parameter spaces) of several models at once.
This path was taken theoretically by Brax et al. (2012a,b) who
developed a framework in which it is possible to describe the
Chameleon-like screening mechanisms with two free functions.
Gronke et al. (2015b) present a fully empirical parametrization
of screened modified gravity models using three eters which cap-
tures a number of models & model parameters.

In this paper, we want to revisit some classical quantities
associated with screened modified gravity models, namely the
dynamical, lensing and thermal mass estimates of clusters of
galaxies in the light of (i) the Gronke et al. (2015b) parame-
terisation, and, (ii) the possibility of unequal coupling, i.e., that
the enhancement of gravity is not the same for baryons and dark
matter.

In this work, we use M−2
Pl
≡ 8πG, ρc = 3H2M2

Pl
, and, denote

values today with a subscript zero.

2. Methods

2.1. Screened modified gravity models

In this subsection we introduce very briefly the Symmetron (Hin-
terbichler & Khoury 2010; Hinterbichler et al. 2011) and the Hu
& Sawicki (2007) f (R) model. For more details we refer to the
original papers, to reviews featuring these models (e.g., Clifton
et al. 2012; Khoury 2013), or, to our previous work where we
introduce the models in more detail (e.g. Gronke et al. 2014;
Hammami et al. 2015).

The Hu & Sawicki (2007) f (R) model is a f (R) model fea-
turing the Chameleon screening, i.e., the reduction of the range
of the fifth force in high density regions. The model features
two free parameters, | fR0| and n, where former controls the range
of the fifth force in vacuum and the latter does not have much
impact (Hu & Sawicki 2007). We consider three models with
log10 | fR0| = (−4, −5, −6) and n = 1. For the Hu & Sawicki

Table 1. Overview of the equal coupled model parameters for the Sym-
metron and f (R) models.

Symmetron models β aSSB λψ
Symmetron A 1.0 0.5 1.0
Symmetron B 1.0 0.33 1.0
Symmetron C 2.0 0.5 1.0
Symmetron D 1.0 0.25 1.0

f (R) models fR0 n
FofR04 10−4 1
FofR05 10−5 1
FofR06 10−6 1

Table 2. Overview of the mixed coupled models. All other parameters
are identical to the ‘Symmetron B ’ model (see Table1).

Unequal coupled models βDM βGas

DM1G1 1.0 1.0
DM0.1G0.1 0.1 0.1
DM0.1G1 0.1 1.0
DM1G0.1 1.0 0.1

(2007) f (R) model, the maximum enhancement of the gravita-

tional force with respect to GR is fixed to γ
f (R)
max = 1/3.

The Symmetron (Hinterbichler & Khoury 2010; Hinterbich-
ler et al. 2011) inherits a symmetry breaking effective poten-
tial leading to a diminishing fifth-force in high-density environ-
ments. The model parameters are the scale factor of average
symmetry breaking assb, the range of the force in vacuum λψ,
and, the coupling parameter β. The maximum enhancement of
gravity is in this case (Gronke et al. 2015b)

γ
Symmetron
max = 2β2

[
1 −
(assb

a

)3]
. (1)

2.2. N-body simulations & halo selection

We used a modified version (Hammami et al. 2015) of the
ISIS (Llinares et al. 2014) simulation, which in turn is based
on the adaptive-mesh code RAMSES (Teyssier 2002). The initial
conditions were created using Grafic (Bertschinger 1999). The
simulation parameters used are (ΩCDM0, Ωb0, ΩΛ0, H0, B, N) =
(0.227, 0.045, 0.727, 70, 200, 256) for the f (R) simulation set
and (0.3, 0.05, 0.65, 65, 256, 256) for the symmetron simulation
set, where B denotes the side-length of the simulation box and
N the number of particles in a box. Furthermore, the modified
gravity parameters used are identical to Hammami et al. (2015);
Hammami & Mota (2015) and are summarized in Table 1 and
Table2.

The halos were identified using AHF (Amiga Halo Finder)
(Knollmann & Knebe 2009). For analysis we used only halos
consisting of at least 100 particles.

2.3. Halo mass estimates

After identifying the halos with AHF (Knollmann & Knebe 2009)
we define three kinds of mass measurements:

1. The lensing mass Mlens as the M200c as given by AHF.
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Fig. 1. Ratio of kinetic and lensing mass for the analyzed f (R) models (left panel) and Symmetron models (right panel). The horizontal lines and
markers show the width and center of the transition region as defined in § 2.4, respectively.
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Fig. 2. Ratio of thermal and lensing mass for the analyzed f (R) models (left panel) and Symmetron models (right panel). The horizontal lines and
markers show the width and center of the transition region as defined in § 2.4, respectively.

2. The thermal mass Mtherm constructed using the temperature-
and density profiles as

Mtherm = −kBr2Tthermal(r)

μmpG

(
d ln ρthermal

dr
+

d ln Tthermal

dr

)
, (2)

where kB is the Boltzmann constant, mp is the proton mass

and μ = 0.59 is the mean molecular weight of the gas2 and,

3. the kinetic mass Mkin calculated from the velocity disperion
via

Mkin = M0

(
σDM

σ0

)1/α
(3)

where M0, σ0 and α are fitting values, and, σDM

is the one-dimensional velocity dispersion of the dark
matter particles. For (M0, σ0, α) we adopt the values
found by Evrard et al. (2008), namely (M0, σ0 α) =
(1015 M h−1, 1082.9 km s−1, 0.3361).

2 Note, that we did not include the non-thermal pressure component
here for simplicity. See § 4.3 for a discussion.

2.4. A universal parametrization of screened modified gravity
models

The parametrization of Gronke et al. (2015b) is based on the
simple idea that if the fifth force is screened in some regions
but not in others there has to be a transition scale where the en-
hancement of the gravitational force is about half its theoreti-
cal maximum. In Gronke et al. (2015b), this transition scale is
phrased in terms of halo mass (M200), and thus, dubbed μ200. In
other words: The (mass weighted) average force of a halo with
mass μ200 is roughly γmax/2. The second parameter is the width
of this transition region, say, when the enhancement of gravity
is between 20 and 80 percent of γmax. This width is quantified
with a third half-width parameter W. In conclusion, this means
that fully screened (completely unscreened) halos are expected
to have masses � μ200/W (� μ200W).

3. Results

In this section we present the results from the numerical N-body
simulation in the case of universal (§ 3.1) and non-universal cou-
pling (§ 3.2).
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Fig. 3. Mass ratios for the analyzed models with non-universal coupling. The left panel shows the ratio of the kinetic- and lensing mass and the
right panel shows the ratio of the thermal and lensing mass.

Fig. 4. Mass ratios between the thermal and kinematic mass for the
models with non-universal coupling (see § 3.2).

3.1. Models with universal coupling

Fig. 1 shows the ratio of the lensing and kinetic masses (as given
by Eq. 3) for the simulated f (R) (left panel) and the Symmetron
models (right panel). Similarly, Fig. 2 shows the ratio of the ther-
mal mass and the lensing mass for the analyzed models.

Both figures show the same – well known – features: (i) a
large deviation for smaller mass halos (which are unscreened);
(ii) a decline for intermediate masses when the screening kicks
in; and, (iii) the fully screened high-mass halos where the devia-
tion is essentially zero. We want to highlight, however, that this
deviation is between measures of the same simulation. This is
in contrast to what is often presented in similar studies – where
the deviation between the modified gravity and the ΛCDM sim-
ulation is displayed. Therefore, finding similar trends as these
studies (e.g. Falck et al. 2015; Gronke et al. 2014) is reassuring.

In addition to the data points, Fig. 1 also displays the esti-
mated transition scales (as described in §2.4). Specifically, the
value of expected centroid of the transition scale μ200 and the

half-width of the transition W is marked with a matching sym-
bol and colored lines, respectively.

3.2. Models with non-universal coupling

Fig. 3 shows the mass ratios Mkinetic/Mlens and Mthermal/Mlens

(left and right panel, respectively) for the models with non-
universal coupling, i.e., for which the fifth force acts differently
on the baryons and the dark-matter. The models presented are
variations of the Symmetron B model (see Table 2). Clearly, the
same trends as in § 3.1 are visible. However, this time differ-
ent coupling combinations are sensitive to different observables.
In particular, the model where dark matter is stronger coupled
is more sensitive to the kinetic mass estimate, and, the model
where the baryons are stronger coupled shows a (much) stronger
variation in the thermal mass.

This effect can be seen more clearly in Fig. 4 where we show
the ratio between the thermal and the kinetic mass. Here, the
model with stronger baryonic coupling shows a clear positive
deviation � 50%, and the stronger dark matter coupled model
a negative deviation. This is interesting as the equally coupled
model is much closer to theΛCDM prediction. Note, that the dis-
crepancy between the two mass scales in both the ΛCDM cases
comes from the imperfect calibration of our mass-estimates and
the resulting small deviations at the low-mass end. This could
be overcome using higher-resolution simulations or better cali-
brated predictors.

This means that by studying solely the Mx/Mlens ratios in
Fig. 3 one could construct a model which mimics the effect of
a universal coupling (or vice versa). For instance, increasing the
dark-matter coupling to βDM ∼ 1.0 (while leaving βgas = 0.1
untouched) one could obtain a similar kinematic mass estimate
as in the Symmetron B model. Or, to state another example,
increasing the coupling to baryons for the ‘DM0.1G1’ model
slightly will lead to an thermal mass estimate as found in Sym-
metron B . However, this degeneracy can be broken when com-
paring directly the thermal, and, kinetic mass estimates as in
Fig. 4.
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Fig. 5. Observational constraints on screened modified gravity theories
presented in the μ200−γmax parametrization described in §2.4. The filled
symbols with horizontal lines show the semi-analytic μ200 and W pre-
dictions. The unfilled symbols show the simulation results with arrows
denoting limits due to the mass resolution of the simulations. The black
line shows the constraints from Mkin and Mlens observations resulting in
the exclusion of the grey shaded region (see §4.2 for details).

4. Discussion

4.1. Comparison to semi-analytic predictions

The semi-analytic predictions of Gronke et al. (2015b) for the
position and width of the transition scale as well as the maxi-
mum enhancement of gravity (see § 2.4) can be tested against
the results from the N-body simulation.

Our findings can be summarized as follows.

– The centroid of the transition region, μ200, is lower in the N-
body simulations than predicted by the semi-analytic model.
This is clearly visible for the FofR05 model, as here the full
transition is within the mass scale of our simulation. In this
case the offset is circa half an order of magnitude. This off-
set is due to the fact that in Gronke et al. (2015b) the im-
pact of the fifth force on a complete, isolated halo – i.e., out
to R = 10Rvir – was analyzed. As in reality, e.g., tidal ef-
fects from nearby halos play an important role for the behav-
ior in the outer regions, we constraint our analysis here to
1Rvir – which is also closer to observations. Other, however,
sub-dominant factors are the inclusion of baryonic effects in
this study (see Hammami et al. 2015, for a full discussion of
baryonic effects on modified gravity simulations), and, the
higher environmental density of the halos in the N-body sim-
ulation.

– The half-width of the transition region, W, can only be com-
pared to the FofR05 model for the reasons explained above.
In this one case, the prediction fit quite well.

– For a virialized halo, the velocity dispersion squared is pro-
portional to the gravitational constant. Using now the def-
initions of the velocity dispersion (Eq. (3)), of γ, and re-
quires that Mkin → Mlens for γ → 0, one finds Mkin/Mlens ∝
(γ+1)1/2α. Thus, the maximum deviation found for this mass
ratio for the f (R) models (see Fig. 1) fits the theoretical esti-
mate of ∼ 0.53 using γmax = 1/3. For the Symmetron models
considered, the unscreened masses lie below the mass reso-
lution of our simulations making the prediction untestable.

– Likewise we can construct a relation for the thermal mass.
Using the relation of Terukina et al. (2014a) M = MGR+MFψ

,

we obtain Mthermal/Mlens ∝ γ + 1. The maximum deviation
found for the thermal mass ratio for the f (R) models can
then be read from Fig. 2, and is consistent with γmax = 1/3.

Fig. 5 shows the μ200−γmax predictions (filled symbols) with
the width of the transition region marked as horizontal line. The
same figure displays the resulting parameters from the N-body
simulation as unfilled symbols with arrows denoting limits due
to the mass resolution of the simulations.

4.2. Observational constraints

Masses of clusters have been measured by several authors us-
ing different mass-estimates. By combining the resulting mass-
richness3 relations one can constrain the maximally allowed de-
viation from GR across several mass-scales.

4.2.1. Kinetic mass measurements

For the lensing masses we use the mass-richness relation given
by Johnston et al. (2007) who used 130, 000 clusters of galaxies
of the Sloan Digital Sky Survey (SDSS Sheldon et al. 2009).
They found a relation given by

M̃lens = (8.8 ± 1.17) × 1013

(
Ñ200

20

)1.28±0.04

Mh−1 (4)

where Ñ200 is measured richness of the cluster.
The dynamical mass measurements were taken from Becker

et al. (2007) who found

bvM̃kin = (1.18 ± 0.12) × 1014

(
Ñ200

25

)1.15±0.12

(5)

where bv denotes the bias.
When combining the observations we fixed the value of the

bias bv to its maximum value under the constraint that the two
mass measurements agree within 1σ throughout the considered
mass-range4. This leaves us with a conservative constraint for
the maximally allowed over-prediction of the kinetic mass com-
pared to the lensing mass. This constrained can be converted to a
maximally allowed enhancement of gravity as discussed in § 4.1.

Fig. 5 shows the 2 − σ observational constraint as a black
line, and the resulting ruled out region of the γ − μ200 parameter
space as grey shaded region. Note, that this region does not ex-
tent to greater masses as one might naively assume as higher ki-
netic masses throughout the entire probed mass-range can be ex-
plained with a constant bias. However, these greater masses are
ruled out by halo abundance measurements (e.g. Cataneo et al.
2015).

In addition, Fig. 6 shows this constraint on the model-
dependent parameter space for the Hu-Sawicki f (R) model with
n = 1. Note, that although we placed a rather conservative limit5,
using the kinematic mass estimates of clusters is still competitive
with other measurements at this length-scale.

3 The richness of a cluster N200 is the number of detected galaxies as-
sociated with this cluster. As N200 is independent of the chosen mass-
estimate, we link different the cluster mass estimates in bins of N200.
4 We used the mass-richness relations in the range M/Mh−1 ∈ [7 ×
1012, 5 × 1014].
5 In contrast to other studies, we (i) used a full N-body simulation with
baryonic effects as calibration, and, (ii) assumed a ‘worst-case’ bias as
stated above.
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Fig. 6. Current constraints on the Hu-Sawicki f (R) model with n = 1. References (updated list from Lombriser 2014): Dwarf galaxies (Jain &
VanderPlas 2011; Vikram et al. 2013), Distance indicators in dwarf galaxies (Jain et al. 2013), Solar System (Hu & Sawicki 2007; Lombriser
et al. 2014), Strong gravitational lenses (SLACS) (Smith 2009), Stacked phase-space distribution (Lam et al. 2012), Cluster abundance + CMB
(Cataneo et al. 2015), Coma gas measurements (Terukina et al. 2014a), Cluster profiles (XMM Newton) (Wilcox et al. 2015), Matter bispectrum
(Gil-Marín et al. 2011), Galaxy infall kinematics (Zu et al. 2014), Cluster abundance (Chandra) (Schmidt et al. 2009; Ferraro et al. 2011), Cluster
density profiles (maxBCG) (Lombriser et al. 2012), Supernova monopole radiation (Upadhye & Steffen 2013), CMB ISW-lensing bispectrum (Hu
et al. 2013; Munshi et al. 2014).

4.2.2. Thermal mass measurements

In order to compare the lensing and thermal mass of the clus-
ters we took measurements from Zhang et al. (2010) and Mah-
davi et al. (2013). These two data-sets left us with a total of 58
clusters in the mass range M/Mh−1 ∈ [5 × 1013, 3 × 1015]. As
we’re interested in a systematic deviation, we binned the data in
6 mass bins which we stratified so that roughly the same number
of halos are in each bin. Fig. 5 and Fig. 6 show the resulting con-
straints where we used the Mthermal/Mlens to γ relation described
in § 4.1.

4.3. Caveats

Using clusters of galaxies to constrain modified gravity theo-
ries can be challenging as several sources of uncertainty have to
be taken into account. From the observational side these uncer-
tainties are immense for individual clusters but can be overcome
when using a large number of objects – if no effect alters the
measured kinematic or thermal masses systematically. As this is
uncertain in particular for the kinematic mass estimates we fixed
the bias to a conservative value which should counter-act the ef-
fect6. This leads, however, to the fact that near constant modi-
fications of gravity throughout the whole measured mass range
would not be detected.

Another important cause of uncertainty is the theoretical
modeling where – although we included (basic) baryonic physics
– not all important physical effects are taken into account. For in-
stance, it is expected that supernovea and AGN feedback mecha-
nism are somewhat degenerate with the enhancement of gravity
and, thus, weaken constraints on modified gravity theories (see
e.g. Puchwein et al. (2013); Mead et al. (2016)). This is in par-
ticular problematic for the thermal mass measurements as here
the ‘non-thermal pressure component’ is not well understood –

6 This procedure relies on the fact that these potential systematic ef-
fects (as well as other uncertainties) are captured by the observational
error bars given.

which is why we ignored this term altogether. Including this ef-
fect will weaken the constraints from the thermal mass estimate,
however not significantly as it has been shown (Terukina et al.
2014b) that the effect the non-thermal pressure component has
on the mass is expected to be small.

Overall, we want to stress that although clusters of galaxies
are a powerful tool to constrain gravity on intermediate scales,
also big uncertainties are associated with it which have to be
dealt with.

5. Conclusions

Using a hydrodynamic N-body code, we studied the effect of
screened modified gravity models on the mass estimates of
galaxy clusters. In particular, we focused on two novel aspects:
(i) we studied modified gravity models in which baryons and
dark matter are coupled with different strengths to the scalar
field, and, (ii) we put the simulation results into the greater con-
text of a general screened-modified gravity parametrization.

Our findings in these matters can be summarized as follows:

– The lensing mass of a cluster can differ tremendously from
its kinematic or thermal mass in modified gravity theories.
In screened modified gravity theories the magnitude of vari-
ation varies from a maximum to zero from the unscreened
mass range to the screened one, respectively. This makes the
mass measurements of clusters a powerful probe of gravity
in different length scales and environments.

– Differently coupled dark matter and baryons are hard to de-
tect observationally as degeneracies exist. However, as the
thermal mass is stronger affected by the baryonic coupling
than the kinetic mass, possessing information about the three
discussed mass estimates can break this degeneracy.

– We placed the specific Symmetron and f (R) models studied
on a common parameter space which we also constrained
using kinematic, lensing, and, thermal mass observations.
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In conclusion, using various observational mass estimates for
cluster of galaxies are a powerful tool in order to constrain mod-
ified gravity theories which possess a screening mechanism – es-
pecially as future surveys increase the number of observed galax-
ies tremendously.
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