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Abstract

The thermal Sunyaev-Zel’dovich (tSZ) effect arises from inverse Compton scattering of low
energy photons with thermal electrons, and is usually observed in galaxy clusters. During
the Epoch of Reionisation (EoR), although the temperature of the ionised intergalactic
medium (IGM) is lower, its high density leads to an increased electron pressure which
results in a tSZ effect. In order to investigate its strength, we analyse data obtained
from fully-coupled radiation-hydrodynamics simulations and construct lightcones of the
electron pressure in the IGM during the EoR. These simulations utilise the hybrid CPU-
GPU code RAMSES-CUDATON and span the duration of reionisation. We vary the box
sizes, star formation parameters and resolutions to investigate how these factors affect the
tSZ effect. We produce plots of maps and distributions of the Compton y-parameter, as
well as angular power spectra of the tSZ signal, obtained from integrating the lightcones
constructed for each simulation. We find that having a high box resolution is important
as smaller areas where the temperature is higher are better resolved, leading to higher
values of the y-parameter. We estimate the average y-parameter arising from the EoR to
be 〈y〉 ∼ 10−8, making this the first time this value has been calculated from numerical
simulations. In the case of the power spectra, on scales probed by current technology, we
find that the tSZ signal from the EoR is < 1% of that modelled by cluster templates. Our
results suggest that it would be worthwhile to consider the contribution of the EoR to the
tSZ effect in the future when more sensitive technologies emerge.
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Chapter 1

Introduction

1.1 Modern Cosmology

In 1929, Edwin Hubble and Milton Humason observed that nearby galaxies were travelling

away from us (Hubble and Humason, 1931). This led to Hubble’s law. It states that the

velocity of this recession is proportional to the distance of the object from us:

v(t) = H(t)r(t), (1.1)

where H(t) is the time-dependent Hubble parameter. Its value today is

H0 = 100h km s−1 Mpc−1, h = 0.674± 0.005, (1.2)

where the subscript 0, by convention, denotes present time, and h is the uncertainty in the

measurement with its value given by the Planck 2018 cosmology (Planck Collaboration

et al., 2018a).

This universal expansion Doppler shifts cosmic light travelling towards us to longer

wavelengths. This shifting of the light to redder wavelengths is thus referred to as redshift,

z =
λobs − λem

λem
, (1.3)

where λobs and λem are the wavelengths of the observed and emitted light, respectively.

We measure the expansion of the Universe with the scale factor,

a(t) =
1

1 + z
, (1.4)

which is related to the Hubble parameter by

H(t) =
ȧ(t)

a(t)
, (1.5)

where ȧ(t) denotes the time-derivative of the scale factor.
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Another fundamental cornerstone of modern cosmology is the cosmological principle

(or Copernican principle), which states that the universe is both homogeneous and iso-

tropic on large scales, i.e. it is uniform at all points and in all directions. Consequently,

it means that our position in the Universe is not special. This is evidenced in large-

scale galaxy surveys and the almost homogeneous cosmic microwave background (CMB)

(Penzias and Wilson, 1965).

The cosmological principle allows for an exact solution of Einstein’s field equations

of general relativity (GR). This is given by the Friedmann-Lemâıtre-Robertson-Walker

(FLRW) metric. From this metric, we can derive the Ricci tensor and Christoffel symbols.

Substituting these into Einstein’s field equations gives us the Friedmann equation:

H2(t) =
8πG

3
ρ− kc2

a2
, (1.6)

for a universe with curvature measured by the constant k. Observations suggest that we

live in a flat (k = 0) universe. Taking this into account, we can rearrange the Friedmann

equation and define the critical density:

ρc =
3H2

8πG
, (1.7)

which is the density required to yield a universe of this curvature. Since the Hubble

parameter varies with time, the critical density is not a constant.

It is conventional to express the energy density contributions in terms of the density

parameter,

Ω =
ρ(t)

ρc
. (1.8)

Observations suggest that the energy content of the universe is comprised of matter,

radiation and dark energy. The latter is expressed as a cosmological constant, Λ, and first

appeared in Einstein’s field equations as a way to balance gravity. It can be thought of as

vacuum energy and is considered to be responsible for the accelerating expansion of the

universe.

Using the density parameter and considering how the components scale with redshift,

we can rewrite the Friedmann equation as:

H2 = H2
0

[
Ωr,0(1 + z)4 + Ωm,0(1 + z)3 + Ωk,0(1 + z)2 + ΩΛ,0

]
, (1.9)

where the subscripts r and m represent radiation and matter, respectively. For a spatially

flat universe, we find that

Ω0 = Ωr,0 + Ωm,0 + ΩΛ,0 = 1. (1.10)
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Figure 1.1: The Planck CMB sky. Tiny temperature fluctuations correspond to regions

of slightly varying densities. Blue spots are slightly colder than the average temperature,

while red spots are slightly hotter. Credit: ESA/Planck Collaboration (Planck Collabor-

ation et al., 2018b).

Of these parameters, only Ωr,0 has been accurately measured directly. Ωr,0 is dominated

by the energy of the CMB. The Cosmic Microwave Background Explorer (COBE; Smoot

et al., 1992) measured its temperature to be 2.725 ± 0.001 K, which corresponds to a

radiation density parameter Ωr,0 = 2.47× 10−5h−2.

1.2 Angular Power Spectrum

Although the temperature of the CMB is impressively homogeneous, there still exists small

fluctuations around the average value (approximately 1 part in 10, 000). Since we observe

the CMB temperature as a map projected onto a 2D spherical surface sky (see Figure 1.1),

it is most appropriate to express the temperature fluctuations using spherical harmonics.

The set of spherical harmonics are orthonormal and defined as:

Ylm(θ, φ) =

√
2l + 1

4π

(l −m)!

(l +m)!
Pml (cos θ)eimφ, (1.11)

where l = 0, ...,∞ is the multipole, −l ≤ m ≤ l, and Pml are the Legendre polynomials.

The multipole, l, represents an angular scale in the sky (in degrees), α = π
l .

The temperature fluctuations in the CMB can be decomposed in spherical harmonics
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as:

Θ (n̂) =
∞∑
l=0

l∑
m=−l

almYlm (n̂) , (1.12)

where n̂ is a unit direction vector, Ylm (n̂) are the spherical harmonic functions, and alm

are the harmonic coefficients given by

alm =

∫ π

θ=−π

∫ 2π

φ=0
Θ (n̂)Y ∗lm (n̂) dΩ. (1.13)

The power spectrum of the fluctuations can be defined as the variance of the harmonic

coefficients:

〈alma∗l′m′〉 = δll′δmm′Cl, (1.14)

where Cl is the ensemble average power spectrum and the Kronecker delta functions are

a result of isotropy. For our sky, the power spectrum is

Cl =
1

2l + 1

l∑
m=−l

〈
|alm|2

〉
. (1.15)

The error in this estimation, ∆Cl =
√

2
2l+1 , depends on the number of points in the

sample, and is referred to as cosmic variance. For a Gaussian distribution of temperature

fluctuations, the distributions of alm are also Gaussian with mean 〈alm〉 = 0 and variance

Cl.

The power spectrum of the CMB temperature fluctuations is usually plotted as Dl =

l(l+1)
2π Cl. l generally ranges from l = 2 to a given maximum value corresponding to the

resolution of the instrument. The first term, the monopole (l = 0), is excluded since

this relates to the whole sky, whose temperature fluctuations should average to 0. The

monopole temperature term, although a valuable bit of information, cannot be reliably

determined due to cosmic variance, i.e. we cannot be sure that the value we measure

locally is actually the same as the average temperature of the universe. The second term,

the dipole (l = 1, α = 180◦), is affected by our motion in space and redshift. This results

in an anisotropy at this angular scale, which dominates over the true cosmic dipole signal,

and is thus also excluded from the power spectrum.

The power spectrum can be calculated as either an auto-power spectrum or cross-

power spectrum. The former is proportional to
∑

m |alm|2, while the latter is proportional

to
∑

m a
i
lma

j∗
lm, where i and j denote two independent maps of the CMB (e.g. taken at

different bandpowers). The advantage of the cross-power spectrum is that biases from

uncorrelated noise can be eliminated.

The angular power spectrum is one of the most informative measurements of the CMB

(Hu et al., 1997; Aghanim et al., 2008; Challinor, 2013; Bucher, 2015; Balashev et al.,
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Figure 1.2: Angular power spectrum of CMB temperature anisotropies as observed by

Planck. The best fit to the theoretical ΛCDM spectrum is plotted as the light blue line.

The red dots and blue error bars are the measurements and their errors, respectively.

Credit: ESA/Planck Collaboration (Planck Collaboration et al., 2018a).

Table 1.1: The cosmological parameters from the latest Planck estimates (Planck Collab-

oration et al., 2018a).

Planck Collaboration 2018 cosmological parameters

Dark energy density parameter, ΩΛ 0.685± 0.007

Matter density parameter, Ωm 0.315± 0.007

Spatial curvature density parameter, Ωk 0.0007± 0.0019

Hubble parameter, H0 67.4± 0.5 km s−1 Mpc−1

Amplitude of matter fluctuations at 8 Mpc h−1, σ8 0.811± 0.006

Spectral scalar index, ns 0.965± 0.004

Optical depth due to reionisation, τ 0.054± 0.007
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Figure 1.3: The evolution of the universe as described by the Big Bang theory. At the

start, inflation causes the universe to rapidly expand to at least 1078 times its previous

size. Quantum fluctuations at its birth give rise to density fluctuations which become the

seeds of structures, such as stars and galaxies. At later epochs, dark energy dominates

and drives the expansion of the universe. Credit: NASA/WMAP Science Team

2015; De Zotti et al., 2016). It has enabled us to place constraints on the cosmological

parameters. In Figure 1.2 we show the angular power spectrum of the CMB measured by

the Planck1 survey, and in Table 1.1, we list the cosmological parameters constrained by

the latest Planck release (Planck Collaboration et al., 2018a).

1.3 History of the Universe

In Figure 1.3, we show a cartoon timeline of the evolution of the universe as is generally

accepted. The majority consensus agrees that the Big Bang theory best describes the

original state of the observable universe. Tracing the FLRW metric back to the beginning

of time suggests that all contents of the universe occupied the same space, i.e. there was no

distance between them. It also suggests a scale factor of a = 0, meaning all objects would

have had an infinitesimal size. All contents would have been crushed into a single hot

1https://www.cosmos.esa.int/web/planck/

https://www.cosmos.esa.int/web/planck/
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point, with infinite density, where the laws of physics break down. Hence, the Big Bang is

also referred to as the initial singularity. Although there are problems and inconsistencies

which arise from this theory, it is still the best description we have of our universe.

In 1981, Alan Guth proposed inflation as a solution to the problems with the Big

Bang (Guth, 1981). The theory states that the Universe underwent a period of rapid

accelerated expansion, where the scale factor increased by a factor of at least 1027. This

expansion ended < 10−32 seconds after the Big Bang. An inflating universe traps quantum

fluctuations within it. These irregularities are subjected to gravitational instabilities, and

eventually give rise to the large-scale structure that we see today.

After inflation, 10−12 seconds after the Big Bang, the quark epoch began. During

this time, the Universe consisted of quarks, leptons and their antiparticles. This plasma

was too hot for these particles to bind together to form baryons. This hadron synthesis

happened at 10−6 seconds post Big Bang. 1 second after the Big Bang, nucleosynthesis,

the period when the Universe was cool enough for the lightest elements (hydrogen, helium

and lithium) and their isotopes to form, occurred. For the next ∼ 350, 000 years, matter

and radiation are coupled through scattering of photons with baryonic matter.

As the Universe cooled and expanded, neutral atoms began to form in a process called

recombination. As this was occurring, the mean free path of the photons increased, due

to less scattering. Eventually, at some point, photons no longer scattered with the bary-

ons. This process, decoupling, allows the photons to propagate freely, hence making the

Universe transparent to electromagnetic radiation for the first time ever. As they traverse

through the Universe, the photons get redshifted from a temperature of 3000 K to the

microwave band at present. These microwave photons are the earliest radiation which we

can observe, and are referred to as the CMB, also called the surface of last scattering.

Decoupling caused the Universe to become transparent to light. However, there were

no luminous sources yet. The period between decoupling and the “first light” is called the

dark ages, and lasted about 400 million years. With the absence of structures, the physics

of the universe during the dark ages was relatively simple since cosmic evolution followed

linear perturbation theory.

As baryons were no longer coupled to radiation, they could fall into the potential

wells of dark matter haloes. Clouds of hydrogen gas formed as a result of these denser

regions. The timing of the birth of the first stellar objects is still unknown and a subject

of research, but is of the order of a few hundred million years, and would have marked

the end of the dark ages. It is thought that the first stars, Population III (Pop III) stars,
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formed from these clouds. Unlike stars today, Pop III stars contained no metals, but are

responsible for producing the first atoms of heavy elements in the Universe and may have

had a contribution to reionisation.

As larger luminous structures formed hierarchically, there was more radiation in the

universe. The intense radiation they emitted was energetic enough to ionise the neutral

hydrogen in their environments. This period is referred to as the epoch of reionisation

(EoR). As photons of energy 13.6 eV or higher are required to ionise neutral hydrogen,

these objects had to have produced radiation with wavelength 91.2 nm (UV) or shorter.

The process of reionising the universe is not instantaneous. At first, the mean free path

of ionising photons is short due to dense clouds of neutral hydrogen around haloes. As

these slowly ionise, photons can travel further and ionise more distant gas. This results in

bubbles of ionised hydrogen forming around radiation sources. Eventually, these bubbles

grow and overlap, leaving dense regions of neutral hydrogen which ultimately ionise. The

Universe is once again transparent as the mean free path of photons is increased.

Our knowledge of the EoR is still limited. For instance, we do not know the precise

time that it started or ended, although quasar (or quasi-stellar object; QSO) absorption

spectra suggest it ended late, approximately at z & 6. Another uncertainty about this

epoch is what were the major ionising sources (e.g. galaxies, quasars, Pop III stars).

Beyond this era, galaxies continued to evolve and merge, stars recycled the elements

formed by supernova explosions, and the largest cosmic structures formed: galactic clusters.

Gravity attracts galaxies together, forming groups (of mass ∼ 1013 M�) and clusters (of

mass > 1013 M�).

1.4 The Epoch of Reionisation

The EoR was the second phase change of the universe, the first being recombination.

As luminous sources (e.g. first generation Pop III stars, second generation Population II

(Pop II) stars, X-ray binaries, quasars, etc.) formed, their radiation ionised the hydrogen,

shifting the IGM from a neutral state to an ionised plasma. Due to the emission of ionising

radiation from these sources, the dense neutral regions around them began to ionise. These

bubbles of ionised (mainly hydrogen) gas grow as the ionisation fronts of radiation extend

outwards. The IGM then contains patchy areas of ionised hydrogen which continue to

grow as more luminous sources form. Eventually, the ionised bubbles overlap and the

IGM rapidly ionises (Barkana and Loeb, 2001; Loeb and Barkana, 2001; Bromm and

Larson, 2004; Ciardi and Ferrara, 2005; Choudhury and Ferrara, 2006; Furlanetto et al.,
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Figure 1.4: A slice through redshift of the neutral hydrogen fraction from a simulation of

the EoR. Dark regions represent the ionised gas, white areas show the neutral hydrogen,

and the red regions represent partially ionised gas. The plots show results for reionisation

driven by quasars (top) and stars (bottom) (Thomas et al., 2009).

2006; Morales and Wyithe, 2010; Zaroubi, 2013).

Figure 1.4 shows a slice through redshift of two simulations of the EoR (Thomas et al.,

2009). Neutral gas is represented as lighter regions, while ionised gas is dark. As time

progresses (left to right), the dark ionised bubbles overlap until they ultimately dominate

the universe. The last areas to ionise are dense neutral islands. The two slices show the

effects of reionisation by quasars only (top panel) and stars only (bottom panel).

However, a lot is still unknown about this cosmic epoch. We have described an inside-

out reionisation, where ionising sources ionise their immediate surroundings first before

extending outwards into further regions of the IGM. The details of this scenario are yet to

be clarified by observations. However, the overall process is supported by large cosmolo-

gical simulations which are statistically representative of the universe (Iliev et al., 2006b;

McQuinn et al., 2007; Trac and Cen, 2007; Iliev et al., 2014).

Another uncertainty is the nature of the ionising sources and the extent to which

each type of source was responsible for the EoR. To determine this, we also need to

understand how these objects form and how much ionising radiation they emit. The

ionisation of the hydrogen atom requires photons with energy of at least 13.6 eV, such
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as UV radiation. There are a number of candidates, spanning from quasars and stars

to exotic processes like dark matter annihilation and decaying cosmic strings. Although

studies have shown the possibility for these exotic processes to ionise neutral hydrogen,

constraints on these objects suggest that they most likely were not the dominant ionisers

(Chen and Kamionkowski, 2004; Pogosian and Vilenkin, 2004; Kasuya and Kawasaki,

2004; Padmanabhan and Finkbeiner, 2005; Mapelli and Ferrara, 2005; Mapelli et al.,

2006; Zhang et al., 2006; Olum and Vilenkin, 2006; Ripamonti et al., 2007; Natarajan

and Schwarz, 2010; Oldengott et al., 2016; Liu et al., 2016). There is also a significant

amount of uncertainty with respect to the escape fraction of galaxies, fesc,?. This quantity

refers to the fraction of ionising photons that escapes the galaxy and travels into the IGM.

Constraining this number is imperative to fine-tuning simulations of the EoR. However,

measuring the escape fraction from high-redshift galaxies is particularly difficult. Despite

the limitations, observations have found its value to be in the range of 0.1 - 0.5 (Steidel

et al., 2001; Giallongo et al., 2002; Inoue et al., 2005; Shapley et al., 2006; Iwata et al.,

2009).

Quasars, which reside in the massive black holes at the centres of galaxies, produce large

amounts of UV and X-rays. It is possible that these objects could have been responsible for

the EoR (Meiksin and Madau, 1993; Meiksin, 2005; Giallongo et al., 2015; Puchwein et al.,

2015). In fact, quasars have been observed at high redshifts, the furthest one being ULAS

J1342+0928 at z = 7.54 (Bañados et al., 2018). Unfortunately, as their mass distribution

at high redshifts is not known, their role in the EoR is still undetermined.

Another ionising source to consider is the hypothetical Pop III stars (Abel et al., 2002;

Schaerer, 2002; Bromm et al., 2002; Bromm and Larson, 2004; Glover, 2005; Yoshida et al.,

2003, 2012). These are thought to be the first generation of stars to have formed, and

therefore consist of just hydrogen and helium, virtually lacking metals. As a result of their

primordial chemical compositions, Pop III stars are expected to be massive (∼ 100 M�),

extremely luminous and short-lived. The radiation produced by these early stars would

have been able to ionise the IGM. However, since they have never been observed, their

possible contribution to the EoR is not known (see review by Ciardi and Ferrara, 2005).

1.4.1 The Initial Mass Function

One important aspect we must examine when considering the feasibility of these sources

for ionising the Universe is their photon production. In the case of stars, this is generally

determined by the initial mass function (IMF), which describes the stellar mass distribu-
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tion at birth, and the star formation history (SFH), which traces the evolution of stellar

formation. As stars are formed when cold, dense gas clouds fragment and collapse, their

formation is thus determined by the physical state of the gas. This, in turn, determines

the masses of the stars which may form from such clouds. Consequently, the IMF holds a

wealth of information about the properties of stellar populations and their environments.

It also influences the radiative processes and chemical enrichment within the host galaxy.

Thus, the IMF and the SFH determine how galaxies may evolve.

Salpeter (1955) first measured the IMF from the luminosity distribution of nearby

stars. While he described the IMF as a power law, dN ∝ M−α dM with α = 2.35, over

the masses 0.4 M� .M . 10 M�, subsequent studies (e.g. Miller and Scalo, 1979; Scalo,

1986; Kroupa et al., 1993) have found that, at the lowest masses, this does not hold.

For masses M . 0.5 M�, the IMF has a flatter slope. As a result, the IMF has three

different mass ranges, over which its shape changes. At high masses, it follows the power

law relation, with α ≈ 2.3− 2.4. At the characteristic mass, 0.1 M� . M . 1 M�, there

is a peak or change in slope. Below this characteristic mass, the slope is flatter, but is less

constrained due to the low luminosities of low-mass stellar objects. Figure 1.5 shows the

Salpeter IMF along with other variations as determined by more recent studies (Offner

et al., 2014).

However, whether the IMF is constant, or varies with environment or over cosmic time,

is much debated. For instance, observations of field stars have shown the IMF having a

steeper slope at high masses, as compared to stellar clusters. Additionally, at higher red-

shifts, we expect there to be more high-mass stars, which would indicate a top-heavy IMF,

i.e. a steeper slope (Davé, 2008). As the IMF describes the mass distribution of stars, it

is essentially a statistical measure, which cannot be directly observed; and observational

limitations make it difficult to obtain its true shape across all masses. Limitations in

detecting distant or low-luminosity stellar objects, as well as the fact that stars are con-

tinuously forming and dying, make it impossible to ever capture the full ensemble of stellar

masses in our universe. Nevertheless, it is generally assumed that the IMF is non-varying

and universal. For more insight into variations of the IMF, we direct the reader to the

review by Bastian et al. (2010).

The shape of the IMF, thus, determines the distribution of stars and their masses.

As the relationship between a star’s rate of (hydrogen) ionising photon production and

its mass is supra-linear, the shape of the IMF can drastically affect the rate of hydrogen

ionisation (see e.g. Tumlinson and Shull, 2000; Bromm et al., 2001; Schaerer, 2002; Tum-
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Figure 1.5: Forms of the IMF as proposed by various studies (Salpeter, 1955; Kroupa,

2001; de Marchi and Paresce, 2001; Chabrier, 2003; Thies and Kroupa, 2007) using galactic

stellar data (Offner et al., 2014).
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linson et al., 2004). Hence, the rate at which reionisation proceeds is especially sensitive to

the assumed IMF shape, with a more massive stellar population producing substantially

more ionising photons than a population of mostly lower-mass stars. Galaxies comprising

of more massive stars would thus emit more ionising photons into the IGM, increasing the

photoionisation rate, and resulting in reionisation ending earlier. Hence, the timing and

progression of the EoR are fundamentally linked to the IMF slope, which describes the

number of massive stars formed.

In addition to the IMF shape, the metallicity of these early stars also affects the number

of ionising photons which they produce. Low-metallicity stars (such as Pop III stars)

produce more ionising photons per stellar mass than metal-enriched stars. In the absence

of metals, stars have a reduced rate of CNO burning. Instead, their energy production is

derived from inefficient proton-proton burning in their contracted, hotter (> 108 K) cores

which are required to prevent these massive stars from gravitational collapse. As a result,

low-metallicity stars have higher surface temperatures and ionising photon production.

The combined effects of the IMF slope and stellar metallicity on the ionising photons

produced, and hence the EoR, is demonstrated in Figure 1.6 (Chary, 2008), which shows

that steeper slopes and higher metallicity result in lower ionising photon emission.

Hence, the characteristics of the first stars strongly determine how the EoR proceeds.

The form of the IMF at high redshifts indicates whether the EoR was driven by Pop II, Pop

III, or a combination of stellar types. For more detailed discussions on the stellar IMF,

we refer the reader to the reviews by Elmegreen (2009); Bastian et al. (2010); Kroupa

et al. (2013); Krumholz (2014); Offner et al. (2014); Hopkins (2018). For more on the

early stars and the IMF at the EoR, we refer the reader to Tumlinson and Shull (2000);

Tumlinson et al. (2004); Bromm et al. (2001); Schaerer (2002); Chary (2008); Norman

(2008); Topping and Shull (2015); Salvador-Solé et al. (2016); Windhorst et al. (2018).

1.4.2 Observational Constraints

Despite these unknowns, we have been able to place constraints on the EoR. The following

are some of the mechanisms which we use to do so.

Lyman-α Forest

The Lyman-α (Lyα) forest is an absorption phenomenon occurring in the spectra of back-

ground QSOs. Neutral hydrogen residing in the lines of sight of distant QSOs absorb

photons emitted by the QSOs at the UV resonance line frequency of 1215.67 Å. In an
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Figure 1.6: Number of ionising photons produced per baryon for non-Salpeter IMFs with a

range of slopes (α = −1.0,−1.4,−1.7,−2.0,−2.3,−2.6), and spanning masses 1−200 M�.

The solid green line shows the ionising photons for low-metallicity stars, while the dashed

blue line shows those for metal-enriched stars. The black solid line represents the minimum

number of ionising photons needed for ionising the IGM and accounting for recombinations

between the redshift and z ∼ 6. The EoR is completed when the plots cross the solid black

line (Chary, 2008).
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Figure 1.7: Spectra of high-redshift SDSS quasars. The Gunn-Peterson trough is shifted

to higher wavelengths with increasing redshifts, indicating an increase in the ionisation

fraction with redshift (Fan et al., 2006).

expanding universe, homogeneously filled with gas, the redshifted Lyα line will produce

an absorption trough due to neutral hydrogen blueward of the QSOs Lyα emission line

(Gunn and Peterson, 1965; Scheuer, 1965; Shklovskii, 1965). This trough is called the

Gunn-Peterson trough after Gunn and Peterson (1965) found such an occurrence of re-

duced flux in the spectrum of a QSO and used it to place upper limits on the amount

of HI in the IGM. The large cross-section of the Lyα absorption makes this method very

powerful for studying gas in the IGM. Figure 1.7 shows the spectra of 19 high-redshift

QSOs from the Sloan Digital Sky Survey (SDSS)2 where the Gunn-Peterson trough can

be seen (Fan et al., 2006).

The Lyα forest is very sensitive to the HI column density, and hence to the neutral

fraction as function of redshift along the line of sight. The optical depth for absorption of

a Lyα photon, τα, is related to the probability of the photon’s transmission, e−τα , and is

2https://www.sdss.org/

https://www.sdss.org/
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given by

τα =

∫ zQSO

0
σαnHI

c dz

(1 + z)H0

√
Ωm (1 + z)3 + ΩΛ

, (1.16)

where the integral has limits from present (z = 0) to the redshift of the QSO (zQSO), and

σα(ν) is the cross-section of the Lyα absorption which is a function of the photon frequency,

ν. Evaluating this integral gives the following expression for the neutral fraction:

xHI =
nHI

nH
≈ 10−4ταh

√
Ωm (1 + z)3. (1.17)

As a result, observations of the Lyα forest have been used to constrain the end of reion-

isation to z & 6. For reviews of the Lyα forest, we direct the reader to Rauch (1998);

Weinberg et al. (2003); Morales and Wyithe (2010).

The 21 cm Line

The 21 cm line originates from the hyperfine splitting of the 1s ground state of the hydrogen

atom. The electron experiences a spin flip, alternating between having an up or down spin.

Since both electron and proton spins have a value of ~
2 , their sum, the total spin angular

momentum, can be either 0 (parallel spins) or 1 (antiparallel spins). The latter exists at

a slightly higher energy level than the former. The difference between these energy levels

is 5.9 × 106 eV, with frequency 1420.4 MHz and wavelength 21.106 cm. The transition

from the triplet (antiparallel) state to the singlet (parallel) state is classically forbidden.

The probability for a spontaneous transition is given by the Einstein A coefficient, A10 =

2.85 × 10−15 s−1, which translates to a lifetime of 1.1 × 107 years for the triplet state.

However, despite its low decay rate, the vast abundance of hydrogen in the universe makes

the 21 cm transition line an important observational tool.

In radio astronomy, it is conventional to use the brightness temperature, Tb, of a source,

rather than its specific intensity (or brightness), Iν . The brightness temperature is defined

as the corresponding temperature of a blackbody radiator, with spectral distribution,

Bν , of the same brightness, so that Bν(Tb) = Iν . Due to the range of frequencies and

temperatures which are of importance in 21 cm astronomy, the Rayleigh-Jeans limit is a

suitable approximation to the spectral distribution, so that Tb ≈ c2

2kBν2
Iν . It is therefore

convenient to use the hydrogen spin temperature, Ts, in this context. The spin temperature

indicates the relative number densities of hydrogen atoms in the triplet and singlet states

(n1 and n0, respectively):

n1

n0
= 3e−

T21
Ts , (1.18)
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where T21 = 0.0681 K is the temperature corresponding to the 21 cm wavelength. Three

mechanisms compete to set Ts: absorption and emission of CMB photons, collisions with

free electrons, protons and other hydrogen atoms, and scattering of Lyα photons via

excitation and de-excitation (Wouthuysen, 1952; Field, 1958). Thus, the spin temperature

can be expressed as:

Ts =
TCMB + ykTk + yαTα

1 + yk + yα
, (1.19)

where TCMB denotes the temperature of the CMB, Tk is the gas kinetic temperature, Tα is

the temperature of ambient Lyα photons, and yk and yα are the kinetic and Lyα coupling

terms, respectively (Field, 1958). Since collisions and Lyα photons break the coupling

between Ts and TCMB, neutral hydrogen can be observed against the CMB. Thus, the

brightness temperature becomes

Tb = Ts

(
1− e−τ21

)
+ TCMBe−τ21 , (1.20)

where τ21 =
∫
σ21n0

(
1− e−

T21
Ts

)
dl is the optical depth of an HI cloud, with σ21 the 21 cm

line absorption cross-section. Here, the factor (1− e−τ21) gives the emission probability

of 21 cm photons from within the HI cloud while the factor e−τ21 gives the transmission

probability of the CMB photons. The observable differential brightness temperature can

then be defined as:

δTb =
Ts − TCMB

1 + z

(
1− e−τ21

)
. (1.21)

Different observed frequencies translate to different redshifts, enabling us to probe the 3D

distribution of neutral hydrogen in the universe during the EoR and dark ages.

Already, we have been able to measure this signal from the EoR and cosmic dawn

and place constraints on the 21 cm power spectrum from these epochs from the LOw

Frequency ARray (LOFAR; van Haarlem et al., 2013)3 data (Patil et al., 2017; Gehlot

et al., 2019). The upcoming Square Kilometre Array (SKA)4 will be able to place even

tighter constraints on the evolution of the neutral hydrogen in the universe (Mellema et al.,

2013; Koopmans et al., 2015; Weltman et al., 2018). Simulations predicting these results

are essential and illustrate the quality of data which will be obtainable by the SKA (see

e.g. Mellema et al., 2006; Semelin et al., 2007; Ciardi et al., 2015; Semelin, 2016; Ross

et al., 2017, 2019). We direct the reader to Furlanetto et al. (2006) and Pritchard and

Loeb (2012) for detailed reviews of 21 cm cosmology.

3http://www.lofar.org/
4https://www.skatelescope.org/

http://www.lofar.org/
https://www.skatelescope.org/
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Thomson Scattering Optical Depth of the CMB

As the universe transitions from a neutral state to an ionised one, the number density

of free electrons in the IGM increases. This, in turn, leads to a higher probability that

CMB photons will Thomson scatter off these electrons. The likelihood of this occurring is

related to the effective optical depth to reionisation,

τ =

∫ zdec

0
σTne

c dz

(1 + z)H0

√
Ωm (1 + z)3 + ΩΛ

, (1.22)

where the integral has limits from present (z = 0) to decoupling (z = zdec), and σT is

the Thomson scattering cross-section. The majority of the electrons come from HII and

HeII. The contribution from HeIII at low redshift is only a few percent of the total optical

depth. This equation holds for the optical depth along each line of sight and also for the

mean electron number density, i.e. the mean optical depth. As the integral is over redshift,

the optical depth is insensitive to the evolution of the ionisation fraction. Nevertheless,

its value can constrain the approximate end redshift of the EoR. For an EoR which is

completed early, the column depth of free electrons increases, and so too will the mean

optical depth. The latest constraint on the optical depth is from the Planck survey, with

τ = 0.054± 0.007, corresponding to a mid-point EoR redshift of zreion = 7.7± 0.7 (Planck

Collaboration et al., 2018a).

CMB temperature fluctuations are suppressed on scales smaller than the horizon size

at the EoR by the optical depth. The probability of this dampening is proportional to

e−2τ . In addition to this, the EoR is responsible for linearly polarising the CMB on the

quadrupole scale. This signal has a peak on scales larger than the horizon size at EoR,

and its amplitude is proportional to τ . Measuring this “reionisation bump”, although a

direct probe of the optical depth to the EoR, is limited by the cosmic variance on large

scales (Holder et al., 2003; Lewis et al., 2006; Mortonson and Hu, 2008).

Kinetic Sunyaev-Zel’dovich Effect

The second observable feature of the CMB by the EoR is the kinetic Sunyaev-Zel’dovich

effect. However, we will postpone going into this in detail until the next section (Sec-

tion 1.5), where we describe the Sunyaev-Zel’dovich effect more thoroughly.

1.5 The Sunyaev-Zel’dovich Effect

After last scattering, CMB photons have a mean free path of the Hubble distance. How-

ever, as they propagate through the universe, a fraction of them interact with matter along
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their way to us. These interactions give rise to the secondary anisotropies of the CMB.

In contrast, the primary anisotropies are caused by primordial density fluctuations which

were imprinted onto the CMB when matter and radiation were coupled. On large scales,

the primary anisotropies dominate the CMB power spectrum. Secondary anisotropies

take over on smaller scales. Some of these interactions include the integrated Sachs-Wolfe

(ISW) effect (Sachs and Wolfe, 1967), gravitational lensing, polarisation, Thomson scat-

tering, and the Sunyaev-Zel’dovich (SZ) effect (Sunyaev and Zeldovich, 1972, 1980a,b).

This thesis focuses on the last effect and its signal from the EoR. For a recent review of

the CMB processes and measurements, we direct the reader to Staggs et al. (2018).

The SZ effect arises from the inverse Compton scattering of CMB photons by free

energetic electrons. While electrons at rest will produce scatter, the net effect of this

cancels out since the number of photons being scattered in each direction is the same.

Electrons in motion, however, will produce an overall directional scattering. When CMB

photons travel through a cloud of free electrons, the probability that they will scatter is

dictated by the optical depth,

τe = σT

∫
ne dl ∼ 2× 10−3

( ne

10−3 cm−3

)( l

Mpc

)
, (1.23)

where the integral is performed over the line-of-sight, ne is the electron number density

of the gas, and the values denoted are typical for galaxy clusters, where the SZ effect is

commonly observed. Although inverse Compton scattering occurs in a variety of scen-

arios, the SZ effect refers to the scattering of CMB photons in the GHz to THz range of

frequencies by non- or mildly relativistic electrons.

There are two broad types of SZ effect which are essentially determined by the nature

of the electron energies. These can be either thermal or kinetic, where the electrons are

energetic due to their thermal state or their velocities, respectively. The thermal SZ (tSZ)

effect is most noticeably caused when CMB photons are scattered by the hot electrons

in galactic clusters whose intra-cluster plasma reach temperatures of 107 - 108 K. The

kinetic SZ (kSZ) effect arises when CMB photons are scattered due to the bulk motion of

the electrons in the cluster relative to the photons. In addition to these, electrons with

relativistic speeds require relativistic corrections to be taken into account, leading to a

relativistic SZ (rSZ) effect. Lastly, a non-thermal SZ (ntSZ) effect is also possible, and

arises from non-thermal velocity distributions (e.g. AGN outflows and magnetic fields).

The different types of SZ effect all have varying spatial and spectral dependencies due

to the physics and astrophysical processes which affect them. As such, they can act as

probes of differing astrophysics and cosmological effects. For reviews of the SZ effect, we
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direct the reader to Birkinshaw (1999); Rephaeli (1995); Carlstrom et al. (2002); Kitayama

(2014); Mroczkowski et al. (2019).

1.5.1 The Kinetic Sunyaev-Zel’dovich Effect

The kSZ effect arises when CMB photons experience a Doppler shift by the bulk velocity

of electrons in the universe. This has the result of slightly changing the temperature of

the scattered photons, with the temperature shift scaling as v
cne, where v and ne are the

line of sight bulk velocity and number density of the electrons. If the ionised gas has

motion directed towards the observer, the temperature of the CMB appears hotter, while

for ionised gas moving away from the observer, the temperature appears colder.

The kSZ Effect as a Probe of the EoR

The kSZ signal is divided into two components: the homogeneous kSZ signal which is

caused by perturbations in the density of the fully ionised universe, and the patchy kSZ

signal which is caused by perturbations in the ionisation fraction during the EoR. The

amplitude and shape of the latter depends on the duration of the EoR and the distribution

of ionised bubble sizes, respectively. These features also have a weak dependence on the

average redshift of the EoR. This can be explained qualitatively as the power of the signal

being linearly proportional to the number of bubbles along the line of sight. The abundance

of bubbles scales with the duration of the EoR. Also, with larger bubbles, the power peaks

at larger scales, and vice versa. If the EoR occurs early, when the universe is denser,

and lasts for the same duration, this will lead to higher kSZ power. The temperature

fluctuation corresponding to the EoR is given by

∆TCMB

TCMB
=
σT

c

∫
nee
−τ (n̂ · v) a dη, (1.24)

where τ(η) is the optical depth to Thomson scattering, n̂ is the line of sight unit vector,

v is the peculiar velocity of the electron cloud, a is the scale factor, and the integral is

calculated over the conformal time.

Perfectly homogeneous ionising sources in the EoR can reionise the universe without

producing a kSZ effect. On the other hand, inhomogeneous, patchy reionisation will give

rise to kSZ power. However, disinguishing between these two scenarios has proved to

be non-trivial since they both have the same spectral dependence and similar angular

dependencies. There is a large body of literature investigating the kSZ effect arising from

the EoR (see e.g. Gruzinov and Hu, 1998; Knox et al., 1998; Santos et al., 2003; Zhang
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Figure 1.8: The blackbody spectrum of the CMB (dashed line) is shifted to higher fre-

quencies (solid line) via the tSZ effect. The distortion shown here is exaggerated in order

to illustrate the effect, for a cluster 1000 times the typical mass of a galaxy cluster. Below

218 GHz, the intensity of the CMB is decreased, and above 218 GHz, the CMB intensity

is increased (Carlstrom et al., 2002).

et al., 2004a; Zahn et al., 2005; McQuinn et al., 2005; Iliev et al., 2007, 2008; Mesinger

et al., 2012; Zahn et al., 2012; Park et al., 2013; Battaglia et al., 2013a; Calabrese et al.,

2014; Park et al., 2016; Alvarez, 2016; Ma et al., 2018).

1.5.2 The Thermal Sunyaev-Zel’dovich Effect

When CMB photons pass through the hot intra-cluster medium (ICM) of a galaxy cluster,

there is a ∼ 1% chance that it will interact with one of the energetic electrons in the

plasma. The scattered photon experiences an energy boost of ∼ 4 kBTe
mec2

(see e.g. Rybicki and

Lightman, 1979; Sazonov and Sunyaev, 2000). This causes a shift in the CMB spectrum

from the low-frequency region to higher frequencies (see Figure 1.8).

The distortion in CMB intensity is given by

∆Iν ≈ I0y
x4ex

(ex − 1)2

(
x

ex + 1

ex − 1
− 4

)
≡ I0yg(x), (1.25)

where x = hPν
kBTCMB

≈ ν
56.8 GHz is the dimensionless frequency, y is the Compton y-

parameter (defined later), and

I0 =
2 (kBTCMB)3

(hPc)
2 = 270.33

(
TCMB

2.73 K

)3

MJy sr−1. (1.26)
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If ∆Iν
Iν
� 1, the signal can be expressed in terms of the CMB temperature, using the

derivative of the Planck function with respect to temperature:

∆TCMB

TCMB
≈ y

(
x

ex + 1

ex − 1
− 4

)
= yf(x), (1.27)

where f(x) is the frequency dependence of the tSZ spectrum in terms of ∆TCMB. When

there are electrons with energies in the relativistic regime, a factor δSZ(x, T e) is incorpor-

ated, and f(x) becomes

f(x) =

(
x

ex + 1

ex − 1
− 4

)
(1 + δSZ (x, T e)) . (1.28)

For more detailed interpretations of the relativistic corrections to the tSZ effect, see

Challinor and Lasenby (1998); Nozawa et al. (2006); Chluba et al. (2013). In the non-

relativistic and Rayleigh-Jeans limit, f(x � 1) → −2, while at high frequencies, f(x �

1)→ x− 4. The frequency dependence of ∆Iν is shown in Figure 1.9.

The spectral signature of the tSZ can be separated from the kSZ effect, whose peak

is near the null of the tSZ effect, and other temperature fluctuations due to its frequency

dependence. Hence, multi-frequency measurements are necessary to distinguish them. Ad-

ditionally, the tSZ signal dominates over the kSZ effect roughly by an order of magnitude

for clusters. This is due to the thermal velocity of electrons (∼ 104 km s−1) being much

higher than the bulk velocity (. 103 km s−1).

We can see from Equation 1.27 that the change in the CMB temperature is propor-

tional to the Compton y-parameter. This quantity can therefore be used to measure the

magnitude of the tSZ signal. It is defined as the line of sight integral of the electron

pressure,

y ≡ kB

mec2

∫
Te dτe =

kBσT

mec2

∫
neTe dl =

σT

mec2

∫
pe dl, (1.29)

where Te is the temperature of the electrons, and pe is the pressure due to the electrons.

It is important to note that, as the Compton y-parameter is an integral over the line of

sight, it is redshift independent. This can also be explained by considering that ∆TCMB

(and ∆Iν) is redshifted the same way as TCMB (and Iν). Hence, the tSZ effect does

not experience a loss in intensity with redshift (dimming), making it a useful tool for

measuring large-scale structure in the universe. The ICM of typical clusters have electron

temperatures of 5 - 10 keV. For massive clusters with central optical depth ∼ 10−2,

y ∼ 10−4. More generally, the y-parameter for clusters is typically y & 10−5.

Integrating over the solid angle of a galaxy cluster allows for a temperature-weighted

estimate of the number of electrons in the cluster to be calculated. Thus, the thermal
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Figure 1.9: The spectral distortion of the CMB by the tSZ (solid line) and kSZ (dashed

line) effects. The SZ effect is calculated for a realistic massive cluster with Te = 10

keV, y = 10−4 and peculiar velocity of 500 km s−1. The spectrum is plotted in units of

intensity (left) and Rayleigh-Jeans brightness temperature (right). The dotted line is the

CMB blackbody spectrum scaled by 5 × 10−4 and is shown for comparison (Carlstrom

et al., 2002).

energy of the cluster can be measured. This solid angle integral is given by∫
∆TCMB dΩ ∝ Ne 〈Te〉

D2
A

∝ M 〈Te〉
D2

A

, (1.30)

where dΩ = dA
D2

A
is the solid angle segment, DA is the angular diameter distance, Ne is the

total number of electrons in the cluster, 〈Te〉 is the average temperature of the electrons,

and M is the mass of the cluster. Here, the cluster mass can be either the gas mass or total

mass since Mgas = fgMtotal, where fg is the gas mas fraction. Although the integrated

tSZ flux is dependent on the angular diameter distance of the cluster, DA changes slowly

with redshift, especially at higher z. In addition to this, at higher redshifts, clusters are

denser and hotter (Ωm ∝ (1 + z)3), enabling SZ surveys to detect galaxy clusters above a

given mass limit without redshift having a significant impact.

In practice, all clusters above a mass cutoff in a given area of sky can be detected

with the tSZ effect using CMB frequency maps of the y-parameter. Their redshifts can

then be estimated using optical data. Finally, their mass can be calculated with X-ray

observations, the galaxy velocity dispersion or weak lensing.

In addition to y-parameter maps, the angular power spectra of the tSZ signal is also

a useful measurement. Komatsu and Seljak (2002) found that the tSZ angular power

spectrum is cosmology dependent, with Dl ∝ σ7
8Ω2

bh
2. However, more recently, Shaw
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et al. (2010) have shown

Dl ∝ σ8.3
8 Ω2.8

b h1.7. (1.31)

This dependence makes the power spectrum of the tSZ signal a powerful tool for con-

straining these cosmological parameters (see e.g. Barbosa et al., 1996; Sievers et al., 2013;

Crawford et al., 2014; Hill et al., 2014; George et al., 2015; Planck Collaboration et al.,

2015; Horowitz and Seljak, 2017). The tSZ power spectrum is also affected by astrophys-

ical processes, such as AGN feedback, shock heating, radiative cooling, etc. Komatsu and

Seljak (2002); Battaglia et al. (2010); Sehgal et al. (2010); Shaw et al. (2010); Trac et al.

(2011) have produced templates for the tSZ power spectrum, fitted for WMAP ΛCDM

cosmology, while probing its dependence on cosmological and astrophysical effects.

While these studies investigate the tSZ signal in the context of galaxy clusters, the

purpose of this thesis is to determine the tSZ effect arising from the EoR. For such a goal,

it is more appropriate to consider the mean value of the y-parameter, 〈y〉. The tightest

constraint on this measurement was done by the COBE-FIRAS experiment and found

〈y〉 < 1.5× 10−5 at the 95% confidence level (Fixsen et al., 1996).

Refregier et al. (2000) performed hydrodynamic simulations comprising only gravit-

ational forces (with no star formation) as well as analytic calculations with the Press-

Schechter (PS) formalism (Press and Schechter, 1974) to compute the tSZ signal. For

ΛCDM cosmology, they found 〈y〉 = 1.67× 10−6 (simulation) and 2.11× 10−6 (PS), both

values being about an order of magnitude below the COBE-FIRAS upper limit. Their

projected maps of the y-parameter showed clusters having y > 10−5, and groups and fila-

ments having y ∼ 10−7 - 10−5. However, they note that projecting a number of simulation

boxes along the line of sight on the sky would cause the filamentary objects to be averaged

out (da Silva et al., 2001; Seljak et al., 2001). They also find that the majority of the tSZ

signal arises from low redshifts (z < 2). Their angular power spectra show the tSZ effect

having comparable power to the primary CMB at l ∼ 2, 000, while groups and filaments

contributed ∼ 50% of the power at l = 500 with ∼ 50% of that power being produced at

z . 0.1.

By combining hydrodynamic simulations and analytic models, Zhang et al. (2004b)

estimated 〈y〉 = 2.6× 10−6
(
σ8

0.84

)4.1−2Ωm
(

Ωm
0.268

)1.28−0.2σ8
for a flat ΛCDM WMAP cosmo-

logy, with the dominant contribution coming from z ∼ 1. More recently, Hill et al. (2015)

used analytic calculations (including an ICM model (Hill et al., 2014), relativistic correc-

tions (Arnaud et al., 2005) and a reionisation model (Battaglia et al., 2013b)) to compute

the total mean Compton paramter of the universe. They found 〈y〉ICM = 1.58 × 10−6,
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〈y〉IGM = 8.9 × 10−8 and 〈y〉EoR = 9.8 × 10−8 for the contributions from the ICM, IGM

and EoR, respectively, which gave a total mean value of 〈y〉total = 1.77×10−6. The signals

from the IGM and EoR are sub-dominant to the ICM signal. However, an accurate meas-

urement of 〈y〉 is crucial for providing constraints on galaxy formation models, feedback

mechanisms and the thermal history of the universe.

To date, the tightest constraint on 〈y〉 is the COBE-FIRAS measurement. While the

tSZ effect is very well understood, it is not traditionally applied to the EoR. Therefore,

the EoR contribution to the global tSZ effect is not well constrained. Conversely, there

has been extensive research on the kSZ effect that arises during the EoR. Our study is the

first of its kind where hybrid N-body and hydrodynamic simulations are used to calculate

the EoR contribution to the tSZ effect. We do this by constructing maps of the Compton

y-parameter, PDFs of the values of y in the IGM during EoR, and angular power spectra

of the maps. It is our objective to contribute to the body of research that encompasses

these topics by providing numerical simulation results.

Second Order Doppler Distortions

Zeldovich et al. (1972) showed that the spectral distortions produced by thermally en-

ergetic electrons give rise to a spectrum which can be described as a superposition of

blackbodies with a Compton y-parameter, y = O(v2). This y-parameter depends on the

second order of the electron velocities, v, essentially making it the equivalent of a tSZ

effect due to the bulk flow. Hu et al. (1994) investigated the significance of this quad-

ratic Doppler distortion during the EoR. They showed that when this contribution to the

y-parameter is included, Equation 1.29 becomes

y =
σT

mec2

∫ (
1

3
mene

〈
v2
〉

+ pe

)
dl. (1.32)

They also suggest that the bulk flow contribution would be dominated by the tSZ effect.

According to their estimations which are based on a CDM cosmology with Ω0 = 1, that

the contribution from the EoR would be ∼ 10−8.

1.6 Thesis Outline

In Chapter 2, we describe the numerical methods and simulation code used in this study.

In Chapter 3, we outline out methodology. We begin by summarising the simulations

used in our analyses, their reionisation histories, and parameters used to perform the

runs. We then describe the procedure used to construct lightcones using the data from
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our runs and how we obtain the Compton y-parameter from them. We present the results

in Chapter 4 and discuss their significance. Finally, we conclude with a summary of the

study, discussing the implications of our findings, and possibilities for further work on this

topic in Chapter 5.
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Chapter 2

Simulating the EoR

The EoR is still being understood. Despite the limitations in observational technology, sim-

ulations can shed a light on this cosmological era. By inputting the physics of gravitation,

gas dynamics and radiative transfer into complex codes, we can replicate the reionisation

of the universe, and thus gain a better understanding of the processes involved at the start

and duration of this cosmic period.

In order to grasp a complete understanding of the processes involved during the EoR,

simulations need to cover a large range of length scales (of orders of magnitude ∼ 7

or larger!) and mass scales (of orders of magnitude ∼ 16). The act of reionising the

universe involves an interplay between ionisations and recombinations, where the former

ultimately exceeds the latter. At small scales (of orders of kpc), there are galaxies and

Lyman limit systems. These sources act as either sources or sinks of ionising radiation,

respectively. On even smaller scales, we have stars. Fortunately, a thorough knowledge

of stellar synthesis is often not required when designing simulations, as crude estimations

often suffice. Simulation boxes also need to have a sufficiently large size in order to

accurately represent the distribution of galaxies and ionisation bubbles (at least 100 Mpc),

and include rare quasars (at least 100s of Mpc). In terms of mass scales, simulations need

to range from the masses of stars and supernovae to halo masses. In practice, simulations

can use stellar particles of fixed mass, representing multiple stars. Similarly, dark matter

particles are modelled in this way. We direct the reader to Lidz (2016) for a review on

the physics involved in modelling the EoR, Trac et al. (2011) for a review on simulating

the EoR, and Bertschinger (1998) and Springel et al. (2006) for reviews on large-scale

structure simulations.
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N-body Algorithms

N-body simulations model the gravitational dynamics of massive particles. The algorithm

solves for Newtonian gravity acting on N particles of fixed mass with known position and

velocity vectors. N-body simulations are used to model dark matter particles which are

collisionless and solely require gravitational processes. However, these codes are com-

putationally expensive since they solve for the force on a particle exerted by each of its

neighbours for every time step, and particle numbers can range in the trillions (e.g. Teyssier

et al., 2009; Kim et al., 2009).

Hydrodynamic Algorithms

Hydrodynamic codes factor in fluid dynamics, thus are used to investigate baryonic matter

and radiation, the latter of which can be modelled as a fluid. The fluid equations can be

solved in one of two ways: Eulerian or Lagrangian. In the Eulerian scheme, the equations of

conservation of mass, momentum and energy are solved on a grid of cells. The grid can be

either structured or unstructured. Cells have a dynamic mass, which makes this technique

suitable for large-scale simulations which contain regions of both over- and under-dense

gas. However, although they can have a wide range of masses, uniform grids are limited

in their spatial scales, making probing small scale physics problematic. Adaptive mesh

refinement (AMR) solves this problem. AMR allows us to zoom in on regions of interest

(e.g. galaxies) with higher resolution. This said, it is not practical to perform zoom-ins on

every galaxy in a simulated cosmic box. A compromise must be made, choosing a limited

number of special interest regions. In the Lagrangian method, instead of a grid, fixed-mass

particles are used. Smooth particle hydrodynamics (SPH) are used to trace their paths

(Gingold and Monaghan, 1977; Lucy, 1977). Neighbouring particles are smoothed over

and the fluid equations are solved for them. SPH algorithms are suitable for simulating

small scale regions.

Hybrid N-body and Hydrodynamic Algorithms

Hybrid codes incorporating both N-body and hydrodynamics have also been developed.

The N-body aspect traces the dark matter particles which collapse to form dark matter

haloes. The hydrodynamical side then solves for the gas particles, which follow the gravit-

ational potential of the dark matter haloes, and collapse to form dense clouds of gas which

birth stars and galaxies. These two computations are run simultaneously and couple the

dark matter and gas via their mutual gravitational dependence. Cosmological simula-
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tions of reionisation also incorporate atomic processes, such as ionisation, recombination,

cooling and heating.

Radiative Transfer Algorithms

Radiative transfer codes solve for the propagation of the radiation field. They involve

processes such as emission, absorption and scattering. They solve a seven-dimensional dif-

ferential equation for the specific intensity to compute the evolution of the radiative field.

The equation is a function of 3D position, 2D angular coordinates, time and frequency.

This complexity makes calculating the direct solutions computationally expensive. Addi-

tionally, for cosmological simulations, the number of sources increases exponentially with

volume, increasing the complexity of the problem. In order to deal with this, radiative

transfer codes need to apply some physical approximations. There are three general meth-

ods for treating this problem: Monte Carlo, which employs a probabilistic technique to

trace the discretised radiation field using photon packets emitted by each source; ray tra-

cing, where rays are generated from each source and cast into segments as they propagate

to each cell; and a moments-based approach, where the radiation is treated as a field using

a system of conservative equations for the photon energy density and flux to describe the

field as a fluid. Iliev et al. (2006a, 2009) performed a series of simple tests on several

radiative transfer codes, showing that these different methods broadly agree.

2.1 RAMSES

RAMSES1 is a fully coupled N-body and hydrodynamics code which utilises tree-based

AMR and moments-based radiative transfer (Teyssier, 2002).

2.1.1 N-body Solver

Collisionless dark matter particles make up the N-body system which is treated using the

Vlasov-Poisson equations

dxp
dt

= vp,
dvp
dt

= −∇xφ, where ∇2φ = 4πGρ. (2.1)

Here, the subscript p denotes the given particle, and φ represents the gravitational po-

tential. For a grid-based N-body setup, the mass density on the particle mesh is first

calculated using a cloud in cell (CIC) interpolation scheme. The gravitational potential

and acceleration on the mesh are then computed using the Poisson equation. An inverse

1https://bitbucket.org/rteyssie/ramses/

https://bitbucket.org/rteyssie/ramses/
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CIC interpolation scheme is then used to calculate the acceleration of each particle in the

mesh. The velocity and position of each particle can thus be updated.

2.1.2 Hydrodynamics Solver

For the gas dynamics, the Euler equations are solved in their conservative form using a

second-order un-split Godunov solver:

∂ρ

∂t
+∇ · (ρu) = 0 (2.2)

∂

∂t
(ρu) +∇ · (ρu⊗ u) +∇p = −ρ∇φ (2.3)

∂E

∂t
+∇ · [(E + p)u] = −ρu · ∇φ+ Λ(ρ, ε), (2.4)

where ρ is the gas density, u is the bulk velocity of the fluid, p is the pressure, E is the gas

total energy density, and Λ represents the radiative heating (positive) and cooling (neg-

ative) terms. These thermochemistry terms are functions of the gas density, temperature

and ionisation state. For optically thin plasma, collisional ionisation equilibrium (CIE)

is assumed. This allows for the ionisation states to be calculated as functions of the gas

density and temperature, and are therefore not required to be tracked quantities. E is

comprised of thermal and kinetic energy density (ε) components:

E =
1

2
ρu2 + ε. (2.5)

The set of Euler equations is closed with an equation of state relating the pressure and

thermal energy,

p = (γ − 1)ε, (2.6)

where γ is the ratio of specific heats and is set to 5
3 (for an ideal monatomic gas) by

default. The ideal gas law relates the temperature to the internal energy by

ε =
3

2
nkBT, (2.7)

where n is the number density of gas particles and kB is the Boltzmann constant. Assuming

the gas is hydrogen only (H, H+, e−), the ideal gas law can be rewritten as:

ε =
3

2

ρ

µmH
kBT, (2.8)

where µ is the mean molecular weight.

The Euler equations with gravitational source terms can be numerically discretised by

the expression
∂U
∂t

+∇F(U) = S, (2.9)
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where U is the conservative state vector and is the numerical approximation of the cell-

averaged value of (ρ, ρu,E), F(U) is the time-centred flux vector across cell interfaces

(ρu, ρu⊗u+p, (E+P )u), and S is the non-stiff gravitational source vector (0,−ρ∇φ,−ρu·

∇φ). The thermochemistry source term, Λ, is neglected as it is separated from the rest of

the Euler equations in the numerical implementation. This makes modifying the thermo-

chemistry solver (setting it to equilibrium or non-equilibrium) trivial. When metallicity

is included, the conservative state vector also tracks the cell metal mass density ρZ, i.e.

U = (ρ, ρu,E, ρZ).

2.1.3 Radiative Transfer

RAMSES has the advantage of performing coupled radiative transfer and hydrodynamics.

This can be done with the ATON (Aubert and Teyssier, 2008) and RAMSES-RT (Rosdahl

et al., 2013) modules, which both use a moments-based radiative transfer process with the

M1 closure relation. ATON uses graphical processing units (GPUs) to post-process the

radiative transfer after each hydrodynamic time-step. Since GPUs are very fast, they allow

for ATON to utilise the full speed of light. However, to achieve this, the data outputs must

be optimally structured onto a Cartesian grid, so that cells are arranged close in space and

memory. Because of this, ATON is not suitable for AMR, posing a restriction in resolution.

Nevertheless, it is well-suited for cosmological volumes and large-scale problems, such as

reionisation, as opposed to small-scale galaxy formation simulations.

Moments-based Radiative Transfer

The radiative transfer equation is expressed as:

1

c

∂Iν
∂t

+ n · ∇Iν = −κνIν + ην , (2.10)

where c is the speed of light, Iν(x,n, t) is the radiation specific intensity, n is the direction

of propagation, κν(x,n, t) is the absorption coefficient, and ην(x,n, t) is the source func-

tion (Mihalas and Mihalas, 1984). The quantities Iν , κν and ην all depend on position,

angle, frequency and time. For ionising radiation, the absorption coefficient is given by

κν = nHIσν , (2.11)

where nHI is the number density of neutral hydrogen and σν is the photoionisation cross-

section. The first two momenta of Equation 2.10 yields the two coupled equations,

∂Eν
∂t

+∇Fν = −κνcEν + Sν , (2.12)



22nd February 2021 32

and
∂Fν

∂t
+ c2∇Pν = −κνcFν , (2.13)

where Sν is the source term, Eν is the radiation energy (the zeroth-order momentum of

the intensity) given by

Eν(x, t) =
4π

c
Jν =

1

c

∮
Iν dΩ, (2.14)

Fν is the radiation flux (the first-order momentum of the intensity) given by

Fν(x, t) =

∮
Iν(x,n, t)n dΩ, (2.15)

and Pν is the momentum pressure tensor (the second-order momentum of the intensity)

given by

Pν(x, t) =
1

c

∮
Iν(x,n, t)n · n dΩ, (2.16)

where dΩ is the solid angle. The four equations 2.10 - 2.13 define the set of conserva-

tion laws for the radiation fluid. The lower dimensionality of the equations and their

conservative form make a numerical treatment appropriate.

Equations 2.12 and 2.13 can be rewritten in more suitable forms, in terms of number

densities, by dividing them by a single photon energy, hν. They then become

∂Nν

∂t
+∇Fν = −κνcNν + Sν , (2.17)

and
∂Fν

∂t
+ c2∇Pν = −κνcFν , (2.18)

where Nν is the photon number density. For the sake of simplicity, we have kept the same

notation for the photon flux and photon pressure tensor as for the energy flux and energy

pressure tensor, respectively, although the latter have been divided by hν. The source

term contains two contributions: stellar and quasar radiation, and diffuse radiation from

recombination from HII,

Sν = Ṅ?
ν + Ṅ rec

ν , (2.19)

where Ṅ rec
ν = nenHIIε̇ν(T ). Both sources are assumed to be isotropic and, thus, there is

no source term in the flux equation.

A single species, hydrogen, and single photon group, i.e. all photons whose energies are

greater than the threshold energy for hydrogen, are considered for the sake of simplicity.

This scheme can be extended to incorporate a more realistic assortment of species and

multi-frequency photons by using the approach described in Rosdahl et al. (2013).

In order to close the system of equations, an expression for the pressure tensor must

be provided. To do this, the time evolution of the hydrogen ionisation fraction and the gas
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temperature must be solved. We need to consider the physical processes that influence

the chemical evolution of neutral hydrogen: collisional ionisation, photoionisation and

collisional recombination,

D

Dt
(nHI) = αAnenHII − βnenHI − ΓγHInHI, (2.20)

where αA(T ) is the recombination coefficient of ionised hydrogen for case A taken from

the fits in Hui and Gnedin (1997), ΓγHI is the hydrogen atom photoionisation rate (defined

as ΓγHI = cσγNγ , where σγ = 1.63 × 10−18 cm2 and Nγ is the ionising photon number

density); as well as charge conservation (i.e. ne = nHII) and hydrogen nuclei conservation

(i.e. nHII + nHI = nH).

Solving the gas-thermal energy equation takes into account the radiative cooling and

photoionisation heating:

ρ
D

Dt

(
e

ρ

)
= H−L, (2.21)

where e = 3
2ntotkBT . The cooling rate, L, is calculated using standard collisional cooling

processes from hydrogen recombination, collisional ionisation and excitation of hydrogen

and Bremsstrahlung. The fits used for the cooling rates are taken from Hui and Gnedin

(1997); Maselli et al. (2003) and references therein. The photoionisation heating rate is

given by H = nHIε̇HI, where ε̇HI = c
∫∞
νHI

(hν − hνHI)σνNνdν = cεγσγNγ .

Aubert and Teyssier (2008) implement the simple closure relation to cosmological

reionisation, the M1 approximation (Levermore, 1984). It solves the radiative transfer

equations in the optically thick limit, while retaining some accuracy in the optically thin

regime. The assumption is made that the angular distribution of the radiation is axisym-

metric around F. Thus, the Eddington tensor, P = DN , can be written in the general

form

D =
1− χ

2
I +

3χ− 1

2
u⊗ u, (2.22)

where u is a unit vector in the direction of the flux, and χ is the Eddington factor,

χ =
3 + 4|f |2

5 + 2
√

4− 3|f |2
, (2.23)

where f is the reduced flux, f = F
cN = fu.

Numerical Implementation

The set of equations previously described can now be solved numerically. This is done in

three steps which are performed in order for the the same time step, ∆t:



22nd February 2021 34

1. the photon injection step, where ionising radiation from stellar and radiative sources

are injected into the grid;

2. the transport step, where photons are propagated into space, and the hyperbolic

system of equations are solved;

3. the thermochemistry step, where the photons and gas couple, thus the photon dens-

ities and fluxes, and ionisation state and gas temperature are evolved, and the right-

hand side of the radiation transport model is solved.

For the injection step, photons can originate from stellar sources as well as other point

sources (e.g. AGNs) and continuous volume sources (see e.g. Rosdahl and Blaizot, 2012).

For the transport step, the right-hand sides of the hyperbolic system are set to 0:

∂Nν

∂t
+∇Fν = 0, (2.24)

∂Fν

∂t
+ c2∇Pν = 0. (2.25)

These can be expressed in vector form,

∂U
∂t

+∇F(U) = 0, (2.26)

with U = [Nν ,Fν ] and F(U) =
[
Fν , c

2Pν
]
. This equation can be solved using various

intercell flux functions. We direct the reader to Aubert and Teyssier (2008) and Rosdahl

et al. (2013) for more detailed descriptions of the functions used and of the thermochemical

step in ATON (Aubert and Teyssier, 2008) and RAMSES-RT (Rosdahl et al., 2013).

2.1.4 Time Step Control

The time steps have to abide by the constraint imposed by the Courant-Friedrichs-Lewy

(CFL) condition. The CFL condition states that the time step must be less than a given

time during which a wave can propagate through the fluid element. In other words,

the numerical domain of dependence must include the physical (or analytical) domain of

dependence. It ensures that the information has enough time to propagate across a spatial

interval, in order to prevent the simulation from producing incorrect results. This time

step is given by

∆t = C
∆x

max (|ux|+ c, |uy|+ c, |uz|+ c)
, (2.27)

where C < 1 is the Courant factor, and |ux|, |uy| and |uy| are the magnitudes of the x-,

y- and z-components of the velocity.
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2.1.5 Cosmological Settings

For cosmological simulations, such as the ones in our study, both N-body and hydrodynam-

ics solvers use conformal time as the time variable. This way, comoving coordinates can

be easily implemented. The original equations need to be adjusted for the comoving co-

ordinate system. Essentially, these super-comoving variables (Martel and Shapiro, 1998)

are:

dt̃ =
H0

a2
dt, (2.28)

x̃ =
1

aL
x, (2.29)

ρ̃ =
a3

Ωmρc
ρ, (2.30)

p̃ =
a5

ΩmρcH2
0L

2
p, (2.31)

and

ũ =
a

H0L
u, (2.32)

where H0 is the Hubble constant, L is the box size, Ωm is the matter density parameter,

and ρc is the critical density. Using these variables in lieu of the physical ones accounts

for cosmological expansion, while the relevant equations remain unchanged.

2.1.6 Star Formation

Cosmological simulations are still very limited in the resolution down to which they can

go. As a result, star formation has to be treated using a sub-grid approach. In RAMSES,

gas is converted into stellar particles in each cell following a standard Schmidt law. When

the gas density in a cell is larger than a specified gas over-density, δ? (or hydrogen number

density, n?), and the temperature is lower than a set temperature threshold, T? = 2× 104

K, a new star particle is formed at a rate of

ρ̇? = ε?
ρgas

tff
, (2.33)

where ε? is the star formation efficiency per free fall time, tff =
√

3π
32Gρ

. When these

criteria are met, N? equal-mass, collisionless stellar particles are spawned stochastically

via a Poisson distribution with probability,

P (N?) =
λP

N?!
e−λP , (2.34)

with a mean value

λP =

(
ρ∆x3

m?

)
∆t

t?
, (2.35)
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where ∆x3 is the volume of the cell, and ∆t is the simulation time step. The star particle

mass is taken to be an integer multiple of m? =
ρ0∆x3min

1+ηSN+ηW
(see Section 2.1.7 for more on

the parameters ηSN and ηW). For more details on the star formation algorithm adopted

in RAMSES, see Rasera and Teyssier (2006).

2.1.7 Supernova Feedback

During star formation, some gas mass is depleted and converted into stellar particles:

∆mgas = m? (1 + ηSN + ηW) , (2.36)

where ηSN is the supernova mass fraction, and ηW is the mass loading factor which determ-

ines the mass of gas carried in the supernova ejecta. A supernova explosion is triggered 10

Myr after the birth of a star particle. When this occurs, ηSN = 10% of the star particle’s

mass goes to the supernova, and kinetic energy,

Edebris = ηSN
m?

MSN
ESN, (2.37)

where MSN = 10 M� is the progenitor mass and ESN = 1051 erg is the energy of the

supernova, is released into the gas by the debris. ηW is a free parameter and can be as low

as 0, depending on the gas density of adjacent cells. After the explosion, the remaining

stellar population is represented by a low mass, long-lived star particle with mass

M? = (1− ηSN)m?. (2.38)

See Dubois and Teyssier (2008) for more details of the supernova feedback employed in

RAMSES.

2.2 Initial Conditions

Initial conditions are used to specify the starting values of the variables in the simulation

such that the code produces a desired output. For structure formation, the cosmological

model must be specified, e.g. H0, density parameters and the nature of dark matter (e.g.

CDM). Cosmological simulations of reionisation assume a spatially flat universe (Ωk = 0).

Fluctuations in the density fields of baryons and dark matter are mapped onto Gaussian

random fields using their power spectra, P (k). For an initial 3D Gaussian random field,

δ(x), with Fourier transform, δ(k), the power spectrum is given by

P (k)δD(k − k′) =
〈
δ(k)δ∗(k)′

〉
, (2.39)



22nd February 2021 37

for fields with zero mean-squared amplitude. Uncorrelated, random Gaussian noise is

generated in Fourier space, and then the amplitudes are scaled to match the input power

spectrum (Pen, 1997; Bertschinger, 2001; Prunet et al., 2008).

2.3 Running RAMSES

In order to perform a simulation using RAMSES, initial conditions must first be gen-

erated. This can be done using codes specifically made for this, e.g. the MUlti-Scale

cosmological Initial Conditions (MUSIC)2 code (Hahn and Abel, 2013). A configuration

file is made, which specifies the input parameters: box length, starting redshift, minimum

and maximum resolution levels, cosmological parameters, etc. While MUSIC can be used

for multiple levels of resolution (AMR), it can also be utilised for uniform grids by setting

the same value for the minimum and maximum resolution levels.

Next, a namelist file (.nml) containing the run time parameters for RAMSES needs

to be created. Within this input file the location of the initial conditions file needs to

be specified. Additionally, the RAMSES module to be used and the types of solvers are

specified here. The number or frequency of outputs and end time are set in the output

parameters. Under the physics parameters, cooling (e.g. by metals), star formation (e.g.

stellar particle mass, star formation timescale, star formation efficiency, etc.), and feedback

(e.g. by supernovae) parameters are specified.

For cosmological simulations of the EoR, the basic parameters which control reionisa-

tion are: the physics parameters eps star (ε?), which is the efficiency of mass collapse

for star formation, del star (δ?), which is the star formation density threshold in critical

density, and n star (n?), which is the star formation density threshold in hydrogen num-

ber density; and radiation parameter rad escape fraction (fesc,?), which is the stellar

particle escape fraction.

For a more detailed description for compiling and running RAMSES, we direct the

reader to its online documentation at https://bitbucket.org/rteyssie/ramses/wiki/.

There are a few tools available to read and analyse the data produced by RAMSES.

These are also listed in the RAMSES Wiki page. For this study, we use a package developed

by David Sullivan, seren33, which is a Python module that utilises a modified version of

PyMSES4.

2https://bitbucket.org/ohahn/music/
3https://github.com/sully90/seren3/
4http://irfu.cea.fr/Projets/PYMSES/

https://bitbucket.org/rteyssie/ramses/wiki/
https://bitbucket.org/ohahn/music/
https://github.com/sully90/seren3/
http://irfu.cea.fr/Projets/PYMSES/
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Chapter 3

Finding the tSZ Effect from the

EoR

3.1 Introduction

The EoR marks the most recent global phase transition of the universe. It is the period in

cosmic history during which the first luminous objects (stars, galaxies, and quasars, etc.)

formed. The UV radiation emitted by these objects ionised the neutral gas in the IGM.

Although current and upcoming surveys (e.g. LOFAR, SKA, JWST1) will give us

more insight into this epoch, much remains unknown. For instance, it is still unclear

what the main drivers of reionisation are, we are yet to obtain observational evidence to

support that it was an inside-out process, and we lack tight constraints on the timing

of its start and duration. Low-frequency radio surveys will allow us to obtain the 21

cm tomographical signal from the neutral hydrogen gas during the dark ages and cosmic

dawn, while infrared imaging will shed more light on bright luminous sources at higher

redshifts than previously done. Additionally, the EoR imprints information in the CMB.

While the primary anisotropies of the CMB store information about the primordial density

fluctuations at last scattering, the secondary anisotropies are due to interactions between

the CMB photons and matter along their paths to us. The secondary anisotropies in

the CMB can thus shed light on the structures and physics in the universe. One of the

contributors of these fluctuations is the SZ effect.

The SZ effect (Sunyaev and Zeldovich, 1972, 1980a,b) arises from the inverse Compton

scattering of photons by energetic electrons. This effect distorts the CMB spectrum from

that of a pure black-body. There are two types of SZ effect: the tSZ effect is caused by

1https://www.jwst.nasa.gov/

https://www.jwst.nasa.gov/
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electrons which are thermally energised, while the kSZ effect arises from electrons whose

energies are due to their velocities from large-scale structure bulk motions. An example

of these effects can be seen with galactic clusters. When low frequency photons travel

through a cluster, they can be scattered by the hot (107 - 108 K) intra-cluster gas (tSZ

effect) and by the bulk velocity of the cluster as a whole (kSZ effect).

The kSZ effect has been used as a probe of the EoR (see e.g. Iliev et al., 2007, 2008;

Mesinger et al., 2012; Park et al., 2013), whereby during reionisation inhomogeneities in the

electron density and velocity fields produce temperature fluctuations in the CMB. These

works have shown that EoR has appreciable contribution to the small-scale (` > 3000)

CMB anisotropies.

In contrast, to our knowledge, no previous work has been done to calculate the tSZ

signal from the EoR using numerical simulations. The tSZ effect is most commonly used

in studies of clusters. Due to its characteristic spectral signature (the tSZ effect lowers

the intensity of the photons at frequencies < 218 GHz, and raises it at frequencies > 218

GHz), the tSZ effect is used as redshift-independent approach to detect clusters. It is also

useful for measuring the thermal energy of clusters since the integral of the tSZ flux over

the solid angle of the cluster is proportional to the cluster mass.

The tSZ effect is a measure of the integrated electron pressure along the line of sight.

During the EoR the galaxy clusters would not have yet formed, and the typical electron

gas temperatures caused by photoionisation are of order tens of thousands of K, rather

than millions of K found in clusters. However, the matter density of both halos and IGM

are much higher than at later times (∝ (1 + z)3), due to the effects of Hubble expansion.

We can therefore reasonably expect that the EoR-produced electron pressure can provide a

non-trivial contribution to the total observed effect. Furthermore, since the tSZ effect from

the EoR has some contribution from the diffuse IGM in the ionised patches, the spatial

structure of the temperature fluctuations should be different from the one produced by

clusters, potentially providing a new interesting probe of cosmic reionisation. The aim of

this study is to investigate the strength of this effect and its detectability.

3.2 Simulations

We investigate the tSZ signal arising from the EoR by analysing the data produced by a

series of radiation-hydrodymanics simulations run using the RAMSES-CUDATON code

(Teyssier, 2002; Aubert and Teyssier, 2008). This version of RAMSES does not utilise

AMR; instead, it uses a fixed grid. The largest of these is Cosmic Dawn II (CoDa II; Ocvirk
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et al., 2018). The results of fifteen smaller auxiliary simulations are used to investigate

the effects of volume, spatial resolution and star formation parameters on the tSZ signal.

The parameters and setup of the simulations are summarised in Tables 3.1 and 3.2.

3.2.1 Cosmic Dawn II

CoDa II (Ocvirk et al., 2018) is a large fully-coupled radiation and hydrodynamics simula-

tion of the EoR and galaxy formation. Its large volume and high resolution make it partic-

ularly important in the field of large-scale simulations. A Planck 2014 cosmology (Planck

Collaboration et al., 2014) was used for CoDa II: ΩΛ = 0.693, Ωm = 0.307, Ωb = 0.045,

H0 = 67.77, and power spectrum normalisation σ8 = 0.8288 and slope n = 0.963. CoDa II

was run on the Titan supercomputer at the Oak Ridge Leadership Computational Facility

(OLCF)2 in Tennessee, USA. The comoving box is 64 h−1 Mpc (94.4 Mpc) on a side with

a fixed grid of 40963 cells for gas and radiation fields, and 40963 dark matter particles.

CoDa II starts at redshift z = 150 and ends at z = 5.80.

For storage purposes, data for the full-resolution grid was reduced to a coarser grid of

20483 cells. Full-box low-resolution data for the gas properties, ionising flux density, and

dark matter density field were kept for all snapshots, as well as a catalogue of the stellar

particles. It is the full-box, low-resolution data that we use for this project. For a more

detailed description of CoDa II, we direct the reader to Ocvirk et al. (2018).

3.2.2 10, 50, 100 h−1 Mpc Simulations

Seven smaller auxiliary simulations were run as part of a Partnership for Advanced Com-

puting in Europe (PRACE)3 Tier-0 project. The initial conditions were produced by the

Constrained Local UniversE Simulations (CLUES) project4 (Gottloeber et al., 2010). We

used a cosmology consistent with the latest constraints from the Planck survey (Planck

Collaboration et al., 2018a): ΩΛ = 0.682, Ωm = 0.318, Ωb = 0.045, H0 = 67.1, and

power spectrum normalisation σ8 = 0.833 and slope n = 0.9611. These simulations vary

in volume, spatial resolution and star formation parameters, but all have a fixed grid of

10243 cells with 10243 dark matter particles.

There are four boxes with sides 100 h−1 Mpc (149.0 Mpc), one box with side 50

h−1 Mpc (74.5 Mpc), and two boxes with sides 10 h−1 Mpc (14.9 Mpc). We use the

abbreviations 100-δ20-f0.25-ε3.5, 100-δ20-f0.3-ε5, 100-δ20-f0.25-ε6 and 100-δ20-f0.3-ε8

2https://www.olcf.ornl.gov/
3http://www.prace-ri.eu/
4https://www.clues-project.org/

https://www.olcf.ornl.gov/
http://www.prace-ri.eu/
https://www.clues-project.org/
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Table 3.2: Summary of the Physics parameters for CoDa II and the auxiliary simulations.
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CoDa II 50 〈ρ〉 0.02 10% 0.42

100-δ20-f0.25-ε3.5 20 〈ρ〉 0.035 10% 0.25

100-δ20-f0.3-ε5 20 〈ρ〉 0.05 10% 0.3

100-δ20-f0.25-ε6 20 〈ρ〉 0.06 10% 0.25

100-δ20-f0.3-ε8 20 〈ρ〉 0.08 10% 0.3

50-δ30-f0.25-ε2.5 30 〈ρ〉 0.025 10% 0.25

10-δ200-f0.2-ε3.5 200 〈ρ〉 0.035 10% 0.2

10-δ200-f0.25-ε3.5-η15 200 〈ρ〉 0.035 15% 0.25

25-δ30-f0.1-ε4 30 〈ρ〉 0.04 10% 0.1

25-δ30-f0.14-ε4 30 〈ρ〉 0.04 10% 0.14

25-δ30-f0.2-ε4 30 〈ρ〉 0.04 10% 0.2

25-δ30-f0.2-ε2 30 〈ρ〉 0.02 10% 0.2

25-δ30-f0.2-ε2-η15 30 〈ρ〉 0.02 15% 0.2

25-δ30-f0.25-ε2.5 30 〈ρ〉 0.025 10% 0.25

25-δ50-f0.3-ε3 50 〈ρ〉 0.03 10% 0.3

25-δ50-f0.5-ε1 50 〈ρ〉 0.01 10% 0.5
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for the 100 Mpc boxes with ε? = 0.035, 0.05, 0.06 and 0.08, respectively. The 10 Mpc

boxes also have different stellar escape fractions, but the same star formation efficiency.

We use the abbreviations 10-δ200-f0.2-ε3.5 and 10-δ200-f0.25-ε3.5-η15 for the 10 Mpc

boxes with escape fractions fesc,? = 0.2 and 0.25, respectively. Note that, although we use

abbreviated annotations for the boxes, their parameters differ more than the annotations

might imply. A notable feature of 10-δ200-f0.25-ε3.5-η15 is that it has a higher supernova

mass fraction (ηSN = 15%) than the other boxes and CoDa II (ηSN = 10%), i.e. a larger

fraction of the stellar particle mass will go supernova at the end of the massive stellar

lifetime.

With the exception of 10-δ200-f0.25-ε3.5-η15, all simulations run from z = 80 to the

end of the EoR or later. 10-δ200-f0.25-ε3.5-η15 was stopped early since its ionisation

fraction was evolving much faster than expected and reionisation was due to be completed

too early and sooner than observations suggest. 100-δ20-f0.3-ε5 and 50-δ30-f0.25-ε2.5

were run on the Piz Daint supercomputer at the CSCS Swiss National Supercomputing

Centre5 in Switzerland. 100-δ20-f0.25-ε3.5, 100-δ20-f0.25-ε6, 100-δ20-f0.3-ε8, 10-δ200-

f0.2-ε3.5 and 10-δ200-f0.25-ε3.5-η15 were performed on the Jureca supercomputer at the

Jülich Supercomputing Centre (JSC)6 in Germany. The full-resolution data for these

simulations were kept in addition to halo catalogues.

3.2.3 25 h−1 Mpc Simulations

A series of eight smaller simulations was also run, to investigate the effects of the Physics

parameters responsible for the reionisation history on the tSZ effect. The initial condi-

tions were generated with MUSIC, using the cosmological parameters of the simulations

in Section 3.2.2. Each run was performed on 8 GPU nodes on the Apollo2 HPC at the

University of Sussex, and took just over 2 days to complete. These boxes are 25 h−1 Mpc

(37.3 Mpc) on a side, with a resolution of 5123 cells and 5123 dark matter particles. Each

run starts at redshift z = 80 and ends after reionisation, at z = 5. The simulation para-

meters which were varied were the density threshold, δ?, stellar particle escape fraction,

fesc, star formation efficiency, ε?, and supernova mass fraction, ηSN. Each simulation is

named in the same style as the previous auxiliary simulations, according to the parameters

which were changed. Full-resolution data was used for these simulations.

5https://www.cscs.ch/
6https://www.fz-juelich.de/ias/jsc/

https://www.cscs.ch/
https://www.fz-juelich.de/ias/jsc/
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The main differences between these simulations and CoDa II are the feedback mech-

anisms and star formation parameters. For instance, the temperature threshold, T?, for

the interstellar gas is switched off in CoDa II, i.e. there is no temperature limit below

which the cells need to be for stars to be formed. However, it is turned on in our auxiliary

simulations, and has the default value of T? = 2× 104 K. Above this temperature, the hy-

drogen gas is fully ionised and unable to efficiently cool, thus, suppressing star formation.

The justification for doing this in CoDa II is that, at higher resolution, in ionised cells,

there can still exist cold neutral regions which may still be capable of forming stars.

The advantage that the suite of 25 Mpc simulations has over the others is that we

can directly compare the effects of the timing of reionisation and the Physics simulation

parameters on the tSZ effect arising during the EoR. This is possible since we have elim-

inated the effects of resolution, box size and other differences that exist among the larger

simulations.

3.2.4 Calibrations Using Global Quantities

In order to test that the simulations are realistic, we compare their reionisation histories

with observational constraints. In Figures 3.1 - 3.5, we plot the evolution of the mean global

neutral hydrogen fraction, ionised hydrogen fraction, ionisation rate, optical depth and

average star formation rate density, respectively, along with their observational constraints.

These are the basic quantities with which to gauge the success of an EoR simulation.

Global Reionisation History

Figures 3.1 and 3.2 show the evolution of the mean neutral and ionised hydrogen fractions,

respectively, as well as their observational constraints. We have grouped the reionisation

histories of the four 25 Mpc boxes that reionise earlier in the rose-brown band: 25-δ30-

f0.14-ε4, 25-δ30-f0.2-ε4, 25-δ30-f0.25-ε2.5 and 25-δ50-f0.3-ε3. The blue band represents

the four 25 Mpc simulations that are later to reionise: 25-δ30-f0.1-ε4, 25-δ30-f0.2-ε2,

25-δ30-f0.2-ε2-η15 and 25-δ50-f0.5-ε1. Below z = 7, the mean neutral fraction sharply

decreases down to 〈xHI〉 . 10−4, and then becomes shallower in gradient. This transition

marks the end of reionisaton. In the ionised fraction plots, this is roughly the points at

which the slopes flatten. Hence, we see from the neutral fractions, that the simulations

finish reionising between z ∼ 6.6 and z ∼ 5.5. As the two 10 Mpc simulations (dashed

lines) were not run until reionisation was completed, their lines stop short, at z ∼ 6.3

(10-δ200-f0.2-ε3.5) and z ∼ 6.7 (10-δ200-f0.25-ε3.5-η15).
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Figure 3.1: Evolution of the globally averaged neutral hydrogen fraction and its observa-

tional constraints (Hoag et al., 2019; Davies et al., 2018; Mason et al., 2018; Greig et al.,

2017; Ouchi et al., 2010; Fan et al., 2006). The rose-brown band includes the reionisation

histories for 25-δ30-f0.14-ε4, 25-δ30-f0.2-ε4, 25-δ30-f0.25-ε2.5 and 25-δ50-f0.3-ε3, and

the blue band includes those for 25-δ30-f0.1-ε4, 25-δ30-f0.2-ε2, 25-δ30-f0.2-ε2-η15 and

25-δ50-f0.5-ε1.
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Figure 3.2: Evolution of the globally averaged ionised hydrogen fraction and its observa-

tional constraints (Hoag et al., 2019; Davies et al., 2018; Mason et al., 2018; Greig et al.,

2017). The coloured bands represent the same simulations as in the previous figure.
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Figure 3.3: Evolution of the globally averaged photoionisation rate and its observational

constraints (D’Aloisio et al., 2019; Becker and Bolton, 2013; Calverley et al., 2011; Wyithe

and Bolton, 2011; FaucherGiguère et al., 2008). The lines and coloured bands represent

the same simulations as in the previous figures.
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Figure 3.4: Evolution of the Thomson-scattering optical depth to reionisation. The latest

measurement from the Planck Collaboration (Planck Collaboration et al., 2018a) including

its 1σ error (grey shaded area) is plotted for comparison. The coloured bands represent

the same simulations as in the previous figures.
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Figure 3.5: Evolution of the global star formation rate density. The dust-corrected and

dust-uncorrected observations from Bouwens et al. (2015) are indicated by the grey shaded

region. The rose-brown band includes the SFR densities of 25-δ30-f0.1-ε4, 25-δ30-f0.14-

ε4 and 25-δ30-f0.2-ε4, the blue band includes those of 25-δ30-f0.2-ε2, 25-δ30-f0.2-ε2-η15,

25-δ30-f0.25-ε2.5 and 25-δ50-f0.3-ε3, and the yellow band includes those of the four 100

Mpc boxes.



22nd February 2021 50

The observations by Fan et al. (2006) suggest that the EoR ends at z ∼ 6. The

simulations which are most in agreement with this are CoDa II, 100-δ20-f0.3-ε5, 100-

δ20-f0.25-ε6, 50-δ30-f0.25-ε2.5and 25-δ50-f0.5-ε1. However, having simulations which

reionise slightly earlier and later than this will allow us to probe the effects of the timing

of the EoR on the tSZ signal.

Global Photoionisation Rate

The lines and coloured bands in Figure 3.3 represent the same simulations as those in

the plots of the reionisation histories. The evolution of the mean photoionisation rate

of the simulations, save for the 10 Mpc boxes, roughly follow the same pattern as the

reionisation histories. The boxes which are quick to reionise have higher photoionisation

rates as their background UV flux densities are higher. More ionising photons in the IGM

allows for reionisation to proceed more rapidly in these runs. Conversely, the simulations

that reionise later have lower rates of photoionisation.

Around z ∼ 6, there is a noticeable upturn in the slopes. This corresponds to the end

of reionisation, where there is a drop in ionising photon absorption as the neutral hydrogen

in the boxes are ionised, increasing the background UV flux. While the slopes match the

pattern of the observational data, most of the simulations overshoot the observations.

This discrepancy is responsible for those simulations having neutral fractions lower than

those observed. However, the blue band of 25 Mpc simulations which best match with

the neutral fraction observations also agree with the observed data for the photoionisation

rates.

Optical Depth to Reionisation

We used seren3 to estimate the optical depth to reionisation. seren3 interpolates the

ionisation fraction of helium based on Iliev et al. (2005). It assumes that, if the ionisation

fraction of hydrogen is above 0.95 between 3 < z 6 6, then helium is singly-ionised; and

helium is doubly-ionised if the hydrogen ionisation fraction is above 0.95 below z = 3. It

then integrates the electron number density from z = 0 to z = 99 to obtain the optical

depth.

Figure 3.4 shows the Thomson-scattering optical depth to reionisation for our simula-

tions, as well as the Planck CMB optical depth, τ = 0.054± 0.007 (grey line and shaded

area; Planck Collaboration et al., 2018a). Again, the lines and coloured bands represent

the same simulations as in the previous graphs. The optical depth is a direct indicator of
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the end of reionisation, and as such, the plots roughly reflect this. The boxes which are

later to reionise have lower optical depths, as there is less free electrons in the IGM along

the line of sight between the end of the EoR and the present day; and vice versa. The

simulations whose optical depths fall into the 1σ range of the Planck 2018 measurement

are 100-δ20-f0.3-ε8, 25-δ30-f0.2-ε4 and 10-δ200-f0.25-ε3.5-η15. The other simulations fall

lower than this threshold, with τ ∼ 0.040− 0.047. This is somewhat unavoidable, since a

later end of reionisation will produce a lower optical depth.

Global Star Formation Rate Density

In Figure 3.5, we present the evolution of the global star formation density. The grey

shaded area shows the dust-corrected and dust-uncorrected star formation rate (SFR)

densities from Bouwens et al. (2015). Here, the rose-brown band represents the values

for 25-δ30-f0.1-ε4, 25-δ30-f0.14-ε4 and 25-δ30-f0.2-ε4, the blue band represents those for

25-δ30-f0.2-ε2, 25-δ30-f0.2-ε2-η15, 25-δ30-f0.25-ε2.5 and 25-δ50-f0.3-ε3, and the yellow

band represents the four 100 Mpc simulations. We see, like the observations, the general

trend of the SFR densities for all simulations increases at all times.

The variation in the SFR of the simulations is mainly governed by the parameters δ?

and ε?. Since δ? indicates the minimum gas over-density required to trigger star birth, its

value is tied to the spatial resolution of the box. Setting δ? too high will result in fewer

stars being formed since the simulation will be unable to resolve many high-density gas

clouds in its grid. On the other hand, low ε? values will result in a too low SFR, as it causes

the gas to be poorly converted into stars. Hence, we must play a balancing act between

these two parameters in order to get the SFR to correspond with the observational data.

Unlike the previous plots, the SFR by itself does not directly indicate the progression

of the EoR, i.e. the relationship between them is not as straightforward. The amount of

ionising photons emitted into the IGM by the stellar population is dictated by the value of

fesc,?. This parameter can be adjusted to ensure that the timing of the EoR coincides with

observations. Thus, it is possible for a simulation to have a low SFR but still complete

reionisation at a reasonable time. For example, 25-δ50-f0.5-ε1 has one of the lowest SFRs,

due to its high δ? and low ε?, but because its fesc,? is quite high, a greater proportion of

photons are emitted into the IGM per stellar particle, increasing the photoionisation rate,

and allowing reionisation to end at z ∼ 6. Another example of how the SFR history alone

does not govern the timing of the EoR is the fact that the simulations which have similar

SFR histories (grouped together in the three coloured bands) end reionisation at different
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times. Within each coloured band, there are simulations which finish reionising as early

as z ∼ 6.5 and those which complete reionisation as late as z ∼ 5.5. Again, this is a direct

result of the different δ?, ε? and fesc,? parameters used for them.

We see that increasing ηSN by 5% has only a small influence on the EoR, and a negligible

change in the SFR. 25-δ30-f0.2-ε2 completes reionisation slightly sooner (z ∼ 5.8) than

25-δ30-f0.2-ε2-η15 (z ∼ 5.7), and their SFR density histories are almost identical. Hence,

this small increase in supernova feedback minimally influences the reionisation process.

We also note the high SFR of CoDa II. In addition to the different values used for

δ?, ε? and fesc,?, CoDa II has different simulation settings compared to the others. One

of these differences is the switching off of the temperature threshold for star formation.

By turning off this setting, all cells, regardless of their temperature, are eligible for star

formation if they are above the density threshold. This means that the conditions for star

formation are solely based on δ? and ε?. This results in there being more regions where

star formation is possible. While radiative suppression of star formation still occurs in

CoDa II, it is not as intense as it would be if the temperature threshold was turned on.

This is one of the reasons why CoDa II is not always comparable to the other simulations.

3.3 Methodology

3.3.1 Electron Pressure Lightcones

RAMSES comes with an array of post-processing tools for a variety of languages, including

Fortran and Python. The tool which we used for this study is amr2cube. This code reads

the AMR output files and creates a 3D Cartesian cube of one of the gas variables: x-, y-

or z- velocity component, density, pressure, ionisation fraction, and metallicity. We can

then use the necessary cubes to perform our calculations.

For CoDa II, we used full-box, reduced-resolution cubes of the hydrodynamic proper-

ties. These cubes were already constructed as part of the CoDa II project and already

available for us to use. For the other simulations, we used full-resolution cubes which

we generated using the amr2cube utility. For the latter, we used the volume-weighted

gas pressure and ionisation fraction, whereas for CoDaII we used the available volume-

weighted gas pressure and mass-weighted ionisation fraction files. These fields were used

to calculate the Comptonisation parameter y (Equation 1.29). In order to do this, we con-

structed lightcones of the electron pressure. Assuming purely hydrogen gas, the electron

pressure is pe = xHII
1+xHII

pgas. We derive this expression later, in Section 3.3.4.
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When making the lightcone, let us consider a photon travelling along a line of sight,

cell by cell, from redshift z1 at the start of the lightcone to ze at the end. The age of the

universe, t1, at z1 can be calculated (see Equation 30 in Hogg, 1999). We then convert the

cell size from comoving length to physical length by using the scale factor a1, at redshift

z1, and thus calculate the time it will take the photon to cross the cell, dt. The age of

the universe after this cell crossing is now ti = t1 + dt. Assuming an Einstein-de Sitter

universe, the photon is now at redshift zi = (1 + z1)
(
t1
ti

) 2
3 − 1. We can now calculate the

electron pressure of the cell at zi by interpolating the data at the snapshots on either side

of this redshift, say z1 and z2 corresponding to snapshots 1 and 2, respectively.

The electron pressure is interpolated using a Sigmoid function given by

pei = (1− g)pe1 + gpe2, (3.1)

where pei is the interpolated electron pressure at zi, and pe1 and pe2 are the electron

pressure of the cell at z1 and z2 (snapshots 1 and 2), respectively. The factor g is

g =
1

1 + e−βzp
, (3.2)

where β = 2 and zp = −10 + 20
(
zi−z2
z1−zi

)
. We then repeat the process, calculating the cell

size at zi, the time taken for the photon to cross it, and so on. This allows us to obtain a

lightcone of the electron pressure: a 3D grid of the field where each slice in the direction

of light propagation reflects the state of the universe at that moment in time.

After the lightcone is constructed, we perform an integration in order to obtain the

Comptonisation parameter, y. For each light crossing, we numerically integrate the pres-

sure over all lines of sight along each axis and along the direction of light propagation

using the composite Simpson’s rule. As we calculated the time intervals between each cell

in the lightcone (dt) during the interpolation process, we use these values for dt in the

integral. In order to avoid artificial amplification of the y-parameter due to structural

repetition, the box was randomly shifted and rotated during the integration stage. From

this, we obtained a 2D grid of the y-parameter.

With the exception of the 10 Mpc boxes, we created lightcones for the same range of

redshift for each simulation, i.e. z ∼ 6 to 12, corresponding to the duration of the EoR.

As the 10 Mpc boxes were not run to redshift 6, we constructed lightcones from their last

snapshots to z ∼ 12. In the case of 10-δ200-f0.2-ε3.5, this was in the range of z ∼ 6.38 to

12, and for 10-δ200-f0.25-ε3.5-η15, this was z ∼ 6.74 to 12.

For CoDa II, the lightcone comprised of 17.2 light crossings through the box, from

snapshots 32 to 88. For the 50-δ30-f0.25-ε2.5 box, the lightcone was made of 21.4 light
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Table 3.3: Summary of lightcone parameters.

Simulation
Snapshot number Redshift Number of

start end start end light crossings

CoDa II 32 88 12.11 5.99 17.2

100-δ20-f0.25-ε3.5 27 72 12.13 6.00 10.9

100-δ20-f0.3-ε5 27 73 12.13 6.01 10.8

100-δ20-f0.25-ε6 27 73 12.13 6.00 10.8

100-δ20-f0.3-ε8 27 73 12.13 6.01 10.8

50-δ30-f0.25-ε2.5 32 88 11.95 5.98 21.4

10-δ200-f0.2-ε3.5 32 81 12.10 6.38 97.8

10-δ200-f0.25-ε3.5-η15 32 75 12.10 6.74 88.4

25-δ30-f0.1-ε4 41 119 12.01 5.98 44.0

25-δ30-f0.14-ε4 41 119 12.05 5.99 44.1

25-δ30-f0.2-ε4 41 119 12.06 6.00 44.0

25-δ30-f0.2-ε2 41 116 12.02 6.00 43.8

25-δ30-f0.2-ε2-η15 41 119 12.02 6.00 43.9

25-δ30-f0.25-ε2.5 41 116 12.06 6.00 44.0

25-δ50-f0.3-ε3 41 115 12.02 6.00 43.8

25-δ50-f0.5-ε1 41 109 12.00 6.01 43.6

crossings, from snapshots 32 to 88. The 100 Mpc boxes produced lightcones of ∼ 10.8 light

crossings. The reduced redshift range of the 10 Mpc boxes resulted in lightcones of ∼ 97.8

(10-δ200-f0.2-ε3.5) and ∼ 88.4 (10-δ200-f0.25-ε3.5-η15) light crossings. The parameters

for the lightcones are summarised in Table 3.3.

We present the results in the form of maps of the y-parameter, probability density

functions of y and angular power spectra of the signal in Chapter 4. The maps are simply

the images of the 2D y-parameter grids obtained from the integration. We plot the full-

resolution results along with smoothed maps. For smoothing, we apply Gaussian beams

with FWHM of 1.2 arcmin and 1.7 arcmin. These beams correspond to the resolution

of the South Pole Telescope (SPT)7 (Carlstrom et al., 2011) at 150 GHz and 95 GHz,

respectively. We do not use the SPT 220 GHz beam as the tSZ effect disappears near

this frequency. To smooth the data, we converted the angular resolutions of the beams to

comoving Mpc at the redshift of the lightcone at the end of each light crossing. Then, we

7https://pole.uchicago.edu/

https://pole.uchicago.edu/
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calculated the number of cells spanning this size and use this value as our FWHM for the

Gaussian beam. As angular size varies negligibly at high redshifts, we ignore this effect

when constructing the lightcones. If one were to take this into account, they would have

to construct the lightcones in such a way to include the scale of the cells with distance.

We also plot the distributions of the y-parameter for each redshift of the lightcone

for CoDa II in order to determine the period when most of the signal appears during

reionisation. For these PDFs, we plot the distribution of the y-values for the start of the

lightcone to each redshift, i.e. from z ∼ 12 to 11, z ∼ 12 to 10, etc. We compute the

angular power spectra of the maps and present them with the Shaw et al. (2010) power

spectrum template scaled to fit the cosmological parameters as done by George et al.

(2015), and the SPT observations of the total CMB power spectrum at the 95 GHz and

150 GHz bandpowers.

3.3.2 Density Lightcones

Since the electron pressure is dependent upon the gas density, temperature and ionisation

fraction, we investigated the contributions of these fields to the y-parameter for CoDa II.

To do this, we used the volume-weighted gas density and mass-weighted ionisation fraction.

We first removed the fluctuations in the temperature field by using a fixed global value for

the temperature, Te = 30, 000 K. We then constructed an electron density lightcone via

the same steps as for the electron pressure lightcones in Section ?? for the redshift range

z ∼ 6 to 12, and using the expression

ρe =
xHII

1 + xHII
ρgas (3.3)

for the electron density.

After the lightcone was constructed, we numerically integrated the electron density

over all lines of sight along each axis and along the direction of light propagation, as

before. The integral for the density lightcone becomes

y =
σTkB

mempc
Te

∫
xHII

1 + xHII
ρgas dt, (3.4)

where mp is the proton mass and comes from converting the electron mass density to

number density
(
ne = nHII = ρHII

mp

)
. We also randomly shifted and rotated the box to

avoid artificially boosting the signal. Again, this gave us a 2D grid of y-parameter values

for the box.

Next, we removed the patchiness of the EoR in addition to the temperature fluctu-

ations, by using a globally averaged value of the ionisation fraction for each light crossing.



22nd February 2021 56

We made a lightcone of gas density using only the volume-weighted gas density files for

CoDa II for the interpolation process, for the redshift range z ∼ 6 to 12.

In this case, Equation 3.4 becomes

y =
σTkB

mempc
Te 〈xHII〉

∫
ρgas dt, (3.5)

where 〈xHII〉 is the globally averaged ionisation fraction. This average ionisation frac-

tion came from the averages.txt file. We used the value of 〈xHII〉 from this file which

corresponded to the redshift of the box at the end of each light crossing. Once again,

we randomly shifted and rotated the box during integration, obtaining a 2D map of the

y-parameter.

We present the results of this part of the investigation in a plot of the PDFs of the

Comptonisation parameter and compare them to those calculated using the electron pres-

sure lightcone for CoDa II in Chapter 4.

3.3.3 Tests

Analytic Check

In order to determine whether our results were realistic, we made a pen-on-paper prediction

for the y-parameter. As part of our assumptions concerning the IGM, we assumed that

reionisation was instantaneous, the temperature of the IGM had a uniformed average

value, and the density of the IGM was also uniform and scaled with redshift. We do not

consider the temperature as changing with redshift in our assumption since during the

redshift range considered (z = 12 to z = 6), the universe does not expand significantly

enough to result in a noticeable amount of cooling.

To perform the calculation, we consider Equation 1.29. As we are concerned with

the redshift evolution of the IGM density, we must rewrite the integral with respect to

redshift. We start with the Friedmann equation:

H2 =

(
ȧ

a

)2

= H2
0

[
Ωr,0 (1 + z)4 + Ωm,0 (1 + z)3 + Ωk,0 (1 + z)2 + ΩΛ,0

]
. (3.6)

For a flat universe, Ωk,0 = 0. At the EoR, Ωr,0 ∼ 0 and Ωm,0 � ΩΛ,0. Thus, the Friedmann

equation reduces to (
ȧ

a

)2

= H2
0

[
Ωm,0 (1 + z)3

]
. (3.7)

But a = (1 + z)−1 and ȧ = − (1 + z)−2 dz
dt . Substituting these into Equation 3.7 and

rearranging to make dt the subject, we get

dt = − 1

H0Ω
1
2
m,0

(1 + z)−
5
2 dz. (3.8)
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Substituting Equation 3.8 into Equation 1.29 gives us

y = − σT

mec2

1

H0Ω
1
2
m,0

∫
pe (1 + z)−

5
2 cdz. (3.9)

Assuming the IGM is an ideal gas, pe = kBneTe, where ne and Te are the electron number

density and temperature, respectively. For purely hydrogen gas, the electron number

density is

ne = nHII (3.10)

=
ρHII

mH
(3.11)

= xHII
ρgas

mH
. (3.12)

For instantaneous reionisation, xHII can only be either 0 or 1 if neutral or ionised,

respectively. Hence,

ne =
ρgas

mH
. (3.13)

The density of our uniform IGM is described by the expression

ρgas = ρ0Ωb,0 (1 + z)3 , (3.14)

where ρ0 = 10−30 g cm−3 is the mean density of the universe at z = 0.

Equation 3.13 now becomes

ne =
ρ0

mH
Ωb,0 (1 + z)3 . (3.15)

Converting the integrand from electron pressure to density for an ideal gas, we get

y = − σTkB

memHc

ρ0Ωb,0

H0Ω
1
2
m,0

Te

∫
(1 + z)

1
2 dz. (3.16)

Evaluating this integral for the redshift range of the lightcones (z = 12 to 6) and the

cosmological parameters for CoDa II, and assuming an IGM temperature of 30, 000 K,

we obtain a Comptonisation parameter y = 4.22× 10−8. This value acts as a lower limit

value we expect to get, since we omit temperature fluctuations, ignoring the the fact that

supernovae will heat regions of the IGM to millions of K, density fluctuations, and patchy

reionisation. For the auxiliary simulations, this is y = 4.18× 10−8.

Helium Reionisaton

So far, we have assumed that the baryonic matter is comprised of hydrogen only, ignoring

helium and metals. While the presence of metals is insignificant to this study, the presence
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of helium will contribute to the tSZ signal. Neutral helium (He I) requires photons with

energy of at least 24.6 eV to be singly ionised to He II, with He II recombining at roughly

the same rate as H II. However, He II requires photons of at least 54.4 eV energy to be

fully ionised to He III, with a recombination rate > 5 times that of hydrogen. Thus, when

accounting for the presence of helium, the sources that ionise hydrogen are also considered

to singly ionise helium. On the other hand, the second ionisation of helium occurs at later

redshifts, with the reionisation of helium ending at z ∼ 3 (Barkana and Loeb, 2001).

Therefore, during the redshift range considered in this study, each helium atom will

contribute one electron to the IGM. Equation 3.10 thus becomes

ne = nHII + nHeII, (3.17)

where nHeII is the number density of singly-ionised helium. When accounting for doubly-

ionised helium, the term 2nHeIII is added.

Assuming the primordial abundances of hydrogen and helium by mass (X = 0.76 and

Y = 0.24, respectively), and ignoring any isotopes, we get

ne = xHIIX
ρgas

mH
+ xHeIIY

ρgas

4mH
(3.18)

=

(
xHIIX + xHeII

Y

4

)
ρgas

mH
, (3.19)

where xHeII = nHeII
nHe

is the ionisation fraction of singly ionised helium. For instantaneous

reionisation, xHII and xHeII immediately change from 0 to 1, and Equation 3.13 becomes

ne = 0.82
ρgas

mH
. (3.20)

This results in an 18% decrease in the tSZ signal, when compared to a hydrogen-

only scenario. The Comptonisation parameters for CoDa II and the auxiliary simulations

therefore become y ≈ 3.46× 10−8 and y ≈ 3.43× 10−8, respectively.

In addition, RAMSES-CUDATON tracks the ionisation and cooling processes of atomic

hydrogen only. In doing so, it assumes that hydrogen makes up 76% of the baryonic matter,

thus preserving its primordial abundance. Nevertheless, the temperature field generated

by the simulation is given in units of Kµ−1, as Tµ = T
µ , where µ is the mean molecular

weight. As µ depends on the ionisation fractions,

1

µ
= (1 + xHII)X + (1 + xHeII + 2xHeIII)

Y

4
, (3.21)

the temperature field (and, hence, the pressure field) can be updated, in post-processing,

to roughly account for helium reionisation, by interpolating µ along a given redshift range.
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Phase Diagrams

In order to probe the underlying quantities responsible for the y-parameter values for the

simulations, we plot phase diagrams of the gas temperature and density. As the electron

pressure is dependent on these quantities, we will be able to better understand the trends

in our results. We present these phase diagrams and an interpretation of them with respect

to the y-parameter values in Section 4.3.

3.3.4 Electron Pressure

Unfortunately, we initially made the assumption that, for an ideal monatomic (hydrogen

only) gas, the electron pressure of the ionised plasma would be the same as the plasma

pressure, i.e. pe = pplasma. In doing so, we used the expression

pe = xHII pgas (3.22)

for the electron pressure when constructing our lightcones for CoDa II and the seven

auxiliary simulations in Section 3.2.2, with the expectation that this would give us an

electron pressure which was appropriately proportional to the ionised state of the IGM,

e.g. pe = 0 for neutral regions (xHII = 0).

The result of this assumption was that the PDFs of the y-parameter values for CoDa II

were much higher (by approximately half an order of magnitude) than the others, while the

PDFs of the other simulations were almost perfectly in agreement. We initially thought

that this was a resolution effect. CoDa II has the highest grid resolution and, with the

exception of the 10 Mpc boxes, the highest spatial resolution. To test if this was indeed the

cause, we coarsened the y-parameter map for CoDa II to correspond to the grid resolution

of the other simulations, i.e. 1024×1024. To do this, we took the mean of every 2×2 cells.

We then compared the PDF of the coarsened map with that of the full-resolution map.

However, this only had the effect of removing part of the high-end tail of the distribution

while the rest of the distribution did not shift.

At this point, one of our collaborators noticed that the files for the ionisation fraction in

CoDa II, xion, were not actually the ionisation fractions, but 1 + the ionisation fraction.

We recalculated the y-parameter for CoDa II using xHII = 1 − xion. This shifted the

distribution lower (to the left) but not enough for CoDa II to be in agreement with the

other boxes.

Eventually, one of our collaborators pointed out that the assumption which we made

for the electron pressure was inaccurate and ignores the other particles in the IGM. In
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order to determine an accurate expression for the electron pressure, we must consider

that the ionised gas contains electrons as well as ionised and neutral hydrogen which also

contribute to the pressure:

pgas = ptotal = pe + pHII + pHI. (3.23)

pe = pHII, so the right hand side becomes 2pe + pHI. For an ideal gas, p = nkBT . Also,

nHI = (1− xHII)nH (similarly, ne = xHIInH), where nH is the total (ionised + neutral)

hydrogen. Therefore, the gas pressure is

pgas = 2pe + (1− xHII)nHkBT. (3.24)

We can rewrite this in terms of the electron number density:

pgas = 2pe +
1− xHII

xHII
nekBT (3.25)

= 2pe +
1− xHII

xHII
pe (3.26)

=
1 + xHII

xHII
pe. (3.27)

Thus, we obtain our expression for electron pressure

pe =
xHII

1 + xHII
pgas. (3.28)

Applying this to our calculations remedied the discrepancies between the CoDa II y-

parameter results and those of the other simulations. The results of these assumptions

and attempted corrections are presented in the next chapter.

Singly-Ionised Helium

Including the presence of neutral and singly-ionised helium in our estimations, Equa-

tion 3.23 becomes

pgas = pe + pHII + pHI + pHeII + pHeI. (3.29)

In this case, pe = pHII + pHeII. Thus,

pgas = 2pe + nHIkBT + nHeIkBT (3.30)

= 2pe +

[
(1− xHII)X

ρgas

mH
+ (1− xHeII)Y

ρgas

4mH

]
kBT (3.31)

= 2pe +

[
(1− xHII)X + (1− xHeII)

Y

4

]
kBT

ρgas

mH
(3.32)

= 2pe +

[
(1− xHII)X + (1− xHeII)

Y

4

]
µpgas. (3.33)
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Substituting the expression for the mean molecular weight (Equation 3.21) and assum-

ing xHeIII = 0, the expression for the electron pressure becomes

pe =
1

2

[
1−

(1− xHII)X + (1− xHeII)
Y
4

(1 + xHII)X + (1 + xHeII)
Y
4

]
pgas. (3.34)

3.4 CoDa I

CoDa II is the successor to a previously run simulation, Cosmic Dawn (hereafter, referred

to as CoDa I; Ocvirk et al., 2016). At the time the latter was run, it was the largest

GPU-accelerated, fully coupled radiation hydrodynamic simulation. However, due to its

low star formation efficiency, CoDa I ended reionisation late, at z . 5. CoDa II is an im-

provement on the previous simulation, using re-calibrated star formation parameters and

a modified star formation algorithm, to ensure that the EoR ends z = 6. The cosmological

parameters were also updated from a WMAP5 cosmology (Hinshaw et al., 2009) (CoDa

I) to a cosmology consistent with Planck observations (Planck Collaboration et al., 2014)

(CoDa II). CoDa I uses: ΩΛ = 0.721, Ωm = 0.279, Ωb = 0.046, H0 = 0.70, and power

spectrum normalisation σ8 = 0.817 and slope n = 0.96. Unlike CoDa II, CoDa I employs

the temperature threshold for star formation, with T? = 2 × 104 K. We summarise the

parameters used in CoDa I in Table 3.4.

In the initial stages of this study, CoDa I was the only simulation being analysed for

the tSZ signal during the EoR. This is because the other simulations had either not been

run yet or their data were not yet processed. We used the same method described above to

calculate the tSZ signal for CoDa I, also using reduced-resolution (20483) cubes. However,

we assumed that the electron pressure was as Equation 3.22, and the lightcone spanned

the redshift range z = 12.61 - 4.23 to encompass all of the EoR. We present the results of

this analysis in Section 4.5 for the purpose of being thorough.



22nd February 2021 62

Table 3.4: Summary of the simulation parameters used in CoDa I.

Setup

Number of nodes (GPUs) 8192

Grid size 40963

Box size, Lbox/h
−1 Mpc 64

Grid cells per node 128× 256× 256

Spatial resolution, dx/h−1 kpc 22.2

DM particle number, NDM 40963

DM particle mass, MDM/M� 3.49× 105

Initial redshift, zstart 150

End redshift, zend 4.23

Number of snapshots 138

Physics parameters

Density threshold, δ? 50 〈ρ〉

Efficiency, ε? 0.01

Mass fraction, ηSN 10%

Stellar particle escape fraction, fesc,? 0.5
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Chapter 4

Results

4.1 Electron Pressure Lightcones

In this section, we present the main results of our study, the tSZ effect calculated from

the electron pressure lightcones in Section 3.3.1. The mean y-parameter values, 〈y〉, for

the sixteen simulations are listed in Table 4.1. All values of 〈y〉 obtained in this study

are of order 10−8, well below the COBE-FIRAS limit of 〈y〉 < 1.5 × 10−5 (Fixsen et al.,

1996), and two orders of magnitude lower than the total mean y-parameter estimated by

Refregier et al. (2000); Zhang et al. (2004b); Hill et al. (2015). As galaxy clusters are

the dominant contributions to this quantity (〈y〉ICM = 1.58 × 10−6; Hill et al., 2015),

this is expected. Compared with the reionisation contribution estimated by Hill et al.

(2015) (〈y〉EoR = 9.8 × 10−8), our values are slightly lower, but of the same order of

magnitude. This discrepancy is most likely due to differences between our simulations

and their reionisation model. Nevertheless, these values for the mean Comptonisation

parameter for the EoR are comparable, and thus indicate that our results are reasonable

estimations.

4.1.1 The tSZ Signal and the Timing of the EoR

To get a better understanding of these values, we plot the probability density functions

(see Figure 4.1). There are two sets of simulations with overlapping PDFs, which we

group together in two bands. The turquoise band includes the PDFs for 100-δ20-f0.3-ε5,

100-δ20-f0.25-ε6, 25-δ30-f0.1-ε4, 25-δ30-f0.2-ε2, 25-δ30-f0.2-ε2-η15 and 25-δ50-f0.5-ε1.

These simulations have some of the lowest y-parameter values, and also are some of the

latest to complete reionisation. The only simulation with a smaller tSZ signal is 100-

δ20-f0.25-ε3.5, which is the box with the latest EoR. The coral band of PDFs include
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Table 4.1: The mean Compton y-parameter for each simulation.

Simulation 〈y〉 × 108

CoDa II 3.67

100-δ20-f0.25-ε3.5 1.22

100-δ20-f0.3-ε5 1.96

100-δ20-f0.25-ε6 1.91

100-δ20-f0.3-ε8 2.70

50-δ30-f0.25-ε2.5 2.47

10-δ200-f0.2-ε3.5 2.62

10-δ200-f0.25-ε3.5-η15 2.46

25-δ30-f0.1-ε4 2.86

25-δ30-f0.14-ε4 2.18

25-δ30-f0.2-ε4 3.63

25-δ30-f0.2-ε2 1.97

25-δ30-f0.2-ε2-η15 2.03

25-δ30-f0.25-ε2.5 2.96

25-δ50-f0.3-ε3 3.09

25-δ50-f0.5-ε1 1.82
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25-δ30-f0.14-ε4, 25-δ30-f0.25-ε2.5 and 25-δ50-f0.3-ε3. These are three of the 25 Mpc

simulations whose EoRs occur earlier. 25-δ30-f0.2-ε4, the simulation with the earliest

EoR, has the highest y-parameter values of the auxiliary simulations. Its PDF overlaps

with that of CoDa II, save for the tail in the latter. The tail is a result of the high resolution

in CoDa II, which can effectively resolve small, high-temperature regions around supernova

explosions, which lead to tiny areas of high electron pressure. However, their reionisation

histories are not the same, with 25-δ30-f0.2-ε4 reionising earlier (z ∼ 6.6) than CoDa II

(z ∼ 6.1).

We also see that, when the EoR is earlier, the distributions of the y-parameters are

narrower, as the gas has had more time to equilibrate, and there are less fluctuations in the

ionised hydrogen fraction. These results indicate a link between the timing of the EoR and

the magnitude of the tSZ effect stemming from that cosmic period. If reionisation ends

earlier, the lightcone will have more free electrons for the same redshift range. Hence, there

is higher electron pressure along the lines of sight when the EoR occurs earlier, resulting

in a stronger tSZ effect.

In order to better visualise the relationship between the tSZ effect and the timing

of the EoR, we plot the modal y-parameter value against the redshift when the average

neutral hydrogen fraction reaches 10−3, z〈xHI〉∼0.001, in Figure 4.2. We see that there is

indeed a general trend, where the timing of the EoR influences the strength of its tSZ

signal. However, this trend is not very strict. For instance, there are two distinct out-

liers: CoDa II and 10-δ200-f0.25-ε3.5-η15. For CoDa II, this is most likely due to the

different simulation settings used in the run. For 10-δ200-f0.25-ε3.5-η15, the fact that

its lightcone has the shortest redshift range can explain this anomaly, as extending the

lightcone down to z ∼ 6 would raise its modal y-parameter.

We also note some degeneracies in the modal y-parameter. While 25-δ30-f0.14-ε4

and 25-δ30-f0.25-ε2.5 have similar modal y-parameters, their end-of-reionisation redshifts

differ. We also see that while 25-δ30-f0.2-ε2 reionises later than 25-δ50-f0.5-ε1, the latter

has a slightly stronger tSZ signal. Conversely, 25-δ30-f0.2-ε4 and 25-δ50-f0.3-ε3 have

similar z〈xHI〉∼0.001 values, but the latter has a higher modal y-parameter. As these boxes

are all the same size and resolution, we can get a better understanding of the actual physics

behind this.

In addition to their different EoR timings, these boxes have differing SFR histories.

For two simulations with similar y-parameters but different EoR timings, the SFR of the

simulation with a later EoR is higher than that of the one whose EoR ends earlier. This
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suggests that, although a simulation may reionise later, if the SFR is relatively high, the

tSZ effect is boosted. A higher SFR leads to more stars which then go supernova and raise

the gas temperature. As the electron temperature increases, there will be more inverse

Compton scattering.

We also see that, at z〈xHI〉∼0.001 ∼ 6, there is a small variation in the y-parameter

modes of 50-δ30-f0.25-ε2.5, 100-δ20-f0.3-ε5, 100-δ20-f0.25-ε6 and 25-δ50-f0.5-ε1. The

differences in these values can also be explained by the SFRs of the boxes, as well as

resolution effects.

4.1.2 Impact on Galaxy Cluster Measurements

Another objective of this study is to probe the effect of the EoR tSZ signal on galaxy

cluster measurements. Although the tSZ signal from the EoR is subdominant to that

of clusters, we investigate how much error the former contributes toward the latter. To

confirm this, we plot y-parameter maps (see Figures 4.3 - 4.6) and their angular power

spectra (see Figure 4.7). For each simulation, we present the full-resolution map (left

panel) and maps smoothed for Gaussian beams of FWHM 1.2 arcmin (middle panel) and

1.7 arcmin (right panel). The beam resolutions correspond to those of the 150 GHz and

95 GHz SPT channels, respectively. The angular power spectra of the full-resolution maps

are plotted along with the Shaw et al. (2010) tSZ template (solid black line) and total

CMB power spectrum measured by the SPT (George et al., 2015).

The fluctuations in the full-resolution maps are all in the sub-arcminute scale, with the

largest y-parameters reaching y ∼ 10−6. When the maps are smoothed, these fluctuations

grow to ∼ 1 arcmin, and peak at y ∼ 10−8. On the other hand, the y-parameter of galaxy

clusters is typically y & 10−5, and their angular size ranges from from tens of arcsec to

tens of arcmin. From the power spectra, we see that, for cluster scales (l . 104), the EoR

accounts for < 1% of the cluster signal. The power spectra of our maps are also flatter in

shape than the Shaw et al. (2010) cluster template.

On smaller scales (l > 104), the tSZ signals from CoDa II and the 10 Mpc boxes

become stronger. The power spectra of the other simulations do not share this feature as

they have lower resolutions. Unfortunately, tSZ templates do not probe these scales, so

we are unable to determine the significance of the EoR contribution on small scales. If the

total tSZ signal drops by a few magnitudes in power at scales of a few arcsec or smaller,

the EoR would become a more considerable source. Consequently, measurements of the

tSZ effect on these scales could be used as a constraint for the EoR (for e.g., the timing
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Figure 4.3: Full-resolution (left panel) and smoothed (middle and right panels) maps of

the y-parameter for CoDa II and the four 100 Mpc boxes. Smoothed maps are constructed

for a Gaussian beam of FWHM 1.2 arcmin (middle) and 1.7 arcmin (right), corresponding

to the resolution of the 150 GHz and 95 GHz channels of the SPT, respectively.
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Figure 4.4: Full-resolution (left panel) and smoothed (middle and right panels) maps of

the y-parameter for the auxiliary simulations as labelled. Smoothed maps are constructed

for a Gaussian beam of FWHM 1.2 arcmin (middle) and 1.7 arcmin (right), corresponding

to the resolution of the 150 GHz and 95 GHz channels of the SPT, respectively.
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Figure 4.5: Full-resolution (left panel) and smoothed (middle and right panels) maps of

the y-parameter for the auxiliary simulations as labelled. Smoothed maps are constructed

for a Gaussian beam of FWHM 1.2 arcmin (middle) and 1.7 arcmin (right), corresponding

to the resolution of the 150 GHz and 95 GHz channels of the SPT, respectively.
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Figure 4.6: Full-resolution (left panel) and smoothed (middle and right panels) maps of

the y-parameter for 25-δ50-f0.5-ε1. Smoothed maps are constructed for a Gaussian beam

of FWHM 1.2 arcmin (middle) and 1.7 arcmin (right), corresponding to the resolution of

the 150 GHz and 95 GHz channels of the SPT, respectively.

of the EoR).

For an instrument with an angular resolution of ∼ 1 arcmin, like the SPT, the areas

of highest electron pressure in the EoR produce a tSZ signal which is about three orders

of magnitude smaller than that of clusters. However, a more precise instrument, with

arcsec resolution and higher sensitivity, would be able to detect the small regions where

y ∼ 10−6 in our full-resolution maps, and extend the power spectra to l ∼ 105, where the

EoR contribution becomes stronger. Although the EoR is a subdominant contributor to

the total tSZ effect, when more sensitive instruments are developed, it will nevertheless

be important to consider this component for precision cosmology.

4.2 Density Lightcones

We also investigate the effects of patchiness and temperature fluctuations in the IGM

on the tSZ signal by integrating the gas density along the lines of sight for CoDa II, as

described in Section 3.3.2. We assume a fixed global ionisation fraction for each light

crossing through the box and constant global temperature throughout reionisation. In

Figure 4.8, we show the distributions of the y-parameters obtained for these lightcones as

well as the original electron pressure lightcone. The green line (pe) is the histogram for the

electron pressure, with all fluctuations in the fields present. The blue line (ρe) shows the

results of integrating the electron density while keeping only the temperature constant at

Te = 30, 000 K. The orange line (ρgas) shows the integral of the gas density field with the

temperature and ionisation fraction fluctuations removed. The black dashed line shows

the value for y calculated analytically, in Section 3.3.3, for the same redshift range of
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Figure 4.8: The distributions of the y-parameter for CoDa II where we have removed

the fluctuations of the temperature and ionisation fraction fields. The green line shows

the distribution for y with all fields present in the lightcone. The blue line shows the

distribution when only the temperature is kept constant at Te = 30, 000 K. The orange

line is the distribution with Te = 30, 000 K and a constant global ionisation fraction.

The black dashed line shows the analytic result for all fields constant with instantaneous

reionisation (log10y = −7.38, y = 4.22× 10−8).
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z = 12 to z = 6, with constant temperature, ionisation fraction and density, and assuming

instantaneous reionisation (y = 4.22 × 10−8). The mean values of the distributions are

〈y〉pe = 〈y〉CoDaII = 3.67× 10−8, 〈y〉ρe = 4.11× 10−8, and 〈y〉ρgas = 4.84× 10−8.

The peak of each distribution lies near to the analytic result. However, the two light-

cones in which reionisation is patchy (green and blue curves) have peaks just below our

prediction. This is due to the presence of cool, neutral cells in these lightcones, compared

to the scenarios where reionisation is homogeneous. Removing only the temperature fluc-

tuations (blue line) has the effect of drastically reducing the positive tail and narrowing

the distribution. This suggests that the skewing is a result of the contributions of the cells

containing supernovae, which reach temperatures of millions of K, to the y-parameter

values. We also lose some cells with lower temperatures as the left-hand side of the distri-

bution shifts to the right. Removing both the temperature fluctuations and patchiness of

the EoR (orange line) makes the distribution even thinner. Here we are left only with the

fluctuations in the density field. Removing the patchiness has the effect of narrowing the

distribution, shifting it towards the right and raising the mean y-parameter. In this scen-

ario, the universe is homogeneously ionised. The narrowing of the distribution suggests

that the areas with lower ionisation fractions (more neutral areas) are removed. Although

removing the fluctuations in the temperature and ionisation fraction fields increases 〈y〉,

we lose the small regions around supernovae where the y-parameter spikes.

4.3 Phase Diagrams

In this section, we present phase diagrams of the gas temperature and density for each

simulation (see Figures 4.9 - 4.11). The distributions are taken for the boxes at the last

redshift of their lightcones.

From the phase diagram for CoDa II (Figure 4.9a), we can see that there are regions of

high temperature and density (yellow-green patch) which are mostly absent in the other

boxes. These cells, with gas at higher pressure, are responsible for the small areas where

y > 10−7 in the CoDa II tSZ signal. Due to its higher resolution, CoDa II has a higher

range of densities than all but the 10 Mpc boxes. While the 10 Mpc boxes do reach similar

densities and temperatures, they lack cells that are both hot and “dense”, and therefore

the gas has lower pressures and lower y-parameters are obtained. But we also note that, as

the redshifts at the end of their lightcones are earlier, and as the EoR in these simulations

has not completed, the gas in these boxes have not yet equilibrated.

Additionally, the bi-modality in the temperature distributions of some of the boxes
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Figure 4.9: Phase diagrams showing the gas density and temperature of the simulations,

as labelled, at the end of the lightcones (z ∼ 6).
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Figure 4.10: Phase diagrams showing the gas density and temperature of the simulations,

as labelled, at the end of the lightcones (z ∼ 6).
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Figure 4.11: Phase diagrams showing the gas density and temperature of the simulations,

as labelled, at the end of the lightcones (z ∼ 6).
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(100-δ20-f0.25-ε3.5, 25-δ30-f0.1-ε4, 25-δ30-f0.2-ε2, and 25-δ30-f0.2-ε2-η15) reflects the

ionisation states of the simulations. These four boxes have the latest EoR completion

redshifts. At z ∼ 6, reionisation has not yet finished for them, and so the gas has not

reached a state of equilibrium, as there still exist areas of cold neutral gas. Conversely, we

can see that the gas in the boxes in which reionisation is completed is more equilibrated;

and, as the boxes are fully ionised, they contain no cold, neutral cells.

Thus, the phase diagrams reflect the stage of reionisation that the runs have reached.

Consequently, we can directly see that the parameters which accelerate reionisation also

lead to the gas becoming hotter and denser, and hence has higher pressure, at z ∼ 6. This

is best demonstrated in the series of 25 Mpc boxes (Figures 4.10c - 4.10f and 4.11a - 4.11d).

For instance, those of 25-δ30-f0.2-ε4 and 25-δ50-f0.3-ε3, which both finish reionising at

z ∼ 6.6, are almost identical, with the exception that the hottest cells in the former are

at higher temperatures than those in the latter. We also see that, amongst the boxes

that have completed reionisation by z = 6, those that reionised earlier have gas which is

more equilibrated, i.e. the density-temperature distributions are tighter (for e.g. 25-δ30-

f0.25-ε2.5 versus 25-δ30-f0.14-ε4). These differences in the gas state ultimately lead to

the variations in the y-parameters obtained.

Hence, phase space plots serve the purpose of checking that the condition of the gas

in the simulation is as expected. Not only can we verify that it is indeed the state of the

gas which is responsible for the tSZ signals we have calculated, but we can also determine

whether there are one or more quantities that are responsible for the distributions of

y-parameters obtained.

4.4 Electron Pressure Correction

In this section, we present the results for the y-parameter values which we originally

computed before correcting the approximation for the electron pressure described in Sec-

tion 3.3.4. Figure 4.12 shows the distributions in y-parameter values for the initial eight

simulations. Using pe = xHIIpgas for the electron pressure, the results for the seven aux-

iliary simulations are all similar and seem to agree with each other. However, the dis-

tribution of y-parameter values for CoDa II appears as an outlier. Its mean value is

〈y〉CoDa II = 1.48 × 10−7 while the mean values of the other simulations are an order of

magnitude lower (〈y〉 ∼ 10−8). Although the latter distributions initially agreed with each

other, their results did not reflect their different reionisation histories.

One attempt to make sense of the difference between the results for CoDa II and the
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Figure 4.12: The distributions of the y-parameter values initially calculated using the

approximation in Equation 3.22 for the electron pressure.

other boxes was to coarsen the high resolution y-parameter map for CoDa II (20482) to

match the resolution of the others (10242) to investigate whether the discrepancy was a

resolution effect. However, coarsening the map had negligible effect. As demonstrated in

Figure 4.13, the distribution of the y-parameter was only slightly narrowed and did not

shift. In Figure 4.14, we also show the full-resolution and coarsened maps. To the human

eye, they are identical. These results show that the simulation resolution rather than

the post-processing grid coarsening is responsible for the difference between the CoDa II

values and the auxiliary simulations.

Finally, after it was pointed out that the files for the ionisation fractions for CoDa

II were actually 1 + the ionisation fraction, we corrected for this while still using the

initial approximation for the electron pressure. We present the PDFs for the y-parameter

obtained for this correction (orange line) as well as the initial results (blue line) and the

final, accurate results for CoDa II (green line) in Figure 4.15. While this correction shifted

the distribution to the left, it was not sufficient to make the results agree with those of the

other simulations. However, upon realising that the expression which we were using for the

electron pressure was inaccurate, we reconstructed the lightcones for all the simulations

and recalculated their y-parameters. This shifted the distribution for CoDa II even lower
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Figure 4.13: The y-parameter values for CoDa II using the initial approximation for

electron pressure. The green line represents the distribution of y for the full-resolution map

(the same as the curve plotted in Figure 4.12). The blue line represents the distribution

of values after coarsening the map to a resolution of 10242 to match that of the auxiliary

simulations.
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Figure 4.14: y-parameter maps of the initial CoDa II results for the full-resolution (20482)

grid (left) and coarsened (10242) grid (right).
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Figure 4.15: The distributions of the y-parameter computed for CoDa II using different

expressions for the electron pressure. The blue line shows the results for the first approx-

imation using pe = xHIIpgas. The orange line shows the values obtained when correcting

for the ionisation fraction files being 1 + xHII and using pe = xHIIpgas. The green line is

the results obtained when correcting for the ionisation fraction files and using the accurate

expression for the electron pressure, pe = xHII
1+xHII

pgas.

(more leftward), making all eight simulations align with each other (see Figure 4.1).

4.5 CoDa I

We show the PDFs of the y-parameter values calculated for CoDa I, CoDa II and the

initial seven auxiliary simulations in Figure 4.16. We use the expression in Equation 3.22

for the electron pressure. We have chosen to compare these results for CoDa I with

the initial results of the other eight simulations, and not the results obtained from using

Equation 3.28, since this was the assumption we were making for the electron pressure at

the point in our study when we decided to omit CoDa I. The lightcone for CoDa I also

spans a longer redshift range (z = 12.61 - 4.23), so that all of the EoR was included, since

its reionisation epoch ended late.

The mean of the y-parameter values for CoDa I is 〈y〉CoDa I = 1.18×10−7. Its distribu-

tion also has a positive tail similar to that of CoDa II. As with CoDa II, this is due to the



22nd February 2021 83

−8.0 −7.5 −7.0 −6.5 −6.0 −5.5 −5.0
log10(y)

10−4

10−3

10−2

10−1

100

101

P(
y)

CoDa I
CoDa II
100-δ20-f0.25-ε3.5
100-δ20-f0.3-ε5
100-δ20-f0.25-ε6
100-δ20-f0.3-ε8
50-δ30-f0.25-ε2.5
10-δ200-f0.2-ε3.5
10-δ200-f0.25-ε3.5-η15

Figure 4.16: The distributions of the y-parameter values for CoDa I, CoDa II and the

seven larger auxiliary simulations. All lightcones were constructed using the expression

for electron pressure in Equation 3.22. The lightcone for CoDa I starts at z = 12.61 and

ends at z = 4.23.
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higher resolution of the box and there being more resolved cells with higher temperatures.

However, the distribution is shifted to the right, compared with the auxiliary simulations.

At first, we thought this was a result of the higher redshift range used. The fact that the

PDF for CoDa II was also shifted suggested otherwise. Ultimately, we omitted CoDa I

from the study due to its late EoR.
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Chapter 5

Conclusions

The tSZ effect traces the thermal history of the universe. Although its signal is dominated

by galaxy clusters at later redshifts, it receives a contribution from the dense ionised IGM

during the EoR. Therefore, it is essential to investigate the extent of this effect at this

stage in cosmic history, especially as its physics is easily understood. A proper, in-depth

grasp of the EoR contribution will enable us to better model the global tSZ effect. As its

power spectrum is sensitive to cosmology, advancements in our measurements and models

will allow for tighter constraints to be placed on cosmological parameters (e.g. σ8).

In this thesis, we utilised the hydrodynamic data from sixteen RAMSES-CUDATON

simulations to compute the tSZ signal arising from the EoR. We constructed lightcones

of the electron pressure between the redshift range z = 6 − 12 by interpolating between

simulation snapshots, using the ionisation fraction and gas pressure fields. From these

lightcones, we calculated the Compton y-parameter by numerically integrating along lines

of sight in the direction of light propagation. We obtained maps of the y-parameter which

we used to construct PDFs and angular power spectra. We also separated the y-parameter

by redshifts in order to determine its redshift contributions. To probe the extent to which

the temperature and density fluctuations, and patchiness of the EoR were responsible for

the values obtained, we integrated density lightcones for CoDa II and made use of phase

diagrams for all sixteen simulations.

All simulations yielded mean Compton y-parameter values in the order of 〈y〉 ∼ 10−8,

corresponding to the estimate made by Hill et al. (2015). The magnitude of the tSZ signal

originating from the EoR shows some dependence on the timing of the end of this epoch.

In general, simulations which finished reionising early had higher modal y-parameters than

those whose EoR ended later. For example, when the EoR ended at z ∼ 6.6, the modal

y-parameter was y ∼ 3.0 × 10−8, but when it ended at z ∼ 5.6, the modal value was
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y ∼ 2.0 × 10−8. However, we also noticed that, while the magnitude of the tSZ effect

is influenced by the timing of the EoR, it also affected by the SFR; where a higher SFR

contributes to a stronger tSZ effect.

We also saw that the y-parameter maps and power spectra for the EoR signal distinctly

differ from those of galaxy clusters. Maps smoothed for Gaussian beams of FWHM 1.2

arcmin and 1.7 arcmin had peak values of y ∼ 10−8, three orders of magnitude smaller

than cluster values. At these scales, the EoR contribution to the angular power spectrum

of the tSZ signal is < 1% that of clusters. However, for CoDa II, the power spectrum

increases on smaller scales, suggesting a possibility that the EoR contribution might be-

come more significant in this region. Nevertheless, without models that extend down to

these angular scales, we are currently unable to confirm this. While the EoR contribution

is sub-dominant to that of galaxy clusters, it is still essential to obtain an estimate of its

signal as more sensitive technologies are developed in the future era of precision cosmology.

From the phase diagrams and the results of the density lightcones, we note that the

high cell temperatures reached by CoDa II are responsible for its higher distribution of

y-parameter values. The tail in its PDF is a result of the spatially resolved cells heated

by supernova explosions. Removing the variations in the temperature and ionisation

fraction fields raises the mean Compton parameter. This is because they widen the range

of y-parameter values in the signal. The temperature fluctuations are responsible for

the distributions being positively skewed, due to supernova explosions driving up the

temperatures of small areas.

For the purpose of consistency, we attempted to use the same redshift range for the

lightcones. However, in doing so, we did not capture the full extent of the EoR for some

of our simulations. As we saw from separating the redshift contributions for CoDa II, the

majority of the tSZ signal arises from the end of the EoR. Therefore, it will be beneficial

to include all of the EoR for the eight simulations. Another limiting factor in this study

is the shorter lightcones of the 10 Mpc boxes since we did not run these simulations to

the end of the EoR. To remedy this, we should finish the runs for the 10 Mpc boxes, and

either extend the redshift range of our lightcones to lower redshifts or set the lightcone

range in accordance with specific ionisation fractions.

5.1 Future Work

To obtain a more complete tSZ signal, i.e. down to z = 0, we can incorporate cluster

contributions by utilising halo models (see e.g. Cooray and Sheth, 2002) or cluster cata-
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logues. We can also refine our estimations by including the effect of helium gas in the

IGM as RAMSES-CUDATON assumes the gas is purely hydrogen. This can be done by

interpolating the mean molecular weight of the gas throughout the EoR, since its value de-

pends on the ionisation state of the gas, and updating the temperature field, and hence the

pressure, to reflect this. We can also run additional simulations which include hydrogen

and helium gas, e.g. RAMSES-RT, and calculate the tSZ signals they produce.

In addition, as we have simulation data for the gas velocity fields, we can calculate the

y-parameter contribution from the bulk flow Doppler effect (see Hu et al., 1994). While the

quadratic Doppler distortion from the EoR is predicted to be secondary to the tSZ effect,

with a value of y ∼ 10−8, it seems that it may be comparable with the tSZ signal from EoR.

As this second order contribution from the EoR has not been extensively investigated, it

would be useful to produce a more updated estimate. We can also use the gas velocity

data to calculate the kSZ effect during the EoR for our simulations. This would enable us

to provide a more thorough study of the SZ effect during this cosmic epoch.
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Calabrese, E., Hložek, R., Battaglia, N., Bond, J. R., de Bernardis, F., Devlin, M. J.,

Hajian, A., Henderson, S., Hil, J. C., Kosowsky, A., Louis, T., McMahon, J., Moodley,

K., Newburgh, L., Niemack, M. D., Page, L. A., Partridge, B., Sehgal, N., Sievers, J. L.,

Spergel, D. N., Staggs, S. T., Switzer, E. R., Trac, H., and Wollack, E. J. (2014). Preci-

sion epoch of reionization studies with next-generation CMB experiments. J. Cosmology

Astropart. Phys., 8:010. 21

Calverley, A. P., Becker, G. D., Haehnelt, M. G., and Bolton, J. S. (2011). Measurements

of the ultraviolet background at 4.6 ¡ z ¡ 6.4 using the quasar proximity effect star.

MNRAS, 412(4):2543–2562. xiii, 47

Carlstrom, J. E., Ade, P. A. R., Aird, K. A., Benson, B. A., Bleem, L. E., Busetti, S.,

Chang, C. L., Chauvin, E., Cho, H.-M., Crawford, T. M., Crites, A. T., Dobbs, M. A.,

Halverson, N. W., Heimsath, S., Holzapfel, W. L., Hrubes, J. D., Joy, M., Keisler, R.,

Lanting, T. M., Lee, A. T., Leitch, E. M., Leong, J., Lu, W., Lueker, M., Luong-Van,

D., McMahon, J. J., Mehl, J., Meyer, S. S., Mohr, J. J., Montroy, T. E., Padin, S.,

Plagge, T., Pryke, C., Ruhl, J. E., Schaffer, K. K., Schwan, D., Shirokoff, E., Spieler,

H. G., Staniszewski, Z., Stark, A. A., Tucker, C., Vanderlinde, K., Vieira, J. D., and

Williamson, R. (2011). The 10 Meter South Pole Telescope. PASP, 123:568. 54

Carlstrom, J. E., Holder, G. P., and Reese, E. D. (2002). Cosmology with the Sunyaev-

Zel’dovich Effect. ARA&A, 40:643–680. xii, 20, 21, 23

Chabrier, G. (2003). Galactic stellar and substellar initial mass function. Publications of

the Astronomical Society of the Pacific, 115(809):763–795. xi, 12

Challinor, A. (2013). CMB anisotropy science: a review. In Burton, M. G., Cui, X., and

Tothill, N. F. H., editors, Astrophysics from Antarctica, volume 288 of IAU Symposium,

pages 42–52. 4

Challinor, A. and Lasenby, A. (1998). Relativistic Corrections to the Sunyaev-Zeldovich

Effect. ApJ, 499:1–6. 22

Chary, R.-R. (2008). The stellar initial mass function at the epoch of reionization. The

Astrophysical Journal, 680(1):32–40. xii, 13, 14

Chen, X. and Kamionkowski, M. (2004). Particle decays during the cosmic dark ages.

Phys. Rev. D, 70(4):043502. 10



22nd February 2021 91

Chluba, J., Switzer, E., Nelson, K., and Nagai, D. (2013). Sunyaev-zeldovich signal pro-

cessing and temperature-velocity moment method for individual clusters. MNRAS,

430(4):3054–3069. 22

Choudhury, T. R. and Ferrara, A. (2006). Physics of Cosmic Reionization. arXiv Astro-

physics e-prints. 8

Ciardi, B. and Ferrara, A. (2005). The First Cosmic Structures and Their Effects. Space

Sci. Rev., 116:625–705. 8, 10

Ciardi, B., Inoue, S., Abdalla, F. B., Asad, K., Bernardi, G., Bolton, J. S., Brentjens, M.,

de Bruyn, A. G., Chapman, E., Daiboo, S., Fernandez, E. R., Ghosh, A., Graziani, L.,

Harker, G. J. A., Iliev, I. T., Jelic, V., Jensen, H., Kazemi, S., Koopmans, L. V. E.,

Martinez, O., Maselli, A., Mellema, G., Offringa, A. R., Pandey, V. N., Schaye, J.,

Thomas, R., Vedantham, H., Yatawatta, S., and Zaroubi, S. (2015). Simulating the

21 cm forest detectable with lofar and ska in the spectra of high-z grbs. MNRAS,

453(1):101–105. 17

Cooray, A. and Sheth, R. (2002). Halo models of large scale structure. Phys. Rep.,

372:1–129. 86

Crawford, T. M., Schaffer, K. K., Bhattacharya, S., Aird, K. A., Benson, B. A., Bleem,

L. E., Carlstrom, J. E., Chang, C. L., Cho, H.-M., Crites, A. T., de Haan, T., Dobbs,

M. A., Dudley, J., George, E. M., Halverson, N. W., Holder, G. P., Holzapfel, W. L.,

Hoover, S., Hou, Z., Hrubes, J. D., Keisler, R., Knox, L., Lee, A. T., Leitch, E. M.,

Lueker, M., Luong-Van, D., McMahon, J. J., Mehl, J., Meyer, S. S., Millea, M., Mocanu,

L. M., Mohr, J. J., Montroy, T. E., Padin, S., Plagge, T., Pryke, C., Reichardt, C. L.,

Ruhl, J. E., Sayre, J. T., Shaw, L., Shirokoff, E., Spieler, H. G., Staniszewski, Z., Stark,

A. A., Story, K. T., van Engelen, A., Vanderlinde, K., Vieira, J. D., Williamson, R.,

and Zahn, O. (2014). A Measurement of the Secondary-CMB and Millimeter-wave-

foreground Bispectrum using 800 deg2 of South Pole Telescope Data. ApJ, 784:143.

24

da Silva, A. C., Barbosa, D., Liddle, A. R., and Thomas, P. A. (2001). Hydrodynamical

simulations of the Sunyaev-Zel’dovich effect: the kinetic effect. MNRAS, 326:155–163.

24

D’Aloisio, A., McQuinn, M., Maupin, O., Davies, F. B., Trac, H., Fuller, S., and Upton



22nd February 2021 92

Sanderbeck, P. R. (2019). Heating of the Intergalactic Medium by Hydrogen Reioniza-

tion. ApJ, 874:154. xiii, 47
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V. N., Vedantham, H., Abdalla, F. B., Brouw, W. N., Chapman, E., Ciardi, B., Gehlot,



22nd February 2021 101

B. K., Ghosh, A., Harker, G., Iliev, I. T., Kakiichi, K., Majumdar, S., Mellema, G.,

Silva, M. B., Schaye, J., Vrbanec, D., and Wijnholds, S. J. (2017). Upper Limits on

the 21 cm Epoch of Reionization Power Spectrum from One Night with LOFAR. ApJ,

838:65. 17

Pen, U.-L. (1997). Generating Cosmological Gaussian Random Fields. ApJ, 490:L127–

L130. 37

Penzias, A. A. and Wilson, R. W. (1965). A Measurement of Excess Antenna Temperature

at 4080 Mc/s. ApJ, 142:419–421. 2

Planck Collaboration, Ade, P. A. R., Aghanim, N., Armitage-Caplan, C., Arnaud, M.,

Ashdown, M., Atrio-Barandela, F., Aumont, J., Baccigalupi, C., Banday, A. J., and

et al. (2014). Planck 2013 results. XVI. Cosmological parameters. A&A, 571:A16. 40,

61

Planck Collaboration, Aghanim, N., Akrami, Y., Ashdown, M., Aumont, J., Baccigalupi,

C., Ballardini, M., Banday, A. J., Barreiro, R. B., Bartolo, N., Basak, S., Battye, R.,

Benabed, K., Bernard, J.-P., Bersanelli, M., Bielewicz, P., Bock, J. J., Bond, J. R.,

Borrill, J., Bouchet, F. R., Boulanger, F., Bucher, M., Burigana, C., Butler, R. C.,

Calabrese, E., Cardoso, J.-F., Carron, J., Challinor, A., Chiang, H. C., Chluba, J.,

Colombo, L. P. L., Combet, C., Contreras, D., Crill, B. P., Cuttaia, F., de Bernardis,

P., de Zotti, G., Delabrouille, J., Delouis, J.-M., Di Valentino, E., Diego, J. M., Doré,

O., Douspis, M., Ducout, A., Dupac, X., Dusini, S., Efstathiou, G., Elsner, F., Enßlin,

T. A., Eriksen, H. K., Fantaye, Y., Farhang, M., Fergusson, J., Fernandez-Cobos, R.,

Finelli, F., Forastieri, F., Frailis, M., Franceschi, E., Frolov, A., Galeotta, S., Galli, S.,

Ganga, K., Génova-Santos, R. T., Gerbino, M., Ghosh, T., González-Nuevo, J., Górski,
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Dromer, J., Drost, M., van Duin, A., Eislöffel, J., van Enst, J., Ferrari, C., Frieswijk, W.,



22nd February 2021 108

Gankema, H., Garrett, M. A., de Gasperin, F., Gerbers, M., de Geus, E., Grießmeier,

J.-M., Grit, T., Gruppen, P., Hamaker, J. P., Hassall, T., Hoeft, M., Holties, H. A.,

Horneffer, A., van der Horst, A., van Houwelingen, A., Huijgen, A., Iacobelli, M.,

Intema, H., Jackson, N., Jelic, V., de Jong, A., Juette, E., Kant, D., Karastergiou,

A., Koers, A., Kollen, H., Kondratiev, V. I., Kooistra, E., Koopman, Y., Koster, A.,

Kuniyoshi, M., Kramer, M., Kuper, G., Lambropoulos, P., Law, C., van Leeuwen, J.,

Lemaitre, J., Loose, M., Maat, P., Macario, G., Markoff, S., Masters, J., McFadden,

R. A., McKay-Bukowski, D., Meijering, H., Meulman, H., Mevius, M., Middelberg,

E., Millenaar, R., Miller-Jones, J. C. A., Mohan, R. N., Mol, J. D., Morawietz, J.,

Morganti, R., Mulcahy, D. D., Mulder, E., Munk, H., Nieuwenhuis, L., van Nieuwpoort,

R., Noordam, J. E., Norden, M., Noutsos, A., Offringa, A. R., Olofsson, H., Omar,

A., Orrú, E., Overeem, R., Paas, H., Pandey-Pommier, M., Pandey, V. N., Pizzo,

R., Polatidis, A., Rafferty, D., Rawlings, S., Reich, W., de Reijer, J.-P., Reitsma, J.,

Renting, G. A., Riemers, P., Rol, E., Romein, J. W., Roosjen, J., Ruiter, M., Scaife,

A., van der Schaaf, K., Scheers, B., Schellart, P., Schoenmakers, A., Schoonderbeek, G.,

Serylak, M., Shulevski, A., Sluman, J., Smirnov, O., Sobey, C., Spreeuw, H., Steinmetz,

M., Sterks, C. G. M., Stiepel, H.-J., Stuurwold, K., Tagger, M., Tang, Y., Tasse, C.,

Thomas, I., Thoudam, S., Toribio, M. C., van der Tol, B., Usov, O., van Veelen, M., van

der Veen, A.-J., ter Veen, S., Verbiest, J. P. W., Vermeulen, R., Vermaas, N., Vocks, C.,

Vogt, C., de Vos, M., van der Wal, E., van Weeren, R., Weggemans, H., Weltevrede, P.,

White, S., Wijnholds, S. J., Wilhelmsson, T., Wucknitz, O., Yatawatta, S., Zarka, P.,

Zensus, A., and van Zwieten, J. (2013). LOFAR: The LOw-Frequency ARray. A&A,

556:A2. 17
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