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Abstract

The Lyα forest is a series of absorption lines seen in quasar spectraand is a powerful

tool for probing the thermal state of the intergalactic medium (IGM) across a wide

redshift range. At intermediate redshifts (2 . z . 5), the statistical properties of the

Lyα forest predicted by recent hydrodynamical simulations arein good agreement with

a range of spectroscopic data. However, at lower and higher redshifts this is still not the

case. Some of the key questions still challenging our understanding at low redshifts are

the nature of absorbers, the evolution of the ultraviolet background and the impact of

feedback from supernovae and active galactic nuclei (AGN).Furthermore, as a range of

reionsation models remain unconstrained and the precise timing of reionsation remains

elusive, high redshift Lyα forest data can provide valuable insight due to its sensitivity

to the post-reionsation thermal properties of the IGM.

At low redshift, this investigation focuses on understanding the effect of different feed-

back prescriptions on the properties of the Lyα forest using simulations from the Sher-

wood simulation suite. The simulations incorporate three different prescriptions for

treating cold dense gas and galactic feedback from supernovae and AGN. These imple-

mentations have only a small effect on the properties of the Lyα column density distri-

bution function (CDDF) and Lyα line velocity width distribution. Therefore, feedback

does not solve the discrepancy between theCosmic Origins Spectrograph(COS) obser-

vations of the CDDF atz ≃ 0.1 for high column density systems (NHI > 1014 cm−2),

as well as the line width distribution, which has lines broader then the simulation data.

Some of the possible solutions may be feedback that ejects more overdense gas into the

IGM, an increase in the temperature of the overdense gas (which is rather fine-tuned

so that the gas is able to still contribute to the Lyα forest), or an unresolved turbulent

in the IGM.
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The low redshift Lyα forest investigation is concluded by performing a series ofnu-

merical convergence tests on the quantities most widely employed in absorption line

studies at low redshift. The mass resolution of the simulations can significantly im-

pact on the estimated line velocity widths, by overestimating line widths for low mass

resolution runs. By contrast, the Lyα CDDF is quite well converged for low column

density absorbers.

At higher redshifts, a feasibility analysis to constrain the thermal history of the IGM

using cosmological hydrodynamical simulations of the Lyα forest is performed. This

problem is approached by utilising the Lyα forest transmitted flux power spectrum

at z ∼ 5. The integrated heating during reionsation has a measurable impact on the

power spectrum. The integrated heating is parameterised using the cumulative energy

per proton deposited into a gas parcel at the mean backgrounddensity. A Markov

Chain Monte Carlo approach is used to recover the cumulativeenergy per proton with

a statistical uncertainty of∼ 20 per cent (at 68 per cent confidence interval), by making

assumptions consistent with current observational data sets. However, systematics may

increase the uncertainty to∼ 30 per cent at these redshifts. This method can distinguish

between early (z = 12) and late (z = 7) reionisation in the simulations.

Finally, to expand on this investigation, the first constraints on the cumulative energy

per proton using recent Lyα flux power spectrum measurements at high redshift are

obtained. A consistent picture of galaxy driven reionsation with reionsation occurring

at z ∼ 9 is found.
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Chapter 1

Introduction

1.1 Cosmology and structure formation

The standard cosmological model explains the formation of the Universe by estab-

lishing that sometime in the past, it was once in a very hot dense state and has been

expanding and cooling ever since. This “Big Bang” model was suggested to explain

some of the major scientific findings in the past century. Someof which include, mea-

surements of the Cosmic Microwave Background (CMB) (Bennett et al., 2013; Planck

Collaborationet al., 2016a), the abundance of light elements from primordial nucle-

osynthesis (Olive & Skillman, 2004), the accelerated expansion of the Universe as

established from the luminosity-distance relationship oftype Ia supernovae (Perlmut-

teret al., 1999; Riesset al., 2004; Astieret al., 2006) and the clustering of galaxies as

observed by modern large scale surveys (Tegmarket al., 2004; Johnsonet al., 2014;

van Uitertet al., 2017).

To explain these findings the model assumes an expanding Universe which is homo-

geneous and isotropic on large scales (i.e. few hundreds of Mpc). The mass-energy

content of the Universe is 71% dark energy, 24% dark matter and 4% baryonic matter

(Planck Collaborationet al., 2015). The most prevalent is dark energy, which is held

responsible for the accelerating Universe but still poorlyunderstood. The dark matter

component is detected indirectly through its gravitational influence but has not been

observed directly to date. The remaining baryonic content forms the observable Uni-
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Figure 1.1: The temperature map of the cosmic microwave background as observed by Planck
(Planck Collaborationet al., 2016a). It shows temperature fluctuations that correspondto tiny dif-
ferences in densities, when the Universe was 380,000 years old. These are the seeds for the struc-
ture observed later in the Universe. Credit: European spaceagency and the Planck collaboration.
Image taken fromwww.esa.int/spaceinimages/Images/2013/03/Planck_CMB

verse as stars, galaxies and clusters and the gas in between them. The current paradigm

for this cosmological model is referred to asΛCDM. TheΛ is Einstein’s cosmological

constant, a possible candidate for dark energy. Cold Dark Matter (CDM) is a version

of dark matter which moves at non-relativistic speeds.

The current accelerated expansion of the Universe can be traced back to an initial

hot and dense state. At this stage, the Universe inherited the seeds of quantum inho-

mogeneities amplified through a period of exponential expansion known as inflation

(Guth, 1981). These seeds grew through gravitational instability and formed the large

scale structures observed later on in the Universe.

In the hot early Universe, nuclei and electrons are not boundand photons constantly

scatter off charged particles. However, as the temperatures and densities dropped due

to continued expansion, protons and electrons began to formatoms. This is known as

recombination and it happened atz ∼ 1100. After this the neutral atoms cease to scat-

ter off photons (except bound-bound and bound-free interactions) and they were free

to travel without any hindrance until observed. This prevalent relic radiation perme-

ates the whole Universe and is redshifted to microwave frequencies in the current Uni-

verse. The CMB shows a black body spectrum at a temperature of2.72548±0.00057K

(Fixsen, 2009).

www.esa.int/spaceinimages/Images/2013/03/Planck_CMB
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The CMB is extremely isotropic, but shows temperature fluctuations up to∆T/T ∼

10−5 (Smootet al., 1992), giving us a glimpse of the density distribution of matter at

the epoch of recombination. There are regions of the Universe which are overdense

and regions which are underdense. The more dense regions accrete more matter, thus

acquiring more mass and growing in a hierarchical manner (White & Rees, 1978).

On the other hand, the underdense regions expand and become less dense. Thus, the

Universe proceeds to build up matter in a hierarchical manner, by building small struc-

tures first and accreting those structures to build more massive structures. Numerical

N-body simulations are an invaluable tool to follow this hierarchical growth (Springel

et al., 2005a).

The formation of structures by gravitational instability and hierarchical merging gives

us an accurate description of the dark matter distribution.However, as baryons undergo

radiative and dissipative processes, they fail to follow dark matter at smaller scales.

This makes the accurate modelling of baryons in cosmological simulations quite chal-

lenging. At large scales, baryons collapse in dark matter halos and form stars, galaxies,

quasars and galaxy clusters (see Figure 1.2). Recent hydrodynamical simulations help

to visualize the structures formed in this hierarchical assembly (Vogelsbergeret al.,

2014a; Schayeet al., 2015). These luminous objects in turn produce large amounts

of high energy photons that have sufficient energy to ionise the surrounding gas, that

forms the intergalactic medium (IGM). This serves as a huge dilute reservoir of gas,

accounting for most of the baryonic matter in the Universe. Understanding the IGM

and its evolution is crucial to cosmology and for following the build-up of structures

through cosmic time.

1.2 Reionisation

The hierarchical growth which triggered star formation consequently created the first

sources of ultraviolet photons (Trenti & Stiavelli, 2009),which ionised the IGM we

observe today. These sources ended the dark ages that existed since the epoch of re-

combination, by producing photons which have energies above 1 Ryd that are capable

of ionising the neutral hydrogen in the IGM, resulting in HI reionsation (Rees, 2000).



Introduction 4

Figure 1.2: A large cosmological hydrodynamical simulation in a 100h−1cMpc box from the Illus-
tris TNG project. A projection of the dark matter density with gravitationally collapsed structures is
shown in orange, which are surrounded by successive shock surfaces (blue), showing their forma-
tion history. Credit: Illustris TNG team. Image taken fromwww.tng-project.org/media

Reionsation was an extended process. At first the sources start ionising the surrounding

gas, forming ionised bubbles (Furlanetto, Zaldarriaga & Hernquist, 2004; Furlanetto &

Oh, 2005). There might have been differences in the morphology of these HII bubbles

due to the spectrum of ionising sources. Reionsation will beinhomogenous due to the

distribution of bright sources and the clumpiness of gas (Beckeret al., 2015). Further

in to the process of ionisation, the HII bubbles started to overlap eventually resulting

in a uniform metagalactic ultraviolet background. Due to the clumpiness of gas, some

dense gas pockets remained self shielded to the increasing ultraviolet background (the

so-called Lyman-limit systems).

The uncertainty in the timing of reionisation is related to our lack of observations of

the astrophysical sources of radiation that are responsible for it. In a traditional view of

H I reionisation, high redshift galaxy populations were the main drivers of the ionising

background (Haardt & Madau, 2012; Faucher-Giguèreet al., 2009), due to the declin-

ing number density of Active Galactic Nuclei (AGN) atz > 3 (Fanet al., 2006a).

However, the relative contributions of these two types of sources to cosmic reionsa-

www.tng-project.org/media
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tion is still debated (Madau & Haardt, 2015), but also see D’Aloisio et al. (2017) and

Hassanet al. (2017). This is motivated by the possibility of large numbers of faint

high-redshift quasars atz > 4 (Giallongoet al., 2012). Another major uncertainty in

pin-pointing the relative contribution of galaxies and AGNarises due to the unknown

fraction of ionising photons that escape into the IGM. Determining this factor is a key

challenge due to the complexity of modelling photons escaping from the multi-phase

interstellar medium into the IGM (Gnedin, Kravtsov & Chen, 2008; Maet al., 2015).

1.3 The intergalactic medium

Most of the baryons in the Universe reside in the space which lies between the galax-

ies, forming the IGM (see McQuinn (2016) and Lidz (2016) for reviews). It serves as a

huge repository of diffuse gas. For this reason, the IGM is key tracer for the distribu-

tion of matter in the Universe and it has important implications for models of structure

formation at small scales (at a few Mpc) (Vielet al., 2013a; Iršičet al., 2017c).

The formation of stars and galaxies in the densest regions ofthe cosmic web also in-

fluenced the gas in the IGM by various feedback processes. Thegas is processed in

galaxies and the material and momentum is injected back intothe IGM through su-

pernovae and galactic feedback (Cen & Ostriker, 2006). The gas is also photoionised,

heated and enriched with metals through these processes. Hence, the IGM is funda-

mental for understanding the complete theory of galaxy formation, the role of feedback

from galactic winds, supernovae and AGN (Oppenheimeret al., 2010). The IGM also

provides an invaluable record of reionsation, when the firstsources produced ionis-

ing photons to end the dark ages (Miralda-Escudé & Rees, 1994; Peepleset al., 2010;

Kulkarni et al., 2015; Nasir, Bolton & Becker, 2016; Oñorbeet al., 2017).

Modelling the IGM through cosmic time is therefore quite challenging. However,

there is an epoch at which our understanding of the low density IGM is well developed

due to good agreement between the statistical properties ofthe Lyα forest (see Section

1.4), predicted by the hydrodynamical simulations and observations (Davéet al., 1999;

Schayeet al., 2000; Croftet al., 2002; Lidzet al., 2006; Palanque-Delabrouilleet al.,

2013; Viel et al., 2013b; Boltonet al., 2017). This is atz = 2–5, referred here as
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intermediate redshifts. This is essentially due to the large number of observations

made through ground based telescopes and the simplicity of the underlying model of

the IGM at these redshifts. The IGM is mostly photoionised with a very low fraction of

neutral hydrogen, kept in equilibrium by recombinations and ionising photons (Katz,

Weinberg & Hernquist, 1996) contributed by galaxies and quasars. The sources form

the ultra-violet background (UVB) which is assumed to be spatially uniform, forming

the metagalactic ionising background. This assumption is agood approximation as

the mean free path of ionising photons is large at intermediate redshifts (Croft, 2004;

Worsecket al., 2014), thus making the modelling of the IGM simpler at theseepochs.

By contrast, at high redshiftsz & 5, the modelling of the IGM becomes complex as

our basic assumptions break down at these epochs. The UVB which was assumed to

be spatially uniform, is now fluctuating (Wyithe & Loeb, 2004), due to the appearance

of rare sources and the shortening of the mean free path to ionising photons (Becker

et al., 2015). To model the properties of IGM near the end of reionsation, one has

to take in to account all the parameters which were once considered uniform or non-

evolving for simplicity. The detailed modelling of radiative transfer from the ionising

sources into the IGM is the key challenge in modelling the IGMat high redshifts. At

the low redshifts,z < 2, the key question is how galactic feedback redistributes the gas

around galaxies shapes the IGM and galaxy evolution (Davéet al., 2001, 2010; Cen &

Ostriker, 2006).

1.4 Probing the IGM - the Lyman-α forest

Quasars are the most luminous objects in the Universe. They are powered by accreting

gas on to the supermassive black holes (Lynden-Bell, 1969).These objects work like

a massive lighthouse, shining light through the diffuse gasin the IGM that is other-

wise difficult to observe in emission (Franket al., 2012). It was soon realized after the

discovery of quasars (Schmidt, 1965), that there should be Lyα absorption from inter-

vening neutral hydrogen in the IGM (Gunn & Peterson, 1965). However, it took key

advancements at two fronts, before the Lyα forest became a dependable probe to study

the intergalactic hydrogen. The first was the development ofhigh resolution spectro-
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Figure 1.3: Top: High resolution spectrum of a quasar atz = 3.62. The Lyα emission peak is at
wavelength,1216(1 + z)Å. The Lyα forest is a series of absorption lines blueward of that peak.
The forest arises due to absorption by intervening neutral hydrogen along the line-of-sight through
the Lyα transition.Middle: The gas distribution in a hydrodynamical simulation, showing the large
scale structure.Bottom: The simulated line-of-sight predicted by the hydrodynamical simulation
at z = 3. Figure taken from Springel, Frenk & White (2006).

graphs, (i.e. HIRES on Keck telescope), which made high resolution measurements

of quasar spectra possible. The second was the development of the Cold Dark Matter

(CDM) model and hydrodynamical simulations to predict the statistical properties of

the Lyα forest. The progress at these fronts made it possible to explain the Lyα for-

est at intermediate redshifts, as the absorption of ultraviolet photons by a fluctuating

medium, where most of the absorption is due to low density gas, which lies close to

linear regime of hierarchical structure growth (Cenet al., 1994; Hernquistet al., 1996;

Miralda-Escudéet al., 1996; Theunset al., 1998; Zhanget al., 1998; Gnedin & Hui,

1998; Davéet al., 1999; Schaye, 2001; Meiksin, Bryan & Machacek, 2001; Theuns

et al., 2002a; Miralda-Escudé & Rees, 1994; Haehnelt & Steinmetz, 1998).

Figure 1.3, shows a typical high resolution quasar spectrum. It peaks at wavelength

1216(1 + z)Å, wherez is the redshift of the quasar (z = 3.62 in this case). The

Lyα forest comprises of all the Lyα absorption lines blueward of this wavelength. Each

absorption line at wavelength1216(1+zab)Å exists due to absorption by an intergalac-

tic H I absorber at redshiftzab, along the quasar line-of-sight. Note that the forest also

includes higher order transitions (such as Lyβ ) at shorter wavelengths. The spectral

features seen in quasar spectra are furthermore not limitedto hydrogen transitions (i.e.
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Lyα , Lyβ and so on). Any photon which is redshifted to a wavelength corresponding

to a particular atomic or molecular transition gets absorbed by this species, providing

a wealth of knowledge about the condition of intervening intergalactic gas and metals.

1.4.1 The Gunn-Peterson trough

Gunn & Peterson (1965) were the first to realise that if the intergalactic neutral hy-

drogen fraction is high enough it will completely attenuatethe photons emitted by the

quasars. This results in a trough, a region of complete absorption in Lyα forest. By

following Gunn & Peterson (1965), it is possible to associate the observable, the trans-

mitted flux,F (F is related to the optical depth,τ , through,F = e−τ ), with the neutral

hydrogen fraction.

Consider light with frequency,ν, emitted by a quasar at redshiftzq. The light is ob-

served at redshift,z (wherez < zq), where it is redshifted to Lyα frequency,να, where

να = ν(1 + z). The corresponding optical depth,τα(ν), to these Lyα photons, due

to absorption by HI gas with proper number density,nHI(z) at redshift,z, for a path-

lengthdl is

τα(ν) =

∫ zq

0

σ(ν(1 + z))nHI(z)
dl

dz
dz, (1.1)

whereσ(ν) is the cross section and the proper line element is given asdl/dz =

−c/H(z)(1 + z). We may assume that the Lyα cross section is very peaked, which

implies ignoring broadening effects (i.e thermal broadening or natural broadening).

This simplification allows us to approximate the cross section as a Dirac delta func-

tion, peaked atνα, σ(ν(1 + z)) = σαναδ(ν(1 + z) − να). Using the Einstein-de Sitter

approximation, valid at high redshiftsz ≥ 2, H(z) ≃ H0Ω
1/2
m (1 + z)3/2 and changing

the variable in integration toν, gives

τα
GP ≃

σαcnHI(z)

H0Ω
1/2
m (1 + z)3/2

, (1.2)

whereσα = 4.48×10−18cm2, is the Lyα cross section. The hydrogen number density,

nH, can be expressed in terms of a density normalised by the meancosmic density,
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Figure 1.4: The optical spectrum ofz & 6 quasars, obtained by the Keck observatory and discov-
ered by the Sloan Digital Sky Survey (SDSS). The detection ofthe first Gunn-Peterson trough in
the spectrum of a quasar (bottom panel) atz = 6.28 is shown. The troughs are regions where the
transmitted flux is consistent with zero flux, shown as the horizontal dashed lines. The prominent
emission lines are shown as vertical dashed lines. The figureis taken from Beckeret al. (2001).
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∆ = ρ/ρ̄ such that

nHI(z) =
ρcrit

mH

Ωb∆(1 − Y )(1 + z)3. (1.3)

Here,Y , is the primordial helium mass fraction andρcrit is the critical density. Now,

defining the neutral hydrogen fraction as,xHI = nHI/nH, Equation 1.2 can be ex-

pressed as

τα
GP ≃ 3 × 105 × ∆ xHI

(

Ωbh
2

0.022

) (

Ωmh2

0.142

)−1/2 (

1 − Y

0.76

) (

1 + z

6

)3/2

. (1.4)

There is one direct conclusion that can be drawn from the above equation. At higher

redshiftsz & 5, the IGM has to be highly ionised meaningxHI < 10−5, for the

transmitted flux not to be saturated,F ≈ 0. This also suggests that the absence of

Gunn-Peterson troughs in quasar spectra atz & 5 means that the neutral fraction has

to be quite low. Although first predicted by Gunn & Peterson (1965), the trough was

first observed by Beckeret al.(2001) in a spectrum of the quasar atz = 6.28, as shown

in Figure 1.4 (bottom panel). As the Lyα forest is very sensitive to the residual HI ,

this suggests that the quasar does not lie within the reionsation epoch. However, by

comparing the quasar atz = 5.99, a rapid evolution of transmitted flux can be seen.

This attenuation of Lyα transmitted flux as seen in quasars atz & 6 suggests a lower

limit on H I reionsation atz ≈ 6 (Beckeret al., 2001; Fanet al., 2006a).

To make the Lyα forest optical depth dependence on key physical quantitiesmore

explicit, Equation 1.4 can be refined further. This requiresmaking some assumptions

about the diffuse IGM in the post reionsation era. The numberdensity of any species

is physically set by the balance between creation and elimination rates. For thenHI,

this is set by photoionisation and recombination such that

nHIΓHI = nenHIIαHII, (1.5)

wherenHII, ne are the number densities of ionised hydrogen and electrons;ΓHI and

αHII are the HI photoionisation rate and the HII recombination coefficient. The best

fit for αHII(T ) is given asαHII(T ) = 4.063 × 10−13(T/104K)−0.72cm3 s−1 (Verner
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& Ferland, 1996), which depends on the gas temperature. The photoionisation time

scale is,Γ−1
HI ∼ 3.1 × 104 yrs, far shorter than the recombination timescale for an

ionised IGM. Therefore, it is a good approximation to assumeionisation equilibrium

and a highly ionised IGM, in the post reionsation epoch. Then, nHI ≈ nHII, and

ne ≈ nHI + nHeI, where electrons are contributed by the ionisation of hydrogen and

singly ionised helium atoms. By using Equation 1.4 and 1.5, the HI fraction can then

be written as

xHI ≃ 1.7 × 10−5∆
(1 + χHe)

Γ−12

(

T

104K

)−0.72 (

1 − Y

0.76

) (

1 + z

6

)3

, (1.6)

whereχHe, is the helium fraction given asχHe = Y/4(1 − Y ), accounting for singly

ionised helium andΓ−12 = ΓHI/10−12 s−1.

During reionsation, however not only the is gas ionised but the excess photon energy

also heats up the IGM. The processes which physically set thegas temperature are

photoheating, radiative cooling, adiabatic cooling due toexpansion of Universe and

shock heating (e.g. Hui & Gnedin (1997)). The Lyα forest is sensitive to low density

unshocked gas, where the interplay between the photoheating and adiabatic cooling

results in a power law relationship between temperature andoverdensity,T = T0∆
γ−1

(Hui & Gnedin, 1997; Upton Sanderbeck, D’Aloisio & McQuinn,2016). Here,T0,

is the temperature at mean density andγ − 1 is the slope of the relation. Finally,

combining, Equations 1.4 ,1.6 and using the temperature-density relation

τα
FGPA ≃ 5.0×∆2−0.72(γ−1) (1 + χHe)

Γ−12

(

T0

104K

)−0.72 (

1 − Y

0.76

)2 (

Ωbh
2

0.022

)2 (

Ωmh2

0.142

)−1/2

(

1 + z

6

)9/2

, (1.7)

The above expression is referred to as the Fluctuating Gunn-Peterson Approximation

(FGPA) (Weinberget al., 1997), as describes the Lyα forest as a fluctuating density

medium. Further, it shows the dependence of the optical depth (or equivalently trans-

mitted flux,e−τ ), on the key quantities temperature, overdensity and photoionisation

rate needed to accurately model the Lyα forest with hydrodynamical simulations (see

Section 1.5). Note this expression does not include the effects of thermal broadening,
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Figure 1.5: The continuum normalised spectrum of a quasar atz = 3.62, taken with Keck HIRES,
zoomed at four regions (second row) each with length 1422km s−1 . The solid curve in the third
row show the simulated spectrum extracted from hydrodynamical simulations atz = 3, with
ΛCDM cosmology withΩm = 0.2, σ8 = 1, h = 0.65, while the dotted curve is from N-body
simulations atz = 0. The figure is taken from Weinberget al. (2003).

peculiar velocities, fluctuations in the UVB and shock heating. To model the Lyα forest

including all the relevant phenomena requires performing full hydrodynamical simu-

lations.

1.5 Modelling the Lyman-α forest with cosmological sim-

ulations

Cosmological hydrodynamical simulations have been widelyused to model the Lyα for-

est, and have been proven to be powerful tool for tracing the dark matter distribution

(Cenet al., 1994; Vielet al., 2002; Weinberget al., 2003). Figure 1.5 shows an earlier

hydrodynamical simulation, where theΛCDM model (third row) qualitatively predicts

the Lyα forest spectrum seen in observations by Keck using the HIRESspectrograph.
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I will now highlight the key ingredients and main features inthese simulations.

Most cosmological simulations start with a discrete set of particles with fixed masses

on a Cartesian grid with periodic boundary conditions. The initial configuration of

particles is set at an earlier epoch, usually atz > 100, by using linear perturbation

theory. Each particle on the grid is displaced by adopting a matter power spectrum,

based on the required cosmological model. Mostly, the Zel’dovich approximation (a

linear perturbation approximation) is used to calculate the initial displacements for

each particle (Zel’dovich, 1970). Once the initial particles positions are set, they are

evolved by solving the Newtonian equations of motion.

Most cosmological simulations also include gas, which in Lagrangian models is also

discretised as particles of equal masses. However, the dynamics of gas is governed by

not only gravity but also dissipative and radiative processes, which involves the cooling

and heating of gas. This is achieved by a hydro-solver, mostly following primordial

gas for the Lyα forest, as metal line cooling has a very little effect on the Lyα for-

est (Viel, Schaye & Booth, 2013a). Another consideration for the simulations are the

photionisation and photoheating rates, which are usually assumed to be spatially uni-

form and evolve over time. This forms the metagalactic UVB, which is incorporated

into hydrodynamical simulations using pre-computed tables (Haardt & Madau, 2001,

2012; Faucher-Giguèreet al., 2009). The photoionisation rates can be rescaled in post-

processing to match the observed Lyα forest flux in the observations. This is motivated

by the argument that, in photoionisation equilibrium (ignoring collisional ionisation)

nHI ∝ 1/ΓHI.

Galactic feedback also has implications on the evolution ofthe IGM. This deposits gas

from the galaxies out to the IGM, through outflows driven by supernovae and AGN.

The impact of feedback on the Lyα forest is not considered important at intermediate

redshifts (Theunset al., 2002a; Desjacqueset al., 2004; McDonaldet al., 2005). How-

ever this might not be the case at lower redshifts (Davéet al., 2010; Viel, Schaye &

Booth, 2013a; Nasiret al., 2017).

Most of the Lyα forest studies require a direct comparison of extracted simulated spec-

tra and their statistics from simulations with observations. However, the observations

are plagued by several contaminants, which can complicate this task. This includes,
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identifying and eliminating the absorption due to metals and damping wings. Accu-

rately predicting the quasar continuum level, which can become challenging, is also

important at higher redshifts and can induce systematics errors (Kimet al., 2007; Lee,

2012). In the next section, I will discuss the comparison between simulations and ob-

servations. This can provide a myriad of information about the underlying gas density

and thermal state of the IGM.

1.6 The Lyα forest statistics

The most commonly observed quantity in the Lyα forest is the transmitted flux,F ,

in the quasar spectra. In observations, one has to normalisethe spectra with a con-

tinuum flux, Fc, which is usually a fit to regions with the lowest absorption.There

are two approaches to analyse the continuum normalised transmitted flux,F/Fc. The

first method is to treat it as a one dimensional continuous field. Some of the widely

used quantities are flux decrements or the mean flux, the flux probability density dis-

tribution function (PDF) and the flux power spectrum. An alternative approach is to

decompose the spectrum into its constituent absorption lines and study the statistics of

the line features. Examples are the column density distribution function (CDDF) and

the velocity (Doppler) widths distribution.

One of the simplest measurements obtained with the Lyα forest is the mean transmitted

flux, 〈F 〉. This is related to effective optical depth,τeff throughτeff = − ln〈F 〉. This

is also sometimes reported as a flux decrement, DA, where DA= 1 − 〈F 〉. Most

Lyα forest studies rely on calibrating the mean flux of mock spectra extracted from

hydrodynamical simulations. The mean flux and its evolutionis crucial for establishing

the intensity of UVB and this affects others statistics, like the flux power spectrum and

flux PDF (Rauchet al., 1997; Boltonet al., 2005; Faucher-Giguèreet al., 2008; Becker

& Bolton, 2013). The optical depth of Lyα forest is proportional to neutral hydrogen,

which scales asnHI ∝ T−0.72Γ−1
HI . Therefore, to obtain an estimate for the intensity

of the UVB using optical depth measurements, one has to assume a gas temperature

which can lead to different estimates for the ionising background.

The flux PDF gives the probability that a given pixel has a transmission, on a scale
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Figure 1.6: Top: The Lyα forest transmitted flux PDF atz = 3. The flux PDF obtained from
hydrodynamical simulations is overlaid with data points from four different measurements. The
shaded areas show 1σ and 2σ errors. Bottom: The difference between simulated flux PDF com-
pared with the LP observations (red points), normalised in units of 1σ errors. The figure is taken
from Rollindeet al. (2013).

of zero to one, where a pixel at the continuum has a probability of one (e.g. Miralda-

Escudéet al. (1996)). Figure 1.6 shows the flux PDF obtained from hydrodynamical

simulation and compared with four different measurements.The PDF has been widely

employed in past studies (McDonaldet al., 2000; Lidzet al., 2006; Kimet al., 2007;

Leeet al., 2015). Figure 1.6, shows the flux PDF obtained with the GIMICcosmolog-

ical simulations (Crainet al., 2009) compared with four independent measurements at

z = 2–3. The authors find a good agreement between simulations and observations,

where most of the measurements lie within 2σ errors obtained by bootstrap resam-

pling. The noticeable deviations are atF ≈ 0 andF > 0.8. The continuum correction

can help to alleviate the discrepancy atF > 0.8 (Leeet al., 2015; Boltonet al., 2017).

One the other hand, the galactic feedback prescriptions have a noticeable impact on

the saturated pixels atF ≈ 0 (Boltonet al., 2017).

The one dimensional Lyα flux power spectrum (see Figure 1.7) is one of the most

widely studied flux statistics. The line-of-sight power spectrum, PF(k), is obtained

from the Fourier transform of the estimator,δF = F/〈F 〉−1, asPF(k) = L−1|δF(k)|2,
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Figure 1.7: A comparison of transmitted flux power spectrum measurements atz = 3, 3.6, and
4.2, from Iršičet al. (2017a) (filled circles), Palanque-Delabrouilleet al.(2013) (filled square) and
Viel et al. (2013b) (filled triangle). The plot is taken from Iršičet al. (2017a).

whereδF(k), is the Fourier transform ofδF andL is length of each line of sight. Usu-

ally, the flux power spectrum is presented askPF(k)/π, against wavenumberk, in

units of km−1 s . Intuitively, the flux power spectrum probes the distribution of mat-

ter at different scales. At small wavenumbers (large scales) it follows the large scale

dark matter distribution (Croftet al., 1998; Viel, Haehnelt & Springel, 2004a). By

contrast, at large wavenumbers (small scales), it is sensitive to a combination of non-

linear structure formation, thermal broadening, pressuresmoothing of the gas and the

nature of the dark matter (Peepleset al., 2010; Iršičet al., 2017c). There is a large

number of Lyα flux power measurements available to date, ranging over three orders

of magnitude in wavenumber (Croftet al., 1998; Viel, Haehnelt & Springel, 2004a;

Viel, Schaye & Booth, 2013a; Palanque-Delabrouilleet al., 2013; Iršičet al., 2017a).

The sensitivity on the gas pressure smoothing on small scales makes it a powerful tool

to constrain the integrated thermal history of IGM (Nasir, Bolton & Becker, 2016;

Oñorbeet al., 2017). The flux power spectrum has also been employed to compare

simulation predictions with observations, to obtain constraints on the matter power

spectrum (Croftet al., 1998, 2002; Seljaket al., 2005; Zaroubiet al., 2006; Palanque-

Delabrouilleet al., 2013; Vielet al., 2013b; Iršičet al., 2017c). The statistic also helps

to decouple the various systematics, like the signal-to-noise and metals which tend to
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Figure 1.8: A comparison between the HI column density distribution predicted by the OWLS
simulations (red curve) with observations shown as symbols. The gap atNHI = 1017cm−2 sepa-
rates column densities probed by Lyα forest observations and high column density systems. The
red curve atNHI < 1017cm−2 is obtained from mock spectra by Voigt profile fitting with VPFIT.
The rest of the curve is obtained by projecting HI densities.

contribute to power at different scales.

In addition, there are several statistics which are derivedfrom H I absorption line fea-

tures (i.e. the column densityNHI and velocity width,bHI), by decomposing the spec-

trum into individual absorbers. Quantities which are widely studied are the CDDF, line

width distribution and number density of absorbers per unitredshift (Hui, Gnedin &

Zhang, 1997; Davéet al., 1997; Schayeet al., 2000; Schaye, 2001; Altayet al., 2011;

Kim et al., 2013; Boltonet al., 2017).

The CDDF (see Figure 1.8) is defined as the number of absorbersper unit HI column

density per unit path length,∂2N/∂NHI∂X. The statistic is sensitive to the density dis-

tribution of absorbers. Recently, it has been shown that hydrodynamical simulations

are in remarkable agreement with observations over the range of column densities

(NHI = 1013 − 1017cm−2) probed by Lyα forest (Altayet al., 2011; Rahmatiet al.,

2013). Mostly, the higher column density systems lie withinthe vicinity of galaxies,

which makes them a potential probe to study the impact of galactic feedback, specifi-

cally at lower redshifts (Davéet al., 2010; Vielet al., 2017a; Nasiret al., 2017).

An expression which relates the column density of typical absorber with its physical
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Figure 1.9: Top: The Lyα velocity width distribution atz = 2.1, from a number of hydrodynami-
cal simulations with different galactic feedback prescriptions, compared with observations by Kim
et al.(2013).Bottom:The simulated and observations relative to the reference model. Figure taken
from Boltonet al. (2017).

density and temperature was first suggested by Schaye (2001). The main assumption

is that the physical scale of these absorbers is the local Jeans scale.

NHI =
2.44 × 1012 cm−2

Γ−12

(

∆

10

)3/2 (

T

2 × 104/K

)−0.26 (

1 + z

1.1

)9/2

(1.8)

This relation encapsulates the key factors, determining the evolution of column den-

sity. For a constant ionising background, the physical density decreases due to Hubble

expansion, lowering the recombination rate and eventuallydecreasing the column den-

sity at a fixed density. Furthermore, an increase in the intensity of UVB lowers the

column density, by increasing ionised fractions. The CDDF extracted from hydro-

dynamical simulations can be compared with observations, to infer the intensity of

ionising background (Kollmeieret al., 2014; Shull, Danforth & Tilton, 2014).

Another statistic which is often encountered in Lyα forest studies is the PDF of the line

widths (see Figure 1.9),bHI (Davéet al., 1997; Tytleret al., 2009; Boltonet al., 2017).

This serves as a diagnostic to pinpoint any processes which can potentially broaden

the line profile either thermally or through turbulence. This includes thermal broaden-
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ing due to the instantaneous gas temperature, pressure smoothing, cosmic expansion

and additional thermal sources (Puchweinet al., 2012), such as HeII reionsation. The

absorption line features,NHI andbHI, can both be applied to infer the thermal state of

IGM (Schayeet al., 2000; Ricotti, Gnedin & Shull, 2000; Boltonet al., 2014).

In conclusion, simulations show a good agreement with the Lyα forest observations

at intermediate redshifts,z = 2–5, for the statistics I have discussed. However, our

understanding at lower or higher redshifts is far from complete. Next, I will discuss

the key questions which are vital to our complete understanding of IGM and Lyα forest

at these epochs.

1.7 The Lyα forest at high redshifts,z & 5

Our understanding of high redshift IGM is shaped by the process of reionsation. The

Lyα forest provides a rich avenue for studying the thermal and ionisation state of IGM

at these epochs. The main feature of the Lyα forest as observed in quasar spectra

is the large spatial variations in the transmitted flux at redshifts z & 5.5 (Songaila,

2004; Fanet al., 2006b), which serves as a lower constraint on the end of reionsation.

Interestingly, the Lyα opacity variations seen atz ∼ 6 (Beckeret al., 2015), cannot

be explained by simple models of reionsation, that assume a uniform or fluctuating

UVB with a constant mean free path. The potential solution lies in a combination of

variations in the mean free path, fluctuations in UVB driven by rare bright quasars and

variations in gas temperature, consistent with inhomogenous reionisation (D’ Aloisio,

McQuinn & Trac, 2015; Chardinet al., 2015; Chardin, Puchwein & Haehnelt, 2017)

The precise timing and history of reionsation remain poorlyconstrained to date. Due

to the complexity of the problem and the scarcity of measurements at higher redshifts,

several models remain consistent with the observations. Furthermore, the IGM serves

as a huge reservoir where energy is deposited during the process of reionsation by

photoheating. One way to measure this heat injection is by utilizing the sensitivity of

the line of sight transmitted flux power spectrum at small scales, atz ≃ 4–5 (Nasir,

Bolton & Becker, 2016; Oñorbeet al., 2017). A careful analysis of recent flux power

spectrum measurements and the hydrodynamical simulationscan translate this in to a
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constraint on the redshift of reionsation. The models and data are consistent with the

recent Planck results and a conventional reionsation scenario, driven by high redshift

galaxies (Oñorbeet al., 2017). See also Chapter 5 for more discussion.

1.8 The Lyα forest at low redshifts,z . 2

At lower redshifts, the cosmic expansion leads to a decreasein the physical density,

lowering the recombination rate, and a declining UVB due to the drop in number den-

sity of quasars (Davéet al., 2010). The Lyα forest becomes far more transparent at

z < 2, where absorption lines lie very near to the quasar continuum. The line of sight

effective optical depth atz ∼ 0, drops toτeff ≃ 0.015 (Kirkman et al., 2007; Danforth

et al., 2016).

The low redshift IGM is of great importance for our understanding of enrichment

mechanisms in the IGM and circumgalactic medium. At higher redshifts, most of

the baryons (∼ 80%) lie within the non-luminous IGM, in the form of diffuse pho-

toionised systems, observed through the Lyα forest (Davéet al., 1999; Shull, Smith &

Danforth, 2012). At low-redshift,z ≃ 0, they can be in a cool diffuse state or in the

form of the Warm Hot Ionised Medium (WHIM), reachingT > 105K, far beyond the

temperatures achieved through photoionisation, due to shock heating from structure

formation (Davéet al., 1999, 2010). The lower density and unshocked gas is mostly

observed through absorption lines seen in quasar spectra, such as HI and metal lines.

Importantly, the wavelength for the low redshift Lyα forest observations lie in the far-

ultraviolet band. Therefore, the observations are made possible primarily through a

series of space based instruments, mounted on the Hubble Space Telescope (HST).

The instruments like the Faint Object Spectrograph (FOS), the Space Telescope Imag-

ing Spectrograph (STIS), and recently, the Cosmic Origins Spectrograph (COS), have

supported low redshift absorption line studies for the pasttwo decades (Bahcallet al.,

1993; Weymannet al., 1998; Kirkmanet al., 2007; Tiltonet al., 2012; Danforthet al.,

2016).

The past studies have shown that galactic feedback can significantly increase the WHIM

fraction in the IGM, through feedback by supernovae and AGN (Cen & Ostriker, 2006;
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Davéet al., 2010; Tepper-Garcı́aet al., 2012). There is also a recent surge of studies to

understand the impact of galactic feedback processes, by comparing COS observations

with simulations, utilizing various feedback prescriptions (Gurvich, Burkhart & Bird,

2017; Vielet al., 2017a; Nasiret al., 2017). This usually involves a careful comparison

of various observed statistics to simulations.

1.9 Thesis overview

The aim of this thesis is to address some of the key science questions raised in this in-

troduction. Some of these are, the role of galactic feedbackin the low-redshift Lyα for-

est, the intensity of the ultra-violet background and the timing and nature of reionsa-

tion. I plan to address these queries using state-of-the arthydrodynamical simulations

of the Lyα forest and the various statistical quantities introduced in this chapter.

In Chapter 2, I present the comparison of key statistical properties of low redshift

Lyα forest simulations with COS observations. The main objective is to study the

impact of galactic feedback and different star formation methods in hydrodynamical

simulations of the Lyα forest. In Chapter 3, I discuss the numerical convergence of

these quantities from the simulations.

In Chapter 4, I discuss the potential of the Lyα forest power spectrum for constraining

the integrated thermal history of the IGM atz ≃ 5. I first establish its sensitivity to

pressure smoothing using the flux power spectrum and then a perform an Bayesian

analysis to obtain constraints on the integrated thermal history.

The objective of Chapter 5 is to obtain the first constraints on the integrated thermal

history of IGM using the Lyα forest flux power spectrum measurements from Viel

et al. (2013b). This is achieved by using new set of hydrodynamicalsimulations and

introducing improvements to the method in Chapter 4. I then discuss the implications

of the results in the context of constraining models of reionsation.

Finally, in chapter 6, I summarise and discuss potential future directions.



Chapter 2

The effect of stellar and AGN feedback

on the low redshift Lyman-α forest in

the Sherwood simulation suite

2.1 Introduction

The Lyα forest is an indispensable tool for probing the evolution and distribution of

gas in the intergalactic medium (see Meiksin, 2009; McQuinn, 2016, for reviews). At

intermediate redshifts (2 <
∼ z <

∼ 5), the majority of the intergalactic medium (IGM) by

volume is in the form of warm (T ∼ 104 K) diffuse gas that is kept photo-ionised by the

metagalactic ultraviolet background (UVB). The latest hydrodynamical simulations of

the IGM that model the Lyα forest of absorption produced by this gas are in very

good agreement with a wide range of spectroscopic data from optical, ground-based

telescopes (e.g. Boltonet al., 2017). However, at lower redshifts (z <
∼ 2), due to the

interplay between cosmic expansion, the growth of structure and the declining intensity

of the UVB, the Lyα forest thins out and becomes more transmissive (Danforthet al.,

2016). Byz ∼ 0 a significant fraction of the baryons in the IGM are in a collisionally

ionised, shock heated phase with temperaturesT ∼ 105–107 K (Cen & Ostriker, 1999).

In the present day Universe, the Lyα forest therefore traces less than one half of the

remaining diffuse gas in the IGM (Lehneret al., 2007; Shull, Smith & Danforth, 2012).
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Over the past two decades, the properties of Lyα absorption arising from the low red-

shift IGM have been studied with observations made by a series of space-based UV

spectrographs (Bahcallet al., 1993; Weymannet al., 1998; Janknechtet al., 2006;

Kirkmanet al., 2007; Willigeret al., 2010; Tiltonet al., 2012). Most recently, theCos-

mic Origins Spectrograph(COS, Greenet al., 2012), mounted on theHubble Space

Telescope(HST) has collected many more active galactic nuclei (AGN) spectra with

improved signal-to-noise, providing new opportunities for absorption line studies of

the low redshift Lyα forest (Shull, Danforth & Tilton, 2014; Danforthet al., 2016;

Pachatet al., 2016). Some of the key questions addressed by recent investigations are

related to the nature of these Lyα absorbers, and their relationship to the evolution

of the UVB and galactic feedback (see e.g. Davéet al., 2010; Tepper-Garcı́aet al.,

2012; Kollmeieret al., 2014; Shullet al., 2015; Khaireet al., 2016; Vielet al., 2017b;

Gurvich, Burkhart & Bird, 2017).

The mostly widely used measurements of Lyα absorbers atz < 2 are the column

density distribution function (CDDF), the velocity (Doppler) widths of the absorption

lines and the evolution of the absorption line number density with redshift. The CDDF

shape and normalisation is determined by the density distribution of absorbers and

the intensity of the UVB. The velocity width distribution provides constraints on the

gas temperature. Furthermore, both observables are in principle sensitive to galactic

feedback. In this context, hydrodynamical simulations have significantly aided our un-

derstanding and interpretation of these observational data (Rauchet al., 1997; Theuns,

Leonard & Efstathiou, 1998; Davéet al., 1999; Richter, Fang & Bryan, 2006; Paschos

et al., 2009; Oppenheimer & Davé, 2009; Davéet al., 2010; Rahmatiet al., 2013).

Of particular note is the recent comparison of the CDDF for Lyα absorbers atz ≃ 0.1

observed with COS (Danforthet al., 2016) to hydrodynamical simulations. Kollmeier

et al.(2014) reported that the UVB intensity needed to match the COS measurement of

the CDDF is a factor of five larger than predicted by empirically calibrated UVB mod-

els (Haardt & Madau, 2012, HM12). The claimed “photon underproduction crisis”

prompted further investigation into this apparent discrepancy. Large uncertainties in

the production rate of ionising photons by quasars and star forming galaxies, and pos-

sibly also the role of AGN feedback, have been suggested as the likely cause (Khaire
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& Srianand, 2015; Shullet al., 2015; Wakkeret al., 2015; Gurvich, Burkhart & Bird,

2017; Gaikwadet al., 2017a).

Viel et al. (2017b) (hereafter V17) also recently considered this problem using hydro-

dynamical simulations including Illustris (Vogelsbergeret al., 2014b) and a sub-set

of the Sherwood simulations (Boltonet al., 2017). They concluded the HM12 photo-

ionisation rate needed to be increased by a factor of two in the hydrodynamical simula-

tions to match the observed CDDF, smaller than the factor of five found by Kollmeier

et al.(2014). However, in contrast to other recent studies, V17 also focussed on the dis-

tribution of Lyα line velocity widths (see also Gaikwadet al., 2017b). V17 found that

the simulations struggled to reproduce the Lyα velocity width distribution atz ≃ 0.1,

producing line widths that were too narrow compared to the COS data. This was at-

tributed to gas in the simulations that was either too cold toproduce the observed line

widths, or too highly (collisionally) ionised to produce Lyα absorption due to vigorous

AGN feedback heating the gas toT > 105 K (particularly in the Illustris simulation).

V17 concluded that the Lyα line width distribution atz ≃ 0.1 is a valuable diagnostic

for models of feedback in the low redshift Universe.

The goal of the present chapter is to the extend the V17 analysis, and present in full the

low redshift (0 < z < 2) IGM models that V17 used from the Sherwood simulation

suite (Boltonet al., 2017). Following V17, we perform the same Voigt profile analysis

on the simulations and COS data to minimise potential biasesin the comparison due to

line fitting. This furthermore enables a detailed assessment of the effect that our stellar

and AGN feedback implementation has on the Lyα forest.

The contents of this chapter are published in Nasiret al. (2017). The chapter is or-

ganised as follows. In Section 2.2, we briefly describe the simulations used. In Sec-

tion 2.3, we compare the simulations to current observational data atz < 2 and as-

sess the impact of different galactic feedback prescriptions on the Lyα forest observ-

ables, including the the Lyα velocity width distribution. The physical origin of the

absorbers is examined in Section 2.4. Finally, we summariseour results in Section

2.5. Throughout this chapter we refer to comoving distanceswith the prefix “c”. The

cosmological parameters used throughout this chapter areΩm = 0.308, ΩΛ = 0.692,

h = 0.678, Ωb = 0.0482, σ8 = 0.829 andn = 0.961 consistent with the best fit
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Table 2.1: The hydrodynamical simulations used in this chapter. The first column uses the naming
conventionL-N-param. HereL is the box size in units ofh−1cMpc , N is the cube root of the total
number of gas particles and-paramis associated with the subgrid treatment of star formation and
feedback. Here−ps13 refers to the star formation and energy driven outflow model of Puchwein
& Springel (2013), while-ps13+agnalso includes AGN feedback based on Sijackiet al. (2007).
All other models instead convert all cold (T < 105 K), dense (∆ > 1000) gas into collisionless
particles. The remaining columns give the mass of each dark matter and gas particle inh−1M⊙
and the gravitational softening length inh−1ckpc. All simulations are performed toz = 0.

Name Mdm Mgas lsoft
[h−1M⊙] [h−1M⊙] [h−1ckpc]

80-512-ps13 2.75 × 108 5.10 × 107 6.25
80-512-ps13+agn 2.75 × 108 5.10 × 107 6.25

80-512 2.75 × 108 5.10 × 107 6.25
80-1024 3.44 × 107 6.38 × 106 3.13
80-256 2.20 × 109 4.08 × 108 12.50
40-512 3.44 × 107 6.38 × 106 3.13
20-256 3.44 × 107 6.38 × 106 3.13

ΛCDM + P lanck + WP + highL + BAO cosmological parameters (Planck Collab-

orationet al., 2014).

2.2 Methodology

2.2.1 Hydrodynamical simulations

The simulations used in this work are summarised in Table 2.1. These were performed

using P-GADGET-3, a modified version of the publicly available code GADGET-2

(Springel, 2005). The initial conditions were generated atz = 99 on a Cartesian grid

using the N-GENIC code (Springelet al., 2005b) using transfer functions generated by

CAMB (Lewis, Challinor & Lasenby, 2000). A detailed description of these models

may be found in the Sherwood overview paper (Boltonet al., 2017).

The photo-ionisation and photo-heating rates are calculated using a spatially uniform

UVB model for emission from star forming galaxies and quasars (Haardt & Madau,

2012) applied in the optically thin limit. A small increase to the HeII photo-heating

rate, ǫHeII = 1.7ǫHM12
HeII at 2.2 < z < 3.4 was applied to better match observational

measurements of the IGM temperature atz > 2 (Beckeret al., 2011). The ionised

fractions for hydrogen and helium are obtained assuming ionisation equilibrium. Metal
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line cooling is not included, although this is not expected to impact significantly on the

Lyα forest at the redshifts considered here (Tepper-Garcı́aet al., 2012). In five of the

simulations, gas particles with temperaturesT < 105K and densities∆ = ρ/〈ρ〉 >

1000 are converted into collisionless star particles (the QUICKLYA method, see Viel,

Haehnelt & Springel, 2004b) to speed up the calculation. We will show this choice

makes very little difference to Lyα forest systems at low column densities,NHI <

1014.5 cm−2, in our analysis. However, galactic winds and AGN feedback may have an

impact on high column density lines that probe the (circumgalactic) gas in the vicinity

of dark matter haloes. Therefore, two models that follow star formation and feedback

are included. The first model (80-512-ps13) includes energydriven galactic outflows

following Puchwein & Springel (2013). The star formation model is based on Springel

& Hernquist (2003), but assumes a Chabrier rather than Salpeter initial mass function

(IMF) and a galactic wind velocity that is directly proportional to the escape velocity

of the galaxy. These choices increase the available supernovae feedback energy by

a factor of two, as well as raising the mass-loading of winds in low-mass galaxies.

The second run (80-512-ps13+agn) also incorporates AGN feedback, again following

Puchwein & Springel (2013). This AGN feedback model is basedon Sijackiet al.

(2007). In the “quasar” mode, when accretion rates are above0.01 of the Eddington

rate, only0.5 per cent of the accreted rest mass energy is thermally coupled to the

surrounding gas. For lower accretion rates a more efficient coupling of AGN jets in the

“radio” mode is assumed and2 per cent of the rest mass energy is used for recurrently

injecting hot AGN bubbles.

The evolution of the low-density IGM thermal history atz < 2 in a sub-set of the sim-

ulations is displayed in Figure 2.1. This is parameterised as a power law temperature-

density (T − ∆) relation for the low density (∆ < 1–10) IGM, T = T0∆
γ−1. Here

∆ = ρ/〈ρ〉 is the gas density normalised by the background density,T0 is the gas tem-

perature at mean density andγ − 1 is the slope of the relation (Gnedin & Hui, 1998;

Upton Sanderbeck, D’Aloisio & McQuinn, 2016). Note that the80-512-ps13, 80-512-

ps13+agn and 80-512 models have very similar thermal histories; this suggests gas at

the mean background density is not strongly impacted by feedback. Additionally, by

comparing these models to the 80-1024 simulation (solid black line), it is clear that the

lower resolution simulations are not converged, with volume weighted temperatures
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Figure 2.1: Left: The redshift evolution of the volume weighted temperature at mean density,
T0 (upper panel) and slope of the power-law temperature-density relation,γ − 1 (lower panel),
whereT = T0∆

γ−1. The parameters are obtained from the volume weightedT − ∆ plane by
finding the mode of the gas temperature in bins of width0.02 dex atlog ∆ = 0 and−0.7. The
T0 data points with 1σ errors (red triangles) are inferred from IGM temperature measurements
at the characteristic density probed by the Lyα forest, T (∆̄), obtained by Boeraet al. (2014),
evaluated at theγ − 1 values predicted by the 80-1024 model. The same measurements scaled
to match the Beckeret al. (2011) effective optical depth are displayed as cyan squares (see text
for details). Theγ − 1 data points with1σ errors are from Schayeet al. (2000) (orange inverted
triangle) and Ricotti, Gnedin & Shull (2000) (green diamond). Right: The temperature at the
characteristic density probed by the Lyα forest,T (∆̄), for the same models overlaid with data
from Boeraet al. (2014) (top panel) and following recalibration to match theBeckeret al. (2011)
effective optical depth (bottom panel). The characteristic densities atz = [1.63, 1.82, 2.00] are
∆̄ = [5.13, 4.55, 4.11] (∆̄ = [7.65, 6.32, 5.38]) for the fiducial (recalibrated) Boeraet al. (2014)
temperature measurements.

at mean density∼ 800 K hotter in the 80-512 runs (further details may be found in

Chapter 3).

There are currently no detailed observational constraintson the temperature of the

low density IGM atz < 1.6, but there are a few measurements from optical data at

1.6 ≤ z ≤ 2. In the upper left panel of Figure 2.1 the red triangles show the IGM

temperature at mean density from Boeraet al. (2014). This study uses the curvature

of the Lyα forest transmitted flux to measure the gas temperature at thecharacter-

istic density,T (∆̄), probed by the Lyα forest absorption. We derive values forT0

from these data assuming theγ − 1 for the 80-1024 model shown in the lower left

panel, such thatT0 = T (∆̄)/∆̄γ−1. Additionally, the cyan squares display the Boera

et al. (2014) measurements obtained assuming the effective optical depth,τeff (where

τeff = − ln〈F 〉 and 〈F 〉 is the mean transmission in the Lyα forest), evolution used
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in an earlier curvature analysis performed by Beckeret al. (2011) (E. Boera, private

communication). The effective optical depth sets the characteristic gas density probed

by the Lyα forest, and this comparison gives an indication of the likely systematic un-

certainty inτeff arising from line of sight variance. For completeness, we also directly

compare the simulations to theT (∆̄) measurements in the right panel of Figure 2.1.

The measurements bracket all the simulations atz > 1.6. The models are also for-

mally consistent with the constraints onγ − 1 from Schayeet al. (2000) and Ricotti,

Gnedin & Shull (2000) shown in the lower left panel of Figure 2.1. These were ob-

tained from an analysis of the lower envelope of the column density – velocity width

plane obtained from Voigt profile fits to the Lyα forest, although the error bars on these

measurements are very large. Note also the simulations do not follow non-equilibrium

ionisation effects, and therefore produce a temperature-density relation slope that is

steeper by∆(γ−1) ∼ 0.1 atz = 1–2 compared to the recent study by Puchweinet al.

(2015).

In all cases the simulatedT0 monotonically decreases toward lower redshift as the IGM

cools due to adiabatic expansion, reaching∼ 4000 K by z = 0. The agreement with

measurements of the IGM thermal state at1.6 < z < 2 suggests the photo-heating rates

used in the UVB model are broadly correct at these (and higher) redshifts. Significantly

higher temperatures at mean density than those predicted bythe models atz < 1.6

would require an additional, unidentified source of heatingin the low density IGM.

2.2.2 Mock Lyα forest spectra

Mock Lyα forest spectra were obtained by extracting5000 lines of sight parallel to

each of the box axes on regularly spaced grids of502, 402 and302, each with2048 pix-

els. The HI Lyα optical depths,τα
HI, are obtained using the method described by The-

unset al. (1998) combined with the Voigt profile approximation described by Tepper-

Garcı́a (2006). The transmitted flux,F , in each pixel is thenF = e−τα
HI , and the effec-

tive optical depth evolution with redshift is averaged overall sight lines. In our analysis

we also make use of the fact that the pixel optical depths are inversely proportional to

the HI photo-ionisation rate,τα
HI ∝ Γ−1

HI . This enables the optical depths (and hence

the τeff evolution) to be rescaled to match different UVB models in post-processing
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Figure 2.2: Left: The redshift evolution of the effective optical depth,τeff , predicted by the hy-
drodynamical simulations. The evolution using the HM01 (red triple-dot dashed line) and Faucher-
Giguèreet al. (2009) (blue dashed line) UVB models for emission from star forming galaxies and
quasars are also shown for the rescaled 80-1024 model. The Lyα forest observations are from Kirk-
manet al. (2007), Kimet al. (2007) and Danforthet al. (2016). Right: The HI photo-ionisation
rate,Γ

−13 = ΓHI/10−13s−1, evolution with redshift for the HM12 (black solid line), HM01 (red
triple-dot dashed line) and Faucher-Giguèreet al. (2009) (blue dashed line) UVB models. The
observational measurements are from Scottet al. (2002); Kollmeieret al. (2014); Gaikwadet al.
(2017a); Vielet al. (2017b) and Fumagalliet al. (2017). The green dot-dashed line is the best-fit
from Shullet al. (2015).

(e.g. Rauchet al., 1997).

In Figure 2.2 (left panel), theτeff evolution for a variety of sub-grid physics and UVB

models are compared with Lyα forest observations. The results shown by the black

curves use the HM12 UVB model, whereas the red triple-dot dashed and blue dashed

curves are obtained by scaling the simulated optical depthsto match the HI photo-

ionisation rates in the earlier Haardt & Madau (2001, HM01) and Faucher-Giguère

et al. (2009) UVB models for emission from star-forming galaxies and quasars. The

evolution ofτeff in the 80-1024 model when using the HM01 UVB is in reasonable

agreement with observational measurements from Kirkmanet al. (2007) (except the

dip at z ≃ 1.4) and Kim et al. (2007) at1.7 < z < 2.0, but underpredictsτeff at

z < 0.4. In contrast, the fiducial HM12 UVB predictsτeff values that are too high,

particularlyz < 1.5; a closely related result was noted by Kollmeieret al.(2014) when

analysing the HI CDDF. None of the UVB models is able to reproduce aτeff evolution

that is in good agreement with the more recent COS data from Danforth et al. (2016)

at z ≤ 0.4. There is also a difference between these data and the measurements from

Kirkman et al. (2007) atz ∼ 0.4, possibly due to systematic differences in the mea-

surements and cosmic variance. The Faucher-Giguèreet al. (2009) UVB is closer to
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these data than HM12 atz < 0.5, but overpredictsτeff at all redshifts includingz = 2.

Interestingly, the differences between models with different feedback implementations

are small, indicating that it is the uncertain amplitude of the UVB rather than galac-

tic feedback that is largely responsible for this discrepancy (see also figure 1 in Davé

et al., 2010).

This is further illustrated in the right panel of Figure 2.2 where observational estimates

of the HI photoionisation rate,Γ−13 = ΓHI/10−13s−1, are compared to the three UVB

models. The measurements by Shullet al. (2015); Gaikwadet al. (2017a) and V17,

based on an analysis of the COS Lyα CDDF, are in mutual agreement and predict

photo-ionisation rates atz < 0.4 intermediate between HM01 and HM12. The value

proposed by Kollmeieret al. (2014) (cyan triangle) lies very close to the HM01 UVB

at z = 0.1. The red inverted triangles with large error bars display earlier constraints

on ΓHI obtained from the proximity effect by Scottet al. (2002). The blue rectangle

corresponds to the recent, independent constraint from Fumagalli et al. (2017) using

observations of Hα fluorescence from HI in a nearby galactic disk (see also Adams

et al., 2011).

Differing assumptions regarding the relative contributions of star forming galaxies and

quasars and their spectral shape are largely responsible for differences between existing

UVB models. Given these considerable differences, effortsto calibrate the HI photo-

ionisation rate to matchτeff and CDDF measurements atz < 0.4 (e.g. Khaire & Sri-

anand, 2015; Madau & Haardt, 2015), as well as renewed attempts to obtain measure-

ments ofΓHI in the redshift interval0.4 < z < 2, are desirable.

2.3 Voigt profile analysis

We now proceed to present the results of the Voigt profile analysis of our mock Lyα for-

est spectra. We fit lines at three redshifts,z = [0.1, 1, 1.6]. When comparing simula-

tions to each other or to data compilations that have a range of resolution and signal-

to-noise properties, the mock spectra are post-processed by convolving them with an

instrument profile with a Full Width Half Maximum (FWHM) of7 km s−1 and re-

binned to a pixel size of 3km s−1 . A uniform Gaussian distributed noise is added
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with a signal-to-noise of S/N= 50 per pixel. The mean transmission of the spectra

are rescaled to matchτeff = [0.012, 0.043, 0.086] at z = [0.1, 1, 1.6]. These values

correspond to the 80-1024 modelτeff evolution for the HM01 UVB for emission from

star forming galaxies and quasars, which is in good agreement with the Kirkmanet al.

(2007) and Kimet al. (2007)τeff measurements in the left panel of Figure 2.2.

The exception to this is when we directly compare the simulations to the V17 COS

measurements of the CDDF and the velocity width distribution at z = 0.1. In this

case, we follow V17 and convolve the spectra with the LF1 G130M COS line spread

function including scattering at wavelength1350 Å1. The spectra are rebinned to pixels

of ∼ 7.2 km s−1 and a Gaussian distributed signal-to-noise of S/N= 30 per resolution

element (or equivalently∼ 20 per pixel) is then added. The effective optical depth is

scaled toτeff = 0.021 (〈F 〉 = 0.979). This corresponds to the value V17 required to

match the observed CDDF in the range1013 ≤ NHI/cm−2 ≤ 1014.

The COS observations of the CDDF and velocity width distribution atz = 0.1 are as

described by V17; further details regarding the data reduction and AGN spectra can

also be found in Wakkeret al. (2015) and Kim et al. (in prep). The data comprises of

704 HI lines within column densities1012.5 ≤ NHI/cm−2 ≤ 1014.5 with a total redshift

path length of∆z = 4.991, covering the Lyα forest at0 < z < 0.2. The Voigt profile

fits are obtained using Lyα absorption only.

The fitting of Voigt profiles to the mock Lyα spectra is performed with VPFIT (Car-

swell & Webb, 2014), which deconvolves the (already convolved) mock spectra with

the instrument profile to obtain intrinsic line widths. Importantly, this approach matches

that used to fit the COS observational data atz = 0.1. A total path length of105h−1cMpc

is fitted for each model in segments of20h−1cMpc to obtain our simulated line lists.

All lines within 50 km s−1 of the start and end of each segment are ignored to avoid

spurious line fits due to edge effects. Finally, to estimate the sample variance in

the COS observational data, we adopt the approach of Rollinde et al. (2013) and

bootstrap resample the mock spectra with replacement over the observed path length

∆z = 4.991. The sampling is performed 1000 times over the total simulated path

length of105h−1 cMpc.

1http://www.stsci.edu/hst/cos/performance/spectral_resolution/

http://www.stsci.edu/hst/cos/performance/spectral_resolution/
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formation and energy driven winds (black solid curve) and with the addition of AGN feedback
(red dotted curve). The fourth model (80-1024) uses QUICKLYA but has increased mass resolu-
tion. The observational data points are from Danforthet al. (2016) (red triangles), Gaikwadet al.
(2017a) (orange circles) and V17 (cyan triangles). Only absorption lines with a relative error less
than 50 per cent on the column density are used. The lower panel shows the simulations and COS
observations relative to the reference model 80-512-ps13.The grey shaded areas display the sam-
ple variance estimate, corresponding to the 68 and 95 per cent confidence intervals when bootstrap
resampling over a redshift path length of∆z = 4.991.

2.3.1 The CDDF

Figure 2.3 displays the comparison between the CDDF, definedas the number of ab-

sorbers per unit log column density per unit redshift,f(NHI, z) = ∂2N/∂ log NHI∂z,

from the Sherwood models and the COS observations describedby V17 atz = 0.1

(see also figure 1 in V17). Note that only the 80-512-ps13+agnmodel was examined

in detail by V17; in this work we present a comparison of the additional Sherwood

models in which star formation, feedback and numerical resolution have been changed

while other parameters remain fixed. We also display the independent measurements

of the CDDF from Danforthet al. (2016) (red triangles) and Gaikwadet al. (2017a)

(orange circles), although we caution that differences in the line fitting methodologies

used in these studies will bias any direct comparison with our simulations.
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Figure 2.4: Upper panels: The Lyα forest column density distribution function atz =
0.1, 1, and 1.6. The models shown here are the same as in Figure 2.3, except now the spectra are
post-processed to have higher resolution (FWHM = 7 km s−1) and signal-to-noise (S/N ∼ 50).
Only lines with relative error less than 50 per cent on the column density are used.Lower panels:
The CDDF relative to the reference model, 80-512-ps13. The grey shaded area shows the Poisson
error for the reference model.

The simulations fail to capture the correct number of absorbers atNHI < 1013.2 cm−2,

by as much as a factor∼ 2 at1013 cm−2. Note that the simulations are well converged

with mass resolution – this may be assessed by comparing the 80-512 (blue dashed

curve) and 80-1024 (orange dot-dashed curve) models. However, the CDDF is very

sensitive to the signal-to-noise and spectral resolution at low column densities (cf. Fig-

ure 2.4 where S/N= 50 and FWHM=7 km s−1), and the observational data are incom-

plete atNHI < 1013 cm−2. This discrepancy therefore reflects differences between the

true noise on the data and the idealised, uniform noise addedto the mock spectra and is

probably not significant. In contrast, the agreement between the V17 data and simula-

tions at1013.2 < NHI/cm−2 < 1014 is within the2σ uncertainty from sample variance,

shown by the grey shading in the lower panel. AtNHI > 1014 cm−2, however, the

number of absorbers are underpredicted by a factor∼ 2 and the slope of the observed

CDDF is shallower than the simulated prediction. A similar discrepancy was present

in the recent analysis by Shullet al.(2015) using simulations performed with the Eule-

rian hydrodynamical codeENZO, as well as in the study by Gurvich, Burkhart & Bird

(2017) with the moving mesh code AREPO, suggesting this discrepancy is not unique

to P-GADGET-3 simulations. In contrast Gaikwadet al. (2017b) recently found better
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agreement with the CDDF atNHI > 1014 cm−2 using GADGET-2 adiabatic hydrody-

namical simulations post-processed to incorporate radiative cooling, photo-heating and

ionisation. Note, however, the effect of gas pressure on theH I distribution will not be

correctly captured in these models, complicating interpretation of this result.

Lastly, it is clear that the various feedback scenarios explored by the simulations im-

pact very little overall on the CDDF at low column densities,particularly atNHI <

1014 cm−2. Outflows have a similarly small impact on the low column Lyα forest at

z > 2; these systems are associated with the diffuse IGM rather than circumgalactic

gas (Theunset al., 2002b; Viel, Schaye & Booth, 2013a, and see Section 2.4). Any

differences between the feedback models are within the expected 1σ sample variance.

This is further emphasised in Figure 2.4 where we examine theLyα absorption sys-

tems at column densities1012.2 ≤ NHI/cm−2 ≤ 1017 at z = [0.1, 1.0, 1.6]. Note that

we adopt S/N= 50 per pixel and a instrument resolutionFWHM = 7 km s−1 here.

The lower panels display the residual with respect to the 80-512-ps13 model, and grey

shading shows the Poisson error. The QUICKLYA method (80-512, blue dashed-line)

agrees well with the more sophisticated sub-grid physics models for weak absorption

systems withNHI < 1013.5 cm−2 at z = 0.1 and NHI < 1014.5 cm−2 at z = 1.6.

However, higher column density lines are either underpredicted or absent relative to

the other models. Multi-phase star formation and stellar feedback (80-512-ps13, black

curve) results in a factor of 2-5 more absorption systems atNHI
>
∼ 1014 cm−2. A sim-

ilar result was noted by Boltonet al. (2017) for the CDDF at2 < z < 3, although

the HI column density threshold where QUICKLYA underpredicted the CDDF was

higher,NHI ≃ 1014.5−15 cm−2. The lack ofNHI
>
∼ 1014 cm−2 absorbers is in part be-

cause of missing cold dense gas in the QUICKLYA model, but also because winds

redistribute gas into the diffuse IGM and introduce peculiar velocities that can increase

the equivalent widths of the lines (Davéet al., 2010; Meiksin, Bolton & Tittley, 2015).

Finally, including AGN feedback in the Sherwood models yields similar results for

the CDDF relative to the stellar feedback only model, exceptat z = 0.1 where the

incidence of high column density systems is slightly lower (although the total number

of absorbers here is small). A stronger effect was noted by Gurvich, Burkhart & Bird

(2017), who found that the more vigorous AGN feedback in the Illustris simulation
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suppresses the CDDF atNHI = 1014–1015 cm−2 by a factor of two due to changes in

the density and temperature of the gas associated with theseabsorbers. The higher

temperatures reduce the Lyα opacity by lowering the radiative recombination rate and

(for T >
∼ 105 K) collisionally ionising the gas. In contrast, Tepper-Garcı́a et al. (2012,

see their figure C1) find stellar and AGN feedback have a negligible effect on the

CDDF atz = 0.25 using simulations drawn from the OWLS project (Schayeet al.,

2010). These differences likely reflect variations in the sub-grid physics, as the precise

impact of feedback will depend on how efficiently gas is ejected from dark matter

haloes.

In contrast to the present study, Tepper-Garcı́aet al. (2012) also found reasonably

good agreement with the HI CDDF measurement at1014 ≤ NHI/cm−2 ≤ 1014.5

from Lehneret al. (2007) based on an earlier compilation of FUSE (Far Ultraviolet

Spectroscopic Explorer, FWHM∼ 20 km s−1) and HST/STIS (Space Telescope Imag-

ing Spectrograph, FWHM∼ 7 km s−1) observations atz <
∼ 0.4. However, the mod-

els in Tepper-Garcı́aet al. (2012) underpredicted the incidence of saturated lines at

NHI ∼ 1014.5 cm−2; their Lyα only line fits underestimated the column density of these

absorbers since the Lehneret al. (2007) HST/STIS data are obtained from Lyα and

higher order Lyman lines. The Lehneret al. (2007) HI CDDF furthermore only in-

cludes absorbers with velocity widthsbHI < 40km s−1 and relative errors less than 40

per cent onNHI andbHI (i.e. figure 14 in Lehneret al., 2008). We have confirmed we

obtain similar agreement with the Lehneret al. (2007) CDDF measurements and our

simulations (forS/N = 50 and FWHM=7 km s−1) to that obtained by Tepper-Garcı́a

et al. (2012) when selecting only absorbers withbHI < 40 km s−1.

2.3.2 The velocity width distribution

We next turn to consider the distribution of Lyα line velocity widths,bHI. Figure 2.5

displays a comparison between the V17 COS measurements and simulations atz =

0.1. We again show the independent measurements from Danforthet al. (2016) (red

triangles) and Gaikwadet al. (2017a) (orange circles) for comparison. Overall, the

models slightly underpredict the incidence of broad lines at bHI = 40–60 km s−1 and

overpredict atbHI < 30km s−1 , although generally the data lie within the expected 95
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Figure 2.5: Left: The Lyα velocity width distribution atz = 0.1 after scaling the mock spectra
to a mean transmission〈F 〉 = 0.979. The observational data points are from Danforthet al.
(2016) (red triangles), Gaikwadet al.(2017a) (orange circles) and V17 (cyan triangles). Only lines
with NHI = 1013–1014 cm−2 and a relative error less than 50 per cent on the velocity widths are
included. The lower panel shows the simulations and COS observations relative to the reference
model 80-512-ps13. The grey shaded areas display the samplevariance estimate, corresponding to
the 68 and 95 per cent confidence intervals when bootstrap resampling over a redshift path length
of ∆z = 4.991. Right: As for left, but now for lines withNHI = 1013.5–1014 cm−2 are included.
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Figure 2.6: The Lyα forest velocity width distribution atz = 0.1, 1, and1.6. The curves are
as for Figure 2.4.Lower panels:The velocity width distribution relative to the reference model,
80-512-ps13. Only lines withNHI = 1013–1014 cm−2 and a relative error less then 50 per cent on
velocity widths are used. The grey shaded area shows the Poisson error for the reference model.
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1014 ≤ NHI/cm−2 ≤ 1017 (bottom-panel) are shown. The observational data points with Poisson
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Kim et al.(2013) (filled cyan circles, see text for details). The blue triangles show the 80-512-ps13
model rescaled to〈F 〉 = 0.979 at z = 0.1. The grey shaded area shows the Poisson errors for the
80-512-ps13 model.

per cent scatter arising from sample variance in the reference model. It is important to

note, however, that unlike the CDDF (where the effect of feedback is comparable to or

smaller than the effect of mass resolution) the line widths are not well converged with

mass resolution (see also Chapter 3 later). The distribution from the 80-1024 sim-

ulation (orange dot-dashed curve) differs significantly from the 80-512 model (blue

dashed curve), particularly atbHI
<
∼ 30 km s−1 , with a median value of30.8km s−1

(cf. 33.5km s−1 for the 80-512 model and36.2km s−1 for the COS data). Higher res-

olution simulations will therefore predict line widths that are narrower than observed.

As pointed out by V17, this suggests there may be additional physics that broadens the

absorption lines that is not incorporated into the simulations at present. Note however,

the difference between the simulations and the COS data atbHI
<
∼ 30 km s−1 , could

mostly be contributed to by the low column density systems. Since, such systems

are affected by resolution and signal-to-noise, we decidedto apply a cut onNHI, that
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NHI = 1013.5 − 1014.0 cm−2. The results are shown in the right panel of Figure 2.5.

We found formally the agreement with the data improves atbHI
<
∼ 20 km s−1 and at

bHI
>
∼ 40 km s−1 , but this is due to low number statistics. However, the discrepancy

still remains, as the simulations produce a systematicallynarrowerbHI distribution

compared to data.

We may nevertheless still examine the relative difference between the different feed-

back models. The incorporation of multi-phase star formation and supernovae-driven

winds (black curve) makes very little difference compared to the QUICKLYA model.

The addition of AGN feedback (red dotted curve) also has a small effect, increasing

the number of broad lines atbHI > 50 km s−1 with a median2 b-parameter35.3kms−1.

In comparison to earlier work, Davéet al. (2010) also reported a small difference of

∼ 1km s−1 in the medianbHI values predicted by their constant wind and momentum-

driven wind models atz = 0. However, their velocity widths are generally higher

then we find here, with a median value of∼ 43km s−1 . The mass resolution of their

simulations is around factor of two higher than this work (Mgas = 2.49 × 107h−1M⊙)

although performed in smaller volumes(48h−1 cMpc)3. This difference is therefore

most likely because Davéet al. (2010) do not deconvolve their Voigt profile fits with

the instrument profile (see the first paragraph in section 4 ofthat paper). Tepper-Garcı́a

et al. (2012) similarly find that AGN feedback produces a small increase in the typ-

ical Lyα line widths atz = 0.25 using the OWLS simulations, and report a median

b-parameter of29.4 km s−1 from mock spectra with FWHM=7km s−1 and a S/N= 50

per pixel. This is similar to the value of27.7km s−1 we obtain from our AGN feed-

back (80-512-ps13+agn) model using the same signal-to-noise and instrument resolu-

tion. As Tepper-Garcı́aet al. (2012) also use SPH simulations performed at slightly

lower mass resolution compared to this work (Mgas = 8.7 × 107h−1M⊙), their line

widths will be similarly under-resolved. More recently, Gaikwad et al. (2017b) also

found their simulated velocity width distribution predicts lines that are narrower than

the COS data. It is possible that the lack of any coupling between radiative cooling,

photo-ionisation and the hydrodynamical response of the gas in their simulations may

2This is consistent with V17, who reported an increase by roughly 2 km s−1 in the median b-

parameter when including AGN feedback. Note that V17 incorrectly reported this quantity as the peak

of the velocity width distribution rather than the median.
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exaggerate this difference further, however.

The impact of feedback on the velocity distribution atz = [0.1, 1.0, 1.6] is displayed

in Figure 2.6, for FWHM= 7 km s−1 andS/N = 50 per pixel. Again it is clear that the

velocity width distribution is not converged with mass resolution. By comparing the

80-1024 (orange dot dashed line) and 80-512 (blue dashed line) the line widths differ

significantly atbHI < 30 km s−1. This implies a comparison between simulations and

observations requires a mass resolution of at leastmgas ≃ 6 × 106h−1M⊙. However,

as for the CDDF, the simulations with varying sub-grid physics performed at the same

mass resolution are very similar. The only exception is atz = 0.1 when hot gas from

AGN feedback produces slightly broader lines.

2.3.3 The evolution of number density of absorbers

Lastly we examine the number of HI absorbers per unit redshift,dN/dz. Figure 2.7

displaysdN/dz for low (1013.1 ≤ NHI/cm−2 ≤ 1014, upper panel) and high (1014 <

NHI/cm−2 ≤ 1017, lower panel) column density absorbers, overlaid with a compila-

tion3 of observational data from Kimet al. (2013). In this instance we do not attempt

to match the resolution and signal-to-noise of the simulations to the data compilation,

which was obtained with a variety of instruments. We insteaduse FWHM= 7 km s−1

and S/N= 50 per pixel and assume the HM01 UVB for emission from star forming

galaxies and quasars. We also show the more recent COS measurements4 from Dan-

forth et al. (2016) at0 ≤ z ≤ 0.47. These are formally consistent with the earlier data

compilation atz ≤ 0.3, but with an increased incidence of lines at0.3 < z < 0.5. Note

also we use Lyα only fits for comparison to the observations, which may complicate

the comparison to the stronger, saturated lines with columndensities inferred using

higher order Lyman lines. We have therefore tested this by also directly integrating the

3The individual measurements are from Huet al.(1995); Luet al.(1996); Kimet al.(1997); Kirkman

& Tytler (1997); Savaglioet al. (1999); Kim, Cristiani & D’Odorico (2001); Sembachet al. (2004);

Williger et al. (2006); Aracilet al. (2006); Janknechtet al. (2006); Lehneret al. (2007); Willigeret al.

(2010).
4Note the Danforthet al. (2016) measurements in the upper panel of Fig. 2.7 are for theslightly

different column density range1013 ≤ NHI/cm−2 ≤ 1014, rather than1013.1 ≤ NHI/cm−2 ≤ 1014

used for the Kimet al. (2013) data compilation.
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H I number densities along the simulated sight-lines to obtaindN/dz (see also Gur-

vich, Burkhart & Bird, 2017). This procedure yields similarresults to the Voigt profile

fits.

The number of low column density Lyα forest absorbers (top panel) is not sensitive to

the differences in star formation and feedback prescriptions in the models. This is con-

sistent with the CDDF, where galactic winds and AGN feedbackdo not significantly

impact on the gas distribution at the low column densities that probe the diffuse IGM

(see also Davéet al., 2010). The simulations are in good agreement with the observa-

tional data atz > 1, but underpredict the number of weak lines atz = 0.1. To inves-

tigate this further, we have rescaled the mean transmissionin the 80-512-ps13 model

to 〈F 〉 = 0.979 at z = 0.1 (blue triangle), which V17 find provides a better match to

CDDF at1013 < NHI/cm−2 < 1014. The improved agreement again demonstrates this

discrepancy is due to the uncertain UVB amplitude; the HM01 model overpredicts the

H I photo-ionisation rate atz <
∼ 0.5.

In contrast to the low column density systems, the simulatedpredictions for higher

column density Lyα forest absorbers exhibit some differences with the choice of star

formation and feedback model atz < 1.5. The 80-512-ps13 model produces a factor

of ∼ 2 higherdN/dz relative to 80-512 atz ≃ 0, with the AGN feedback intermediate

between the two. However, all models fail to reproduce the observational data atz ≤

1.5. Rescaling the mean transmission atz = 0.1 slightly improves agreement but does

not remove the discrepancy. In combination with the CDDF, this strongly suggests the

simulations are not correctly capturing the saturated Lyα absorption systems that are

still optically thin to Lyman continuum radiation.

2.4 Identifying the gas responsible for low redshift Lyα for-

est absorbers

In order to more closely examine the physical origin of the absorption in our models

and assess the effect of feedback, we consider the typical temperature and density of

gas in the QUICKLYA model (80-512) and the Puchwein & Springel (2013) energy
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Table 2.2: A comparison of baryon phases in the simulations with different treatments for cold, dense gas and feedback atz = 0 , 0.1 and1.6 where∆th = 97.2, 65.9

and62, respectively. The percentage of the total gas mass is divided into four categories following Davéet al. (2010).

Name Model Diffuse WHIM Hot Halo Condensed Stars

∆ < ∆th, T < 105K ∆ < ∆th, T > 105K ∆ > ∆th, T > 105K ∆ > ∆th, T < 105K

z = 0.1 80-512 36.5 21.3 17.1 0.9 24.2

80-512-ps13 36.6 24.3 22.4 9.1 7.7

80-512-ps13+agn 36.5 36.9 20.0 3.3 3.3

z = 1.0 80-512 51.7 15.4 12.6 1.9 18.4

80-512-ps13 51.9 17.0 16.3 10.6 4.3

80-512-ps13+agn 51.6 19.2 17.7 8.5 3.0

z = 1.6 80-512 61.8 11.3 8.9 2.8 15.1

80-512-ps13 62.0 12.3 11.3 11.5 2.8

80-512-ps13+agn 62.0 12.7 11.7 11.1 2.4
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Figure 2.8: Upper panel: The optical depth weighted normalised gas density against the
H I column density for simulations with different prescriptions for feedback atz = 0.1 (from
left to right, QUICKLYA, stellar feedback and stellar+agn feedback). The colours display the
median velocity widths of the absorbers in each cell, and theblack contours enclose 50, 75 and 90
per cent of total number of absorbers. Only data points with relative errors on the velocity widths
and HI column densities less then 50 per cent are shown. The red dashed line shows the analytical
model of Schaye (2001), evaluated at the gas temperature andH I photo-ionisation rate used in the
simulation (see Eq. 2.1).Lower panel:The optical depth weighted gas temperature against the
Lyα velocity widths,bHI. The colours now correspond to the median HI column density in each
cell and the red dashed line shows the relationship betweenT andbHI for pure thermal broadening,
given by Eq. (2.2).

driven winds model with (80-512-ps13+agn) and without (80-512-ps13) AGN feed-

back. We have divided the gas into four categories based on temperature,Tth = 105 K,

and normalised density thresholds,∆th, following Davéet al. (2010). These are i) dif-

fuse gas (∆ < ∆th, T < 105K) ii) the warm-hot IGM (WHIM,∆ < ∆th, T > 105K)

iii) hot halo gas (∆ > ∆th, T > 105K, and iv) condensed gas (∆ > ∆th, T < 105K).

In Table 2.2, the percentage of the total baryon mass in each category is shown at

z = 0.1, 1 and1.6 where∆th = 97.2, 65.9 and62, respectively (here∆th is computed

using equations 1 and 2 in Davéet al., 2010). We have also included the percentage of

gas that has been converted into collsionless star particles.

The redshift evolution of gas in the diffuse phase is very similar for all models, with no

noticeable difference due to feedback. This diffuse gas follows a power law temperature-

density relationship,T = T0∆
γ−1 (see Figure 2.1). However, there is a significant in-
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crease in the mass fraction in the WHIM for the model with AGN feedback atz = 0.1,

with a corresponding decrease in the condensed phase fraction and stellar mass. In-

cluding multi-phase star formation and stellar feedback produces more gas in the hot

halo and condensed phases compared to the QUICKLYA model atz = 0.1. In con-

trast, the QUICKLYA model produces significantly more starsat z ≤ 1 and – while

capturing the diffuse IGM reasonably well – will produce unreliable results for gravi-

tationally bound gas at∆ > ∆th.

The mass fractions for the 80-512-ps13 model are broadly similar to the “vzw” mo-

mentum driven winds model described in Davéet al. (2010), with slightly more (∼ 5

per cent) gas in the dense phases with∆ > ∆th. There is also reasonable agree-

ment between the 80-512-ps13 model and the post-processed adiabatic simulations

described by Gaikwadet al. (2017a) atz = 0, with around 4 per cent more (less) gas

in the WHIM (hot halo) phase. This suggests the bulk of the hotgas withT > 105 K

in the models without AGN feedback is produced by gravitational infall. The largest

difference is the condensed phase which contains 18.8 per cent of the mass atz = 0

in Gaikwadet al. (2017a); this is because dense gas is not converted into stars in their

adiabatic simulations.

The connection between the density and temperature of the gas and the column density

and velocity widths of the Lyα absorbers atz = 0.1 is summarised in Figure 2.8. Along

each simulated line of sight we have computed the optical depth weighted temperature,

Tτ , and density,∆τ , whereXτ,j =
∑

i τi,jXi/
∑

i τi,j andτi,j is optical depth at theith

pixel in real space contributing to thejth pixel in velocity space (Schayeet al., 1999).

We then associateTτ and ∆τ with NHI and bHI at the location of the line centres

identified by VPFIT. This approach takes redshift space distortions due to the peculiar

motion of the gas into account. As before, following V17 we only consider systems

with relative errors less then 50 per cent onbHI andNHI.

The top panel of Figure 2.8 displays the relationship between NHI and∆τ in the simu-

lations. The data are coloured according to their velocity widths. The red dashed line

shows the power-law relationship betweenNHI and ∆ predicted by Schaye (2001),

assuming the typical size of an HI absorber is the local Jeans scale:
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NHI =
2.44 × 1013 cm−2

Γ−13

(

∆

10

)3/2 (

T4

2

)−0.26 (

1 + z

1.1

)9/2

. (2.1)

HereΓ−13 = ΓHI/10−13 s−1 is the HI photo-ionisation rate (whereΓ−13 = 0.78 at

z = 0.1 in the 80-512-ps13 simulation for〈F 〉 = 0.979) andT4 = T/104 K is the gas

temperature.

This provides a good description of the scaling between gas density and HI column

density (see also Davéet al., 1999, 2010; Tepper-Garcı́aet al., 2012). The majority of

the absorption lines atNHI = 1013–1014 cm−2 correspond to gas densities∆ = 4–40 in

the simulations (V17), with typical velocity widths ofbHI = 20–40 km s−1. In all mod-

els there are a small number of broad lines,bHI > 40 km s−1, with column densities

NHI = 1012.5–1013.5 cm−2 that are associated with hotT ∼ 105 K gas in the WHIM

with ∆ ≃ 1–100 (see also Tepper-Garcı́aet al., 2012). The effect of feedback on the

diffuse, low column density gas is rather subtle; there are slightly more broad lines

lying above theNHI − ∆τ correlation for the AGN feedback model, consistent with

additional heating. Although there is significantly more hot gas in the WHIM by mass

at z = 0.1 when including AGN feedback, much of this is also collisionally ionised.

In all instances, however, the higher column density systems,NHI > 1014 cm−2 corre-

spond to gas densities at∆ >
∼ 20. The simulations fail to correctly capture the number

density of these systems, some of which are at densities associated with circumgalactic

gas.

The lower panel in Figure 2.8 shows the corresponding valuesof Tτ at the line centres

against the velocity widths. The red dashed line displays the expected velocity width

under the assumption of pure thermal broadening:

bHI = 18.2 km s−1

(

T4

2

)1/2

. (2.2)

In general, although the minimum line widths trace the expectation for thermal broad-

ening, most of the absorbers are significantly broader, particularly for low column

density lines originating from low density gas (see also Garzilli, Theuns & Schaye,

2015, for a recent discussion atz ∼ 3). Many of the absorbers are therefore broadened

through the additional effects of gas pressure (i.e. Jeans smoothing). The absorbers
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with NHI = 1013–1014 cm−2 are associated with gas with a broad range of tempera-

tures, but most are in the rangeT = 104–104.5 K. The velocity widths of these lines

remain too narrow with respect to the COS data. Again, the effect of stellar and AGN

feedback on the temperature of the absorbers is small.

2.5 Conclusions

We have investigated the impact of different feedback prescriptions on the properties

of the low redshift Lyα forest, using a selection of hydrodynamical simulations drawn

from the Sherwood simulation suite. The simulations adopt stellar feedback, AGN

feedback and a simplified scheme for modelling the low columndensity Lyα forest

that converts all gas with∆ > 1000 andT < 105 K into collisionless star particles.

We have examined the CDDF, velocity width distribution, theredshift evolution in the

line number density,dN/dz, and the relationship between the column density, velocity

widths, and the underlying gas density and temperature.

Our analysis confirms the finding by V17 that the velocity widths of simulated Lyα ab-

sorption lines with gas densities∆ = 4–40 are too narrow when compared with COS

data. We also stress that this difference will be exacerbated further for simulations

performed at higher mass resolution than considered here; the line widths are under-

resolved at our fiducial resolution ofMgas = 5.1 × 107h−1M⊙ (see also Chapter 3).

We also find that absorbers with column densitiesNHI > 1014 cm−2, which correspond

to gas with∆ >
∼ 20 in our simulations, are underestimated, in agreement with earlier

work (Shullet al., 2015; Gurvich, Burkhart & Bird, 2017).

On the other hand, using simulations that vary the feedback prescription while keeping

other parameters fixed, we find that the impact of galactic winds and AGN feedback

is generally very modest. AGN feedback only impacts on the Lyα absorbers at very

low redshift,z = 0.1, by producing some broader lines and slightly reducing the in-

cidence of systems withNHI > 1014cm−2 with respect to a model with only stellar

feedback. There is no noticeable impact on the CDDF due to stellar or AGN feedback

at NHI < 1014 cm−2. Furthermore, we find a simplified scheme that ignores feedback

and star formation altogether adequately capture the properties of absorption lines with
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NHI < 1014 cm−2, although the incidence of stronger systems is underestimated com-

pared to models that include feedback. Similarly, the Lyα line number density and

its evolution with redshift,dN/dz, is in good agreement with observational data for

low column density systems,1013.1 ≤ NHI/cm−2 ≤ 1014, once the amplitude of the

UVB is rescaled to match the CDDF. In contrast, for high column density systems,

1014 ≤ NHI/cm−2 ≤ 1017, the simulations underpredict the incidence of absorbers at

z = 0.1 andz = 1 by a factor of≃ 2.2 and3, respectively.

This demonstrates that stellar and AGN feedback – as currently implemented in our

simulations – have a limited impact on the Lyα forest. We conclude that resolving

the discrepancy between COS data and the simulations requires an increase in the

temperature of gas with∆ = 4–40, either through (i) additional HeII photo-heating

at z > 2, (ii) additional fine-tuned feedback that ejects overdensegas into the IGM

at just the right temperature for it to still contribute significantly to the Lyα forest or

alternatively (iii) a larger, currently unresolved turbulent component to the line widths

(Oppenheimer & Davé, 2009; Iapichino, Viel & Borgani, 2013; Gaikwadet al., 2017b).

Note, however, the first possibility would require a UVB witha harder spectrum at

z > 2, potentially producing gas temperatures that are too high with respect to existing

observational constraints from the Lyα forest at1.6 ≤ z ≤ 3 (Beckeret al., 2011;

Boeraet al., 2014; Boltonet al., 2014). Our results provide further motivation for

studying the impact of state-of-the-art feedback models onthe properties of the low

redshift Lyα forest.



Chapter 3

Resolving the Lyα forest in

hydrodynamical simulations at

redshifts z < 2

In this chapter, the numerical convergence of various statistical properties of the low

redshift (z ≤ 2) Lyα forest in the Sherwood simulation suite is presented. Most of the

quantities are introduced in Chapter 2, and majority of thischapter is published as an

appendix in Nasiret al.(2017). The aim is to quantify the uncertainties imposed by the

hydrodynamical simulations due to mass resolution and box size on these statistical

quantities, which are widely used in the Lyα forest absorption line studies. Similar

recent studies at higher redshifts,2 < z < 5 can be found in Lukićet al. (2015) and

Boltonet al. (2017)

The outline of the chapter is as follows. In Section 3.1, the results of the Voigt pro-

file fitting analysis are discussed, which is complementary to the results presented in

Chapter 2. Furthermore, the convergence for the effective optical depth, flux proba-

bility distribution function (PDF) and flux power spectrum are shown in Section 3.2.

Finally, the gas temperatures are presented in Section 3.3.The simulations used in this

chapter are listed in Table 3.1.
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Table 3.1: The hydrodynamical simulations used in this chapter. The first column uses the naming
conventionL-N-param. HereL is the box size in units ofh−1cMpc andN is the cube root of the
total number of gas particles. The remaining columns give the mass of each dark matter and gas
particle inh−1M⊙ and the gravitational softening length inh−1ckpc.

Name Mdm Mgas lsoft
[h−1M⊙] [h−1M⊙] [h−1ckpc]

80-512 2.75 × 108 5.10 × 107 6.25
80-1024 3.44 × 107 6.38 × 106 3.13
80-256 2.20 × 109 4.08 × 108 12.50
40-512 3.44 × 107 6.38 × 106 3.13
20-256 3.44 × 107 6.38 × 106 3.13
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Figure 3.1: The Lyα forest CDDF atz = 0.1, 1, and1.6. Convergence with mass resolution for
a fixed box size of80h−1cMpc is displayed. Only column densities with a relative error less than
50 per cent are used. The lower panel displays the models withrespect to the reference model
80-1024. The grey shaded areas are the Poisson errors on the reference model.

3.1 Voigt profile fitting

First, the convergence with mass resolution and box size forthe line fitting results

from Chapter 2 are examined. A signal-to-noiseS/N = 50 per pixel and FWHM of7

km s−1 is assumed. The Lyα CDDF and velocity width distribution atz = [0.1, 1, 1.6]

are displayed through Figures 3.1-3.4.

As shown in Figure 3.1-3.2, the CDDF is well converged with mass resolution and box

size within the range1012.7 ≤ NHI/cm−2 ≤ 1014. However, atNHI > 1014 cm−2

(NHI < 1012.7 cm−2) the number of lines are over (under) estimated at lower mass

resolution. This suggests that numerical resolution is unlikely to be the cause of the

discrepancy between the COS observations and our simulations atNHI > 1014 cm−2
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Figure 3.2: As for Figure 3.1, but now convergence with box size for a fixedmass resolution of
Mgas = 6.38 × 106h−1M⊙ is displayed.
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Figure 3.3: The Lyα velocity width distribution atz = 0.1, 1, and 1.6. Convergence with
mass resolution for a fixed box size of80h−1cMpc is displayed. Only lines withNHI = 1013–
1014 cm−2 and a relative error less than 50 per cent on the velocity widths are used. The lower
panel displays the models with respect to the reference model 80-1024. The grey shaded areas are
the Poisson errors on the reference model.

(see Chapter 2).

For comparison, Tepper-Garcı́aet al. (2012) also report that the HI CDDF is well

converged using the OWLS simulations atz = 0.25. They found that the HI CDDF is

well converged within the range1012.5 ≤ NHI/cm−2 ≤ 1014 for a mass resolution of

Mgas = 8.7 × 107h−1M⊙ .

However, in Figure 3.3, it is clear that mass resolution significantly impacts on the

velocity width distributions, with line widths that are systematically overestimated at

our fiducial resolution ofMgas = 5.1 × 107h−1M⊙ (80-512). A mass resolution of at
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Figure 3.4: As for Figure 3.3, but now convergence with box size for a fixedmass resolution of
Mgas = 6.38 × 106h−1M⊙ is displayed.

leastMgas = 6.4× 106h−1M⊙ is required for an acceptable level of convergence. This

means the discrepancy between the COS observations of the velocity width distribution

in Chapter 2 will be even larger for higher resolution simulations. The Lyα line width

distribution is generally well converged with box size, as shown Figure 3.4, with the

exception of lines atbHI < 20km s−1 in the20h−1 cMpc box. Again, similar results

are reported by Tepper-Garcı́aet al. (2012).

3.2 Transmitted flux statistics

The convergence of the effective optical depth,τeff , atz ≤ 2 is displayed in Figure 3.5.

The τeff is converged within∼ 2% with box size and∼ 5% with mass resolution for

the fiducial 80-512 model.

The transmitted flux PDF obtained from the simulations are shown through Figure 3.6-

3.7. Figure 3.6 shows the convergence of the flux PDF with massresolution. The

PDF is converged within20% for the 80-512 model and is slightly better converged at

z = 1.6, where proportionally more of the absorption is due to gas atmean density.

The convergence with box size (Figure 3.7) is at∼ 5% level.

The convergence of the transmitted flux power spectrum with box size and mass reso-

lution is presented in Figures 3.8 and 3.9. The flux power spectrum shows convergence

up to∼ 5% with box size as shown in Figure 3.8. Note that the differenceat low k-
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Figure 3.5: The effective optical depth relative to the reference model80-1024 against redshift.
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Figure 3.6: The PDF of the Lyα transmitted flux atz = 0.1, 1, and1.6. Convergence with mass
resolution for a fixed box size of80h−1cMpc is displayed. The lower panel displays the models
with respect to the reference model 80-1024.
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Figure 3.7: As for Figure 3.6, but now convergence with box size for a fixedmass resolution of
Mgas = 6.38 × 106h−1M⊙ is displayed.
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Figure 3.8: The power spectrum of transmitted flux at three different redshifts indicated in each
panel. Here each plot gives convergence with box size for fixed mass resolutionMgas = 6.38 ×
106h−1M⊙. The lower panel displays the models with respect to the reference model 80-1024.

scales is due to difference, in the box size and hence the maximum physical scale that

can be probed by the models. By contrast, the flux power spectrum shows convergence

up to20 − 30% with mass resolution at scaleslog k/(km−1 s) < −0.5, for the fiducial

model as shown in Figure 3.9.

3.3 Temperature and slope ofT − ∆ relation

Finally, Figure 3.10 and Table 3.2 display convergence tests for the volume weighted

IGM thermal state with box size and mass resolution. The results are well converged
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Figure 3.9: As for Figure 3.8 but now convergence with mass resolution isdisplayed for a fixed
box size of 80h−1cMpc . The lower panel displays the models with respect to the reference model
80-1024.
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Table 3.2: A comparison of baryon phases in the simulations showing models with different box size and mass resolution atz = 0 , 0.1 and1.6 where∆th = 97.2, 65.9

and62, respectively. The percentage of the total gas mass is divided into four categories following Davéet al. (2010) (see also Chapter 2).

Name Model Diffuse WHIM Hot Halo Condensed Stars

∆ < ∆th, T < 105K ∆ < ∆th, T > 105K ∆ > ∆th, T > 105K ∆ > ∆th, T < 105K

z = 0.1 80-1024 35.0 20.1 15.3 0.7 28.8

80-512 36.5 21.3 17.1 0.9 24.2

80-256 39.7 22.6 20.0 1.2 16.6

40-512 34.6 20.5 15.3 0.8 28.8

20-256 35.3 19.4 15.2 0.7 29.3

z = 1.0 80-1024 49.6 14.5 11.1 1.6 23.2

80-512 51.7 15.4 12.6 1.9 18.4

80-256 55.4 16.4 14.9 2.1 11.2

40-512 49.2 15.0 11.1 1.5 23.2

20-256 49.7 13.5 11.5 1.6 23.7

z = 1.6 80-1024 59.3 10.7 7.7 2.3 20.0

80-512 61.8 11.3 8.9 2.8 15.1

80-256 65.7 12.3 10.6 2.9 8.4

40-512 58.9 11.1 7.8 2.2 19.9

20-256 59.2 10.2 7.9 2.3 20.4
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with box size, but demonstrate the temperature of the IGM at mean density is overesti-

mated by10–20 per cent at our fiducial resolution (80-512). Although not shown, the

mass weightedtemperature obtained from the gas particles is well converged with mass

resolution, suggesting this difference originates from the larger smoothing lengths used

in the lower resolution models. Additionally, we observe from Table 3.2 that as mass

resolution is increased using the QUICKLYA model, a greaterproportion by mass of

the baryons are converted to collisionless star particles.Note, however, this is already

a significant overestimate, and the results of the QUICKLYA model will be unreliable

for gas at∆ > ∆th.

3.4 Conclusions

In this chapter, the numerical convergence of various statistical quantities of the low

redshift (z ≤ 2) Lyα forest in the Sherwood simulations suite is presented. The CDDF

is well converged for low density absorbers (NHI > 1012.7cm−2) with mass resolution

and box size, except atNHI > 1014cm−2. By contrast, the mass resolution has a

noticeable impact on the velocity widths, significantly overestimating the line widths

at lower mass resolution.

The Lyα effective optical depth,τeff , shows excellent convergence within∼ 2% with

box size and∼ 5% with mass resolution for our fiducial simulation (80-512). The flux

PDF is converged within 20% for mass resolution and 5% for boxsize. The flux power

spectrum shows convergence up to∼ 5% with box size but within30% level with mass

resolution at scaleslog k/(km−1 s) < −0.5.

In conclusion, resolving the Lyα forest atz < 2, requires a box size of 80h−1cMpc and

a gas mass resolution ofMgas ≤ 6.38×106h−1M⊙, particularly for modelling the line

widths and the flux power spectrum at scaleslog k/(km−1 s) < −0.5. This suggests

that the discrepancy between the Lyα forest line widths atz ∼ 0.1 measured by COS

and numerical simulations will only be exacerbated with higher resolution models.



Chapter 4

Inferring the IGM thermal history

during reionisation with the Lyman- α

forest power spectrum at redshift

z ≃ 5

4.1 Introduction

The intergalactic medium (IGM) probed by the Lyα forest of absorption lines is a

valuable cosmic laboratory for studying the thermal and ionisation history of the Uni-

verse at redshiftsz ≤ 7. Observations of intergalactic absorption lines in high redshift

quasar spectra indicate the first luminous sources had reionised the neutral hydrogen

by 5.5 ≤ z ≤ 7 and photo-heated the IGM to∼ 104 K (Becker, Bolton & Lidz, 2015).

The recently updated Thomson scattering optical depth reported by the Planck Collab-

orationet al. (2016b) is furthermore consistent with an instantaneous reionisation at

zre = 8.8 ± 0.9. In combination with other, complementary observations, these ob-

servations translate to an HI reionisation era that may have started as early as redshift

z ∼ 12 and ended byz = 5.5–6 (Robertsonet al., 2015; Bouwenset al., 2015; Mitra,

Choudhury & Ferrara, 2015).

Despite this progress, details regarding the precise timing and duration of reionisa-
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tion remain elusive. One possible approach to clarifying this situation is measuring

the energy deposited into the low density IGM by photo-heating during reionisation

(Miralda-Escudé & Rees, 1994). At a redshift interval∆z ≃ 1–2 after reionisation

the temperature of the low density (∆ = ρ/ρ̄ ≤ 10) IGM traced by the Lyα forest is

expected to follow a power law relationship,T = T0∆
γ−1, parameterised in terms of

the temperature at the mean cosmic gas density,T0, and a slope,γ − 1 (Hui & Gnedin,

1997; McQuinn & Upton Sanderbeck, 2016). This temperature-density relation has

been measured using a wide variety of techniques over the last two decades. These

include analysing the velocity (Doppler) widths of Lyα absorption lines (Haehnelt &

Steinmetz, 1998; Schayeet al., 2000; Ricotti, Gnedin & Shull, 2000; McDonaldet al.,

2001; Rudie, Steidel & Pettini, 2012; Boltonet al., 2012, 2014), the suppression of

small-scale power in the Lyα forest flux power spectrum (Zaldarriaga, Hui & Tegmark,

2001; Croftet al., 2002; Zaroubiet al., 2006; Vielet al., 2013a), the probability dis-

tribution of wavelet amplitudes (Meiksin, 2000; Theuns & Zaroubi, 2000; Zaldarriaga,

2002; Lidzet al., 2010; Garzilliet al., 2012), the probability distribution of the trans-

mitted Lyα forest flux (Lidzet al., 2006; Boltonet al., 2008; Caluraet al., 2012; Lee

et al., 2015), and the curvature of the Lyα forest transmission (Beckeret al., 2011;

Boeraet al., 2014, 2016). The common element to almost all these studiesis that they

rely on mock Lyα forest spectra – typically drawn from cosmological hydrodynamical

simulations – that can be compared directly to the observational data.

The bulk of these measurements are at redshiftsz < 4 where high quality spectroscopic

data are most readily available. These provide a valuable probe of photo-heating during

the epoch of (likely quasar driven) HeII reionisation aroundz ≃ 3 (McQuinn et al.,

2009; Compostella, Cantalupo & Porciani, 2014; Puchweinet al., 2015). Importantly,

however, the long cooling timescale of the low density IGM enablesT0 measurements

at z ≃ 5 − 6 to be used as a probe of HI reionisation atz > 6 (Haehnelt & Steinmetz,

1998; Theunset al., 2002a; Hui & Haiman, 2003; Trac, Cen & Loeb, 2008; Cenet al.,

2009; Furlanetto & Oh, 2009; Lidz & Malloy, 2014; D’ Aloisio,McQuinn & Trac,

2015). Indeed, recent studies have demonstrated observational measurements ofT0 at

z = 5–6 are inconsistent with rapid (∆z ≃ 2) late HI reionisation occurring atz <
∼ 8

(Raskuttiet al., 2012; Upton Sanderbeck, D’Aloisio & McQuinn, 2016), although note

this inference also depends on the typical spectral shape ofthe ionising sources during
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reionisation.

A wide range of reionisation scenarios therefore remain consistent with these data, and

their constraining power remains relatively limited. Furthermore, the absorption fea-

tures in the Lyα forest are not only sensitive to the instantaneous thermal state of the

gas set by the Doppler broadening of the lines in velocity space. The absorbing gas

is also smoothed out in physical space by the increased gas pressure following reioni-

sation, leading to additional broadening of the absorptionfeatures (i.e. Jeans smooth-

ing, Gnedin & Hui, 1998; Hui & Rutledge, 1999; Theuns, Schaye& Haehnelt, 2000;

Peepleset al., 2010; Kulkarniet al., 2015; Garzilli, Theuns & Schaye, 2015). The

long dynamical timescale for low density intergalactic gas(comparable to a Hubble

time, e.g. Schaye, 2001) means the precise degree of this pressure induced smoothing

depends on the prior thermal (and hence reionisation) history. Consequently, the de-

generacy between the Doppler broadening associated with the instantaneous gas tem-

perature and the uncertain degree of pressure smoothing in the low density IGM is an

important systematic for measurements ofT0 using the Lyα forest. It is furthermore

a nuisance parameter when attempting to measure cosmological parameters and probe

the nature of dark matter with the Lyα forest power spectrum (McDonaldet al., 2006;

Zaroubiet al., 2006; Vielet al., 2013a; Palanque-Delabrouilleet al., 2015).

Analysis of the typical coherence scale of Lyα absorption transverse to the line of

sight utilising close quasar pairs provides a promising wayto directly measuring the

pressure smoothing scale atz ≃ 2–3 (Rorai, Hennawi & White, 2013). However, the

limited number of close pairs currently known at higher redshift prevents this method

from being used atz ≃ 5, approaching the epoch of HI reionisation. The line of

sight power spectrum of the transmitted flux atz ≃ 5 – a quantity widely studied at

lower redshifts – provides a potential alternative. In common with other temperature

diagnostics, the power spectrum is sensitive toboththe instantaneous temperature and

the prior thermal history. These smoothing scales may be disentangled to some extent

with high resolution (R ∼ 40000) spectra that probe wavenumberslog(k/km−1 s) >
∼ −

1 (see e.g. Appendix D in Puchweinet al., 2015). As the quantity of high resolution

Lyα forest data available atz ≃ 5 has increased in the last few years (e.g. Becker

et al., 2015, with 7 additional quasar spectra atz > 5.8 and 16 at4.5 < z < 5.4),
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a measurement of the cumulative energy deposited into the IGM, and hence tighter

constraints on the thermal history during hydrogen reionisation may now be feasible

(see also Lidz & Malloy, 2014).

In this work, we demonstrate that it is possible to constrainthe integrated thermal his-

tory at z > 5 using the Lyα forest power spectrum measured from data sets that are

now comparable in size to existing high resolution observational measurements. Re-

cent studies have typically parameterised the integrated thermal history in Lyα forest

models as either a characteristic filtering scale,kF, over which the gas is smoothed

(e.g Rorai, Hennawi & White, 2013), or as the starting redshift of reionisation,zre, in

optically thin hydrodynamical simulations (Vielet al., 2013a). The former approach

is well motivated, but in practice often treats the pressuresmoothing scale as a free

parameter that is decoupled from the reionisation history.The latter approach is not

optimal either, as the parameterzre does not uniquely define1 the amount of energy

deposited into the IGM as a function of time. In this work we propose instead that,

aided by a suitable grid of hydrodynamical models, one may instead infer the cumula-

tive energy per proton injected into a gas parcel during and soon after reionisation – a

quantity which is more straightforward to connect directlyto reionisation models.

The contents of this chapter are published in Nasir, Bolton &Becker (2016). The

structure of this chapter is as follows. In Section 4.2, we present an overview of the

hydrodynamical simulations used in this work and examine the typical scales on which

thermal broadening and pressure smoothing act on the Lyα forest power spectrum

at z ≃ 5. In Section 4.3, we examine the relationship between the gasdensity and

Lyα forest transmission power spectra and the cumulative energy per proton injected

into the IGM at mean density,u0. In Section 4.4, we forecast how well observations

might distinguish between different integrated thermal histories by examining mock

datasets within a Bayesian statistical framework via a Markov Chain Monte Carlo

(MCMC) analysis. We finally summarise our conclusions in Section 4.5. Throughout

this chapter we refer to comoving Mpc and kpc as “cMpc” and “ckpc”, respectively.

A flat ΛCDM cosmology is adopted thoughout, withΩm = 0.26, ΩΛ = 0.74, Ωbh
2 =

0.023, σ8 = 0.80, h = 0.72 andns = 0.96.

1For example, two reionisation models wherezre is identical but the spectral shape of the ionising

sources is different will not have the same thermal history.
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Figure 4.1: Left: The logarithm of the temperature at mean density,T0, as function of time for
a subset of the simulations listed in Table 4.1. TheT0 observational measurements from Becker
et al. (2011), evaluated at their fiducialγ values along with 2σ errors, are shown by the filled
circles. Right: The cumulative energy per proton deposited in a gas parcel atmean density (see
Section 4.3 for details) as a function of time in the simulations.

4.2 Modelling the Lyα forest at z ≃ 5

4.2.1 Hydrodynamical simulations

In order to model Lyα forest spectra atz ≃ 5 we first require hydrodyanmical simula-

tions with a variety of thermal histories. The models used inthis work are summarised

in Table 4.1, and are described in Beckeret al. (2011) and Becker & Bolton (2013).

Convergence tests with box size and mass resolution are presented in those papers and

in Bolton & Becker (2009) (and also see Chapter 5).

In brief, the simulations were performed with the smoothed-particle hydrodynamics

code P-GADGET-3, an updated version of the publicly available GADGET-2 (Springel,

2005). These simulations use a total of2 × 5123 dark matter and gas particles within

a periodic10h−1 cMpc box. The initial positions and velocities of the particles at

redshiftz = 99 were generated using the P-GENIC initial conditions code (Springel

et al., 2005a) and the Eisenstein & Hu (1999) transfer function. Inthis work we neglect

the impact of the small change in cosmological parameters required to match the more

recent results reported by the Planck Collaborationet al. (2015), but expect that this

will not affect our general conclusions. The baryons in the Lyα forest simulations

are of primordial composition with a helium fraction by massof Y = 0.24 (Olive
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Table 4.1: The hydrodynamical simulations used in this work. All models have a box size of10h−1 cMpc, 2×5123 particles and a gas particle mass of9.2×104h−1M⊙.

The columns in the table list the redshift of reionisation,zre, in the model, the scaling factors for the photoheating rates (see text for details), the logarithm of the temperature

at mean densitylog T0, the slope of the temperature-density relation,γ, and the cumulative energy per proton,u0, deposited into a gas parcel at mean density byz = 4.9.

The values oflog T0 andγ are estimated with a power-law fit to the volume weighted temperature-density plane.

Model zre ζ ξ log(Tz=4.9
0 /K) γz=4.9 uz=4.9

0 eV m−1
p References

A15 9 0.30 0.00 3.68 1.43 3.1 Table 2, Beckeret al. (2011)

B15 9 0.80 0.00 3.98 1.46 5.9

C15 9 1.45 0.00 4.16 1.47 8.7

D15 9 2.20 0.00 4.28 1.48 11.5

E15 9 3.10 0.00 4.38 1.47 14.5

F15 9 4.20 0.00 4.47 1.47 17.8

G15 9 5.30 0.00 4.53 1.48 20.9

D13 9 2.20 -0.45 4.28 1.37 11.5

D10 9 2.20 -1.00 4.26 1.08 11.5

D07 9 2.20 -1.60 4.25 0.92 11.5

Tz15 15 – – 3.92 1.49 12.4 Appendix B, Becker & Bolton (2013)

Tz12 12 – – 3.93 1.50 9.3

Tz9 9 – – 3.92 1.50 5.2

Tz7 7 – – 3.93 1.47 3.7

Tz9HOT 9 – – 4.21 1.52 11.3
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& Skillman, 2004). Any gas particles with an overdensity∆ > 103 and temperature

T < 105 K are converted to collisionless star particles (Viel, Haehnelt & Springel,

2004b). The gas is also photo-ionised and heated by a spatially uniform metagalactic

UV background (UVB) applied in the optically thin limit. Thegas is assumed to be in

ionisation equilibrium (Katz, Weinberg & Hernquist, 1996)using the recombination,

ionisation and cooling rates listed in Bolton & Haehnelt (2007).

The UVB for the Beckeret al. (2011) simulations is based on the Haardt & Madau

(2001) synthesis model. This includes ionising emission from young star forming

galaxies and quasars, and results in rapid reionisation atzre = 9. The photo-heating

rates in most of these models have been rescaled to reproducea range of temperature-

density relations, such thatǫi = ζ∆ξǫHM01
i , whereǫHM01

i are the Haardt & Madau

(2001) photoheating rates for speciesi = [H I, He I, He II] andζ , ξ are constants listed

in Table 4.1. We also include five simulations from Becker & Bolton (2013). These

have UVB models that have been tuned by hand to reproduce a range of reionisation

histories. Four of the models are designed to have similar temperatures atz ≃ 5

that match the Beckeret al. (2011) IGM temperature measurements, but withzre =

[15, 12, 9, 7]. The final model, Tz9HOT, is similar to Tz9 but with increasedphoto-

heating rates. The evolution of the temperature and the cumulative energy per proton

deposited in a gas parcel at the mean background density (seeEq. (4.4) and Section 4.3

for details) in these models is displayed in Figure 4.1.

In order to extract mock spectra from our simulations we analyse snapshots atz =

4.915. The spectra consist of2048 pixels drawn along1000 random sight-lines par-

allel to the box boundaries. The mean transmission,〈F 〉, of the spectra is rescaled

to correspond to an effective optical depthτeff = − ln〈F 〉 = 1.53 (Fanet al., 2006a;

Beckeret al., 2013), and the spectra are convolved with a Gaussian instrumental profile

with FWHM = 7 km s−1. In order to aid intuition, Figure 4.2 demonstrates the range

of gas densities the Lyα forest is sensitive to atz = 4.9. We plot the optical depth

weighted gas overdensity,∆τ (Schayeet al., 1999), against the transmitted flux from

the D15 model. The Lyα forest at high redshift predominately probes gas close to the

mean background density, with very little contribution from regions with overdensities

greater than a few except where the transmission is saturated (F = 0). This may be
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contrasted to the Lyα forest atz = 2–3, where the bulk of the transmission arises from

mildly overdense gas (cf. fig. 4 in Boltonet al., 2014).

Finally, before proceeding further we note that one caveat to our analysis is that reion-

isation is an inhomogeneous process and spatial fluctuations in the IGM temperature

and pressure smoothing scale are expected during reionisation (Raskuttiet al., 2012;

Lidz & Malloy, 2014; D’ Aloisio, McQuinn & Trac, 2015). Our10h−1 cMpc sim-

ulation boxes are too small to capture this effect – this scale is comparable to the

typical size of individual HII regions during reionisation (e.g. Wyithe & Loeb, 2004;

Furlanetto, McQuinn & Hernquist, 2006) – but for this reasonapproximating a uni-

form redshift of reionisation over this volume is likely reasonable. The large scales on

which temperature fluctuations occur also translate to a modest effect (< 5 per cent)

on the one dimensional power spectrum (Laiet al., 2006; McQuinnet al., 2011; Greig,

Bolton & Wyithe, 2015). A direct comparison of the gas clumping factor predicted

by radiation hydrodynamical simulations performed in similar volumes to this work

(Finlator et al., 2012) to optically thin models (Pawlik, Schaye & van Scherpenzeel,

2009) also yields good agreement (see fig. 5 in Finlatoret al., 2012). Nevertheless,

full radiation hydrodynamical simulations that model patchy reionisation may eventu-

ally be required. The first steps toward such large scale simulations are being made

(Gnedin, 2014; Normanet al., 2015; Pawlik, Schaye & Vecchia, 2015; Parket al.,

2016), although attaining the required mass resolution formodelling the high redshift

Lyα forest in large volumes remains challenging.

4.2.2 The broadening of Lyα forest absorbers

In this section we briefly review the impact of thermal broadening and pressure smooth-

ing on the Lyα forest power spectrum atz ≃ 5 (see also Bi, Boerner & Chu, 1992;

Peepleset al., 2010; Kulkarniet al., 2015; Garzilli, Theuns & Schaye, 2015; Puchwein

et al., 2015). We begin with the assumption that Lyα absorbers are in hydrostatic equi-

librium (Schaye, 2001). The scale where the dynamical time equals the sound crossing

timescale is the Jeans scale,LJ, which may also be written in terms of a line of sight

velocity,σJ = H(z)LJ, whereLJ is a proper distance. For gas with temperatureT and

normalised density∆, this corresponds to:
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Figure 4.2: Contour plot of the optical depth weighted gas overdensity,∆τ , against transmitted
flux F at z = 4.9 for the D15 model forτeff = 1.53. Here∆τ is calculated as a weighted average
∆τ,j =

∑

i τi,j∆i/
∑

i τi,j andτi,j is optical depth at theith pixel in real space contributing to the
jth pixel in velocity space (Schayeet al., 1999). The number density of pixels increase by0.5 dex
within each contour level. The dashed and dot-dashed lines display the median and95 per cent
range of the optical depth weighted densities.

σJ =

(

40π2kB

9µmH

)1/2

T 1/2∆−1/2

(

Ωm(1 + z)3 + ΩΛ

Ωm(1 + z)3

)1/2

≈ 77.1km s−1

(

T0

104K

)1/2

∆γ/2−1,

(4.1)

where we assumeµ = 0.61 for the mean molecular weight of an admixture of ionised

hydrogen and singly ionised helium2. In the second line we have also used the fact

thatT = T0∆
γ−1 andΩm(1 + z)3 ≫ ΩΛ atz >

∼ 3. Note, however, the Jeans scale only

approximates the pressure smoothing scale in the low density IGM. As the dynamical

timescale,tdyn =
√

π/Gρm ≃ H(z)−1∆−1/2, is long for low density gas the absorbing

structures in the Lyα forest atz ≃ 5 will not have reached hydrostatic equilibrium. The

pressure smoothing scale is instead better described asσp = fJσJ, wherefJ < 1 and

2The Jeans scale in Eq. (4.1) is larger than the classical cosmological Jeans scale,λJ – derived from

linear theory when assuming an adiabatic thermal history – by a factor of2π (Bi, Boerner & Chu, 1992;

Kulkarni et al., 2015). For arbitrary thermal histories within the linear theory derivation, Gnedin &

Hui (1998) further show that the pressure smoothing may be described by a filtering scale,λF, which

depends on the prior thermal history. TypicallyλF < λJ andλF ∼ 100 ckpc (∼ 10 km s−1 at z = 5),

although the precise value is dependent on the prior heatinghistory of the IGM.
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depends on the prior thermal history (Gnedin & Hui, 1998; Hui& Rutledge, 1999, and

see footnote 2).

In comparison, the thermal (or Doppler) broadening scale for a Gaussian line profile is

given by:

σth =

(

kBT

mH

)1/2

= 9.1km s−1

(

T0

104 K

)1/2

∆(γ−1)/2. (4.2)

The ratio of these two scales isσp/σth ≃ 8.5fJ∆
−1/2. In general we therefore expect

the pressure smoothing to act on similar scales to the thermal broadening. Fortunately,

as we see shall see next, the different scale dependence of these effects in our hydro-

dynamical simulations atz = 5 enables us to break this degeneracy.

4.2.3 The line of sight Lyα forest power spectrum

We compute the power spectrum of the transmitted flux,PF(k), at z = 4.9 from our

simulations using the estimatorδF = F/ < F > −1, where〈F 〉 = 〈e−τ 〉 is the mean

transmission (or equivalently the effective optical depth, τeff = − ln〈F 〉 = 1.53) of

the 1000 sight-lines drawn from each simulation. The top row of Figure 4.3 shows

the results for a sub-set of the models listed in Table 4.1. The left hand panel dis-

plays the effect of changingT0 on the power spectrum; higher temperatures result in

decreased power at wavenumberslog(k/km−1 s) > −1.5 arising from a combination

of thermal broadening and pressure smoothing. The middle panel demonstrates the

effect of changingγ – the slope of the temperature-density relation – is more modest,

with a slight increase in power over all scales asγ is decreased. This is in part due to

the fact that the typical gas densities probed by the Lyα forest atz ≃ 5 are close to

mean density, and the characteristic pressure and thermal broadening scales both have

a modest dependence on gas density. It also suggests that anyconstraint onγ from

PF(k) is likely to be weak at this redshift.

The right panel in the top row displays the four models with varying zre; recall these

have similarT0 at z = 4.9 but different reionisation redshifts. Any differences in

PF(k) are due variations in the pressure smoothing scale only. TheTz15 model has

less power (and more pressure smoothing) than the Tz7 and Tz9models over a wide
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Figure 4.3: Top row: the transmitted flux power spectrum – including variations from both pres-
sure smoothing and thermal broadening – atz = 4.9 for a sub-set of models with varyingT0 (left),
γ (middle) and the redshift of reionisation (right). The power spectra are displayed relative to the
D15 (left and middle) and Tz15 (right) models are displayed immediately below.Middle row: the
power spectrum for the same simulations, but now with eachT − ∆ relation mapped to the D15
(left and middle) and the Tz15 model (right). The thermal broadening in these models is therefore
identical. The dashed blue lines display the approximate wavenumber range over which pressure
smoothing is dominant. Note that for simulations with varyingγ (D15-D07, middle column), pres-
sure smoothing has very little effect on the power spectrum except at the smallest scales.Bottom
row: the transmitted flux power spectrum for the D15 (left and middle) and Tz15 (right) models
after imposing theT − ∆ relation from the models indicated in the figure legend. The pressure
smoothing in these models is identical. The varyingzre models have almost identical values ofT0

at z ∼ 4.9 (Figure 4.1) and therefore are indistinguishable when pressure smoothing is removed.
This can be seen by comparing middle-right and bottom-rightpanels. Theu0 , T0 andγ values for
each model are listed in Table 4.1. All mock spectra are scaled to haveτeff = 1.53, and have been
convolved with a Gaussian with FWHM=7 km s−1.
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range of wavenumbers, with the largest differences atlog(k/km−1 s) ≃ −1. Earlier

reionisation allows more time for the gas to respond to the change in pressure due

to heating during and soon after reionisation, resulting inincreased smoothing of the

gas distribution. Note also the power spectra for the Tz15 and Tz12 models are very

similar, although the cumulative energy per proton deposited at mean density,u0, by

z = 4.9 in these models is rather different. A related result was noted by Pawlik,

Schaye & van Scherpenzeel (2009), who found that the clumping factor3, C = 〈ρ2〉/ρ̄2,

of gas in optically thin hydrodynamical simulations atz ≈ 6 is insensitive to the

redshift of reionisation ifzre ≥ 9. Although the exact upper redshift limit will be

model dependent, this indicates the pressure smoothing is only sensitive to the prior

IGM thermal history over a limited redshift range (see also Figure 4.8 and text in

Section 4.5).

We may examine the impact of pressure smoothing and thermal broadening on the

Lyα forest power spectrum more easily by separating these effects in our models. We

first fit a single power law to theT − ∆ relation in each model, withlogT0 andγ − 1

as the intercept and slope. We then translate and rotate the entire T − ∆ plane in

each simulation to matchlogT0 andγ − 1 from another model. This procedure allows

us to change the instantaneous temperature of the gas, but retain the same pressure

smoothing scale (which arises from the underlying gas density distribution). The mid-

dle row in Figure 4.3 displays the result of this procedure, where we have transformed

eachT − ∆ plane in each model to correspond to theT0 andγ values in the D15

simulation in the left and middle column, and the Tz15 model in the right. Note that

as the temperatures are changed we also rescale the neutral hydrogen number densi-

ties in the simulated spectra asnHI ∝ T−0.72, due to the temperature dependence of the

H II recombination coefficient (Verner & Ferland, 1996). All models are again rescaled

to have the sameτeff = 1.53.

As might be expected, the different thermal histories in thesimulations displayed

in the middle left panel of Figure 4.3 produce rather different pressure smoothing

scales. With the effect of thermal broadening removed, thiseffect is most prominent at

wavenumbers0.03 ≤ k/[km−1 s] ≤ 0.13, shown by the dashed vertical lines, although

3The clumping factor is related to the root mean square of the density contrast (and hence also the

gas density power spectrum) by〈δ2〉 = C − 1, where the density contrast isδ = ρ/ρ̄− 1.
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Figure 4.4: Top left: The open triangles display the average of the Lyα forest power spectrum at
wavenumbers0.03 < k/km−1 s < 0.13 (approximately the scale where pressure smoothing dom-
inates) against the∆ < 10 gas density power spectrum averaged over the equivalent scale. The
A15–G15, Tz15–Tz7 and D13–D07 models are shown atz = 4.9, with a dotted curve through the
A15–G15 models. The average Lyα forest power spectrum for each model after thermal broaden-
ing differences are removed is shown by the filled circles. Here eachT −∆ distribution is mapped
to theT0 andγ for the D15 model, and a solid curve is drawn through the A15–G15 models. The
colour scale indicatesu0 for each model.Top right: The cumulative energy per proton against the
average of the∆ < 10 density power spectrum computed using Eq. (4.4) for all photo-heating up
to zre for each model (open triangles) andz = 12 (filled circles). The solid curve is again drawn
through the A15–G15 models.Bottom: The average of the Lyα forest flux power spectrum at
wavenumbers0.03 < k/km−1 s < 0.13 (open triangles) againstu0(z < 12). The filled circles
show the same quantity once differences due to thermal broadening are removed. The solid and
dashed curves are again drawn through A15–G15 models.



Inferring the IGM thermal history during reionisation with the Lyman-α forest
power spectrum at redshift z ≃ 5 69

it operates to a lesser extent at smaller scales (i.e. largerwavenumbers) as well. In

contrast, the central panel demonstrates the slope of theT − ∆ relation has very little

impact on the pressure smoothing except at the smallest scales – note the cumulative

energy per proton deposited into a gas parcel at mean densityis identical in these sim-

ulations. The models with varyingzre are also largely unchanged, emphasizing again

that it is the pressure smoothing which causes the differences in the power spectrum

for these models.

Finally, the bottom row of Figure 4.3 displays the flux power spectrum computed using

the density field from the D15 model (left and middle panel) and the Tz15 model (right

panel), but with an imposedT − ∆ relation that matches the models indicated in the

figure panels. This procedure isolates the impact of thermalbroadening onPF(k).

There is some degeneracy with the pressure smoothing, but ingeneral the thermal

broadening acts on smaller scales, with the largest difference in the models occurring

at log(k/km−1 s) > −1. The small-scale cut-off for the power spectrum is mainly

determined by the instantaneous temperature (Peepleset al., 2010). This also suggests

that measurements of the power spectrum at small scales,−1 ≤ log(k/km−1 s) ≤

−0.5, are required to break the degeneracy between pressure smoothing and thermal

broadening. Note also the models in the middle panel are similar to the results in

the top row; most of the contribution to the power when changing γ is from thermal

broadening. As expected, there is no apparent difference inpower among the varying

zre models, which are designed to reach a similar temperature atmean density around

z ≃ 5 .

4.3 From flux power spectrum to thermal history

We now proceed to examine the relationship between the transmitted flux power spec-

trum atz ≃ 5 and the integrated thermal history in our hydrodynamical simulations.

The temperature evolution of a gas parcel with densityρ in an expanding universe can

be expressed as (e.g. Miralda-Escudé & Rees, 1994; McQuinn& Upton Sanderbeck,

2016)
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dT

dt
=

2µmH

3kBρ
(H − Λ) +

2T

3(1 + δ)

dδ

dt
+

T

µ

dµ

dt
− 2HT, (4.3)

whereH =
∑

i niǫi is the total photoheating rate per unit volume for the species i =

[H I,HeI,HeII], Λ is the cooling rate per unit volume, andH is the Hubble parameter.

The first term in Eq. (4.3) encapsulates all the photo-heating and radiative cooling

processes. The second term describes adiabatic heating andcooling from structure

formation, and the third term is associated with changes in the mean molecular weight.

The final term arises from adiabatic cooling due to the expansion of the Universe.

The cumulative energy deposited into a gas parcel by photo-heating is obtained by

considering the first term in Eq. (4.3) and setting the radiative cooling term to zero.

Noting that the specific internal energy is given byu = 3kBT/2µmH, we may then

writedu/dt = H /ρ. For a gas parcel at the mean background density, the total energy

per unit mass deposited into the gas parcel by redshiftz0 is

u0 =

∫ zre

zo

H

ρ̄

dz

H(z)(1 + z)
, (4.4)

whereρ̄ = ρcritΩb(1 + z)3 is the mean background baryon density. This quantity is

displayed in the left panel of Figure 4.1 and is listed in Table 4.1 atz = 4.9. The cumu-

lative energy per proton deposited into a gas parcel at mean density is straightforward

to compute for a given reionisation history in our Lyα forest simulations.

We illustrate the relationship between the transmitted fluxpower spectrum, the gas

density power spectrum andu0 in our hydrodynamical simulations in Figure 4.4. The

open triangles in the left panel display the mean of the transmitted flux power spectrum

against the mean of the gas density power spectrum for all gaswith ∆ < 10. The mean

is obtained over the scales0.03 ≤ k/[km−1 s] ≤ 0.13, approximately corresponding to

the scales over which the influence of pressure smoothing is largest in our models (see

Figure 4.3). Following Kulkarniet al. (2015) and Lukićet al. (2015), we consider the

gas density power spectrum for normalised densities∆ < 10 only; including higher

density gas associated with non-linear structure results in significantly more power

toward small scales. As shown in Figure 4.2, the Lyα forest power spectrum atz ≃ 5
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is insensitive to absorption from gas at these densities. The precise choice of cut-off

here is somewhat arbitrary, but is motivated by the fact thatoptical depth weighted

densities,0.2 ≤ ∆τ ≤ 10, bound 95 per cent of all Lyα forest pixels atz = 4.9 in our

models.

There is a correlation between the Lyα forest power spectrum and the underlying gas

density power spectrum, as expected. Models with a greater energy deposited per

proton exhibit less power on scales0.03 ≤ k/(km−1 s) ≤ 0.13 due to the smoother

distribution of gas. The points that scatter upward from thedotted curve correspond to

the varyingγ andzre models. The increased power in the transmitted flux arises from

differences in the thermal broadening, even for models where the average gas density

power spectrum (and energy input per proton) are similar. The pressure smoothing

is thus still somewhat degenerate with thermal broadening on these scales. This is

evident from the filled circles in the top-left panel of Figure 4.4, which display the

average Lyα forest power spectrum after rescaling theT–∆ relation in all models to

match the D15 simulation. This implies if the degeneracy between thermal broadening

and pressure smoothing is broken with the transmitted flux power spectrum on scales

log(k/km−1 s) > −1, the Lyα forest directly probes the underlying gas density power

spectrum (or equivalently the gas clumping factor4) at z ≃ 5.

The open triangles in the top-right panel of Figure 4.4 display the cumulative energy

deposited per proton at mean density,u0, computed using Eq. (4.4) against the gas

density power spectrum for∆ < 10. The gas density power spectrum is averaged over

the same scale as in the left panel. Again, there is an excellent correlation between the

two quantities aside from the triangle atu0 = 12.4 eV m−1
p corresponding to the Tz15

model withzre = 15. All the other models experience rapid reionisation atz ≤ 12. As

discussed earlier, this is because the thermal history atz > 12 does not significantly

impact on the pressure smoothing scale of the gas in our simulations. This is illustrated

by the filled circles in the right panel, which showu0 computed atz ≤ 12 only.

Finally, the open triangles in the bottom panel of Figure 4.4display the correlation

4We have verified that the gas clumping factor,C = 〈ρ2〉/ρ̄2, for gas with∆ < 10 in the simulations

is also tightly correlated with the gas density power spectrum averaged over the scales used in Figure 4.4.

The clumping factor isC ≃ 2–3 in our models atz = 4.9.
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between the average flux power spectrum on scales0.03 ≤ k/(km−1 s) ≤ 0.13 and

u0 at z < 12. Note again there is some degeneracy with thermal broadening when

averaging on these scales; the filled circles show the same quantity once differences

due to thermal broadening are removed. This simple analysissuggests thatu0(z <
∼ 12)

should serve as a convenient and useful parameterisation for the prior thermal history

in our simulations. A more rigorous approach requires analysing the full Lyα forest

power spectrum and correctly dealing with the parameter degeneracies in the model,

which we turn to next.

4.4 Inferring the thermal history during reionisation

4.4.1 Markov Chain Monte Carlo analysis

We make forecasts for the constraints attainable on the thermal history using a Bayesian

MCMC approach. Given a set of power spectrum measurements,Pdata
F , we maximise

the likelihood function,L, with respect to the model parameters used in our hydro-

dynamical simulations,M , (e.g. Zaroubiet al., 2006; Viel, Bolton & Haehnelt, 2009;

Rorai, Hennawi & White, 2013)

lnL(Pdata
F |M) ∝ (Pdata

F − Pmodel
F )T Σ−1

data(P
data
F − Pmodel

F ). (4.5)

HerePmodel
F is the simulated Lyα forest power spectrum for a given set of model pa-

rametersM , while Σdata is the covariance matrix for the measured power spectrum.

We consider four parameters in our analysis –logT0 , u0 , γ andτeff – and vary these

to construct grid of models based on our A15–G15 simulations. We obtain combi-

nations of the three thermal parameters by imposing different T–∆ relations on the

simulations, as described in Section 4.2.3. In this way we retain the gas density power

spectrum associated with a given value ofu0 in our models while varying the in-

stantaneous temperature. We consider seven values for for the cumulative energy de-

posited per proton over the rangeu0 = 3.1–20.9 eVm−1
p , following the parameter

range covered by our hydrodynamical simulations5. TheT–∆ relation is varied over

5For reference, the UVB synthesis models from Faucher-Gigu`ereet al. (2009), Haardt & Madau
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Figure 4.5: Top: The contours display the two dimensional probability distributions for the pa-
rameterslog T0, u0, γ andτeff recovered from mock observations of the D15 Lyα forest power
spectrum using the realistic data scenario. The joint 1σ, 2σ and 3σ contours are shown in white,
orange and red, respectively. The black curves display the one dimensional marginalised posterior
distributions for each parameter. The blue cross and blue vertical dashed line show the true model
values (see Table 4.2).Bottom: As for the top panel, except now for the optimistic data scenario
(see text for further details).
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similar values forlog(T0) andγ atz ≃ 5 (see Table 4.1).
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Figure 4.7: As for Figure 4.5, but now for the Tz9HOT model using the realistic data scenario.
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log(T0/K) = 3.6–5.0 andγ = 0.6–1.8. The former range is consistent with estimates

of the IGM temperature at mean density atz ≃ 5, while the latter encompasses physi-

cally plausible values ofγ (Beckeret al., 2011; McQuinn & Upton Sanderbeck, 2016).

We apply flat priors for all the free parameters except forτeff , where we instead use a

Gaussian prior with meanτeff = 1.53 and a1σ uncertainty corresponding to 4 per cent

of the mean, based on the observational measurement from Becker et al. (2011). The

range ofτeff values on our grid of simulations are0.7 − 1.3 times the mean effective

optical depth. If we use a flat rather than Gaussian prior, we find the recovery of the

thermal parameters is degraded by the freedom to increase (decrease) the amplitude

of the power spectrum on all scales asτeff is increased (decreased). In total, we have

9×13×7×7 = 5733 grid points in our model parameter space. The mock spectra for

each parameter combination on this grid of models are post-processed by convolving

with a Gaussian instrumental profile ofFWHM = 7 km s−1 and rebinning to3 km s−1

per pixel. Gaussian distributed noise is added andτeff is rescaled iteratively to match

the required value. Once the model Lyα forest power spectrum parameters are selected,

Pmodel
F is obtained by performing a multi-linear interpolation on the grid of models.

We match the binning of the Lyα forest power spectrum to mock observations,Pdata
F ,

that we extract from one of our simulations. These consist of20 data points equally

spaced inlog(k/km−1 s). We consider two simple data scenarios, which we describe

as “realistic” and “optimistic”. The former is comparable to existing Lyα forest data

sets atz ≃ 5 (Beckeret al., 2015), while the latter may be more appropriate for

observations with high resolution spectrographs on30 metre class telescopes in the

forthcoming decade (e.g. Maiolinoet al., 2013). In the realistic case, we consider

a total redshift path length of∆z = 4, a signal-to-noise ratioS/N = 15 per pixel

and bin the power spectrum over the range−2.3 < log(k/km−1 s )< −0.7. For the

optimistic case, we instead adopt a redshift path length fivetimes larger,∆z = 20,

and a higher signal-to-noise per pixel,S/N = 50. The significantly higher signal-to-

noise allows the power spectrum to be measured to smaller scales, up to a maximum

wavenumber oflog(k/km−1 s )= −0.5. As demonstrated earlier in Figure 4.3, small

scale information assists in breaking the degeneracy between thermal broadening and

(2001) and Haardt & Madau (2012) correspond to reionisationatzFG09
re = 10, zHM01

re = 9 andzHM12
re =

15 with uFG09
0 = 7.5 eVm−1

p , uHM01
0 = 6.7 eVm−1

p anduHM12
0 = 11.0 eVm−1

p by z = 4.9.
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pressure smoothing.

We compute the mean and the distribution for each mock data point by performing

5000 bootstrap samples with replacement. The covariance matrix, Σdata, is also deter-

mined from these distributions. As this matrix can be noisy for real data, following

Lidz et al.(2006) and Vielet al.(2013a) we regularise the covariance matrix using the

correlation coefficients obtained from all 1000 sight-lines drawn from each simulation.

Finally, we increase the1σ bootstrapped uncertainties by30 per cent to account for a

possible underestimate in the sample variance (Rollindeet al., 2013) and invert the

matrix using singular value decomposition. For each mock observation,Pdata
F , we per-

form 106 Markov chain iterations and discard the first half of the chain as the burn-in.

We verify all chains are converged by visual inspection.

4.4.2 Distinguishing between reionisation models withPF(k)

Table 4.2 summarises the results of our MCMC analysis for therealistic and optimistic

scenarios for a selection of our models (forlog T0 andu0 only), and Figure. 4.5 displays

the predicted parameter constraints for the D15 model.

In general we find the model parameters are recovered accurately, with only a few ex-

ceptions that we shall discuss below. As was (qualitatively) apparent from Figure 4.3,

we find the power spectrum is rather insensitive to the slope of theT–∆ relation. The

parameterγ is recovered within the 68 per cent credible interval but with fairly broad

bounds for most of our models, even for the optimistic data set. Figure 4.5 indicates

it will be difficult to obtain precise constraints on this parameter from the Lyα power

spectrum alone atz ≃ 5, although probing gas at somewhat higher densities with

a joint analysis of the Lyβ forest may improve this situation (Dijkstra, Lidz & Hui,

2004; Furlanetto & Oh, 2009; Iršič & Viel, 2014; Boeraet al., 2016). On the other

hand, in the absence of significant systematics it should be possible to jointly constrain

T0 andu0 using existing Lyα forest data atz ≃ 5 when including the power spectrum

on scales,log(k/km−1 s) > −1. Our MCMC analysis indicates that with current data,

the cumulative energy deposited per proton at mean density may be constrained to a

statistical precision of around∼ 20 per cent, corresponding to the 68 per cent credible

interval. The optimistic data scenario instead yields∼ 8 per cent, again at the 68 per
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cent credible interval. However, as we discuss in the next section, systematic uncer-

tainties from observational and numerical effects will also be important to consider.

The analysis also demonstrates that such a measurement should already be able to dis-

tinguish between some reionisation scenarios. The one dimensional posterior distribu-

tions foru0 obtained from the Tz12, Tz9 and Tz7 models are displayed in Figure 4.6.

Recall that these models haveT–∆ relations which are almost identical atz = 4.9,

but rather different integrated thermal histories. We do not consider the Tz15 model

– as already discussed the power spectrum for this model is very similar to the Tz12

simulation. On performing the full MCMC analysis, we recover the cumulative energy

input per proton from4.9 ≤ z ≤ 11.5 in the simulations to within1σ, and at a pre-

cision comparable to the results in Figure 4.5. Note again, however, that the redshift

above which the pressure smoothing scale no longer retains amemory of the thermal

history will be model dependent (cf. Pawlik, Schaye & van Scherpenzeel, 2009). In

addition, we find in this case the peaks of the posterior distributions do not match ex-

actly to the true value of the parameters in the simulations.This is because only the

A15–G15 models were used to construct the parameter grid in the MCMC analysis.

As a further demonstration of the model dependent nature of these predicted con-

straints, we also construct mock observations from the Tz9HOT model where the IGM

is heated to aroundT ≃ 20 000 K following reionisation. In Figure 4.7, it is clear the

recoveredlog T0 andu0 are only consistent within the 95 per cent credible intervalfor

the realistic scenario. The smaller statistical error barsobtained in the optimistic case

are now inconsistent with the 95 per cent credible interval for u0. Clearly, an accurate

recovery of the thermal history relies on the grid of models used within the MCMC

procedure. This suggests that developing a set of numericalmodels which sample the

u0–log T0 parameter space as widely and frequently as is practical will therefore be

vital for measuring these parameters using observational data (see Chapter 5).

4.4.3 Systematic uncertainties

Observational and numerical systematics will also impact on the recovery ofu0 from

the transmitted flux power spectrum. These have already beenquantified in detail by

Viel et al.(2013a) (hereafter V13) in the context of constraining the mass of a putative
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Table 4.2: Predicted constraints onlog(T0) andu0 obtained from mock observations for the realistic and optimistic data scenarios (see text for details). From left to right,

the columns list the simulation used to construct the mock observation, the parameters used in the simulation and the predicted constraints. The values correspond to the

median of the marginalised posterior distribution for eachparameter, along with the 68 and 95 per cent credible intervals. The final two rows correspond to the constraints

from the mock data after an additional20 per cent systematic uncertainty in the transmitted flux power spectrum at all scales is added in quadrature to the bootstrap error

bars (see text for details).

Model values “Realistic” scenario “Optimistic” scenario

log(T0/K) u0eV m−1
p log(T0/K) u0eV m−1

p log(T0/K) u0eV m−1
p

Model 4.9 ≤ z ≤ 11.5 68% (95%) C.I. 68% (95%) C.I. 68% (95%) C.I. 68% (95%) C.I.

B15 3.98 5.9 3.96+0.08
−0.07 (+0.15

−0.14) 6.1+1.0
−1.1 (+1.9

−2.2) 3.97+0.03
−0.03 (+0.05

−0.05) 6.1+0.4
−0.5 (+0.9

−1.0)

D15 4.28 11.5 4.27+0.06
−0.06 (+0.10

−0.12) 12.3+2.0
−1.7 (+4.0

−3.2) 4.28+0.02
−0.02 (+0.03

−0.04) 11.8+0.9
−0.8 (+1.9

−1.4)

F15 4.47 17.8 4.47+0.04
−0.04 (+0.07

−0.08) 18.2+1.7
−2.2 (+2.5

−4.0) 4.47+0.02
−0.02 (+0.03

−0.04) 18.0+1.3
−1.3 (+2.4

−2.4)

Tz12 3.93 8.2 3.95+0.06
−0.07 (+0.11

−0.13) 7.8+1.0
−0.9 (+2.1

−1.7) 3.97+0.03
−0.04 (+0.04

−0.08) 7.5+0.6
−0.5 (+1.2

−0.9)

Tz9 3.92 5.2 3.90+0.09
−0.08 (+0.16

−0.15) 5.6+0.9
−1.0 (+1.7

−2.0) 3.90+0.03
−0.03 (+0.05

−0.06) 5.6+0.4
−0.4 (+0.8

−0.8)

Tz7 3.93 3.7 3.89+0.07
−0.09 (+0.12

−0.18) 4.2+0.9
−0.7 (+1.8

−1.1) 3.96+0.02
−0.02 (+0.04

−0.04) 3.5+0.3
−0.3 (+0.6

−0.5)

Tz9HOT 4.21 11.3 4.15+0.06
−0.07 (+0.11

−0.12) 14.2+2.0
−1.7 (+4.0

−3.0) 4.15+0.03
−0.04 (+0.06

−0.08) 14.1+1.0
−0.9 (+2.1

−1.6)

D15+sys. 4.28 11.5 4.28+0.10
−0.09 (+0.19

−0.17) 12.4+3.3
−3.1 (+6.5

−6.4) 4.27+0.05
−0.05 (+0.11

−0.10) 12.9+3.0
−2.5 (+6.1

−4.7)

Tz9+sys. 3.92 5.2 3.90+0.13
−0.12 (+0.22

−0.20) 5.8+1.5
−1.5 (+3.1

−2.5) 3.92+0.06
−0.06 (+0.13

−0.12) 5.5+1.3
−1.1 (+2.7

−2.1)
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warm dark matter particle atz ≃ 5. However, we also briefly outline these here for

completeness and estimate their contribution to the total uncertainty budget.

There are four main sources of systematic uncertainty to consider. Following V13, in

approximately ascending order of importance, these are (i)metal line contamination;

(ii) the numerical convergence of the simulations; (iii) spatial fluctuations in the ioni-

sation state of the IGM and (iv) continuum placement on the observational data. Note

the impact of galactic outflows on the Lyα forest is expected to minimal byz >
∼ 4 (Viel,

Schaye & Booth, 2013b).

Narrow metal absorption lines atz ≃ 5 arising from CIV, Si IV and MgII at lower

redshifts have only a minimal effect (< 1 per cent) on scaleslog(k/km−1 s) < −1

(V13). However, the contribution of metals to the power spectrum may become more

important toward smaller scales. We find data atlog(k/km−1 s) > −1 is important

for breaking the degeneracy between thermal broadening andpressure smoothing, and

metals may impact here at the∼ 5 per cent level. Corrections to the numerical con-

vergence of the simulations with mass resolution and box size must be applied to the

simulations from the results of convergence tests. V13 estimate an additional system-

atic uncertainty of∼ 5 per cent in addition to this known correction. Spatial fluctu-

ations in the background ionisation rate, particularly if the mean free path for Lyman

continuum photons is small and/or the ionising sources are rare (Davies & Furlanetto,

2015; Chardinet al., 2015), may have a∼ 10 per cent impact on the power spectrum

on the scales of interest here. V13 include this as an additional parameter,fUV, which

is marginalised over in their MCMC analysis. Finally, the placement of the continuum

on high resolution quasar spectra is uncertain at around10–20 per cent atz ≃ 5, which

translates to a comparable uncertainty on the amplitude of the power spectrum. In

practice, this uncertainty can be forward modelled in the mock spectra (see e.g. V13

and Faucher-Giguèreet al., 2008).

We estimate the total systematic uncertainty by adding these contributions in quadra-

ture, yielding∼ 15–25 per cent for the Lyα forest power spectrum on the scales of

interest. We estimate the effect on the precision of the measurements by adding in

quadrature an additional20 per cent uncertainty onPF (k) to our bootstrapped error

bars before performing the MCMC analysis. The resulting parameter constraints for
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Figure 4.8: The Lyα forest transmitted flux power spectrum atz = 4.9 (black),z = 4.0 (green)
andz = 3.0 (blue) for the Tz12 (solid) and Tz7 (dashed) models. All mockspectra are scaled to
haveτeff = [1.53, 0.88, 0.39] at z = [4.9, 4.0, 3.0] (Beckeret al., 2013) and have been convolved
with a Gaussian with FWHM=7 km s−1.

the D15 and Tz9 models are displayed in the last two rows of Table 4.2. This suggests

that measurements ofu0 with a total uncertainty of∼ 28 (22) per cent are achiev-

able with the the realistic (optimistic) data scenarios. Improving the precision of this

measurement substantially will thus require both higher signal-to-noise data as well as

careful forward modelling of the observational and numerical systematics.

4.5 Conclusions and discussion

In this work we examine the feasibility of constraining the integrated thermal history at

z > 5 with the Lyα forest using the line of sight transmitted flux power spectrum. We

suggest the cumulative energy deposited per proton,u0, into a gas parcel at mean den-

sity at5 <
∼ z <

∼ 12 provides a useful parameterisation of the integrated thermal history

in our simulations. We demonstrate this quantity correlates well with the underlying

gas density power spectrum for∆ < 10 over the scales where pressure smoothing acts

in the low density IGM atz ≃ 5.

We also note thatz ≃ 5 observations of the Lyα forest are well suited for this measure-

ment, despite the fact that most of high quality data is available at lower redshifts. This

is demonstrated in Figure 4.8, which displays the transmitted flux power spectrum for
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the Tz12 and Tz7 models atz ≃ 5, 4 and3. Recall that both models have very sim-

ilar instantaneous temperatures at mean density,T0, at z < 6 (see Figure 4.1). The

differences associated with the thermal history atz > 6 are larger at higher redshift;

the models are almost indistinguishable byz = 3 following the response of the low

density gas to changes in the gas pressure and ongoing Hubbleexpansion. Further-

more, since HeII reionisation is expected to heat the IGM atz < 5 (e.g. Beckeret al.,

2011), higher redshift measurements that potentially avoid this additional heating are

desirable for examining HI reionisation.

We next perform an MCMC analysis of the transmitted flux powerspectrum using

mock observations drawn from a suite of hydrodynamical simulations. Constraints on

the slope of the temperature-density relation,γ, are generally weak atz ≃ 5. However,

the degeneracy between thermal broadening and pressure smoothing can be broken at

z ≃ 5 using the power spectrum at scaleslog(k/km−1 s) > −1. We estimateu0

may be measured with a statistical uncertainty of∼ 20 (∼ 8) per cent atz ≃ 5

with a redshift path length of∆z = 4 (∆z = 20) and a typical signal-to-noise per

pixel of S/N = 15 (50) using the power spectrum to scaleslog(k/km−1 s) = −0.7

(−0.5). We note, however, that the constraints are model dependent, and a larger grid

of numerical models which explore the full range of theu0–log T0 parameter space will

be required for an in depth analysis of the observed power spectrum. Estimates for the

expected systematic uncertainties (∼ 15–25 per cent) are furthermore comparable to

the statistical precision attainable with current data. Higher precision measurements

are possible only if these systematic uncertainties are minimised in combination with

improved signal-to-noise and increased path length.

Including systematic uncertainties, we conclude that currently available data alone

should allow for a measurement ofu0 to within ∼ 30 per cent at 68 per cent con-

fidence. This corresponds to distinguishing between reionisation scenarios with simi-

lar instantaneous temperatures,T0, at z ≃ 5, but an energy deposited per proton that

varies by≃ 2–3 eV over the redshift interval5 ≤ z ≤ 12. For an initialT ∼ 104 K

following reionisation, this corresponds to the difference between early (zre = 12) and

late (zre = 7) reionisation in our models. When compared to predictions of models

for the redshift evolution of the ionising background during reionisation – for which



Inferring the IGM thermal history during reionisation with the Lyman-α forest
power spectrum at redshift z ≃ 5 82

u0 should be straightforward to compute – this will provide an additional and novel

constraint on the timing of the reionisation epoch.



Chapter 5

First constraints on the IGM

integrated thermal history using

Lyα forest power spectrum at

4.2 ≤ z ≤ 5.4

5.1 Introduction

In Chapter 4, it was shown that measurements of the Lyα forest are an invaluable tool

for inferring the timing, duration and nature of reionsation (Nasiret al., 2017). The

procedure involves comparing statistical properties of the Lyα forest to cosmological

hydrodynamical simulations to deduce the thermal state of IGM. The Lyα flux power

spectrum in particular is a powerful statistic, due to its sensitivity to both the instan-

taneous temperature and the integrated thermal history, asthe rarefied IGM retains

a memory of heating (Kulkarniet al., 2015; Nasir, Bolton & Becker, 2016; Oñorbe,

Hennawi & Lukić, 2017). Recently, Oñorbeet al.(2017) has independently performed

a preliminary analysis of the integrated thermal history byutilizing the Lyα flux power

spectrum measurements by Vielet al. (2013b) (hereafter V13) atz = 5–5.4. The

authors have revisited the problem following the recent update to the Thomson scatter-

ing optical depth parameter,τe. The Planck Collaborationet al. (2016b) has reported
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this parameter to beτe = 0.058 ± 0.012, corresponding to a reionsation at redshift

zre = 8.8 ± 0.9. The analysis by Oñorbeet al. (2017) has found a consistent pic-

ture where galaxies drive reionsation, in agreement with the τe reported by the Planck

Collaborationet al. (2016b).

In this chapter, I present the first constraints on the IGM integrated thermal history us-

ing the flux power spectrum measurements by V13 and a new set ofhydrodynamic sim-

ulations. These new runs self consistently model the thermal parameters (e.glogT0 and

u0 ) at z = 4.2–5.4, thus improving upon the previous method presented in Chapter 4.

5.2 Observational data

The observational data used in this analysis is from V13 and consists of 14 QSO spectra

taken with the Keck High Resolution Echelle Spectrometer (HIRES) with a spectral

resolution of6.7 km s−1. Each spectrum has been split into two equal halves in path-

length and is normalised with a continuum which introduces systematic uncertainties

in the mean flux up to 10-20%. The effective optical depth evolution, τeff , is taken

from V13 (eq. 10), withτeff = [1.01, 1.37, 1.92, 3.10] at z = [4.2, 4.6, 5, 5.4], where

the power spectrum measurements are provided at these median redshifts. The data

points are given in 0.2 dex bins on the rangelog k/(km−1 s ) = [−2.9,−1.1], although

only 7 datapoints within the rangelog k/(km−1 s ) = [−2.3,−1.1] are used for the

analysis here. This corresponds to the scales probed by the hydrodynamic simulations

which are performed with 10h−1cMpc boxes. To obtain the error estimates on the

power spectrum the bootstrap technique was used by V13 with a30% increment in the

error bars to account for the cosmic variance (Rollindeet al., 2013).

5.3 Methodology

5.3.1 Hydrodynamical simulations

In order to perform the analysis, a series of simulations with a variety of self-consistent

thermal histories are used as summarised in Table 5.1. Thesesimulations were per-
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Figure 5.1: The thermal histories for the simulations listed in Table 5.1. Top: The logarithm of the
temperature at mean density,T0, as function of time, overlaid with the observational measurements
from Beckeret al. (2011), evaluated at their fiducialγ values along with 2σ errors.Bottom: The
cumulative energy per proton deposited in a gas parcel at mean density as a function of time.
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Figure 5.2: A comparison of logarithmic projected gas density relativeto mean density between
two models with extreme values ofu0 . The model 0.3HM12-zr7 withu0 = 1.2eV m−1

p (top panel)
and 3.3HM12-zr15 withu0 =23.2eVm−1

p (bottom panel) are shown. The projection is performed
along the z-axis over a scale of 5h−1Mpc. Note the smoother gas distribution in the model with
largeru0 .
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Table 5.1: The hydrodynamical simulations used in this chapter. All models have a box size of
10h−1 cMpc, 5123 gas and dark matter particles and a gas particle mass of9.97 × 104h−1M⊙.
The columns in the table list the model name, redshift of reionisation,zre, scaling factorξ for the
photoheating rates,log T0, γ andu0, atz = 5. The values are estimated as in Chapter 4.

Model zre ξ log(Tz=5
0 /K) γz=5 uz=5

0 eV m−1
p

1.0HM12-zr15 15 1 3.87 1.53 10.6
1.0HM12-zr9 9 1 3.87 1.51 4.7
1.0HM12-zr7 7 1 3.82 1.50 2.7
0.3HM12-zr15 15 0.3 3.53 1.51 5.0
0.3HM12-zr9 9 0.3 3.53 1.49 2.3
0.3HM12-zr7 7 0.3 3.50 1.52 1.3
3.3HM12-zr15 15 3.3 4.19 1.52 23.2
3.3HM12-zr9 9 3.3 4.19 1.50 9.9
3.3HM12-zr7 7 3.3 4.14 1.48 5.5

formed with the same code used for the Sherwood simulation suite (Bolton et al.,

2017), also described in Chapter 2 of this thesis. For this work the simulations imple-

ment the QUICKLYA method for star formation and evolve up to redshiftzend = 4.

Most of the runs are done in a 10h−1cMpc box and with5123 gas and dark matter parti-

cles. The exceptions are the runs 40-2048, 20-1024 and 10-512 which are used for box

size and resolution convergence tests. Furthermore, two additional runs, 10-768 and

10-256 were used to investigate the effect of mass resolution on the power spectrum.

The UV background (UVB) in the simulations is based on the Haardt & Madau (2012)

(hereafter HM12) synthesis model with contributions from star forming galaxies and

quasars, resulting in reionsation atz = 15. However, to obtain thermal histories with

different reionisation redshiftszre , a simple translation and rescaling of the UVB with

redshift is performed to give reionsation atzre = [7, 9, 15]. Each model reaches similar

temperatures atz = 4. This way the effect ofu0 is isolated fromT0 .

By contrast, to obtain thermal histories with the samezre , but reaching different tem-

peratures atz = 4, the photoheating rates are scaled proportionally by a constant

factor,ξ (listed in the Table 5.1). Figure 5.1 displays the evolutionof the temperature

at mean density, and the cumulative energy deposited per proton,u0 , for the simula-

tions summarised in Table 5.1. TheT0 is chosen atz = 4, such that the models bracket

the observational data from Beckeret al.(2011). The simulations encompass tempera-

tures in the rangelog(T0/K) = 3.5–4.1 and a cumulative energy deposited per proton,
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u0 = 2.3–23.3eV m−1
p atz = 5. Note that there is positive a correlation betweenT0 and

u0 , due to the upscaling of the photoheating rates.

The projected gas densities are shown for the models with themost extreme values of

u0 in Figure 5.2. The effect of the integrated heating is clearly visible, with the model

with the highestu0 showing less structure relative to the lowu0 model, due to increased

pressure smoothing. These web like structures are traced byneutral hydrogen and

correspond to absorption lines in the Lyα forest.

To calculate the flux power spectrum,5000 random lines-of-sight were extracted par-

allel to the box boundaries, by analysing the snapshots at four different redshifts,

z = [4.2, 4.6, 5, 5.4]. The mock spectra are rescaled to match theτeff given by V13.

Finally, the power spectrum for the fractional mean transmissionF/〈F 〉 − 1 is com-

puted as in Chapter 4.

5.3.2 The MCMC

In order to predict theu0 for observational data, a Bayesian MCMC approach is adopted

as discussed in Chapter 4. Theu0 for the V13 power spectrum atz = [4.2, 4.6, 5, 5.4],

is obtained with a grid of models constructed from the hydrodynamical simulations.

Initially, the four parameterslogT0 , u0 , γ andτeff , are used to construct the grid of

models in context to Chapter 4. The thermal histories for these simulations are chosen

in such a way that no post-processing is required to construct the grid of models, as

each simulation serves as a self-consistent unique data point in thelogT0 -u0 plane.

However, post-processing is used to obtain the models in thedirection of other pa-

rameters. The slope of theT − ∆ relationship is varied over the plausible range of

valuesγ = 1.7–0.9 with 0.1 spacing. This is done by transforming theT − ∆ plane

as in Chapter 4. Theτeff is varied in the range1.3-0.7 (with 0.1 spacing, where the

central value is given by V13) times the effective optical depth. All together, there are

9 × 9 × 7 = 567 grid points in the parameter space. Furthermore, the mock spectra

extracted from a model at a given point in the grid are post-processed by convolv-

ing with an instrumental profile of FWHM=7 km s−1 and rebinned to a pixel scale of

3km s−1. Gaussian distributed noise ofS/N = 20 per pixel is added and the spec-
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tra are iteratively rescaled to matchτeff . For τeff , a Gaussian prior with mean given

by V13 and with a1σ uncertainty corresponding to 4 per cent of the mean is used.

Further, a multi-linear interpolation is performed to obtain the power spectrum at any

given point in the parameter space. Following V13, the powerspectrum is binned on

equally spaced intervals on the rangelog k/(km−1 s ) = [−2.3,−1.1]. Note that the

box size of simulations limits the analysis tolog k/(km−1 s ) >= −2.3. Finally, 104

accepted chains from the Markov chain iterations are obtained, with1000 discarded as

the burn-in phase.

Although not shown, it was verified that the marginalised onedimensional and two

dimensional posterior distributions of parameters for 1.0HM12-zr15 are successfully

recovered. As the model lies on the grid, this serves as a consistency check for the

method. As in Chapter 4, the recovered distributions and constraints on parameters

depends on the k-scales over which the mock data is constructed. Limiting the power

spectrum to scaleslog k/(km−1 s ) <= −1.1 results in a broaderlogT0 distribution.

5.3.3 Improvements in the method

In this section, new additions to the methodology used in Chapter 4 are discussed.

Errors due to the box size and mass resolution convergence ofthe simulations are

corrected in the grid of models. In addition, a model for UV background fluctuations as

implemented by Beckeret al.(2015) is included. This incorporates spatial fluctuations

in the UV background at high redshift due to rare sources suchas quasars (e.g. Chardin,

Puchwein & Haehnelt (2017)).

In Figure 5.3, the power spectrum for the 10-256 and 10-512 models relative to the

10-768 simulation is shown. These runs implement the HM12 UVB, resulting in reion-

isation atzre = 15. Note that increased mass resolution results in a small correction

up to∼ 5% at the smallest scales considered by V13. To implement this correction, a

scale factor,PF,10−768/PF,10−512, is introduced to the previous grid of models. The box

size correction for 10-512 model is also∼ 5% as shown in Figure 5.4. For the box size

correction the scale factor isPF,40−2048/PF,10−512.

In order to incorporate UV fluctuations expected due to the decreasing mean free path
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Figure 5.3: The transmitted Lyα flux power spectrum with respect to the reference model 10-768
at z = [4.2, 4.6, 5, 5.4]. Convergence with mass resolution for a fixed box size of10h−1cMpc is
displayed. The dashed lines mark the k-scales over which theV13 power spectrum is measured.

of ionizing photons towards higher redshifts and rare bright sources (like quasars), the

approach of Beckeret al. (2015, Section 4.2) is used. A similar approach was also

adopted in Vielet al. (2013b). First, a large volume of490h−1cMpc (several times

the mean free path of HI ionising photons atz > 4.2) is obtained by tiling up the

simulation box. All the haloes in the box are identified by using the friends-of-friends

halo finder. Further, each halo is assigned a luminosity function by Monte Carlo sam-

pling the Hopkins, Richards & Hernquist (2007) B-band quasar luminosity function

at a given redshift. A rank ordering of halo mass and quasar luminosity ensures that

the brightest quasars are assigned to massive haloes. The lowest B-band magnitude

is chosen atMB = −22. The ionising luminosities are obtained from the B-band lu-

minosities for the quasars by using the Madau, Haardt & Rees (1999) spectral energy

distribution.
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ν−αs (λ < 1050 Å),

whereαs is the extreme UV spectral index, chosen by Monte Carlo sampling a Gaus-

sian with mean 1.7 and standard deviation ofσ = 0.61 over the range1.7 − 3σ ≤

αs ≤ 1.7 + 3σ (Lussoet al., 2014). Once all the luminosities of the quasars and their

spectral energy distribution are specified, the specific intensity,J(r, ν), of the UVB is

computed using eq. (3) in Beckeret al. (2015) at each spatial position along lines-of-

sight for1–4 Ryd photons.

J(r, ν) =
1

4π

N
∑

i=1

Li(ri, ν)

4π|ri − r|2
e
−

|ri−r|

λHI

“

ν
νHI

”−3(β−1)

, (5.1)

whereλHI is the mean free path for ionising photons,νHI is the frequency of photons
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Figure 5.5: The transmitted Lyα flux power spectrum with respect to 1.0HM12-zr9 for different
quasar contributions to the UVB atz = [4.2, 4.6, 5, 5.4]. The vertical dashed lines encompass the
corresponding scales over which V13 power spectrum is measured. Note thatfqso = 1 implies all
the UVB is from quasars.

at the HI ionisation edge andβ = 1.3 is the slope of HI column density distribution

function. The above sum is made over all the sources with|ri − r| ≤ Lbox/2 within

periodic boundaries, whereLbox = 490h−1cMpc . The mean free path to ionising

photons is from Worsecket al. (2014)

λmfp(z) = 130

(

1 + z

5

)−4.4

h−1Mpc, (5.2)

whereλmfp = 58h−1Mpc atz = 5. Therefore, this simple method provides a first or-

der correction to the complex coupling between the density and ionising radiation field.

The HI photoionisation rates,Γ(r), are calculated using the photoionisation cross sec-

tion σHI(ν) as

Γ(r) = 4π

∫ 4ν912

ν912

dν

hν
J(r, ν)σHI(ν), (5.3)
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The total photoionisation rate is then given asΓtot(r) = Γ(r)+(1−fqso)ΓHM12, where

fqso is the fraction ofΓtot from quasars andΓHM12 is the spatially uniform HM12

photoionisation rate. The HI number density,nHI, in the simulations is then rescaled

asnHI(r) ∝ 1/Γtot(r). As the scaling is in physical space, the HI optical depths in

redshift space are recalculated for the same line-of-sightwith the updated HI number

densities.

To incorporate the effect of UV fluctuations from quasars, the power spectrum is com-

puted at three different values for the quasar fraction,fqso = [0.1, 0.5, 1]. The uniform

model serves as thefqso = 0 case. In Figure 5.5, the power spectrum for these mod-

els relative to the native 1.0HM12-zr9 is shown. Note thatfqso = 1 implies that all

of the contribution to the UVB is from quasars. It is clear that for the most extreme

case,fqso = 1, the correction is∼ 5% at z = 4.2, increasing up to∼ 7% at higher

redshifts. The reduction in power is almost uniform on all scales (the k-scales where

the power spectrum is measured by V13 are shown as vertical dashed lines), except

at z = 5.4, due to the increased opacity of the IGM to ionising photons.We have

implementedfqso as a free parameter in the MCMC. A flat prior is chosen with end

values atfqso = [0, 1].

5.4 Results

The constraints on the integrated thermal history from the V13 observational data are

shown in Table 5.2 foru0 andlogT0 . The V13 data points (blue circles) and the MCMC

best fits (red curves) atz = [4.2, 4.6, 5, 5.4] are shown in Figure 5.6. Table 5.2 shows

the constraints and individually lists the corrections forbox size, mass resolution and

the incorporation of fluctuations in UVB, parameterised asfqso .

The recovered one dimensional and two dimensional probability distributions of pa-

rameters for V13 data atz = 5 are shown in Figure 5.7. It is clear that theγ and

fqso have relatively flat distributions, implying the power spectrum is insensitive to

these parameters. This is expected, as since the power spectrum is not very sensitive

to fqso on relevant the k-scales, as shown in Figure 5.5. The errors on the observational

data are also quite large compared to box size and mass resolution corrections.
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Table 5.2:Predicted constraints onlog(T0) andu0 obtained for the V13 power spectrum atz = [4.2, 4.6, 5, 5.4]. The values correspond to the median of the marginalised

posterior distribution for each parameter, along with the 68 and 95 per cent credible intervals. From left to right, the columns gives the best MCMC fits, fits with box size

corrections only, fits with mass resolution corrections only and fits with UV background corrections only (see the text for details).

MCMC best fits Box Size Resolution UV background

zo log(T0/K) u0eV m−1
p log(T0/K) u0eV m−1

p log(T0/K) u0eV m−1
p log(T0/K) u0eV m−1

p

zo ≤ z ≤ 12.0

4.2 3.99+0.06
−0.07 (+0.13

−0.17) 7.3+1.7
−1.6 (+3.2

−2.5) 3.99+0.06
−0.08 (+0.12

−0.18) 7.3+1.6
−1.6 (+3.1

−2.6) 4.00+0.06
−0.07 (+0.13

−0.16) 7.5+1.7
−1.7 (+3.1

−2.8) 4.00+0.06
−0.07 (+0.12

−0.17) 7.3+1.7
−1.6 (+3.1

−2.5)

4.6 3.96+0.07
−0.06 (+0.13

−0.15) 6.6+1.1
−1.1 (+2.1

−1.8) 3.94+0.07
−0.07 (+0.13

−0.15) 6.4+1.1
−1.1 (+2.0

−1.8) 3.96+0.07
−0.07 (+0.13

−0.17) 6.5+1.2
−1.1 (+2.2

−1.8) 3.95+0.07
−0.07 (+0.13

−0.15) 6.5+1.1
−1.1 (+2.0

−2.4)

5.0 3.85+0.13
−0.13 (+0.23

−0.23) 5.0+0.9
−0.9 (+1.9

−1.6) 3.83+0.12
−0.12 (+0.22

−0.22) 4.8+0.9
−0.8 (+1.9

−1.6) 3.84+0.12
−0.12 (+0.23

−0.22) 5.0+0.8
−0.8 (+1.8

−1.6) 3.81+0.11
−0.12 (+0.23

−0.21) 4.7+0.8
−0.8 (+1.8

−1.6)

5.4 3.87+0.16
−0.16 (+0.25

−0.29) 4.7+1.4
−1.1 (+2.9

−2.1) 3.87+0.16
−0.16 (+0.25

−0.28) 4.8+1.3
−1.2 (+2.9

−2.2) 3.90+0.15
−0.16 (+0.22

−0.29) 5.1+1.3
−1.0 (+3.0

−2.1) 3.86+0.16
−0.16 (+0.26

−0.28) 4.5+1.3
−1.2 (+2.9

−2.2)
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Figure 5.6: The MCMC best fits for the V13 flux power spectrum data points atz =
[4.2, 4.6, 5, 5.4]. The observational data points are shown as blue circles along with 1σ uncer-
tainties. The red curves shows the MCMC best fit overlaid withthe corresponding power spectrum
for 100 random samples selected from the accepted chains, shown in grey.

The constraints onlogT0 from the V13 observations atz = [4.2, 4.6, 5, 5.4] are con-

sistent with the Beckeret al. (2011) data points (violet circles) shown in Figure 5.1.

In addition tologT0 , the constraints onu0 are bracketed atu0 = 4.7–7.3eV m−1
p atz =

5.4–4.2. Broadly, three models, namely 3.3HM12-zr7, 0.3HM12-zr15and 1.0HM12-

zr9 (see Table 5.1 for correspondingu0 atz = 5) are consistent with these values. How-

ever, the combined constraints fromlogT0 andu0 suggests a thermal history (1.0HM12-

zr9) with HM12 rates and reionsation atz = 9, provides a best fit. The results

are in agreement with the previous findings by Oñorbeet al. (2017), who suggest a

model with a reionsation starting at a redshift ofz ∼ 9 and duration of∆z = 2.59

is consistent with the V13 flux power spectrum atz = [5 − 5.4]. This reionsa-

tion model hasu0 = 4.24eV m−1
p at z ∼ 5, in agreement with the estimates here,

u0 = 5.0+0.9
−0.9eV m−1

p (see Table 5.2). This result also indicates that reionsation is less

likely to be dominated by AGN (Madau & Haardt, 2015) and disfavours such mod-

els, as these predict more heat injection into the IGM and higher values foru0 (see

also D’Aloisio et al. (2017)). For reference, theu0 for the Haardt & Madau (2001)
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Figure 5.7: The contours display the two dimensional probability distributions for the parameters
log T0, u0, γ, τeff and fqso recovered from the V13 flux power spectrum atz = 5, once cor-
rected for resolution and box size. The joint 1σ, 2σ and 3σ contours are shown in black with the
number density of points shown as shades of grey. The black curves display the one dimensional
marginalised posterior distributions for each parameter.The blue lines show the MCMC best fit for
each parameter.

galaxies and quasars and quasars only UVB models areu0 = 5.8 − 7.7eV m−1
p and

u0 = 9.4 − 11.4eV m−1
p , respectively atz = [5.4 − 4.2]. Clearly, the heat injection by

the quasar model is less favoured by theu0 estimates from the V13 data. Further, the

galaxies and quasars model is consistent with theu0 estimates from the V17, within

1σ.

This analysis further suggests an optimistic picture whereuseful constraints onu0 and

T0 can already be obtained from the existing data at wavenumbers log k/(km−1 s ) <

−1. Pushing the observational measurements to smaller scalesin combination with

simulations with self-consistent thermal histories, should improve constraints further
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(Nasir, Bolton & Becker, 2016).

5.5 Conclusions

In this chapter, the initial constraints on the integrated thermal history using the Lyα for-

est flux power spectrum measurements and a new set of hydrodynamical simulations,

which allow self-consistent exploration of the parameter-space inlogT0 andu0 are ob-

tained. The results are in agreement with recent Planck Collaborationet al. (2016b),

τe measurements and the preliminary study by Oñorbeet al. (2017). The constraints

favour a reionsation model with reionsation atz = 9. The integrated heating is brack-

eted byu0 = 4.7 − 7.3 eV m−1
p at z = 5.4–4.2. These low values foru0 favour a more

conventional reionsation scenario dominated by galaxies rather then quasars.

In the MCMC analysis, the uncertainties due to box size, massresolution and spatial

fluctuations in the UV background are also corrected for. Including these systematics

introduced small additional uncertainties on thelogT0 andu0 constraints. In conclu-

sion, theu0 is a useful parameterisation for the integrated heating during reionsation

and can distinguish among various reionisation models, providing insight into the na-

ture of the sources responsible for it. In future, high resolution measurements have

the potential to improve on estimates by reaching small scales (log(k/km−1 s ) > −1),

due to the sensitivity of the integrated heating on the small-scale cut-off in the power

spectrum (Nasir, Bolton & Becker, 2016; Oñorbeet al., 2017).



Chapter 6

Summary & future work

In this thesis, the properties and the thermal state of IGM are examined using cos-

mological simulations of the Lyα forest. In Chapter 1, I emphasized that the IGM

is a rich repository for studying reionsation, the evolution of metagalactic UV back-

ground and the impact of galactic feedback from AGN and supernovae. However, I

also highlighted the challenges faced by current hydrodynamical simulations to accu-

rately model the properties of the Lyα forest at low (z . 2) and high (z & 5) redshifts.

In Chapter 2-3, the impact of feedback on the statistical properties of the low redshift

Lyα forest are examined. I presented results which highlightedthe apparent discrep-

ancies with current observations. At high redshift (see Chapter 4-5), I focussed on the

constraints on the timing of reionsation and the integratedthermal history of IGM and

I presented the first constraints on the integrated thermal history. In this chapter, I will

summarise these key results and discuss the possible extensions of this work. I will

highlight current and potential future developments in both observations and cosmo-

logical simulations, which will progress the field in the coming decade.

6.1 The impact of feedback on the low redshift Lyα for-

est

In Chapter 2, statistical quantities estimated from low redshift Lyα forest simulations

with various feedback prescriptions are presented and compared with recent observa-
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tions. The Lyα CDDF and the velocity line widths distribution predicted bythe simula-

tions are in disagreement with observations. The simulations predict a shallower slope

for CDDF with too few high column density systems (NHI > 1014 cm−2). Further, the

velocity line widths are too narrow compared to observations and the disagreement is

larger for simulations performed with higher mass resolution. The impact of galactic

feedback in the simulations does not fully resolve this disagreement. Improving the

agreement might involve a more efficient ejection of gas intothe IGM, that keeps the

temperatures low enough to enable contribution to the Lyα forest.

In Chapter 3, the numerical convergence with box size and mass resolution of quanti-

ties derived from the low redshift Lyα forest simulations are discussed. The Lyα CDDF

is well converged for the absorbers atNHI = 1013 − 1014 cm−2, but the velocity line

widths are significantly overestimated for simulations performed with lower mass res-

olution. Theτeff shows excellent convergence, to within∼ 2% with box size and∼ 5%

with mass resolution. The flux PDF is converged to within 20% for mass resolution,

5% for box size, the flux power spectrum is converged within∼ 5% with box size and

within 30% with mass resolution.

6.2 Constraints on the integrated thermal history of

IGM with the high redshift Ly α forest

In Chapter 4-5, I carefully laid out the key steps involved inposing the first constraints

on the integrated thermal history of the IGM using cosmological hydrodynamical sim-

ulations. In Chapter 4, the correlation of the integrated thermal history with the line of

sight transmitted flux power spectrum atz ≃ 5 is established. By utilizing this fact, the

integrated thermal history of the IGM was modelled by using aset of hydrodynamical

simulations with a variety of thermal histories. Finally, the predicted constraints on

the integrated thermal history are presented. This can be measured with a statistical

uncertainty of∼20 per cent utilizing mock observations atz ≃ 5.

In Chapter 5, I expand on this work by using a new set of hydrodynamical simulations

which allow a self-consistent exploration oflogT0 -u0 parameter-space. Being aware



Summary and future work 100

of systematics at these redshifts, I also correct the grid ofmodels for the box size and

mass resolution of the simulations, and incorporate a modelto account for fluctuations

in the UV background due to quasars. The integrated thermal history constraints for

the recent flux power spectrum measurements by Vielet al. (2013b) are bracketed

by u0 = 4.7 − 7.3eV m−1
p at z = 5.4–4.2. These estimates favor a galaxy driven

reionsation scenario, in agreement with a redshift of reionsation atz = 9.

Future measurements have the potential to improve the constraints by probing on to

smaller scales in the power spectrum (Nasir, Bolton & Becker, 2016; Oñorbeet al.,

2017).

6.3 Outlook

There has been a remarkable success, in reproducing the properties of HI Lyα forest

for low density gas in the IGM at intermediate redshifts (McDonaldet al., 2000; Croft,

2004; Altayet al., 2011; Palanque-Delabrouilleet al., 2013; Rollindeet al., 2013; Viel

et al., 2013b; Boltonet al., 2017). However, there is still room for additional precision

at these epochs. Extending our understanding of the IGM would require developments

at both the observational and simulation fronts. The futureprospects for the field are

excellent. Here, I will highlight these prospects and mention the key science questions

which can be addressed.

6.3.1 High redshift quasars

The high redshift quasars,z & 6 are a powerful probe for establishing the HI reionsation

history of the IGM (for review Mortlock (2016)). About 17 years ago, the first quasar

at z ≃ 5.8 was discovered by the Sloan Digital Sky Survey (SDSS) (Fanet al., 2000).

Since then, there has been a significant increase in the number count of these objects,

pioneered by SDSS (Fanet al., 2006b; Jianget al., 2015) and followed by the Canada

France High redshift Quasar Survey (CFHQS) (Willottet al., 2010) and the UKIRT

Infrared Deep Sky Survey (UKIDSS), including the only quasar at z = 7.1 (Mort-

lock et al., 2011). More recently, the Panoramic Survey Telescope & Rapid Response
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System 1 (Pan-STARRS1) (Bañadoset al., 2014, 2016), the VISTA Kilo-Degree In-

frared Galaxy (VIKING) survey (Venemanset al., 2013, 2015), the Dark Energy Sur-

vey (DES) (Reedet al., 2015), and the Subaru High-z Exploration of Low-Luminosity

Quasars (SHELLQ) are making their contributions (Matsuokaet al., 2016). Finding

these high redshift quasars will prove a useful tool for reionsation if it is possible to

obtain moderate to high resolution spectra. In the coming years, there will be a re-

markable upgrade in this regard, due to the large collectingarea of the Thirty Meter

Telescope (TMT), the Giant Magnellan Telescope (GMT) and the European Extremely

Large Telescope (EELT), improving not only the number counts but also sensitivity

(Becker, Bolton & Lidz, 2015). In conjunction, with the James Webb Space Telescope

(JWST), observing the high redshifts galaxy population up to redshiftz ∼ 10–15 (Yan

et al., 2016), this would provide powerful constraints on the cosmic reionsation.

6.3.2 21 cm radiation

The 21 cm radiation arises from a “spin-flip” line in hydrogen, which accounts for

76% of the baryons in the Universe by mass. This transition isthe target for low-

frequency radio telescopes across the globe. The instruments, such as the Precision

Array for Probing the Epoch of Reionization (PAPER) in SouthAfrica, Murchison

Widefield Array (MWA) in Australia, the Low Frequency Array (LOFAR) in Nether-

lands, the Giant Meterwave Radio Telescope (GMRT) in India and second generation

radio telescopes, such as the Hydrogen Epoch of Reionization Array (HERA) and the

international Square Kilometre Array (SKA) are aiming to detect the first signal of

redshifted 21 cm radiation (Pacigaet al., 2013; Parsonset al., 2014; Liu & Parsons,

2016; Patilet al., 2017). The plan for the observations is to map the neutral hydro-

gen from the end of reionsation up toz = 10 or beyond, providing a direct probe on

the process of reionsation. These observations would fill the gap in our understanding

of Universe after the CMB, when the first ionising sources appear (for a review see

Pritchard & Loeb (2012)). Together with the Lyα forest observations, 21 cm would

provide detailed constraints on the timing, duration, structure and sources of reionsa-

tion (Pritchard, Loeb & Wyithe, 2010; Becker, Bolton & Lidz,2015; Kulkarniet al.,

2017).
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6.3.3 Ultraviolet spectroscopy

The Large aperture UV/Optical/IR (LUVOIR) is a concept, multiple-wavelength space

observatory. The primary mirror would be from 8 up to 16 meters, made into several

segments (Thronsonet al., 2016). The ultraviolet imaging and spectrograph are one of

the key capabilities for this 21st century space telescope.With 10 times more collecting

area then HST and far more sensitivity, this would be huge leap in order to study the

kinematics of intergalactic gas through galactic feedback, made accessible through

highly resolved quasar spectra (Dalcantonet al., 2015).

6.3.4 Radiative transfer in hydrodynamical simulations

From a theoretical perspective, the modelling of the IGM at higher redshifts is quite

challenging due to the interplay between the ionising sources and the intergalactic gas.

The detailed radiative transfer is a daunting computational task due to high dimention-

ality of the problem and the range of scales that need to be resolved. In principle,

one has to resolve the spatial scales from stars, or accreting black holes up to volumes

which are representative of large ionised regions in the Universe (comoving mega-

parsec scales). A straight forward but expensive approach is to perform ray tracing for

each source individually (Trac & Gnedin, 2011). An alternative less expensive method

is momentum based radiative transfer (Rosdahlet al., 2013). Despite the challenges,

the simulations are already providing insight on the morphology of reionsation and

ionising sources (Pawlik, Schaye & Vecchia, 2015; Ocvirket al., 2016). The cosmo-

logical simulations are paving the way for 21 cm observations by modelling the impact

of quasars and galaxies on the IGM (Dattaet al., 2012; Ilievet al., 2014). The simula-

tions are also helping to understand the signature ionised regions formed around high

redshift quasars during reionsation (Kakiichiet al., 2017).

6.3.5 The ionising background at low redshifts

The UVB is well characterised atz & 1.6 due to the availability of high resolution

spectra from ground based telescopes (Haardt & Madau, 2001;Faucher-Giguèreet al.,

2009; Haardt & Madau, 2012). Atz . 0.5, the HST/COS provides the necessary
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coverage to infer the UVB using the Lyα forest in quasar spectra (Kollmeieret al.,

2014; Shullet al., 2015; Vielet al., 2013b; Nasiret al., 2017). However, due to lack

of spectra at intermediate redshifts, the UVB is poorly constrained. Future, observa-

tions can therefore fill the gap in our understanding of the properties of the IGM and

constraining the UVB at these redshifts. Once combined withcurrent observations this

can provide a more consistent picture of the evolution of theUVB.

6.3.6 Interplay between circumgalactic medium and IGM

Our understanding of the low redshift IGM is far from complete. The key challenge

is to determine the exact mechanism for galactic feedback, pinpointing the contribu-

tions from AGN and supernovae and how they influence galaxy evolution and for-

mation. The key measurements are statistics of HI , OVI and other metal absorbers,

more specifically the CDDF, obtained from quasar spectra (Danforth et al., 2016). As

the high column density systems owe their existence to the dense gas residing in the

vicinity of galaxies, this makes CDDF at high column densitysensitive to any feed-

back processes, which potentially redistributes the gas and metals. The recent mea-

surements from HST/COS spectra are already providing new insight into this complex

interplay between circumgalactic and IGM gas (Werket al., 2014; Keeneyet al., 2017;

Viel et al., 2017a; Prattet al., 2017). The future space telescope, LUVOIR, with its

groundbreaking UV spectroscopy capabilities would provide an huge leap in terms of

pinpointing the role of various processes in this regard. The bright quasars at low red-

shift would provide the opportunity to obtain high resolution spectroscopy, in order to

understand the gas dynamics in the CGM through galactic feedback (Dalcantonet al.,

2015).

6.3.7 Warm dark matter models

The warm dark matter model was introduced, to alleviate the problems in matter power

spectrum at small scales around few Mpc or less. As the Lyα flux power spectrum mea-

surements probe structure formation at these scales, they provide invaluable constraint

on the warm dark matter (WDM) properties. The observations can provide constraints
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on the models and potentially limits on the masses of WDM particles (e.g. Vielet al.

(2013b); Iršičet al.(2017c,b)). Future improvements on the integrated thermalhistory

measurements (see Chapter 5) and IGM temperature measurements would certainly

enhance the constraining power of these models, as the IGM temperature is a key as-

trophysical systematic in these measurements.

6.3.8 Future Work

In the previous section, I have highlighted the key observational developments which

help to further extend my current work. I have mentioned the recent surge to find high

redshift quasars and how this will be further improved by newtelescopes. The possibil-

ity to obtain spectra for these high redshift quasars would help to probe the ionisation

state of high redshift IGM and possibly also constrain the integrated heating during

reionsation. An increasing number of quasar sights-lines with better signal-to-noise

would provide new and improved line-of-sight flux power spectrum measurements.

This would significantly improve the constraints on the integrated thermal history of

IGM obtained in Chapter 5. The effect on the flux power spectrum due to the bright

and rarer sources relative contribution to UVB is incorporated in my method using

parameterfqso. However, the parameter remain unconstrained in the current analysis

as the data is limited to relatively larger scales with largeerrors bars (please see Fig-

ure 5.5 and 5.6 in Chapter 5). The future measurements, specifically reaching towards

small scales will aid constrains on the relative contribution of high redshift quasars to

UVB. This will help to distinguish between the galaxies and AGN driven reionsation

scenarios.

The addition of high resolution quasar spectra atz > 5.5, would also help to further

extend our models employing a varying mean free path, a fluctuating UVB and tem-

perature fluctuations to explain the observations, such as opacity variations (Becker

et al., 2015). This would better establish the structure of patchyreionsation, with the

aid of hydrodynamical simulations, that employ radiative transfer to better constrain

the models during reionsation.

The intensity and shape of the UV background is the one of the key elements to

model the diffuse IGM. One method of determining the UVB involves comparing the
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H I column densities from quasar absorption lines with hydrodynamical simulations

(see Chapter 2). As the intensity of the UVB is proportional to the normalisation of

CDDF, where it can be altered by scaling the optical depths inpost-processing within

simulations. This in turn determines the UVB once compared with the CDDF from

the observed quasar absorption lines. A possible extensionto my work would be to do

this analysis at redshifts where UVB is poorly constraint, at z <
∼ 1.6, thus inferring the

intensity of UVB at lower redshifts.

I address the affects of supernovae and AGN feedback and its implications on the IGM

properties using the Lyα forest in Chapter 2. The method used the Lyα CDDF and

velocity width distribution, due to their sensitivity to such processes. I found that the

feedback prescriptions used in our simulations had only a modest effect, and it is very

little to alleviate the disagreement with the COS observations. The simulations used

the energy-driven outflow model by Puchwein & Springel (2013), where the velocity

of winds are proportional to the escape velocity of galaxy, chosen such that its able

to reproduce the observed galaxy stellar mass function at the low mass end. The fu-

ture work might explore the various versions of such a feedback model, which can

eject the overdense gas in to the IGM. In addition, the publically available EAGLE

(Schayeet al., 2015) and ILLUSTRIS (Vogelsbergeret al., 2014a) simulations could

be compared to data, as they have different feedback prescriptions. Potential detailed

observations of gas flow in the galaxies made possible by UV spectroscopy in future,

would prove very useful in detail modelling of such galacticfeedback processes. In

turn, the properties of the Lyα forest, in particular CDDF and velocity widths obtained

from these set of simulations, using these feedback prescriptions, can be compared

with observations by HST/COS, and in future with LUVIOR.

In conclusion, the future of the Lyα forest as a probe to study the IGM at cosmic time

would be shaped by both state of the art cosmological simulations and potential future

observations. The key questions for future work will be the process of reionsation at

high redshifts and the impact of galactic feedback at low redshifts. The promised ob-

servations will provide a detailed picture of reionsation and an avenue to study various

mechanisms for galactic feedback. Future simulations willbe able to constrain the

models of reionsation and pin-point the role of various processes in feedback. In short,
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the future prospects of the field are quite optimistic.
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Iršič V., Viel M., Berg T. A. M., D’Odorico V., Haehnelt M. G., Cristiani S., Cupani
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Oppenheimer B. D., Davé R., 2009. MNRAS,395, 1875. The nature and origin of

low-redshift OVI absorbers.
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J. D., Meinhold P. R., Melchiorri A., Mennella A., Migliaccio M., Miville-Deschênes
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Munn J. A., Nichol R. C., Ostriker J. P., Schlegel D. J., Schneider D. P., Tegmark M.,



Bibliography 130

Berk D. E., Weinberg D. H., York D. G., 2005. Phys. Rev. D,71(10), 103515.Cosmo-

logical parameter analysis including SDSS Lyα forest and galaxy bias: Constraints

on the primordial spectrum of fluctuations, neutrino mass, and dark energy.

Sembach K. R., Tripp T. M., Savage B. D., Richter P., 2004. ApJS,155, 351. Phys-

ical Properties and Baryonic Content of Low-Redshift Intergalactic Lyα and O VI

Absorption Line Systems: The PG 1116+215 Sight Line.

Shull J. M., Danforth C. W., Tilton E. M., 2014. ApJ,796, 49. Tracing the Cosmic

Metal Evolution in the Low-redshift Intergalactic Medium.

Shull J. M., Moloney J., Danforth C. W., Tilton E. M., 2015. ApJ, 811, 3. The

Metagalactic Ionizing Background: A Crisis in UV Photon Production or Incorrect

Galaxy Escape Fractions?

Shull J. M., Smith B. D., Danforth C. W., 2012. ApJ,759, 23. The Baryon Census in

a Multiphase Intergalactic Medium: 30% of the Baryons May Still be Missing.

Sijacki D., Springel V., Di Matteo T., Hernquist L., 2007. MNRAS, 380, 877. A

unified model for AGN feedback in cosmological simulations of structure formation.

Smoot G. F., Bennett C. L., Kogut A., Wright E. L., Aymon J., Boggess N. W., Cheng

E. S., de Amici G., Gulkis S., Hauser M. G., Hinshaw G., Jackson P. D., Janssen M.,

Kaita E., Kelsall T., Keegstra P., Lineweaver C., Loewenstein K., Lubin P., Mather

J., Meyer S. S., Moseley S. H., Murdock T., Rokke L., Silverberg R. F., Tenorio L.,

Weiss R., Wilkinson D. T., 1992. ApJ,396, L1. Structure in the COBE differential

microwave radiometer first-year maps.

Songaila A., 2004. AJ,127, 2598.The Evolution of the Intergalactic Medium Trans-

mission to Redshift 6.

Springel V., Hernquist L., 2003. MNRAS,339, 289.Cosmological smoothed particle

hydrodynamics simulations: a hybrid multiphase model for star formation.

Springel V., White S. D. M., Jenkins A., Frenk C. S., Yoshida N., Gao L., Navarro

J., Thacker R., Croton D., Helly J., Peacock J. A., Cole S., Thomas P., Couchman

H., Evrard A., Colberg J., Pearce F., 2005a. Nature,435, 629. Simulations of the

formation, evolution and clustering of galaxies and quasars.



Bibliography 131

Springel V., White S. D. M., Jenkins A., Frenk C. S., Yoshida N., Gao L., Navarro

J., Thacker R., Croton D., Helly J., Peacock J. A., Cole S., Thomas P., Couchman

H., Evrard A., Colberg J., Pearce F., 2005b. Nature,435, 629. Simulations of the

formation, evolution and clustering of galaxies and quasars.

Springel V., Frenk C. S., White S. D. M., 2006. Nature,440, 1137. The large-scale

structure of the Universe.

Springel V., 2005. MNRAS,364, 1105.The cosmological simulation code GADGET-

2.

Tegmark M., Strauss M. A., Blanton M. R., Abazajian K., Dodelson S., Sandvik H.,

Wang X., Weinberg D. H., Zehavi I., Bahcall N. A., Hoyle F., Schlegel D., Scoc-

cimarro R., Vogeley M. S., Berlind A., Budavari T., ConnollyA., Eisenstein D. J.,

Finkbeiner D., Frieman J. A., Gunn J. E., Hui L., Jain B., Johnston D., Kent S.,

Lin H., Nakajima R., Nichol R. C., Ostriker J. P., Pope A., Scranton R., Seljak U.,

Sheth R. K., Stebbins A., Szalay A. S., Szapudi I., Xu Y., Annis J., Brinkmann J.,

Burles S., Castander F. J., Csabai I., Loveday J., Doi M., Fukugita M., Gillespie B.,
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