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Abstract

The Ly« forest is a series of absorption lines seen in quasar spmutiégs a powerful
tool for probing the thermal state of the intergalactic nnedi(IGM) across a wide
redshift range. At intermediate redshifis € 2 < 5), the statistical properties of the
Ly« forest predicted by recent hydrodynamical simulationsragood agreement with
arange of spectroscopic data. However, at lower and higlashifts this is still not the
case. Some of the key questions still challenging our utaedsg at low redshifts are
the nature of absorbers, the evolution of the ultraviolekigeound and the impact of
feedback from supernovae and active galactic nuclei (AGMithermore, as a range of
reionsation models remain unconstrained and the preonsegiof reionsation remains
elusive, high redshift Ly forest data can provide valuable insight due to its serifsitiv

to the post-reionsation thermal properties of the IGM.

At low redshift, this investigation focuses on understagdhe effect of different feed-
back prescriptions on the properties of thedfgrest using simulations from the Sher-
wood simulation suite. The simulations incorporate thrgem@nt prescriptions for
treating cold dense gas and galactic feedback from supaereovd AGN. These imple-
mentations have only a small effect on the properties of hedolumn density distri-
bution function (CDDF) and Ly line velocity width distribution. Therefore, feedback
does not solve the discrepancy betweerGhsmic Origins SpectrograglcOS) obser-
vations of the CDDF at ~ 0.1 for high column density system&/{;; > 10'* cm—2),

as well as the line width distribution, which has lines brexatthen the simulation data.
Some of the possible solutions may be feedback that ejegts onerdense gas into the
IGM, an increase in the temperature of the overdense gaslividirather fine-tuned
so that the gas is able to still contribute to thexlfprest), or an unresolved turbulent
in the IGM.
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The low redshift Lyy forest investigation is concluded by performing a serieawof

merical convergence tests on the quantities most widelyl@mag in absorption line
studies at low redshift. The mass resolution of the simaohestican significantly im-
pact on the estimated line velocity widths, by overestingaline widths for low mass
resolution runs. By contrast, the kyCDDF is quite well converged for low column

density absorbers.

At higher redshifts, a feasibility analysis to constraie thermal history of the IGM
using cosmological hydrodynamical simulations of thevlfgrest is performed. This
problem is approached by utilising the dyforest transmitted flux power spectrum
at z ~ 5. The integrated heating during reionsation has a measunapact on the
power spectrum. The integrated heating is parameterisad tiee cumulative energy
per proton deposited into a gas parcel at the mean backgrbemsity. A Markov
Chain Monte Carlo approach is used to recover the cumulatieegy per proton with

a statistical uncertainty of 20 per cent (at 68 per cent confidence interval), by making
assumptions consistent with current observational dé&ta Bewever, systematics may
increase the uncertainty to 30 per cent at these redshifts. This method can distinguish

between early{ = 12) and late £ = 7) reionisation in the simulations.

Finally, to expand on this investigation, the first consttaion the cumulative energy
per proton using recent kyflux power spectrum measurements at high redshift are
obtained. A consistent picture of galaxy driven reionsatiath reionsation occurring

atz ~ 9is found.
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Chapter 1

Introduction

1.1 Cosmology and structure formation

The standard cosmological model explains the formatiorheflniverse by estab-

lishing that sometime in the past, it was once in a very hosdestate and has been

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

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

surements of the Cosmic Microwave Background (CMB) (Beﬁml,sz Planck

Collaborationet al.,

2016

), the abundance of light elements from primordialexu

osynthesisl(Olive & Skillmz

2004), the accelerated espanof the Universe as

established from the lumi

nosity-distance relationshipype la supernovae (Perlmut-

teret al, 9] Ries®t all, 12004 Astieret all., 12006) and the clustering of galaxies as
observed by modern large scale survem_(legmﬁ.ﬂd], 2004;[Johnsoet all, 2014;
van Uitertet all, [2017).

To explain these findings the model assumes an expandingideiwhich is homo-

geneous and isotropic on large scales (i.e. few hundredspaf).MI'he mass-energy

content of the Universe is 71% dark energy, 24% dark matté®é&t baryonic matter

(Planck Collaboratiormt al

201¢

»). The most prevalent is dark energy, which is held

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

component is detected indirectly through its gravitatlanfluence but has not been

observed directly to date. The remaining baryonic contemh$§ the observable Uni-
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Figure 1.1: The temperature map of the cosmic microwave background seredd by Planck

(Planck Collaboratioet all,[2016h). It shows temperature fluctuations that correspmtidy dif-

ferences in densities, when the Universe was 380,000 y&hr3loese are the seeds for the struc-
ture observed later in the Universe. Credit: European spgeacy and the Planck collaboration.
Image taken froriwwv. esa. 1 nt/ spacel ni mages/ | mages/ 2013/ 03/ Pl anck CVB

verse as stars, galaxies and clusters and the gas in betvegenThe current paradigm
for this cosmological model is referred to &DM. TheA is Einstein’s cosmological
constant, a possible candidate for dark energy. Cold DarttdvielCDM) is a version

of dark matter which moves at non-relativistic speeds.

The current accelerated expansion of the Universe can bedrback to an initial
hot and dense state. At this stage, the Universe inherieedebds of quantum inho-

mogeneities amplified through a period of exponential egmamknown as inflation

Guth, 1981). These seeds grew through gravitationalbigieand formed the large

scale structures observed later on in the Universe.

In the hot early Universe, nuclei and electrons are not banmttiphotons constantly
scatter off charged particles. However, as the tempeand densities dropped due
to continued expansion, protons and electrons began todtwms. This is known as
recombination and it happened:zat- 1100. After this the neutral atoms cease to scat-
ter off photons (except bound-bound and bound-free intierax) and they were free
to travel without any hindrance until observed. This premalelic radiation perme-
ates the whole Universe and is redshifted to microwave #rqies in the current Uni-
verse. The CMB shows a black body spectrum at a temperat@ré2sis +0.00057K
Fixsen) 2009).



www.esa.int/spaceinimages/Images/2013/03/Planck_CMB

Introduction 3

The CMB is extremely isotropic, but shows temperature flattuns up toAT /T ~

1075 (Smootet all, [1992), giving us a glimpse of the density distribution oftteaat

the epoch of recombination. There are regions of the Urevesisich are overdense

and regions which are underdense. The more dense regiame$eactore matter, thus

acquiring more mass and growing in a hierarchical ma ' 5,.1978).

On the other hand, the underdense regions expand and beessn@ense. Thus, the
Universe proceeds to build up matter in a hierarchical mamyeouilding small struc-
tures first and accreting those structures to build more me@sguctures. Numerical
N-body simulations are an invaluable tool to follow thisraiehical growth (Springel
et al, [20054).

The formation of structures by gravitational instabilitydghierarchical merging gives
us an accurate description of the dark matter distributitowever, as baryons undergo
radiative and dissipative processes, they fail to followkdaatter at smaller scales.
This makes the accurate modelling of baryons in cosmolbgicaulations quite chal-

lenging. At large scales, baryons collapse in dark mattestend form stars, galaxies,

guasars and galaxy clusters (see Figurk 1.2). Recent hytaodcal simulations help

to visualize the structures formed in this hierarchicakassly (Mogelsbergeet all,

0144a; Schayet all, 12015). These luminous objects in turn produce large ansount

of high energy photons that have sufficient energy to iorhsesurrounding gas, that
forms the intergalactic medium (IGM). This serves as a hulygedreservoir of gas,
accounting for most of the baryonic matter in the Universaedérstanding the IGM
and its evolution is crucial to cosmology and for followirgetbuild-up of structures

through cosmic time.

1.2 Reionisation

The hierarchical growth which triggered star formation seouently created the first

sources of ultraviolet photonis (Trenti & Stiavelli, 2009)hich ionised the IGM we
observe today. These sources ended the dark ages thatlesiitste the epoch of re-

combination, by producing photons which have energiesalidrvyd that are capable

of ionising the neutral hydrogen in the IGM, resulting in Kionsationl(Rees, 2000).
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Figure 1.2: A large cosmological hydrodynamical simulation in a 200cMpc box from the Illus-

tris TNG project. A projection of the dark matter densitylwgfravitationally collapsed structures is
shown in orange, which are surrounded by successive shofeces (blue), showing their forma-
tion history. Credit: lllustris TNG team. Image taken friowwv. t ng- pr o] ect . or g/ medi a

Reionsation was an extended process. At first the souraegsiiaing the surrounding

gas, forming ionised bubbles (Furlanetto Zaldarriaoamdt

2004: Furlanetto &

Oh,[2005). There might have been differences in the morgiyaddthese Hr bubbles

due to the spectrum of ionising sources. Reionsation wilhhemogenous due to the

distribution of bright sources and the clumpiness of gaskBeet all, 201!

>). Further

in to the process of ionisation, thertbubbles started to overlap eventually resulting

in a uniform metagalactic ultraviolet background. Due t® ¢lumpiness of gas, some

dense gas pockets remained self shielded to the incredsiagiolet background (the

so-called Lyman-limit systems).

The uncertainty in the timing of reionisation is related to éack of observations of

the astrophysical sources of radiation that are respanfblt. In a traditional view of

H 1 reionisation, high redshift galaxy populations were thenaaivers of the ionising

backgroundi(Haardt & Madau, 2012; Faucher-Giggtrall, |I200¢

ing number density of Active Galactic Nuclei (AGN) at> 3

), due to the declin-

2006

).

However, the relative contributions of these two types afrses to cosmic reionsa-
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tion is still debated (Madau & Haardt, 2015), but alsolseelbigio et all (2017) and
Hassaret all (2017). This is motivated by the possibility of large nungoef faint

high-redshift quasars at > 4 (Giallongoet all, [2012). Another major uncertainty in

pin-pointing the relative contribution of galaxies and A@Nses due to the unknown
fraction of ionising photons that escape into the IGM. Datieing this factor is a key
challenge due to the complexity of modelling photons e iom the multi-phase

yﬁ Maet all, 12015).

interstellar medium into the IGM_(Gnedin, Kravtsov & Ch

1.3 The intergalactic medium

Most of the baryons in the Universe reside in the space wieshbletween the galax-
ies, forming the IGM (see McQuinh (2016) Jnd_L,i 1z_d016) ®riews). It serves as a
huge repository of diffuse gas. For this reason, the IGM ystkacer for the distribu-

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

formation at small scales (at a few Mpt) (Vietl all, 120134 IrSicet all, 2017E).

The formation of stars and galaxies in the densest regiottseodosmic web also in-
fluenced the gas in the IGM by various feedback processes.gasés processed in
galaxies and the material and momentum is injected backtim@dGM through su-

'Le_L_ZOOG). Hsagalso photoionised,

heated and enriched with metals through these processexeHbe IGM is funda-

pernovae and galactic feedbatk (Cen & Ost

mental for understanding the complete theory of galaxy &irom, the role of feedback

from galactic winds, supernovae and AC i ,12010). The IGM also

provides an invaluable record of reionsation, when the $osirces produced ionis-
ing photons to end the dark ages (Miralda-Escudé & IRee ;L%oleset al,, 12010;
Kulkarni et all, [2015] Nasir, Bolton & Becker, 2016; Onorbeall, [2017).

Modelling the IGM through cosmic time is therefore quite lidraging. However,
there is an epoch at which our understanding of the low detGM is well developed
due to good agreement between the statistical propertibe dfyo forest (see Section
1.4), predicted by the hydrodynamical simulations and nlag®ns (.Das@.t.a.l],'lﬂ);
Schayeet all, 12000; Croftet all, 2002; Lidzet all, 12006 Palanque-Delabrouilkt all,
013

Viel et all, 2013b; Boltonet all, 2017). This is at = 2-5, referred here as
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intermediate redshifts. This is essentially due to thedargmber of observations
made through ground based telescopes and the simplicityeairiderlying model of
the IGM at these redshifts. The IGM is mostly photoionisethwivery low fraction of

neutral hydrogen, kept in equilibrium by recombinationd @&mnising photons (Katz,

Weinberg & Hernquist,_1996) contributed by galaxies andsqus The sources form

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

the metagalactic ionising background. This assumptionge@d approximation as

the mean free path of ionising photons is large at internted&dshifts 2004;

Worsecket all, 2014), thus making the modelling of the IGM simpler at thejgechs.

By contrast, at high redshifts = 5, the modelling of the IGM becomes complex as

our basic assumptions break down at these epochs. The UVEhwilas assumed to

be spatially uniform, is now fluctuating (Wyithe & L. deb, 2()Qdue to the appearance

of rare sources and the shortening of the mean free path igingrphotons (Becker

et al, 12015). To model the properties of IGM near the end of reibosaone has
to take in to account all the parameters which were once deredl uniform or non-
evolving for simplicity. The detailed modelling of radiagi transfer from the ionising
sources into the IGM is the key challenge in modelling the 1&Migh redshifts. At
the low redshiftsz < 2, the key question is how galactic feedback redistributegts

around galaxies shapes the IGM and galaxy evolution (wjzoo 2010; Cen &

Ostriker,_ZOQIG).

1.4 Probing the IGM - the Lyman-« forest

Quasars are the most luminous objects in the Universe. Tiegyaavered by accreting

1989 se objects work like

gas on to the supermassive black holes (Lynden-3Bel

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

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

discovery of quasars (Schmidt, 1965), that there shouldybeabsorption from inter-

vening neutral hydrogen in the IGM_(Gunn & Peteison, 1965)weler, it took key

advancements at two fronts, before thelfgrest became a dependable probe to study

the intergalactic hydrogen. The first was the developmehigii resolution spectro-
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Figure 1.3: Top: High resolution spectrum of a quasarzat 3.62. The Lya emission peak is at

wavelength,1216(1 + z),&. The Ly« forest is a series of absorption lines blueward of that peak.

The forest arises due to absorption by intervening neuyrdddgen along the line-of-sight through

the Lya transition.Middle: The gas distribution in a hydrodynamical simulation, shaythe large

scale structureBottom: The simulated line-of-sight predicted by the hydrodynah&mulation

atz = 3. Figure taken from Springel, Frenk & White (2006).

M L i
4980 5000

graphs, (i.e. HIRES on Keck telescope), which made highludsa measurements
of quasar spectra possible. The second was the developiibet Gold Dark Matter
(CDM) model and hydrodynamical simulations to predict tteistical properties of
the Ly« forest. The progress at these fronts made it possible taexfiie Ly for-

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

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

linear regime of hierarchical structure grovJLh_(_CEimlHlSQJll_l:Ler ulsm_a.I”_’LS.QJ ;

\S¥)

|MLLa.Ida_Esgudse1_a.l 1996; Theunet al,@,m, @3' Gnedin & Hui

’001; Tkeun

Figure[B, shows a typical high resolution quasar spectriimpeaks at wavelength
1216(1 + 2)A, where z is the redshift of the quasar (= 3.62 in this case). The
Ly« forest comprises of all the kyabsorption lines blueward of this wavelength. Each
absorption line at wavelengm16(1+zab)5~ exists due to absorption by an intergalac-
tic H1 absorber at redshift,;,, along the quasar line-of-sight. Note that the forest also
includes higher order transitions (such agilyat shorter wavelengths. The spectral

features seen in quasar spectra are furthermore not linaitegdrogen transitions (i.e.
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Lya , Lyg and so on). Any photon which is redshifted to a wavelengthesponding
to a particular atomic or molecular transition gets absoiethis species, providing

a wealth of knowledge about the condition of interveningiigalactic gas and metals.

1.4.1 The Gunn-Peterson trough

Gunn & Peterson(19655) were the first to realise that if thergslactic neutral hy-

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

quasars. This results in a trough, a region of complete ghearin Ly« forest. By

followingGunn & Petersan (1965), it is possible to assacthe observable, the trans-

mitted flux, F' (F' is related to the optical depth, through,F' = ¢~7), with the neutral

hydrogen fraction.

Consider light with frequency,, emitted by a quasar at redshift The light is ob-
served at redshift; (wherez < z,), where it is redshifted to Ly frequencyy,,, where
ve = v(1 + z). The corresponding optical depth;(v), to these Ly photons, due
to absorption by Hgas with proper number density;(2) at redshift,z, for a path-

lengthdl is

() = /qu o(v(l+ z))nHI(z)%dz, (1.1)
where o (v) is the cross section and the proper line element is givedl as: =
—c/H(2)(1 + z). We may assume that the dcross section is very peaked, which
implies ignoring broadening effects (i.e thermal broadgnor natural broadening).
This simplification allows us to approximate the cross sects a Dirac delta func-
tion, peaked at,,, o(v(1 + z)) = o.va0(v(1 + 2) — 1, ). Using the Einstein-de Sitter
approximation, valid at high redshifts> 2, H(z) ~ HyQ*(1 + 2)¥2 and changing

the variable in integration to, gives

oacnpr(z)
Tap ~2 , (1.2)
P HQM 1 1 2)3

whereo, = 4.48 x 10~ 8cm?, is the Ly cross section. The hydrogen number density,

ny, can be expressed in terms of a density normalised by the oesanic density,
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A = p/p such that

nm(2) = ZEOUA (L — V)(1+ 2)%. (1.3)

mp
Here,Y, is the primordial helium mass fraction apgd;; is the critical density. Now,
defining the neutral hydrogen fraction as;; = npur/ng, EquationCLP can be ex-

pressed as

Qh2\ Qb2 2 /1 =Y\ (14 2\%?
@ ~3x10°x A o . 1.4
Tep =9 X X A T (0.022) (0.142) 0.76 6 (14)

There is one direct conclusion that can be drawn from thealequation. At higher

redshiftsz > 5, the IGM has to be highly ionised meaning; < 10~°, for the
transmitted flux not to be saturateHl, ~ 0. This also suggests that the absence of
Gunn-Peterson troughs in quasar spectra at5 means that the neutral fraction has

to be quite low. Although first predicted by Gunn & Pete 'SIQQQEIL), the trough was

first observed b ,(2001) in a spectrum of the quasarat 6.28, as shown

in Figure[T# (bottom panel). As the kyforest is very sensitive to the residuak H
this suggests that the quasar does not lie within the reilmmsapoch. However, by
comparing the quasar at= 5.99, a rapid evolution of transmitted flux can be seen.

This attenuation of Ly transmitted flux as seen in quasars at 6 suggests a lower

limit on H1reionsation at ~ 6 (Beckeret all,12001; Faret all, [200685).

To make the Ly forest optical depth dependence on key physical quantitiese
explicit, Equatior T} can be refined further. This requireking some assumptions
about the diffuse IGM in the post reionsation era. The nundeasity of any species
is physically set by the balance between creation and editioin rates. For they;,

this is set by photoionisation and recombination such that

nutl ar = NeNpmov, (1.5)

wherenyi, n. are the number densities of ionised hydrogen and electignsand
ayq are the H photoionisation rate and theiHrecombination coefficient. The best

fit for ag(7T) is given asay(7) = 4.063 x 10713(T/10*K)~*2cm? s~ (Verner
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—l

& Ferland,ElG), which depends on the gas temperature. mbo®ionisation time
scale is,I';; ~ 3.1 x 10* yrs, far shorter than the recombination timescale for an
ionised IGM. Therefore, it is a good approximation to assummésation equilibrium
and a highly ionised IGM, in the post reionsation epoch. Then ~ ngyy, and
ne ~ nyur + nue, Where electrons are contributed by the ionisation of hgdmand
singly ionised helium atoms. By using Equatlonl 1.4 hé Hi fraction can then

be written as

() [T \ "7 1=Y [1+2)°
~ 1.7 % 10 5A( 1.6
o . T <104K) 0.76 ¢ ) 19

wherexe, is the helium fraction given agy. = Y/4(1 — Y'), accounting for singly

ionised helium and’_;, = I'y;/107 2571

During reionsation, however not only the is gas ionised batexcess photon energy
also heats up the IGM. The processes which physically sefjélsetemperature are
photoheating, radiative cooling, adiabatic cooling duexpansion of Universe and
shock heating (e.g..l:lui_&_G_nﬁili N (1997)). Thedforest is sensitive to low density

unshocked gas, where the interplay between the photolgeatith adiabatic cooling

results in a power law relationship between temperatureogadiensity]” = T,A7~!
Hui & Gnedin,|1997 ‘Aloisi n2016). HereTy,

is the temperature at mean density and- 1 is the slope of the relation. Finally,

combining, Equationsl.A-1.6 and using the temperatunsityerelation

co s g az-0r20-n (L xie) ([ To 0T YN\ b2\ Qb2
A I \10°K 0.76 0.022) \0.142

N\ 92
(12 ) @

The above expression is referred to as the Fluctuating G@terson Approximation

(FGPA) (Weinberget all, 11997), as describes the dwyforest as a fluctuating density

medium. Further, it shows the dependence of the opticahd@ptequivalently trans-
mitted flux, e~7), on the key quantities temperature, overdensity and phvaisation
rate needed to accurately model thexlfprest with hydrodynamical simulations (see

Section 1.5). Note this expression does not include thetsfief thermal broadening,
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Figure 1.5: The continuum normalised spectrum of a quasar-at3.62, taken with Keck HIRES,
zoomed at four regions (second row) each with length k422" . The solid curve in the third
row show the simulated spectrum extracted from hydrodyoahsimulations at: = 3, with
ACDM cosmology withQ,, = 0.2, os = 1, h = 0.65, while the dotted curve is from N-body

simulations at = 0. The figure is taken from Weinbeggd all (2003).

peculiar velocities, fluctuations in the UVB and shock heatiTo model the Ly forest
including all the relevant phenomena requires performulighydrodynamical simu-

lations.

1.5 Modelling the Lyman-« forest with cosmological sim-

ulations

Cosmological hydrodynamical simulations have been widsegd to model the Ly for-

est, and have been proven to be powerful tool for tracing #rk thatter distribution

Cenet all, (1994 Vielet all, |2002; Weinbergt all, |2003). Figuré_Il5 shows an earlier

hydrodynamical simulation, where td€CDM model (third row) qualitatively predicts

the Ly« forest spectrum seen in observations by Keck using the HIgeStrograph.
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| will now highlight the key ingredients and main featureghese simulations.

Most cosmological simulations start with a discrete setatiples with fixed masses
on a Cartesian grid with periodic boundary conditions. Ti#al configuration of

particles is set at an earlier epoch, usually at 100, by using linear perturbation
theory. Each particle on the grid is displaced by adoptingatten power spectrum,
based on the required cosmological model. Mostly, the Belith approximation (a

linear perturbation approximation) is used to calculak ithitial displacements for

each particlel.(Zel'dovic¢h, 1970). Once the initial pag&lpositions are set, they are

evolved by solving the Newtonian equations of motion.

Most cosmological simulations also include gas, which igraagian models is also
discretised as particles of equal masses. However, therdgaaf gas is governed by
not only gravity but also dissipative and radiative proesss/hich involves the cooling
and heating of gas. This is achieved by a hydro-solver, mdéstiowing primordial
gas for the Ly forest, as metal line cooling has a very little effect on tlye lfor-

est ML&Lj_Qh@Le_&_B_Q_Qh 20113a). Another consideratiartli@ simulations are the

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

form and evolve over time. This forms the metagalactic UVBjch is incorporated

into hydrodynamical simulations using pre-computed 2001,

012;]Faucher-Giguest all.,[2009). The photoionisation rates can be rescaled in post-

processing to match the observedifprest flux in the observations. This is motivated
by the argument that, in photoionisation equilibrium (igng collisional ionisation)

nur X 1/FH1

Galactic feedback also has implications on the evolutidh@iGM. This deposits gas
from the galaxies out to the IGM, through outflows driven bpesunovae and AGN.
The impact of feedback on the kyforest is not considered important at intermediate

redshifts(Theunst all,[20024| Desjacque= all,i2004] McDonalcet all, 2005). How-

ever this might not be the case at lower redshj_thmL'al,Jm_L)_; Viel, Schaye &

Booth,[2013a; Nasiet al, 2017).

Most of the Lyn forest studies require a direct comparison of extractedlsited spec-
tra and their statistics from simulations with observasioHowever, the observations

are plagued by several contaminants, which can complibaadsk. This includes,
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identifying and eliminating the absorption due to metald damping wings. Accu-

rately predicting the quasar continuum level, which carob&e challenging, is also

important at higher redshifts and can induce systematiose{Kim et all, |2007] Lek,

012). In the next section, | will discuss the comparisomieeh simulations and ob-

servations. This can provide a myriad of information abbetunderlying gas density

and thermal state of the IGM.

1.6 The Ly« forest statistics

The most commonly observed quantity in thenLforest is the transmitted flux’,

in the quasar spectra. In observations, one has to norniabsgpectra with a con-
tinuum flux, F., which is usually a fit to regions with the lowest absorptidrhere
are two approaches to analyse the continuum normaliseshtitted flux,F'/ F.. The
first method is to treat it as a one dimensional continuoud.fi8lome of the widely
used guantities are flux decrements or the mean flux, the flobxability density dis-
tribution function (PDF) and the flux power spectrum. An aitgive approach is to
decompose the spectrum into its constituent absorpties imd study the statistics of
the line features. Examples are the column density digtabdunction (CDDF) and

the velocity (Doppler) widths distribution.

One of the simplest measurements obtained with thefayest is the mean transmitted
flux, (F'). This is related to effective optical deptly through7.s = — In(F'). This
is also sometimes reported as a flux decrement, DA, where DA- (F'). Most
Ly« forest studies rely on calibrating the mean flux of mock seektracted from
hydrodynamical simulations. The mean flux and its evolusamucial for establishing
the intensity of UVB and this affects others statisticse like flux power spectrum and
flux PDF%M al.. 119971 Boltoret al IZOO" Faucher-Giguesrt all, [2008; Becker
& Bolton,

). The optical depth of kyforest is proportional to neutral hydrogen,
which scales asy; < T-%™I';;. Therefore, to obtain an estimate for the intensity
of the UVB using optical depth measurements, one has to assugas temperature

which can lead to different estimates for the ionising backgd.

The flux PDF gives the probability that a given pixel has agmaission, on a scale
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Figure 1.6: Top: The Ly« forest transmitted flux PDF at = 3. The flux PDF obtained from
hydrodynamical simulations is overlaid with data pointnirfour different measurements. The
shaded areas shove land 2r errors. Bottom: The difference between simulated flux PDF com-
pared with the LP observations (red points), normalisecditswof 1o errors. The figure is taken

from|Rallindeet all (2013).

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

Escudéet al. (1996)). Figurd_1l6 shows the flux PDF obtained from hydraudiyical

simulation and compared with four different measuremerie. PDF has been widely

employed in past studies (McDonadtl all, 2000; Lidzet all, [2006; Kimet all, 2007;

Leeet all,2015). FiguréTl6, shows the flux PDF obtained with the GIMdSmolog-

ical simulations i ,12009) compared with four independent measurements at

z = 2-3. The authors find a good agreement between simulations asetatiions,
where most of the measurements lie withim @rrors obtained by bootstrap resam-

pling. The noticeable deviations arefat~ 0 andF’ > 0.8. The continuum correction

can help to alleviate the discrepancyrat- 0.8 (Leeet all, 12015] Boltonet all, 2017).

One the other hand, the galactic feedback prescriptions Aawticeable impact on

the saturated pixels @t ~ 0 JB.QILO.D_&La.I 2017).

The one dimensional Ly flux power spectrum (see Figuke1l.7) is one of the most
widely studied flux statistics. The line-of-sight power sjpam, Pr(k), is obtained

from the Fourier transform of the estimatéy,= F/(F) —1,asPr(k) = L™|6r(k)|?,
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Figure 1.7: A companson of transmitted flux power spectrum measuresngnt = 3, 3.6, and
4.2, from M) (filled circles), Palanque-Delabroudgieall ) (filled square) and
dmn (filled triangle). The plot is taken fr

wheredr (k), is the Fourier transform ofz and L is length of each line of sight. Usu-
ally, the flux power spectrum is presented/d%:(k)/m, against wavenumbek, in
units ofkm~'s. Intuitively, the flux power spectrum probes the distribatof mat-
ter at different scales. At small wavenumbers (large staldsllows the large scale
dark matter distribution_(Croféet all, 11998;| Viel, Haehnelt & Springel, 2004a). By

contrast, at large wavenumbers (small scales), it is sems$tt a combination of non-
linear structure formation, thermal broadening, pressureothing of the gas and the

nature of the dark matter (Peeplessall, 2010; IrSiCet all, 2017¢). There is a large

number of Lyy flux power measurements available to date, ranging ovee thneers

of magnitude in wavenumbelr (Crodt all, I1998; Viel, Haehnelt & Springel, 2004a,;

Mﬂw 201 <L_Ealauqu9_D_ela.t1LomilﬂJ] 2013 IrSicet all, 20173).

The sensitivity on the gas pressure smoothing on smallsoaddes it a powerful tool

to constrain the integrated thermal history of IGM_(NasinltBn & Becker,| 201/6;

Oforbeet all, 2017). The flux power spectrum has also been employed to @@mp

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

X ak ,Jm: Palanque-
H m M

m ). The statistic also helps
to decouple the various systematics, like the signal-isenand metals which tend to

spectrum

Delabrouilleet al.,
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Figure 1.8: A comparison between the ttolumn density distribution predicted by the OWLS
simulations (red curve) with observations shown as symbihe gap atVy; = 10'7cm~2 sepa-
rates column densities probed byd yorest observations and high column density systems. The
red curve atVy; < 10'7cm ™2 is obtained from mock spectra by Voigt profile fitting with VIFF

The rest of the curve is obtained by projecting dtensities.

contribute to power at different scales.

In addition, there are several statistics which are derfx@a H1 absorption line fea-

tures (i.e. the column densityy; and velocity widthpy;), by decomposing the spec-

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

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

Kim_et all, 2013} Boltonret all, 2017).

The CDDF (see Figurie_1.8) is defined as the number of absgokermit Hr column

density per unit path length? N/ONy10X . The statistic is sensitive to the density dis-

tribution of absorbers. Recently, it has been shown thatddyhamical simulations

are in remarkable agreement with observations over theerafgolumn densities

(Ngp = 10" — 10'7em~2) probed by Ly forest

Altayet all, 2011; Rahmatet all,

013). Mostly, the higher column density systems lie witthia vicinity of galaxies,

which makes them a potential probe to study the impact ofctjaléeedback, specifi-

cally at lower redshifts

(Davét all, [2010; Vielet all, 2017

Nasiet all, 1201

7)_

An expression which relates the column density of typicaicaber with its physical
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Figure 1.9: Top: The Ly« velocity width distribution at = 2.1, from a number of hydrodynami-
cal simulations with different galactic feedback presiioips, compared with observations by Kim

etal. 3201]3).Bottom:The simulated and observations relative to the referencembigure taken

from|Baoltonet all (2017).

density and temperature was first suggested by Schaye (2006&)main assumption

is that the physical scale of these absorbers is the locak kzale.

Ny T 0en (AN T N T
e T 10 2% 100/ K 1.1 :

This relation encapsulates the key factors, determiniegetiolution of column den-
sity. For a constant ionising background, the physical tigdecreases due to Hubble
expansion, lowering the recombination rate and eventdaityeasing the column den-
sity at a fixed density. Furthermore, an increase in the sitegof UVB lowers the
column density, by increasing ionised fractions. The CDREaeted from hydro-

dynamical simulations can be compared with observatiangfer the intensity of

ionising background_(Kollmeiest al,2014,_S_hu_LL_D_a.n_f_o_|1h_&li_|_m| 2014).

Another statistic which is often encountered irnlfprest studies is the PDF of the line

widths (see Figure1l.9)y: (Davéet all, (1997 Tvtleret all, |2009; Boltonet all, 12017).

This serves as a diagnostic to pinpoint any processes whictpotentially broaden

the line profile either thermally or through turbulence. Simcludes thermal broaden-
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ing due to the instantaneous gas temperature, pressurglsngya@osmic expansion

and additional thermal sources (Puchweirall, 2012), such as Hereionsation. The

absorption line featuresyy; andby;, can both be applied to infer the thermal state of

IGM (Schayeet all, 12000; Ricotti, Gnedin & Shull, 2000; Boltcet all, 2014).

In conclusion, simulations show a good agreement with the foyest observations
at intermediate redshifts, = 2-5, for the statistics | have discussed. However, our
understanding at lower or higher redshifts is far from caatgl Next, | will discuss
the key questions which are vital to our complete understgaf IGM and Ly forest

at these epochs.

1.7 The Ly« forest at high redshifts,z 2 5

Our understanding of high redshift IGM is shaped by the pgea# reionsation. The
Ly« forest provides a rich avenue for studying the thermal angaiion state of IGM

at these epochs. The main feature of thelfgrest as observed in quasar spectra

is the large spatial variations in the transmitted flux ashefts - > 5.5 (Songaila,

~Y

004 Faret all, 12006b), which serves as a lower constraint on the end afisaiton.

Interestingly, the Lyt opacity variations seen at~ 6 dB.e.Qk&LeI_a.l 2015), cannot
be explained by simple models of reionsation, that assumafarm or fluctuating

UVB with a constant mean free path. The potential soluties In a combination of
variations in the mean free path, fluctuations in UVB drivgnidre bright quasars and
variations in gas temperature, consistent with inhomouagsmeionisation (D’ Aloisio,

McQuinn & Trac, 2015; Chardiet all, [2015j Chardin, Puchwein & Haehnelt, 2017)

The precise timing and history of reionsation remain poodystrained to date. Due
to the complexity of the problem and the scarcity of measergsat higher redshifts,
several models remain consistent with the observationgh&umore, the IGM serves
as a huge reservoir where energy is deposited during theegsaaf reionsation by
photoheating. One way to measure this heat injection is itiging the sensitivity of

the line of sight_transmitted flux power spectrum at smallestaatz ~ 4-5 (Nasir,

Bolton & Becker) 20116; Oforbet all, [2017). A careful analysis of recent flux power

spectrum measurements and the hydrodynamical simulatamgranslate this in to a
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constraint on the redshift of reionsation. The models arnd dee consistent with the

recent Planck results and a conventional reionsation scemiiven by high redshift

galaxies|(Ofiorbet all, [2017). See also Chapter 5 for more discussion.

1.8 The Ly« forest at low redshifts, z < 2

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

lowering the recombination rate, and a declining UVB duéhdrop in number den-

sity of quasarsl(Daveét all, 2010). The Ly forest becomes far more transparent at

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

effective optical depth at ~ 0, drops tor.q ~ 0.015 d&m&muﬂ_aljmg Danforth

et al, 12016).

The low redshift IGM is of great importance for our understiag of enrichment
mechanisms in the IGM and circumgalactic medium. At higlegtshifts, most of

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

toionised systems, observed through the fgrest [Davéet all, |1999: Shull, Smith &

Danforth,12012). At low-redshift; ~ 0, they can be in a cool diffuse state or in the

form of the Warm Hot lonised Medium (WHIM), reachiffg > 10°K, far beyond the

temperatures achieved through photoionisation, due toksheating from structure

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

observed through absorption lines seen in quasar spectitaas H and metal lines.

Importantly, the wavelength for the low redshiftd.fyorest observations lie in the far-
ultraviolet band. Therefore, the observations are madsilplesprimarily through a
series of space based instruments, mounted on the Hubbte Spéescope (HST).
The instruments like the Faint Object Spectrograph (FO®)Space Telescope Imag-
ing Spectrograph (STIS), and recently, the Cosmic Origpec8ograph (COS), have

supported low redshift absorption line studies for the pastdecades (Bahcadt all,
1993; Weymanret all, [1998; Kirkmaret all, 2007 Tiltonet all, 2012 Danforttet all,
016).

The past studies have shown that galactic feedback carfisagrily increase the WHIM

fraction in the IGM, through feedback by supernovae and ikerl 2006;
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Davéet all, 2010] Tepper-Garciet all,12012). There is also a recent surge of studies to

understand the impact of galactic feedback processes mpaing COS observations

with simulations, utilizing various feedback prescripgo/Gurvich, Burkhart & Bird,

017;Vielet all, 20175 Nasiet all,i2017). 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 sciencgiqus raised in this in-
troduction. Some of these are, the role of galactic feedbeaitie low-redshift Lyy for-

est, the intensity of the ultra-violet background and tharg and nature of reionsa-
tion. | plan to address these queries using state-of-tHeydrodynamical simulations

of the Ly« forest and the various statistical quantities introducetthis chapter.

In Chapter 2, | present the comparison of key statisticap@rioes of low redshift
Ly« forest simulations with COS observations. The main objecis to study the
impact of galactic feedback and different star formatiorthrads in hydrodynamical
simulations of the Ly forest. In Chapter 3, | discuss the numerical convergence of

these quantities from the simulations.

In Chapter 4, | discuss the potential of thenLforest power spectrum for constraining
the integrated thermal history of the IGM at~ 5. | first establish its sensitivity to
pressure smoothing using the flux power spectrum and themfarpean Bayesian

analysis to obtain constraints on the integrated thernsabhy.

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

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

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

introducing improvements to the method in Chapter 4. | theouss the implications

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

Finally, in chapter 6, | summarise and discuss potentiairtuitirections.



Chapter 2

The effect of stellar and AGN feedback
on the low redshift Lyman-« forest in

the Sherwood simulation suite

2.1 Introduction

The Ly« forest is an indispensable tool for probing the evolutiod distribution of

gas in the intergalactic medium (see Meiksin, 2009; McQ)j 5, for reviews). At

intermediate redshift2(< » < 5), the majority of the intergalactic medium (IGM) by
volume is in the form of warmI{ ~ 10* K) diffuse gas that is kept photo-ionised by the
metagalactic ultraviolet background (UVB). The latesttogtynamical simulations of
the IGM that model the Ly forest of absorption produced by this gas are in very
good agreement with a wide range of spectroscopic data fymnad, ground-based

telescopes (e.l]__BQ_Im_a.l,, 2017). However, at lower redshifts € 2), due to the
interplay between cosmic expansion, the growth of streciad the declining intensity

of the UVB, the Ly forest thins out and becomes more transmissive (Danéi

016). Byz ~ 0 a significant fraction of the baryons in the IGM are in a cadiglly

ionised, shock heated phase with temperatilires 10°-107 K (Cen & Ostriker, 1999).

In the present day Universe, thed.yorest therefore traces less than one half of the
remaining diffuse gas in the IGM_(Lehnetall, [2007] Shull, Smith & Danforth, 2012).
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Over the past two decades, the properties af Bjpsorption arising from the low red-
shift IGM have been studied with observations made by a sefispace-based UV
spectrographs_(Bahcadlt all, [1993;| Weymanret all, 1998;| Janknechet all, [2006;
Kirkmanet all,|200’

~

Willigeret all, 2010) Tiltonet al., 2012). Most recently, th€os-

mic Origins SpectrograplCOS,|Greeret all, 2012), mounted on thiubble Space

TelescopdHST) has collected many more active galactic nuclei (AGpgctra with

improved signal-to-noise, providing new opportunities &bsorption line studies of

the low redshift Lyv forest i 2014; Danfortat all, [2016;

Pachaet all, 2016). Some of the key questions addressed by recentigatshs are

related to the nature of these doyabsorbers, and their relationship to the evolution

of the UVB and galactic feedback (see e.g. Dat&l, |2010;| Tepper-Garciat all,
01’

4

1Kollmeieret all, 20141 Shullet all, 2015] Khaireet all, 2016 Vielet all, 12017

Gurvich, Burkhart & Bird| 2017).

The mostly widely used measurements ohlgbsorbers at < 2 are the column
density distribution function (CDDF), the velocity (Dojp) widths of the absorption
lines and the evolution of the absorption line number dgnsith redshift. The CDDF
shape and normalisation is determined by the density bligion of absorbers and
the intensity of the UVB. The velocity width distributiongaides constraints on the
gas temperature. Furthermore, both observables are iaipersensitive to galactic

feedback. In this context, hydrodynamical simulationsgsignificantly aided our un-

et al,

Of particular note is the recent comparison of the CDDF fat ppsorbers at ~ 0.1

observed with COS (Danfor ,12016) to hydrodynamical simulations. Kollmeier

et al.(2014) reported that the UVB intensity needed to match th& @@asurement of

the CDDEF is a factor of five larger than predicted by empihcehlibrated UVB mod-
els (Haardt & Madau, 2012, HM12). The claimed “photon undedpction crisis”

prompted further investigation into this apparent disaregy. Large uncertainties in
the production rate of ionising photons by quasars and starihg galaxies, and pos-

sibly also the role of AGN feedback, have been suggestededgkiiy cause (Khaire
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— ]

& Srianand| 2015; Shubt all, [2015; Wakkeet all, 201";ﬁumi_(;h__|3_u_|;lgh_an_&_8_i_|ld,

017; Gaikwackt all, 20174).

—

N

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

dynamical simulations including lllustris_(Vogelsbergadrall, 2014b) and a sub-set

of the Sherwood simulations_(Bolta all, [2017). They concluded the HM12 photo-

ionisation rate needed to be increased by a factor of twadyldrodynamical simula-

tions to match the observed CDDF, smaller than the factoweffiund by Kollmeier

et al.(2014). However, in contrast to other recent studies, V4@ fdcussed on the dis-

tribution of Ly« line velocity widths (see also Gaikwaat all, [2017b). V17 found that

the simulations struggled to reproduce thevlwelocity width distribution at ~ 0.1,
producing line widths that were too narrow compared to the&S@ata. This was at-
tributed to gas in the simulations that was either too colgrtmluce the observed line
widths, or too highly (collisionally) ionised to produced.yabsorption due to vigorous
AGN feedback heating the gasto> 10° K (particularly in the Illustris simulation).
V17 concluded that the Lyline width distribution at: ~ 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 asafrsd present in full the

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

suite (Boltonet all,[2017). Following V17, we perform the same Voigt profile gsé
on the simulations and COS data to minimise potential bigsié® comparison due to
line fitting. This furthermore enables a detailed assessofehe effect that our stellar

and AGN feedback implementation has on thexlfgrest.

The contents of this chapter are publishe LLn_NﬂElﬂ.II 017). The chapter is or-
ganised as follows. In Section 2.2, we briefly describe theuttions used. In Sec-
tion 2.3, we compare the simulations to current observatidata at: < 2 and as-
sess the impact of different galactic feedback prescmgtian the Ly forest observ-
ables, including the the Ly velocity width distribution. The physical origin of the
absorbers is examined in Section 2.4. Finally, we summanuseaesults in Section
2.5. Throughout this chapter we refer to comoving distamadsthe prefix “c”. The
cosmological parameters used throughout this chapteRgre- 0.308, 2, = 0.692,

h = 0.678, Q, = 0.0482, 0g = 0.829 andn = 0.961 consistent with the best fit
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Table 2.1: The hydrodynamical simulations used in this chapter. Tisedmlumn uses the naming
conventiorL-N-param HereL is the box size in units of ~'cMpc, NV is the cube root of the total
number of gas particles anfdaramis associated with the subgrid treatment of star formatiah a

feedback. Here-ps13 refers to the star formation and energy driven outflow motﬂéhu:hwem

& Springel m) while-ps13+agnalso includes AGN feedback based|on

al (2007).

All other models instead convert all cold’ (< 10° K), dense f > 1000) gas |nt0 coII|S|onIess
particles. The remaining columns give the mass of each dattemand gas particle i~ M,
and the gravitational softening lengthAr ' ckpc. All simulations are performed to = 0.

Name Mdm Mgas lsoft
(W 'Ma] | [h Mg | [h ! ckpc]

80-512-ps13 | 2.75 x 10% | 5.10 x 107 6.25
80-512-ps13+agn 2.75 x 10® | 5.10 x 107 6.25

80-512 2.75 x 10® | 5.10 x 107 6.25
80-1024 3.44 x 107 | 6.38 x 10° 3.13
80-256 2.20 x 107 | 4.08 x 10® 12.50
40-512 3.44 x 107 | 6.38 x 108 3.13
20-256 3.44 x 107 | 6.38 x 10° 3.13

ACDM + PI

nck + W P + highL + BAQO cosmological parameters (Planck Collab-

orationet al.,

2014).

2.2 Methodology

2.2.1 Hydrodynamical simulations

The simulations used in this work are summarised in TableThése were performed

using P-GADGET-3, a modified version of the publicly available coda®s&ET-2

Spring I,_ZJ_CJS). The initial conditions were generated at 99 on a Cartesian grid

using the N-G&NIC code ' t all,i2005b) using transfer functions generated by

CAMB (Lewis, Challinor & Lasenhby, 2000). A detailed desdrgm of these models

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

The photo-ionisation and photo-heating rates are cakedlasing a spatially uniform

UVB model for emission from star forming galaxies and quag u,

rate, egenr =

012) applied in the optically thin limit. A small increasethe Her photo-heating

1.7¢0M12 gt 2.2 < 2 < 3.4 was applied to better match observational

measurements of the IGM temperaturezat- 2 (Beckeret all, 2011). The ionised

fractions for hydrogen and helium are obtained assumingabion equilibrium. Metal
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line cooling is not included, although this is not expecteahipact significantly on the

A

Ly« forest at the redshifts considered he - ,12012). In five of the

simulations, gas particles with temperatufés< 10°K and densities\ = p/(p) >

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

Haehnelt & Springel,_2004b) to speed up the calculation. Weslow this choice

makes very little difference to Ly forest systems at low column densiti€gy; <
105 cm™2, in our analysis. However, galactic winds and AGN feedbael hlave an
impact on high column density lines that probe the (circulagiac) gas in the vicinity
of dark matter haloes. Therefore, two models that follow &iemation and feedback
are included. The first model (80-512-ps13) includes endrgyen galactic outflows

following Puchwein & Soringel (2013). The star formationdebis based on Springel

& Hernquist M), but assumes a Chabrier rather than talpetial mass function
(IMF) and a galactic wind velocity that is directly propanial to the escape velocity
of the galaxy. These choices increase the available sugsmenfieedback energy by
a factor of two, as well as raising the mass-loading of wimd&w-mass galaxies.
The second run (80-512-ps13+agn) also incorporates AGtibtexk, again following
Puchwein & Springell(2013). This AGN feedback model is bage®ijackiet al

007). In the “quasar” mode, when accretion rates are abomeof the Eddington

rate, only0.5 per cent of the accreted rest mass energy is thermally coupléhe
surrounding gas. For lower accretion rates a more efficempling of AGN jets in the
“radio” mode is assumed arper cent of the rest mass energy is used for recurrently

injecting hot AGN bubbles.

The evolution of the low-density IGM thermal historyzak 2 in a sub-set of the sim-
ulations is displayed in Figute2.1. This is parameterised power law temperature-
density " — A) relation for the low densityA < 1-10) IGM, T' = T,A"~!. Here
A = p/(p) is the gas density normalised by the background derisjtis the gas tem-

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

Upton Sanderbeck, D’Aloisio & McQuinn, 2016). Note that 8@®512-ps13, 80-512-

psl3+agn and 80-512 models have very similar thermal estathis suggests gas at
the mean background density is not strongly impacted bybiaekd Additionally, by
comparing these models to the 80-1024 simulation (solidkdiae), it is clear that the

lower resolution simulations are not converged, with vadwwveighted temperatures
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Figure 2.1: Left: The redshift evolution of the volume weighted temperaturmean density,
Ty (upper panel) and slope of the power-law temperature-tjeredation,v — 1 (lower panel),
whereT = T,A7~!. The parameters are obtained from the volume weigfited A plane by
finding the mode of the gas temperature in bins of widlth2 dex atlog A = 0 and—0.7. The
Ty data points with & errors (red triangles) are inferred from IGM temperatureasueements
at the characteristic density probed by thexlfprest, T(A), obtained by Boerat all (2014),
evaluated at the — 1 values predicted by the 80-1024 model. The same measuresealed
to match the Beckeet all (2011) effective optical depth are displayed as cyan sguiee text
for details). They — 1 data points withlo errors are from_Schayet all (2000) (orange inverted
triangle) anc_Ricotti, Gnedin & Shhill (2000) (green diampndight: The temperature at the
characteristic density probed by thed.yorest, T(A), for the same models overlaid with data
from|Boeraet all (2014) (top panel) and following recalibration to match[Bekeret all (2011)
effective optical depth (bottom panel). The characteridénsities at = [1.63, 1.82, 2.00] are
A = [5.13, 455, 4.11] (A = [7.65, 6.32, 5.38]) for the fiducial (recalibrated) Boegt all (2014)
temperature measurements.

z

at mean densitye 800 K hotter in the 80-5
Chapter 3).

There are currently no detailed observati

12 runs (further details may be found in

onal constrantshe temperature of the

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

1.6 < 2z < 2.

In the upper left panel of Fi

ufe2.1 the red triangles shiosvIGM

m _Boetal

temperature at mean density fr

of the Ly« forest transmitted flux to measure the gas temperature athiiacter-

istic density,7(A), probed by the Ly forest absorption. We derive values ffy

). This study uses the curvature

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

panel, such thaf;, = T(A)/A""!. Additionally, the cyan squares display the Boera
et al. (2014) measurements obtained assuming the effectiveabpigépth,r.¢ (where
T = — In(F) and (F') is the mean transmission in the dforest), evolution used
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in an earlier curvature analysis performed.by Bedakeall (2011) (E. Boera, private

communication). The effective optical depth sets the attarstic gas density probed
by the Ly« forest, and this comparison gives an indication of the Jilsglstematic un-
certainty int.g arising from line of sight variance. For completeness, vge directly
compare the simulations to tH&A) measurements in the right panel of Figlrd 2.1.

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

mally consistent with the constraints on— 1 from|Schaveet all (2000) and Ricotti,

Gnedin & Shull (2000) shown in the lower left panel of Figlitdl.2These were ob-

tained from an analysis of the lower envelope of the columsite — velocity width
plane obtained from Voigt profile fits to the &yforest, although the error bars on these
measurements are very large. Note also the simulationstdoltew non-equilibrium
ionisation effects, and therefore produce a temperatensity relation slope that is
steeper byA(y — 1) ~ 0.1 atz = 1-2 compared to the recent study by Puchwetimall
015).

In all cases the simulatéfy monotonically decreases toward lower redshift as the IGM
cools due to adiabatic expansion, reaching000 K by = = 0. The agreement with
measurements of the IGM thermal staté.ét< > < 2 suggests the photo-heating rates
used in the UVB model are broadly correct at these (and hjgldshifts. Significantly
higher temperatures at mean density than those predictéldebmnodels at < 1.6

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

2.2.2 Mock Ly« forest spectra

Mock Ly« forest spectra were obtained by extractiitgO lines of sight parallel to
each of the box axes on regularly spaced grids08f40? and302, each with2048 pix-

els. The H Ly« optical depthsrg,, are obtained using the method described by The-

unset al. ) combined with the Voigt profile approximation deled by Tepper-

Garcia 6). The transmitted fluk, in each pixel is thed” = ¢~ 71, and the effec-
tive optical depth evolution with redshift is averaged cafesight lines. In our analysis
we also make use of the fact that the pixel optical depthsraezsely proportional to
the Hr photo-ionisation rater; o< I';;. This enables the optical depths (and hence

the 7.4 evolution) to be rescaled to match different UVB models istgarocessing
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Figure 2.2: Left: The redshift evolution of the effective optical depthg, predicted by the hy-
drodynamical simulations. The evolution using the HMOH @réple-dot dashed line) and Faucher-
Giguereet al. ) (blue dashed line) UVB models for emission from stanmfing galaxies and
quasars are also shown for the rescaled 80-1024 model. Thiotgst observations are from Kirk-
manet al.m),Lij.eLa.l 2007) anmzﬁﬂ). Right: The Hr photo-ionisation
rate,I'_13 = I'y1/10~ 3571, evolution with redshift for the HM12 (black solid line), Hd (red
triple-dot dashed line) arid_Eau_Qh_eﬁ@u_ej;ga.ll (2009) (blue dashed line) UVB models. The

observatlonal measurements are frI_o_m_S_eQH.ll )i Kollmeieret all (2014); Gaikwadet all
m%lb) an ). The green dot-dashed line is the best-fit
from ).

(e.g..Rauctlet all, 11997).

In FigurelZ2 (left panel), the.s evolution for a variety of sub-grid physics and UVB
models are compared with byforest observations. The results shown by the black
curves use the HM12 UVB model, whereas the red triple-dateldsind blue dashed

curves are obtained by scaling the simulated optical dejptimsatch the H photo-

ionisation rates in the earlier Haardt & Madau (2001, HMOAY &aucher-Giguére

et al. 9) UVB models for emission from star-forming galaxies @uasars. The

evolution of ¢ In the 80-1024 model when using the HMO1 UVB is in reasonable

agreement with observational measurements trom Kirketaal. (2007) (except the

dip atz ~ 1.4) andlKimet all (2007) atl.7 < z < 2.0, but underpredicts.s at

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

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

analysing the H CDDF. None of the UVB models is able to reproduceg evolution

that is in good agreement with the more recent COS data . (2016)

atz < 0.4. There is also a difference between these data and the reeasuis from

Kirkman et all (2007) atz ~ 0.4, possibly due to systematic differences in the mea-

BN

surements and cosmic variance. | -Gi 009) UVB is closer to




The effect of stellar and AGN feedback on the low redshift Lynan-« forest in the
Sherwood simulation suite 30

these data than HM12 at< 0.5, but overpredicts.g at all redshifts including = 2.

Interestingly, the differences between models with d#fgifeedback implementations
are small, indicating that it is the uncertain amplitudered VB rather than galac-
tic feedback that is largely responsible for this discrepaisee also figure 1 in Davé

etal, ).

This is further illustrated in the right panel of Figlirel2.Bave observational estimates
of the Hi photoionisation ratd, ;3 = I'y; /10~ s, are compared to the three UVB

models. The measurements|by Sheilall (2015);| Gaikwadet all (2017a) and V17,

based on an analysis of the COSaLZDDF, are in mutual agreement and predict

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

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

atz = 0.1. The red inverted triangles with large error bars displajiezaconstraints

on I'y; obtained from the proximity effect ky Scadt all (2002). The blue rectangle

corresponds to the recent, independent constraint fromagatiet all (2017) using
observations of H fluorescence from Hin a nearby galactic disk (see also Adams
etal,l2011).

Differing assumptions regarding the relative contribnsiof star forming galaxies and
guasars and their spectral shape are largely responsililgfédences between existing
UVB models. Given these considerable differences, eftortalibrate the H photo-
ionisation rate to match. and CDDF measurementsat 0.4 (e.dg. Khaire & Sri-
anand, 20 E;Ma_dau_&E t, 2015), as well as renewed atseimpbtain measure-

ments ofl 'y in the redshift interval .4 < z < 2, are desirable.

2.3 \Voigt profile analysis

We now proceed to present the results of the Voigt profileyaimbf our mock Ly for-
est spectra. We fit lines at three redshifts; [0.1, 1, 1.6]. When comparing simula-
tions to each other or to data compilations that have a rahgesolution and signal-
to-noise properties, the mock spectra are post-processedrivolving them with an
instrument profile with a Full Width Half Maximum (FWHM) of kms™! and re-

binned to a pixel size of Bms™' . 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 matchy = [0.012, 0.043, 0.086] at = = [0.1, 1, 1.6]. These values
correspond to the 80-1024 modg} evolution for the HMO01 UVB for emission from

star forming galaxies and quasars, which is in good agreewignthelKirkmanet al

007) and Kimet all (2007) 7. measurements in the left panel of Figlrd 2.2.

The exception to this is when we directly compare the sinmnatto the V17 COS
measurements of the CDDF and the velocity width distribubz = 0.1. In this
case, we follow V17 and convolve the spectra with the LF1 GA8DS line spread
function including scattering at wavelengts0 All. The spectra are rebinned to pixels
of ~ 7.2kms~! and a Gaussian distributed signal-to-noise of-S/B0) per resolution
element (or equivalently 20 per pixel) is then added. The effective optical depth is
scaled tor.g = 0.021 ((F') = 0.979). This corresponds to the value V17 required to
match the observed CDDF in the rangg? < Ny;/cm—2 < 101,

The COS observations of the CDDF and velocity width distidouatz = 0.1 are as
described by V17; further details regarding the data rednand AGN spectra can

also be found in Wakkest all (201%) and Kim et al. (in prep). The data comprises of

704 Hi lines within column densitiek)'*5 < Ny /em ™2 < 10 with a total redshift
path length ofAz = 4.991, covering the Ly forest at) < z < 0.2. The Voigt profile

fits are obtained using loyabsorption only.

The fitting of Voigt profiles to the mock Ly spectra is performed with VPFEIT (Car-

swell & Webb, 4), which deconvolves the (already conedjvmock spectra with
the instrument profile to obtain intrinsic line widths. Imrantly, this approach matches
that used to fit the COS observational dataat 0.1. Atotal path length of 03~ 'cMpc

is fitted for each model in segments2ifh—'cMpc to obtain our simulated line lists.
All lines within 50kms™" of the start and end of each segment are ignored to avoid

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

the COS observational data, we adopt the approac : 013) and

bootstrap resample the mock spectra with replacement beesliserved path length
Az = 4.991. The sampling is performed 1000 times over the total sinedlgtath
length of10°h~! cMpec.

Tht't p://wwv. St Scl . edu/ hst/ cos/ pertornance/ spectral resol ution/


http://www.stsci.edu/hst/cos/performance/spectral_resolution/
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Figure 2.3: The H1 column density distribution function at= 0.1 after scaling the mock spectra
to a mean transmissiof¥’) = 0.979. Three of the models use different prescriptions for fol-
lowing cold, dense gas and galactic feedback: QUICKLYA éuiashed curve), multi-phase star
formation and energy driven winds (black solid curve) anthwine addition of AGN feedback
(red dotted curve). The fourth model (80-1024) uses QUICKIDBut has increased mass resolu-
tion. The observational data points are from Danfetthll (2016) (red triangles), Gaikwaet all

) (orange circles) and V17 (cyan triangles). Onlyogttfon lines with a relative error less
than 50 per cent on the column density are used. The lowet paoes the simulations and COS
observations relative to the reference model 80-512-pBi&.grey shaded areas display the sam-
ple variance estimate, corresponding to the 68 and 95 pécoafidence intervals when bootstrap
resampling over a redshift path length&t = 4.991.

2.3.1 The CDDF

Figure[Z3B displays the comparison between the CDDF, defisetie number of ab-
sorbers per unit log column density per unit redshfftNy;, z) = 9*>N/0log Nu10z,
from the Sherwood models and the COS observations desdojp&d7 at> = 0.1
(see also figure 1 in V17). Note that only the 80-512-ps13+agdel was examined
in detail by V17; in this work we present a comparison of thditonal Sherwood
models in which star formation, feedback and numericallugi®sm have been changed
while other parameters remain fixed. We also display thepeddent measurements

of the CDDF from_Danfortret all (2016) (red triangles) and Gaikwad al. (2017a)

(orange circles), although we caution that differencesi@line fitting methodologies

used in these studies will bias any direct comparison withsouaulations.
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Figure 2.4: Upper panels: The Lya forest column density distribution function at =
0.1, 1, and 1.6. The models shown here are the same as in Figule 2.3, exagthaspectra are
post-processed to have higher resolutiBRfMHM = 7km s~1!) and signal-to-noiseS(/N ~ 50).
Only lines with relative error less than 50 per cent on theiewl density are used.ower panels:
The CDDF relative to the reference model, 80-512-ps13. Tag shaded area shows the Poisson
error for the reference model.

The simulations fail to capture the correct number of absieratNyg; < 10132 cm 2,

by as much as a facter 2 at10'® cm 2. Note that the simulations are well converged
with mass resolution — this may be assessed by comparingOHad 3B (blue dashed
curve) and 80-1024 (orange dot-dashed curve) models. Haowiwe CDDF is very
sensitive to the signal-to-noise and spectral resolutitmacolumn densities (cf. Fig-
ure[Z2 where S/N 50 and FWHM=7 km s~!), and the observational data are incom-
plete atNVy; < 10 em 2. This discrepancy therefore reflects differences betwieen t
true noise on the data and the idealised, uniform noise addbe mock spectra and is
probably not significant. In contrast, the agreement betvilee V17 data and simula-
tions at10'%2 < Ny;/em~2 < 10 is within the2o uncertainty from sample variance,
shown by the grey shading in the lower panel. M > 10'*cm~2, however, the
number of absorbers are underpredicted by a fact@rand the slope of the observed
CDDF is shallower than the simulated prediction. A similescdepancy was present
in the recent analysis mLS.h.Lﬂ:ILa.II 015) using simulations performed with the Eule-

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

017) with the moving mesh coder&PQ, suggesting this discrepancy is not unique

to P-GADGET-3 simulations. In contrast Gaikward all (2017b) recently found better
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agreement with the CDDF afy; > 10 cm~2 using GADGET-2 adiabatic hydrody-
namical simulations post-processed to incorporate radiedoling, photo-heating and
ionisation. Note, however, the effect of gas pressure odthéistribution will not be

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

Lastly, it is clear that the various feedback scenariosanepl by the simulations im-
pact very little overall on the CDDF at low column densitipayticularly atNy; <
10" ecm~2. Outflows have a similarly small impact on the low columrnodfprest at
z > 2; these systems are associated with the diffuse IGM ratlar ¢circumgalactic

gas (Theunst all, 2002 ;MLQL_SQha;&_&_B_oAﬂ 2013a, and see Sediioh 2.4y An

differences between the feedback models are within thectapds sample variance.

This is further emphasised in Figurel2.4 where we examiné.yaeabsorption sys-
tems at column densitied$)!*? < Ng;/em™2 < 107 atz = [0.1, 1.0, 1.6]. Note that
we adopt S/N= 50 per pixel and a instrument resoluti®?WVHM = 7 kms™' here.
The lower panels display the residual with respect to the BDps13 model, and grey
shading shows the Poisson error. The QUICKLYA method (8B;-6lue dashed-line)
agrees well with the more sophisticated sub-grid physicdetsofor weak absorption
systems withNVg; < 10%%cm™2 atz = 0.1 and Ny < 10%%cm=2 atz = 1.6.
However, higher column density lines are either undergtedior absent relative to
the other models. Multi-phase star formation and stellediback (80-512-ps13, black
curve) results in a factor of 2-5 more absorption systemgat> 10* cm 2. A sim-
ilar result was noted bLLB_o.I.LQeLa.l, 017) for the CDDF a2 < z < 3, although
the Hr column density threshold where QUICKLYA underpredicted @DDF was

higher, Nyy; ~ 105~ ¢cm~2. The lack of Ny = 10'* cm ™2 absorbers is in part be-
cause of missing cold dense gas in the QUICKLYA model, bub dlscause winds
redistribute gas into the diffuse IGM and introduce pecul&ocities that can increase

the equivalent widths of the lines (Daeéall, 2010] Meiksin, Bolton & Tittlel, 2015).

Finally, including AGN feedback in the Sherwood models ggekimilar results for
the CDDF relative to the stellar feedback only model, exatpt = 0.1 where the

incidence of high column density systems is slightly lonath(ough the total number

of absorbers here is small). A stronger effect was noted byiGu Burkhart & Bir

017), who found that the more vigorous AGN feedback in thestris simulation
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suppresses the CDDF At;; = 10'*-10'° cm~2 by a factor of two due to changes in
the density and temperature of the gas associated with #ies®wbers. The higher
temperatures reduce thed.yppacity by lowering the radiative recombination rate and
(for T > 10° K) collisionally ionising the gas. In contrast, Tepper-Gaet all (2012,
see their figure C1) find stellar and AGN feedback have a nibfgigeffect on the

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

010). These differences likely reflect variations in thie-gud physics, as the precise

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

haloes.

In contrast to the present stuc;Lleup_e.LG_aﬂfLaa.I] 012) also found reasonably

good agreement with the HCDDF measurement at0'* < Nyg/cm=2 < 105

from|Lehneret all (2007) based on an earlier compilation of FU$ar(Ultraviolet

Spectroscopic ExploreFWHM~ 20 kms~!) and HST/STIS $pace Telescope Imag-

ing SpectrographFWHM~ 7kms™') observations at < 0.4. However, the mod-

els inlTepper-Garciat all (2012) underpredicted the incidence of saturated lines at

Ny ~ 102 cm~2; their Ly only line fits underestimated the column density of these

absorbers since tr_e_Le.hm_a.II glfiﬁ’) HST/STIS data are obtained fromaLgnd
higher order Lyman lines. T . (2007) Hi CDDF furthermore only in-

1

cludes absorbers with velocity widthg; < 40kms™" and relative errors less than 40

per cent onVy; andby; (i.e. figure 14 irLehneet all, 2008). We have confirmed we

obtain similar agreement with the Lehredrall (2007) CDDF measurements and our

simulations (forS/N = 50 and FWHM=7 km s~!) to that obtained by Tepper-Garcia

et al. 2) when selecting only absorbers with < 40 kms~!.

2.3.2 The velocity width distribution

We next turn to consider the distribution of dwfine velocity widths,by;. Figure[Z5

displays a comparison between the V17 COS measurementsmunlhtons at: =

0.1. We again show the independent measurements [from Dardgbeh (2016) (red

triangles) and_Gaikwaét all (2017a) (orange circles) for comparison. Overall, the

1

models slightly underpredict the incidence of broad linega= 40-60 kms™ and

1

overpredict aby; < 30kms™ ", although generally the data lie within the expected 95
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Figure 2.5: Left: The Ly« velocity width distribution at: = 0.1 after scaling the mock spectra
to a mean transmissiofF’) = 0.979. The observational data points are erﬁ%ﬂ

(2016) (red triangles), Gaikwaet all (2017h) (orange circles) and V17 (cyan triangles). Onlgdin

with Ny = 10'3-10' cm~2 and a relative error less than 50 per cent on the velocityhsidte
included. The lower panel shows the simulations and COSreatiens relative to the reference
model 80-512-ps13. The grey shaded areas display the saarface estimate, corresponding to
the 68 and 95 per cent confidence intervals when bootstrampmg over a redshift path length
of Az = 4.991. Right: As for left, but now for lines withVy; = 10'3-5~10'* cm~2 are included.
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Figure 2.6: The Ly« forest velocity width distribution at = 0.1, 1, and 1.6. The curves are

as for FigurdZl Lower panels:The velocity width distribution relative to the referencede!,

80-512-ps13. Only lines withVi; = 10'3-10'* cm~2 and a relative error less then 50 per cent on

velocity widths are used. The grey shaded area shows thedpogsror for the reference model.
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Figure 2.7: Redshift evolution in the number of hyabsorbers per unit redshift for a subset of
the simulations. Absorbers with column densiti@$3! < Ng;/cm~=2 < 10 (top-panel) and
101 < Nyr/em=2 < 10'7 (bottom-panel) are shown. The observational data poirtts Reisson
error bars are frorn_Danfortét all (2016) (open red squares) and a data compilation presepted b

dm) (filled cyan circles, see text for details). The bhigrgles show the 80-512-ps13
model rescaled toF) = 0.979 atz = 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 reéeremodel. It is important to
note, however, that unlike the CDDF (where the effect of bestt is comparable to or
smaller than the effect of mass resolution) the line widtlesrmt well converged with
mass resolution (see also Chapter 3 later). The distribidtimm the 80-1024 sim-
ulation (orange dot-dashed curve) differs significantiynirthe 80-512 model (blue

L' with a median value 080.8kms™!

dashed curve), particularly af; <30 kms~
(cf. 33.5kms™ " for the 80-512 model ang6.2kms~' for the COS data). Higher res-
olution simulations will therefore predict line widths trere narrower than observed.
As pointed out by V17, this suggests there may be additiomgips that broadens the
absorption lines that is not incorporated into the simalagiat present. Note however,

L' could

the difference between the simulations and the COS dalig &t 30 kms™
mostly be contributed to by the low column density systemsic& such systems

are affected by resolution and signal-to-noise, we decidexpply a cut onVy;, that
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Nup = 10135 — 10*%cm=2. The results are shown in the right panel of Figuréd 2.5.
We found formally the agreement with the data improvesgats 20kms " and at
bur 2 40 km s~ , but this is due to low number statistics. However, the @isancy
still remains, as the simulations produce a systematicalyowerby; distribution

compared to data.

We may nevertheless still examine the relative differereben the different feed-
back models. The incorporation of multi-phase star foraraéind supernovae-driven
winds (black curve) makes very little difference compa@the QUICKLYA model.
The addition of AGN feedback (red dotted curve) also has dlsffact, increasing

the number of broad lines ag; > 50 km s~! with a mediaH b-parametes5.3kms .

In comparison to earlier work, Dawét all (2010) also reported a small difference of

~ 1lkms™!

in the mediarby; values predicted by their constant wind and momentum-
driven wind models at = 0. However, their velocity widths are generally higher
then we find here, with a median value-of43kms™' . The mass resolution of their
simulations is around factor of two higher than this wakk,(, = 2.49 x 107h~ M)

although performed in smaller volumégsh ! cMpc)3. This difference is therefore

most likely because Dawét all (2010) do not deconvolve their Voigt profile fits with

the instrument profile (see the first paragraph in sectiortdaifpaper). Tepper-Garcia

et al. 2) similarly find that AGN feedback produces a small @ase in the typ-
ical Ly« line widths atz = 0.25 using the OWLS simulations, and report a median
b-parameter 029.4kms~' from mock spectra with FWHMzms ' and a S/N= 50

1

per pixel. This is similar to the value @f7.7kms™" we obtain from our AGN feed-

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

tion. As|Tepper-Garciat all (2012) also use SPH simulations performed at slightly
lower mass resolution compared to this wolld,(; = 8.7 x 10"h"'M®), their line

widths will be similarly under-resolved. More recently, i@aad et all (2017b) also

found their simulated velocity width distribution predidines that are narrower than
the COS data. It is possible that the lack of any coupling betwradiative cooling,

photo-ionisation and the hydrodynamical response of tlsargtheir simulations may

1" in the median b-

2This is consistent with V17, who reported an increase by hbug km s~
parameter when including AGN feedback. Note that V17 inectty reported this quantity as the peak

of the velocity width distribution rather than the median.



The effect of stellar and AGN feedback on the low redshift Lynan-« forest in the
Sherwood simulation suite 39

exaggerate this difference further, however.

The impact of feedback on the velocity distributiorzat [0.1, 1.0, 1.6] is displayed

in Figure[Z®, for FWHM-= 7km s~! andS/N = 50 per pixel. Again it is clear that the
velocity width distribution is not converged with mass fesion. By comparing the
80-1024 (orange dot dashed line) and 80-512 (blue dasheXxthe line widths differ
significantly athy; < 30kms~t. This implies a comparison between simulations and
observations requires a mass resolution of at least ~ 6 x 10°A~* M. However,

as for the CDDF, the simulations with varying sub-grid pbggerformed at the same
mass resolution are very similar. The only exception is at 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 ofitdbsorbers per unit redshifiN/dz. Figure[Z¥

displaysdN/dz for low (10*! < Ngr/em™2 < 10", upper panel) and high¢'* <

NH’_IH/CIHQ < 10'7, lower panel) column density absorbers, overlaid with a gitan

tiortd of observational data from Kirat all. (2013). In this instance we do not attempt

to match the resolution and signal-to-noise of the simoifetito the data compilation,
which was obtained with a variety of instruments. We instesel FWHM= 7kms ™!

and S/N= 50 per pixel and assume the HMO1 UVB for emission from star foigni

galaxies and gquasars. We also show the more recent COS m® from Dan-

forth et al. ») at) < z < 0.47. These are formally consistent with the earlier data
compilation at: < 0.3, but with an increased incidence of linedat < z < 0.5. Note
also we use Ly only fits for comparison to the observations, which may cooapé
the comparison to the stronger, saturated lines with coldemsities inferred using

higher order Lyman lines. We have therefore tested thissydirectly integrating the

3The individual measurements are from éha

a1 o el

010).
“Note theI_D_a.nI_Q_LLIm_a.ll ﬂll*) measurements in the upper panel of Eid. 2.7 are fosligbtly
different column densitﬁ range)!® < Nyp/em—2 < 10, rather thanl 013! < Nyp/em=2 < 1014

used for th

) data compilation.
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H 1 number densities along the simulated sight-lines to obfaiidz (see also Gur-

vich, Burkhart & Bird,[2017). This procedure yields simitasults to the Voigt profile

fits.

The number of low column density byforest absorbers (top panel) is not sensitive to
the differences in star formation and feedback prescmgtio the models. This is con-
sistent with the CDDF, where galactic winds and AGN feedbdelkot significantly

impact on the gas distribution at the low column densities gnobe the diffuse IGM

(see also Davet all, 12010). The simulations are in good agreement with the obser

tional data at > 1, but underpredict the number of weak linesat 0.1. To inves-
tigate this further, we have rescaled the mean transmigsithe 80-512-ps13 model

to (F) = 0.979 atz = 0.1 (blue triangle), which V17 find provides a better match to
CDDF at10'® < Ny;/ecm~2 < 10, The improved agreement again demonstrates this
discrepancy is due to the uncertain UVB amplitude; the HM@beh overpredicts the

H1 photo-ionisation rate at < 0.5.

In contrast to the low column density systems, the simulatedictions for higher
column density Ly forest absorbers exhibit some differences with the choictar
formation and feedback model at< 1.5. The 80-512-ps13 model produces a factor
of ~ 2 higherdN/dz relative to 80-512 at ~ 0, with the AGN feedback intermediate
between the two. However, all models fail to reproduce theeolational data at <

1.5. Rescaling the mean transmissiorrat 0.1 slightly improves agreement but does
not remove the discrepancy. In combination with the CDDIE, strongly suggests the
simulations are not correctly capturing the saturated apsorption systems that are

still optically thin to Lyman continuum radiation.

2.4 Identifying the gas responsible for low redshift Ly for-

est absorbers

In order to more closely examine the physical origin of theaption in our models
and assess the effect of feedback, we consider the typiogleature and density of

gas in the QUICKLYA model (80-512) and t,J.e_ELLQhwein&ﬁp.LilL@m) energy




Table 2.2: A comparison of baryon phases in the simulations with déffiétreatments for cold, dense gas and feedbaek=al0,0.1 and1.6 whereA, = 97.2, 65.9

and62, respectively. The percentage of the total gas mass isatiiitto four categories foIIowin,g_D_a;ﬂa.ll ( ).

Name Model Diffuse WHIM Hot Halo Condensed Stars
A< Ap,T<10°K A<Ayp,T>100K A>Ay,T>100K A> Ay, T < 10°K

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 51.7 154 12.6 19 18.4
80-512-ps13 51.9 17.0 16.3 10.6 4.3
80-512-psl13+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-psl13+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 agahmest t

H1 column density for simulations with different prescriptéofor feedback at

0.1 (from

left to right, QUICKLYA, stellar feedback and stellaagn feedback). The colours display the
median velocity widths of the absorbers in each cell, andtaek contours enclose 50, 75 and 90
per cent of total number of absorbers. Only data points velétive errors on the velocity widths
and Hr column densities less then 50 per cent are shown. The re@dé&sk shows the analytical
model of Schaye (20D1), evaluated at the gas temperaturid aphoto-ionisation rate used in the
simulation (see Eq_Z.1)Lower panel: The optical depth weighted gas temperature against the
Ly« velocity widths,by;. The colours now correspond to the mediandélumn density in each
cell and the red dashed line shows the relationship bet@esardbyy; for pure thermal broadening,

given by Eq.[ZR).

driven winds model with (80-512-ps13+agn) and without 88@-ps13) AGN feed-
back. We have divided the gas into four categories basedwapeture/}, = 10° K,

and normalised density thresholds;,, following

Daveéet all (201

). These are i) dif-

fuse gasf < Ay, T < 10°K) ii) the warm-hot IGM (WHIM, A < Ay, T > 10°K)
i) hot halo gas \ > Ay, T > 10°K, and iv) condensed gafd\(> Ay, T < 10°K).

In Table[Z2, the percentage of the total baryon mass in eamgary is shown at

z=0.1, 1and1.6 whereAy, = 97.2

65.9 and62, respectively (heré\, is computed

using equations 1 and 2lin Daeéal

2010). We have also included the percentage of

gas that has been converted into collsionless star paticle

The redshift evolution of gas in the diffuse phase is venyilsinfor all models, with no

noticeable difference due to feedback. This diffuse gdeva a power law temperature-

density relationship]” = TyA7! (see Figur@2Z]l1). However, there is a significant in-
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crease in the mass fraction in the WHIM for the model with A@&ddback at = 0.1,
with a corresponding decrease in the condensed phasefraotd stellar mass. In-
cluding multi-phase star formation and stellar feedbaddpces more gas in the hot
halo and condensed phases compared to the QUICKLYA modekad.1. In con-
trast, the QUICKLYA model produces significantly more stars < 1 and — while
capturing the diffuse IGM reasonably well — will produce elrable results for gravi-

tationally bound gas ah > Ay,.

The mass fractions for the 80-512-ps13 model are broadlilasito the “vzw” mo-
mentum driven winds model describec_'Ln_D_aal'ﬁiII 010), with slightly more{ 5

per cent) gas in the dense phases with> A,. There is also reasonable agree-

ment between the 80-512-ps13 model and the post-procedsdmhac simulations

described by Gaikwadt all (2017a) atz: = 0, with around 4 per cent more (less) gas
in the WHIM (hot halo) phase. This suggests the bulk of thegastwithT > 10° K

in the models without AGN feedback is produced by gravitadianfall. The largest

difference is the condensed phase which contains 18.8 péiotéhe mass at = 0

iniGaikwadet all (20174); this is because dense gas is not converted inwisttreir

adiabatic simulations.

The connection between the density and temperature of tharghthe column density
and velocity widths of the Ly absorbers at = 0.1 is summarised in Figute2.8. Along
each simulated line of sight we have computed the opticahdepighted temperature,

T,, and densityA,, where X ; = > 7;X;/ > 7 andr; is optical depth at th&"

pixel in real space contributing to th&" pixel in velocity space (Schayet all, [1999).

We then associaté,. and A, with Ny and by; at the location of the line centres
identified by VPFIT. This approach takes redshift spacedisins due to the peculiar
motion of the gas into account. As before, following V17 wedyoronsider systems

with relative errors less then 50 per centigi and Ny;.

The top panel of Figue2.8 displays the relationship betwég andA in the simu-

lations. The data are coloured according to their velocigths. The red dashed line

shows the power-law relationship betwegi; and A predicted by _Schaye (2001),

assuming the typical size of anitdbsorber is the local Jeans scale:
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2 44 1 13 —9 A 3/2 T —0.26 1 9/2
Nyp = < 107 em — — T2 . (2.1)
T s 10 2 1.1

HereT'_ ;3 = T'yr/107 357! is the Hi photo-ionisation rate (wherE_;; = 0.78 at
z = 0.1 in the 80-512-ps13 simulation f@#") = 0.979) andT; = 7//10* K is the gas

temperature.

This provides a good description of the scaling between gasity and H column

density (see also Dawt all, 11999/ 2010; Tepper-Garcé all, 12012). The majority of

the absorption lines adfy; = 10*3-10' cm 2 correspond to gas densitiés= 4—40 in
the simulations (V17), with typical velocity widths by = 2040 kms~!. In all mod-
els there are a small number of broad linkg, > 40 kms~!, with column densities
Ner = 102210135 cm~2 that are associated with hét ~ 10° K gas in the WHIM
with A ~ 1-100 (see also_Tepper-Garc#h all, 2012). The effect of feedback on the

diffuse, low column density gas is rather subtle; there &ghtty more broad lines
lying above theNy; — A, correlation for the AGN feedback model, consistent with
additional heating. Although there is significantly more as in the WHIM by mass
atz = 0.1 when including AGN feedback, much of this is also collisitty@nised.

In all instances, however, the higher column density systéf; > 10'“ 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 densitiesiatstwith circumgalactic

gas.

The lower panel in Figurle2.8 shows the corresponding valtigs at the line centres
against the velocity widths. The red dashed line displagsttpected velocity width

under the assumption of pure thermal broadening:

T 1/2
byr = 18.2km s~ (é‘) . (2.2)

In general, although the minimum line widths trace the etgiean for thermal broad-

ening, most of the absorbers are significantly broader,cpgetly for low column

density lines originating from low density gas (see alsozilarTheuns & Schaye,

015, for a recent discussionat- 3). Many of the absorbers are therefore broadened

through the additional effects of gas pressure (i.e. Jeaa®thing). The absorbers
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with Ny = 10-10" cm~2 are associated with gas with a broad range of tempera-
tures, but most are in the ran@e= 10*-10*5 K. The velocity widths of these lines
remain too narrow with respect to the COS data. Again, thecetif stellar and AGN

feedback on the temperature of the absorbers is small.

2.5 Conclusions

We have investigated the impact of different feedback pieisons on the properties
of the low redshift Lyy forest, using a selection of hydrodynamical simulatiorasiar
from the Sherwood simulation suite. The simulations adogitas feedback, AGN
feedback and a simplified scheme for modelling the low colaansity Ly forest
that converts all gas withh > 1000 and7 < 10° K into collisionless star particles.
We have examined the CDDF, velocity width distribution, tdshift evolution in the
line number density/N/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 \Wwilof simulated Ly ab-
sorption lines with gas densitie’s = 4—40 are too narrow when compared with COS
data. We also stress that this difference will be exacedbugher for simulations
performed at higher mass resolution than considered heedijne widths are under-
resolved at our fiducial resolution @f/,.. = 5.1 x 10°h~'M, (see also Chapter 3).
We also find that absorbers with column densifigg > 10'* cm~2, which correspond

to gas withA > 20 in our simulations, are underestimated, in agreement veithes

work (Shullet al,201",ﬁ_umi_(;h__B_u_L|$h_a.Lt_&_B_i_|I 2017).

On the other hand, using simulations that vary the feedbeedcpption while keeping

other parameters fixed, we find that the impact of galacticwiand AGN feedback
is generally very modest. AGN feedback only impacts on the apsorbers at very
low redshift,z = 0.1, by producing some broader lines and slightly reducing the i
cidence of systems withy; > 10'cm =2 with respect to a model with only stellar
feedback. There is no noticeable impact on the CDDF due baiste AGN feedback
at Ny < 10 em~2. Furthermore, we find a simplified scheme that ignores fegidba

and star formation altogether adequately capture the prep@f absorption lines with
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Ny < 10 em~2, although the incidence of stronger systems is underetihm-
pared to models that include feedback. Similarly, thex lype number density and
its evolution with redshiftdN/dz, is in good agreement with observational data for
low column density systemg('3! < Ny;/em=2 < 10, once the amplitude of the
UVB is rescaled to match the CDDF. In contrast, for high catudensity systems,
10 < Ngr/em™2 < 10%7, the simulations underpredict the incidence of absorbters a

z =0.1andz = 1 by a factor of~ 2.2 and3, respectively.

This demonstrates that stellar and AGN feedback — as clyriemplemented in our
simulations — have a limited impact on thed.yorest. We conclude that resolving
the discrepancy between COS data and the simulations esgair increase in the
temperature of gas with = 440, either through (i) additional He photo-heating
at z > 2, (ii) additional fine-tuned feedback that ejects overdege® into the IGM
at just the right temperature for it to still contribute sfggantly to the Ly forest or
alternatively (iii) a larger, currently unresolved turbot component to the line widths

Oppenheimer & Davé, 2009; lapichino, Viel & Borgani, 20Gi ,12017D).

Note, however, the first possibility would require a UVB wahharder spectrum at

z > 2, potentially producing gas temperatures that are too hitfinn@spect to existing

observational constraints from the duyfforest at1.6 < z < 3 (Beckeret all, [2011;

Boeraet all, [2014;| Boltonet all, 2014). Our results provide further motivation for

studying the impact of state-of-the-art feedback modelshenproperties of the low

redshift Ly forest.



Chapter 3

Resolving the Ly forest in
hydrodynamical simulations at

redshifts z < 2

In this chapter, the numerical convergence of varioussiteail properties of the low
redshift ¢ < 2) Ly« forest in the Sherwood simulation suite is presented. Mbite

guantities are introduced in Chapter 2, and majority of thigpter is published as an

appendix in Nasiet al. (2017). The aim is to quantify the uncertainties imposediey t

hydrodynamical simulations due to mass resolution and oexan these statistical

guantities, which are widely used in the d.yorest absorption line studies. Similar

recent studies at higher redshiftss< z < 5 can be found in_Lukit all (201%) and

Boltonet all (2017)

The outline of the chapter is as follows. In Section 3.1, #sults of the Voigt pro-
file fitting analysis are discussed, which is complementarthé results presented in
Chapter 2. Furthermore, the convergence for the effeciptiea depth, flux proba-
bility distribution function (PDF) and flux power spectrumeashown in Section 3.2.
Finally, the gas temperatures are presented in Sectiom Be8simulations used in this

chapter are listed in TableZB.1.
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Table 3.1: The hydrodynamical simulations used in this chapter. Tisedmlumn uses the naming
conventiorL-N-param HereL is the box size in units of ~'cMpc and N is the cube root of the
total number of gas particles. The remaining columns gigentlass of each dark matter and gas
particle inh~' M, and the gravitational softening lengthAn* ckpc.

Name Mdm Mgas lsoft
(W 'Mg] | [ Mg | [h ! ckpe]

80-512 | 2.75 x 10% | 5.10 x 107 6.25

80-1024| 3.44 x 107 | 6.38 x 106 3.13

80-256 | 2.20 x 10% | 4.08 x 10® |  12.50

40-512 | 3.44 x 107 | 6.38 x 10° 3.13

20-256 | 3.44 x 107 | 6.38 x 106 3.13
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Figure 3.1: The Ly« forest CDDF at: = 0.1, 1, and1.6. Convergence with mass resolution for
a fixed box size 080h~'cMpcis displayed. Only column densities with a relative errssléhan

50 per cent are used. The lower panel displays the modelsrasftect to the reference model
80-1024. The grey shaded areas are the Poisson errors afehence model.

3.1 \Voigt profile fitting

First, the convergence with mass resolution and box sizeh@dine fitting results

from Chapter 2 are examined. A signal-to-noigeV = 50 per pixel and FWHM off
kms ™' is assumed. The LyCDDF and velocity width distribution at = [0.1, 1, 1.6]
are displayed through Figures1g.113.4.

As shown in Figuré&31[=3 2, the CDDF is well converged withssesolution and box
size within the range0'*” < Nyr/em=2 < 10'. However, atNg; > 10 cm—2

(Ng1 < 10*27cem~2) the number of lines are over (under) estimated at lower mass
resolution. This suggests that numerical resolution iskahl to be the cause of the

discrepancy between the COS observations and our sinmgaaioVy; > 10 cm =2
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Figure 3.2: As for Figure[31, but now convergence with box size for a fireks resolution of
Mygas = 6.38 x 10h = M, is displayed.
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Figure 3.3: The Ly« velocity width distribution atz = 0.1, 1, and 1.6. Convergence with
mass resolution for a fixed box size &~ 'cMpcis displayed. Only lines withVy; = 1013—
10" cm~2 and a relative error less than 50 per cent on the velocityhsidre used. The lower

panel displays the models with respect to the reference h80d&024. The grey shaded areas are
the Poisson errors on the reference model.

(see Chapter 2).

For comparison,_Tepper-Garcid all (2012) also report that the HCDDF is well
converged using the OWLS simulationszat 0.25. They found that the HCDDF is
well converged within the range)?° < Ng;/em™—2 < 10! for a mass resolution of

Myos = 8.7 x 10Th~" M, .

However, in Figurd_3]3, it is clear that mass resolution i§icemtly impacts on the
velocity width distributions, with line widths that are $gmatically overestimated at

our fiducial resolution of\/,,s = 5.1 x 1074~ M, (80-512). A mass resolution of at
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Figure 3.4: As for Figure[ 3B, but now convergence with box size for a fireks resolution of
Mygas = 6.38 x 10h = M, is displayed.

leastM,,s = 6.4 x 10,1 My, is required for an acceptable level of convergence. This
means the discrepancy between the COS observations ofltduity&vidth distribution

in Chapter 2 will be even larger for higher resolution sintioias. The Lyv line width
distribution is generally well converged with box size, Aswn Figurd_3}, with the

exception of lines aby; < 20kms ™' in the 20! cMpc box. Again, similar results

are reported b - 3pall (2012).

3.2 Transmitted flux statistics

The convergence of the effective optical depth,, atz < 2 is displayed in Figure-35.
The 7.4 is converged withinv 2% with box size and~ 5% with mass resolution for
the fiducial 80-512 model.

The transmitted flux PDF obtained from the simulations amswstthrough Figurg=316-
B4. Figurd3b shows the convergence of the flux PDF with messlution. The
PDF is converged withia0% for the 80-512 model and is slightly better converged at
z = 1.6, where proportionally more of the absorption is due to gamedn density.

The convergence with box size (Figlrel3.7) is-as% level.

The convergence of the transmitted flux power spectrum vathdize and mass reso-
lution is presented in Figur€sB.8 dndl3.9. The flux powertspeshows convergence
up to~ 5% with box size as shown in Figufe_B.8. Note that the differeaiclow k-
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Figure 3.5: The effective optical depth relative to the reference m@ell024 against redshift.
Top: Convergence with mass resolution for a fixed box si@gk—'cMpc. Bottom: Convergence
with box size for a fixed mass resolutidify,s = 6.38 x 10°h 1 M().
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Figure 3.6: The PDF of the Ly transmitted flux at = 0.1, 1, and1.6. Convergence with mass
resolution for a fixed box size &f0h~'cMpcis 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 fireaks resolution of

Mygas = 6.38 x 10h = M, is displayed.
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Figure 3.8: The power spectrum of transmitted flux at three differenshéfts indicated in each
panel. Here each plot gives convergence with box size fodfirass resolutiod/,,s = 6.38 x
10°h~* M. The lower panel displays the models with respect to theeafe model 80-1024.

scales is due to difference, in the box size and hence thenmaxiphysical scale that
can be probed by the models. By contrast, the flux power spachows convergence
up to20 — 30% with mass resolution at scales; k/(km~'s) < —0.5, for the fiducial

model as shown in Figufe_3.9.

3.3 Temperature and slope ofl’ — A relation

Finally, Figure[3.ID and Table=3.2 display convergences tiesstthe volume weighted

IGM thermal state with box size and mass resolution. Thelteeave well converged
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Figure 3.9: As for Figure[3B but now convergence with mass resolutiatisplayed for a fixed
box size of 80, ~'cMpc. The lower panel displays the models with respect to the@afe model
80-1024.
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Figure 3.10: The temperature at mean density (top panels), and the slope of the temperature-
density relationy — 1 (bottom panels). Convergence with box size for a fixed masslugon

of Mgas = 6.38 x 10~ M, (left column) and for mass resolution at a fixed box size of
80h~LcMpcis displayed (right column).



Table 3.2: A comparison of baryon phases in the simulations showingaisoalith different box size and mass resolutiorat 0,0.1 and1.6 whereAy, = 97.2, 65.9

and62, respectively. The percentage of the total gas mass isatiiitto four categories foIIowir@' ( ) (see also Chapter 2).

Name Model Diffuse WHIM Hot Halo Condensed Stars
A< Ap,T<100K A< Ay, T>100K A>Ap,T>100K A > Ay, T < 10°K

z=0.1 80-1024 35.0 20.1 15.3 0.7 28.8
80-512 36.5 21.3 171 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 35.3 194 15.2 0.7 29.3

z=1.0 80-1024 49.6 14.5 111 1.6 23.2
80-512 51.7 154 12.6 1.9 18.4
80-256 55.4 16.4 14.9 2.1 11.2
40-512 49.2 15.0 111 15 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 58.9 111 7.8 2.2 19.9
20-256 59.2 10.2 7.9 2.3 204

15210} VAT BIYspal moj| ayl Buinjosay

12°]
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with box size, but demonstrate the temperature of the IGMestmdensity is overesti-
mated byl 0—-20 per cent at our fiducial resolution (80-512). Although natwsh, the
mass weightetemperature obtained from the gas particles is well coragvgth mass
resolution, suggesting this difference originates froel#inger smoothing lengths used
in the lower resolution models. Additionally, we observenfr Table[3.P that as mass
resolution is increased using the QUICKLYA model, a greateportion by mass of
the baryons are converted to collisionless star partitdese, however, this is already
a significant overestimate, and the results of the QUICKLYAdel will be unreliable

for gas atA > Ay,.

3.4 Conclusions

In this chapter, the numerical convergence of variousstiedl quantities of the low
redshift ¢ < 2) Lya forest in the Sherwood simulations suite is presented. ThREC

is well converged for low density absorbergy; > 10'%7cm~2) with mass resolution
and box size, except afy; > 10“cm~2. By contrast, the mass resolution has a
noticeable impact on the velocity widths, significantly matimating the line widths

at lower mass resolution.

The Ly« effective optical depth,s , shows excellent convergence within2% with
box size andv 5% with mass resolution for our fiducial simulation (80-512heTflux
PDF is converged within 20% for mass resolution and 5% fordpa. The flux power
spectrum shows convergence upté% with box size but withirB0% level with mass

resolution at scaléleg &/ (km~'s) < —0.5.

In conclusion, resolving the lyforest atz < 2, requires a box size of 80 'cMpc and

a gas mass resolution 8f,,; < 6.38 x 10°h~' M), particularly for modelling the line
widths and the flux power spectrum at scalesk/(km~'s) < —0.5. This suggests
that the discrepancy between thenlforest line widths at ~ 0.1 measured by COS

and numerical simulations will only be exacerbated withheigresolution models.



Chapter 4

Inferring the IGM thermal history
during reionisation with the Lyman- «
forest power spectrum at redshift

z~5H

4.1 Introduction

The intergalactic medium (IGM) probed by the d.yorest of absorption lines is a
valuable cosmic laboratory for studying the thermal andsiation history of the Uni-
verse at redshifts < 7. Observations of intergalactic absorption lines in higtsteft
guasar spectra indicate the first luminous sources hadisewthe neutral hydrogen

by 5.5 < z < 7 and photo-heated the IGM to 10* K dBﬂ;kﬂL_B_QLLQD_&_Li.dz 2015).

The recently updated Thomson scattering optical depthrtegpoy the Planck Collab-

orationet al. D) is furthermore consistent with an instantaneoimigation at
ze = 8.8 £0.9. In combination with other, complementary observatiohesé ob-
servations translate to anikeionisation era that may have started as early as redshift

z ~ 12 and ended by = 5.5-6 dagbgmm,JZOl"' Bouwengt al., 12015; Mitra,

Choudhury & Ferrara, 2015).

Despite this progress, details regarding the precise gjraimd duration of reionisa-
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tion remain elusive. One possible approach to clarifying fituation is measuring
the energy deposited into the low density IGM by photo-mgatduring reionisation
:L_1£J94). At a redshift interved ~ 1-2 after reionisation

(1%

the temperature of the low densitk (= p/p < 10) IGM traced by the Ly forest is

expected to follow a power law relationship,= 7,A”~!, parameterised in terms of

the temperature at the mean cosmic gas derkjfygnd a slopey — 1 (Hui & Gnedin,

1997;IMcQuinn & Upton Sanderbeck, 2016). This temperatigmesity relation has

been measured using a wide variety of techniques over théwasdecades. These
include analysing the velocity (Doppler) widths ofd\absorption lines (Haehnelt &
D0; McDonaéd all,
:LRudie, Steidel & Pettrli 201P2; Bolta all, 2012, 20144), the suppression of

Steinmet 98; Schawt all, Ricotti, Gnedin & Sh
00!

small-scale power in the Lyforest flux power spectrum (Zaldarriaga, Hui &Tegnlnark,
001; Croftet all, [2002;| Zaro MZODJS'M&LEL&U] .ZCLLS_L , the probability dis-
Lidzet all, 2010; Garzilliet all, [2012), the probability distribution of the trans-

tribution of wavelet amplitudes (Meiks

002

4

mitted Ly forest flux (Lidzet al |200 5, Boltonet al |200 1C : Lee

et al, 5), and the curvature of the dforest transmissio : L;

Boeraet all, 2014/ 2016). The common element to almost all these stiglibat they
rely on mock Lyy forest spectra — typically drawn from cosmological hydnoaiypical

simulations — that can be compared directly to the obs@mwatidata.

The bulk of these measurements are at redshitst where high quality spectroscopic

data are most readily available. These provide a valuablegpof photo-heating during

the epoch of (likely quasar driven) higeionisation around ~ 3 i ,

009;. Compostella, Cantalupo & Porc anj__ﬂOl_A,_'_Eughmiall, 2015). Importantly,

however, the long cooling timescale of the low density IGMIgiesT; measurements

atz ~ 5 — 6 to be used as a probe oftlreionisation at > 6 fll:la.ehn.ell_&ﬁleiﬂm.etz,
lQQz{%;IheunELal, 2002 _I:IJ.LL&_I:La.Lm;J 2003; Trac, Cen & Loeb, 2008; @tmll,

009:| Furlanetto & 2009; Lidz & Mall 2014: D’ AloisidMcQuinn & Trac,

015). Indeed, recent studies have demonstrated obserahtheasurements @f, at

z = 56 are inconsistent with rapidYz ~ 2) late Hr reionisation occurring at < 8
Raskuttiet all,12012; 'Aloisi n, 2016), altigh note

this inference also depends on the typical spectral shahe abnising sources during
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reionisation.

A wide range of reionisation scenarios therefore remairsisbent with these data, and
their constraining power remains relatively limited. Fetmore, the absorption fea-
tures in the Ly forest are not only sensitive to the instantaneous thertatd sf the
gas set by the Doppler broadening of the lines in velocitycspa he absorbing gas
is also smoothed out in physical space by the increased gasipe following reioni-
sation, leading to additional broadening of the absorpiatures (i.e. Jeans smooth-

ing,|Gnedin & Hui 1948;&&&_&&;&= 199b' Theuns, Sch&vidaehnelt) 2000;
Peepleset all, 12010;| Kulkarniet all, LGarzilli, Theuns & Schaye, 2015). The

long dynamical timescale for low density intergalactic geemparable to a Hubble

time, e.gL.Schaye, 2001) means the precise degree of tlasysesinduced smoothing

depends on the prior thermal (and hence reionisation)rgist@onsequently, the de-
generacy between the Doppler broadening associated veitimstantaneous gas tem-
perature and the uncertain degree of pressure smoothihg low density IGM is an
important systematic for measurements/pfusing the Lyv forest. It is furthermore
a nuisance parameter when attempting to measure cosnmallpgiameters and probe
,12006;

the nature of dark matter with the kwforest power spectrum_(McDonaéd al
aroubiet all, 2006; Vielet all, 2013a| Palanque-Delabrouiké al ,m).

Analysis of the typical coherence scale ofaLgbsorption transverse to the line of

sight utilising close quasar pairs provides a promising veaglirectly measuring the

pressure smoothing scalezat- 2—3 ' ' ite, 2013). However, the

limited number of close pairs currently known at higher refigrevents this method
from being used at ~ 5, approaching the epoch of iHeionisation. The line of
sight power spectrum of the transmitted fluxzat+ 5 — a quantity widely studied at
lower redshifts — provides a potential alternative. In camnmwith other temperature
diagnostics, the power spectrum is sensitivedththe instantaneous temperature and
the prior thermal history. These smoothing scales may enthsgled to some extent

with high resolution £ ~ 40000) spectra that probe wavenumbeérg(k/km ' s) > —

1 (see e.g. Appendix D |l3_|2mhmm_a.l 2015). As the quantity of high resolution

Ly«a forest data available at ~ 5 has increased in the last few years (e.g. Becker

et al, 12015, with 7 additional quasar spectrazat- 5.8 and 16 atd.5 < z < 5.4),
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a measurement of the cumulative energy deposited into tMg BBd hence tighter
constraints on the thermal history during hydrogen re@im® may now be feasible

(see also Lidz & Malloy, 2014).

In this work, we demonstrate that it is possible to consttlagnintegrated thermal his-
tory atz > 5 using the Ly forest power spectrum measured from data sets that are
now comparable in size to existing high resolution obsérmal measurements. Re-
cent studies have typically parameterised the integréechtal history in Ly forest

models as either a characteristic filtering scélg, over which the gas is smoothed

(e.glRorai, Hennawi & White, 2013), or as the starting refigtiireionisation,z,., in

optically thin hydrodynamical simulations (Viek all, |20138). The former approach

is well motivated, but in practice often treats the pressume@othing scale as a free
parameter that is decoupled from the reionisation histdhe latter approach is not
optimal either, as the parameter does not uniquely defirgeethe amount of energy
deposited into the IGM as a function of time. In this work wemuse instead that,
aided by a suitable grid of hydrodynamical models, one msateed infer the cumula-
tive energy per proton injected into a gas parcel during o sifter reionisation — a

guantity which is more straightforward to connect dire¢tlyeionisation models.

The contents of this chapter are published_in_Nasir, BoltoBe&ker (2016). The

structure of this chapter is as follows. In Section 4.2, wespnt an overview of the
hydrodynamical simulations used in this work and examiedypical scales on which
thermal broadening and pressure smoothing act on thefayest power spectrum
atz ~ 5. In Section 4B, we examine the relationship between thedgasity and
Ly« forest transmission power spectra and the cumulative gneggproton injected
into the IGM at mean density,,. In Sectior[ 414, we forecast how well observations
might distinguish between different integrated thermatdries by examining mock
datasets within a Bayesian statistical framework via a Mar€hain Monte Carlo
(MCMC) analysis. We finally summarise our conclusions int®ed4.3. Throughout
this chapter we refer to comoving Mpc and kpc as “cMpc” andpek respectively.
A flat ACDM cosmology is adopted thoughout, with, = 0.26, Q, = 0.74, Quh? =
0.023, og = 0.80, h = 0.72 andng = 0.96.

For example, two reionisation models whegg 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 dendity,as function of time for

a subset of the simulations listed in Taplel4.1. Theobservational measurements from Becker
et al. ML), evaluated at their fiducial values along with 2 errors, are shown by the filled
circles. Right: The cumulative energy per proton deposited in a gas pargakah density (see
Sectior 4B for details) as a function of time in the simwlas.

4.2 Modelling the Ly« forestat z ~ 5

4.2.1 Hydrodynamical simulations

In order to model Ly forest spectra at ~ 5 we first require hydrodyanmical simula-
tions with a variety of thermal histories. The models usetthis work are summarised
in Table[41, and are describedLin Beckemll (2011) and Becker & Boltori (2013).

Convergence tests with box size and mass resolution arergessin those papers and

in Bolton & Becker (2009) (and also see Chapter 5).

In brief, the simulations were performed with the smootpadicle hydrodynamics

code P-@DGET-3, an updated version of the publicly available®sET-2 (Springel,

005). These simulations use a totalof 512° dark matter and gas particles within

a periodic10h~! cMpc box. The initial positions and velocities of the particlds a

redshiftz = 99 were generated using the PEGC initial conditions code (Springel

etal,l200548) and t i ' D99) transfer functionhi;mwork we neglect

the impact of the small change in cosmological parametesned to match the more

recent results reported by the Planck Collaboragball (2015), but expect that this

will not affect our general conclusions. The baryons in tlye lforest simulations

are of primordial composition with a helium fraction by madsy” = 0.24 (Olive



Table 4.1: The hydrodynamical simulations used in this work. All madedve a box size a0k ~! cMpc, 2 x 5122 particles and a gas particle mas$9afx 10*h =1 M.
The columns in the table list the redshift of reionisatiag, in the model, the scaling factors for the photoheatingrégee text for details), the logarithm of the temperature
at mean densitiog 7o, the slope of the temperature-density relatiprand the cumulative energy per proteig, deposited into a gas parcel at mean density by4.9.

The values ofog T; and~ are estimated with a power-law fit to the volume weighted terajure-density plane.

Model z. ¢ ¢ log(TE*9/K) =9 wg™9eVm,* References
Al5 9 0.30 0.00 3.68 1.43 3.1 Table 2, Beckeet al. (2011)
B15 9 0.80 0.00 3.98 1.46 5.9
C15 9 145 0.00 4.16 1.47 8.7
D15 9 220 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 9 530 0.00 4.53 1.48 20.9
D13 9 220 -0.45 4.28 1.37 11.5
D10 9 220 -1.00 4.26 1.08 11.5
D07 9 220 -1.60 4.25 0.92 11.5
Tz15 15 - — 3.92 1.49 124 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

G =~ z}lyspal 1e wnapoads Jamod
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& Skillman,|2004). Any gas particles with an overdensity> 10% and temperature

T < 10°K are converted to collisionless star particl ' ingel,

004b). The gas is also photo-ionised and heated by a dpatralorm metagalactic

UV background (UVB) applied in the optically thin limit. Thgas is assumed to be in
ionisation equilibriumi(Katz, Weinberg & Hernguist, 1998ing the recombination,

ionisation and cooling rates listed .'LD_BQ.IIQ.D_&_Ha.eIJnL.IﬂJE

The UVB for thel Beckeet all (2011) simulations is based on the Haardt & Madau

001) synthesis model. This includes ionising emissi@mfryoung star forming
galaxies and quasars, and results in rapid reionisatien at 9. The photo-heating

rates in most of these models have been rescaled to repradaocge of temperature-

density relations, such that = (A%™M01 wheree™°! are the Haardt & Madau

001) photoheating rates for species [H1, He1, Hen| and(, £ are constants listed

in Table[4.1. We also include five simulations fr 2013). These

have UVB models that have been tuned by hand to reproducega @mreionisation

histories. Four of the models are designed to have similapégatures at ~ 5

that match the Beckest all (2011) IGM temperature measurements, but with=

(15, 12, 9, 7]. The final model, Tz9HOT, is similar to Tz9 but with increaggtto-
heating rates. The evolution of the temperature and the @aiiveienergy per proton
deposited in a gas parcel at the mean background densit¢s€€.4) and Sectidn 4.3
for details) in these models is displayed in Figuré 4.1.

In order to extract mock spectra from our simulations we ys&knapshots at =
4.915. The spectra consist @048 pixels drawn along 000 random sight-lines par-

allel to the box boundaries. The mean transmissi@t), of the spectra is rescaled

to correspond to an effective optical depth = — In(F) = 1.53 (Fanet all, 200685;

Beckeret all,2013), and the spectra are convolved with a Gaussian metrtal profile

with FWHM = 7kms~!. In order to aid intuition, FigurEZ4.2 demonstrates the eang
of gas densities the lyforest is sensitive to at = 4.9. We plot the optical depth

weighted gas overdensityy, (Schayeet all, 11999), against the transmitted flux from

the D15 model. The Ly forest at high redshift predominately probes gas closedo th
mean background density, with very little contributionrfroegions with overdensities

greater than a few except where the transmission is satlu¢ate= 0). This may be
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contrasted to the Ly forest atz: = 2—3, where the bulk of the transmission arises from

mildly overdense gas (cf. fig. 4 in Boltat all, [2014).

Finally, before proceeding further we note that one caweaut analysis is that reion-
isation is an inhomogeneous process and spatial fluctaitiotne IGM temperature

and pressure smoothing scale are expected durin reihnnislﬂaskuniﬂt_a.l,, 2012;
Lidz & Malloy, 2014;|D’ Aloisio, McQuinn & Trac, 2015). Ouit0h~! cMpc sim-

ulation boxes are too small to capture this effect — thisestglcomparable to the

typical size of individual Hi regions during reionisation (e.g. Wyithe & Loeb, 2004;

Furlanetto, McQuinn & Hernqguist, 2006) — but for this reasgproximating a uni-

form redshift of reionisation over this volume is likely szmable. The large scales on

which temperature fluctuations occur also translate to aestoeffect & 5 per cent)

on the one dimensional power spectr all, 20061 McQuinret al L; Greig,

Bolton & Wyithe,IES). A direct comparison of the gas clungpifactor predicted

by radiation hydrodynamical simulations performed in $&mvolumes to this work

Einlator et all, [2012) to optically thin models_(Pawlik, Schaye & van Scleszeel,

009) also yields good agreement (see fig. 5.in Finlaetall, 2012). Nevertheless,

full radiation hydrodynamical simulations that model gtceionisation may eventu-

ally be required. The first steps toward such large scalelations are being made

Gnedin, 20114 Normaet all, 201";£MHK_S£ha;LP_&ALQCQII\i 2015; Parkall,

016), although attaining the required mass resolutiomfodelling the high redshift

Ly« forest in large volumes remains challenging.

4.2.2 The broadening of Ly forest absorbers

In this section we briefly review the impact of thermal bragidg and pressure smooth-

ing on the Lyy forest power spectrum at ~ 5 (see also_Bi, Boerner & Chu, 1992;

Kulkarniet al |201" Garzilli, Theuns & Schaye. 2015; Puchwein

etal. |ZQTL‘L) We begin with the assumption thatlgbsorbers are in hydrostatic equi-

librium (Schaye, 2001). The scale where the dynamical tiguaks the sound crossing

timescale is the Jeans scalg, which may also be written in terms of a line of sight
velocity,o; = H(z)Ly, whereL; is a proper distance. For gas with temperatliend

normalised density, this corresponds to:
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L5 T

z=4.915, 1,4 = 1.528

log A,

Figure 4.2: Contour plot of the optical depth weighted gas overdensity, against transmitted
flux F' atz = 4.9 for the D15 model for.g = 1.53. HereA is calculated as a weighted average
A= miAi/ > 7y and  is optical depth at thé™ pixel in real space contributing to the
4 pixel in velocity space.(Schayet all,[1999). The number density of pixels increasedbydex
within each contour level. The dashed and dot-dashed liispdag the median an#l5 per cent
range of the optical depth weighted densities.

P 4072kg | ' T2 A-1/2 Qu(1+2)° + 00\
! pmy Q1+ 2)3

(4.1)
1/2
~ 77.1kms " ( Lo ) / AL

10°K

where we assume = 0.61 for the mean molecular weight of an admixture of ionised
hydrogen and singly ionised heIiHmIn the second line we have also used the fact
thatT = T,A" ! andQ,,(1 + 2)* > Q, atz > 3. Note, however, the Jeans scale only
approximates the pressure smoothing scale in the low gei@&il. As the dynamical
timescaletqy, = /7/Gpm =~ H(2)"*A~1/2,is long for low density gas the absorbing
structures in the Ly forest atz ~ 5 will not have reached hydrostatic equilibrium. The

pressure smoothing scale is instead better describeg asf;o;, wheref; < 1 and

2The Jeans scale in Eq_{}.1) is larger than the classicalaoginal Jeans scalg, — derived from

linear theory when assuming an adiabatic thermal historya-factor of2r (Bi LlQ.ElZ;

|l$u||sam'| et a||, |2§21£)- For arbitrary thermal histories within the linehedry derivation, Gnedin &

Hui @) further show that the pressure smoothing may kerdeed by a filtering scale\r, which

depends on the prior thermal history. Typicaly < A\j and\r ~ 100 ckpc (~ 10kms~! atz = 5),
although the precise value is dependent on the prior hehtitigry of the IGM.
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_1_9_9]9, and

\v

depends on the prior thermal histOl‘;L(ﬁ_n.edin_& Hui, 1998; &Rutledge

see footnote 2).

In comparison, the thermal (or Doppler) broadening scala f6aussian line profile is

given by:

T /2 T, \ /2
Oth = (B—) = 9.1kms™* (H]TOK) AOD/2, (4.2)

my

The ratio of these two scalesds /oy, ~ 8.5f;A71/2. In general we therefore expect
the pressure smoothing to act on similar scales to the tHémoadening. Fortunately,
as we see shall see next, the different scale dependencesef éfffects in our hydro-

dynamical simulations at = 5 enables us to break this degeneracy.

4.2.3 The line of sight Ly forest power spectrum

We compute the power spectrum of the transmitted flgx(k), atz = 4.9 from our
simulations using the estimatéf = F// < F' > —1, where(F) = (e™") is the mean
transmission (or equivalently the effective optical depth = — In(F’) = 1.53) of
the 1000 sight-lines drawn from each simulation. The top row of Fefdt3 shows
the results for a sub-set of the models listed in TébI¢ 4.1e [€ft hand panel dis-
plays the effect of changing, on the power spectrum; higher temperatures result in
decreased power at wavenumblerg k/km~'s) > —1.5 arising from a combination
of thermal broadening and pressure smoothing. The middielgemonstrates the
effect of changingy — the slope of the temperature-density relation — is moreasipd
with a slight increase in power over all scalesyas decreased. This is in part due to
the fact that the typical gas densities probed by the forest atz ~ 5 are close to
mean density, and the characteristic pressure and therowddning scales both have
a modest dependence on gas density. It also suggests thab@asiyaint oy from

Pr (k) is likely to be weak at this redshift.

The right panel in the top row displays the four models withyireg z,.; recall these
have similar7, at = = 4.9 but different reionisation redshifts. Any differences in
Pr (k) are due variations in the pressure smoothing scale only. TEtt& model has

less power (and more pressure smoothing) than the Tz7 andhdd@ls over a wide
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Figure 4.3: Top row: the transmitted flux power spectrum — including variatiomsrf both pres-
sure smoothing and thermal broadening = at 4.9 for a sub-set of models with varyirig, (left),

~ (middle) and the redshift of reionisation (right). The powpectra are displayed relative to the
D15 (left and middle) and Tz15 (right) models are displayathiediately belowMiddle row: the
power spectrum for the same simulations, but now with &eh A relation mapped to the D15
(left and middle) and the Tz15 model (right). The thermaldgtening in these models is therefore
identical. The dashed blue lines display the approximateewamber range over which pressure
smoothing is dominant. Note that for simulations with vagy (D15-D07, middle column), pres-
sure smoothing has very little effect on the power spectruoejet at the smallest scaleBottom
row: the transmitted flux power spectrum for the D15 (left and ri@yldnd Tz15 (right) models
after imposing thé&” — A relation from the models indicated in the figure legend. Tresgure
smoothing in these models is identical. The varyingmodels have almost identical valuesiof
atz ~ 4.9 (Figure[41) and therefore are indistinguishable whengunessmoothing is removed.
This can be seen by comparing middle-right and bottom-pghels. The:, , T, and~ values for
each model are listed in Talle}.1. All mock spectra are ddalbaver.z = 1.53, and have been
convolved with a Gaussian with FWHMZm s ™.
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range of wavenumbers, with the largest differencelogtc/km—'s) ~ —1. Earlier
reionisation allows more time for the gas to respond to thengk in pressure due
to heating during and soon after reionisation, resultinmpaneased smoothing of the
gas distribution. Note also the power spectra for the TzXbTarl2 models are very
similar, although the cumulative energy per proton depdsiit mean density,,, by

z = 4.9 in these models_is rather different. A related result wagadly Pawlik,

Schaye & van Scherpenzeel (2009), who found that the cIugrfpbtoH, C = (p*)/p%,

of gas in optically thin hydrodynamical simulations at~ 6 is insensitive to the
redshift of reionisation ifz,, > 9. Although the exact upper redshift limit will be
model dependent, this indicates the pressure smoothinglyssensitive to the prior
IGM thermal history over a limited redshift range (see alsguFe[48 and text in
Sectior4b).

We may examine the impact of pressure smoothing and therroablbning on the
Ly« forest power spectrum more easily by separating theseteffeour models. We
first fit a single power law to th& — A relation in each model, wittbg7,, andy — 1
as the intercept and slope. We then translate and rotatentire € — A plane in
each simulation to matdog7;, and~y — 1 from another model. This procedure allows
us to change the instantaneous temperature of the gas,taun tlee same pressure
smoothing scale (which arises from the underlying gas tedsstribution). The mid-
dle row in Figurd43 displays the result of this procedureere we have transformed
eachT — A plane in each model to correspond to thegand~ values in the D15
simulation in the left and middle column, and the Tz15 modehie right. Note that
as the temperatures are changed we also rescale the neulragjan number densi-

ties in the simulated spectraag; o« 7%, due to the temperature dependence of the

H 11 recombination coefficien and, 1996). All nedelare again rescaled

to have the sameg = 1.53.

As might be expected, the different thermal histories in $imaulations displayed
in the middle left panel of FigurE—4.3 produce rather difféarpressure smoothing
scales. With the effect of thermal broadening removed dffiect is most prominent at

wavenumber$.03 < k/[km~!s] < 0.13, shown by the dashed vertical lines, although

3The clumping factor is related to the root mean square of #mesity contrast (and hence also the

gas density power spectrum) by?) = C — 1, where the density contrastds= p/p — 1.
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Figure 4.4: Top left: The open triangles display the average of the: lfgrest power spectrum at
wavenumber$.03 < k/km~!s < 0.13 (approximately the scale where pressure smoothing dom-
inates) against th& < 10 gas density power spectrum averaged over the equivalelet sthe
A15-G15, Tz15-Tz7 and D13-D07 models are shown-at4.9, with a dotted curve through the
A15-G15 models. The averaged.yorest power spectrum for each model after thermal broaden-
ing differences are removed is shown by the filled circleseteachl” — A distribution is mapped
to theTy and~ for the D15 model, and a solid curve is drawn through the AlBs-@odels. The
colour scale indicates, for each modelTop right: The cumulative energy per proton against the
average of the\ < 10 density power spectrum computed using [Eq1(4.4) for all ptatating up
to z,. for each model (open triangles) and= 12 (filled circles). The solid curve is again drawn
through the A15-G15 modelsBottom: The average of the Ly forest flux power spectrum at
wavenumber$.03 < k/km~'s < 0.13 (open triangles) against(z < 12). The filled circles
show the same quantity once differences due to thermal broag are removed. The solid and
dashed curves are again drawn through A15-G15 models.
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it operates to a lesser extent at smaller scales (i.e. lavgeenumbers) as well. In
contrast, the central panel demonstrates the slope @f the\ relation has very little
impact on the pressure smoothing except at the smallestisseatote the cumulative
energy per proton deposited into a gas parcel at mean déngigntical in these sim-
ulations. The models with varying,. are also largely unchanged, emphasizing again
that it is the pressure smoothing which causes the diffe®icthe power spectrum

for these models.

Finally, the bottom row of Figurie4l.3 displays the flux poweestrum computed using
the density field from the D15 model (left and middle panet) #ive Tz15 model (right
panel), but with an imposefi — A relation that matches the models indicated in the
figure panels. This procedure isolates the impact of thebr@ddening onPg (k).
There is some degeneracy with the pressure smoothing, hygriaral the thermal
broadening acts on smaller scales, with the largest difterén the models occurring

atlog(k/km~'s) > —1. The small-scale cut-off for the power spectrum is mainly

determined by the instantaneous tempera 52010). This also suggests

that measurements of the power spectrum at small scaless log(k/km~'s) <
—0.5, are required to break the degeneracy between pressurdtsngpand thermal
broadening. Note also the models in the middle panel areasina the results in
the top row; most of the contribution to the power when chaggi is from thermal
broadening. As expected, there is no apparent differenpewer among the varying
2z Models, which are designed to reach a similar temperaturean density around

z~bh.

4.3 From flux power spectrum to thermal history

We now proceed to examine the relationship between thertrigiesl flux power spec-
trum atz ~ 5 and the integrated thermal history in our hydrodynamicalusations.
The temperature evolution of a gas parcel with densityan expanding universe can

be expressed as (elg. Miralda-Escudé & Rees,|1994; Mcildpton Sanderbeck,
016)
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7~ Bhop | T T W ’ (43)

wheres?Z = ). n;e; is the total photoheating rate per unit volume for the sgsecie

[H1,Her,Hem, A is the cooling rate per unit volume, ariflis the Hubble parameter.
The first term in Eq.[[4]3) encapsulates all the photo-hgadimd radiative cooling
processes. The second term describes adiabatic heatingoatidg from structure
formation, and the third term is associated with changesémiean molecular weight.

The final term arises from adiabatic cooling due to the exipansf the Universe.

The cumulative energy deposited into a gas parcel by pheabidg is obtained by
considering the first term in EJ._(4.3) and setting the radatooling term to zero.
Noting that the specific internal energy is givendy= 3kgT /2pumy, we may then
write du/dt = 7 / p. For a gas parcel at the mean background density, the taejen

per unit mass deposited into the gas parcel by redghift

A dz
A Eie) 9

wherep = pei (1 + z)3 is the mean background baryon density. This quantity is
displayed in the left panel of Figuie#.1 and is listed in €&hll at: = 4.9. The cumu-
lative energy per proton deposited into a gas parcel at measity is straightforward

to compute for a given reionisation history in ourdjorest simulations.

We illustrate the relationship between the transmitted flower spectrum, the gas
density power spectrum ang in our hydrodynamical simulations in Figure¥.4. The
open triangles in the left panel display the mean of the tratsd flux power spectrum
against the mean of the gas density power spectrum for altghs\ < 10. The mean

is obtained over the scal69)3 < k/[km~!s| < 0.13, approximately corresponding to
the scales over which the influence of pressure smoothirgdss$t in our models (see

Figure[4.B). FoIIowincL_}sulka.meLa.l, 015) and Lukicet all (2015), we consider the

gas density power spectrum for normalised densiies 10 only; including higher

density gas associated with non-linear structure resnltsgnificantly more power

toward small scales. As shown in Figlirel4.2, thexlfgrest power spectrum at~ 5
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is insensitive to absorption from gas at these densitieg. pracise choice of cut-off
here is somewhat arbitrary, but is motivated by the fact tmical depth weighted
densities).2 < A, < 10, bound 95 per cent of all Ly forest pixels at = 4.9 in our

models.

There is a correlation between thed jorest power spectrum and the underlying gas
density power spectrum, as expected. Models with a greatengg deposited per
proton exhibit less power on scale®3 < k/(km~'s) < 0.13 due to the smoother
distribution of gas. The points that scatter upward fromdbgted curve correspond to
the varyingy and z,. models. The increased power in the transmitted flux arises fr
differences in the thermal broadening, even for models aitteg average gas density
power spectrum (and energy input per proton) are similare pgitessure smoothing
is thus still somewhat degenerate with thermal broadenmghese scales. This is
evident from the filled circles in the top-left panel of Figl#.4, which display the
average Ly forest power spectrum after rescaling thieA relation in all models to
match the D15 simulation. This implies if the degeneracyieen thermal broadening
and pressure smoothing is broken with the transmitted fluxgpspectrum on scales
log(k/km~1s) > —1, the Ly forest directly probes the underlying gas density power

spectrum (or equivalently the gas clumping fagtat = ~ 5.

The open triangles in the top-right panel of Figlird 4.4 digghe cumulative energy
deposited per proton at mean density, computed using Eq[{4.4) against the gas
density power spectrum fak < 10. The gas density power spectrum is averaged over
the same scale as in the left panel. Again, there is an ertelberelation between the
two quantities aside from the trianglewat = 12.4eV m ' corresponding to the Tz15
model withz,, = 15. All the other models experience rapid reionisation at 12. As
discussed earlier, this is because the thermal histoty>at12 does not significantly
impact on the pressure smoothing scale of the gas in our ations. This is illustrated

by the filled circles in the right panel, which shay computed at < 12 only.

Finally, the open triangles in the bottom panel of Figurd digblay the correlation

“We have verified that the gas clumping factdr= (p?)/p?, for gas withA < 10 in the simulations
is also tightly correlated with the gas density power spantaveraged over the scales used in Fifure 4.4.

The clumping factor i€” ~ 2—3 in our models at = 4.9.



Inferring the IGM thermal history during reionisation with  the Lyman-« forest
power spectrum at redshiftz ~ 5 72

between the average flux power spectrum on sdalgs < k/(km~'s) < 0.13 and
ug at z < 12. Note again there is some degeneracy with thermal broagemwiven
averaging on these scales; the filled circles show the samatiguonce differences
due to thermal broadening are removed. This simple anaysigests thaiy(z < 12)
should serve as a convenient and useful parameterisatiohegrior thermal history
in our simulations. A more rigorous approach requires asatythe full Ly forest
power spectrum and correctly dealing with the parameteenegcies 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 thendddristory using a Bayesian
MCMC approach. Given a set of power spectrum measurem@its, we maximise

the likelihood function,C, with respect to the model parameters used in our hydro-

dynamical simulations)/, (e.g..Zaroubgt all, 2006 Viel, Bolton & Haehnelt, 2009;
2013)

hl,C(P%ata‘M) e (P%ata o Pglodel)Tz—l

data

(P%ata o PgOdEﬂ). (45)

Here P2od! is the simulated Ly forest power spectrum for a given set of model pa-

rameters\/, while ¥4.;. iS the covariance matrix for the measured power spectrum.

We consider four parameters in our analysisgdy , ug, v and7.g — and vary these
to construct grid of models based on our A15-G15 simulatiofs obtain combi-

nations of the three thermal parameters by imposing diftefe-A relations on the

simulations, as described in Sectlon4.2.3. In this way wa&nd¢he gas density power
spectrum associated with a given valuewgf in our models while varying the in-
stantaneous temperature. We consider seven values fdrd@umulative energy de-
posited per proton over the rangg = 3.1-20.9eV m;l, following the parameter

range covered by our hydrodynamical simulatH)nEheT—A relation is varied over

SFor reference, the UVB synthesis models frhm_Ea.u.ah.eﬁkgﬁI‘_a.l' ( ),l.l:l.a.a.r.d.L&_M.a.d.Elu
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Figure 4.5: Top: The contours display the two dimensional probability disttions for the pa-
rameterdog Ty, ug, v andr.g recovered from mock observations of the D1mlfprest power
spectrum using the realistic data scenario. The joint2t and 3 contours are shown in white,
orange and red, respectively. The black curves displaytieedomensional marginalised posterior
distributions for each parameter. The blue cross and blteakdashed line show the true model
values (see Tab[e4.2Bottom: As for the top panel, except now for the optimistic data sdena
(see text for further details).
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log(7h/K) = 3.6-5.0 andy = 0.6-1.8. The former range is consistent with estimates

of the IGM temperature at mean densityat 5, while the latter encompasses physi-

cally plausible values of (Beckeret all,[2011] McQuinn & Upton Sanderbeck, 2016).

We apply flat priors for all the free parameters exceptrigr, where we instead use a

Gaussian prior with meang = 1.53 and alo uncertainty corresponding to 4 per cent

of the mean, based on the observational measurement frokeBstcall (2011). The

range ofr.¢ values on our grid of simulations afe7 — 1.3 times the mean effective
optical depth. If we use a flat rather than Gaussian prior, methie recovery of the
thermal parameters is degraded by the freedom to increasee@bse) the amplitude
of the power spectrum on all scales7ag is increased (decreased). In total, we have
9x 13 x7x 7= 15733 grid points in our model parameter space. The mock speatra fo
each parameter combination on this grid of models are postegsed by convolving
with a Gaussian instrumental profile B'WHM = 7kms~! and rebinning t& km s~!

per pixel. Gaussian distributed noise is added apds rescaled iteratively to match
the required value. Once the modekLfporest power spectrum parameters are selected,

Podel js obtained by performing a multi-linear interpolation ¢ grid of models.

We match the binning of the lyforest power spectrum to mock observatioR§;?,

that we extract from one of our simulations. These consig0alata points equally
spaced ifog(k/km~!s). We consider two simple data scenarios, which we describe
as “realistic” and “optimistic”. The former is comparabteéxisting Ly forest data
sets atz ~ 5 (IB_e.le.Lel_a.l 2015), while the latter may be more appropriate for
observations with high resolution spectrographs3émmetre class telescopes in the
forthcoming decade (e.g. Maiolinet all, 2013). In the realistic case, we consider

a total redshift path length ahz = 4, a signal-to-noise rati86 /N = 15 per pixel
and bin the power spectrum over the rang23 < log(k/km~'s)< —0.7. For the
optimistic case, we instead adopt a redshift path lengthtiimes larger,Az = 20,
and a higher signal-to-noise per pix8,N = 50. The significantly higher signal-to-
noise allows the power spectrum to be measured to smalllErssesp to a maximum
wavenumber ofog(k/km~'s)= —0.5. As demonstrated earlier in Figure}.3, small

scale information assists in breaking the degeneracy leeiteermal broadening and

(2001) and Haardt & Madhli (2012) correspond to reionisattafi? = 10, 2IM01 = 9 andzfIM12 =

15 with ugGog =75 eVm;l, u?MOl = 6.7eVm;1 andu(l){M12 =11.0 eVInI;1 by z = 4.9.
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pressure smoothing.

We compute the mean and the distribution for each mock datd pg performing
5000 bootstrap samples with replacement. The covariance malyix,, is also deter-

mined from these distributions. As this matrix can be nomyreal data, following

Lidz et all (2006) and Viekt all (2013a) we regularise the covariance matrix using the

correlation coefficients obtained from all 1000 sight-Smzawn from each simulation.

Finally, we increase th&os bootstrapped uncertainties By per cent to account for a

possible underestimate in the sample varial i ,12013) and invert the
matrix using singular value decomposition. For each moaeolationP{**, we per-
form 10% Markov chain iterations and discard the first half of the ohas the burn-in.

We verify all chains are converged by visual inspection.

4.4.2 Distinguishing between reionisation models witt#y (k)

Table[42 summarises the results of our MCMC analysis forehbstic and optimistic
scenarios for a selection of our models (far 7, andu, only), and Figurd415 displays

the predicted parameter constraints for the D15 model.

In general we find the model parameters are recovered aetynatth only a few ex-
ceptions that we shall discuss below. As was (qualitativabparent from Figurie4.3,
we find the power spectrum is rather insensitive to the sldpless/'—A relation. The
parametery is recovered within the 68 per cent credible interval buhvigirly broad
bounds for most of our models, even for the optimistic data Beyure[4b indicates
it will be difficult to obtain precise constraints on this pareter from the Ly power

spectrum alone at ~ 5, although probing gas at somewhat higher densities with

a joint analysis of the Ly forest may improve this situation (Diikstra, Lidz & Huli,
Furlanetto & 2009;_1rSic el, 2014; Boee all, [2016). On the other

004,

hand, in the absence of significant systematics it shoulabsibple to jointly constrain

T, andug using existing Lyv forest data at ~ 5 when including the power spectrum
on scaleslog(k/km~'s) > —1. Our MCMC analysis indicates that with current data,
the cumulative energy deposited per proton at mean densifyba constrained to a
statistical precision of around 20 per cent, corresponding to the 68 per cent credible

interval. The optimistic data scenario instead yield8 per cent, again at the 68 per
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cent credible interval. However, as we discuss in the nesti®@g systematic uncer-

tainties from observational and numerical effects wilbdi® important to consider.

The analysis also demonstrates that such a measuremeid already be able to dis-
tinguish between some reionisation scenarios. The onerdilmeal posterior distribu-
tions foru, obtained from the Tz12, Tz9 and Tz7 models are displayedgoreid.6.
Recall that these models haV¥e-A relations which are almost identical at= 4.9,
but rather different integrated thermal histories. We dbaumsider the Tz15 model
— as already discussed the power spectrum for this modelyssiumilar to the Tz12
simulation. On performing the full MCMC analysis, we recotree cumulative energy
input per proton fromt.9 < z < 11.5 in the simulations to withing, and at a pre-
cision comparable to the results in Figlire] 4.5. Note agawever, that the redshift
above which the pressure smoothing scale no longer retaimengory of the thermal

history will be model dependent (¢f._Pawlik, Schaye & van&olenzeel, 2009). In

addition, we find in this case the peaks of the posterioritigions do not match ex-

actly to the true value of the parameters in the simulatidrss is because only the

A15-G15 models were used to construct the parameter griteiMiCMC analysis.

As a further demonstration of the model dependent naturdeset predicted con-
straints, we also construct mock observations from the TZBrhodel where the IGM
is heated to around ~ 20000 K following reionisation. In Figur€4l7, it is clear the
recoveredog Ty andug are only consistent within the 95 per cent credible intefwal
the realistic scenario. The smaller statistical error lodtained in the optimistic case
are now inconsistent with the 95 per cent credible interwalf. Clearly, an accurate
recovery of the thermal history relies on the grid of modededuwithin the MCMC
procedure. This suggests that developing a set of numeaniadéls which sample the
up—log T, parameter space as widely and frequently as is practichtivaiefore be

vital for measuring these parameters using observatiatal(@ee Chapter 5).

4.4.3 Systematic uncertainties

Observational and numerical systematics will also impadhe recovery ofi, from

the transmitted flux power spectrum. These have already tpemtified in detail by

Viel et all (2013a) (hereafter V13) in the context of constraining ttessof a putative




Table 4.2: Predicted constraints dog(Ty) anduy obtained from mock observations for the realistic and ojstimdata scenarios (see text for details). From left thtig
the columns list the simulation used to construct the modeokation, the parameters used in the simulation and tltkgpee constraints. The values correspond to the
median of the marginalised posterior distribution for epatameter, along with the 68 and 95 per cent credible intierVée final two rows correspond to the constraints
from the mock data after an additior2al per cent systematic uncertainty in the transmitted flux papectrum at all scales is added in quadrature to the baptstror

bars (see text for details).

Model values “Realistic” scenario “Optimistic” scenario

log(T,/K) ugeVm,*! log(T,/K) ugeVm,*! log(Ty/K) ugeVm,*!
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warm dark matter particle at ~ 5. However, we also briefly outline these here for

completeness and estimate their contribution to the tote¢rainty budget.

There are four main sources of systematic uncertainty tgiden Following V13, in
approximately ascending order of importance, these aradtal line contamination;
(ii) the numerical convergence of the simulations; (iiijagpl fluctuations in the ioni-

sation state of the IGM and (iv) continuum placement on theeolational data. Note

the impact of galactic outflows on the dvforest is expected to minimal by-> 4 (Viel,

Schaye & Booth, 2013b).

Narrow metal absorption lines at ~ 5 arising from Gv, Sitv and Mg at lower
redshifts have only a minimal effect(1 per cent) on scale®g(k/km~'s) < —1
(V13). However, the contribution of metals to the power $peo may become more
important toward smaller scales. We find datdog{k/km~'s) > —1 is important
for breaking the degeneracy between thermal broadeningr@sdure 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 bax siast be applied to the
simulations from the results of convergence tests. V13nedé an additional system-
atic uncertainty ot~ 5 per cent in addition to this known correction. Spatial fluctu

ations in the background ionisation rate, particularhhé mean free path for Lyman

continuum photons is small and/or the ionising sourcesae ' o,

015; Chardiret all, 12015), may have a 10 per cent impact on the power spectrum

on the scales of interest here. V13 include this as an additigarameterfyy,, which
is marginalised over in their MCMC analysis. Finally, thagment of the continuum
on high resolution quasar spectra is uncertain at ara0n2 per cent at ~ 5, which
translates to a comparable uncertainty on the amplitudéefpbwer spectrum. In

practice, this uncertainty can be forward modelled in thekmnspectra (see e.g. V13

and Faucher-Giguewt all, [2008).

We estimate the total systematic uncertainty by addingetieestributions in quadra-
ture, yielding~ 1525 per cent for the Ly forest power spectrum on the scales of
interest. We estimate the effect on the precision of the oreasents by adding in
quadrature an additionaD per cent uncertainty oz (k) to our bootstrapped error

bars before performing the MCMC analysis. The resultingapeater constraints for
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Figure 4.8: The Ly« forest transmitted flux power spectrumzat= 4.9 (black),z = 4.0 (green)
andz = 3.0 (blue) for the Tz12 (solid) and Tz7 (dashed) models. All mepkctra are scaled to
haver.z = [1.53,0.88,0.39] atz = [4.9,4.0, 3.0] (Beckeret all,2018) and have been convolved
with a Gaussian with FWHM#km s~ .

the D15 and Tz9 models are displayed in the last two rows oe[@aR. This suggests
that measurements af, with a total uncertainty ok 28 (22) per cent are achiev-
able with the the realistic (optimistic) data scenariospiaving the precision of this

measurement substantially will thus require both highgmal-to-noise data as well as

careful forward modelling of the observational and nunargystematics.

4.5 Conclusions and discussion

In this work we examine the feasibility of constraining theegrated thermal history at

z > 5 with the Ly« forest using the line of sight transmitted flux power spautriiVe
suggest the cumulative energy deposited per protgnnto a gas parcel at mean den-
sity at5 < z < 12 provides a useful parameterisation of the integrated thehistory

in our simulations. We demonstrate this quantity corrslatell with the underlying
gas density power spectrum far < 10 over the scales where pressure smoothing acts

in the low density IGM at ~ 5.

We also note that ~ 5 observations of the Lyforest are well suited for this measure-
ment, despite the fact that most of high quality data is ate at lower redshifts. This
is demonstrated in Figufe 4.8, which displays the transuahitux power spectrum for
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the Tz12 and Tz7 models at~ 5, 4 and3. Recall that both models have very sim-
ilar instantaneous temperatures at mean deriityat = < 6 (see Figurd_4]1). The
differences associated with the thermal history at 6 are larger at higher redshift;
the models are almost indistinguishable by= 3 following the response of the low

density gas to changes in the gas pressure and ongoing Hexydesion. Further-

more, since Ha reionisation is expected to heat the IGM:at 5 (e.g..Beckeet all,

011), higher redshift measurements that potentiallydattus additional heating are

desirable for examining Hreionisation.

We next perform an MCMC analysis of the transmitted flux poggectrum using
mock observations drawn from a suite of hydrodynamical &tans. Constraints on
the slope of the temperature-density relatiprare generally weak at~ 5. However,
the degeneracy between thermal broadening and pressuoghsngpcan be broken at
z ~ 5 using the power spectrum at scaleg(k/km~'s) > —1. We estimateu
may be measured with a statistical uncertainty~of20 (~ 8) per cent atz: ~ 5
with a redshift path length oAz = 4 (Az = 20) and a typical signal-to-noise per
pixel of S/N = 15 (50) using the power spectrum to scaleg(k/km~'s) = —0.7
(—0.5). We note, however, that the constraints are model depénaleth a larger grid
of numerical models which explore the full range of thelog T, parameter space will
be required for an in depth analysis of the observed powetisps. Estimates for the
expected systematic uncertainties {5—25 per cent) are furthermore comparable to
the statistical precision attainable with current dataghdr precision measurements
are possible only if these systematic uncertainties arénmsed in combination with

improved signal-to-noise and increased path length.

Including systematic uncertainties, we conclude thatesuly available data alone
should allow for a measurement of to within ~ 30 per cent at 68 per cent con-
fidence. This corresponds to distinguishing between reatitn scenarios with simi-
lar instantaneous temperaturég, at 2 ~ 5, but an energy deposited per proton that
varies by~ 2-3 ¢V over the redshift intervad < z < 12. For an initial7T ~ 10*K
following reionisation, this corresponds to the differetetween early:(. = 12) and
late (z,. = 7) reionisation in our models. When compared to predictidnsiodels

for the redshift evolution of the ionising background dgrieionisation — for which
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uo should be straightforward to compute — this will provide adiional and novel

constraint on the timing of the reionisation epoch.



Chapter 5

First constraints on the IGM
Integrated thermal history using
Ly o forest power spectrum at

42<2<54

5.1 Introduction

In Chapter 4, it was shown that measurements of thefoyest are an invaluable tool
for inferring the timing, duration and nature of reionsatiml.asir_el_a.l,, 2017). The

procedure involves comparing statistical properties efltjxy forest to cosmological

hydrodynamical simulations to deduce the thermal stat&bdf.IThe Lyx flux power
spectrum in particular is a powerful statistic, due to itssstvity to both the instan-
taneous temperature and the integrated thermal historheagarefied IGM retains
a memory of heﬁwwwton & Beckel, 2016; Oforbe,
Hennawi & Lukic, ). Recentlm (@) has independently performed
a preliminary analysis of the integrated thermal historyiblzing the Ly« flux power
spectrum measurements by Vedl all (2013b) (hereafter V13) at = 5-5.4. The

D

authors have revisited the problem following the recentat@tb the Thomson scatter-

ing optical depth parameter,. ThelPlanck Collaboratioat al. (2016b) has reported
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this parameter to be, = 0.058 + 0.012, corresponding to a reionsation at redshift

ze = 8.8 +£0.9. The analysis by Oforbet all (2017) has found a consistent pic-

ture where galaxies drive reionsation, in agreement wighrtmeported by the Planck

Collaboratioret al. ).

In this chapter, | present the first constraints on the IGMdgrated thermal history us-
ing the flux power spectrum measurements by V13 and a new Bgtlcddynamic sim-
ulations. These new runs self consistently model the thigpgarameters (e.pg7, and

ug ) at z = 4.2-5.4, thus improving upon the previous method presented in @napt

5.2 Observational data

The observational data used in this analysis is from V13 andists of 14 QSO spectra
taken with the Keck High Resolution Echelle SpectrometdRESE) with a spectral
resolution of6.7 kms ™. Each spectrum has been split into two equal halves in path-
length and is normalised with a continuum which introdugesesmatic uncertainties
in the mean flux up to 10-20%. The effective optical depth @toh, 7., is taken
from V13 (eq. 10), withr.g = [1.01, 1.37, 1.92, 3.10] atz = [4.2, 4.6, 5, 5.4], where
the power spectrum measurements are provided at thesemredshifts. The data
points are given in 0.2 dex bins on the rangek/(km~'s) = [-2.9, —1.1], although
only 7 datapoints within the randegk/(km~'s) = [-2.3, —1.1] are used for the
analysis here. This corresponds to the scales probed bytliedynamic simulations
which are performed with 0 'cMpcboxes. To obtain the error estimates on the

power spectrum the bootstrap technique was used by V13 @@i8@ncrement in the

error bars to account for the cosmic variarice (Rollietall, [2013).

5.3 Methodology

5.3.1 Hydrodynamical simulations

In order to perform the analysis, a series of simulationk @ivariety of self-consistent

thermal histories are used as summarised in Table 5.1. Ewesdations were per-
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Figure 5.1: The thermal histories for the simulations listed in T{RIEB Sop: The logarithm of the
temperature at mean density, as function of time, overlaid with the observational meaments
from|Beckeret all (2011), evaluated at their fiducialvalues along with 2 errors. Bottom: The

cumulative energy per proton deposited in a gas parcel at gheasity as a function of time.
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Figure 5.2: A comparison of logarithmic projected gas density relativenean density between
two models with extreme values of . The model 0.3HM12-zr7 withg = 1.2eV mgl (top pane)
and 3.3HM12-zr15 withsy =23.2eV mgl (bottom panélare shown. The projection is performed

along the z-axis over a scale oh5'Mpc. Note the smoother gas distribution in the model with
largerug .
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Table 5.1: The hydrodynamical simulations used in this chapter. Alldels have a box size of
10h~* cMpc, 512° gas and dark matter particles and a gas particle mas9dfx 10*h~' M.
The columns in the table list the model name, redshift ofmisiation,z,., scaling factog for the
photoheating rate$pg 75, v andug, atz = 5. The values are estimated as in Chapter 4.

Model e & log(Te?/K) 7" wieVm'
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 5.0

formed with the same code used for the Sherwood simulatige m
017), also described in Chapter 2 of this thesis. For thikwwee simulations imple-

ment the QUICKLYA method for star formation and evolve up ¢alshiftz.,q4 = 4.

Most of the runs are done in aZL0'cMpc box and with512? gas and dark matter parti-
cles. The exceptions are the runs 40-2048, 20-1024 and 2@:bith are used for box
size and resolution convergence tests. Furthermore, taibi@dal runs, 10-768 and

10-256 were used to investigate the effect of mass resalotidhe power spectrum.

The UV background (UVB) in the simulations is based on_th.ELHﬂah.M.a.d.a.lll 201P)

(hereafter HM12) synthesis model with contributions fra@r $orming galaxies and

quasars, resulting in reionsationzat= 15. However, to obtain thermal histories with
different reionisation redshifts. , a simple translation and rescaling of the UVB with
redshiftis performed to give reionsatiorzat = [7, 9, 15]. Each model reaches similar

temperatures at = 4. This way the effect of, is isolated fromy, .

By contrast, to obtain thermal histories with the same but reaching different tem-
peratures at = 4, the photoheating rates are scaled proportionally by ataahs
factor, ¢ (listed in the Tabl€5]1). Figuie.1 displays the evolutbthe temperature

at mean density, and the cumulative energy deposited p&vrug, for the simula-
tions summarised in Table®.1. Thigis chosen at = 4, such that the models bracket
the observational data fr0|m_B_eCJﬁ|:a.l, 011). The simulations encompass tempera-
tures in the rangkg(7,/ K) = 3.5—4.1 and a cumulative energy deposited per proton,
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ug = 2.3-23.3eV m;l atz = 5. Note that there is positive a correlation betwé&gand

ug , due to the upscaling of the photoheating rates.

The projected gas densities are shown for the models witmthst extreme values of
ug in Figure[5.2. The effect of the integrated heating is cleaidible, with the model

with the highesti, showing less structure relative to the laywmodel, due to increased
pressure smoothing. These web like structures are traceteibiyal hydrogen and

correspond to absorption lines in thed forest.

To calculate the flux power spectrust)00 random lines-of-sight were extracted par-
allel to the box boundaries, by analysing the snapshots wat ddferent redshifts,
z = [4.2, 4.6, 5, 5.4]. The mock spectra are rescaled to match7theiven by V13.
Finally, the power spectrum for the fractional mean trassionF'/(F) — 1 is com-

puted as in Chapter 4.

5.3.2 The MCMC

In order to predict the, for observational data, a Bayesian MCMC approach is adopted
as discussed in Chapter 4. Tiagfor the V13 power spectrum at= [4.2, 4.6, 5, 5.4],

is obtained with a grid of models constructed from the hyginasical simulations.
Initially, the four parameter®gTy , ug, v andr.g, are used to construct the grid of
models in context to Chapter 4. The thermal histories fos¢t®@mulations are chosen

in such a way that no post-processing is required to cortdtinecgrid of models, as

each simulation serves as a self-consistent unique datéipaghelogTy -uq plane.

However, post-processing is used to obtain the models iitleetion of other pa-
rameters. The slope of tHe — A relationship is varied over the plausible range of
valuesy = 1.7-0.9 with 0.1 spacing. This is done by transforming the— A plane

as in Chapter 4. The. is varied in the rangé.3-0.7 (with 0.1 spacing, where the
central value is given by V13) times the effective opticgbtthe All together, there are

9 x 9 x 7 = 567 grid points in the parameter space. Furthermore, the moe&tisp
extracted from a model at a given point in the grid are postg@ssed by convolv-
ing with an instrumental profile of FWHM&km s~ and rebinned to a pixel scale of

3kms~!. Gaussian distributed noise 8fN = 20 per pixel is added and the spec-
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tra are iteratively rescaled to mately . For 7.4, a Gaussian prior with mean given
by V13 and with alo uncertainty corresponding to 4 per cent of the mean is used.
Further, a multi-linear interpolation is performed to abtthe power spectrum at any
given point in the parameter space. Following V13, the paspectrum is binned on
equally spaced intervals on the rargek/(km~'s) = [-2.3, —1.1]. Note that the
box size of simulations limits the analysisltg; k/(km~'s) >= —2.3. Finally, 10*
accepted chains from the Markov chain iterations are obthiwith 1000 discarded as

the burn-in phase.

Although not shown, it was verified that the marginalised dmeensional and two
dimensional posterior distributions of parameters foHM12-zr15 are successfully
recovered. As the model lies on the grid, this serves as astensy check for the
method. As in Chapter 4, the recovered distributions andgtcaimts on parameters
depends on the k-scales over which the mock data is construcimiting the power

spectrum to scalésg k/(km~'s) <= —1.1 results in a broaddbgTy distribution.

5.3.3 Improvements in the method

In this section, new additions to the methodology used inpB¥ra4 are discussed.
Errors due to the box size and mass resolution convergentdeea$imulations are

corrected in the grid of models. In addition, a model for U\¢kground fluctuations as

implemented by Beckest all (2015) is included. This incorporates spatial fluctuations
in the UV background at high redshift due to rare sources ascjuasars (e.g. Chardin,

Puchwein & Haehnelt (2017)).

In Figure[5.B, the power spectrum for the 10-256 and 10-518atsorelative to the
10-768 simulation is shown. These runs implement the HM1B|ésulting in reion-
isation atz.. = 15. Note that increased mass resolution results in a smakcton

up to~ 5% at the smallest scales considered by V13. To implement thigction, a
scale factorPr 10-76s/ Pr.10-512, IS introduced to the previous grid of models. The box
size correction for 10-512 model is als05% as shown in Figure5.4. For the box size

correction the scale factor 1% 402045/ Pr,10—512-

In order to incorporate UV fluctuations expected due to theakesing mean free path
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Figure 5.3: The transmitted Ly flux power spectrum with respect to the reference model 1-76
atz = [4.2, 4.6, 5, 5.4]. Convergence with mass resolution for a fixed box siz&0af~!cMpcis
displayed. The dashed lines mark the k-scales over whicl1Bgower spectrum is measured.

of ionizing photons towards higher redshifts and rare lirgglurces (like quasars), the

approach of Beckeet all (2015, Section 4.2) is used. A similar approach was also

adopted irl_Vielet all (2013b). First, a large volume a@b0h~'cMpc (several times

the mean free path of Honising photons at > 4.2) is obtained by tiling up the
simulation box. All the haloes in the box are identified byngstihe friends-of-friends

halo finder. Further, each halo is assigned a luminositytiondy Monte Carlo sam-

pling thelHopkins, Richards & Hernguist (2007) B-band qudsminosity function

at a given redshift. A rank ordering of halo mass and quasamlosity ensures that
the brightest quasars are assigned to massive haloes. WhstIB-band magnitude

is chosen af\/ly = —22. The ionising luminosities are obtained from the B-band lu-

minosities for the quasars by using the Madau, Haardt & Flm&lx) spectral energy

distribution.
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Figure 5.4: The transmitted Ly flux power spectrum with respect to the reference 40-204&tun
z = [4.2, 4.6, 5, 5.4]. Convergence with box size for a fixed mass resolutioffs; = 5.38 x
10°h~' M, is displayed. The dashed lines show the k-scales over wheel’13 power spectrum
is measured.

y03 (2500 < A < 4600 A),
L, {708 (1050 < A < 2500 A),
v~ (XA < 1050 A),

whereqy is the extreme UV spectral index, chosen by Monte Carlo sagpl Gaus-
sian with mean 1.7 and standard deviatiorvof 0.61 over the rangd.7 — 30 <

as < 1.7+ 30 (ILuss_o_e_t_a.l 2014). Once all the luminosities of the quasars and their
spectral energy distribution are specified, the specifenisity,/(r, v), of the UVB is

computed using eg. (3) In_Becket all (2015) at each spatial position along lines-of-

sight for1-4 Ryd photons.

Li(riﬂ/) _ryor D)—S(ﬁ—l)

J(r,v) = i Z ————ge m (s , (5.1)

where\y; is the mean free path for ionising photomnsg; is the frequency of photons
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Figure 5.5: The transmitted Ly flux power spectrum with respect to 1.0HM12-zr9 for differen
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at the Hi ionisation edge an@ = 1.3 is the slope of H column density distribution
function. The above sum is made over all the sources |wjth r| < L. /2 within

periodic boundaries, wherg,,,, = 490h~'cMpc. The mean free path to ionising

photons is fronI]JAb.GﬂiiLal, 014)

142\ " .
Amfp(2) = 130 5 h~ Mpc, (5.2)

where\,,,;, = 58 'Mpc atz = 5. Therefore, this simple method provides a first or-
der correction to the complex coupling between the densitii@anising radiation field.
The Hi photoionisation rateg;(r), are calculated using the photoionisation cross sec-

tion oy (v) as

[(r) = 47T/ o d—ZJ(I‘, v)om (v), (5.3)

912
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The total photoionisation rate is then giverlas (r) = I'(r) + (1 — fys0) Ui, Where
faso 1S the fraction ofl'y,, from quasars and'yy;o IS the spatially uniform HM12
photoionisation rate. The tHhumber densitypy;, in the simulations is then rescaled
asnyi(r) o< 1/T(r). As the scaling is in physical space, the éptical depths in
redshift space are recalculated for the same line-of-sightthe updated Hnumber

densities.

To incorporate the effect of UV fluctuations from quasars,gbwer spectrum is com-
puted at three different values for the quasar fractfgn,= [0.1, 0.5, 1]. The uniform
model serves as thg, = 0 case. In Figur€Xhl5, the power spectrum for these mod-
els relative to the native 1.0HM12-zr9 is shown. Note tfigt = 1 implies that all

of the contribution to the UVB is from quasars. It is clearttfaa the most extreme
case,fs = 1, the correction isv 5% at z = 4.2, increasing up te~ 7% at higher
redshifts. The reduction in power is almost uniform on adllss (the k-scales where
the power spectrum is measured by V13 are shown as vertishkddines), except

at z = 5.4, due to the increased opacity of the IGM to ionising photowe have
implementedf,, as a free parameter in the MCMC. A flat prior is chosen with end

values atf,s, = [0, 1].

5.4 Results

The constraints on the integrated thermal history from th8& wbservational data are
shown in Tabl€X&]2 for, andlogT;, . The V13 data points (blue circles) and the MCMC
best fits (red curves) at= [4.2, 4.6, 5, 5.4] are shown in Figure3.6. Tallle .2 shows
the constraints and individually lists the correctionsifox size, mass resolution and

the incorporation of fluctuations in UVB, parameterisedas.

The recovered one dimensional and two dimensional prabaliktributions of pa-
rameters for V13 data at = 5 are shown in Figur&8.7. It is clear that theand

faso have relatively flat distributions, implying the power spam is insensitive to
these parameters. This is expected, as since the poweriwgpastnot very sensitive
to f.so ON relevant the k-scales, as shown in Figuré 5.5. The errotiseoobservational

data are also quite large compared to box size and masstiesatarrections.



Table 5.2: Predicted constraints dog(T,) andu, obtained for the V13 power spectrunat [4.2, 4.6, 5, 5.4]. The values correspond to the median of the marginalised
posterior distribution for each parameter, along with tBeafd 95 per cent credible intervals. From left to right, tbkimns gives the best MCMC fits, fits with box size

corrections only, fits with mass resolution correctionsyanid fits with UV background corrections only (see the textfetails).

MCMC best fits Box Size Resolution UV background

Zo log(T,/K) upeV m;l log(T,/K) upeV m;l log(Ty/K) upeV m;l log(T,/K) upeV m;l
2o < 2<12.0
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Figure 5.6: The MCMC best fits for the V13 flux power spectrum data pointszat=
[4.2, 4.6, 5, 5.4]. The observational data points are shown as blue circlegaidth 1o uncer-
tainties. The red curves shows the MCMC best fit overlaid wighcorresponding power spectrum
for 100 random samples selected from the accepted chamsnsh grey.

The constraints otogT, from the V13 observations at= [4.2, 4.6, 5, 5.4] are con-

sistent with the Beckeet all (2011) data points (violet circles) shown in Figlrel5.1.

In addition tologTy , the constraints on, are bracketed at, = 4.7-7.3eV m latz =
5.4—4.2. Broadly, three models, namely 3.3HM12-zr7, 0.3HM12-zah8 1.0HM12-
zr9 (see TableRl 1 for correspondimgat > = 5) are consistent with these values. How-
ever, the combined constraints frana 7, andu, suggests a thermal history (1.0HM12-

zr9) with HM12 rates and reionsation at = 9, provides a best fit. The results

are in agreement with the previous findings|by Oficeball (2017), who suggest a
model with a reionsation starting at a redshiftzof~ 9 and duration ofAz = 2.59
is consistent with the V13 flux power spectrum:zat= [5 — 5.4]. This reionsa-

tion model hasuy= 4.24eV m;l at z ~ 5, in agreement with the estimates here,

ug = 5.010:0eV m, ' (see Tabl€BI2). This result also indicates that reionsasidess
likely to be dominated by AGN.(.Ma.dau.&.I:Ia.;JrJiL.Z)lS) and disfars such mod-

els, as these predict more heat injection into the IGM antidrigalues foru, (see

alsolD’Aloisio et all (2017)). For reference, the, for thelHaardt & Madaul (2001)
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Figure 5.7: The contours display the two dimensional probability disttions for the parameters
log Ty, uo, v, Ter and fyso recovered from the V13 flux power spectrumzat= 5, once cor-
rected for resolution and box size. The joirt, 2o and 3 contours are shown in black with the
number density of points shown as shades of grey. The blaslesulisplay the one dimensional
marginalised posterior distributions for each paramétee blue lines show the MCMC best fit for
each parameter.

galaxies and quasars and quasars only UVB modelsigte 5.8 — 7.7eV m;l and
ug= 9.4 — 11.4eV mgl , respectively at = [5.4 — 4.2]. Clearly, the heat injection by
the quasar model is less favoured by thestimates from the V13 data. Further, the
galaxies and quasars model is consistent withuthestimates from the V17, within

1o.

This analysis further suggests an optimistic picture winsegul constraints ony and
T, can already be obtained from the existing data at wavenwihet /(km~'s) <
—1. Pushing the observational measurements to smaller scatesnbination with

simulations with self-consistent thermal histories, dtdlomprove constraints further
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Nasir, Bolton & Becker, 2016).

5.5 Conclusions

In this chapter, the initial constraints on the integratesimal history using the lyfor-

est flux power spectrum measurements and a new set of hydrodgal simulations,
which allow self-consistent exploration of the parameteace inog7}, andu, are ob-
tained. The results are in agreement with recent PlanclkaBothtionet all (2016D),
7. measurements and the preliminary study.byﬁﬁmttﬂ] 017). The constraints

favour a reionsation model with reionsatiornzat 9. The integrated heating is brack-

eted byuy= 4.7 — 7.3eV mgl atz = 5.4-4.2. These low values fot, favour a more

conventional reionsation scenario dominated by galasteer then quasars.

In the MCMC analysis, the uncertainties due to box size, messlution and spatial
fluctuations in the UV background are also corrected forlukhiog these systematics
introduced small additional uncertainties on thg7, and u, constraints. In conclu-
sion, theugis a useful parameterisation for the integrated heatinghdueionsation
and can distinguish among various reionisation modelsjighray insight into the na-
ture of the sources responsible for it. In future, high reBoh measurements have
the potential to improve on estimates by reaching smalesaglg(k/km~'s) > —1),

due to the sensitivity of the integrated heating on the ssele cut-off in the power

~

spectrumi(Nasir, Bolton & Becker, 2016; ,12017).




Chapter 6

Summary & future work

In this thesis, the properties and the thermal state of IG&examined using cos-
mological simulations of the Ly forest. In Chapter 1, | emphasized that the IGM
is a rich repository for studying reionsation, the evolaotaf metagalactic UV back-
ground and the impact of galactic feedback from AGN and supere. However, |
also highlighted the challenges faced by current hydroayoal simulations to accu-

rately model the properties of the dyforest at low ¢ < 2) and high ¢ = 5) redshifts.

In Chapter 2-3, the impact of feedback on the statisticgbgrives of the low redshift
Ly« forest are examined. | presented results which highligtiiecapparent discrep-
ancies with current observations. At high redshift (seepfdrad-5), | focussed on the
constraints on the timing of reionsation and the integrétednal history of IGM and

| presented the first constraints on the integrated thermtdry. In this chapter, | will
summarise these key results and discuss the possible exterd this work. | will
highlight current and potential future developments inhbalbservations and cosmo-

logical simulations, which will progress the field in the dogidecade.

6.1 Theimpact of feedback on the low redshift Ly for-

est

In Chapter 2, statistical quantities estimated from lowsteft Ly« forest simulations

with various feedback prescriptions are presented and amedpvith recent observa-
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tions. The Lyr CDDF and the velocity line widths distribution predictedthg simula-
tions are in disagreement with observations. The simulatwedict a shallower slope
for CDDF with too few high column density system$(; > 104 cm~2). Further, the
velocity line widths are too narrow compared to observatiand the disagreement is
larger for simulations performed with higher mass resohutiThe impact of galactic
feedback in the simulations does not fully resolve this gliisament. Improving the
agreement might involve a more efficient ejection of gas thsolGM, that keeps the

temperatures low enough to enable contribution to the floyest.

In Chapter 3, the numerical convergence with box size and me®lution of quanti-
ties derived from the low redshift lyforest simulations are discussed. Thel§GDDF
is well converged for the absorberst; = 10* — 10 cm =2, but the velocity line
widths are significantly overestimated for simulationdpened with lower mass res-
olution. Ther.z shows excellent convergence, to withire% with box size and- 5%
with mass resolution. The flux PDF is converged to within 2@¥orhass resolution,
5% for box size, the flux power spectrum is converged withib% with box size and

within 30% with mass resolution.

6.2 Constraints on the integrated thermal history of

IGM with the high redshift Ly « forest

In Chapter 4-5, | carefully laid out the key steps involvegasing the first constraints
on the integrated thermal history of the IGM using cosmatabhydrodynamical sim-
ulations. In Chapter 4, the correlation of the integratestrtial history with the line of
sight transmitted flux power spectrumzat- 5 is established. By utilizing this fact, the
integrated thermal history of the IGM was modelled by usirsgof hydrodynamical
simulations with a variety of thermal histories. Finallgetpredicted constraints on
the integrated thermal history are presented. This can lzsuned with a statistical

uncertainty of~20 per cent utilizing mock observations:zat- 5.

In Chapter 5, | expand on this work by using a new set of hydnadyical simulations

which allow a self-consistent exploration bi7; -u, parameter-space. Being aware
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of systematics at these redshifts, | also correct the gridadels for the box size and
mass resolution of the simulations, and incorporate a modetcount for fluctuations

in the UV background due to quasars. The integrated theristlria constraints for

the recent flux power spectrum measurements_by &iedll (2013b) are bracketed

by uy = 4.7 — 7.3eV m;l at z = 5.4-4.2. These estimates favor a galaxy driven

reionsation scenario, in agreement with a redshift of r&ation atz = 9.

Future measurements have the potential to improve the reamist by probing on to

smaller scales in the power spectrum_(Nasir, Bolton & BeadRed 6; Ofiorbeet all,
017).

6.3 Outlook

There has been a remarkable success, in reproducing therpespof Hi Ly« forest
for low density gas in the IGM at intermediate redshlt[s_Mxrﬂld.eLa.l,, 2000 Croft,
004 ik all. 1201381 Rollindeet all, |2013: Viel

etal, m M) However, there is still room for additional pregisi

at these epochs. Extending our understanding of the IGMdvagjuire developments

at both the observational and simulation fronts. The fupuespects for the field are
excellent. Here, | will highlight these prospects and nmamthe 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 t¢ionsation

history of the IGM (for review Mortloaki(2016)). About 17 yesaago, the first quasar
atz ~ 5.8 was discovered by the Sloan Digital Sky Survey (SDSS) @aad, 12000).

Since then, there has been a significant increase in the muwobet of these objects,
pioneered by SDS$ (Fari all, 2006b] Jiangt al., 2015) and followed by the Canada
France High redshift Quasar Survey (CFHQ ' ,12010) and the UKIRT
Infrared Deep Sky Survey (UKIDSS), including the only guaat: = 7.1 (Mort-

lock et al,,12011). More recently, the Panoramic Survey Telescope SidRRpsponse
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System 1 (Pan-STARRS1) (Banadetsall, 12014, 2016), the VISTA Kilo-Degree In-
frared Galaxy (VIKING) surveyl(Venemard all, [2013)2015), the Dark Energy Sur-

vey (DES) (Reect all,[2015), and the Subaru High-z Exploration of Low-Lumingsit

Quasars (SHELLQ) are making their contributio ,12016). Finding

these high redshift quasars will prove a useful tool for meatdion if it is possible to
obtain moderate to high resolution spectra. In the comiraysyethere will be a re-
markable upgrade in this regard, due to the large collecne@ of the Thirty Meter
Telescope (TMT), the Giant Magnellan Telescope (GMT) aedgtropean Extremely
Large Telescope (EELT), improving not only the number ceunit also sensitivity
Becker, Bolton & Lid

N

2015). In conjunction, with the Jasn&ebb Space Telescope
(JWST), observing the high redshifts galaxy populationagetshiftz: ~ 10—15 (Yan

et al, [2016), this would provide powerful constraints on the casmionsation.

6.3.2 21 cm radiation

The 21 cm radiation arises from a “spin-flip” line in hydrogevhich accounts for
76% of the baryons in the Universe by mass. This transitiaimestarget for low-
frequency radio telescopes across the globe. The instigmg&ich as the Precision
Array for Probing the Epoch of Reionization (PAPER) in Soéhica, Murchison
Widefield Array (MWA) in Australia, the Low Frequency Arraiy QFAR) in Nether-
lands, the Giant Meterwave Radio Telescope (GMRT) in Inddsecond generation
radio telescopes, such as the Hydrogen Epoch of ReionizAtiay (HERA) and the

international Square Kilometre Array (SKA) are aiming tdet# the first signal of

redshifted 21 cm radiatiovll_(_Ea.cima.ll, 2013;/ Parsonst all, 12014 Liu & Parsons,

016; Patilet all, 12017). The plan for the observations is to map the neutrdidyy

gen from the end of reionsation up to= 10 or beyond, providing a direct probe on
the process of reionsation. These observations would &lgép in our understanding

of Universe after the CMB, when the first ionising sourceseapgfor a review see

Pritchard & Loebl(2012)). Together with the dyforest observations, 21 cm would

provide detailed constraints on the timing, duration, &trce and sources of reionsa-

tion (Pritchard, L oeb & Wvithe, 2010; Becker, Bolton & 1§d2015%;|Kulkarniet all,
017).
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6.3.3 Ultraviolet spectroscopy

The Large aperture UV/Optical/IR (LUVOIR) is a concept, tiple-wavelength space

observatory. The primary mirror would be from 8 up to 16 metenmade into several

segmentd (Thronsat all, i2016). The ultraviolet imaging and spectrograph are one of

the key capabilities for this 21st century space telescdpth 10 times more collecting
area then HST and far more sensitivity, this would be huge learder to study the

kinematics of intergalactic gas through galactic feedbackde accessible through
highly resolved quasar spectra (Dalcanébmll, [2015).

6.3.4 Radiative transfer in hydrodynamical simulations

From a theoretical perspective, the modelling of the IGMighér redshifts is quite
challenging due to the interplay between the ionising sesiend the intergalactic gas.
The detailed radiative transfer is a daunting computatitask due to high dimention-
ality of the problem and the range of scales that need to h@vexs In principle,
one has to resolve the spatial scales from stars, or aagfgtick holes up to volumes
which are representative of large ionised regions in thevéise (comoving mega-

parsec scales). A straight forward but expensive appraaichperform ray tracing for

each source individually (Trac & Gnedin, 2011). An alteiveatess expensive method
is momentum based radiative trans{ﬂL(BQsm.t&I,, 2013). Despite the challenges,

the simulations are already providing insight on the molpiw of reionsation and

ionising sources (Pawlik, Schaye & Vecchia, 2015; ithall, 12016). The cosmo-

logical simulations are paving the way for 21 cm observatioyymodelling the impact

of quasars and galaxies on the IG , 120127 llievet all, |2014). The simula-

tions are also helping to understand the signature ionsgidms formed around high

redshift quasars during reionsation (Kakiietiall, |2017).

6.3.5 The ionising background at low redshifts

The UVB is well characterised at > 1.6 due to the availability of high resolution

spectra from ground based telescopes (Haardt & Madau -Gigue ,

009;|Haardt & Madau, 2012). At < 0.5, the HST/COS provides the necessary
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coverage to infer the UVB using the &yforest in quasar spectra_(Kollmeiet all,

014; Shullet all, 2015 Vielet all, 2013bj Nasiet al,, [2017). However, due to lack

of spectra at intermediate redshifts, the UVB is poorly ¢t@sed. Future, observa-
tions can therefore fill the gap in our understanding of thapprties of the IGM and
constraining the UVB at these redshifts. Once combined euthent observations this

can provide a more consistent picture of the evolution ofUN&.

6.3.6 Interplay between circumgalactic medium and IGM

Our understanding of the low redshift IGM is far from complehe key challenge
is to determine the exact mechanism for galactic feedbdokomting the contribu-
tions from AGN and supernovae and how they influence galaxuéwen and for-
mation. The key measurements are statistics of Bvi and other metal absorbers,
more specifically the CDDF, obtained from quasar spectraf@th et all, [2016). As

the high column density systems owe their existence to theelgas residing in the
vicinity of galaxies, this makes CDDF at high column densignsitive to any feed-
back processes, which potentially redistributes the gdsnagtals. The recent mea-

surements from HST/COS spectra are already providing ngghhinto this complex

interplay between circumgalactic and IGM g ,12014] Keenet all,12017;

Viel et all, 20175a] Pratet all, 2017). The future space telescope, LUVOIR, with its

groundbreaking UV spectroscopy capabilities would prewad huge leap in terms of
pinpointing the role of various processes in this regarde Bight quasars at low red-

shift would provide the opportunity to obtain high resabutispectroscopy, in order to

understand the gas dynamics in the CGM through galacti® Dalcantoret all,
015).

6.3.7 Warm dark matter models

The warm dark matter model was introduced, to alleviate tbblpms in matter power
spectrum at small scales around few Mpc or less. As theflux power spectrum mea-
surements probe structure formation at these scales, tbeip invaluable constraint

on the warm dark matter (WDM) properties. The observati@msprovide constraints
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on the models and potentially limits on the masses of WDMiglag (e.g. Vielet al

013b)1lIrSicet all (20170,b)). Future improvements on the integrated thehisébry

measurements (see Chapter 5) and IGM temperature measusewwmuld certainly
enhance the constraining power of these models, as the I@damature is a key as-

trophysical systematic in these measurements.

6.3.8 Future Work

In the previous section, | have highlighted the key obs@wat developments which
help to further extend my current work. | have mentioned #oent surge to find high
redshift quasars and how this will be further improved by tef@scopes. The possibil-
ity to obtain spectra for these high redshift quasars woelgd to probe the ionisation
state of high redshift IGM and possibly also constrain thegrated heating during
reionsation. An increasing number of quasar sights-lingls better signal-to-noise
would provide new and improved line-of-sight flux power gp@m measurements.
This would significantly improve the constraints on the grsged thermal history of
IGM obtained in Chapter 5. The effect on the flux power spectdue to the bright
and rarer sources relative contribution to UVB is incorpedain my method using
parameterf,s,. However, the parameter remain unconstrained in the duareadysis
as the data is limited to relatively larger scales with lagg®rs bars (please see Fig-
ure[®.% an@B]6 in Chapter 5). The future measurements figpdlgireaching towards
small scales will aid constrains on the relative contriitbf high redshift quasars to
UVB. This will help to distinguish between the galaxies an@Mdriven reionsation

scenarios.

The addition of high resolution quasar spectra at 5.5, would also help to further
extend our models employing a varying mean free path, a #iticty UVB and tem-

perature fluctuations to explain the observations, suchpasity variations (Becker

et al, [201%5). This would better establish the structure of patefignsation, with the

aid of hydrodynamical simulations, that employ radiatikensfer to better constrain

the models during reionsation.

The intensity and shape of the UV background is the one of #hedtements to
model the diffuse IGM. One method of determining the UVB iwes comparing the
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H 1 column densities from quasar absorption lines with hydnaalyical simulations
(see Chapter 2). As the intensity of the UVB is proportiomatite normalisation of
CDDF, where it can be altered by scaling the optical depthmost-processing within
simulations. This in turn determines the UVB once comparét the CDDF from

the observed quasar absorption lines. A possible extetsiory work would be to do
this analysis at redshifts where UVB is poorly constraiht; & 1.6, thus inferring the

intensity of UVB at lower redshifts.

| address the affects of supernovae and AGN feedback amdpigations on the IGM
properties using the Ly forest in Chapter 2. The method used thexl@DDF and
velocity width distribution, due to their sensitivity tocuprocesses. | found that the
feedback prescriptions used in our simulations had only dasioeffect, and it is very

little to alleviate the disagreement with the COS obseovesi The simulations used

the energy-driven outflow model by Puchwein & Springel (201&ere the velocity

of winds are proportional to the escape velocity of galaxysen such that its able
to reproduce the observed galaxy stellar mass functionealoth mass end. The fu-
ture work might explore the various versions of such a feeklmaodel, which can
eject the overdense gas in to the IGM. In addition, the pallicavailable EAGLE
Schayeet all, 2015) and ILLUSTRIS|(Mogelsberget all, [2014a) simulations could

be compared to data, as they have different feedback ppésas. Potential detailed
observations of gas flow in the galaxies made possible by WW&étspscopy in future,
would prove very useful in detail modelling of such galadgedback processes. In
turn, the properties of the kyforest, in particular CDDF and velocity widths obtained
from these set of simulations, using these feedback ppegms, can be compared

with observations by HST/COS, and in future with LUVIOR.

In conclusion, the future of the lyforest as a probe to study the IGM at cosmic time
would be shaped by both state of the art cosmological simonlsiand potential future
observations. The key questions for future work will be thecpss of reionsation at
high redshifts and the impact of galactic feedback at lovgingts. The promised ob-
servations will provide a detailed picture of reionsationd @an avenue to study various
mechanisms for galactic feedback. Future simulations lvéllable to constrain the

models of reionsation and pin-point the role of various peses in feedback. In short,
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the future prospects of the field are quite optimistic.
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