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iiiSummaryProperties of Lyman-� Absorbers at High-RedshiftC�eline P�erouxIn reent years, an extremely suessful method to observationally study earlystages of galaxy formation has been provided by the study of quasar absorbers. Quasarabsorption lines are systems interepting our line-of-sight to a given quasar and thusprodue a feature in the quasar spetrum. Damped Lyman-� systems (hereafterDLAs) have N (H I) > 2 � 1020 atoms m�2, and were originally thought to be thepreursors of present day disk galaxies but there is evidene that they may be dominatedby gas-rih proto-dwarf galaxies representing the basi building bloks of hierarhialgrowth of struture. Sine their detetion is independent of their size, shape, and overingfator, they provide a unbiased method with whih to study early galaxies. DLAs are asubset of Lyman-limit Systems (hereafter LLS) whih have hydrogen olumn densitiesN (H I) > 1:6� 1017 atoms m�2. At z < 1, they are probably assoiated with galatihalos. Finally, the Lyman-� forest is omposed of many small olumn density systemsranging from N (H I) = 1012 to 1:6 � 1017 atoms m�2.This thesis presents a sample of 66 bright z >� 4 quasars observed with the 4m Cerro Tololo Inter-Amerian Observatory telesope and the 4.2 m William Hersheltelesope. The �rst part of the study onentrates on the quasars themselves via the�tting of quasar ontinua and the measurement of ontinuum depression parametersharaterising the mean absorption aross the Lyman-� forest. The quasar spetraare then analysed to investigate the absorption systems they ontain. This led to thedisovery of 26 new DLAs, 34 LLS and many assoiated metal lines whih enables theanalysis of the evolution of the olumn density distribution, f(N; z), and the total massin high-olumn density neutral hydrogen quasar absorbers. The observed number ofLLS per unit redshift is used to onstrain f(N; z) below the DLA limit in the rangeN(HI) = 1:6 � 1017 to 2 � 1020 atoms m�2. The joint analysis shows unambiguouslythat f(N; z) deviates signi�antly from a single power law and that a �-law distributionof the form f(N; z) = (f�=N�)(N=N�)��exp(�N=N�) provides a better desription ofthe observations. These results are further used to determine the amount of neutralgas ontained in both DLAs and in systems with N(HI) � 2 � 1019 atoms m�2 (\sub-DLAs"). In the redshift range 2 { 3, 85% of the neutral H I + He II mass density is inDLAs, however we �nd that at z>3.5 this fration drops to 55% and that the remainingneutral gas mass lies in sub-DLAs. After orretion of the observed mass in H I forthis \missing" neutral gas the omoving mass density no longer shows any evidene for aderease over the range z= 2 { 5. The hange in the olumn density distribution supportsa piture, where at z>3.5, we may be diretly observing the formation of high olumndensity neutral hydrogen systems from lower olumn density units. Finally, preditionson the redshift evolution of the sub-DLAs number density are presented. Preliminaryresults from measuring their inidene from arhival UVES ehelle data seem in goodagreement with our preditions.
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2
Chapter 1Introdution`Il n'y a pas de sentiment plus ommun�ement partag�e, que de vouloir êtredi��erent des autres'Jean-Paul SartreIn this introdutory Chapter, I reall historial developments in the disoveryof both quasars (Setion 1.1.1) and quasar absorbers (Setion 1.1.2). In setion 1.2, Idesribe the tehnique used to �nd the quasars whih make up the sample studied in thisthesis. I then detail the theory of absorption lines and Voigt pro�le �tting (Setion 1.3.1)as well as the urve of growth (Setion 1.3.2). In the last part, I de�ne the sienti�motivations for the projet (Setion 1.4.1) and emphasise the struture of the thesis(Setion 1.4.2).1.1 Sienti� Bakground1.1.1 Quasars: Cosmologial LighthousesThe Third Cambridge (3C) Catalogue prepared in the early 1960s, listed ra-dio soures of whih 10 were extremely small in size (less than 1 arse). At the sametime, Hazard et al. (1963) developed a new method, using lunar oultation, to au-rately determine the position of radio soures and hene allow for optial follow-up ofthese ompat objets. This enabled Shmidt (1963) to take a spetrum of 3C 273, whihshowed a star-like objet lying at the unexpetedly high (at the time) redshift of z = 0:16,implying a distane of � 1 Gp and an optial luminosity � 5 � 1012 L�. Other simi-lar objets were subsequently observed and they beame known as quasi-stellar objets(QSO) or quasars.Suh objets were (and still are) a hallenge to theorists: how an so muhenergy ome with suh rapid variability out of suh a ompat region and be distributedover suh a wide range of wavelengths (Figure 1)? Nowadays, there exists a \standardmodel" for quasars: an areting blak hole is the entral engine from whih relativisti



1.1. SCIENTIFIC BACKGROUND 3

Fig. 1.| Continuum spetrum of the quasar 3C 279 from the radio to the -ray region(Marashi et al., 1994).



4 CHAPTER 1. INTRODUCTION

Fig. 2.| Frational look-bak time as a funtion of redshift. 
M = 1:0, 
� = 0:0 (solidline), 
M = 0:0 and 
� = 0:0 (dashed line) and 
M = 0:3 and 
� = 0:7 (dashed-dottedline).



1.1. SCIENTIFIC BACKGROUND 5beams arise surrounded by an aretion dis. In any ase, the luminous, ompat emis-sion from quasars has made them ideal beaons from the early Universe. It is indeedbeause they are extremely luminous that quasars are among the youngest objets ob-served in the Universe. They have now been deteted out to redshifts of z > 5. Theurrent reord holder is SDSS1030+0524 (Figure 10) at z � 6:28 (Fan et al., 2001b), aredshift whih orresponds to a look-bak time of over 90% of the age of the Universe(Figure 2).1.1.2 Quasar Absorbers: Unrevealing the Strutures of the UniverseIn addition to being interesting objets in their own right, quasars allow for thedetetion of muh fainter systems, observed in absorption in their spetra.The nature of absorption lines was the objet of muh debate in the years fol-lowing their disovery (e.g. Pettini, 1998). A urrently aepted hypothesis states thatthe lines are intervening and arise in osmologially distributed gas between the bak-ground quasar and the observer. This implies that the observed redshift is osmologial,due to the expansion of the Universe. However, sine the density of lines as a funtion ofredshift is observed to inrease, this implies that the ross-setion of the absorbers werehigher in the past. Earlier hypotheses suggested that the absorption line systems repre-sent material ejeted from the quasar itself. The redshift would then be kinemati andrepresent a Doppler shift from the ejeted material. This would imply a large ejetionveloity requiring a vast amount of energy and also a mehanism to on�ne the ejeta tonarrow veloity dispersions, two oniting requirements diÆult to ahieve. At present,the ommonly aepted piture favours the intervening hypothesis thanks to three mainarguments:1. Sargent et al. (1980) analysed the �rst homogeneous sample of Ly� forest linesin six quasars. They show that neither the line density nor the equivalent widthdistribution vary from quasar to quasar, or with redshift, along a given line-of-sight. They also found no lustering on all sales from 300 to 30, 000 km s�1. Thislak of any orrelation between line properties and ejetion veloity is extremelydiÆult to explain with an ejetion model.2. Boksenberg & Sargent (1978) observed, in emission, the galaxy NGC 3067 respon-sible for the Ca II absorption in the spetrum of the quasar 3C 232, well outsidethe extent of the galaxy. This was the �rst evidene that it is the extended gaseoushalo of the galaxy whih is responsible for that absorption line observed in thequasar spetrum. Similarly, more reent work (e.g. Steidel et al., 1995) show thatandidate galaxies are assoiated with almost all of the low redshift MgII systems.3. Shaver & Robertson (1983) disovered ommon absorption systems in the spetraof quasar pairs providing indisputable evidene in favour of the intervening hy-pothesis. In addition, suh observations give an extra dimension to the study ofquasar absorbers by providing fundamental information on the physial size of the



6 CHAPTER 1. INTRODUCTIONabsorbers (Wolfe et al., 1993; Petitjean et al., 1998). The observation of quasarpairs, or groups of quasars with small angular separations on the sky, indiatesthat the harateristi size of the absorbers is larger than the projeted separationof the lines of sight. At present, the number of suitable groups of quasars is toosmall to provide detailed onstraints on the struture of Ly� omplexes. However,despite this, Ly-� absorbers provide a powerful way to study the orrelation ofbaryoni matter at high redshift and hene a unique hane to study how galaxyformation is related to the distribution and dynamis of the underlying matter�eld.This plus other evidene has lead to the standard piture of quasar absorbers assystems along the line-of-sight between the observer and a luminous bakground quasar.A artoon representation of this phenomenon is shown on Figure 3.1.2 Finding High-Redshift QuasarsAny survey for quasar absorbers starts with a survey for quasars. I have notbeen diretly involved in the searh for the high-redshift quasars whih make up thesample presented in this thesis, but for ompleteness and later referene, this setiondesribes the methodology used to �nd the quasar sample. Most of the quasars presentedin this thesis have been optially seleted whih, beause of reddening e�ets, means thatwe may potentially miss the most dusty intervening objets or alternatively those whihontain more absorbers along their line-of-sight. Ellison et al. (2001) have reentlyundertaken observations of radio-seleted quasars with the aim of pin-pointing the e�etof dust on quasar absorber surveys. In addition Pei & Fall (1995) have used self-onsistentlosed-box/inow-outow galati models to show that the fration of missing DLAs dueto dust at z = 3 ranges from 23% to 38%. The following setions briey desribe themethods used to �nd the quasar sample. Storrie-Lombardi et al. (2001) provides moredetails on �nding the APM quasars and Fan et al. (1999); Warren et al. (1991); Kenne�ket al. (1995a); Storrie-Lombardi et al. (1996); Zikgraf et al. (1997); Kenne�k et al.(1995b); Henry et al. (1994); Hook (prep); Hall et al. (1996) give more information onthe disovery of the remaining quasars.1.2.1 The 2nd APM Quasar SampleReviews on various tehniques used to �nd quasars are desribed in Hook(1994); Kembhavi & Narlikar (1999). The APM quasars were found using a multiolourtehnique whih is the high-redshift (z > 2:2) ounterpart to the Ultra-Violet exess(UVX) method (Sandage 1965). Irwin et al. (1991) developed the so-alled \BRX"method where they made use of the fat that for z > 3:9 quasars, the region of the spe-trum absorbed by neutral hydrogen is redshifted to the B band. A majority of quasarswith suh redshifts have B � R, olours that are extremly red and di�erent from theolours of normal stars. At z > 4:2, the quasars lie so far from the stellar positions
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Fig. 3.| This artoon illustrates a quasar sight line along whih various objets giverise to absorption features in the spetrum of the bakground quasar (reprodued fromPettini, 1998, and kindly provided by Phil Outram).



8 CHAPTER 1. INTRODUCTION

Fig. 4.| A Bj�R olour-magnitude diagram for a typial high latitude UKST �eld usedin the APM survey. Every deteted BJ,R mathed pair of objets lassi�ed as stellar onthe R plate is plotted as small dot. Overlaid as �lled irles are the omplete southernsample of BRX-seleted quasars (Storrie-Lombardi et al., 2001).



1.2. FINDING HIGH-REDSHIFT QUASARS 9in the olour-olour diagram that seletion in the single olour B � R is suÆient toidentify them with high probability. Figure 4 shows a Bj ,R olour-magnitude diagramfor a typial high latitude UKST �eld. Every deteted Bj,R mathed pair of objetslassi�ed as stellar on the R plate is plotted as a small dot. Overlaid as �lled irlesare the omplete southern sample of BRX-seleted quasars whih form the 2nd part ofthe APM quasar survey (Storrie-Lombardi et al., 1996, 2001). Of the roughly 250,000paired objets on eah high latitude UKST �eld, two-thirds are lassi�ed as stellar onthe R plate and roughly 50,000 of these are brighter than R = 19 { 19.5, the range forthe R magnitude limit of the survey. The red boundary for BRX andidate seletion wasset to approximately Bj{R = 2.5 to 3 to follow the red extremity of the stellar lous.The e�ets of olour seletion on sample ompleteness have been thoroughly investigatedover the past few years (Warren et al., 1994; Storrie-Lombardi et al., 1996; Kenne�ket al., 1995a).The plates ame from the generi southern sky survey material taken by theUK Shmidt telesope (UKST) and were measured and analysed at the Automated PlateMeasuring 1 (APM) faility in Cambridge. The total area of Southern high latitudesky surveyed is roughly 8000 square degrees from a total of 328 UKST �elds. Lowresolution (>� 10 �A) spetra were then obtained to identify the quasars, primarily at theLas Campanas Observatory (Storrie-Lombardi et al., 2001). This tehnique was used to�nd 26 of the quasars whih make up the sample presented in this thesis, the remainingAPM disovered quasars were observed using the INT and WHT. The quasars disoveredas part of the APM surveys are labelled \BR" or \BRI" aordingly.1.2.2 Other High-Redshift QuasarsThirty-two of the other quasars making up our 66 z >� 4 sample are fromthe Seond Palomar Observatory Sky Survey. Kenne�k et al. (1995a,b)2 arried outa multiolour survey with the aim of determining the spae density of bright quasars(MB < �27) at z > 4. The quasars disovered as part of the Seond Palomar Observa-tory Sky Survey are labelled \PSS".Four of the quasars presented in this thesis are part of the Sloan Sky DigitalSurvey (SDSS) whih makes use of the dediated Apahe Point 3.5m telesope. The sur-vey is a joint projet of The University of Chiago, Fermilab, the Institute for AdvanedStudy, the Japan Partiipation Group, The Johns Hopkins University, the Max-Plank-Institute for Astronomy (MPIA), the Max-Plank-Institute for Astrophysis (MPA), NewMexio State University, Prineton University, the United States Naval Observatory, andthe University of Washington. It aims to map in detail one-quarter of the entire sky, de-termining the positions and absolute brightnesses of more than 100 million objets. Thequasars found are often faint and thus not the most appropriate for absorber searheswith 4m lass telesope.1http://www.ast.am.a.uk/�mike/apmat/2http://www.astro.alteh.edu/�george/z4.quasars



10 CHAPTER 1. INTRODUCTIONOf the four remaining quasars, one is radio-seleted from the Parkes-MIT-NRAO survey and is labelled \PMN" (Hook, prep) and one is X-ray seleted and labelled\RX" (Henry et al., 1994). The two last objets are optially seleted by Warren et al.(1991) and by Hall et al. (1996) as part of the Deep Multiolor Survey (DMS). All thequasars making up the sample studied in this thesis are listed in Table 2.2.1.1.3 Theory of Quasar Absorbers1.3.1 Classi�ation of Quasar AbsorbersQuasar absorption features an be ordered into ategories having di�erent har-ateristis as illustrated on the typial quasar spetrum shown in Figure 5:I) zabs < zemFor absorption systems with wavelength (zabs) below the quasar Ly� emissionline (zem), Lynds (1970) suggested that the absorption lines were aused by Ly� transi-tions. This was later on�rmed by two arguments: �rstly, the presene of the Lyman-�line, when observable (Baldwin et al., 1974; Oemler & Lynds, 1975), and seondly beausethe number density of absorbers blueward of the quasar emission line is muh greaterthan redward. Sine their detetion is independent of their luminosity and morphology,these absorbers provide a unbiased method with whih to study early galaxies.In a few ases, the Ly� absorption line is observed at zabs > zem. The observedorresponding veloity rarely exeeds 2 000 kms�1 in good agreement with theoretialpreditions (Loeb & Eisenstein, 1995), although quasar redshift measurements are some-times subjet to systemati o�sets. The projeted veloity of these louds is diretedtowards the quasar itself. It is most probably assoiated with gas falling into the blakhole potential well although more detailed studies of this problem are required to ahievea better understanding of this phenomenon.Ly� absorbers are sub-divided into three lasses aording to their olumndensity, the number of hydrogen atoms per unit area along the line-of-sight between theobserver and the quasar (ommonly expressed in atoms m�2). Therefore a low olumndensity loud ould either be a small loud with high density or a large loud with lowdensity. They thus probe media spanning the range from voids through to halos anddisks of both dwarf and normal (proto)galaxies.1. Damped Lyman-� systems (hereafter DLAs) have N(HI) > 2 � 1020 atomsm�2. This de�nition is somewhat arti�ial sine damped wings appear for lowerolumn densities (N(H i) > 1019 m�2; see next Setion and Figure 13). Thisthreshold had been introdued beause these lines are harateristi of loal galatidisks (Wolfe et al., 1986). Also at the time, damped Ly� surveys were performed
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Fig. 5.| Typial spetrum of a quasar, showing the quasar ontinuum, emission lines,and the absorption lines produed by galaxies and intergalati material that lie betweenthe quasar and the observer. This spetrum of the z = 1:34 quasar PKS0454 + 039 wasobtained with the Faint Objet Spetrograph on the Hubble Spae Telesope. Theemission lines at � 2400 �A and � 2850 �A are Lyman-� and Lyman-�. The two strongestabsorbers, due to galaxies, are a Damped Lyman-� Absorber at z = 0:86 and a LymanLimit System at z = 1:15 (Charlton & Churhill, 2000).



12 CHAPTER 1. INTRODUCTIONat low resolution and this treshold made them relatively unambiguous to pik out.The equivalent width is wobs(z � 2.5) > 17.5 �A for N(H i) > 1020 m�2. Theprobability that suh a strong absorption feature is the result of blending is small.It is lear that this de�nition may introdue a systemati bias in the disussionof the nature of these DLAs and the work presented in this thesis generalisesthe de�nition in order to ompare the properties of systems with 1019 < N(HI)< 2� 1020 and N(HI) > 2� 1020.DLAs were originally thought to be the preursors of present day L� disk galaxies,but there is growing evidene that they may instead be dominated by gas-rihproto-dwarf galaxies representing the basi building bloks of hierarhial growthof struture. Hypotheses for the morphology of DLAs range from large disk systems(Prohaska & Wolfe, 1998), to low surfae brightness galaxies (Jimenez et al., 1999;Bowen et al., 2001; O'Neil, 2001) and dwarf galaxies (Matteui et al., 1997). TheMilky Way itself is deteted in the spetrum of the low-redshift quasar 3C 273(Figure 6). At low redshift, some of the galaxies that are responsible for theDLA absorption an be diretly identi�ed (Le Brun et al., 1997; Fynbo et al.,1999). These galaxies are a heterogeneous population: they are not just the mostluminous galaxies, but inlude dwarf and low surfae brightness galaxies, and thereare many ases where no galaxy has been identi�ed to sensitive detetion limits.The size of one DLA, observed in PKS0458{020, has been measured from 21 mabsorption observations (see Figure 7) and is found to be greater that 8h�1 kp(Briggs et al., 1989).The kinemati struture of the absorption pro�les of neutral and low ionisationspeies is onsistent with the rotation of a thik disk (Prohaska & Wolfe, 1997),so it is possible that these are the z = 3 progenitors of normal spiral galaxies.However, this signature is not unique. It ould also be the onsequene of diretedinfall in an hierarhial struture formation senario (Ledoux et al., 1998). Al-though the exat nature of the quasar HI absorbers is not known, they form asample of systems unbiased as regards luminosity, spei� morphology, or emissionline strength, thus enabling studies of metalliity and HI evolution over a largeredshift range.For N(HI) > 1019 atoms m�2, the optial depth at the Lyman limit is not nees-sarily large enough for the interior to be self-shielded from the external radiation�eld and thus might not be predominantly neutral HI gas. The orretion for theionising fration is so far unknown and prevents reliable metalliity measurementsand estimates of the total hydrogen ontent in these systems. Nevertheless, thesequasar absorption lines are a powerful diagnosti tool for investigating the hemialomposition of high redshift galaxies.Fe abundane is often used to measure stellar metalliities and it would be onve-nient to use the same indiator in DLAs in order to allow for diret omparison.Fe II lines are usually present in large numbers in quasar spetra and have the
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Fig. 6.| 3C 273 spetrum showing Ly� 1216�A absorption line due to the Milky Way.This illustrates the ommon nature of high olumn density intervening absorbers (Bahallet al., 1991).

Fig. 7.| Quasar absorbers ross-setions showing the impat parameters at whih var-ious absorption features might arise in a typial galaxy (reprodued from Steidel, 1993,and kindly provided by Andy Bunker).



14 CHAPTER 1. INTRODUCTIONadvantage that they exhibit a range of rest wavelengths and so are often deteted(Savaglio & et al., 2000). However, the problem with studying metal abundanesis the ompliation of dust depletion, the proess by whih partiles are removedfrom the gas phase via ondensation onto grains. Although the abundanes ofZn and Fe trak eah other losely down to metalliities of <� 0:01Z� (where Z�refers to the solar abundane) in Galati stars, in the loal inter-stellar mediuman overabundane of Zn relative to Fe is often observed. This is due to di�erentialdepletion onto grains, suh that whilst Fe is usually heavily depleted, very littleZn is seen to be inorporated into dust (Pettini et al., 1997). For these reasons,Zn (as well as Cr) are usually adopted as the metalliity indiator of hoie forquasar absorbers metal abundanes. It therefore follows that the relative abun-danes of [Zn/Cr℄ and [Zn/Fe℄ will provide an estimate of the frations of theserefratory elements whih are missing from the gas-phase. Suh studies show thatat zabs > 1:5, DLAs are generally metal poor, typially 1/10 of solar, with smallamounts of dust depletion. These low abundanes seem to persist for all redshiftsobserved, with no sign of metalliity evolution when olumn density weighted Znabundanes are onsidered.DLA star formation histories an thus be derived from metal studies. �-elements(O, Si, S, Ar) are believed to be produed in Type II supernovae (SN II) after arelatively short lifetime of � 107 years. Most of the Fe-peak elements (Fe, Zn) omefrom the longer-lived (� 109 years) progenitors of Type Ia supernovae (SN Ia). Thedi�erent lifetimes of supernovae progenitors means that an over-abundane of �is observed relative to Fe at low [Fe/H℄. More reently, moleules have also beenobserved in DLAs. Measuring moleules at high-redshift is important beausethey dominate the ooling funtion of neutral metal-poor gas. Petitjean et al.(2000) have deteted moleular hydrogen (H2) in 11 absorbers and use these datato dedue that most of the DLA systems arise in warm and di�use neutral gas.These measurements allow investigation of the proesses of dust formation as wellas ooling and photodissoiation from the �rst stars (Levshakov et al., 2000).2. Lyman-limit Systems (hereafter LLS) have hydrogen olumn densities N(HI)> 1:6� 1017 atoms m�2 and are optially thik at the Lyman limit due to the HIphoto-ionisation: Ho +  ! H+ + e� (1.1)where the photon energy, 13.6 eV, orresponds to 912 �A rest wavelength. Theseabsorbers are easily identi�able by their distintive break signature in the quasarspetrum (see Figure 5). The optial depth, � , is expressed as follows:� = N(HI)� � (1.2)
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Fig. 8.| Abundanes expeted for the light nulei 4He, D, 3He and 7Li (top to bottom)alulated in standard Big Bang Nuleosynthesis. The 95% on�dene intervals areshown by the vertial widths of the abundane preditions. The horizontal sale isexpressed in units of the baryon density or ritial density for a Hubble onstant of 65kms�1 Mp�1 (Tytler et al., 2000).



16 CHAPTER 1. INTRODUCTIONwhere � is the HI photo-ionisation ross-setion 6:8 � 10�18 m�2. For �912 = 1(optially thik), N(HI) has to be = 1:6 � 1017 atoms m�2. The optial depthbelow 912 �A is proportional to �912(�=912)3. For example, if a LLS lies at z = 3with a olumn density N(HI) = 1018 atoms m�2, the ontinuum reahes zero(�912 = 6) at 3648 �A and the ux only reovers at around 2000 �A (� = 1). Thedetetion of these systems is thus fairly easy, even in medium resolution spetra.\Grey" LLS have optial depth � < 1 and thus produe a partial break in the quasarspetrum. Beause of their relatively small olumn density, they provide some ofthe best andidates for measurement of the primordial abundane of deuterium(see Figure 8 and Molaro et al., 1999; Levshakov et al., 2000; O'Meara et al.,2001, and referenes herein). The �rst synthesis of light elements (D, He and Li)took plae in the early Universe and heavier elements have then been produedthrough stellar nuleosynthesis. High-resolution observations of quasar absorbersan be used to determine the primordial abundanes of elements formed in the BigBang, whih provides a fundamental tool for testing the Big Bang theory and aunique measure of the baryoni density of the Universe, 
bh2. Note that it hasbeen demonstrated reently (D'Odorio et al., 2001; Pettini & Bowen, 2001) thatDLAs and sub-DLAs an also be used for D measurements. Pettini & Bowen(2001) omputed the weighted mean of the 6 D measurements urrently availableat high-redshift and found: D=H = (2:2 � 0:2)� 10�5 (1.3)The ionisation state of LLSs an be onstrained by measuring the olumn densityof the same ion in di�erent ionising states (i.e. Fe+ and Fe ++) and omparingthe CLOUDY software pakage (Prohaska, 1999). In addition, LLS provide infor-mation on the ionising photons of the intergalati medium. The exat nature ofLLS is not known but, at z < 1, they are probably assoiated with galati halos(Steidel et al., 1994).3. Finally, the Lyman-� Forest is omposed of many low olumn density systemsranging from N(HI) = 1012 to 1:6� 1017 atoms m�2. It is urrently believed thatthe absorption in the Ly� forest is aused not by individual, on�ned louds, butby a gradually varying density �eld haraterized by overdense sheets and �lamentsand extensive, underdense voids whih evolve with time (Carswell & Rees, 1987),as shown in Figure 9. Rauh (1998) provides an exellent review of our urrentknowledge of the Ly� forest.The observation of multiple lines of sight has been suessful in determining the sizeof the Ly� louds (see x1.1.2). In partiular, D'Odorio et al. (1998) analysed allthe data available at the time and onluded that Ly� forest louds have a typialsize of � 350h�1100 kp for a spherial geometry or to � 400h�1100 kp for a dis
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z=1Fig. 9.| Illustration of struture evolution of intergalati gas from high to low redshift.The upper spetrum of a z = 3:6 quasar is a Kek/HIRES observation, while the lowerspetrum is a FOS/HST observations of a z = 1:3 quasar. Higher redshift quasars show amuh thiker forest of Lyman-� lines. Slies through N{body/hydrodynami simulationresults at the two epohs z = 3 and z = 1 are shown in the right{hand panels. Threeontour levels are shown: 1011m�2 (dotted lines), 1012m�2 (solid lines) and 1013m�2(thik solid lines) (Charlton & Churhill, 2000).



18 CHAPTER 1. INTRODUCTIONgeometry. Line of sight lustering distribution analysis is also possible with a two-point orrelation funtion. There are several ontraditory results in the literaturebut the onsensus is for weak lustering on small sales, with little evidene fororrelations over larger (�v > 300 km s�1) sales.At �rst, the Ly� forest was thought to ontain pristine material, but traes ofmetals were deteted later on (Meyer & York, 1987). Ellison et al. (2000), haveused two di�erent methods to detet CIV in the forest: in the �rst approah, ahigh signal-to-noise ratio staked spetrum produed by ombining the data of twoquasars leads to no detetion of signi�ant metals and in the seond approah, mea-surements of individual pixel optial depths show that there are indeed CIV linesin the Ly� forest. This work illustrates the diÆulties enountered in detetingmetals in the Ly� forest. These observations make possible the study of hemialenrihment in the inter-galati medium and hene the epoh at whih the �rstgenerations of stars formed and then distributed their metals into the surroundingenvironment (Ferrara et al., 2000).Gunn-Peterson E�etObserving the Ly� forest at high-redshifts gives us diret indiations of the ionisa-tion state of the early Universe. We see some ontinuum blueward of the quasar'sLy� emission ontrary to what one would expet from a neutral medium (Gunn& Peterson, 1965). This indiates that the inter-galati medium (IGM) is pre-dominantly ionised hydrogen even in the highest-redshift quasars, although reentobservations at z � 6 show the absene of ux in the forest over a large region (Fig-ure 10 Beker et al., 2001; Djorgovski et al., 2001). Sine the high energy photonsrequired to fully ionise helium are muh rarer than those apable of re-ionising hy-drogen, a Gunn-Peterson He trough is predited to be present at lower wavelengththan the orresponding H feature (Outram, 1999). Gunn-Peterson absorption hasbeen deteted for the He II Ly� (�rest = 303:7822 �A) at z � 3 (Jakobsen et al.,1994; Reimers et al., 1997). Similarly, if we were to observe the spetrum of a quasarbefore the re-ionisation of the Universe, the ux blueward of the quasar emissionis expeted to be almost fully absorbed leading to the so-alled \Lyman-� prairie"(Loeb, 1999).Proximity E�etAnother observational harateristi of the Ly� forest is the dereasing line densityat the immedidate viinity of the quasar �rst disovered by Carswell et al. (1982).This is probably due to the quasar Lyman ontinuum radiation boosting the meta-galati ionising �eld J� . Measurements of the so-alled \proximity e�et" havebeen used to infer the ux of the ionising bakground, J� ' 10�21 (Bajtlik et al.,1988; Williger et al., 1994). These measurements of J� suggest that known quasarsalone annot aount for the ionising UV bakground seen, implying that othersoures are required (Sott et al., 2000a,b).
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Fig. 10.| Optial and near-IR spetrum of SDSS 1030+0524, the highest-redshift (z �6:28) quasar urrently known disovered as part of the Sloan Digital Sky Survey (Fanet al., 2001b). A Kek spetrum of the objet (Beker et al., 2001) shows the absene ofux over a large region, blueward of the lyman-� emission line. This suggests a possible�rst detetion of the omplete Gunn-Peterson e�et (aused by neutral hydrogen in theintergalati medium), but does not neessarily indiate that the quasar is observed priorto global re-ionisation.
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DETERMINING THE REIONIZATION REDSHIFT
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1.3. THEORY OF QUASAR ABSORBERS 21II) zabs > zemFewer absorption lines are observed at wavelengths longward of the quasaremission feature. These are not due to neutral hydrogen but are assoiated with metalsystems. C, N, O, Si, Fe, Al, Mg, but also Ni, Zn, Cr, S and more reently Co (Ellisonet al., 2001a) are deteted. These are often multiple systems orresponding to di�erentloud omponents whih an be resolved in high-resolution data. Magnesium II andCarbon IV are harateristi doublets and are easily detetable even in low resolutionquasar spetra:1. CIV doublet (rest frame 1548 �A and 1551 �A): Simulations have shown thatthe observed CIV kinemati struture and olumn densities an be well reproduedby merging of proto-galati lumps (Haehnelt et al., 1996). Compat halos ofhot gas with temperatures lose to � 105 K seem to suessfully aount for theobserved multi-omponent nature of the CIV absorbers. Based upon the numberdensity of absorbers, dN=dz, whih gives the average number of systems per unitredshift path, the sky-projeted ross setions an be alulated for an assumedgalaxy luminosity funtion. The CIV absorption-seleted systems (to rest-framedetetion sensitivity of 0.4 �A) are thus inferred to have a 70 kp diameter (seeFigure 7). The methods used to study the properties of CIV systems an be splitinto two di�erent approahes. The �rst approah onsists of observing CIV in highsignal-to-noise ratio, high-resolution spetra and determining its olumn densitydown to log N(CIV) � 11:5 atom m�2. This allows (i) detailed kinematis andtemperature studies (Rauh et al., 1996) whih shows that CIV omponents maybe the building bloks of future normal galaxies; (ii) the determination of thelow end of the CIV olumn density distribution (see Ly� forest setion); (iii) thestudy of veloity struture within the halos (Petitjean & Bergeron, 1994; Crottset al., 1997), but is limited to a few lines of sight. The seond approah onsistsof studying a statistially signi�ant sample of absorbers by onstruting a largehomogenous sample (Sargent et al., 1988; Steidel, 1990a). This method has provedsuessful at desribing the number density and lustering properties of metals,but previous studies were restrited to the range z <� 3:5 (Sargent et al., 1988) orwere inhomogenous (Quashnok et al., 1996). The data presented in this thesisprovide a sample of 80 CIV absorbers in the redshift range 3:0 < z < 4:5 whihould be used to study the harateristis and evolution of the galati halos.Along with the CIV doublet, another very important transition is the CII line.The temperature of the Cosmologial Bakground Radiation, TCMB an also bemeasured using the abundane ratio of exited states of CII. This puts a diretonstraint on the Big Bang, theory although only one measurement has been madeso far: Srianand et al. (2000) have derived 6:0 < TCMB < 14 K at z � 2:3 when9.1 K is expeted in the Hot Big Bang osmology.2. MgII doublet (rest frame 2796 �A and 2803 �A): MgII systems are knownto be assoiated with the extended gaseous envelopes of bright galaxies whih



22 CHAPTER 1. INTRODUCTIONhave been deteted in emission at z � 0:6 (Bergeron & Boisse, 1991). The mostextensive MgII surveys have been onduted by Lanzetta et al. (1987); Sargentet al. (1988); Petitjean & Bergeron (1990); Steidel & Sargent (1992); Churhill et al.(2000a,b). Using similar assumptions as in the previous paragraph (number densityof absorbers and Sheter galaxy luminosity funtion), MgII systems are found tobe 40 kp in diameter (detetion sensitivity of 0.3 �A) or 60 kp (detetion sensitivityof 0.02 �A). The MgII absorbing galaxies appear to be onsistent with a normal 0.7L� Sb galaxy having a roughly onstant star formation rate sine z � 1. The datapresented in this thesis provide a sample of 48 MgII absorbers in the redshift range1:3 < z < 2:2. An exellent review of our urrent knowledge on the topi of MgIIabsorbers ompiled by Chris Churhill (1999) is available on-line at the followingaddress: http://www.astro.psu.edu./users/w/qsogroup/mgii-over.htmlIII) zabs � zemAssoiated systems are, by de�nition, at the same redshift as the quasar.They ould be explained by (Petitjean, 1999):� galaxies whih are part of the quasar luster� gas from the galaxy within whih the ative galati nulei (AGN) is embedded� gas ejeted by the quasar itselfBeause they are lose to the quasar, these systems are often more ionised thanother metal lines and have higher heavy element abundanes (Petitjean et al., 1994).IV) Broad Absorption LinesBroad Absorption Lines (hereafter BALs) are observed in about 10% ofall quasars (Weymann et al., 1991). They are haraterised by troughs with outowveloities up to 60,000 km s�1 blueward of the quasar emission redshift. They are oftenhighly ionised and have high metalliities suggesting that BALs have are onneted withthe nulear region of the quasar (the ative galati nulei). Although some of theseabsorption lines may belong to external galaxies lose in veloity spae to the quasar,there is diret evidene from time-variability of the line strength (Hamann et al., 1995;Barlow et al., 1997; Vilkoviskij & Irwin, 2001) or partial overage of the bakgroundsoure (Ganguly et al., 1999) that many of these lines are physially assoiated withthe quasar. BALs have previously been thought not to our in radio-loud quasars butreent disoveries by Beker et al. (2000) indiate that this is not always the ase. This�nding is problemati for simple uni�ed models in whih BAL quasars are a subset ofquasars seen nearly edge-on and thus raises further questions about the nature of theseobjets.1.3.2 Absorption Line Formation and Column Density Determination



1.3. THEORY OF QUASAR ABSORBERS 23Absorption Line Pro�leThe spetral ux intensity, F (�), an be expressed in terms of the unabsorbedontinuum intensity, F0(�), and the frequeny �:F (�) = F0(�)e��(�) (1.4)where �(�), the optial depth, is expressed as a funtion of number density of atoms, n(or number of atoms per surfae area, i.e. olumn density N) and ross-setion �(�):�(�) = Z +10 n�(�)ds = N�(�) (1.5)Two di�erent proesses lead to the line broadening that gives absorption fea-tures their harateristi pro�le:Lorentzian Pro�leNatural (damping) broadening of an absorption line is due to the intrinsi un-dertainty �E in the energy of the upper atomi level as expressed by the UnertaintyPriniple: �E�t � �h. This leads to a Lorentz pro�le:�L(�) =  �e2me! fos �=4�2(� � �0)2 + (�=4�)2 (1.6)where me and e are the mass and harge of an eletron respetively,  is thespeed of light, fos is the transition osillator strength, �0 is the entral frequeny and� is the total damping onstant, i.e. the reiproal of the mean lifetime of the upperenergy state.Gaussian Pro�leWithin the loud that we are observing via quasar absorbers, the ions mayhave a harateristi radial veloity relative to the observer, resulting in a Doppler-shift.These internal motions an be haraterised as a Gaussian veloity distribution:P (v) = 1bp�e�(v=b)2 (1.7)where the Doppler width, b, is determined by ontributions from both thermaland turbulent motions within the absorbing loud:b = qb2thermal + b2turbulent = s 2kTmion + b2turbulent (1.8)where k is Boltzmann's onstant.
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---------------------Fig. 12.| Formation of Voigt pro�les from the onvolution of Gaussian and Lorentzianfuntions. At V1, the Lorentzian funtion falls o� more slowly at large � than the Gaus-sian pro�le that desribes Doppler broadening. It is thus the latter whih dominates theabsorption pro�le. However, at V2, the prominent damping wings ompletely dominatethe outer parts of the line pro�le leading to a Lorentzian shape. This orresponds tovery high olumn density absorbers, the so-alled Damped Lyman-� systems (Petitjeanet al., 1998).



1.3. THEORY OF QUASAR ABSORBERS 25Voigt Pro�leConvolving the natural (Lorentz pro�le, see equation 1.6) and Doppler (Gausspro�le, see equation 1.7) broadening produes a Voigt pro�le with an optial depth, � :�(�) = p�e2me Nfosb� H(a; u) (1.9)where: H(a; u) = a� Z +1�1 e�y2dy(u� y)2 + a2 (1.10)and: a = �4��� ; u = (� � �0)�0b ; y = v=b (1.11)The ore of the Voigt funtion is thus Gaussian, while the extended wingsof the pro�le are Lorentzian. This is illustrated by Figure 12: at V1, the Lorentzianfuntion falls o� more slowly at large � than the Gaussian pro�le that desribes Dopplerbroadening. It is thus the latter whih dominates the absorption pro�le. However, atV2, the prominent damping wings ompletely dominate the outer parts of the line pro�leleading to a Lorentzian shape. This orresponds to very high olumn density absorbers,the so-alled Damped Lyman-� systems.The optial depth at the line entre is then given by:�(�0) = p�e2me Nfos�0b = 1:497 � 10�15N(m�2)fos�0(�A)b(kms�1) (1.12)Absorption lines in quasar spetra are ommonly �tted with theoretial Voigtpro�les, although this setion shows that this is based on the assumption that the veloitydistribution of the atoms is desribed by a Gaussian funtion.The Curve of GrowthAt medium spetral resolution, it is not always possible to �t a Voigt pro�le tothe absorption feature. In that ase, we make use of the urve of growth whih relatesthe equivalent width of the absorbers with its olumn density N (the equivalent widthis traditionally used although measuring the Full Width Half Maximum, FWHM, of theline would be more appropriate as it is less dependent upon the ontinuum position). Ingeneral, the equivalent width of an absorption line, W (�), is de�ned as:Wobs(�) = Z F0 � F (�)F0 d�obs = Z (1� e��(�))d�obs (1.13)where the observed equivalent width is:Wobs(�) =Wrest(�)� (1 + zabs) (1.14)
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Fig. 13.| Illustration of the di�erent regimes of the urve of growth. The middle panelshows the urve of growth for the HI Lyman-� transition, relating the equivalent width,W (�), of the absorption pro�le its olumn density, N(HI). The di�erent urves representfour di�erent values of the Doppler parameter: b = 13, 23, 53, and 93 km s�1 . Theupper panel shows absorption pro�les with Doppler parameter b = 23 km s�1 for theseries of neutral hydrogen olumn densities N(HI) = 1012 { 1020 atoms m�2. The thik(thin) urves orrespond to the �lled (open) points on the b = 23 km s�1 urve of growth(middle panel), starting at N(HI) = 1012 atoms m�2. For N(HI) < 1013 atoms m�2,known as the linear part of the urve of growth, the equivalent width does not dependon b. The lower left panel shows that, at �xed N(HI), the depth of the pro�le is smallerfor large Doppler parameter, b, suh that the equivalent width remains onstant. On theat part of the urve of growth, pro�les are saturated and the equivalent width inreaseswith b for onstant N(HI). For N(HI) >� 1019:5 atoms m�2, the pro�le develops dampingwings, whih dominate the equivalent width (the so-alled DLA and sub-DLA regimes)and thus allows for reliable olumn density measurements (Charlton & Churhill, 2000).



1.4. SCIENTIFIC MOTIVATION 27The equivalent width of an absorption line is thus independent of the spetralresolution sine it is an integral over �. The HI Ly� urve of growth is shown in Figure 13.There are three distint regimes:1. The Linear Part. The lines in this regime are unsaturated and orrespond toabsorbers with small olumn densities (N(HI) < 1013 atoms m�2). Beause thefeature is optially thin, the equivalenth width is not dependent on the Dopplerparameter b: N = 1:13 � 1020 W (�)�20fos (1.15)2. The Flat Part. The lines in this regime are saturated and dominated by theDoppler ontribution (see Setion 1.3.2 above). Their olumn density, N , dependon the Doppler parameter b at a given equivalenth width W (�):W (�) � 2b�0 sln��0:5e2N�0fosmeb � (1.16)In order to reliably determine the olumn density of suh absorption systems,higher-order Lyman series lines whih have smaller osillator strength, f , (andthus lie on the linear part of the urve of growth) are required.3. The Damping Part. The lines in this regime are saturated and dominatedby the Lorentzian damping wings (see Setion 1.3.2 above). They orrespond tohigh olumn densities (N(HI) >� 1019 atoms m�2) and their equivalent width isproportional to the olumn density independently of b-value:N(HI) = 1:88 � 1018 �W 20 (�A)m�2: (1.17)1.4 Sienti� Motivation1.4.1 Thesis MotivationOne of the fundamental phenomena still poorly understood in osmology is thedetailed proess of the origin of struture formation. Signi�ant theoretial progresshas been reently ahieved with the development of Smooth Partile Hydrodynami andSemi-Analytial simulations. But observationally probing the early Universe is ruiallydependent upon new methods to overome the natural hallenges of high-redshift (z�4)observations and upon the advanement of telesope-related tehnologies. In reentyears, an extremely suessful method to observationally study early stages of galaxyformation has been provided by the study of quasar absorbers.The primary goal of our spetrosopi ampaign has been to obtain a statisti-ally signi�ant number of high-redshift quasar absorbers to answer the questions raised



28 CHAPTER 1. INTRODUCTIONby the apparent de�it of high olumn density systems in the early Universe (Storrie-Lombardi et al., 1996a; Storrie-Lombardi & Wolfe, 2000). In partiular we aim to studyin more detail the evolution with redshift of the olumn density distribution, numberdensity, and omoving mass density of high olumn density HI absorption systems. Theaim of our new survey for quasar absorbers is to better understand the high-redshiftend of the mass density of neutral hydrogen by signi�antly improving the statistis atz >� 3:5. Several fundamental questions remain inluding: loating the epoh of DLA as-sembly; larifying the relationship between Lyman limit systems and damped absorbersvia a detailed study of the olumn density distribution of quasar absorbers and its evo-lution with redshift; and measuring the total amount of neutral hydrogen ontained inquasar absorbers and studying how this varies with redshift. This thesis emphasizes theimpat of our new survey on these issues.1.4.2 Thesis OutlineThis thesis is organised as follows. In Chapter 2, we provide the details of theset-up for eah observational run, desribe the data redution and present the quasarspetra together with redshift and magnitude measurements. Chapter 3 presents on-tinuum �tting and ontinuum depression measurements of all our quasar spetra. Thesemeasurements are then ompared with the most reent simulations. The sample ofLyman-limit systems is introdued in Chapter 4 whih also inludes an analysis of theirnumber density and olumn density distribution. Damped Ly-� absorbers are presentedin Chapter 5 together with a study of their properties. Metal absorbers deteted in thequasar spetra are also listed. The osmologial neutral gas mass evolution and impli-ations of our results for theories of struture formation are detailed in Chapter 6. InChapter 7, the onlusions of this thesis are summarised and a brief disussion of theextension of this work to on-going and future projets is given.This work assumes H0 = 65 km s�1Mp�1, 
M = 0:3 and 
� = 0:7, althoughresults in other osmologies are also presented in order to enable omparison with pre-vious works.
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Chapter 2The z >� 4 Quasar Sample`La sou�rane est dans la solitude qui l'aompagne'Andr�e MalrauxThis Chapter details the observations of the 66 z >� 4 quasar studied in thisthesis whih were undertaken in four di�erent runs. All the observations were arried outduring two observing runs at the 4.2 m William Hershel telesope (WHT) of the IsaaNewton Group of telesopes in the Canary Islands (Setion 2.2.1) and two observing runsat the Blano 4 m telesope at the Cerro Tololo Inter-Amerian Observatory (CTIO)in Chile (Setion 2.2.2). Setion 2.3.1 gives details on the data redution proess andthe redued spetra are presented in Setion 2.3.2. The redshift and magnitude of eahobjet have been measured and are tabulated in Setion 2.4.2 and 2.4.3, respetively.Setion 2.5 gives details on individual quasar spetra.2.1 IntrodutionThis hapter presents the high signal-to-noise, � 5 �A resolution (FWHM) spetra of 66z >� 4 bright quasars obtained with the 4 m Cerro Tololo Inter-Amerian Observatoryand 4.2 m William Hershel telesopes 1. The primary goal of these observations was toundertake a new survey for intervening absorption systems deteted in the spetra ofbakground quasars. We look for both Lyman-Limit Systems (olumn densities NHI �1:6 � 1017 atoms m�2 - see Chapter 4) and Damped Ly� Systems (olumn densitiesNHI � 2� 1020 atoms m�2 - see Chapter 5). Ten of the quasars presented here exhibitintrinsi broad absorption lines (BAL).1This sample is based on observations obtained at the William Hershel Telesope whih is operatedon the island of La Palma by the Isaa Newton Group in the Spanish Observatorio del Roque de losMuhahos of the Instituto de Astro�sia de Canarias, on observations made at the Cerro Tololo Intra-Amerian Observatory whih is operated by the Assoiation of Universities for Researh in Astronomy,under a ooperative agreement with the National Siene Foundation as part of the National OptialAstronomy Observatories and on data obtained at the W.M. Kek Observatory, whih is operated as asienti� partnership among the California Institute of Tehnology, the University of California and theNational Aeronautis and Spae Administration. The Observatory was made possible by the generous�nanial support of the W.M. Kek Foundation.



30 CHAPTER 2. THE Z >� 4 QUASAR SAMPLEAny survey for quasar absorbers begins with a searh for bright quasars andso onstitutes an ambitious observational program. We observed sixty-six z >� 4 quasarsdisovered by various groups (Fan et al., 1999; Warren et al., 1991; Kenne�k et al.,1995a; Storrie-Lombardi et al., 1996; Zikgraf et al., 1997; Kenne�k et al., 1995b;Henry et al., 1994; Hook, prep; Hall et al., 1996) almost all of whih have not beenpreviously studied at suh resolution (� 5 �A) and signal-to-noise (ranging from 10{30).We obtained optial spetra at the 4.2 m William Hershel Telesope for the north-ern quasars and at the 4 m Cerro Tololo Inter-Amerian Observatory for the southernobjets. More information about z >� 4 quasars is available at the following URL:http://www.ast.am.a.uk/�quasars.2.2 ObservationsHigh signal-to-noise optial spetrophotometry was obtained overing approxi-mately 3500 �A to 9000 �A, the exat range depending on whih instrument was used forthe observations. A journal of the observations is presented in Table 2.2.1.2.2.1 WHT RunsThirty-one (inluding the mislassi�ed z=1.90 quasar PSS J0052+2405) quasarswere observed at the WHT during 1998 September 22-24 and 1999 Marh 18-19. The in-tegration times were typially 1800 { 3600 seonds. We used the ISIS double-spetrographwhih onsists of two independent arms fed via a dihroi allowing for blue and red ob-servations to be arried out simultaneously. Gratings with 158 lines mm�1 and a dihroito split the light at �5700 �A were used. This gives a dispersion of 2.89 �A pixel�1 in thered arm and 1.62 �A pixel�1 in the blue. The gratings were arranged so that the bluepart of the spetrum was entered on 4500 �A while the red was entered on 7000 �A. Onthe blue arm a thinned oated English Eletri Valve (EEV) 2048�4096 CCD with 13.5�m pixels was used as detetor. On the red arm a thinned oated Tektronix 1024�1024CCD with 24 �m pixels was used. All the narrow-slit observations were taken with aslit width of 1.2 { 1.5 arse while the wide-slit observations were arried out with a slitwidth of 5 { 7 arse. Blind-o�setting from bright � 15{17th magnitude stellar �duialswas used to position the quasars in the slit partly to save aquisition time and partly be-ause the majority of the quasars were not visible using the blue sensitive TV aquisitionsystem. Readout time was redued by windowing the CCDs in the spatial diretion.



2.2. OBSERVATIONS 31Table 1: Journal of ObservationsQuasar Telesope Observing Exp. Time Wide RefName Date B/Ra (ses) SlitPSS J0003+2730 WHT 1998 Sep 22 3600/3600 yes 1BR J0006�6208 CTIO 1998 Ot 14 3600 yes 3BR J0030�5129 CTIO 1998 Ot 15 3600 yes 3PSS J0034+1639 WHT 1998 Sep 22 3600/3600 yes 1SDSS J0035+0040 CTIO 1999 Ot 10 8100 yes 4PSS J0052+2405 WHT 1998 Sep 23 3600/3600 yes 2Q J0054�2742 CTIO 1999 Ot 12 2700 yes 5PSS J0106+2601 WHT 1998 Sep 24 3600/3600 yes 1PSS J0131+0633 CTIO 1999 Ot 12 3600 no 2PSS J0133+0400 CTIO 1999 Ot 12 3600 no 2PSS J0134+3307 WHT 1998 Sep 22 3600/3600 yes 1PSS J0137+2837 WHT 1998 Sep 24 5200/3600 yes 1PSS J0152+0735 WHT 1998 Sep 24 3600/3600 yes 1PSS J0207+0940 CTIO 1999 Ot 12 3600 no 2PSS J0209+0517 CTIO 1999 Ot 12 2400 no 2SDSS J0211�0009 CTIO 1999 Ot 10 8100 no 4BR J0234�1806 CTIO 1999 Ot 09 5400 yes 3PSS J0248+1802 WHT 1998 Sep 22 3600/3600 yes 6BR J0301�5537 CTIO 1998 Ot 16 3600 yes 3BR J0307�4945 CTIO 1998 Ot 14 5400 yes 3SDSS J0310�0014 CTIO 1999 Ot 9 9900 no 4BR J0311�1722 CTIO 1999 Ot 11 3600 yes 3PSS J0320+0208 CTIO 1999 Ot 12 3600 no 2BR J0324�2918 CTIO 1999 Ot 11 3600 yes 3BR J0334�1612 WHT 1998 Sep 23 2740/1650 no 3SDSS J0338+0021 Kek 1999 Feb 17 3000/3600 no 4BR J0355�3811 CTIO 1998 Ot 15 3600 yes 3BR J0403�1703 WHT 1999 Sep 19 1800/1800 no 7BR J0415�4357 CTIO 1998 Ot 16 5400 yes 3BR J0419�5716 CTIO 1998 Ot 14 3600 yes 3BR J0426�2202 CTIO 1999 Ot 11 3000 yes 3PMN J0525�3343 CTIO 1998 Ot 15 3600 yes 3BR J0529�3526 CTIO 1998 Ot 14 5400 yes 3BR J0529�3552 CTIO 1998 Ot 15 3600 yes 3BR J0714�6455 CTIO 1998 Ot 15 3600 yes 3PSS J0747+4434 WHT 1998 Sep 22 1800/1800 no 1RX J1028�0844 WHT 1999 Mar 19 2700/2700 yes 8PSS J1048+4407 WHT 1999 Mar 19 2700/2700 yes 9PSS J1057+4555 WHT 1999 Mar 19 1800/1800 yes 9PSS J1159+1337 WHT 1999 Mar 18 2700/2700 yes 1PSS J1253�0228 WHT 1999 Mar 18 2700/1800 yes 2BR J1310�1740 WHT 1999 Mar 19 2700/2700 yes 3BR J1330�2522 WHT 1999 Mar 19 2700/2700 yes 3FIRST J1410+3409 WHT 1999 Sep 19 2700/2700 yes 1



32 CHAPTER 2. THE Z >� 4 QUASAR SAMPLEPSS J1438+2538 WHT 1999 Mar 18 2700/2700 yes 9PSS J1456+2007 WHT 1999 Mar 18 2700/2700 yes 1BR J1603+0721 WHT 1999 Mar 19 2700/2700 yes 3PSS J1618+4125 WHT 1999 Mar 19 2700/2700 yes 1PSS J1633+1411 WHT 1999 Mar 19 1800/1800 yes 2PSS J1646+5514 WHT 1998 Sep 23 3600/3600 yes 1PSS J1721+3256 WHT 1998 Sep 24 1800/3600 yes 1RX J1759+6638 WHT 99/98 Mar 19/Sep 23 6300/6300 yes 10PSS J1802+5616 WHT 1999 Sep 14 1800 no 2BR J2017�4019 CTIO 1998 Ot 14 3600 no 3PSS J2122�0014 WHT 1998 Sep 22 3600/3600 no 1BR J2131�4429 CTIO 1998 Ot 16 1800 no 3PMN J2134�0419 CTIO 1999 Ot 12 5400 yes 11PSS J2154+0335 WHT 1999 Sep 14 1800 no 2PSS J2155+1358 CTIO 1999 Ot 10 3600 yes 2BR J2216�6714 CTIO 1999 Ot 09 3600 yes 3PSS J2241+1352 CTIO 1999 Ot 11 3600 yes 2DMS B2247�0209 WHT 1998 Sep 24 5400/3600 yes 12PSS J2315+0921 CTIO 1999 Ot 11 3600 yes 2BR J2317�4345 CTIO 1998 Ot 14 3600 yes 3BR J2328�4513 CTIO 1998 Ot 15 3600 yes 3PSS J2344+0342 CTIO 1999 Ot 11 3600 yes 2BR J2349�3712 CTIO 1999 Ot 09 3600 yes 3a For the quasars observed at the WHT the B/R designations give the exposure timesthrough the blue and red arms of the ISIS spetrograph.Notes:The quasar pre�xes indiation the following origin: BR = APM survey objets seletedby BJ-R olor exess; PSS = Seond Palomar Sky Survey; PMN = Parkes-MIT-NRAOradio-seleted objets; RX = X-ray seleted; SDSS = Sloan Digital Sky Survey; andDMS = Deep Multiolor Survey.Referenes:(1) Stern et al. 2000;(2) G. Djorgovski's www page at http://www.astro.alteh.edu/�george/z4.qsos;(3) Storrie-Lombardi et al. 2000;(4) Fan et al. 1999;(5) Warren, Hewett, & Osmer 1991;(6) Kenne�k et al. 1995a;(7) Storrie-Lombardi et al. 1996a;(8) Zikgraf et al. 1997;(9) Kenne�k et al. 1995b;(10) Henry et al. 1994;(11) Hook et al. in preparation;(12) Hall et al. 1996



2.3. THE DATA 332.2.2 CTIO RunsThirty-�ve quasars were observed at CTIO during 1998 Otober 14 { 16, and1999 Otober 9 { 12. The typial exposure time was 3600 seonds for the brighter objets(R� 18{19th mag) but substantially longer times were used for the fainter Sloan DigitalSky Survey quasars. We used the R-C spetrograph with the 316 lines mm�1 grating,entered at 6050 �A and overing the range 3000�A�� 9100�A. This set-up resulted in adispersion of 1.98 �A pixel�1. The detetor used was a Loral 3072� 1024 CCD detetor.The narrow and wide slit observations were taken with 1 { 1.5 arse and 5 arse widths,respetively. Beause of the substantial wavelength overage available with this set-upwe used a WG345 bloking �lter (with 50 % transmission at 3450 �A) to minimize theseond order ontamination from the standard stars above 7000 �A. The ontaminationis negligible for the quasars as most have no ux below 4500 �A but a�ets the standardstars that have substantial ux at 3500 �A. Appropriate measures, as disussed in thedata redution setion, have been taken so that this set-up does not modify the uxalibration at the red end of the spetra. Using two instrumental set-ups in order toompletely remove the seond order ontamination problem would have resulted in a60{80 % inrease in the required observing time.2.2.3 Kek ObservationThe observations of SDSS J0338+0022 were taken at the Kek Observatorywith the Low Resolution Imaging Spetrometer (LRIS) on 10 February 1999 with a 1".0wide slit and 400`/mm grating blazed at 8500 �A (spetral resolution 8.1 �A), and on 17February 1999 with a 1".5 wide slit, with both the 400`/mm grating blazed at 8500 �A(spetral resolution 12.3 �A), and with the 300`/mm grating blazed at 5000 �A (spetralresolution 17.3 �A). Seeing was 0".7� 0".9 FWHM on the �rst night, and 0".7� 1".0 onthe seond night; observations were made under dark, photometri onditions in eahinstane. A sequene of three exposures, shifted by 1000 along the slit, was taken in eahon�guration with the position angle of the slit set to the parallati angle for the middleexposure. This yielded net integrations of 3600 s (5542{9350 �A; 8.1 �A resolution; 1".0slit), 3600 s (5799{9609 �A; 12.4 �A resolution; 1".5 slit), and 3000 s (3673{8708 �A; 17.3�A resolution; 1".5 slit). A GG495 bloking �lter was used to suppress seond order bluelight. More observational details are given in Songaila et al. (1999).2.3 The Data2.3.1 Data RedutionThe data redution was undertaken using the IRAF 2 software pakage. Beause2IRAF is distributed by the National Optial Astronomy Observatories, whih are operated by the As-soiation of Universities for Researh in Astronomy, In., under ooperative agreement with the NationalSiene Foundation.



34 CHAPTER 2. THE Z >� 4 QUASAR SAMPLEthe bias frames for eah nights observations were so similar, a master `zero' frame foreah run was reated using the IMCOMBINE routine. The data were oversan-orreted,zero-orreted, and trimmed using CCDPROC. Similarly a single at-�eld frame wasprodued by taking the median of the Tungsten ats. The overall bakground variationaross this frame was removed to produe an image to orret for the pixel-to-pixelsensitivity variation of the data. The task APALL was used to extrat 1-D multi-spetrafrom the 2-D frames. The routine estimates the sky level by model �tting over spei�edregions on either side of the spetrum and uses optimal extration to proess the spetra(Horne, 1986).The WHT data were wavelength alibrated using CuAr and CuNe ars andmonitored using night sky lines. Figure 1 shows the wavelength alibrated sky lines inthe red arm region. Ars were taken at eah objet position for wavelength alibratingthe CTIO data. We used solely the sky lines to wavelength alibrate the Kek data 3. Thespetra were ux alibrated using observations taken of spetrophotometri standards.B-stars free of strong features in the red were observed at similar airmass in order toremove the e�ets of atmospheri absorption in the red-arm WHT spetra and the CTIOspetra (e.g. O2 A band at 7600 �A). The atmospheri absorption features seen in the B-star spetrum were isolated by interpolating between values on either side of the feature(see top panel of Figure 2). The original B-star spetrum was then divided by thisatmospheri-free spetrum to reate an atmospheri orretion spetrum (see bottompanel of Figure 2). Finally the objet spetra were divided by the saled orretionspetrum. In the ase of ISIS data the red and blue ends of the spetra were then joinedusing SCOMBINE. In all ases if a wide-slit observation was made (see Table 2.2.1), itwas used to orret the absolute ux levels for slit losses.As mentioned in the paragraph above, the quasar spetra observed using theR-C spetrograph at CTIO su�ered a gradual ux derement in the red end alibrationdue to the inlusion of the seond order ux from the standard stars. In order to orretfor this e�et, spetra of standard stars were taken with two di�erent bloking �lters(3450 �A and 5000 �A). The e�et of the �lter at wavelengths above 8000 �A ould thusbe determined and a orretion applied aordingly to the quasar spetra. In addition aquasar previously observed with the ISIS double-spetrograph on WHT was reobservedat CTIO and orreted as explained above. Comparing the two spetra reveals nosigni�ant di�erene and provides a suessful double hek on the method. In anyase the ux alibration of the red end of the spetra is relatively unimportant for themajority of the work undertaken here, namely the searh of quasar absorbers bluewardof the Ly-� emission.2.3.2 Quasar SpetraThe resulting spetra have a ontinuum signal-to-noise ratio ranging from �3see the following URL for more information:http://www.astro.alteh.edu/mirror/kek/realpubli/inst/lris/skylines.html
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Fig. 1.| WHT/ISIS red arm spetrum showing the wavelength alibrated sky lines.
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Fig. 2.| The top panel shows a B-star ux standard with atmospheri absorptionfeatures isolated by interpolating between values on either side of the feature. Thebottom panel shows the atmospheri orretion to applied to the quasar spetra.



2.3. THE DATA 3710 � 30 per pixel at 7000 �A. The uxed alibrated spetra in ergs m�2 s�1 Hz�1 (i.e.F�) are shown in Figure 1 (normalised spetra detailing the LLS region are shown inAppendix A). Ten of the quasars presented here exhibit intrinsi broad absorption lines(BAL). The feature in all of the CTIO spetra at 8900 �A is due to bad olumns in theCCD. In the 1999 run, the objets were moved along the slit between exposures so thee�ets of the bad olumns were spread over a slightly wider region of the spetrum.
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Fig. 3.| Fluxed spetra of all the observed quasars.
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50 CHAPTER 2. THE Z >� 4 QUASAR SAMPLE2.4 Redshift and Magnitude Measurements2.4.1 Redshift MeasurementsIn order to measure the redshifts, Gaussians were �t, if possible, to NV (restwavelength 1240.13 �A), OI (1304.46 �A), SiIV + OIV℄ (1400.0 �A) and CIV (1549.1 �A)emission lines. The redshift for eah line was determined from the entral wavelength(z = �observed=�emitted � 1). Ly� (rest wavelength 1215.67 �A) is almost 50 % absorbedby the Ly� forest, so that the blue edge of the emission line has been used for redshiftdetermination whenever possible. Some lines were impossible to �t and made the redshiftdetermination diÆult, espeially in the ase of the BALs. The redshift of eah emissionline, their average and the 1 � error are shown in Table 2.4.1. This error is representativeof the error in the �t, in wavelength alibration (estimated to be around 0.1 �A) and in thefat that the various speies are oming from di�erent physial regions of the quasar. Inpratie, this latter e�et is probably the dominant soure of di�erenes in the emissionline redshifts. In addition, we note that the redshifts derived from OI are generally higherthan the ones derived from CIV emission line, an e�et whih is observed at zem � 1but seems to disappear at zem � 1.
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2.4. REDSHIFT AND MAGNITUDE MEASUREMENTS 73Table 2: Quasar Redshift MeasurementsQuasar Ly� N V O I Si+O CIV Mean Note1216�A 1240�A 1304�A 1400�A 1549�A RedshiftaPSS J0003+2730 4.255 4.205 4.261 4.248 4.233 4.240�0.022BR J0006�6208 4.505 ... 4.471 ... 4.388 4.455 �.060BR J0030�5129 4.163 4.172 4.187 4.175 4.174 4.174 �.009PSS J0034+1639 4.309 ... 4.298 4.281 4.284 4.293 �.013SDSS J0035+0040 4.737 ... 4.758 ... 4.746 4.747 �.011PSS J0052+2405 ... ... ... ... ... 1.90 �0.05 BAL, bQ J0054�2742 4.464 ... ... ... ... 4.464 �.005 BALPSS J0106+2601 4.323 ... 4.332 4.303 4.276 4.309 �.025PSS J0131+0633 4.431 ... 4.430 4.405 4.402 4.417 �.015PSS J0133+0400 4.142 ... 4.172 4.156 4.148 4.154 �.013PSS J0134+3307 4.524 4.534 4.538 4.530 ... 4.532 �.006PSS J0137+2837 4.297 ... ... ... 4.220 4.258 �.054 BALPSS J0152+0735 4.042 ... 4.064 4.047 4.049 4.051 �.010PSS J0207+0940 4.132 ... ... 4.142 4.134 4.136 �.005 BALPSS J0209+0517 4.174 ... ... ... ... 4.174 �.007SDSS J0211�0009 4.874 ... ... ... ... 4.874 �.036BR J0234�1806 4.296 ... ... ... 4.307 4.301 �.008PSS J0248+1802 4.403 ... 4.440 4.428 4.418 4.422 �.016BR J0301�5537 4.146 ... ... 4.125 4.129 4.133 �.011BR J0307�4945 ... ... ... 4.738 4.717 4.728 �.015SDSS J0310�0014 4.645 4.701 ... 4.645 4.639 4.658 �.029BR J0311�1722 4.049 4.083 4.025 4.000 ... 4.039 �.036PSS J0320+0208 3.850 ... ... 3.837 3.833 3.840 �.009 BALBR J0324�2918 4.609 4.627 4.630 4.615 4.629 4.622 �.009BR J0334�1612 4.356 ... 4.383 4.364 4.350 4.363 �.014SDSS J0338+0021 5.010 ... ... ... ... 5.010 �.033BR J0355�3811 4.530 ... 4.567 4.549 4.533 4.545 �.017BR J0403�1703 4.220 4.231 4.232 ... 4.227 4.227 �.005BR J0415�4357 4.064 ... 4.075 4.069 4.072 4.070 �.005BR J0419�5716 4.473 ... 4.472 4.453 4.445 4.461 �.014BR J0426�2202 4.322 4.324 ... 4.319 4.314 4.320 �.005PMN J0525�3343 4.417 ... ... 4.384 4.349 4.383 �.034BR J0529�3526 4.411 ... 4.419 4.414 4.407 4.413 �.005BR J0529�3552 4.172 ... 4.181 4.167 4.167 4.172 �.006BR J0714�6455 4.483 ... 4.486 4.456 4.422 4.462 �.030PSS J0747+4434 4.424 4.434 4.442 4.423 4.427 4.430 �.008RX J1028�0844 4.235 4.317 ... ... ... 4.276 �.058PSS J1048+4407 4.422 ... ... 4.367 4.354 4.381 �.036 BALPSS J1057+4555 4.125 ... ... 4.114 4.109 4.116 �.008PSS J1159+1337 4.073 ... ... ... ... 4.073 �.014PSS J1253�0228 4.007 ... ... 4.027 3.988 4.007 �.019BR J1310�1740 4.201 ... ... 4.179 4.175 4.185 �.014
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BR J1330�2522 3.950 3.935 3.961 3.946 3.951 3.949 �.009FIRST J1410+3409 4.357 4.351 4.370 4.338 4.338 4.351 �.014PSS J1438+2538 4.275 ... ... 4.193 4.232 4.234 �.041 BALPSS J1456+2007 4.251 4.255 4.251 4.247 4.242 4.249 �.005BR J1603+0721 4.393 ... 4.404 ... 4.359 4.385 �.024PSS J1618+4125 4.212 ... 4.220 4.215 4.206 4.213 �.006PSS J1633+1411 4.354 ... ... 4.347 4.352 4.351 �.004PSS J1646+5514 4.071 ... 4.058 4.018 4.003 4.037 �.032PSS J1721+3256 4.034 ... 4.046 4.028 4.016 4.031 �.012RX J1759+6638 4.321 4.321 ... 4.318 4.318 4.320 �.002PSS J1802+5616 4.171 ... ... 4.146 ... 4.158 �.018BR J2017�4019 4.131 ... ... ... ... 4.131 �.013 BALPSS J2122�0014 4.156 ... ... 4.105 4.080 4.114 �.039BR J2131�4429 3.871 ... ... 3.816 3.814 3.834 �.032 BALPMN J2134�0419 4.330 4.344 ... 4.331 4.330 4.334 �.007PSS J2154+0335 4.360 ... 4.367 ... ... 4.363 �.005PSS J2155+1358 4.285 ... ... 4.269 4.216 4.256 �.036BR J2216�6714 4.494 ... ... 4.467 4.444 4.469 �.025PSS J2241+1352 4.419 ... 4.469 4.458 4.416 4.441 �.027DMS B2247�0209 4.378 ... ... 4.342 4.284 4.335 �.048 BALPSS J2315+0921 4.412 ... ... ... ... 4.412 �.041 BALBR J2317�4345 3.949 ... ... 3.931 3.950 3.943 �.010BR J2328�4513 4.366 ... ... 4.361 4.349 4.359 �.009PSS J2344+0342 ... ... ... ... 4.239 4.239 �.052BR J2349�3712 4.221 4.169 4.231 ... 4.211 4.208 �.028median rest-frame 0.002 0.003 -0.001 -0.002 0.001omposite spetruma The error estimate is �pn .b This objet was originally in the PSS web page as a high redshift objet. It has sinebeen removed from that list. Our spetrum shows that it is a broad absorption linequasar at z=1.9.Notes:BAL: These quasars exhibit broad absorption line harateristis.



2.4. REDSHIFT AND MAGNITUDE MEASUREMENTS 75To provide an internal hek on our redshift determinations we used the medianomposite spetrum of our quasar survey (Figure ?? of Chapter 3). Measuring thewavelength of the emission lines of the median omposite spetrum provides an estimateof any systemati bias in the redshift measurements whih in our ase proves to beabout z=�0.001 (see last row of Table 2.4.1) and allows any shift in quasar redshifts tobe heked by ross-orrelation.2.4.2 Magnitude MeasurementsTable 2.4.2 summarizes the photometri and spetrosopi magnitudes for eahobjet. The photometri magnitudes were measured from the UKST and POSS1 platessanned using the APM faility. The spetrosopi magnitudes are derived from thespetra themselves using the IRAF task CALCPHOT and the \R59" (OR) or \R63"(R) �lter urves for the quasars magnitudes from the UKST survey and the \e" �lterurve for quasar magnitudes from the POSS1 survey. These transmission urves areshown on Figure 5 overplotted on the z=4.172 BR J0529�3552 quasar spetrum.
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Fig. 4.| Normalised spetrum of a quasar, showing the main emission lines. Ly-�, NV,OI and CIV have been used whenever possible in order to determine the redshift of thequasars presented in this hapter (Shields et al., 1997).



2.4. REDSHIFT AND MAGNITUDE MEASUREMENTS 77Table 3: Quasar Magnitude MeasurementsQuasars Ra Rb Filter NotesAPMPSS J0003+2730 18.3 17.8 eBR J0006�6208 18.3 19.2 R59BR J0030�5129 18.6 18.6 R59PSS J0034+1639 18.0 17.8 eSDSS J0035+0040 ... 21.3 ePSS J0052+2405 17.4 17.4 e BALQ J0054�2742 19.8 19.8 R59 BALPSS J0106+2601 18.5 18.3 ePSS J0131+0633 ... 19.1 e NCPSS J0133+0400 18.3 18.0 e NCPSS J0134+3307 19.9 18.9 ePSS J0137+2837 18.3 18.6 e BALPSS J0152+0735 18.7 18.0 ePSS J0207+0940 18.7 19.2 e BAL, NCPSS J0209+0517 17.8 17.8 e NCSDSS J0211�0009 ... 21.5 e NCBR J0234�1806 18.8 19.2 R59PSS J0248+1802 17.7 17.6 eBR J0301�5537 19.0 18.9 R59BR J0307�4945 18.8 18.8 R59SDSS J0310�0014 20.7 21.0 R59 NCBR J0311�1722 17.7 18.0 R59PSS J0320+0208 18.5 18.5 e BAL, NCBR J0324�2918 18.7 18.6 R59BR J0334�1612 17.9 19.2 R59 NCSDSS J0338+0021 ... 21.5 R63 NCBR J0355�3811 17.9 18.2 R59BR J0403�1703 18.7 19.3 R63 NCBR J0415�4357 18.8 18.9 R59BR J0419�5716 17.8 18.7 R59BR J0426�2202 17.9 18.0 R59PMN J0525�3343 18.4 18.7 R59BR J0529�3526 18.9 19.0 R59BR J0529�3552 18.3 18.5 R59BR J0714�6455 18.3 18.2 R59PSS J0747+4434 18.4 19.2 e NCRX J1028�0844 18.8 19.1 R59PSS J1048+4407 19.6 20.1 e BALPSS J1057+4555 16.5 17.0 ePSS J1159+1337 17.1 17.1 ePSS J1253�0228 18.8 18.7 R59BR J1310�1740 19.5 19.2 R59
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BR J1330�2522 18.5 18.8 R59FIRST J1410+3409 19.9 20.7 ePSS J1438+2538 19.3 18.6 e BALPSS J1456+2007 18.2 18.7 eBR J1603+0721 19.3 19.4 ePSS J1618+4125 18.5 19.0 ePSS J1633+1411 18.7 18.2 ePSS J1646+5514 17.1 16.5 ePSS J1721+3256 18.8 18.1 eRX J1759+6638 19.1 19.8 ePSS J1802+5616 18.3 19.2 e NCBR J2017�4019 18.6 18.2 R59 BAL, NCPSS J2122�0014 20.3 19.0 R59 NCBR J2131�4429 18.3 18.4 R59 BAL, NCPMN J2134�0419 20.0 19.2 R59PSS J2154+0335 19.0 18.6 e NCPSS J2155+1358 18.0 17.9 eBR J2216�6714 18.6 18.6 R59PSS J2241+1352 19.1 19.3 eDMS B2247�0209 19.8 19.0 R63 BALPSS J2315+0921 19.2 19.5 e BALBR J2317�4345 19.0 18.5 R59BR J2328�4513 19.2 19.1 R59PSS J2344+0342 18.2 18.6 eBR J2349�3712 18.7 18.7 R59a The R magnitude from the photographi plates as measured by the APM. If no mag-nitudes are spei�ed in this olumn, the quasar is not deteted on the APM plates. Theunertainties in these magnitudes are estimated to be �0:25.b The R magnitude measured from the spetra as desribed in the text. The unertain-ties in these magnitudes are estimated to be �0:1. R59 and R63 are UKST �lters while e is the POSS1 �lter.Notes:The NC in the notes olumn means that the spetrum has not been orreted for slitlosses. The BAL designation means the quasar exhibits broad absorption lines.



2.5. NOTES ON INDIVIDUAL OBJECTS 79The error on the spetrosopi measurements is estimated to be +/- 0.1 mag andthe error on the APM R magnitude is +/-0.25 mag. The satter between spetrosopiand APM magnitude measurements is illustrated by Figure 6 whih on the one handemphasizes the two di�erent surveys and on the other hand shows the BAL objets andspetra not orreted for slit losts. Finally, Hook et al. (1994) have shown that optiallyseleted quasars vary, whih might explain in part the satter observed in these plots.2.5 Notes on Individual Objets1. PSS J0003+2730 (z=4.240): This quasar has two weak Ly� absorbers at z=3.51and 3.89. Neither has an estimated olumn density greater than 1020:3 atoms m�2,but metal lines assoiated with both absorbers have been deteted.2. BR J0006�6208 (z=4.455): This quasar has weak emission lines but a rih absorp-tion spetrum. There are four andidate damped absorbers at z=2.97, 3.20, 3.78and 4.14. The highest redshift is a weak andidate but the other three all havehigh estimated olumn densities. All the andidates have at least one assoiatedmetal absorption line. In addition, there is a MgII absorption system at z=1.958.3. BR J0030�5129 (z=4.174): This quasar has one andidate damped absorber atz=2.45 with three assoiated FeII lines.4. PSS J0034+1639 (z=4.293): This quasar has two damped Ly� andidate absorbers.The �rst is at z=3.75 and the estimated olumn density of log NHI = 20.2 fallsjust below the formal de�nition of DLAs. Assoiated SiII and CIV metal lines aredeteted. The seond damped system is at z=4.26 whih is within 3000 km s�1of the emission redshift of the quasar (z=4.293) so it will not be inluded as anintervening absorber in the statistial samples used in determining the neutral gasmass. However it is of interest beause this is the �rst damped system detetedat a redshift greater than 4 with a olumn density log NHI > 21. We estimate theolumn density for this system at log NHI = 21.1 and deteted assoiated metalslines of SiII, OI, CII, SiIV, CIV, and FeII in the range z=4.252-4.282.5. SDSS J0035+0040 (z=4.747): We detet no damped Ly� andidates in this spe-trum. This is one of the lower signal-to-noise spetra in our sample due to thefaintness of the quasar (R=21.3) but we would have been able to detet a DLAwith a olumn density log NHI � 20:3 over the redshift range 3.309 < z < 4.690.6. PSS J0052+2405 (z=1.90): This is a broad absorption lines quasar at z=1.9. Weobserved it beause the oordinates were originally in the list of PSS z > 4 quasarsavailable at their www site 4. It has sine been removed from that list.4http://www.astro.alteh.edu/�george/z4.quasars
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Fig. 5.| Filters used in various surveys. The R �lters used for the photographiplates sanned with the APM faility are overplotted on the spetrum of z=4.172 BRJ0529�3552. The \e" �lter was used for the POSS1 survey and the \R59" (R) and\R63" (OR) were used for the UKST survey.
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Fig. 6.| APM versus spetral magnitudes. Top panel emphasizes the two di�erentsurveys while the bottom panel shows the BAL objets and spetra not orreted for slitlost.



82 CHAPTER 2. THE Z >� 4 QUASAR SAMPLE7. Q J0054�2742 (z=4.464): This quasar exhibits broad absorption lines. The spe-trum is not used in our absorption line survey.8. PSS J0106+2601 (z=4.309): This quasar has a strong andidate damped absorberat z=3.96 with assoiated metal lines.9. PSS J0131+0633 (z=4.417): This quasar has two very weak andidate dampedabsorbers at z=3.17 and 3.69. CIV is also deteted at z=3.69.10. PSS J0133+0400 (z=4.154): This spetrum has four andidate damped absorbers.The absorbers at z=3.69 and 3.77 have estimated olumn densities above the formalde�nition of DLA (NHI � 1020:3 atoms m�2) and the absorbers at z=3.08 and4.00 are below that threshold. Assoiated metal lines are deteted for all of theandidate DLAs.11. PSS J0134+3307 (z=4.532): The quasar has a DLA at z=3.76 with assoiatedmetal lines.12. PSS J0137+2837 (z=4.258): This quasar exhibits broad absorption lines. Thespetrum is not used in our absorption line survey.13. PSS J0152+0735 (z=4.051): This quasar has an exellent DLA andidate at z=3.84with assoiated metal lines, whih is also deteted as a Lyman limit system.14. PSS J0207+0940 (z=4.136): This quasar exhibits strong intrinsi absorption fea-tures. The spetrum is not used in our absorption line survey.15. PSS J0209+0517 (z=4.174): This quasar has weak emission lines but exhibitstwo DLA andidates at z=3.66 and 3.86. Both have assoiated metal absorptionfeatures.16. SDSS J0211�0009 (z=4.874): We detet one weak andidate DLA in this quasarat z=4.64. SiII is also deteted at that redshift.17. BR J0234�1806 (z=4.301): This quasar shows one weak absorption andidate atz=3.69 with assoiated metal lines.18. PSS J0248+1802 (z=4.422): This spetrum shows no DLA andidates.19. BR J0301�5537 (z=4.133): This quasar shows three DLA andidates at z=3.22,3.38, and 3.71. All have assoiated metal lines but the two higher redshift andi-dates have estimated olumn densities below 2� 1020 atoms m�2.20. BR J0307�4945 (z=4.728): The spetrum shows the highest redshift damped ab-sorber urrently known at z=4.46 with an estimated olumn density of log NHI =20.8. Assoiated metal lines of SiII, OI, CII, SiIV, CIV, FeII, and AlII are alsodeteted at this redshift. The spetrum is shown in Figure 7. This objet has beenobserved at high-resolution with the UV-Visual Ehelle Spetrograph on VLT-2



2.5. NOTES ON INDIVIDUAL OBJECTS 83and the metalliity of the DLA is derived (Dessauges-Zavadsky et al., 2001). Thehigh metalliity , � 1=90 solar, sjows that this very young absorber(� 1:3 Gyr)has already experiened a signi�ant metal enrihment. The [O/Si℄ ratio is nearlysolar suggesting a limited amount of dust, the relative [Si, O/Fe℄ abundane ratiosshow a similar enhanement as observed in the Milky Way stars with omparablemetalliities, and the [N/O℄ ratio is very low. All these results point to an enrih-ment pattern dominated by Tupe II supernovae whih suggests a Milky Way tupeevolutionary model.21. SDSS J0310�0014 (z=4.658): This quasar shows two andidate DLAs at z=3.42and 4.34. The lower redshift system has an estimated olumn density above theDLA threshold. An assoiated Al II line is deteted at z=3.424 but no metal linesassoiated with the higher redshift andidate are deteted .22. BR J0311�1722 (z=4.039): This quasar has a weak DLA andidate at z=3.73whih is also deteted as a Lyman-limit system. Assoiated metal lines are alsodeteted.23. PSS J0320+0208 (z=3.840): This quasar exhibits broad absorption lines. Thespetrum is not used in our absorption line survey.24. BR J0324�2918 (z=4.622): No DLA andidates are deteted in this spetrum.25. BR J0334�1612 (z=4.363): A DLA andidate at z=3.56 with assoiated SiII isdeteted in this quasar. This andidate has previously been deteted (Storrie-Lombardi & Wolfe 2000) with a lower estimated olumn density (log NHI=20.6)than we measure .26. SDSS J0338+0021 (z=5.010): This quasar has one DLA andidate at z=4.06 withassoiated metals deteted.27. BR J0355�3811 (z=4.545): No DLA andidates are deteted in this spetrum.There is a Mg II absorber at z=2.228.28. BR J0403�1703 (z=4.227): No DLA andidates are deteted. No metal lines ouldbe identi�ed in this spetrum.29. BR J0415�4357 (z=4.070): A weak DLA andidate with assoiated metal lines isdeteted at z=3.81.30. BR J0419�5716 (z=4.461): Three weak DLA andidates are deteted just abovethe Lyman-limit edge in this spetrum at z=2.82, 2.90, and 2.98. One assoiatedmetal line is deteted from eah of the two lower redshift systems.31. BR J0426�2202 (z=4.320): A very high olumn density andidate (log NHI=21.1)is deteted at z=2.98 with assoiated Al II.



84 CHAPTER 2. THE Z >� 4 QUASAR SAMPLE32. PMN J0525�3343 (z=4.383): No DLA andidates are deteted in this spetrum.Two Mg II absorbers are deteted at z=1.570 and 2.006.33. BR J0529�3526 (z=4.413): A weak DLA andidate with assoiated metal lines isdeteted at z=3.57.34. BR J0529�3552 (z=4.172): A `doublet' of weak DLA andidates is deteted atz=3.68 and 3.70. No assoiated metals are deteted at these redshifts.35. BR J0714�6455 (z=4.462): No DLA andidates are deteted in this spetrum.36. PSS J0747+4434 (z=4.430): Two DLA andidates are deteted at z=3.76 and 4.02.The higher redshift system also has assoiated metal lines.37. RX J1028�0844 (z=4.276): Two weak DLA andidates with assoiated metals aredeteted at z=3.42 and 4.05.38. PSS J1048+4407 (z=4.381): This quasar exhibits broad absorption lines. Thespetrum is not used in our absorption line survey.39. PSS J1057+4555 (z=4.116): Three DLA andidates are deteted at z=2.90, 3.05,and 3.32. The andidate absorber at z=3.32 has been on�rmed as damped in ahigher resolution spetrum. It has a redshift of z=3.3172 and a olumn densitylog NHI=20.34 (Lu, Sargent & Barlow 1998). The estimated olumn density (logNHI=20.3) for the z=3.05 is idential to the estimate reported in Storrie-Lombardi& Wolfe (2000).40. PSS J1159+1337 (z=4.073): This quasar has a DLA andidate at z=3.72 withseveral assoiated metal lines.41. PSS J1253�0228 (z=4.007): This quasar has two andidate damped absorbers.One absorber at z=2.78 has a very high estimated olumn density (log NHI=21.4)and an assoiated Al II line is deteted. This is the highest olumn density absorberin our survey. Another absorber at z=3.60 is highly unlikely to be damped, withan estimated olumn density of log NHI=19.7, but does have several assoiatedmetal lines.42. BR J1310�1740 (z=4.185): This quasar has a weak damped andidate at z=3.43.Assoiated metal lines are also deteted at this redshift.43. BR J1330�2522 (z=3.949): This quasar has two weak DLA andidates at z=2.91and 3.08. The higher redshift system has assoiated metal lines.44. FIRST J1410+3409 (z=4.351): There is a weak andidate damped absorber atz=3.43 with no assoiated metal lines. In this spetrum the redshift path surveyedfor damped absorbers is not ontinuous due to a large noise spike in the forest atz�3.59.



2.5. NOTES ON INDIVIDUAL OBJECTS 8545. PSS J1438+2538 (z=4.234): This quasar exhibits broad absorption lines. Thespetrum is not used in our absorption line survey.46. PSS J1456+2007 (z=4.249): There are two weak DLA andidates at z= 3.22 and4.16. The lower redshift system also has assoiated metal lines.47. BR J1603+0721 (z=4.385): No DLA andidates are deteted in this spetrum.48. PSS J1618+4125 (z=4.213): There is a DLA andidate at z=3.92 with assoiatedmetal lines.49. PSS J1633+1411 (z=4.351): There is a weak DLA andidate at z=3.90 with asso-iated metal lines.50. PSS J1646+5514 (z=4.037): No DLA andidates are deteted in this spetrum.51. PSS J1721+3256 (z=4.031): No DLA andidates are deteted in this spetrum.52. RX J1759+6638 (z=4.320): There is a DLA andidate at z=3.40 with assoiatedmetal lines.53. PSS J1802+5616 (z=4.158): There are four damped absorber andidates detetedin this spetrum at z=3.39, 3.56, 3.76, and 3.80. Only the absorber at z=3.76 has anestimated olumn density above the formal de�nition of DLA (NHI � 1020:3 atomsm�2). Assoiated metal lines are deteted for the z=3.39 and 3.80 absorbers.54. BR J2017�4019 (z=4.131): This quasar exhibits strong intrinsi absorption atthe quasar emission redshift. The CIV and SiIV emission lines are ompletelyabsorbed. The spetrum is not used in our absorption line survey.55. PSS J2122�0014 (z=4.114): This spetrum shows two DLA andidates at z=3.20and 4.00. We estimate the olumn density of the lower redshift system to be logNHI=20.3, but this may be an overestimating as the Ly� line at z=3.20 is at thesame position as the Ly� line at z=4.00. Assoiated metal lines are deteted forboth absorption systems.56. BR J2131�4429 (z=3.834): This quasar exhibits broad absorption lines. Thespetrum is not used in our absorption line survey.57. PMN J2134�0419 (z=4.334): This quasar has one weak DLA andidate at z=3.27with assoiated metal lines.58. PSS J2154+0335 (z=4.363): This quasar has two DLA andidates at z=3.61 and3.79. Metal lines are deteted for both, but only the lower redshift system has anestimated olumn density above 2� 1020 atoms m�2.59. PSS J2155+1358 (z=4.256): This quasar has a very high olumn density (log NHI= 21.1) DLA andidate at z=3.32. Assoiated metal lines are also deteted at thisredshift.



86 CHAPTER 2. THE Z >� 4 QUASAR SAMPLE60. BR J2216�6714 (z=4.469): This quasar has three weak DLA andidates at z=3.27,4.28, and 4.32. At least one assoiated metal line has been deteted for eah.61. PSS J2241+1352 (z=4.441): This quasar has two DLA andidates at z=3.65 and4.28. The lower redshift system has an estimated olumn density below the formalde�nition of DLA (NHI � 1020:3 atoms m�2). Both have assoiated metal lines.62. DMS B2247�0209 (z=4.335): This quasar exhibits broad absorption lines. Thespetrum is not used in our absorption line survey.63. PSS J2315+0921 (z=4.412): This quasar exhibits strong intrinsi absorption at thequasar emission redshift. The CIV and SiIV emission lines are almost ompletelyabsorbed. It is similar in harater to the spetrum of BR J2017�4019. Thespetrum is not used in our absorption line survey.64. BR J2317�4345 (z=3.943): This quasar has a strong DLA andidate at z=3.49with assoiated metal lines.65. BR J2328�4513 (z=4.359): There is a weak DLA andidate at z=3.04. SiII isdeteted at this redshift but may be blended with CIV at z=3.719.66. PSS J2344+0342 (z=4.239): There are two very high olumn density DLA andi-dates at z=2.68 and 3.21. Both have assoiated metal lines.67. BR J2349�3712 (z=4.208): There is a weak DLA andidate at z=3.69 with asso-iated SiII.2.6 SummaryIn this Chapter, we have presented the spetra of sixty-six z >� 4 bright quasarswith � 5 �A resolution (FWHM) and signal-to-noise ratio ranging from 10 to 30. We em-phasize the observational set up and data redution proesses for the whole sample. Theuxed spetra are presented as well as redshift and observed magnitude measurementsfor individual objets. We also provide a detailed desription of the harateristis ofthe eah quasar studied.These observations form the basis for the analysis in subsequent hapters. Thenext Chapter onentrates on the properties of the quasars themselves. We will thensearh for and analyse the statistial properties of the Lyman-limit systems (Chapter4) and the Damped Ly� absorbers (Chapter 5). The spae density and olumn densityevolution of these systems will be omputed and the high-olumn density systems willalso be used to measure the neutral hydrogen ontent of the Universe over a large redshiftrange, thus probing the formation epoh of these objets and traing the gas from whihstars form (Chapter 6). Analysed in onjuntion with previous studies, our new surveyprovide enough data to help draw statistially signi�ant onlusions on these issues athigh redshift.
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Chapter 3Quasar Continua`Les miroirs feraient bien de r�e�ehir davantage'Jean CoteauIn the �rst part, this Chapter desribes the �tting of the ontinua of the quasarspresented in Chapter 2. The grounds for using a power-law �t are introdued in Setion3.1.1. Following the Storrie-Lombardi (1994) methodology, a tehnique for the deter-mination of the spetral indies of quasars is desribed (Setion 3.1.2). The �rst steponsists of building a quasar omposite spetrum haraterising a given survey. Suh aomposite spetrum is onstruted for the quasar sample presented in Chapter 2 and theresulting median omposite spetrum is ompared with those from other large quasarsurveys. The seond step of the �tting tehnique is then detailed and measurement ofontinuum slopes are listed in Setion 3.1.3. Setion 3.1.4 presents the analysis of ourmeasurements together with further omparisons with previous work.In the seond part of this Chapter (Setion 3.2), the slope indies previouslymeasured are orrelated with the presene of an absorber in the quasar spetrum withthe aim to detet dust in high olumn density quasar absorbers (see Chapter 5).In the last part of this Chapter (Setion 3.3), the ontinuum depression param-eter are introdued. Measurements are undertaken on the sample of quasars presentedin Chapter 2 (Setion 3.3.3) and a detailed analysis is provided. Again, our results areompared with previous surveys as well as theoretial preditions from various models.3.1 Quasar Continuum Fitting3.1.1 IntrodutionThe quasar/AGN ontinuum has been observed from at least � 108 Hz in the ra-dio region to � 1027 Hz, the latter orresponding to extremely high energy -ray photons.This vast range spans many di�erent physial proesses but still the quasar ontinuuman be reasonably well represented by a simple power law over limited frequeny ranges.



88 CHAPTER 3. QUASAR CONTINUAIt is ustomary to determine the quasars' ontinua interatively by �tting apower law. This �t an be interhangeably expressed in frequeny, � (in Hertz) or inwavelength � (in Angstroms): F (�) / ��� (3.1)where the slope, �, is a onstant typially lying in the range 0{1 (Franis,1993b). Sine � an be diretly related to � using:� � =  (3.2)and hene: d�d� = ��2 (3.3)Beause: F (�) = F (�) ����d�d� ���� (3.4)then: F (�) / �2�� / ���2 (3.5)and F (�) / ��� / �� (3.6)Sine � � 1 in quasars, F (�) versus � generally shows a slightly dereasingontinuum with inreasing wavelength while F (�) versus � shows a inreasing ontinuumwith inreasing wavelength. For the z >� 4 quasar spetra presented in this thesis, F (�)versus � is typially of the order of 10�16 ergs m�2 s�1 �A�1, while F (�) versus � is ofthe order of 10�27 ergs m�2 s�1 Hz�1 and the power law slope, �, is typially � 0:60.In addition to the observed power law, the polarisation found at some wave-lengths and the ompat sizes of the emitting regions dedued from the observed variabil-ity, are in favour of the argument for the ontinuum radiation originating in non-thermalproesses suh as synhrotron radiation and Compton sattering. Nevertheless, moredetailed observations seem to indiate that the physial proesses involved are omplexand vary from one quasar type to another.3.1.2 MethodologyIn order to �t the quasar ontinuum of our spetra, we used a method devel-oped by Storrie-Lombardi (1994). The �rst step of this tehnique onsists in building aomposite spetrum representative of a given quasar survey. Then a di�erential �ttingtehnique is applied. We also ompare our results with other large quasar surveys thusallowing for the haraterisation of the general properties of eah sample.



3.1. QUASAR CONTINUUM FITTING 89Building a Composite SpetrumSeveral quasar survey omposite spetra have been produed in the past. Com-posite spetra provide a valuable referene partiularly for the detetion of weak emissionlines whih would not been deteted otherwise, for the alulation of k-orretions foruse in studies of the evolution of the quasar population, and as in the present ase, forthe derivation of the form of the underlying ontinuum.In addition, omposite spetra provide the �rst step in the modelling and las-si�ation of quasar spetra. For example, Franis et al. (1992) have developed a model-�tting approah to the analysis of the individual quasar spetra in order to extrat theparameters desribing the rest-frame ultraviolet and optial spetra of the sample. Theyshow these an be extrated in an automated, well-de�ned and homogeneous fashionand applied the statistial tehnique of prinipal omponent analysis (hereafter PCA)diretly to a sample of quasar ultraviolet spetra taken from the Large Bright QuasarSurvey. Interestingly, Franis et al. (1992) �nd that the �rst three prinipal omponentsobtained from the PCA aount for � 75% of the quasar sample intrinsi variane. Theyalso observe a strong orrelation between the ontinum of the quasar and the equiva-lent widths of the emission lines in their quasar sample (Franis, 1993a), the so-alled\Baldwin-e�et" (Baldwin, 1977).Here, the median omposite quasar spetrum of our survey is onstruted fol-lowing the method detailed by Franis & Koratkar (1995): eah non-BAL spetrum, withenough wavelength overage, was orreted to its rest-frame and saled suh that themedian of the ux in a region free from emission lines (1420-1470 �A) is unity. The spetrawere then rebinned into �xed 0.5 �A bins (i.e. similar to the resolution in the observedframe) and the median of the ux in eah bin was alulated to produe the spetrumin Figure 1. Figure 2 shows the same omposite spetrum but with all individual pointsplotted, showing the range of spetral variation.Comparison with Other SurveysA omposite spetrum emphasises the haraeristis of a given survey. Foromparison, this setion presents omposite spetra from several large surveys. Figure 3shows the omposite spetra from the Large Bright Quasar Survey [LBQS℄ (Franiset al., 1991), the radio FIRST Bright Quasar Survey [FBQS℄ (Brotherton et al., 2001)and from the most reent Sloan Digital Sky Survey [SDSS℄ (Vanden Berk et al., 2001).The strength of the Lyman-� line and some of the narrow emission lines in the FBQSomposite are stronger than for the other omposites. The di�erene is probably dueto the fat that the FBQS sample is entirely radio seleted, and there is a orrelationbetween line strengths and radio loudness. Otherwise, the relative uxes are similar forthe lines in ommon among the various omposites.The ontinuum slope hanges abruptly near 5000 �A and beomes steeper withan index of � = 2:45, whih is a good �t up to the red end of the spetrum (8555 �A).This hange is also evident in the FBQS omposite. An upturn in the spetral energy
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Fig. 1.| F (�) median omposite spetrum onstruted by orreting eah of the non-BAL spetra with enough wavelength overage to rest frame and normalizing the uxover a region free of emission features (1420-1470 �A).

Fig. 2.| F (�) omposite spetrum where all individual points are plotted, showing therange of spetral variation. As in Figure 1, this is onstruted by orreting eah of thenon-BAL spetra with enough wavelength overage to rest frame and normalizing theux over a region free of emission features (1420-1470 �A).
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Fig. 3.| Comparison of the SDSS median quasar omposite spetrum (solid) with theLBQS (dotted) and FBQS (dashed) omposites. The spetra are saled to the sameaverage ux density between 3020 and 3100�A. Several major emission lines are labeledfor referene (Franis et al., 1991; Brotherton et al., 2001; Vanden Berk et al., 2001).

Fig. 4.| Median omposite spetrum for various surveys. This is onstruted as inFigure 1. The 1st APM survey is shown with a solid line (blak line), the SSB data setis the dashed line (top line) and SSG is dashed-dot-dashed (grey line).



92 CHAPTER 3. QUASAR CONTINUAdistribution of quasars { the so-alled near-infrared inetion, presumably aused byemission from hot dust { has been seen starting between 0:7 and 1:5�m. This may bein part what we are seeing at wavelengths beyond � 5000�A, but it is unlikely that thesublimation temperature of dust would be high enough for the emission to extend towavelengths below 6000�A.Another possible ontributor to the long wavelength steepening is ontamina-tion from the host galaxies. The best evidene for the ontribution of host galaxy lightis the presene of stellar absorption lines in the omposite spetra. The lines beomestronger as the redshift, and equivalently, luminosity, distributions of the quasar sampleare lowered. The trend of a greater ontribution from starlight with inreasing wave-length is expeted beause the least luminous quasars, in whih the relative host galaxylight is presumably most important, ontribute the majority of spetra to the ompositeat longer wavelengths. It thus seem that both stellar light from the host galaxies and areal hange in the quasar ontinuum ause the steepening of the spetral index beyond5000�A. Figure 4 displays the omposite spetra of three di�erent optial surveys. The1st APM survey (whose tehnique and seletion riteria are similar to the sample pre-sented in this thesis) was performed by Storrie-Lombardi et al. (1996). It is omposed of31 quasars with z � 4, �ve of whih exhibit Broad Absorption Lines (BAL). Sargent et al.(1989) (hereafter SSB) observed 59 quasars within in the redshift range 2:75 � z � 4:11but the spetra only over the wavelength range 3150-7000 �A, therefore some of thehighest redshift objets in the sample are negleted as they do not have suÆient redwavelength overage. This makes up a total sample of 46 non-BAL quasar overing theredshift range 2:7 � z � 3:7. The other survey was undertaken by Shneider et al.(1991) (hereafter SSG) making up a sample of 31 non-BAL quasars in the redshift range3 � z � 5. It an be seen on Figure 4 that the absorption aross the Lyman-� forest ismore pronouned in the omposite spetra of the 1st APM and SSG surveys whih areomposed from higher redshift quasars than in the SSB sample.Di�erential Continuum Slope FittingIn order to �t the quasar ontinuum of our spetra, we use the method developedby Storrie-Lombardi (1994): a �t was done for the quasar survey median spetrum andthen the individual di�erenes from this referene spetrum were measured for eahobjet. In addition, Storrie-Lombardi (1994) noted that di�erent ux units (F (�) versusF (�), see x3.1.1) emphasise di�erent part of the ontinuum. We thus hoose to �t thespetra in log-log spae so as not to be a�eted by this phenomenon.Individual quasar spetrum with ontinuum slope �i are orreted to rest-frameand logarithmially substrated from the sample omposite spetrum with slope �ref us-ing IRAF task SARITH. Power laws are interatively �tted to the resulting \di�erene"spetra with slope �diff using the CONTINUUM task in IRAF. The slope of the \dif-ferene" ontinuum �t is alulated and added to the slope of the referene spetrum for



3.1. QUASAR CONTINUUM FITTING 93the given quasar sample. The value of slope of the original spetrum �i is then reovered:Fi(�) / ���i / ��i (3.7)and: Fref (�) / ���ref / ��ref (3.8)The \di�erene" spetrum an be written as:Fdiff(�) = Fi(�)Fref (�) (3.9)and hene: logFdiff (�) = �diff log � = (�i � �ref )� log � (3.10)and thus: �i = �diff + �ref (3.11)Comparison of the results from diretly �tting the quasar spetra and under-taking this \di�erene �tting" Storrie-Lombardi (1994) demonstrated that the later teh-nique is more robust, leading to a smaller satter in the measured individual � slopes.3.1.3 MeasurementsFollowing the tehnique desribed above, we have undertaken measurement ofthe quasar ontinuum slopes of the objets presented in Chapter 1. Table 3.1.3 liststhe \di�erene ontinuum slopes" �diff and ontinuum slopes �i measured for all thenon-BAL quasars with enough red ontinuum. This makes up a sample of 52 objetswith zem >� 4. At �rst, quasar spetra were divided into two ategories aording to theiremission line strengths and independant omposite spetra were built, but as noted inStorrie-Lombardi (1994), we found very little di�erene in the two sub-groups and thusonly the measurements based on one general omposite quasar spetrum are reportedhere. We found that the referene spetrum for our sample (shown in Figure 1) hasa slope �ref = 0:56. The mean value of slopes measured is � = 0:81 with a satter,� = 0:48, with values of �i ranging from 0:00 to 1:93. The di�erene between the\median" template and the average slope might arises beause obviously the referenespetrum annot be �tted using our \di�erene" method and those the spetral indexmeasurement is less robust.3.1.4 Analysis
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Table 1: Continuum slope (�) measurements of the quasar sample presented in Chapter2.Quasar zem �diff � DLA?referene ... ... 0.56PSS J0003+2730 4.240 -0.36 0.20 noBR J0006�6208 4.455 0.17 0.73 yesBR J0030�5129 4.174 -0.15 0.41 yesPSS J0034+1639 4.293 -0.05 0.51 noSDSS J0035+0040 4.747 1.37 1.93 noPSS J0106+2601 4.309 -0.19 0.37 yesPSS J0131+0633 4.417 -0.06 0.50 noPSS J0133+0400 4.154 -0.14 0.42 yesPSS J0152+0735 4.051 0.14 0.70 yesPSS J0209+0517 4.174 -0.02 0.54 yesSDSS J0211�0009 4.874 1.00 1.56 noBR J0234�1806 4.301 0.28 0.84 noPSS J0248+1802 4.422 -0.06 0.50 noBR J0301�5537 4.133 0.10 0.66 yesBR J0307�4945 4.728 0.39 0.95 yesSDSS J0310�0014 4.658 1.05 1.61 yesBR J0311�1722 4.039 -0.37 0.19 noBR J0324�2918 4.622 0.47 1.03 noBR J0334�1612 4.363 0.31 0.87 yesBR J0355�3811 4.545 0.30 0.86 noBR J0403�1703 4.227 0.88 1.44 noBR J0415�4357 4.070 0.59 1.15 noBR J0419�5716 4.461 0.15 0.71 noBR J0426�2202 4.320 0.15 0.71 yesPMN J0525�3343 4.383 0.22 0.78 noBR J0529�3526 4.413 0.21 0.77 noBR J0529�3552 4.172 -0.18 0.38 noBR J0714�6455 4.462 0.64 1.20 noPSS J0747+4434 4.430 -0.02 0.54 yesRX J1028�0844 4.276 0.31 0.87 noPSS J1057+4555 4.116 -0.06 0.50 yesPSS J1159+1337 4.073 0.67 1.23 yesPSS J1253�0228 4.007 0.61 1.17 yes
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BR J1310�1740 4.185 1.20 1.76 noBR J1330�2522 3.949 1.13 1.69 noFIRST J1410+3409 4.351 0.41 0.97 noPSS J1456+2007 4.249 -0.51 0.05 noBR J1603+0721 4.385 0.66 1.22 noPSS J1618+4125 4.213 0.69 1.25 yesPSS J1633+1411 4.351 0.40 0.96 noPSS J1646+5514 4.037 -0.42 0.14 noPSS J1721+3256 4.031 0.00 0.56 noRX J1759+6638 4.320 0.06 0.62 yesPSS J2122�0014 4.114 1.35 1.91 yesPMN J2134�0419 4.334 -0.30 0.26 yesPSS J2155+1358 4.256 0.60 1.16 noBR J2216�6714 4.469 0.16 0.72 noPSS J2241+1352 4.441 0.12 0.68 yesBR J2317�4345 3.943 -0.15 0.41 yesBR J2328�4513 4.359 0.32 0.88 noPSS J2344+0342 4.239 -0.56 0.00 yesBR J2349�3712 4.208 -0.34 0.22 nomean ... ... 0.81sigma ... ... 0.48min ... ... 0.00max ... ... 1.93



96 CHAPTER 3. QUASAR CONTINUAResults The model from Franis (1993b) predits that the mean ontinuum slopes ofquasars should be harder when observed at shorter wavelengths, and that the numbersof quasars predited from a sample observed at a partiular wavelength using a singlepower-law luminosity funtion in the k-orretions is an underestimate of what shouldatually be observed.Indeed, we have assumed in the previous measurements of slope indies that �are intrinsi to the quasar. If however there exists a signi�ant amount of dust alongthe line of sight to the quasar nuleus, this ould introdue a range of ontinuum slopes,and derease all the power-law indies, reddening the spetra (see also Setion 3.2). It isindeed possible that dust has an e�et on measured ontinuum slopes. It is not howeverlikely that all the di�erene in slopes between the spetra with the hardest and softestontinua an be due to dust.The spetral indies versus redshifts is plotted in Figure 5 for the quasarspresented in this thesis, for the quasars issued from the 1st APM survey and for objetsfrom the SDSS (Fan et al., 2001a, the later measurements are tabulated in Table 2).No orrelations are apparent as reeted by the orrelation oeÆients of eah survey:r=0.26, r={0.18 and r=0.11 (respetively). This result indiates no apparent orrelationbetween � and redshift, suggesting no dust bias in our measurements of the spetralindies as a funtion of redshift.Comparison with the 1st APM surveyIn order to test the reliability of quasar ontinuum measurements, the slopes ofthe quasars from the 1st APM survey have been independently derived and are omparedwith previous measurements from Storrie-Lombardi (1994). The results for the 25 non-BAL quasars are listed in Table 3. We derive a �ref = 0:61 ompared with �ref = 0:70 inStorrie-Lombardi (1994). This disrepany is small but illustrates the lak of impartialityin measuring ontinuum slopes. Also the satter in our measurements is larger, � = 0:35ompared with � = 0:26 in Storrie-Lombardi (1994), ranging from 0:19 to 1:57, omparedwith 0:31 to 1:15 in Storrie-Lombardi (1994). Figure 6 illustrates the di�erene betweenthe two measurements: the satter extends to � 1.Ultimately and in the light of the large numbers of quasar spetra to be aquiredthanks to large sale surveys (suh as 2dF, Sloan Digital Sky Survey, et), the �tting ofthe quasar ontinua should be automated so as to allow quik impartial the �tting ofquasar absorbers. This is a hallenging task, espeially at high redshifts where absorptionlines are more numerous and quasars are fainter (and hene the signal-to-noise ratio oftheir spetra is lower).3.2 Deteting Dust in Quasar Absorbers
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Fig. 5.| Continuum slope � as a funtion of the quasar emission redshift. The �lledtriangles are measurements from the quasar presented in this thesis, the open rossesare from the 1st APM survey (Storrie-Lombardi, 1994) and the open stars are from theSDSS (Fan et al., 2001a). No orrelations are apparent as reeted by the orrelationoeÆients of eah survey: r=0.26, r={0.18 and r=0.11 (respetively).

Fig. 6.| Storrie-Lombardi (1994) measurements minus our measurements of the ontin-uum slope � on the 1st APM survey versus the Storrie-Lombardi (1994) measurements.The satter extends to � 1.



98 CHAPTER 3. QUASAR CONTINUATable 2: SDSS ontinuum slope (�) measurements (Fan et al., 2001a)Quasar zem �SDSS J0019-0040 4.32 0.02SDSS J0035+0040 4.75 0.84SDSS J0059+0003 4.16 1.09SDSS J0106+0048 4.43 0.40SDSS J0108+0011 3.71 0.19SDSS J0120+0007 4.08 0.52SDSS J0124+0044 3.81 0.44SDSS J0126+0116 3.66 0.35SDSS J0127-0045 4.06 0.66SDSS J0131+0052 4.19 -0.11SDSS J0150+0041 3.67 0.52SDSS J0153-0011 4.20 1.32SDSS J0204-0112 3.91 0.83SDSS J0207+0103 3.85 1.00SDSS J0210-0018 4.77 -0.06SDSS J0211-0009 4.90 0.99SDSS J0232-0000 3.81 0.44SDSS J0239-0021 3.74 0.78SDSS J0244-0108 3.96 1.21SDSS J0250+0046 4.76 0.59SDSS J0251-0052 3.78 -0.05SDSS J0300+0032 4.19 0.99SDSS J0307-0016 3.70 0.71SDSS J0310+0055 3.77 0.64SDSS J0310-0014 4.63 0.02SDSS J0326-0033 4.16 0.33SDSS J0338+0021 5.00 0.81SDSS J0339-0030 3.74 1.17SDSS J0352-0019 4.18 0.16SDSS J2254-0001 3.68 0.95SDSS J2254+0048 3.69 1.51SDSS J2255-0034 4.08 1.15SDSS J2257+0016 3.75 0.58SDSS J2303+0016 3.68 0.77SDSS J2306+0108 3.64 1.38SDSS J2309-0031 3.95 0.72SDSS J2322-0052 3.84 1.18SDSS J2350-0048 3.85 0.89SDSS J2357+0043 4.34 1.08mean ... 0.69sigma ... 0.42min ... -0.11max ... 1.51
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Table 3: Continuum slope (�) measurements of the 1st APM survey: omparing ourmeasurements with those from Storrie-Lombardi (1994).Quasar zem �1 �2diff �2 DLA?referene ... 0.70 ... 0.61BR 0019-1522 4.528 0.84 -0.09 0.52 yesBR 0103+0032 4.437 0.74 0.01 0.62 noBRI0151-0025 4.194 0.66 -.42 0.19 noBRI0241-0146 4.053 0.31 -0.30 0.31 noBR 0245-0608 4.238 0.67 0.24 0.85 noBR 0351-1034 4.351 0.36 -0.37 0.24 noBR 0951-0450 4.369 0.63 0.09 0.70 yesBRI0952-0115 4.426 0.98 0.34 0.95 yesBRI1013+0035 4.405 0.76 0.47 1.08 yesBR 1033-0327 4.509 0.99 0.25 0.86 noBRI1050-0000 4.286 0.63 0.07 0.68 noBRI1108-0747 3.922 0.57 0.04 0.65 yesBRI1110+0106 3.918 0.67 0.27 0.88 noBRI1114-0822 4.495 1.03 0.58 1.19 yesBR 1202-0725 4.694 0.86 0.45 1.06 yesBRI1328-0433 4.217 0.90 0.19 0.80 noBRI1335-0417 4.396 0.54 0.04 0.65 noBRI1346-0322 3.992 0.59 -0.18 0.43 yesBRI1500+0824 3.943 0.88 0.53 1.14 yesGB 1508+5714 4.283 0.78 0.58 1.19 noGB 1557+0313 3.891 1.10 0.80 1.41 noGB 1745+6227 3.901 0.78 0.13 0.74 noBR 2212-1626 3.990 0.45 -0.25 0.36 noBR 2237-0607 4.558 0.62 0.14 0.75 yesBR 2248-1242 4.161 1.51 0.96 1.57 nomean ... 0.75 ... 0.79sigma ... 0.26 ... 0.35min ... 0.31 ... 0.19max ... 1.51 ... 1.571 measurements from Storrie-Lombardi (1994).2 this work.
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Fig. 7.| Number of quasars with or without DLAs as a funtion of ontinuum slope.The peak of the distribution of the number of quasars with absorbers (top panel) isnot shifted towards higher values of � as one would expet in the ase where signi�antamounts of dust were present in DLAs.
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Fig. 8.| The distribution of slopes of quasar with (solid line) and without (dashedline) absorbers. A Kolmogorov-Smirnov (KS) test shows that the two distributions areonsistent at a 0.75 level of probability.



102 CHAPTER 3. QUASAR CONTINUAIf important amounts of dust were present in DLAs, one would expet thatquasars with absorbers in the foreground would appear redder than those without ab-sorbers in the foreground (Fall et al., 1989). Following Barkhouse & Hall (2001), wede�ne dust obsuration to refer to the ombined e�ets of dust extintion, the redutionin observed ux from an objet sreened by dust, and dust reddening, whih arises fromtypial extintion that is stronger at bluer wavelengths. Extintion an thus our with-out reddening, but reddening annot our without extintion. Therefore, the ontinuumslope measured in the above setion provide a measurement of the amount of reddeningin eah quasar.In an attempt to detet dust in DLAs, we ompare the olour of the quasarspresented in this thesis together with these from the 1st APM survey in the presene orabsene of DLA absorbers in their spetra. The seletion tehniques used to �nd DLAsin our quasars are detailed in Chapter 5 (see also Appendies C & D), and here we justuse the results of that study whih are summarised in the last olumn of Table 3.1.3 andTable 3 for the two di�erent surveys. There are a total of 32 quasars with one or moreDLA along their line-of-sight and a \ontrol sample" of 45 quasars without DLA in theirspetra. Figure 7 shows the distribution of the number of quasars with or without DLAsas a funtion of ontinuum slope. The peak of the distribution of the number of quasarswith absorbers (top panel) is not shifted towards higher values of � as one would expet inthe ase where important amounts of dust were present in DLAs. The mean ontinuumslope of the sample of quasars with DLAs is 0.76 (ompared with the mean of the\ontrol sample" of 0.82), with slope indies ranging from �=0.00 to �=1.91. In theremaining quasars without DLA along their line-of-sight, ontinuum slopes vary from�=0.05 to �=1.93. A Kolmogorov-Smirnov (KS) test shows that the two distributionsare onsistent at a 0.75 level of probability (Figure 8).Contrary to Fall et al. (1989) onlusions, our results suggest that the ontinuaof quasars with absorbers in their spetra are not any redder than other quasars, thussuggesting that the sample of DLAs here are not signi�antly dusty systems. It still mightbe argue that heavily obsured quasars would not even be in our optially seleted quasarsample, but reent work by Ellison et al. (2001) on the properties of a radio-seletedsample of quasars onlude to similar results as the one presented here (this issue isdisussed in more details in Chapter 6). Finally, it would be of interest to extend ourwork to other lasses of absorbers deteted in our quasars, suh as MgII or CIV doublets.3.3 Continuum Depression3.3.1 IntrodutionIn addition to providing information on the entral engine of the quasar, the�tting of high-redshift quasar ontinua provides a method to quantify the mean absorp-



3.3. CONTINUUM DEPRESSION 103tion of the Ly-� forest blueward of the quasar Ly-� emission. Several methods exist toquantify the mean absorption of the Ly-� forest (see Rauh, 1998, for a detailed review).One approah is to ount the disrete absorption features and measure their distribu-tion in terms of equivalent width, W , and redshift, z. At higher-resolution, individualabsorption lines an be �tted with a Voigt pro�le (see x1.3.2). This is probably a morephysially meaningful approah than line ounting but large unertainties are assoiatedwith the �tting of the loal ontinuum.An alternative approah to these two methods is to measure the mean uxderement, DA, between the Lyman-� and the Ly� emission lines and the derementDB between the Lyman-� emission line and the Lyman-limit (Oke & Koryansky, 1982).This allows us, amongst other things, to investigate the redshift evolution of the Ly�forest and an be done even on relatively low-resolution data. Several authors haveapplied, or variant of, this tehnique of ontinuum depression measurements, e.g. Oke& Koryansky (1982); Behtold et al. (1984); O'Brien et al. (1988); Steidel & Sargent(1987); Giallongo & Cristiani (1990); Jenkins & Ostriker (1991); Dobrzyki & Behtold(1991); Shneider et al. (1991); Press et al. (1993); Zuo & Lu (1993); Lu & Zuo (1994).In addition, a omparison of the results from the two methods desribed abovean be used to detet the Gunn-Peterson E�et (see 1.3.1 I) 3). Jenkins & Ostriker(1991) used data from SSG to make a detailed analysis of the Lyman-� loud population.They �nd that at redshift z � 3, the data imply approximately 30% more opaity thanin measurable lines (the so-alled \DA enhanement"), whih ould be due to linesof very small olumn density undeteted at this resolution or due to true ontinuousabsorption. At z > 4, they �nd that the total absorption is larger by 20% � 10% thana simple extrapolation from lower redshift data. They interpret this phenomenon as a15% redution in the ionising bakground from z = 3 to z = 4:5.3.3.2 MethodologyIn an attempt to desribe the mean statistial properties of the forest regionabsorption in very low resolution data, Oke & Koryansky (1982) introdued the oneptof \ontinuum depression". This is de�ned as:Di = �1� Fobserved(�)Fontinuum(�)� = 1� < e�� >= 1� e��e� (3.12)with: i = A;B (3.13)where Fobserved(�) is the observed ux, Fontinuum(�) the estimated ux of theunabsorbed ontinuum in ergs m�2 s�1 Hz�1, � is the resonane line optial depth asa funtion of wavelength or redshift and �eff is an \average" of � . The absorption ismeasured against the power-law ontinuum level �tted as in the previous setion, extrap-olated from the region redward of the Ly-� emission line into the Lyman-� forest region.



104 CHAPTER 3. QUASAR CONTINUAThe �t of the ontinuum is usually the main soure of unertainty in the measurementof the ontinuum depression.DA and DB di�er solely in the ranges over whih they are integrated. DA isalulated over the rest wavelength range �1 = 1050�A to �2 = 1170�A in order to avoidthe quasar Lyman-� (�� = 1216�A) and Lyman-� (�� = 1026�A). The measurementsstart slightly blueward of the Lyman-� emission line in order to avoid bias due to theproximity e�et (see 1.3.1 I) 3). As in previous work, DB is alulated from slightlyabove the Lyman limit (�1 = 920�A) to Lyman-� (�2 = 1050�A).3.3.3 MeasurementsThe DA and DB measurements of the quasars presented in Chapter 2 are tabu-lated in Table 3.3.3. We obtain mean values of 0.54 and 0.57 for DA and DB respetively,with a satter, �, of 0.07 and 0.10, respetively. Measurement made on the \referene"median omposite spetrum for this sample leads to DA=0.55 and DB=0.61. The spreadin values of DB is larger than for DA beause of the lower signal-to-noise in this part ofthe quasar spetra (DB ranging from 0.32 to 0.91 as oppose to DA ranging from 0.39 to0.67). Not surprisingly, DA seems to be a more robust measurement than DB .3.3.4 AnalysisResults In general, the higher the quasar redshift, the more diÆult is the ontinuum�t and hene slope measurement, whih in turn a�ets the ontinuum depression mea-surements. In order to look for bias in the ontinuum �t that might impat the DA andDB measurements, we have plotted these as a funtion of slope in Figure 9. This plotsreveal no apparent orrelation as reeted by the orrelation oeÆients: r={0.03 andr={0.28 for DA by Storrie-Lombardi (1994) and this work, respetively and r={0.39 andr={0.22 for DB , but one more we note that the satter in DB is notably larger than inDA.Comparison with the 1st APM surveyAs in Setion 3.1.4, we have remade measurement on the 1st APM quasar surveyin order to ompare our results with those from Storrie-Lombardi (1994). The parametersare all listed in Table 5. The two set of measurements are in good agreement as illustratedin the ase of DA by Figure 10. The satter between the two sets of measurements issmall, ; 0:2. We derive a mean DA of 0.54 while Storrie-Lombardi (1994) �nds 0.55 (with�=0.07 and 0.09, respetively). Our measurements have a slightly broader distribution,ranging from 0.34 to 0.66, as opposed to 0.40 to 0.65.
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Table 4: Measurements of the ontinuum depression DA and DB for all the quasarpresented in Chapter 2.Quasar zem DA DBreferene ... 0.55 0.61PSS J0003+2730 4.240 0.58 0.52BR J0006�6208 4.455 0.60 0.66BR J0030�5129 4.174 0.49 0.52PSS J0034+1639 4.293 0.51 0.53SDSS J0035+0040 4.747 0.52 0.41PSS J0106+2601 4.309 0.58 0.49PSS J0131+0633 4.417 0.56 0.55PSS J0133+0400 4.154 0.61 0.56PSS J0152+0735 4.051 0.50 0.46PSS J0209+0517 4.174 0.56 0.52SDSS J0211�0009 4.874 0.65 0.58BR J0234�1806 4.301 0.61 0.54PSS J0248+1802 4.422 0.58 0.53BR J0301�5537 4.133 0.48 0.60BR J0307�4945 4.728 0.65 0.73SDSS J0310�0014 4.658 0.52 0.64BR J0311�1722 4.039 0.59 0.67BR J0324�2918 4.622 0.55 0.54BR J0334�1612 4.363 0.67 0.91BR J0355�3811 4.545 0.58 0.63BR J0403�1703 4.227 0.61 0.69BR J0415�4357 4.070 0.46 0.61BR J0419�5716 4.461 0.54 0.57BR J0426�2202 4.320 0.52 0.50PMN J0525�3343 4.383 0.52 0.61BR J0529�3526 4.413 0.48 0.56BR J0529�3552 4.172 0.59 0.65BR J0714�6455 4.462 0.45 0.44PSS J0747+4434 4.430 0.62 0.50RX J1028�0844 4.276 0.45 0.55PSS J1057+4555 4.116 0.53 0.74PSS J1159+1337 4.073 0.39 0.32PSS J1253�0228 4.007 0.42 0.40
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BR J1310�1740 4.185 0.52 0.51BR J1330�2522 3.949 0.46 0.49FIRST J1410+3409 4.351 0.52 0.68PSS J1456+2007 4.249 0.64 0.57BR J1603+0721 4.385 0.50 0.54PSS J1618+4125 4.213 0.60 0.60PSS J1633+1411 4.351 0.57 0.65PSS J1646+5514 4.037 0.44 0.58PSS J1721+3256 4.031 0.42 0.56RX J1759+6638 4.320 0.57 0.66PSS J2122�0014 4.114 0.41 0.54PMN J2134�0419 4.334 0.57 0.60PSS J2155+1358 4.256 0.48 0.57BR J2216�6714 4.469 0.55 0.59PSS J2241+1352 4.441 0.58 0.67BR J2317�4345 3.943 0.53 0.52BR J2328�4513 4.359 0.51 0.51PSS J2344+0342 4.239 0.54 0.73BR J2349�3712 4.208 0.60 0.62mean ... 0.54 0.57sigma ... 0.07 0.10min ... 0.39 0.32max ... 0.67 0.91
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Fig. 9.| Continuum depression DA versus the ontinuum slope �. The �lled trianglesare measurements from the quasar presented in this thesis and the open rosses arefrom the 1st APM survey (Storrie-Lombardi, 1994). The bottom panel is for DB . Noorrelations are apparent as suggested by the small orrelation oeÆients (r={0.03 andr={0.28 for DA by Storrie-Lombardi (1994) and this work, respetively and r={0.39 andr={0.22 for DB), suggesting no bias between these two measurements.
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Table 5: Measurements of the ontinuum depression (DA and DB) of the 1st APMsurvey. In the ase if DA, mearsurements made by Storrie-Lombardi (1994) are providedfor omparison.Quasar zem D1A D2A D2Breferene ... ... 0.57 0.58BR 0019-1522 4.528 0.64 0.66 0.66BR 0103+0032 4.437 0.57 0.59 0.55BRI0151-0025 4.194 0.58 0.63 0.71BRI0241-0146 4.053 0.51 0.50 0.54BR 0245-0608 4.238 0.51 0.50 0.53BR 0351-1034 4.351 0.61 0.62 0.74BR 0951-0450 4.369 0.62 0.61 0.57BRI0952-0115 4.426 0.61 0.64 0.62BRI1013+0035 4.405 0.64 0.59 0.62BR 1033-0327 4.509 0.51 0.55 0.52BRI1050-0000 4.286 0.62 0.63 0.54BRI1108-0747 3.922 0.48 0.45 0.38BRI1110+0106 3.918 0.44 0.43 0.42BRI1114-0822 4.495 0.65 0.62 0.57BR 1202-0725 4.694 0.64 0.63 0.63BRI1328-0433 4.217 0.50 0.48 0.39BRI1335-0417 4.396 0.56 0.55 0.63BRI1346-0322 3.992 0.56 0.62 0.66BRI1500+0824 3.943 0.40 0.34 0.41GB 1508+5714 4.283 0.50 0.43 0.37GB 1557+0313 3.891 0.42 0.35 0.33GB 1745+6227 3.901 0.43 0.45 0.48BR 2212-1626 3.990 0.56 0.61 0.72BR 2237-0607 4.558 0.59 0.58 0.42BR 2248-1242 4.161 0.58 0.56 0.44mean ... 0.55 0.54 0.54sigma ... 0.07 0.09 0.12min ... 0.40 0.34 0.33max ... 0.65 0.66 0.741 measurements from Storrie-Lombardi (1994).2 this work.
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Fig. 10.| Storrie-Lombardi (1994) measurements minus our measurements of the on-tinuum depression DA on the 1st APM survey versus the Storrie-Lombardi (1994) mea-surements. The satter between the two sets of measurements is small, ; 0:2.



110 CHAPTER 3. QUASAR CONTINUAComparison with Other SurveysFigure 11 displaysDA (top panel) andDB (bottom panel) ontinuum depressionevolution with redshift. It is evident that the amount of Lyman-� absorption inreasesrapidly with redshift, with DA > 0:9 at zem > 5:0. When available, data from oversurveys are plotted for omparison, from the 1st APM survey (Storrie-Lombardi, 1994),at low-redshift from Zuo & Lu (1993), the SSG measurements (Shneider et al., 1991), theSSB results (Sargent et al., 1989) and at high-redshift the SDSS measurements (Zhenget al., 2000; Fan et al., 2001b). The Sloan results agreed well with other high-redshiftmeasurements: Songaila et al. (1999) measured DA=0.75 in the SDDS J0338+0021quasar (zem � 5), Stern et al. (2000) measuredDA=0.90 andDB=0.95 from the spetrumof the olour-seleted quasar RD J0301+0020 (zem = 5:50).At low-redshift, the measurements are not straight forward either beause theontinuum depression value measured is small. Nevertheless, Zuo & Lu (1993) haveused low-redshift DA measurements together with SSB data to determine the intrinsievolution of the Lyman-� forest lines. In partiular, they explore how a simple Lyman-�loud model in whih all (baryoni) louds are expanding and at the same time keepingroughly a r�2 density pro�le, ombined with the evolution of the ionising bakground,an be used to understand the observed DA evolution with redshift.In a further study, Lu & Zuo (1994) used the fat that the true ontinuum in theLyman�� forest an be estimated reliably at low-redshift, due to the muh lower densityof the Lyman-� forest lines, to make a omparison with the extrapolated ontinuum fromredward of the Lyman-� emission line. They �nd that there is a systemati deviationbetween the two and thus propose a modi�ation of the DA method, namely to measureDA loally using the ontinuum established in the Lyman-� forest. They also note thatthe fat that the extrapolated ontinuum from longward of Lyman-� emission oftendeviates systematially from the true ontinuum in the Lyman-� forest presents a majorproblem in the study of the Gunn-Peterson absorption (see Chapter 1).Comparison with ModelsJenkins & Ostriker (1991) used the distribution of Lyman-� forest lines topredit the expeted e�etive opaity, and hene ontinuum depression parameters atvarious emission redshift. Their results are overplotted on the top panel of Figure 11as a dashed-dotted line. The model seems to represent well high-redshift measurementsalthough it fails to reprodue the lower-redshift or the very high-redshift measurements.In another approah, Meiksin & Madau (1993) omputed the integrated UVbakground from observed quasars and use this to estimate the ontribution of theLyman-� forest to the ontinuum depression parameter DA. Their model is also over-plotted on the top panel of Figure 11 (dashed line).Both the models presented here do not represent well the observed evolutionof the ontinuum depression in the redshift range 2:5 < z < 5 and are too steep outsidethis range. This suggests that the UV bakground used in these models di�ers from the
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Fig. 11.|DA parameter as a funtion of the quasar emission redshift. The �lled trianglesare measurements from the quasar presented in this thesis, the open rosses are from the1st APM survey (Storrie-Lombardi, 1994), the open stars are low-redshift measurementsfrom (Zuo & Lu, 1993), the �lled squares are from SSG (Shneider et al., 1991), the �lledirles are from SSB (Sargent et al., 1989) and the �lled stars are from SDSS (Zhenget al., 2000; Fan et al., 2001b). The dashed line represents the preditions from theMeiksin & Madau (1993) model ( = 2:40) and the dashed-dotted line is for the Jenkins& Ostriker (1991) model ( = 2:33). The bottom panel is DB for our measurements(triangles), the 1st APM survey (open rosses) and SDSS data (open stars).



112 CHAPTER 3. QUASAR CONTINUAone observed via DA measurements.3.4 SummaryIn this Chapter, we have examined the properties of the quasars presentedin Chapter 2. We have �rst introdued a tehnique developed by Storrie-Lombardi(1994) to measure the spetral indies of quasar power-law ontinua. The �rst step ofthis method onsists in building a median omposite spetrum whih will be then usedas a \referene" spetrum for a given quasar survey. We detailed the proesses usedto onstrut suh omposite and we ompared our resulting \referene" spetrum withlarge quasar surveys' omposite. This analysis revealed the harateristis of eah sampleand we disussed in details the di�erenes between eah. We explained the \di�erential�tting" method whih allows for robust determination of the ontinuum slopes. Ourmeasurements are tabulated and we have tested our tehnique by omparing our resultswith the ones from Storrie-Lombardi (1994).We then investigate the amount of dust present in the high-olumn densityquasar absorbers (DLAs, see Chapter5) by studying the orrelation between the steepnessof the ontinuum (reddening) of a quasar from our sample and from the 1st APM surveywith the presene of a quasar absorber along its line-of-sight. We �nd no diret evideneof dust in a sample of 32 quasars as ompared with a \ontrol sample" of 45 quasars.In the third part of this Chapter, we measured the ontinuum depression arossthe Lyman-� forest by alulating the parameters DA and DB in the quasar sample.Again, the measurements were undertaken in the 1st APM quasars as a hek to therobustness of our tehnique. We found good agreements with previous results. We thenanalysed in details the evolution of the ontinuum depression parameter DA with red-shift and ompared our results with low-redshift and reent high-redshift measurements.Finally, we onfronted these observational results with various model preditions.After analysing properties of the quasar themselves in this Chapter, the fol-lowing Chapters will make use of the quasar spetra gathered together in this thesis tostudy the intervening systems present along the line-of-sight between the bakgroundquasar and the observern the so-alled quasar absorbers.
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Table 6: Measurements of the ontinuum depression (DA and DB) of SDSS quasars(Zheng et al., 2000; Fan et al., 2001b).Quasar zem DA DBSDSS J0836+00542 5.82 0.90 0.91SDSS J1021-03091 4.70 0.58 0.76SDSS J1030+05242 6.28 0.93 0.99SDSS J1044-01252 5.80 0.91 0.95SDSS J1122-02291 4.79 0.64 0.79SDSS J1129-01421 4.85 0.84 0.97SDSS J1208+00101 5.27 0.71 0.81SDSS J1306+03562 5.99 0.92 0.95SDSS J1451-01041 4.67 0.71 0.861 Zheng et al. (2000)2 Fan et al. (2001b)
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Chapter 4Lyman Limit Systems Analysis`(...) ils me m�eprisaient: pire, ils m'ignoraient'Simone de BeauvoirThis Chapter starts by de�ning (Setion 4.1.1) Lyman Limit Systems (hereafterLLS) and summarising the previous surveys (Setion 4.1.2) dediated to these objets. Anew sample of LLS deteted in the sample of high-redshift quasars presented in Chapter 2is introdued. Setion 4.2.1 details the tehnique used to �nd these systems in the quasarspetra and Setion 4.2.2 tabulates all the data used in the analysis. The number densityof LLS is derived from a �t to the observations in Setion 4.3.1 and the following Setion4.3.2 links these results with preditions from \mini-halo" models.4.1 Introdution4.1.1 BakgroundLyman-limit systems (LLS) are absorption systems with hydrogen olumn den-sities N(HI)� 1:6 � 1017 atoms m�2, orresponding to systems optially thik to theLyman ionising radiation (i.e. � � 1). They produe a sharp break (due to absorptionof photons apable of ionizing HI) shortward of 912 �A. LLS are a lower olumn densitysuperset of DLAs, whih at z < 1 are probably assoiated with galati halos (Steidelet al., 1994). At high redshift, LLS irrespetive of their physial nature, are an importantontributor to the UV opaity of the Universe sine they essentially blok all radiationshortward of 912 �A in the rest frame. See x1.3.1 I) for more bakground information ofthese systems. The present setion details the properties of the LLS population and theirevolution with redshift. Beause the searh for absorption systems in quasar spetra isnot biased towards luminous intervening objets, our data onstitute a omplementaryway to the more traditional emission observations to probe galaxy evolution.



4.2. NEW HIGH-REDSHIFT LLS 1154.1.2 Previous SamplesThe redshift evolution of absorption lines is usually desribed by a power lawof the form: n(z)dz = n0(1 + z)dz, where n(z) is the observed number density ofabsorbers. The observed number density of absorbers is the produt of the spae densityand physial ross-setion of the absorbers whih are a funtion of the geometry of theUniverse. For no evolution of the intrinsi properties of the individual absorbers in a� = 0 Universe this yields  = 1 for 
M = 0 and  = 0:5 for 
M = 1. Tytler (1982)was the �rst to study the statistial properties of LLS. He used ground-based data aswell as International Ultraviolet Explorer (IUE) observations and found no evidenefor signi�ant evolution of the number density of LLS. Sargent et al. (1989) also foundno evolution and �tted n = no(1 + z) �nding the parameter values no = 0:76 and = 0:68�0:54. At higher-redshift (z > 3), Lanzetta et al. (1991) were the �rst to detetstrong evolution. Storrie-Lombardi et al. (1994) ompleted intermediate (Sargent et al.,1989; Lanzetta et al., 1991) and low (Bahall et al., 1993) redshift studies, by addingdata at z > 4. They found no = 0:27+0:20�0:13 and  = 1:55 � 0:45 in the redshift range0:40 < z < 4:69. The new data added here show for the �rst time unambiguous evidenefor intrinsi evolution in n(z) for LLS at z > 2:5.4.2 New High-Redshift LLSFifty-six of the z >� 4 quasar presented in Chapter 2 are used to searh for LLS.The broad absorption lines (BAL) quasars are exluded from the studied sample sinethey are a lass of quasar whih shows absorption from predominantly highly ionisedspeies believed to be intrinsi to the quasar.4.2.1 LLS detetionWe develop a method for automatially �nding and measuring LLSs whihfollows the tehnique desribed in Shneider et al. (1993). The ratio (fupperbin=flowerbin)is determined over 50 �A (rest frame) wide bins slid along the spetrum. fupperbin andflowerbin orrespond to the median of uxes in bins either side of the wavelength studied.Signi�ant minima in the ratio orrespond to potential LLS detetions and the redshiftis alulated from the orresponding wavelength:zLLS = �912 � 1 (4.1)Two examples of this tehnique are shown in Figure 1, one for a detetion andthe other for a non-detetion. The optial depth is the logarithm of the ratio previouslyde�ned: �LLS = �ln(fupperbin=flowerbin) (4.2)



116 CHAPTER 4. LYMAN LIMIT SYSTEMS ANALYSISThe median ux in 50�A in the rest frame orresponds to approximately 250�Ain the observed frame whih provides a wide enough bin to get a good estimate of theontinuum. The assoiated HI olumn density is:N(HI) = 1:6� 1017 �912� �3 �(�) atoms m�2 (4.3)In some ases, only a fration of the radiation is absorbed forming a step inthe quasar spetra whih does not reah zero ux level. These so-alled \grey" systemsare only taken into aount if they have an optial depth, � > 1, to be onsistent withearlier samples.
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Fig. 1.| LLS detetion/non-detetion. Example of ux ratio above and below theputative Lyman-limit system redshift. The top panel indiates the presene of a LLSat redshift z = 4:31 in the quasar PSS J2241+1352 (zem = 4:44). The bottom panelplot does not show the presene of a LLS in the spetrum of quasar BR J0403�1703(zem = 4:23).
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Table 1: New survey for Lyman-limit SystemsQuasar zem zamin zbmax zlls �PSS J0003+2730 4.240 2.858 4.198 3.97 2.6BR J0006�6208 4.455 3.079 4.400 4.14 1.8BR J0030�5129 4.174 3.079 4.122 3.37 1.0PSS J0034+1639 4.293 2.858 4.240 4.26 4.1SDSS J0035+0040 4.747 3.079 4.690 4.59 0.9PSS J0106+2601d 4.309 2.858 4.256 4.05 2.33.96 2.7PSS J0131+0633 4.417 3.079 4.363 4.37 2.1PSS J0133+0400d 4.154 3.079 4.102 4.02 1.54.14 2.3PSS J0134+3307 4.532 2.858 4.477 4.32 2.1PSS J0152+0735d 4.051 2.858 4.000 3.97 2.53.88 2.8PSS J0209+0517 4.174 3.079 4.122 3.97 2.6SDSS J0211�0009 4.874 3.079 4.815 4.81 1.2BR J0234�1806 4.301 3.079 4.248 4.27 2.4PSS J0248+1802 4.422 2.858 4.368 4.13 2.0BR J0301�5537 4.133 3.079 4.082 4.10 2.5BR J0307�4945 4.728 3.079 4.671 4.50 2.8SDSS J0310�0014e 4.658 4.090 4.601 ... ...BR J0311�1722 4.039 3.079 3.989 3.76 2.0BR J0324�2918 4.622 3.079 4.566 4.21 1.5BR J0334�1612 4.363 2.858 4.309 4.24 1.4SDSS J0338+0021 5.010 3.035 4.950 4.93 2.2BR J0355�3811d 4.545 3.079 4.490 4.39 1.64.43 2.0BR J0403�1703f 4.227 4.175 4.175 ... ...BR J0415�4357 4.070 3.079 4.019 4.07 2.6BR J0419�5716d 4.461 3.079 4.406 4.14 1.34.33 1.1BR J0426�2202 4.320 3.079 4.267 3.97 0.8PMN J0525�3343 4.383 3.079 4.329 4.09 2.3BR J0529�3526 4.413 3.079 4.359 4.39 1.7BR J0529�3552 4.172 3.079 4.120 4.10 2.8BR J0714�6455 4.462 3.078 4.407 4.46 2.4PSS J0747+4434 4.430 2.858 4.376 4.29 1.8RX J1028�0844 4.276 2.857 4.223 3.62 3.0PSS J1057+4555 4.116 2.857 4.065 3.90 4.4PSS J1159+1337 4.073 2.857 4.022 3.77 4.0PSS J1253�0228 4.007 2.857 3.957 3.65 3.5BR J1310�1740 4.185 2.857 4.133 3.62 2.7
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BR J1330�2522d 3.949 2.857 3.900 3.72 1.83.82 2.0FIRST J1410+3409 4.351 2.857 4.297 3.87 1.2PSS J1456+2007 4.249 2.857 4.197 4.17 3.5BR J1603+0721 4.385 2.857 4.331 4.38 2.5PSS J1618+4125 4.213 2.857 4.161 3.94 2.0PSS J1633+1411d 4.351 2.857 4.297 4.23 1.24.33 1.4PSS J1646+5514 4.037 2.858 3.987 4.03 5.3PSS J1721+3256 4.031 2.858 3.981 4.03 2.5RX J1759+6638 4.320 2.856 4.267 4.20 0.9PSS J1802+5616e 4.158 3.990 4.106 ... ...PSS J2122�0014 4.114 2.858 4.063 4.01 3.5PMN J2134�0419 4.334 3.079 4.281 4.19 1.6PSS J2154+0335e 4.363 3.990 4.309 ... ...PSS J2155+1358 4.256 3.079 4.203 4.23 2.9BR J2216�6714 4.469 3.079 4.414 3.98 1.2PSS J2241+1352 4.441 3.079 4.387 4.31 1.8BR J2317�4345 3.943 3.079 3.894 3.93 1.4BR J2328�4513 4.359 3.079 4.305 4.19 2.0PSS J2344+0342 4.239 3.079 4.187 3.98 1.5BR J2349�3712 4.208 3.079 4.156 4.17 2.5a zmin orresponds to the shortest wavelength in the quasar spetrum.b zmax is 3000 km s�1 blueward of the quasar emission redshift. Systems with optial depth, � , < 1 are exluded from the total ount of LLS beausethey do not onform to the formal de�nition of Lyman-limit Systems.d In ase where two breaks were deteted, only the highest system is taken into aountin the �nal ount for LLS.e No LLS have been deteted over the spei�ed redshift range.f The signal-to-noise ratio of this spetrum is too low to enable reliable LLS detetion.



120 CHAPTER 4. LYMAN LIMIT SYSTEMS ANALYSISThe redshifts and optial depths of the LLS deteted in our sample of quasarsare summarized in Table 4.2.1, together with the minimum and maximum redshift overwhih a LLS ould have been deteted. The minimum redshift orresponds to the shortestwavelength in the spetrum and the maximum redshift is 3000 km s�1 blueward of thequasar emission redshift:zmax = zem � "3000 km s�1 � (1 + zem)# (4.4)where  is the veloity of light ( = 3� 105 km s�1). The atual redshift pathsurveyed is usually limited by the detetion of the �rst Lyman-limit absorber, bluewardof whih there is either no residual ux or insuÆient signal-to-noise to detet furtherLLSs. The observations result in the detetion of 49 LLS, 15 of whih are within 3000km s�1 of zem. The latter systems are not at �rst inluded in the analysis sine they maynot be typial intervening systems as they ould be a�eted by the UV-radiation fromthe quasar or they ould be assoiated with the quasar itself, i.e. intrinsi to the hostgalaxy, or lustered, with the quasar. Indeed, Pasarelle et al. (2001) laim the disoveryof the galaxy proximity e�et where galaxies in the viinities of quasars do not exhibit thesame inidene as galaxies far from the quasars. This e�et appears to extend to veloityseparations from the quasars of up to � 3000 km s�1. In addition, there are unertaintiesin the systemati quasar emission redshifts, in that redshifts determined from high andlow ionisation lines exhibit di�erenes of up to 2000 km s�1 (see Chapter 2). Finally, theveloity 3000 km s�1 has been hoosen so as to math the DLA analysis (see Chapter 5).Samples of LLS both inluding and exluding LLSs 3000 km s�1 away from zem areanalysed and we show that the results are relatively insensitive to this disrepany.In some ases, metal absorption features are also observed at the redshift of theLLS. In Appendix A, the quasar spetra are magni�ed in the wavelength range where aLLS is deteted.4.2.2 The Sample of LLSIn order to study the LLS population, we only use systems deteted in quasarswith z > 4:2 so as to minimise any olour seletion bias. By this redshift the averageintervening osmologial absorption due to the Lyman-� forest alone is suÆient to makethe olour of the quasar red enough in Bj � R to drive them well away from the mainstellar lous (Irwin et al., 1991). Also, following their formal de�nition, only LLS withoptial depth � > 1 are used. In addition, we ombine our new high-redshift systemswith data from the literature (Sargent et al., 1989; Bahall et al., 1993; Bergeron et al.,1994; Storrie-Lombardi et al., 1994). Table 4.2.2 lists the harateristi of these LLSs asderived by Storrie-Lombardi (1994) from the quasar spetra.



4.2. NEW HIGH-REDSHIFT LLS 121Table 2: Lyman-limit Systems previously knownQuasar zem zamin zblls �dBR 0019�1522 4.52 2.51 4.27 5.8BR 0103+0032 4.44 2.51 4.31 1.6BRI0151�0025 4.20 2.51 4.05 3.7BR 0245�0608* 4.24 2.51 4.23 3.9BR 0951�0450 4.37 2.84 4.22 3.1BRI0952�0115 4.43 2.84 4.25 2.1BRI1013+0033 4.41 2.84 3.78 2.3BR 1033�0327 4.51 2.84 4.19 3.5BRI1050�0000 4.29 2.84 4.08 2.5BRI1114�0822* 4.51 2.84 4.50 3.7BR 1202�0725 4.69 2.84 4.52 3.0BRI1328�0433 4.22 2.84 3.31 1.5BRI1335�0417* 4.40 2.84 4.45 3.1GB 1508+5714 4.30 2.84 3.88 4.6BR 2237�0607 4.56 2.51 4.28 2.6Q0000�263 4.111 2.51 3.412 >3.0Q0001+087 3.243 2.51 3.007 >3.0Q0004+171* 2.890 2.51 2.881 >3.0Q0014+813 3.384 2.51 2.813 1.7Q0029+073 3.259 2.51 3.059 >3.0Q0045�036 3.135 2.51 2.830 >3.0Q0054�284* 3.616 2.51 3.585 >3.0Q0055�264 3.656 2.51 ... ...Q0101�304 3.150 2.51 2.907 >3.0Q0102�190 3.035 2.51 2.940 >3.0Q0112+029 2.823 2.51 ... ...Q0114�089 3.160 2.51 ... ...Q0132�198 3.130 2.51 2.484 >3.0Q0143�015 3.138 2.51 ... ...Q0148�097 2.848 2.51 ... ...Q0153+045 2.991 2.51 ... ...Q0201+365 2.912 2.51 ... ...Q0207�003 2.856 2.51 2.531 >3.0Q0216+080 2.993 2.51 ... ...Q0249�222 3.202 2.51 2.937 1.5Q0249�184 3.205 2.51 2.665 >3.0Q0256�000 3.374 2.51 3.090 2.1Q0301�006 3.223 2.51 2.947 >3.0Q0302�003 3.286 2.51 2.530 1.5Q0308�193 2.752 2.51 ... ...Q0308+190 2.835 2.51 ... ...Q0316�203 2.865 2.51 ... ...Q0334�204 3.130 2.51 3.020 1.8
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Q0352�275 2.819 2.51 ... ...Q0420+007 2.918 2.51 ... ...Q0449�134 3.093 2.51 2.963 2.4Q0528�250 2.779 2.51 2.839 >3.0Q0636+680 3.174 2.51 2.909 3.5Q0642+449 3.406 2.51 3.295 2.1Q0731+663 3.033 2.51 2.912 >3.0Q0805+046 2.873 2.51 2.651 >3.0Q0830+115 2.976 2.51 ... ...Q0941+261 2.906 2.51 ... ...Q0956+122 3.301 2.51 3.096 3.0Q1017+109 3.156 2.51 3.048 2.2Q1836+511* 2.827 2.51 2.861 1.6Q2000�330 3.777 2.51 3.548 >3.0Q2038�012 2.783 2.51 2.723 >3.0Q2048+312 3.185 2.51 ... ...Q2126�158 3.261 2.51 2.973 2.3Q2233+131 3.295 2.51 3.165 >3.0Q2233+136 3.209 2.51 3.035 >3.0Q2311�036 3.041 2.51 ... ...Q2348�011 3.005 2.51 2.949 >3.0Q2359�022 2.817 2.51 ... ...Q2359+003 2.896 2.51 ... ...Q2359+068 3.234 2.51 ... ...NAB 0024+22 1.118 0.404 ... ...PKS 0044+030 0.624 0.404 ... ...Q0349�1438 0.614 0.404 ... ...Q0850+4400 0.513 0.404 ... ...Q0916+5118 0.553 0.404 ... ...Q1022+1927 0.828 0.404 0.546 1.42Q1038+0625 1.270 0.404 0.456 1.15Q1040+1219 1.028 0.404 ... ...PKS 1055+2007 1.110 0.404 1.036 2.68Q1130+106Y 0.510 0.404 ... ...PKS 1136�13 0.554 0.404 ... ...PG 1206+459 1.158 0.404 ... ...MC 1215+113 1.230 0.404 ... ...B2 1244+32B 0.949 0.404 ... ...PKS 1252+11 0.870 0.404 ... ...
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PG 1259+593 0.472 0.404 ... ...Q1317+2743 1.022 0.404 0.649 4.43PG 1333+176 0.554 0.404 ... ...PG 1338+416 1.219 0.404 ... ...B2 1340+29 0.905 0.404 ... ...Q 1347+5356 0.976 0.404 ... ...PG 1352+0106 1.121 0.404 0.677 6.70PKS 1354+1919 0.720 0.404 0.470 1.70PG 1407+265 0.944 0.404 ... ...MC 1415+172 0.821 0.404 ... ...PKS 1424�1150 0.805 0.404 0.666 2.20Q 1618+1743 0.555 0.404 ... ...PKS 1656+053 0.879 0.404 ... ...Q 2251+1552 0.859 0.404 ... ...a zmin orresponds to the smallest wavelength in the quasar spetrum.b In ase where two breaks were deteted, only the highest system is listed. '...' indiates that no LLS have been deteted over the spei�ed redshift range.d Systems with optial depth, � , < 1 are not inluded in this Table, beause they do notonform to the formal de�nition of Lyman-limit Systems.� zLLS is within 3 000 km s�1 of zem.



124 CHAPTER 4. LYMAN LIMIT SYSTEMS ANALYSIS4.3 LLS Analysis4.3.1 LLS PropertiesLLS Number DensityThe number density of quasar absorbers is the number of absorbers, n, per unitredshift dz, i.e., dn=dz = n(z). If l(z) is the mean distane in redshift from a lyman limitsystem to a quasar, then n(z) = 1=l(z) is the number density per unit redshift alongthis line- of-sight. This is a diretly observable quantity, although, its interpretation isdependent on the geometry of the Universe. Indeed, the evolution of the number densityof absorbers with redshift is the intrinsi evolution of the true number of absorbersombined with e�ets due to the expansion of the Universe.The LLS number density is traditionally modelled using a power law of theform: n(z) = no(1 + z) (4.5)Figure 2 (top panel) shows the number density of LLS for our new high-redshiftsample and for data from the literature overlaid with maximum likelihood �ts to the ob-servations. For a Poisson distribution of x absorbers deteted in y quasars, the likelihoodfuntion an be written as the produt of the probability density funtions for eah Ly-man limit system deteted and the probability of not deteting a Lyman limit system inthe remaining quasars (Tytler, 1987):L = xYi=1n(z)e� R ziemziLLS n(z)dz yYj=x+1 e� R zjemzjmin n(z)dz (4.6)where n(z) is the number density per unit redshift, zem is 3000 km s�1 fromthe quasar emission redshift, zmin = zLLS if a LLS is observed and the produts over iand j are for systems in whih a Lyman limit system was observed and not observed,respetively. The log-likelihood funtion is thus:ln L = xXi=1 "ln n(z)� Z ziemziLLS n(z)dz# � yXj=x+1 Z zjemzjmin n(z)dz (4.7)In order to determine the redshift evolution of the Lyman limit systems, n(z) inthe log-likelihood funtion is replaed with the power law expression n(z) = no(1 + z) .Equation 4.7 beomes:ln L = xXi=1 "ln no +  ln (1 + zi)� no Z ziemziLLS (1 + zi)dz#� yXj=x+1no Z zjemzjmin (1 + zj)dz (4.8)and thus:
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Fig. 2.| The top panel shows the number of lyman-limit systems per unit redshift. Thesolid line is our �t whih only inludes LLS with z > 2:4 beause of the small number ofsystems known at low redshift. The dashed lines are double power law �t from Storrie-Lombardi et al. (1994) and the dashed-dot line is the �t from Stengler-Larrea et al.(1995). The horizontal error bars are the bin sizes and the vertial error bars are the1-� unertainties. The observations indiate a strong evolution of the number of LLSwith redshift. The data are binned for display purpose only. The bottom panel showsthe logarithmi likelihood funtion. The 1 and 2-� ontours �t of the unbinned numberof LLS per unit redshift are shown.
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Fig. 3.| As in Figure 2 but also inluding systems within 3 000 km s�1 of the quasaremission redshift.



4.3. LLS ANALYSIS 127ln L = x ln no +  xXi=1 ln (1 + ziLLS)� � no1 + � yXj=1 h(1 + zjem)+1 � (1 + zjmin)+1i (4.9)The bottom panel of Figure 2 displays the 1 and 2-� on�dene ontours of the�t. The resulting likelihood funtion is highly asymmetrial beause the normalisation,no, is strongly oupled to the power law index . Figure 3 is as Figure 2 but also inludessystems within 3 000 km s�1 of the quasar emission redshift. The dashed lines are doublepower law �ts from Storrie-Lombardi et al. (1994) and the dashed-dot line is the �t fromStengler-Larrea et al. (1995). The solid line is our �t whih only inludes LLS withz > 2:4 beause of the very small number of LLSs known at low redshift (0:4 � z � 2:4),all of whih are below z = 1:1.Figure 4 shows the logarithm of the number density of LLS as a funtion ofredshift. Interestingly the number density distribution in the Lyman-� forest shows abreak at z � 1:5. Kim et al. (2001) used the high sensitivity of the Ultra-Violet VisualEhelle Spetrograph (UVES) mounted on VLT to study the Lyman-� forest in the range1:5 < z < 4 and determine  at z > 2:4. They �nd  = 2:19�0:27 while below the break,the distribution is at (Weymann et al., 1998,  � 0:2). Kim et al. (2001) also �nd theline ounts as a funtion of the �lling fator to be onstant in the interval 1:5 < z < 4,whih suggests that the Hubble expansion is the main drive governing the forest evolutionat z > 1:5 and that the metagalati UV bakground hanges more slowly than a quasar-dominated bakground at z < 2. The parameter values for our �t are no = 0:06+0:15�0:05 and = 2:55+0:95�0:85 (determined using a maximum likelihood analysis). If LLSs within 3 000km s�1 of the quasar emission redshift are inluded the parameters are no = 0:07+0:13�0:04and  = 2:45+0:75�0:65. Surprisingly, the resulting di�erene is negligible, thus suggesting thatthe LLS within 3 000 km s�1 of the quasar emission redshift are not a di�rent lass ofabsorbers than other LLSs. At high-redshift, the  indexes are similar for both LLS andthe Lyman-� forest. Storrie-Lombardi et al. (1994) had measured  = 1:55� 0:45 whihis not signi�antly di�erent from a non-evolving population in a 
M = 0 Universe. Butour new high-redshift data leading to  = 2:55+0:95�0:85, unambiguously show the intrinsievolution of number density of LLSs. All these results are listed in Table 3 together withthe parameter �t of previous surveys.Expeted Number of LLSThe power law �t to the observed number of LLS per unit redshift is used toalulate the expeted number of LLS systems:LLSexpeted = nXi=1 Z zmaxzmin no(1 + z)dz (4.10)where zmin and zmax is the redshift path along whih quasar absorbers weresearhed for (see Tables 4.2.1 and 4.2.2). The LLS line pro�les annot be used to diretlymeasure their olumn densities beause in the range 1:6 � 1017 to 2� 1020 atoms m�2
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LSS sample z range  noLanzetta (1991) 0.36{2.50 0.3�0.09 1.22.50{3.61 5.7�1.9 8.1�10�4Sargent et al. (1989) 0.67{3.58 0.68�0.54 0.76Storrie-Lombardi et al. (1994) 0.40{4.69 1.55�0.45 0.27+0:20�0:13inluding LLS within 3000 km s�1 1.53�0.42 0.25this work 0.40{4.93 2.55+0:95�0:85 0.06+0:15�0:05inluding LLS within 3000 km s�1 2.45+0:75�0:65 0.07+0:13�0:04Table 3: This tables summarises the LLS number density redshift evolution parametersfor previous work and for the results presented here.

Fig. 4.| This Figure shows the logarithmi of the number density of LLS. Fits are asin Figure 3.



4.3. LLS ANALYSIS 129the urve of growth is degenerate. Nevertheless, the expeted number of LLS providesa further onstraint on the umulative number of quasar absorbers (see Chapter 5).Figure 5 shows another way to present the number of LLS independently of binning forthe sample studied. Our new high-redshift observations indiate a very strong evolutionin the number density of LLS as a funtion of redshift. At z = 4, our observationsindiate almost 4 LLS per unit redshift and our �t predits 9 systems per dz at z = 6.This di�erene in number density with redshift might be due to the fat that LLS arenot neessarily the same type of systems at high and at low-redshift.4.3.2 DisussionThe results presented here show a strong evolution in the number density ofLLS with redshift. Stengler-Larrea et al. (1995) ombined data from several surveys andfound a muh shallower evolution (see dashed-dot line in Figure 4 and ligh grey bins inFigure 6). At z >� 5, the number density of Lyman-limit systems per unit redshift in oursurvey is �5, implying that these systems are a major soure of UV opaity in the highredshift Universe.Numerial simulations of LLSs are hallenging beause they ontain both neu-tral and ionised gas. Gardner et al. (1997) extended existing numerial simulations inCold Dark Matter models using a semi-analytial method. This allowed for the treate-ment of previously unresolved low-mass halos. Nevertheless, even with suh orretions,the predited number density of LLS is a fator of 3 below the observations. They inter-pret the de�it in the predited number of LLS as either a failure of the Cold Dark Mattermodel or as an indiation of the presene in the real Universe of an additional popula-tion of Lyman limit absorbers that are not resolved by simulations. Pushing this studyfurther, Gardner et al. (2001a) investigate how the model preditions vary with vari-ous osmologial models. Standard simulations only resolve halos with irular veloityv > 140 km s�1 and thus underestimate the number density of LLS in all osmologialmodels. To estimate the absorption from lower mass halos, they �t a power-law to therelation between absorption area � and halo irular veloity v in the simulations andextrapolate using the Jenkins et al. (2001) halo mass funtion. The results from thisextrapolation show that n(z) LLS requires absorption in halos down to v � 30� 50 kms�1. Abel & Mo (1998) propose an alternative solution to explain this disrepany.They �rst note that the observed rate of inidene of LLS at z � 4 is about 30 timesthat expeted from the loal number density of galaxies. They propose to explain thisdi�erene by the presene at high-redshift of \mini-halos" whih have formed prior toreionisation. They argue that the gas remains neutral until the UV bakground destroysthe neutral hydrogen and the \mini-halos" merge into larger systems. This senario isonsistent with the observed number of LLS at high-redshift (Figure 6) even in a ColdDark Matter model. Ultimately, suh an approah ould put onstraints on the epohof reionisation.
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Fig. 5.| Cumulative number of Lyman-Limit Systems as a funtion of redshift for thewhole LLS sample studied. This way of displaying the data is independent of binning.
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Fig. 6.| The number density of LLS from this work (dark bins) and from Stengler-Larrea et al. (1995) (light grey bins) are shown. \Mini-halo" models from Abel & Mo(1998) are overplotted: for veloities ranging 10-15 km s�1 (solid line), 15-20 km s�1(dashed line), and 15-20 km s�1 with no merging (dotted line). The large di�erenebetween the model preditions illustrates its sensitivity to the input parameters.



132 CHAPTER 4. LYMAN LIMIT SYSTEMS ANALYSIS4.4 SummaryIn this Chapter we have made a statistial analysis of Lyman Limit Systemsonentrating on the high-redshift range (z >� 2:4). By measuring the evolution withredshift of the number density of these absorbers, one an disentangle whether thispopulation is truely evolving or whether n(z) is hanging solely due to the geometry ofthe Universe. First studies in this �eld, onentrating on the low redshift data availableat the time, found no evolution of the intrinsi properties of the individual absorbers.Subsequent studies, aquiring more data at high redshift, started to �nd evolution inthe ase of a � = 0 Universe, 
M = 1 osmologial model. Indeed the results presentedhere point to an apparent break at z � 1:5 that would partially explains the disrepanybetween the low and high redshift results.We use the high redshift quasar sample presented in Chapter 2 to build anhomogeneous sample of LLS. We developed an automated algorithm to detet LLS andmeasure their redshift and optial depth, � . We analyse this sample together withother data taken from the literature at high-redshift, zem > 4 Storrie-Lombardi et al.(1994), intermediate redshift, 2:75 < zem < 4:11 (Sargent et al., 1989) and low redshift,0:47 < zem < 1:40 (Bahall et al., 1993; Bergeron et al., 1994). The number density wasomputed and for the �rst time, a strong intrinsi evolution was unambiguously deteted.We used a maximum likelihood analysis to ontrain the parameters of a power law �t,n = no(1 + z) and found no = 0:07+0:13�0:04 and  = 2:45+0:75�0:65. If there was no evolution ofthe intrinsi properties of the individual absorbers in a � = 0 Universe we would expet = 1 for 
M = 0 and  = 0:5 for 
M = 1. An 
M = 0:3 & 
� = 0:7 osmologialmodel leads to very similar results as the 
M = 0:0 & 
� = 0:0 model. Clearly, ourmeasurement of  indiates evolution regardless of the geometry of the Universe. Wefurther used this data set to alulate the expeted number of absorbers whih will allowus to put a additional onstraint to the umulative number of absorbers as a funtionof olumn density. The olumn density of LLS annot be easily measure in mediumresolution quasar spetra sine the urve of growth (whih relates the observed equivalentwidth to the olumn density) is degenerate in this olumn density range (see Chapter 1for more details). We will show in Chapter 6 how we use the expeted number of LLSsto overome this partiular problem and re-ompute the olumn density distribution ofquasar absorbers in a the LLS range. Finally, we have disussed our results in terms ofonsequenes for the UV-opaity of the Universe and ompare our measurements withreent models. We showed that further data are still neessary to di�erentiate betweenompeting models.
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Chapter 5Damped Lyman-� SystemsAnalysis`La onversation de Charles �etait plate omme un trottoir de rue,elle avait l'habit ordinaire des id�ees de tout le monde'Gustave FlaubertThis Chapter starts by summarising the de�nition and rôle of Damped Lyman-� (hereafter DLA) systems (Setion 5.1.1). Previous surveys (Setion 5.1.2) and results(Setion 5.1.3) are summarised. In setion 5.2, our new survey for DLAs is introdued:the survey's sensitivity is de�ned and ompared with previous surveys in Setion 5.2.1.In the following setion (5.2.2), the method used to selet the DLA systems is detailedand the results are tabulated. Assoiate metal lines have also been studied (Setion 5.3).In Setion 5.4.1, the DLAs' properties are analysed and in setion 5.4.2, their numberdensity is alulated. Our results are ompared with reent model preditions.5.1 Introdution5.1.1 BakgroundDamped Lyman-alpha systems have, by de�nition (Wolfe et al., 1986), a neutralhydrogen olumn density of NHI � 2� 1020 atoms m�2 orresponding to a rest-frameequivalent widthW � 10 �A. The true nature of the galaxies responsible for high-redshiftdamped systems is largely unonstrained. At present, there are two main ompetingsenario for the nature of DLAs.One shool of thought has DLAs being the (large) progenitors of massive spiraldiss (e.g. Wolfe et al., 1986; Lanzetta et al., 1991). The gas diss would have formed atz > 5 through monolithi ollapse, and this gas is onverted to stars over a Hubble time.This piture is broadly supported by the kinemati work of Prohaska & Wolfe (1998)who used dynamial studies of the metal absorption lines assoiated the DLA systems



134 CHAPTER 5. DAMPED LYMAN-� SYSTEMS ANALYSISto show that they are fully formed, large, rapidly rotating galati diss with vir >�200km s�1. However, this \large dis" hypothesis runs ounter to the urrently-popularhierarhial struture formation models where present day galaxies are assembled fromvirialized sub-units over a large redshift range (z � 1 � 5). Reent hydrodynami N-body simulations (Haehnelt et al., 1998; Maller et al., 2001) have shown that the veloitystruture observed in the absorption lines an also be explained by infalling sub-galatilumps in ollapsing dark matter halos with small virial veloities of � 100 km s�1. Thissenario has a remarkable resemblane to what has been observed already around quasarsand radio galaxies over the redshift range 2{5 (e.g. Moller & Warren, 1998; Pasarelleet al., 1996; Hu & MMahon, 1996).Intimately linked with this is one of the fundamental phenomena still poorlyunderstood in osmology, the detailed proess relating to the origin of struture formationafter the epoh of reombination. The basi dilemma is, that while the diretly observablebaryoni ontent of galaxies at the present epoh is onentrated in stars, in the past,logially, this must have been in the form of gas. Therefore the only way to obtain a selfonsistent and omplete piture of the galaxy formation proess is to ombine studies ofthe star light and the star formation rate with studies of the gas ontent of the Universeto learn about the underlying metal prodution and gas onsumption rates. Quasarabsorbers provide a powerful observational means to study the early stages of galaxyformation independently of their intrinsi luminosity. The damped Lyman-� absorptionlines are of partiular importane sine they ontain the bulk of the neutral gas (and alarge fration of the baryoni ontent) in the Universe at high redshift and are the majordiretly observable baryoni omponent at these redshifts.5.1.2 Previous SamplesSurveys for the highest olumn densities quasar absorbers are ambitious obser-vational programs requiring extensive use of telesope time. The �rst searh for higholumn density absorption lines was made in 1986 by Wolfe et al. who used 68 quasarspetra observed with the Lik Observatory and disovered 26 absorbers with (rest frame)equivalent width > 5�A in the redshift range 1:7 < z < 2:6. One of the major results ofthis survey was that the inidene of DLAs was greater than expeted if the absorptionwere arising in galaxies with the same ross setion as present day spirals Wolfe (1988).A survey of similar size was onduted a few years later by Sargent et al. (1989). Combin-ing their dataset with a similar number of quasars found in the literature, Lanzetta et al.(1991) seleted DLA andidates from a sample of 101 quasars. In 1995, Lanzetta, Wolfe& Turnshek used published optial and International Ultraviolet Explorer observationsto make a ompilation of 260 quasars and found 16 DLAs andidates along a redshiftpath �(z) = 202.8 in the redshift range 0.1 � z � 1.5. A year later, Storrie-Lombardi,MMahon, Irwin & Hazard surveyed 2500 deg2 of sky. They found 31 quasars with z �4 (at that time only around 50 z � 4 were known) and probed a redshift path of �(z) =



5.2. NEW DLA SAMPLE 135239.4 leading to the disovery of 11 DLAs. More reently, Rao & Turnshek (2000), useda di�erent method (based on the observations of Ly-� in 87 identi�ed Mg II systems) andHST data to selet 12 DLAs with z � 1.65 in a redshift path �(z) = 104.6 redshift path.These systems are not inluded in the study presented in this Chapter beause the workof this thesis onentrates on high-redshift data but are disussed later on in Chapter6. Finally, Storrie-Lombardi & Wolfe (2000) made new spetrosopi observations of 30quasars (11 new) at 0.008 � z � 4.494 resulting in 11 DLAs. They ombine these withprevious data to make a sample of 646 quasars and found 85 DLAs in a �(z) = 418.4redshift path. Following this work, we undertook observations of a new sample basedon a larger sky overage in order to signi�antly improve the redshift path surveyed athigh-redshift and hene make a statistially signi�ant study of DLA properties as afuntion of redshift.5.1.3 Previous ResultsLanzetta (1991) produed the �rst signi�ant statistial analysis of DLA num-ber density and the mass density of HI in DLAs. If the absorber population is notevolving, in a standard Friedmann osmology with no � term, n(z) is given byn(z) = n0(1 + z)(1 + 2q0z)�0:5 (5.1)where n0 is the number of absorbers at z = 0.For a non-evolving population, the index  is equal to 1 for q0 = 0 and 0.5 forq0 = 0:5. The analysis of Lanzetta (1991) indiated  = 0:3 � 1:4, onsistent with anon-evolving population for either  = 1 or 0.5.A few years later, Lanzetta et al. (1995) extended their work to inlude DLAsat lower redshift by exploiting ultra-violet data obtained from the IUE satellite. Themean absorption redshift of the sample is hzabsi � 0:64 and the average DLA numberdensity was found to be n(z) = 0.08. With the IUE data, an improved estimate of ould be determined and was found to be 1.15�0.55. Given the redution of the errorbars on their determination of , it was onluded by Lanzetta et al. (1995) that theprodut of the absorption ross setion and o-moving spatial number of DLAs has notevolved signi�antly from z = 0:008 to z � 3:5.Finally, Wolfe et al. (1995) used the Large Bright Quasar Survey (Hewett et al.,1995, LBQS,) and referenes therein, to searh for DLAs with 1:6 <� zabs <� 3:0. A totalof 59 DLA andidates were pre-seleted as having W0 � 5 �A out of 228 spetra. Inaddition to the LBQS sample, they onstruted a `statistial sample' from the literatureonsisting of 80 DLAs from whih they determined a value for  idential (and with thesame errors) as Lanzetta et al. (1995).5.2 New DLA Sample
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Fig. 1.| Survey sensitivity funtion. The g(z) funtion shows the umulative numberof lines of sight along whih a DLA system ould be deteted if there was one. SW00and SMIH96 are surveys undertaken by Storrie-Lombardi & Wolfe (2000) and Storrie-Lombardi et al. (1996a), respetively. Our new observations more than doubles theredshift path surveyed at z >� 3:5.



5.2. NEW DLA SAMPLE 1375.2.1 Survey's SensitivityDLAs are rare and to �nd them requires probing many quasar lines of sight.Figure 1 shows the umulative number of lines of sight along whih a DLA ould havebeen deteted at the 5� on�dene level for the previous major surveys. The surveysensitivity, g(z), is de�ned by:g(z) =XH(zmaxi � z)H(zmini � z) (5.2)where H is the Heaviside step funtion. The survey sensitivity, g(z), is omparedwith those of previous DLA surveys in Figure 1 to show that our new observations morethan double the redshift path searhed for DLAs at z >� 3.5. Although DLAs have a lownumber density per unit redshift ompared with lower olumn density systems, they arestill thought to ontain most of the neutral hydrogen mass even at redshifts less than3. Chapter 6 disusses how our new survey impats upon measurement of the omovingmass density of neutral gas at high redshift, its impliations for the formation epoh ofDLA and for the rate of evolution of gas into stars. In the remainder of this Chapter, wedisuss the seletion tehniques used to detet DLAs our survey and present an analysisof the statistial properties of these high olumn density systems.5.2.2 DLA DetetionTo selet DLA andidates we have used the detetion algorithm developed byLanzetta et al. (1991), supplemented by a visual searh. The algorithm omputes theobserved equivalent widths of all the absorption lines in the forest and plots these as afuntion of observed wavelengths. All absorptions with W greater the hosen thresholdan thus learly be piked up. Further investigations are neessary to hek that thebottom of the orresponding absorption feature goes to zero ux level. It has previouslybeen applied to other samples of z > 4 quasars in Storrie-Lombardi et al. (1996) andStorrie-Lombardi & Wolfe (2000). We have �tted the \loal" quasar ontinua usingIRAF SPLOT x-(j)x task (an example of whih is displayed in Figure 6). These \loal"ontinua follow, within the noise, the upper part of the ux in the forest: they do notinlude the ontinua depression (DA and DB , see Chapter 3) and thus lie well below the\true" quasar ontinua.In order to �nd intervening quasar absorbers, the spetra were analysed from3000 km s�1 blueward of the emission line (to avoid lines possibly assoiated with thequasar) towards shorter wavelengths. The analysis was stopped when the signal-to-noiseratio beame too low to detet a Ly� line with rest equivalent width � 5 �A at the 5�level (orresponding to zmin in Table 5.2.2). This point was typially aused by theinidene of a Lyman limit system.In the automated searh, for eah spetrum, we de�ne an equivalent width spe-trum (see Figure 4 and Figure 3 for usual spetra). We measured the equivalent widthsof all the andidates with rest equivalent widths greater than 5 �A by �tting Gaussian
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Quasar Med Res N(HI) z High Res N(HI) z � N(HI)BR 0019�1522 20.0 3.42 20.92 3.4370 +0.92BR 0019�1522 20.5 3.98 <20.3 ... > �0.2BR 0951�0450 21.0 3.84 20.6 3.8477 �0.40BR 0951�0450 20.3 4.20 20.4 4.2028 +0.10BRI 0952�0115 20.8 4.01 20.55 4.0238 �0.25BRI 1013+0035 20.8 3.10 21.1 3.1031 +0.30BRI 1108�0747 20.2 3.61 20.33 3.6070 +0.13BRI 1114�0822 20.4 4.25 20.3 4.2576 �0.10BR 1202�0725 20.5 4.38 20.49 4.3830 �0.01BRI 1346�0322 20.3 3.73 20.72 3.7343 +0.42BRI 1500+0824 20.4 2.80 20.8 2.7968 +0.40BR 2237�0607 20.4 4.08 20.5 4.0691 +0.10mean 20.46 3.7833 20.58 3.7693 +0.12min value 30.0 2.80 <20.3 2.7968 �0.40max value 21.0 4.38 21.1 4.3830 +0.92Table 1: This table ompiles the DLA olumn density and redshift estimates from 5�A(FWHM), signal-to-noise ratio per pixel � 20 (Storrie-Lombardi et al., 1996a) and 2�A,signal-to-noise ratio per pixel � 25 (Storrie-Lombardi & Wolfe, 2000) quasar spetra.This shows that our N(HI) estimates from 5 �A resolution quasar spetra are reliable.In partiular, ontrary to ommon believe, the olumn density derived from mediumresolution data are not over-estimated.
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Fig. 2.| These �gures illustrate the di�erene between the medium and high resolu-tion DLA olumn density measurements as funtion of olumn density (top panel) andredshift (bottom panel). A trend in the top panel might be visible but the orrelationparameter is low (r=0.62).
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Fig. 3.| Spetra of quasars of the equivalent width analysis shown in next �gure (Fig-ure 4).
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Fig. 4.| The �gure shows two examples of the output from the algorithm that detetsdamped Ly� absorption andidates. The spetrum equivalent width bins are shown asa solid line, the error equivalent width are shown as a dotted line, and the dashed lineshows the observed equivalent width of a 5 �A rest equivalent width line at the redshiftsshown along the top axis. The lower axis shows the wavelength sale. The minimumredshift (zmin in table 5.2.2) to whih we an survey for damped andidates is determinedby the point where the error line (dotted) rosses the 5 �A rest equivalent width threshold(dashed line). The plaes where the spetrum array (solid line) goes above the dashedline threshold are the wavelengths at whih we measure the equivalent width of the linesin the original spetrum. The upper panel shows four potential absorbers in BR J0006-6208 and the lower panel shows �ve potential absorbers in BR J0307-4945.



142 CHAPTER 5. DAMPED LYMAN-� SYSTEMS ANALYSISpro�les in IRAF (SPLOT k-k task) against the \true" quasar ontinua. We then esti-mated their N (HI) olumn densities from the linear part of the urve of growth. Figure 5shows the DLA feature in BR J0307�4945 on the medium resolution data (top panel)and the �t made with FITLYMAN (MIDAS pakage) on the high-resolution data (bot-tom panel). The olumn density estimates resulting from the two sets of data are in goodagreement. Previous experiene has shown that the olumn density estimates derivedusing this method are in good agreement with measurements done on higher resolutiondata as shown from a omparison of the results of Storrie-Lombardi et al. (1996a) [reso-lution 5�A (FWHM), signal-to-noise ratio per pixel � 20℄ and Storrie-Lombardi & Wolfe(2000) [resolution 2�A, signal-to-noise ratio per pixel � 25℄ (Table 1). The di�erenes areillustrated by Figure 2 as funtion of olumn density (top panel) and redshift (bottompanel). A trend in the top panel might be visible but the orrelation parameter is low(r=0.62). This shows that N(HI) estimates from 5 �A quasar spetra an be reliable.In partiular, ontrary to ommon believe, the olumn density derived from mediumresolution data are not in general over-estimated.In addition to the searh desribed above, the spetra were surveyed intera-tively and the equivalent width and Full Width Half Maximum (FWHM) were measuredas desribed above for any wide or saturated lines that looked like they might possiblybe damped. Unfortunatly, the equivalent width is quite sensitive to the extrapolatedontinuum plaement, partiularly when trying to inlude possible damping wings. Aspointed out earlier in Chapter 1, the equivalent width is traditionally used althoughmeasuring the FWHM of the line would be more appropriate as it is less depend on theexat ontinuum position sine its sides are nearly parallel where it is measured.These results were ompared with the ones from the automated searh to makeup the list of DLAs shown in Table 5.2.2. The andidates with rest equivalent widthsin the range 5 { 10 �A at z � 4 are listed in the table for ompletion although many areunlikely to be damped. The sample of 66 z >� 4 quasar spetra has lead to the disoveryof 26 new damped Ly� absorption andidates, 15 of whih have z > 3:5.For ompleteness, we also looked for quasar absorbers within 3000 km s�1 ofthe quasar emission line and thus possibly assoiated with the quasar. We found onlyone suh system in PSS J0034+1639, at z = 4:26. The olumn density of this absorberis large: log N (HI) = 21:1 atoms m�2. The redshift path surveyed (between zem andzem � 3000 km s�1) is �z = 2:9, orresponding to �X = 12:1 in a 
M = 0:3, 
� = 0:7Universe (�X = 6:7 in a 
M = 1:0, 
� = 0:0 Universe). It is interesting to note thatin their survey for CORALS (Complete Optial and Radio Absorption Line Systems),Ellison et al. (2001) observed 66 quasars with zem � 2:2 and found 19 DLAs plus 3systems with zabs � zem [log N(HI) = 20.20 atoms m�2, zabs = 2:57 in B0405{331;log N(HI) = 21.20 atoms m�2, zabs = 2:81 in B0528{250; log N(HI) = 20.78 atomsm�2, zabs = 2:97 in B1354{107℄ (Ellison et al., 2001b), i.e. more than us for a survey ofomparable size. However, the poisson errors of a sample of three systems are large, andso these results do not neessarily show that radio-seleted and optially-seleted quasarsamples are di�erent.
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Fig. 5.| BR J0307�4945 DLA. The top panel shows the DLA feature on the mediumresolution data and bottom panel shows the �t made with MIDAS's pakage FITLYMANon the UVES high-resolution data. The two resulting olumn density estimates are ingood agreement.
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Fig. 6.| Example of medium resolution \loal" ontinuum �t made with the \splot x-x"IRAF ommand for BR J0307�4945 quasar.
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Table 2: Survey for Damped Lyman�� Absorption SystemsQuasar zem zmin zmax zabs W log NHI Metal zmetal Note(�A) (m�2) LinesPSS J0003+2730 4.240 2.718 4.188 3.51 7.6 20.0 Si II 1527 3.513Fe II 1608 3.510Al II 1671 3.5123.89 9.0 20.2 C II 1334 3.893Si IV 1400 3.893C IV 1549 3.893Al II 1671 3.891BR J0006�6208 4.455 2.944 4.400 2.97 15.6 20.7 Si II 1808 2.9653.20 21.6 20.9 Al II 1671 3.1933.78 22.5 21.0 Si II 1527 3.776Fe II 1608 3.780 a4.14 7.9 20.1 C II 1334 4.150 bBR J0030�5129 4.174 2.304 4.122 2.45 18.1 20.8 Fe II 2261 2.449Fe II 2344 2.452Fe II 2383 2.451PSS J0034+1639 4.293 2.981 4.240 3.75 8.9 20.2 Si II 1527 3.752C IV 1549 3.7544.26 24.9 21.1 Si II 1260 4.252 b,O I 1302 4.262C II 1334 4.282Si IV 1400 4.281Si II 1527 4.282C IV 1549 4.281Fe II 1608 4.281SDSS J0035+0040 4.747 3.309 4.690 ... ... ... ... ...PSS J0106+2601 4.309 2.764 4.256 3.96 13.5 20.5 Ly� 3.96 bC II 1334 3.958Si IV 1400 3.957C IV 1549 3.959PSS J0131+0633 4.417 3.014 4.363 3.17 6.6 19.9 ... ...3.61 5.5 19.8 C IV 1549 3.609PSS J0133+0400 4.154 2.865 4.102 3.08 8.2 20.1 C IV 1549 3.083Si II 1808 3.0853.69 11.9 20.4 Si II 1527 3.691Al II 1671 3.6903.77 12.5 20.5 C II 1334 3.771Si IV 1400 3.771Si II 1527 3.771Fe II 1608 3.770Al II 1671 3.771
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4.00 8.6 20.1 Si II 1260 3.993O I 1302 3.994Si IV 1400 3.996Si II 1527 3.993PSS J0134+3307 4.532 2.562 4.477 3.76 14.8 20.6 Si II 1527 3.761 dC IV 1549 3.775Al II 1671 3.780PSS J0152+0735 4.051 1.890 4.000 3.84 17.0 20.7 Ly� 3.84 bO I 1302 3.841C II 1334 3.842PSS J0209+0517 4.174 2.759 4.122 3.66 10.1 20.3 Al II 1671 3.6643.86 15.2 20.6 Ly� 3.86Si II 1304 3.862C II 1334 3.862SDSS J0211�0009 4.874 3.402 4.815 4.64 7.5 20.0 Si II 1527 4.645BR J0234�1806 4.301 2.971 4.248 3.69 8.7 20.2 Si IV 1400 3.694Al II 1671 3.692PSS J0248+1802 4.422 2.810 4.368 ... ... ... ... ...BR J0301�5537 4.133 2.825 4.082 3.22 10.4 20.3 Si II 1527 3.2203.38 7.9 20.1 Si II 1527 3.3773.71 7.0 20.0 C II 1334 3.705C IV 1549 3.701BR J0307�4945 4.728 3.138 4.671 3.35 6.0 19.8 ... ...4.46 18.6 20.8 Ly� 4.46 bO I 1302 4.465Si II 1304 4.466C II 1334 4.465Si IV 1400 4.464Si II 1527 4.466C IV 1549 4.464Fe II 1608 4.466Al II 1671 4.466SDSS J0310�0014 4.658 3.087 4.601 3.42 13.2 20.5 Al II 1671 3.4244.34 8.6 20.1 ... ...BR J0311�1722 4.039 2.591 3.989 3.73 8.7 20.2 O I 1302 3.733Si II 1304 3.733C II 1334 3.733BR J0324�2918 4.622 2.900 4.566 ... ... ... ... ...BR J0334�1612 4.363 3.080 4.309 3.56 24.5 21.0 Si II 1527 3.558SDSS J0338+0021 5.010 3.528 4.950 4.06 11.8 20.4 Si II 1527 4.059Al II 1671 4.066BR J0355�3811 4.545 3.030 4.490 ... ... ... ... ...BR J0403�1703 4.227 2.992 4.175 ... ... ... ... ...
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BR J0415�4357 4.070 2.813 4.019 3.81 7.1 20.1 Ly� 3.81O I 1302 3.806Si II 1304 3.806C II 1334 3.806Si II 1527 3.806BR J0419�5716 4.461 2.820 4.406 2.82 7.4 20.0 Fe II 2344 2.8192.90 8.8 20.2 Fe II 2344 2.8962.98 5.1 19.7 ... ...BR J0426�2202 4.320 2.544 4.267 2.98 26.2 21.1 Al II 1671 2.982PMN J0525�3343 4.383 2.829 4.329 ... ... ... ... ...BR J0529�3526 4.413 3.023 4.359 3.57 8.5 20.1 Fe II 1608 3.573Al II 1671 3.571BR J0529�3552 4.172 2.821 4.120 3.68 7.6 20.0 ... ...3.70 7.6 20.0 ... ...BR J0714�6455 4.462 3.050 4.407 ... ... ... ... ...PSS J0747+4434 4.430 2.764 4.376 3.76 10.3 20.3 ... ...4.02 15.4 20.6 Ly� 4.02C II 1334 4.020Al II 1671 4.017RX J1028�0844 4.276 2.533 4.223 3.42 8.0 20.1 Ly� 3.422Si II 1527 3.423Al II 1671 3.4224.05 5.0 19.7 Al II 1671 4.047 ePSS J1057+4555 4.116 2.652 4.065 2.90 8.0 20.1 Al II 1671 2.9103.05 10.0 20.3 Fe II 1608 3.061Al II 1671 3.051Si II 1808 3.0493.32 8.9 20.2 Si II 1527 3.316Al II 1671 3.317PSS J1159+1337 4.073 2.563 4.022 3.72 10.3 20.3 Ly� 3.72 b,fC II 1334 3.723Si IV 1400 3.723Si II 1527 3.723C IV 1549 3.724Al II 1671 3.723PSS J1253�0228 4.007 2.498 3.957 2.78 38.5 21.4 Al II 1671 2.781 b3.60 5.2 19.7 C II 1334 3.602Si IV 1400 3.603C IV 1549 3.602Fe II 1608 3.599BR J1310�1740 4.185 2.508 4.133 3.43 8.1 20.1 Si II 1527 3.435C IV 1549 3.434Al II 1671 3.433
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BR J1330�2522 3.949 2.578 3.900 2.91 7.5 20.0 ... ...3.08 5.7 19.8 Si II 1527 3.082C IV 1549 3.081Fe II 1608 3.080Al II 1671 3.080FIRST J1410+3409 4.351 3.026 3.578 3.43 8.2 20.1 ... ...3.602 4.297 ... ... ... ... ...PSS J1456+2007 4.249 2.878 4.197 3.22 5.6 19.8 Si II 1527 3.223Si II 1808 3.2214.16 6.8 19.9 ... ... bBR J1603+0721 4.385 3.062 4.331 ... ... ... ... ...PSS J1618+4125 4.213 2.820 4.161 3.92 12.9 20.5 Si IV 1400 3.920 bSi II 1527 3.914PSS J1633+1411 4.351 2.536 4.297 3.90 5.8 19.8 C IV 1549 3.895Fe II 1608 3.906PSS J1646+5514 4.037 2.772 3.987 ... ... ... ... ...PSS J1721+3256 4.031 2.791 3.981 ... ... ... ... ...RX J1759+6638 4.320 2.804 4.267 3.40 12.4 20.4 Si II 1527 3.398C IV 1549 3.397Al II 1671 3.397PSS J1802+5616 4.158 2.891 4.106 3.39 8.3 20.1 Si II 1527 3.386C IV 1549 3.3893.56 9.7 20.2 ... ...3.76 11.2 20.4 ... ...3.80 8.5 20.1 C II 1334 3.807PSS J2122�0014 4.114 2.350 4.063 3.20 10.7 20.3 Si II 1527 3.206 gC IV 1549 3.206Fe II 1608 3.205Al II 1671 3.2064.00 8.0 20.1 Si II 1260 3.999 bSi II 1527 4.001C IV 1549 4.000PMN J2134�0419 4.334 2.903 4.281 3.27 7.0 20.0 C IV 1549 3.262Fe II 1608 3.269PSS J2154+0335 4.363 2.979 4.309 3.61 11.3 20.4 Si II 1527 3.6233.79 5.4 19.7 C IV 1549 3.778PSS J2155+1358 4.256 2.940 4.203 3.32 24.6 21.1 Si II 1527 3.316 hC IV 1549 3.313Fe II 1608 3.316Al II 1671 3.314
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BR J2216�6714 4.469 2.795 4.414 3.37 7.0 20.0 C IV 1549 3.369Si II 1808 3.3644.28 7.0 20.0 Ly� 4.28O I 1302 4.2624.32 8.3 20.1 Si II 1304 4.323PSS J2241+1352 4.441 3.027 4.387 3.65 7.2 20.0 Si II 1808 3.6474.28 17.1 20.7 Ly� 4.28O I 1302 4.282Si II 1304 4.284C II 1334 4.282Si IV 1400 4.286Si II 1527 4.283Fe II 1608 4.284BR J2317�4345 3.943 2.448 3.894 3.49 20.2 20.9 Si IV 1400 3.483C IV 1549 3.486Fe II 1608 3.491BR J2328�4513 4.359 2.926 4.305 3.04 8.3 20.1 Si II 1808 3.041 iPSS J2344+0342 4.239 2.696 4.187 2.68 23.0 21.0 Si II 1808 2.678 jFe II 2260 2.684Fe II 2367 2.6783.21 21.1 20.9 C IV 1549 3.218Fe II 1608 3.219Al II 1671 3.219Si II 1808 3.220
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BR J2349�3712 4.208 2.847 4.156 3.69 9.5 20.2 Si II 1527 3.691a Fe II 1608 at z=3.780 is at the same position as Fe II 2600 at z=1.958.b Also deteted as a Lyman-limit system. This damped system is within 3000 km s�1 of the quasar emission redshift but we haveinluded it in this table due to the fat that it is the �rst damped absorber deteted ata redshift z > 4 with a olumn density log NHI > 21.d Si II 1527 at z=3.761 is at the same position as C IV 1549 at z=3.686.e Al II 1671 at z=4.047 is at the same position as Mg I 2853 at z=1.956.f This damped absorption line has a very narrow ore but strong damping wings arevisible on both sides of the line.g The Ly� line may be blended with Ly� at z=4.00, therefore the olumn density maybe overestimated. This quasar has an unusually rih absorption spetrum, with many CIV absorbers redward of the Ly� emission.h Si II 1527 at z=3.316 is at the same position as Fe II 2260 at z=1.915.i Si II 1808 at z=3.041 is blended with C IV 1549 at z=3.719.j This damped absorption andidate is just below the minimum redshift determined withour detetion algorithm. It is likely to be real but requires on�rmation with a highersignal-to-noise spetrum.



5.3. METAL SYSTEMS 151Figure 4 shows two examples (BR J0006�6208 and BR J0307�4945) of theoutput of the algorithm we use to detet DLA andidates and Figure 3 for spetra ofthe orresponding quasars. One of the highest-redshift (z=4.46) DLA system urrentlyknown is deteted in the spetrum of quasar BR J0307�4945 (Figure 7). It has manyassoiated metal lines whih have been studied in detail with higher-resolution obser-vations undertaken with the UVES spetrograph on VLT (Dessauges-Zavadsky et al.,2001). This spetrograph is a unique faility perfetly suited to the study of quasar spe-tra thanks to its high sensitivity at extreme red and blue wavelengths (D'Odorio, 1997;D'Odorio et al., 2000). The spetrum shows omplex low-ionisation and high-ionisationline pro�les spanning � 240 and 300 km s�1 in veloity spae respetively. We deriveaurate abundanes for N, O, Al, Si and Fe, and plae a lower limit on C and an upperlimit on Ni: [N/H℄ = �3:07� 0:15, [O/H℄ = �1:63� 0:19, [Al/H℄ = �1:79� 0:11, [Si/H℄= �1:54�0:11, [Fe/H℄ = �1:97�0:19, [C/H℄ > �1:63 and [Ni/H℄ < �2:35. The derivedmetalliity, � 1=90 solar, shows that this very young absorber (� 1:3 Gyr) has alreadyexperiened a signi�ant metal enrihment. The [O/Si℄ ratio is nearly solar suggesting alimited amount of dust, the relative [Si,O/Fe℄ abundane ratios show a similar enhane-ment as observed in the Milky Way stars with omparable metalliities, and the [N/O℄ratio is very low. All these results point to an enrihment pattern dominated by TypeII supernovae whih suggests a Milky Way type evolutionary model.5.2.3 Other Lines at the DLAs' RedshiftAbsorption features redward of the Ly-� quasar emission line were seleted us-ing an automated algorithm1 developed and made available for publi use by Bob Car-swell. The ode systematially detets lines with equivalent widthW � 0:1 �A. Gaussianswere �tted to the lines in order to measure their redshifts and equivalent widths. Someof these lines were identi�ed as low-ionization states of metals in assoiation with DLAandidates. All the metal lines assoiated with DLA andidates are listed in Table 5.2.2.In some ases Ly-� was observed blueward of the DLA andidate. Observingthe Lyman series is useful beause it permits a more detailed study and olumn densityestimate of the DLA itself. As an example, the Ly-� assoiated with the z=4.46 DLAin BR J0006�6208 is learly visible (see Figure 7). Even at medium resolution, it anbe seen that the line resolves into two omponents.5.3 Metal SystemsThe observed equivalent width and wavelength of every absorption line detetedredward of the quasar Lyman-� emission were measured using the algorithm desribedin setion x5.2.3 above. The features whih were not assoiated with a DLA or LLSwere identi�ed using the line list in Table 3. Most of the deteted Mg II systems alsoshow assoiated Fe II absorption. This survey resulted in the detetion of 80 new C1see the following URL for more details: http://www.ast.am.a.uk/�rf/rdgen.html
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Fig. 7.| Example of DLA andidates. The spetrum of quasar BR J0307�4945 withDLA andidates marked at z=4.46 and z=3.35 is shown. The z=4.46 absorber is thehighest redshift damped absorber urrently deteted. The notations are as in Figure 1.Many metal lines are observed at z=4.46 but no metals are deteted at z=3.35. Thehigher redshift DLA has been studied in detail with higher-resolution observations un-dertaken with the UVES spetrograph on VLT (Dessauges-Zavadsky et al., 2001). Theorresponding Ly-� learly resolves into two omponents thus allowing a better estimatethe DLA properties.
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Table 3: Metal Lines Rest WavelengthsIon � (�A) Ref.N V 1238.821 1N V 1242.804 1Si II 1260.4221 1Si II 1304.3702 1C II 1334.5323 1Si IV 1393.7550 1Si IV 1402.7700 1Si II 1526.7066 1C IV 1548.1950 1C IV 1550.7700 1Fe II 1608.4511 1Fe II 1611.2005 1Al II 1670.7874 1Si II 1808.0126 2Fe II 2260.7805 1Fe II 2344.2140 1Fe II 2367.5910 3Fe II 2374.4612 4Fe II 2382.7650 4Fe II 2586.6500 4Fe II 2600.1729 4Mg II 2796.3520 1Mg II 2803.5310 1Mg I 2852.9641 1Referenes:(1) Morton 1991;(2) Bergeson & Lawler 1993;(3) Nussbaumer, Pettini & Storey 1982;(4) Cardelli & Savage 1995



154 CHAPTER 5. DAMPED LYMAN-� SYSTEMS ANALYSISIV systems (3.0 <� z <� 4.5) and 48 new Mg II systems (1.3 <� z <� 2.2), see Chapter 1,Setion 1.3.1 II) for more details. The results are summarized in Table B in AppendixB. Metal prodution provides an indiret but powerful way to trae early stagesof galaxy formation. CIV lines in partiular probe galati haloes and Mg II systems areknown to be assoiated with the extended gaseous envelopes of bright galaxies whihhave been deteted in emission at z � 0:6 (Bergeron & Boisse, 1991). Our data providefor the �rst time a sample of high-redshift CIV systems whih will be studied in moredetails.5.4 DLA Analysis5.4.1 DLA PropertiesFigure 8 (top panel) shows an overview of the distribution of olumn densitywith redshift. There appear to be less high olumn density systems at high-redshift(z >� 3:5). The other point to note is that in their sample, Rao & Turnshek (2000) havetwo distint populations of absorbers: systems with high olumn density (log N(HI)> 21:3 atoms m�2), and systems with lower olumn density (log N(HI) < 20:7 atomsm�2). This is an important point beause, when measuring the neutral gas from quasarabsorbers, the high olumn density systems play a major role.Figure 8 (bottom panel) shows the distribution of absorbers with olumn den-sity. We do not observe systems with olumn density log N(HI) >� 21:6 atoms m�2, butit ould be argued that at very high olumn density (i.e. log N (H I) >� 23 atoms m�2),the absorbers might prevent us �nding the bakground quasar in the �rst plae, beausethe damping wings would ompletely eat up the Ly-� emission line and ux redwardof it, thus ompliating the seletion of the quasar via traditional olour-olour teh-niques. Indeed, smooth partile hydrodynamis simulations by Gardner et al. (2001a)do produe DLA systems with olumn density greater than the one observed and theyeven orret for this potential \observational limitation" to try and reprodue the ob-served olumn density distribution and neutral gas mass evolution with redshift. Oneshould thus always keep in mind that we might be missing a population of extremelyhigh olumn density quasar absorbers if suh a population exists.5.4.2 Number Density of DLAsFigure 9 shows the number density of DLAs (top panel) and of sytems withlog N(HI) > 21:0 atoms m�2 (bottom panel). The number density of DLAs evolvesstrongly with redshift while very few systems with log N(HI) > 21:0 atoms m�2 areobserved, espeially at high redshift. The quasar absorber sample presented in this thesisis large enough to provide a reliable ontraint on the evolution of the high olumn densitysystems. These an be diretly ompared with results from hydrodynamial simulations,
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Fig. 8.| The top panel shows the olumn density distribution with redshift. The bottompanel shows the number of DLAs of a given olumn density N(HI).



156 CHAPTER 5. DAMPED LYMAN-� SYSTEMS ANALYSISalthough these are limited by their resolution. Gardner et al. (2001a) used the approahdisussed in x4.3.2 to reprodue the observed number density of DLAs. Their results fallslightly below the observed values whatever the osmologial models used.An alternative approah to reprodue the data has been proposed by Boissier &et al. (2001), who used a "bakward" approah to the hemial evolution of dis galaxies,i.e. alibrate the models in the Milky Way and in loal galaxies (Boissier et al., 2001)and ompare the evolution they predit to the one observed in DLAs. In these models,a large variety of dis galaxies are inluded beause a large range of rotational veloitiesare onsidered (80 to 360 km s�1), as well as a large range of spin parameters, produinggalaxies with various values of surfae brightness (inluding a population of Low Surfaebrightness -LBS- galaxies).The number density of DLA systems taken at fae value suggests that presentday dis galaxy preursors are a major omponent of DLAs up to redshift � 2. At higherredshifts, however, another omponent must be dominant (and inrease with redshift).Various unertainties might a�et these resuts: if the galati density is orreted bya fator 2, then all the DLAs up to redshift � 3 ould be the present-day dis galaxypreursors. On the other hand, if the galati density is orreted by a fator 1/2, then,even in the redshift range 0{2, dis galaxies would be responsible for only half of theDLAs and will be a minor omponent at higher redshift. At low redshifts one shouldnote the importane of LSB galaxies. In the models, these ome from the tail of thedistribution of spin parameters, but observationally, there is still onsiderable debateover their atual number. Future work on these galaxies may be of great importane forthe understanding of the nature of DLAs.5.5 SummaryIn this Chapter, we have used a new sample of high-redshift DLA systemsissued from our quasar survey (see Chapter 2) to analyse the statistial properties ofthese absorbers. First, we briey summarised the previous surveys with a partiularemphasize to the sensitivity funtion g(z) whih haraterises eah samples. The redshiftpath probed for eah individual quasar is omputed and we show that we have more thandouble the redshift path surveyed at z >� 3:5. We then detailed the di�erent tehniquesused to selet the DLAs and disussed the possible soures of biases and the robutnessof eah method. Building on previous experiene and several independent heks, wedemonstrated that even in medium resolution spetra the DLAs an be reliably pikedup. We listed all the systems we found down to a olumn density of log N(HI) = 19.0atoms m�2, although absorbers below the traditional damped de�nition (log N (H I)< 20.3 atoms m�2) do not neessary make up a omplete sample at this resolution. Inaddition, we have listed all the metal lines assoiated with the DLA and other metalsystems deteted redward of the Ly-� emission line. Possible interpretation are alsoprovided. This resulted in the detetion of 80 new CIV systems (3.0 <� z <� 4.5) and48 new Mg II systems (1.3 <� z <� 2.2). We studied the several properties of the DLAs
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Fig. 9.| Number density of DLAs. The top panel shows the n(z), the number ofquasar absorbers per unit redshift for the DLAs from our new survey and data from theliterature. The bottom panel only inludes systems with N(HI) � 1021:0 atoms m�2.No absorbers with log N(HI) > 21:0 m�2 are observed at z > 4 and the arrow indiatesthe 50% on�dene upper limit.



158 CHAPTER 5. DAMPED LYMAN-� SYSTEMS ANALYSISpresently known (number per olumn density range, olumn density at a given redshift)and ompare results from various surveys. This analysis unreveals possible biases inthe DLA samples at low-redshift (z < 2). Finally, we omputed the number of quasarabsorbers per unit redshift, n(z), and presented di�erent theoretial approahes to tryand reprodue our observational results (namely smooth partile simulations and the\bakward" model of the hemial evolution of dis galaxies).
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Chapter 6Quasar Absorbers: a Study of theHistory of the Universe`Ce n'est pas assez de poss�eder le soleil, si nous ne sommes pas apables dele donner'Paul ClaudelIn this Chapter, I use the LLS and DLA samples presented in Chapter 4 and 5together with data from the literature to derive the olumn density distribution of quasarabsorbers (Setion 6.1). Setion 6.1.1 presents basi derivations of the distane intervalfor a non-zero �-Universe. I summarise previous works in Setion 6.1.2. The results aredisussed in Setion 6.1.3 where a �-distribution �t is introdued and the evolution withredshift of f(N; z) is presented. Setion 6.1.4 ompares the observational results withvarious types of models.Setion 6.2 presents mesurements of 
DLA from quasar absorbers. After sum-marising previous work (Setion 6.2.2), I de�ne a new lass of absorber, the sub-DLAs,and disuss in details the osmologial evolution of 
DLA at all redshifts and the variousbiases whih might a�et these measurements. One more, I ompare our observationalresults with urrent models of struture formation (Setion 6.2.4).Setion 6.3 puts these �ndings in the larger piture of galaxy formation andSetion 6.4 presents a summary of the results.6.1 Column Density Distribution6.1.1 IntrodutionThe olumn density distribution desribes the evolution of quasar absorbers asa funtion of olumn density. It is de�ned as:f(N; z)dNdX = n�NPmi=1�XidNdX (6.1)



160CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEwhere n is the number of quasar absorbers observed in a olumn density bin[N;N +�N ℄ obtained from the observation of m quasar spetra with total absorptiondistane overage Pmi=1�Xi.The distane interval, dX, is used to orret to o-moving oordinates and thusdepends on the geometry of the Universe. Following the osmologial model urrentlyfavoured, we derive X(z) for a non-zero �-Universe. Following Bahall & Peebles (1969),we introdue the variable: X(z) = Z z0 (1 + z)2 � H0H(z)� dz (6.2)whereH(z) =  83�G�(1 + z)2(z + 12q0 )� �3 "(1 + z)2q0 + z2 + 2z#!1=2 (6.3)For onveniene, we will de�ne:A = 83�G� (6.4)and remind the reader that:
M = AH2o ; 
� = �3H2o ; 
k = 1�
M � 
� (6.5)In addition, q0 = 12
M � 
� (6.6)or q0 = 12 AH2o � �3H2o = 12H2o (A� 2�3 ) (6.7)and thusH(z) = "A(1 + z)2  z + H2oA� 2�3 !� �3  (1 + z)22H2oA� 2�3 + z2 + 2z!#1=2 (6.8)
H(z) = "Az(1 + z)2 � �3 (z + (z + 2)) + A(1 + z)2H2oA� 2�3 � �3 (1 + z)2H2oA� 2�3 #1=2 (6.9)H(z) = �Az(1 + z)2 � �3 (z + (z + 2)) +H2o (1 + z)2�1=2 (6.10)H(z) = H0 h
Mz(1 + z)2 �
�(z(z + 2)) + (1 + z)2i1=2 (6.11)
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Fig. 1.| The top panel displays the distane interval, X(z), and the bottom panel showsdX(z)=dz as a funtion of redshift (see Equation 6.1.1). 
M = 1:0 & 
� = 0:0 (solidline), 
M = 0:0 & 
� = 0:0 (dashed line) and 
M = 0:3 & 
� = 0:7 (dashed-dottedline). These plots illustrate the similarity between 
M = 0:0 & 
� = 0:0 and 
M = 0:3& 
� = 0:7 models.



162CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEH(z) = H0 h(1 + z)2(1 + z
M )� z(2 + z)
�i1=2 (6.12)Inluding this result in equation 6.2 leads to:X(z) = Z z0 (1 + z)2 h(1 + z)2(1 + z
M )� z(2 + z)
�i�1=2 dz (6.13)
This result an be used to reover the spei� ases ommonly used previously:if � = 0 and q0 = 0:X(z) = Z z0 (1 + z)2(1 + z)�1dz = Z z0 (1 + z)dz = 12 h(1 + z)2 � 1i (6.14)and dX(z)dz = (1 + z) (6.15)if � = 0 and q0 = 0.5:X(z) = Z z0 (1 + z)2(1 + z)�3=2dz = Z z0 (1 + z)1=2dz = 23 h(1 + z)3=2 � 1i (6.16)and dX(z)dz = (1 + z)1=2 (6.17)Figure 1 shows the evolution of X(z) (top panel) and dX(z)=dz (bottom panel)as a funtion of redshift for various osmologial models. These plots illustrate thesimilarity between 
M = 0:0 & 
� = 0:0 and 
M = 0:3 & 
� = 0:7 models.6.1.2 Previous WorkThe number of Ly� lines per unit olumn density dereases with inreasingN(HI), with the smallest forest lines being far more numerous than the rare DLA systems.The olumn density distribution was �rst �tted by a power law over a large olumndensity range N (H I) 1012 � 1021 atoms m�2 (i.e. Carswell et al., 1984):f(N) / N�� (6.18)with � � 1:5 over the whole range of olumn densities. This was interpretedas the fat that all lasses of absorbers arise from the same loud population (Tytler,1987). Assuming randomly distributed lines of sight through spherial isothermal halos,f(N; z) was shown to be expeted to have a power law of slope � = 5=3 (Rees, 1988)
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Fig. 2.| The olumn density distribution of quasar absorbers, f(N; z), measured over 10orders of magnitude at < z >� 2:8 and for a 
M = 0:0 and 
� = 0:0 osmologial model.The data are taken from Hu et al. (1995) and Petitjean et al. (1993) and are shown with apower law � = 1:5 (f(N) / N��). There is a de�it of lines at N(HI) � 1015 atoms m�2and the data available at the time poorly onstrained the olumn density distribution inthe range N(HI) 1017:2 � 1020:3. The new sample of absorbers presented in this thesis isused together with data from the literature to determine f(N; z) at high-olumn density(log N(HI) � 17:2 atoms m�2) and study its evolution with redshift (Petitjean, 1998).



164CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEwhih agreed with the observational data within the errors. Nevertheless, as the qualityof the data inreased, deviations from a power law have been observed (Carswell et al.,1987; Petitjean et al., 1993). In partiular Petitjean et al. (1993) observed a hange inslope in the range N(HI) 1015� 1017 and the data available at the time poorly onstrainthe olumn density distribution in the range N(HI) 1017:2 � 1020:3 (Figure 2). In thisChapter, we present for the �rst time a detailed study of the olumn density distributionin the range N(HI) 1017:2 � 1021:0. In addition, making use of the high-redshift dataaquired as part of our survey, we make a detailed study of the evolution with redshiftof the olumn density distribution of quasar absorbers.6.1.3 ResultsCumulative Number of AbsorbersThe umulative number of absorbers per unit distane interval for two redshiftranges is presented in Figure 3 (top panel). The data with N(HI) � 2�1020 atoms m�2are DLAs taken from our high-redshift survey (our observations more than double theredshift path surveyed at z >� 3:5 { see Chapter 5) and from the literature. A summaryof all quasars taken into aount in this analysis is available in Appendix C & D (forquasars with DLA systems and without, respetively). The data from the literature aretaken from Storrie-Lombardi & Wolfe (2000) with the following added modi�ations:Q 1329+4117 has no DLA at zabs = 0:5193 (Jannuzi et al., 1998), Q 2112+059 has noDLA at zabs = 0:2039 (Jannuzi et al., 1998; Fynbo et al., 2001) and Q 0302�223 has aDLA at zabs = 0:1014 (Jannuzi et al., 1998).The power law �t to the observed number of LLS per unit redshift:f(N; z) / N��(1 + z) (6.19)is used to alulate the expeted number of LLS systems (see Chapter 4):LLSexpeted = nXi=1 Z zmaxzmin No(1 + z)dz (6.20)where zmin and zmax is the redshift path along whih quasar absorbers weresearhed for. The LLS line pro�les annot be used to diretly measure their olumndensities beause in the range 1:6 � 1017 to 2 � 1019 atoms m�2 the urve of growthis degenerate. Nevertheless, the number of LLS provides a further onstraint on theumulative number of quasar absorbers and lear evidene that a simple power law doesnot represent well the observations over this olumn density range. For this reason,and beause of the onvergene of the integral used to derive the mass, we hoose to �tthe data with a �-distribution (a power law with an exponential turn-over, similar toShehter (1976) funtion used in studies of the galaxy luminosity funtion) whih was�rst introdued by Pei & Fall (1995) and used by Storrie-Lombardi et al. (1996a):
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Fig. 3.| Cumulative number of absorbers per unit distane interval (top panel). Thedata are plotted for two di�erent redshift ranges: z < 3:5 and z > 3:5. The data point atlog N(HI) = 17:2 atoms m�2 is the expeted number of LLS derived from the observednumber of LLS per unit redshift. The observations are �tted with a �-distribution of theform: f(N; z) = (f�=N�)(N=N�)��exp(�N=N�). The bottom panel shows the maximumlikelihood estimator. 1, 2 and 3-� on�dene ontours to the �-distribution �t of theobserved number of absorbers in the redshift range 2:4 < z < 3:5 (dashed line) andz > 3:5 (solid line).



166CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEf(N; z) = (f�=N�)(N=N�)��e�N=N� (6.21)where N is the olumn density, N� a harateristi olumn density and f�a normalising onstant. This funtional form is idential to the Shehter luminosityfuntion (Shehter, 1976). For N << N�, the �-distribution tends to the same form asthe single power law f(N; z) / N��, whilst for N >� N�, the exponential term begins todominate.Table 1: Parameter �t to the olumn density distribution, f(N; z), for absorbers withlogN(HI) > 17:2 atoms m�2 (see equation 6.21). The number of quasar interveningin a given redshift bin, No. QSOs, the number of absorber, No. DLAs, and the distaneinterval, dX, are given for eah redshift bin. Summing up the No. QSOs olumn doesnot reet the total number of quasars used as a single objet might intervene in severalredshift bins. Inidently, the total number of quasars inluded in our study is 698 (113DLAs). z � f� log No. No. dX 
Range �102 N� QSOs DLAs �1030.0-2.0 0.74 8.70 20.76 537 22 362.8 0.642.0-2.7 1.08 3.25 21.27 380 34 522.3 1.042.7-3.5 1.10 4.06 21.18 251 28 414.9 0.982.4-3.5 1.08 4.29 21.21 314 46 608.2 1.13> 3.5 0.80 25.1 20.46 112 29 290.2 0.71A maximum likelihood analysis is used to derive the parameters in variousredshift ranges (see Table 6.1.3). Using equation 6.19 for the olumn density distributionfuntion, the damped Ly�absorbers will be found randomly distributed aording to thisfuntion along the quasar line-of-sight in N �z spae. If the spae is divided into m ellseah of volume Æv, the expeted number of points in ell i is given by�i = f(N; z)iÆv: (6.22)The probability of observing xi points in ell i isp(xi) = e��i �xiixi! : (6.23)The likelihood funtion for quasar j taking the produt over all the ells is thenLj = mYi=1 p(xi) = mYi=1 e��i �xiixi! : (6.24)If the volume of eah ell Æv beomes very small suh that there is either 1 or0 points in eah ell, xi = � 1; if DLA deteted;0; if none deteted,



6.1. COLUMN DENSITY DISTRIBUTION 167then the likelihood an be rewritten separating out the terms for full and empty ells.For m = g empty ells + p full ellsLj = gYi=1 e��i pYj=1 e��j�j = mYi=1 e��i pYj=1�j (6.25)Taking the log of the likelihood funtion giveslogLj = mXi=1��i + pXj=1 ln�j= mXi=1�f(N; z)iÆv + pXj=1 ln f(N; z)j + p ln Æv (6.26)(e.g. Shehter & Press, 1976). Ignoring the onstant term, in the limit whereÆv ! 0 this beomeslogLj = � Z zmaxzmin Z NmaxNmin f(N; z)dNdz + pXj=1 ln f(N; z)j= � Z zmaxzmin Z NmaxNmin kN��(1 + z)dNdz + pXj=1 ln[kN��(1 + z) ℄ (6.27)To get the overall log likelihood for n quasars we evaluate the integrals inequation 6.27 and additively ombine the log L's whih for a power law simpli�es tologL = nXi=1h kN1��min(1� �)(1 + )�(1 + ziem)1+ � (1 + zimin)1+�+ p lnk+ piXj=1��� lnNj +  ln(1 + zjdla)�i (6.28)where pi is the number of deteted DLAs in quasar i and Nmin is the minimumolumn density.We note that the likelihood solution an be found over a two-dimensional gridof pairs of values of N� and �, sine the onstant f� an be diretly omputed using theintegral onstraint whatever the funtional form of f(N; z)m = nXi=1 f� Z NmaxNmin Z zimaxzimin f(N; z)dzdN (6.29)where m is the total number of observed systems. This is omputationally muhless intensive than doing a 3-D grid searh. The 1, 2 and 3-� on�dene ontours for a



168CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEfuntional form f(N; z) = f(N) only are shown in Figure 3 (bottom panel) for z < 3:5and z > 3:5. The distributions are learly di�erent at the � 3� level and indiate thatthere are less high olumn density systems (N(HI) > 1021 atoms m�2) at high-redshift,z > 3:5, ompared with 2 < z < 3:5 on�rming the results from Storrie-Lombardi et al.(1996b) and Storrie-Lombardi & Wolfe (2000).Column Density DistributionFigure 4 shows the di�erential olumn density distribution of quasar absorbersfor various redshift ranges. The points in the LLS range (N(HI) = 1:6 � 1017 to 2 �1020 atoms m�2) are omputed from the umulative number of absorbers (top panelof Figure 3), assuming the �-distribution �t for the distribution of absorbers, in therange where olumn densities annot be diretly measured (see Chapter 4). The redshiftevolution indiates that there are less high olumn density systems at high-redshift, andmore at low redshift.Figure 5 shows f(N; z) over a large olumn density range at z > 3:5 (the data ofthe Lyman-� forest are from the CTIO 4m and Kek-HIRES spetra of BR 1033�0327and Q0000�26, Williger et al. (1994) and Lu et al. (1996), respetively). The two< z >' 2:8 power law �ts (�=1.83 for log N(HI) <� 16 and �=1.32 for log N(HI) >� 16)from Petitjean et al. (1993) orreted for the absorber number density evolution withredshift and for 
� = 0:7, 
M = 0:3 osmology are overplotted. Their work had alreadyshown that f(N; z) annot be well �tted by one (or two) power law(s).6.1.4 Comparison with ModelsSmooth Partile HydrodynamisIn reent years, hydrodynami simulations have been extremely suessful inreproduing the observational properties of the Lyman-� forest (i.e. Petitjean et al.,1995). Using similar tehniques to analyse both the data and the simulations, the olumndensity distribution derived from models is in good agreement with observations (i.e.Theuns et al., 1998). But simulating high olumn density systems suh as DLAs isstill extremely hallenging beause of resolution limitations. However, Gardner et al.(1997) tried to overome the problem by imposing the density pro�le of resolved halosonto unresolved ones. They predit the evolution with redshift of the olumn densitydistribution of absorbers (Figure 6). It is of interest to note that they predit a atteningof the distribution somewhere in the region log N (HI) 18:5 � 20:0 atoms m�2, whihthey attribute to the onset of self-shielding. More importantly, the theory predits littlehange in the form of the olumn density distribution funtion over the redshift range2 � 4. This seems ounter to urrent observations sine we have measured (Chapter 4)a strong evolution of the number density of LLS with redshift, implying a fator of 3 ormore di�erene in the number of LLS between redshift 2 and redshift 4.
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Fig. 4.| Column density distribution of quasar absorbers for various redshift ranges.f(N; z) is the number of absorbers per olumn density range and per distane interval:f(N; z) = n=(�N�X), where n is the number of absorbers. The redshift ranges arehosen to math the bins in the 
DLA plot (see Figure 10). The light grey bins (inthe range 17:2 < log N(HI) < 20:3 atoms m�2) are dedued from the �t to theobserved umulative number of quasar absorbers. The solid line is the �-distribution �tfor z > 3:5 and the dashed lines are the �ts to the unbinned data in the relevant redshiftrange. [
� = 0:7, 
M = 0:3 osmology℄.
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Fig. 5.| Di�erential olumn density distribution for z > 3:5. The low olumn densitydata are Kek-HIRES observations of the Lyman-� forest. The light grey bins (in therange 17:2 < log N(HI) < 20:3 atoms m�2) are dedued from the �t to the observedumulative number of quasar absorbers. The turn-over at the low olumn density endis inompleteness due to a ombination of spetral resolution and signal-to-noise. Thedashed and dotted lines are the two < z >' 2:8 power law �ts (�=1.83 for log N(HI)<� 16 and �=1.32 for log N(HI) >� 16) from Petitjean et al. (1993) orreted for theabsorber number density evolution with redshift and for 
� = 0:7, 
M = 0:3 osmology.
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Fig. 6.| SPH simulations of the olumn density of absorbers for simulations withand without star formation. Histograms show the simulation results at z = 2 (solid),z = 3 (dotted), and z = 4 (dashed). Heavier lines represent the simulation without starformation and lighter lines the simulation with star formation (Gardner et al., 1997).The theory predits little hange in the form of the olumn density distribution funtionover the redshift range 2� 4, in ontrast with urrent observations.



172CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSESemi-Analytial ModelsSemi-Analytial Models provide a omplementary approah to SPH simula-tions. They are not limited by the self-shielding problem and, by onstrution, theyare in good agrement with many observed properties of galaxies. Kau�mann & Char-lot (1994) used semi-analytial models of galaxy formation developed by Kau�mannet al. (1993) to reprodue the olumn density distribution of quasar absorbers and itsevolution with redshift. They assume an exponential dis model in whih the gas ool-ing in a halo ollapses to form a planar dis and see a derease of the number of higholumn density systems with dereasing redshift. Similarly, Maller et al. (2001) usedsemi-analytial models developed by the Santa Cruz group (Somerville et al., 2001), toreprodue the observed olumn density distribution of quasar absorbers. Their modelfalls short of reproduing the observed olumn density distribution, but further work isurrently underway to try and reprodue the data presented in this thesis.6.2 Cosmologial Evolution of Neutral Gas Mass6.2.1 IntrodutionOne of the fundamental osmologial parameters is the ratio of the baryonidensity to the ritial density of the Universe, 
b. On the one hand, this parameter isonstrained by primordial nuleosynthesis theory and on the other hand it is boundedby observations whih sum up the ontribution of deteted baryoni matter. The matterin stars today has been estimated by several authors (i.e. Gnedin & Ostriker, 1992;Persi & Salui, 1992; Fukugita et al., 1998; Cole et al., 2001). It is expeted that athigh-redshift, at least part of the gas is in the inter-galati medium. By integratingthe observed olumn density distribution, one an alulate the ontribution of quasarabsorbers to the baryoni mass in units of the urrent ritial mass density, �rit, as:
DLA(z) = Ho�mH�rit Z 1Nmin Nf(N; z)dN (6.30)where � is the mean moleular weight of the gas whih is taken to be 1.3(75% hydrogen and 25% helium by mass), mH is the hydrogen mass and Nmin is thelow end of the HI olumn density range being investigated. With the limited samplesurrently available the variation with redshift has been investigated by partitioning thesamples into redshift ranges and deriving f(N) there, sine there is evidene suggestingthat f(N; z) 6= g(N)h(z). If the �t to the olumn density distribution is made with apower law with index � < 2, most of the mass is in the highest olumn density systems(DLAs). Indeed, the integral diverges unless an arti�ial upper limit to the olumndensity distribution, Nmax is introdued, sine



6.2. COSMOLOGICAL EVOLUTION OF NEUTRAL GAS MASS 173Mass(HI) = Z NmaxNmin Nf(N)dN = � 12� �N2���NmaxNmin = N2��max �N2��min2� � (6.31)for � < 2.For example, assuming Nmax = 21:5 (i.e. the largest DLA observed so far) and� = 1:5 leads to: hMass(HI)i21:520:3 = 8:41 � 1010 (6.32)While the mass below the DLA de�nition is:hMass(HI)i20:317:2 = 2:75 � 1010 (6.33)Thus, DLA absorbers with N(HI) > 1020:3 atoms m�2 ontain at least 75%of the neutral hydrogen (HI) mass, but this result is strongly dependent on the hosenhigh-olumn density ut-o� (i.e. assuming Nmax = 22:0 will lead to a mass fration ofneutral hydrogen of 85% in the DLA range). In the following setion, we will disussthe �-law alternative to the power law �t whih both represents the data better andaddresses the divergene problem of the power law form for the mass integral.In the DLA region, it is ommon pratie to estimate the total HI by summingup diretly the individual olumn densities:Z 1Nmin Nf(N; z)dN = PNi(HI)�X (6.34)where �X is the distane interval as de�ned in the previous setion.The errors in 
DLA are diÆult to estimate aurately without knowing f(N; z).Lanzetta et al. (1991) used the standard error in the distribution of N(HI) whih yieldszero error if all the olumn densities in a bin are the same. We have estimated thefrational variane in 
DLA by omparing the observed distribution of f(N; z) with theequivalent Poisson sampling proess. This gives��
DLA
DLA �2 = pXi=1N2i =� pXi=1Ni�2 (6.35)and 1=pp frational errors if all the olumn densities inluded in a bin areequal.6.2.2 Previous WorkThe �rst measurement of the osmologial mass density was made in 1991 byLanzetta et al. who used a ombination of their own spetra together with data fromSargent et al. (1989). It has sine been the subjet of many ontroversies. Lanzettaet al. (1995) derived a 
DLA at z � 3:5 twie the value at z � 2, implying a larger starformation rate than indiated by metalliity studies. This reated the so-alled \osmi
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Fig. 7.| Evolution of neutral gas mass ontained in quasar absorbers as a funtion ofredshift as known in 1996 (
M = 1:0, 
� = 0:0). Lanzetta et al. (1995) (dashed bins)found that 
DLA at z � 3:5 is twie the value at z � 2, implying a larger star formationrate than indiated by metalliity studies. This reated the so-alled \osmi G-dwarfproblem". Storrie-Lombardi et al. (1996b) used new data and improved statistial anal-ysis to show that 
DLA appears to derease at high-redshift (solid bins) thus solvingthe \osmi G-dwarf problem". The hathed region orresponds to the mass density ofstars in nearby galaxies as measured by Gnedin & Ostriker (1992). The point at z = 0orresponds to the measurement inferred from the 21 m observations of Rao & Briggs(1993).



6.2. COSMOLOGICAL EVOLUTION OF NEUTRAL GAS MASS 175G-dwarf problem". But Storrie-Lombardi et al. (1996b) later on showed that Lanzettaet al. (1995) error analysis lead to an underestimate of the error bars. They also usednew data to derive 
DLA at high-redshift and thus solved the \osmi G-dwarf problem"(see Figure 7). The work of Storrie-Lombardi & Wolfe (2000) on�rmed suh results byusing a ompilation of data gathered from the literature together with new spetrosopiobservations. The situation of 
DLA at low-redshift (z < 1:65) is even more unsettledand the urrent situation will be reviewed in the following setion.6.2.3 ResultsIntroduing sub-DLAsWe have already explained that a power law �t to f(N; z) is not an adequaterepresentation of the observations sine it both requires the introdution of an arti�ialut-o� at the high olumn density end beause of the divergene of the integral and italso fails to desribe the observed olumn density distribution. If instead a �-distribution(equation 6.21) is �tted to f(N; z), this better desribes the data and also removes theneed to arti�ially trunate the high end olumn distribution, enabling it to be used toprobe in more detail the neutral gas fration as a funtion of olumn density and howthis hanges with redshift. We an thus integrate the �-distribution over the whole spaeof olumn densities for various redshift ranges, although we note that the �-distributionstill does not address divergene in the numbers of systems at the faint end of thedistribution.Figure 8 shows the di�erential mass ontribution (top panel) and the umulativemass fration (bottom panel), as a funtion of olumn density for z > 3:5 and z < 3:5using the �-law �ts from Setion 6.1.3. This plot indiates that at z >� 3:5, up to 45% ofthe neutral gas is in systems with 1019:0 < N(HI) < 1020:3. We refer to these systemsas sub-DLAs. As shown by the urve of growth relating the rest equivalent width ofan absorber with its olumn density (Figure 13), any absorption system with a dopplerparameter b <100 km s�1 and N(HI) > 1019 atoms m�2 will exhibit damping wings.These are thus tehnially very similar to the traditional DLAs and an be easily pikedout in quasar spetra thanks to their harateristi damping wings. Our work suggeststhat the traditional \low redshift" DLA de�nition needs to be extended at high redshiftto inlude systems down to 1019 atoms m�2.The sub-DLAs observed in our quasar survey are presented in Table 5.2.2,although this list is probably not omplete due to resolution limitations. A systematistudy of the kinemati and metalli properties of sub-DLA systems with z>3.5 andN(HI) above 1019 atoms m�2 is an obvious program for the new generation of ehellespetographs on 8-m lass telesopes (see Chapter 7). It will also be important to diretlyestablish the N(HI) olumn density distribution funtion below 2 � 1020 atoms m�2.We are urrently undertaking suh a program using VLT UVES arhival ehelle data ofhigh redshift quasars and preliminary results are presented in Chapter 7.
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Fig. 8.| Di�erential mass ontribution (upper panel) and integral mass funtion (lowerpanel) for two di�erent redshift ranges (z < 3:5 and > 3:5). The �ne lines represent theunertainties in the model �t. The vertial solid line indiates the boundary of the DLAde�nition. This plot shows that at 2:4 < z < 3:5 most of the mass is ontained in DLAabsorbers with N(HI) � 2 � 1020 atoms m�2, while at z > 3:5, � 45% of the massis under this formal limit. The sub-DLAs, with 1019 < N(HI) < 2 � 1020 atoms m�2ontain the vast majority of the remaining mass.
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Fig. 9.| Number density of DLAs and sub-DLAs. On the top panel, the light grey binsorresponds to systems with 1019:0 < N(HI) < 1020:3, and the dark bins to the tradi-tional DLAs. The n(z) for sub-DLAs is not from diret observations but re-omputedfrom the �-distribution �t to the olumn density distribution using the expeted numberof LLS as an additional datum. The bottom panel shows the number density of quasarabsorbers with (from top to bottom) log N(HI) > 17:2, > 19:0, > 20:3 and > 21:0 atomsm�2. The dashed line is a power-law �t to the number density of LLS with zabs > 2:4(see Chapter 4). No absorbers with log N(HI) > 21:0 atoms m�2 are observed at z > 4and the arrow indiates the 50% on�dene upper limit.



178CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEUsing the expeted number of LLS and the �-distribution �t, we an now probethe olumn density range of quasar absorbers in the region where the urve of growth isdegenerate. Assuming that a �-law is a good representation of the data, we an, for the�rst time, re-ompute the expeted number of absorbers at a given olumn density andhene the number density in any olumn density range. Figure 9 (top panel) shows then(z) of DLAs and sub-DLAs. Our alulations predit that the number of sub-DLAs perunit redshift inreases dramatially beyond z = 3:5. At < z >� 2:5, we expet about0.3 sub-DLAs per unit redshift while at < z >� 4:5, this number is about 1.5 sub-DLAsper unit redshift. This implies that a quasar at z > 4 (with a typial redshift pathfor absorber of �z � 1) will exhibit one sub-DLA or more. Figure 9 (bottom panel)shows the number density for absorbers of di�erent olumn densities (log N(HI) > 17:2,> 19:0, > 20:3 and > 21:0 atoms m�2). All but the highest olumn density systems(log N(HI) > 21:0 atoms m�2), have their number density signi�antly inreasing withredshift. No absorbers with log N(HI) > 21:0 atoms m�2 are observed at z > 4 andthe arrow indiates the 50% on�dene upper limit.
DLA Evolution with RedshiftA) 
DLA at high redshiftIntervening absorption systems in the spetra of quasars provide a unique wayto study early epohs and galaxy progenitors. In partiular, they are not a�eted by the\redshift desert" from 1:3 <� z <� 2:5, where spetral emission features in normal galaxiesdo not fall in optial passbands, yet where substantial galaxy formation is taking plae. Inaddition, the absorbers are seleted stritly by gas ross-setion, regardless of luminosity,star formation rate, or morphology. Figure 10 displays 
DLA ontained in DLAs (�lledirles) and the total amount of neutral gas (DLAs plus sub-DLAs - grey stars) for anon-zero �-Universe (
� = 0:7, 
M = 0:3 and h = 0:65). Vertial error bars orrespondto 1-� unertainties and the horizontal error bars indiate bin sizes. These results aretabulated in Table 6.2.3.The observations in the redshift range 2 to 5 show no evolution in the totalamount of neutral gas in ontrast to the earlier results of Lanzetta et al. (1995), whofound that 
DLA (z � 3) was twie 
DLA (z � 2). Under simple assumptions of losedbox evolution, this ould be interpreted as indiating there is little gas onsumption dueto star formation in DLA systems in this redshift range. In addition, the fat that ourobservations are onsistent with no evolution in the redshift range z = 2 to z = 5 andthat an important fration of neutral gas mass at z > 3:5 is in sub-DLAs, is stronglyindiative that we are observing the assembly of high olumn density systems fromlower olumn density units, and independently of the preise physial nature of dampedLyman-� systems, it shows that we are observing the epoh of their formation or initialollapse. It an be seen in Figure 10 that 
DLA is signi�antly below the urrent estimates



6.2. COSMOLOGICAL EVOLUTION OF NEUTRAL GAS MASS 179

Fig. 10.| The irles show the neutral gas in damped lyman-� galaxies in a 
� = 0:7,
M = 0:3 and h = 0:65 Universe. Vertial error bars orrespond to 1-� unertainties andthe horizontal error bars indiate bin sizes. The light grey stars are the total HI+HeIIinluding a orretion for the neutral gas not ontained in DLAs. The open irles atlow redshift are the measurements from Rao & Turnshek (2000), who used a methodinvolving the observations of quasar spetra with known MgII systems. The triangle atz = 0 is the loal HI mass measured by Natarajan & Pettini (1997) who used the mostreent galaxy luminosity funtion to on�rm results from Rao & Briggs (1993). Thesquares, 
FHP , 
GO and 
Cetal: (Fukugita et al., 1998; Gnedin & Ostriker, 1992; Coleet al., 2001, respetively) are 
baryons in loal galaxies. The 
Cetal: error-bar plottedhere does not inlude unertainties in the galati mass-to-light ratio.
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Fig. 11.| As in Figure 10 but for a 
M = 0 (top panel) and 
M = 1 (bottom panel)osmology. This �gure illustrates how the geometry of the Universe a�ets the absolutevalue of 
DLA with respet to the loal 
baryons.
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Fig. 12.| As in Figure 10 but for a Ho = 50 km s�1 Mp�1 (top panel) and Ho = 80km s�1 Mp�1 (bottom panel) osmology.



182CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSETable 2: 
DLA (top part) and 
DLA+sub�DLA (bottom part) values for a 
� =0:7, 
M = 0:3 and h = 0:65 Universe (see Figure 10). Also available athttp://www.ast.am.a.uk/~quasars.z zmin zmax 
DLA 
min 
max(10�3) (10�3) (10�3)0.646175 0.008 1.5 0.391711 0.169076 0.6143471.83780 1.5 2.0 0.731987 0.522307 0.9416662.34807 2.0 2.7 1.03742 0.763106 1.311733.09909 2.7 3.5 0.981493 0.749395 1.213593.91833 3.5 4.99 0.713001 0.558581 0.8674200.646175 0.008 1.5 0.456540 0.233905 0.6791751.83780 1.5 2.0 0.853132 0.643452 1.062812.34807 2.0 2.7 1.20911 0.934800 1.483423.09909 2.7 3.5 1.14393 0.911833 1.376033.91833 3.5 4.99 1.20439 1.04997 1.35881of 
baryons in stars in the nearby Universe. This is a signi�ant hange in the situationompared with previous work (see Figure 1b in Storrie-Lombardi et al., 1996b). Themain reason for this hange is that for the urrently favoured �-dominated osmology,the mass in HI at high redshift drops by a fator of � 50 % ompared with an 
M = 1Universe. This is purely a geometri e�et and mainly a�ets the relative normalisationbetween z = 2 and z = 0. Figure 11 displays 
DLA for di�erent osmologies: top panelis 
M = 0, whih leads to results very similar to those of � osmologial models and thebottom panel is 
M = 1 osmology. This illustrates how the geometry of the Universea�ets the absolute value of 
DLA with respet to the loal 
baryons.Similarly, the value of the Hubble onstant, Ho, linearly a�ets 
DLA (seeequation 6.2.1). The various methods used to measure Ho seem to be onverging overthe years (see Silk, 2001, for a reent review): the high value is now ited as 72� 8 kms�1 Mp�1, and the low value is 58:5 � 6 km s�1 Mp�1. Both methods use Cepheidvariable stars in nearby galaxies in onjuntion with supernovae in distant galaxies.Diret determinations inlude the tehniques of gravitational lensing of time-varying,multiply imaged quasars and the Sunyaev-Zeldovih e�et in distant galaxy lusters.The latter approah favours a middle value: a reent study reports Ho = 63 � 10 kms�1 Mp�1. To illustrate the sensitivity toward Ho, �gure 12 shows the evolution of theneutral gas mass with Ho = 50 km s�1 Mp�1 (top panel) and Ho = 80 km s�1 Mp�1(bottom panel).B) 
DLA at low redshiftAlthough the work presented in this thesis is onentrating on high redshiftabsorbers (z > 2), there have been reent developements at low redshift. Measurementsof 
DLA at z < 2 are paradoxially more diÆult for several reasons: the observed DLA



6.2. COSMOLOGICAL EVOLUTION OF NEUTRAL GAS MASS 183wavelengths are shifted to the ultraviolet requiring Hubble Spae Telesope observationsand the geometry of the Universe ombined with the pauity of DLA systems requires theobservations of many quasar line of sights. Lanzetta et al. (1995) were the �rst to derive
DLA at low redshift using spae failities (see the two lowest �lled irles in Figure 10).Subsequent observations have shown that they were in error in identifying DLAs on twooasions, namely that the Q 1329+4117 zabs = 0:5193 andidate absorber was not aDLA and that Q 0302�223 had an absorber at zabs = 1:010 (Jannuzi et al., 1998; Rao& Turnshek, 2000). In addition, the absorber in Q 2112+059 was not on�rmed (Fynboet al., 2001). These modi�ations do not a�et the derived 
DLA a lot as is shown byomparing Figure 7 and Figure 11 bottom panel. In any ase, these measurements allsu�er from small number statistis and future prospets for this approah are limited.Reent work by Rao & Turnshek (2000) overame these observational limita-tions by adopting an alternative tehnique to �nd low-redshift DLAs. Their method isbased on observational evidene whih indiates that DLAs are always assoiated witha MgII system (see Chapter 1), while the reverse is not true. They undertook HubbleSpae Telesope observations of a sample of low-redshift quasars with known MgII sys-tems, thus doubling the sample of MgII systems with available ultraviolet spetrosopidata. They then derived the impat on DLAs statistis by orreting for the observation-ally known inidene of MgII systems in a random quasar sample. Finally, they derivethe mass of neutral gas as explained in the previous setion using their \derived" sampleof low-redshift DLAs as: nDLA(z = 1:15) = 0:10+0:10�0:08 (6.36)and nDLA(z = 0:49) = 0:08+0:06�0:04 (6.37)The 
DLA values they derive are presented in Figure 10 as open irles whihshow a surprisingly high value of 
DLA at z <� 1:65. Their �nding has been on�rmedby reent work from Churhill (2001) who used 147 Hubble Spae Telesope arhivalspetra to study 
DLA in the 0 � z � 0:15 redshift range. He derives:nDLA(z � 0:05) = 0:08+0:09�0:05 (6.38)whih translates in a equivalently high value of 
DLA at z � 0:05.These results are extremely diÆult to reonile with �ndings from 21 m emis-sion from loal galaxies (Rao & Briggs, 1993; Natarajan & Pettini, 1997). One annotexplain suh rapid derease of 
DLA with the onsumption of neutral gas due to starformation proesses from what is urrently known of the star formation rate at these red-shift (see \Madau diagram" in the bottom panel of Figure 15). One possible loophole isthat the gas ross-setion ould have inreased at low redshift, i.e. due to the formationof \panake" strutures or dis-like strutures as opposed to say spherial strutures athigher redshift. In any ase, it should be emphasized, as the authors themselves pointed



184CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEout, that the analysis is based on a relatively small number of systems (Rao & Turnshek,2000). As already noted in Chapter 5 (Figure 8 - top panel), the Rao & Turnshek (2000)sample is omposed of two distint populations of absorbers: 5 systems with high olumndensity (log N(HI) > 21:3 atoms m�2), and 4 systems with lower olumn density (logN(HI) < 20:7 atoms m�2). If this sample is not a good representation of what DLAsat low-redshift really are, it might bias 
DLA in a signi�ant way sine it is the highestolumn density systems whih most a�et 
DLA. Another worry resides in the poorlyknown onversion rate from MgII systems to DLAs. Indeed, it an be argued that MgIIsystems point towards the highest olumn density quasar absorbers and that there is aneed for a better understanding of the DLA/MgII onversion ratio. To summarise, themethod pionered by Rao & Turnshek (2000) is promising for the measurements of 
DLAat low-redshift but might be biased in a way that we do not yet fully understand.C) UnertaintiesDust Bias: The study presented in this thesis is mainly based on optiallyseleted quasars, so it is obvious that quasars that lie behind dusty DLA systems willbe under-represented (if suh systems exist). Pei & Fall (1995) have used self-onsistentlosed-box/inow-outow galati hemial evolution models to show that the frationof missing DLAs at z = 3 ranges from 23% to 38%. However, dust is less likely to beimportant at high-redshift beause of the short time available for its prodution. Dustshould have a larger e�et at z = 2 ompared with z > 3 and thus it is unlikely that itould ause the form of evolution in f(N; z) that we observe.As we have seen in Chapter 3, a way to address this issue is by heking whetherquasars with damped Lyman-� systems in the foreground tend to appear redder thanthose without damped Lyman-� systems in the foreground (Fall et al., 1989). An al-ternative way to determine to what extent dust might be biasing DLA surveys is tolook for quasar absorbers in the K-band. The near-infrared equivalent to the \UVX"method, the so-alled \KX" method (Warren et al., 2000) provides a suitable way toselet quasars una�eted by dust.Another way is to use a radio-seleted quasar sample. Ellison et al. (2001)have put together a sample of at spetrum radio soures from the Parkes Catalogue(Shaver et al., 1996) and observed in the optial all the quasar regardless of their apparentmagnitude. The resulting sample is omposed of 66 quasars with zem � 2:2 whih weresubsequently searhed for the DLAs they ontain, the so-alled CORALS (CompleteOptial and Radio Absorption Line Systems). They found 19 DLAs along a redshift pathof �z = 55:64 and derive a 
DLA in good agreement with the results presented in thisthesis (see the extra bin in Figure 13). This seems to indiate that the role of dust is nota major soure of bias in deriving the neutral gas mass form quasar absorbers, although,one more, Ellison et al.'s results still su�er small number statistis. Interestingly, theyalso note that the number density of DLAs towards faint quasars (apparent B mag
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Fig. 13.| The light grey bin at < z >� 2:4 is 
DLA as derived from a sample of quasarabsorbers found in radio-seleted quasars (Ellison et al., 2001). This 
DLA free fromdust bias is in good agreement with the results presented in this thesis, but is based ona relatively small number of absorption systems as reeted by the large vertial errorbar.



186CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSE> 20) is twie that of DLAs towards brighter quasars (apparent B mag < 20). Inaddition, at < z >� 2:4, the n(z) for the whole DLA sample is 50% larger than thevalue determined from optially seleted quasar surveys, but again with the aveat ofsmall number statistis.Supernovae Feedbak: It is also possible that the overall osmologial evo-lution of 
DLA is dominated by feedbak proesses rather than by gas onsumption dueto star formation. The observed mass of HI at any redshift may relate more to thereombination timesale for the ionized HII and the timesale for ooling ollapse intomoleular hydrogen (H2) and thereafter into stars. In addition models from Efstathiou(2000) indiate that DLA systems might predominantly be due to the outer parts ofgalaxies whih do not even partiipate in star formation, as one would expet fromrandom quasar line-of-sight and the harateristi ross-setions of galaxies.Ionisation Fration: DLAs are mostly omposed of neutral gas, but suh astatement does not neessarily hold for sub-DLA lasses of absorbers (1019 < N(HI) <2�1020 atoms m�2). This is an important point beause the 
DLA derived in this studyonly takes into aount the neutral gas HI + He II. In order to link the osmologialevolution of 
DLA with the star formation in the Universe, one needs to assess theamount of neutral gas ionised solely beause it is in its formation phase. We argue abovethat we are seeing the epoh of assembly of DLA systems from lower olumn densityunits at around z � 3:5. This is based on the assumption that the neutral fration ofhydrogen in sub-DLAs represents well their true total olumn density.A way to assess this point is to use photo-ionisation models alulated usingFerland's CLOUDY program (Ferland et al., 1998), although results are extremely modeldependent. Steidel (1990b) alulate the models in terms of the ionisation parameter:� = nnH (6.39)where n is the number density of photons apable of ionising H inident onthe fae of the loud, and nH is the number density of hydrogen atoms in the gas. � isessentially just the ratio of the inident intensity of radiation at the Lyman limit J�o tothe partile density nH in the loud and thus nH an be determined if the value of J�ois known: nH = 6:3� 10�5Jo=�m�3 (6.40)where Jo = J�o=10�21 ergs s�1 m�2 Hz�1 sr�1. The most reent estimates ofJ�o indiate J�o = 1:4+1:1�0:510�21 ergs s�1 m�2 Hz�1 sr�1 (Sott et al., 2000b). Estimatesof the neutral fration of absorbers with olumn density 1019 < N(HI) < 2 � 1020atoms m�2 have never been done although studies have been undertaken at slightly



6.2. COSMOLOGICAL EVOLUTION OF NEUTRAL GAS MASS 187lower N(HI) (Petitjean et al., 1992; Howk & Sembah, 1999). Further invertigations areplanned in order to larify this partiular point.Gravitational Lensing: Gravitational events might bias surveys for quasarabsorbers by introduing in the quasar samples those objets whih have an absorberalong their line-of-sight and hene might have their apparent magnitude arti�iallyboosted. Suh e�ets tend to favour the seletion of quasars ontaining absorbers inmagnitude-limited sample and thus will inrease the derived 
DLA with respet to itstrue value.Le Brun et al. (2000) have shown that in a magnitude-limited quasar sample,14 % of the quasars that ontain a DLA in their spetrum, would have been observedbeause of gravitational lensing, although this number will vary with the brightness limitof the quasar survey. In addition, it is equally important to quantify how many quasarswithout DLA are lensed before onluding that there is a bias. Further omputations byBartelmann & Loeb (1996) have shown that the probability of gravitational lensing ofquasars by their DLA is higher at low redshift.Indeed, the probability of lensing is at the highest when the lens is half-way,in physial spae, between the observer and the bakground quasar. But typially, atz >� 3, the absorber is physially lose to the quasar beause of the high number densityof systems at high-redshift and beause the redshift path surveyed in one given line-of-sight is limited to the presene of the LLS, whih again at high-redshift, is typially loseto zem. Gravitational lensing might thus explain the high value of 
DLA derived by Rao& Turnshek (2000) at z <� 1:65, although it does not explain the disrepany betweenthese results and previous low-redshift measurements made by Lanzetta et al. (1995).6.2.4 ModelsSmooth Partile HydrodynamisThe observational osmologial evolution of 
DLA with redshift an be usedto onstrain various models of struture formation. Indeed, quasar absorbers are anun-biased way to probe galaxy formation over a large redshift range. In addition, asshown in Figures 11 and 12, the inidene of absorption is very sensitive to the osmo-logial models assumed. Gardner et al. (2001a) have used hydrodynami osmologialsimulations to ompute 
DLA in various old dark matter senarios: COBE-normalized,luster-normalized, and tilted (n = 0:8) 
M = 1 models; and open and at 
M = 0:4models. No DLA with N(HI) > 1021:8 atoms m�2 were observed in the quasar absorbersample they ompare their simultations with (namely Storrie-Lombardi et al., 1996b),probably beause high gas densities imply high star formation rates whih in turns implygas depletion and loal ionisation. They thus omputed an \observed" value, for whihonly gas in systems with N(HI) < 1021:8 atoms m�2 was taken into aount. This \ob-
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Fig. 14.| Comparison of observed 
DLA with models. The top panel shows a \bak-ward" model of hemial evolution of dis galaxies inluding and exluding dusty sytems(as de�ned by Boisse et al., 1998; Hou et al., 2001). The bottom panel shows models bySomerville et al. (2001) whih vary in their reipes for star formation (due to ollisionalstarburst, onstant eÆieny quiesent star formation or aelerated quiesent star for-mation). The models take into aount the \old gas" whih inludes neutral as well asmoleular gas.



6.3. DISCUSSION 189served" value of 
DLA agrees best with Storrie-Lombardi et al.'s measurements in thease of a �-dominated Universe. In a more reent work (Gardner et al., 2001b), they runthree hydrodynami simulations that have idential initial onditions and osmologialparameters and di�er only in the value of the baryon density 
b. On the whole, theirresults imply a fairly intuitive piture of the inuene of 
b on high-redshift struture.\Bakward" ModelsAs desribed in Setion 5.4.2, Boissier & et al. (2001) are using a "bakward"model of the hemial evolution of dis galaxies (inluding low surfae brightness galax-ies) alibrated on the Milky Way and nearby galaxies and extrapolated towards higherredshift. Suh models an be used to ompute 
DLA and the results are shown in the toppanel of Figure 14. The predited evolution of neutral gas mass indiates an importantontribution of dis galaxies at low redshift, and the possibility for another populationappearing at high redshift. One should note that the model only takes into aountsystems with olumn density log N(HI) > 20:3 atoms m�2, while the data point godown to the sub-DLA limit. Thus, the observed value of 
DLA an not be due to disgalaxies aording to the models. Finally, in order to better math the observationalsituation, dusty systems (as de�ned by Boisse et al., 1998; Hou et al., 2001) are exludedand the resulting preditions should be ompared with results from Ellison et al. (2001)disussed above (see Figure 13).Semi-Analytial ModelsSeveral groups (Kau�mann & Charlot, 1994; Kau�mann & Haehnelt, 2000;Somerville et al., 2001) have inluded more realisti physis in their simulations to on-strut semi-analytial models of galaxy formation whih, among other things, preditthe evolution of old gas in the Universe. The models presented in the bottom panel ofFigure 14 are from Somerville et al. (2001). They vary in their reipe for star formation:star formation is triggered by galaxy-galaxy mergers in the ollisional starburst model,is onstant with redshift in the onstant eÆieny model, and sales inversely with disdynamial time in the aelerated eÆieny model. These models ompute the oldgas (moleular plus neutral) and thus should lie above the observations. Clearly, ourobservational results an be used to diretly onstrain theories of galaxy evolution.6.3 DisussionThe observations in the redshift range 2 to 5 shows no evidene for signi�antevolution in the total amount of neutral gas. Under simple assumptions of losed boxevolution, this ould be interpreted as indiating there is little gas onsumption due tostar formation in DLA systems in this redshift range. Similarly, at z > 2, Prohaskaet al. (2001) onlude that there is no evolution in the metalliity of DLA systems fromolumn density-weighted Fe abundane measurements in DLAs. Sine metalliity studies



190CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEfous on the higher olumn density systems they may be giving a biased or inompleteview of global galati hemial evolution at z > 3. These metalliity evolution resultsare still very muh open to debate as another study by Savaglio & et al. (2000) showsthat the metalliity ontent of DLAs and sub-DLAs does derease with redshift when oneexludes the highest olumn density systems (N (HI) > 6 � 1020) from the analysis. Itis important to note that at z > 3:5, 90 % of the HI lies below this limit. Moreover, theurrent pratie of using olumn density weighted metalliities neglets the fat that themetalliity observations are biased towards high HI olumn density systems and henedo not neessarily trae the global metalliity evolution.Combining reent measurements of 
DLA together with 21 m emission obser-vations at z = 0 imply extremely eÆient star formation in DLAs at very low redshift.These results suggest that quasar absorbers ould be a spei� phase in galaxy forma-tion, thus explaining their lak of metalliity evolution and the diÆulties enounteredin deteting these systems in emission. Nevertheless, the high 
DLA derived by Rao &Turnshek (2000) at z <� 1:65 and by Churhill (2001) at < z >� 0:05 may be a�eted bysmall number statistis, gravitational lensing or variability in the DLA/MgII onversionratio. In any ase, DLAs remain the most diretly observable baryoni mass systems athigh redshift.Furthermore, as �rst pointed out by Storrie-Lombardi & Wolfe (2000), thehigher redshift DLAs, here de�ned as z > 3:5, have a signi�antly di�erent olumndensity distribution to that of the lower redshift, z < 3:5, systems. At z > 3:5 thereare no systems above N(HI)= 1021 atoms m�2 but there is a orresponding inreasein the number of 'sub-DLA' systems with 1019 < N(HI) < 2 � 1020 atoms m�2. Weinterpret this hange in properties as de�ning the epoh of formation of Damped Lyman-� absorption systems from lower olumn density units.6.4 SummaryIn this Chapter, we have used a new sample of high-redshift quasar absorberstogether with data from the literature to probe in detail the olumn density distributionof quasar absorbers, i.e. the number of absorbers per distane interval per olumn densityinterval. For the �rst time, we have derived f(N; z) for a non-zero �-osmology. Weuse the expeted number of LLS alulated from a �t to the observed number densityof LLS to onstrain f(N; z) in the range where the urve of growth is degenerate. Wealso use our statistially signi�ant sample of quasar absorbers to study the evolution ofthe olumn density distribution with redshift. Beause it represents better the data andbeause it overomes the divergent integral problem of the power law, we parameterisef(N; z) with a �-distribution of the form f(N; z) = (f�=N�)(N=N�)��exp(�N=N�). Inaddition, we used the observed number of LLS as a funtion of redshift to help onstrainthe �-law �t. We found log N� = 21:21, � = 1:08 and f� = 2:06 � 10�2 at z > 3:5 andlog N� = 20:46, � = 0:80 and f� = 2:51 � 10�2 at z < 3:5. Finally, we ompare ourobservational results with most reent simulations and semi-analytial models.
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Fig. 15.| 
DLA and the star formation rate evolution with redshift. The top panelshoes 
DLA together with the gas ontained in diss and the bottom panel is the starformation rate derived from the 2 degree Field (2dF) survey by Cole et al. (2001). Thelak of evolution of 
DLA in the range z = 5 to z = 2 is in onit with most reentderivations of the star formation history.



192CHAPTER 6. QUASAR ABSORBERS: A STUDYOF THE HISTORYOF THE UNIVERSEWe then determine the neutral gas ontent of absorbers and �nd that, unlikepreviously though, at z > 3:5 up to 45% of HI+HeII is in sub-DLAs (1019:0 < N(HI)< 1020:3 atoms m�2). We thus de�ne a new lass of quasar absorbers whih have olumndensities below the \lassial" Wolfe et al. de�nition of DLAs. We make preditions onthe number density of sub-DLAs from the �-distribution �t. We derive a total 
DLAonsistent with no evolution over the range 2 < z < 5. We show that the osmologya�ets the total level of neutral gas ontained in quasar absorbers with respet to the loal
baryons measurements. We summarise the latest results on the low redshift 
DLA andshow that they are diÆult to reonile with loal 21 m observations. We thus reviewall the possible soure of unertainties whih might bias measurements of 
DLA at bothhigh and low redshifts. Finally, we show that our observations put diret onstraints onboth smooth partile hydrodynami simulations and semi-analytial models.To summarise, the osmologial evolution of the total neutral gas mass is apowerful way of traing struture formation with redshift: it probes the epoh of assemblyof high olumn density systems from lower olumn density units. We �nd that at z>3.5the fration of mass in DLAs is only 55% and that the remaining fration of the neutralgas mass lies in systems below this limit, in the so-alled \sub-DLAs" with olumndensity 1019 < N(HI) < 2� 1020 atoms m�2.
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Chapter 7Conlusions and Future Work`Quel est don et arbre dont les fruits sont des oiseaux qui pleurent?'Erik Satie7.1 ConlusionsThe aim of our new survey for quasar absorbers was to better understand thehigh-redshift end of the mass density of neutral hydrogen by signi�antly improving thestatistis at z >� 3:5 and making a detailed study of the olumn density distributionfuntion.After briey reviewing the ontext and urrent knowledge of quasar absorbersof all types, we have desribed the method used to �nd high-redshift quasars. We gavedetails on the various lass of quasars absorbers and how they are used to study a widerange of astronomial problems. In addition, we have presented the theory of formationof absorption lines (Voigt pro�le) and the determination of the urve of growth whih isused to determined the olumn density of damped Lyman-� systems from their observedequivalent widths, two milestones whih onstitute the main motivation of the projetpresented here.A large set of data is presented in the form of the spetra of sixty-six z >� 4bright quasars with � 5 �A resolution (FWHM) red ontinuum and signal-to-noise ratioranging from 10 to 30. The observational set up and data redution proesses for thewhole sample are emphasized.The analysis started by onentrating on the properties of the quasars them-selves, measuring the spetral indies of quasar power-law ontinua. We have also pre-sented a median omposite spetrum and the measurements of the ontinuum depressionparameters whih haraterise the absorption aross the Lyman-� forest. We used theseresults to investigate the amount of dust present in the high-olumn density quasar ab-sorbers by studying the orrelation between the steepness of the ontinuum (reddening)of a quasar from our sample with the presene of a signi�ant quasar absorber along itsline-of-sight. We �nd no diret evidene of the presene of dust in our sample of DLAs.



194 CHAPTER 7. CONCLUSIONS AND FUTURE WORKWe then searhed for and analysed the statistial properties of the Lyman-limit systems and the Damped Ly� absorbers. The spae density and olumn densityevolution of these systems have be studied. These high-olumn density systems havealso been used to measure the neutral hydrogen ontent of the Universe over a largeredshift range, thus probing the formation epoh of these objets and traing the gasfrom whih stars form. Analysed in onjuntion with previous studies, our new surveyprovides enough data to help draw statistially more signi�ant onlusions on theseissues at high redshift.We determined the neutral gas ontent of absorbers and �nd that, unlike pre-viously thought, at z > 3:5 up to 45% of HI+HeII is in sub-DLAs (1019:0 < N(HI)< 1020:3 atoms m�2). We make preditions on the number density of sub-DLAs fromthe �-distribution �t and derive a total 
DLA onsistent with no evolution over the range2 < z < 5.7.2 Future WorkThis thesis presented a unique sample of high-redshift z >� 4 quasars (and quasarabsorbers) observed in a homogeneous manner. In addition to the studies desribedbefore, a series of further analyses is planned or already underway.The osmologially distributed absorption lines provide a osmi lok followingnot only the traes of the loal evolution of struture in the form of neutral hydrogensystems, but also revealing through the assoiated metal lines the produts of stellarevolution as a funtion of look-bak time. The sample of high-redshift absorption linesystems presented in this thesis is ideally suited for the investigation of the metal ontentof (sub-)DLAs at high-redshift, and we are undertaking high-resolution observationswith the state-of-the-art UVES spetrograph on the VLT to study hemial enrihmentat high-redshift. This high-resolution spetrograph is a unique faility in the southernhemisphere and thanks to its high sensitivity at extreme red and blue wavelengths, is theperfet tool for suh observations. A spetrum of PSS J0307 (a quasar from our sample)has already been taken during UVES omissioning and has led to the determination ofthe metal ontent of one of the farthest DLA urrently known at z = 4:466 (Dessauges-Zavadsky et al., 2001). The results point to an enrihment pattern dominated by TypeII supernovae whih suggests a Milky Way type of evolutionary model.The main sienti� goals to be takled with suh observing programs are thefollowing:1. The primary aim of the projet is study the metal ontent ofquasar absorbersat high redshift. The metalliity evolution with redshift is urrently the subjetof muh debate. Prohaska et al. (2001) onlude that there is no evolution inthe metalliity of DLA systems from olumn density-weighted Fe abundane mea-surements in DLAs (see Figure 7.2). This onits with virtually all hemialmodels but this work is based on a small number of measurements at high redshift.
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Fig. 1.| [Fe/H℄ evolution as ompiled by Prohaska et al. (2001). The authors laim noevolution of the mean weighted Fe (�lled irles) ontained in DLAs, in ontradition withpreditions from essentially all hemial evolution models. The small number statistis athigh-redshift may explain this unexpeted observational result and we propose to observethe high-redshift (sub-)DLA systems presented in this thesis with the UVES spetrographon VLT to aurately determine the metalliity of quasar absorption systems at highredshift.



196 CHAPTER 7. CONCLUSIONS AND FUTURE WORKFuthermore the unweighted metalliity distribution shows evidene for a dereaseof metalliity with inreasing redshift suggesting that HI olumn densities weightedmeasurements solely based on onventional DLAs do not reveal the full piture.We propose to use the sample of high-redshift DLAs and sub-DLAs of this thesisto explore this problem and to better onstrain the hemial evolution in the earlyUniverse.2. The ontent of DLAs in �-elements (O, Ar, S and Si) and iron peak elements(Zn, Fe, Cr and Ni) will be ompared in order to distinguish between Type I andType II supernovae hemial enrihment pattern. In some of the DLA, the dustontent of individual absorbers will be estimated using measurements of undepletedmetals (suh as Zn whenever aessible) and their dust-free metalliity will thenbe derived.3. Abundane of primordial elements an also be studied. The �rst synthesis of lightelements (D, He and Li) took plae in the early Universe and heavier elementshave then been synthesised through stellar nuleosynthesis. High-resolution obser-vations of quasar absorbers an be used to determinate the primordial abundanesof elements formed in the Big Bang, whih provide a fundamental tool for testingthe Big Bang theory and a unique measure of the baryoni density of the Universe.4. The moleular hydrogen ontent of DLAs have now been measured in few systems(Srianand & Petitjean, 1998; Levshakov et al., 2000; Petitjean et al., 2000). Suhstudy will allow us to investigate the proesses of dust formation as well as oolingand photodissoiation from the �rst stars.5. Finally the temperature of the Cosmologial Bakground Radiation will be mea-sured using the abundane ratio of exited states of CII. This puts a diret on-straint on the Big Bang theory although only one measurement has been madeso far (Srianand et al., 2000). We propose to use the new sample of high-redshiftquasars to make further measurements of the Cosmologial Bakground Radiationtemperature.In addition, the work presented in this thesis has shown that at z > 3:5, 45% ofthe neutral gas mass lies in systems below the traditional DLA de�nition, in \sub-DLAs"with olumn density 1019 < N(HI) < 2 � 1020 atoms m�2. This �nding is based onindiret measurements of the olumn density distribution in this olumn density range.Nevetheless, any absorption system with a doppler parameter b <100 km/s and N(HI)> 1019 atoms m�2 will exhibit damping wings and thus a systemati study of thekinemati and metalliity properties of sub-DLA systems with z>3.5 and N(HI) above1019 atom m�2 is an obvious program for the new generation of ehelle spetographson 8 m lass telesopes. It will also be important to diretly establish the N(HI) olumndensity distribution funtion below 2 �1020 atom m�2. We are urrently undertakingsuh a program.
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13
Appendix ANormalised Quasar SpetraThe following �gure shows the normalised quasar spetra. The error arraysare plotted as dotted lines, o�set below the spetra for larity. In the upper left-handorner, the blue region of the spetra are magni�ed to make the Lyman-limit systemsand damped Ly� absorbers easier to see. Damped Ly� absorbers are marked belowthere positions as solid stars if they have estimated olumn densities NHI � 2 � 1020atoms m�2, and as open stars if they have estimated olumn densities lower than thisthreshold, but greater than 5� 1019 atoms m�2. To the right of the stars marking theDLA are the deteted metal lines that are assoiated with this absorber. To the left ofthe stars are an upward arrow marking the position of Ly� at the DLA redshift and adownward arrow marking the wavelength of the Lyman-limit that would be assoiatedwith this DLA.
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Fig. 1.| Normalised Quasar Spetra.
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27
Appendix BMetal systemsThis Table summarises the observed equivalent width and wavelength of ev-ery absorption line deteted redward of the quasar Lyman-� emission and whih weremeasured using the algorithm desribed in Chapter 5. The features whih were not as-soiated with a DLA or LLS were identi�ed using the line list in Table 3. Most of thedeteted Mg II systems also show assoiated Fe II absorption. This survey resulted inthe detetion of 80 new C IV systems (3.0 <� z <� 4.5) and 48 new MgII systems (1.3 <�z <� 2.2).



28 APPENDIX B. METAL SYSTEMSTABLE 1|Identifiation of Metal Absorption LinesQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)PSS J0003+2730 4.240 6530.3 5.6 C II 1334 3.8936819.2 2.1 Si IV 1393 3.8936863.6 1.6 Si IV 1402 3.8936889.8 1.4 Si II 1527 3.5137254.7 1.7 Fe II 1608 3.5107320.6 1.3 C IV 1548 3.7297332.6 0.8 C IV 1551 3.7287468.7 3.3 Si II 1527 3.8927538.6 2.3 Al II 1671 3.5127574.3 3.9 C IV 1548 3.8927589.6 2.7 C IV 1551 3.8948042.5 0.9 C IV 1548 4.1958054.2 0.5 C IV 1551 4.1948078.6 0.4 � � � � � � � � �8172.2 3.6 Al II 1671 3.8918293.3 2.4 Mg II 2796 1.9668314.8 1.4 Mg II 2803 1.966BR J0006-6208 4.455 6744.9 0.9 Al II 1608 3.1936872.2 0.6 C II 1334 4.1506903.8 0.9 � � � � � � � � �6933.6 2.4 Fe II 2344 1.9587022.1 2.5 Fe II 2374 1.9577033.3 2.0 � � � � � � � � �7048.1 4.7 Fe II 2383 1.9587105.9 1.6 � � � � � � � � �7168.6 1.3 Si II 1808 2.9657252.8 2.0 � � � � � � � � �7292.0 1.2 Si II 1527 3.7767428.1 0.7 � � � � � � � � �7650.6 2.6 Fe II 2586 1.9587689.2 4.3 Fe II 2600 1.957� � � or Fe II 1608 3.7818271.8 6.1 Mg II 2796 1.9588292.6 5.4 Mg II 2803 1.9588396.7 1.1 � � � � � � � � �8438.4 1.4 Mg I 2853 1.958



29TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)BR J0030�5129 4.174 6743.6 2.3 � � � � � � � � �6869.0 2.6 C IV 1548 3.4376880.3 1.4 C IV 1551 3.4377165.8 1.3 � � � � � � � � �7224.4 1.2 � � � � � � � � �7658.7 1.7 C IV 1548 3.9477670.6 1.6 C IV 1551 3.9467798.2 1.2 Fe II 2261 2.4498091.6 2.7 Fe II 2344 2.4528223.0 1.8 Fe II 2383 2.4518355.1 5.0 � � � � � � � � �8384.6 3.7 � � � � � � � � �8987.4 2.9 � � � � � � � � �9002.7 3.8 � � � � � � � � �PSS J0034+1639 4.293 6521.3 4.8 N V 1240 4.2596560.3 2.6 Fe II 2344 1.7986620.2 1.5 Si II 1260 4.2526645.1 1.4 Fe II 2374 1.7996657.1 3.0 C IV 1548 3.3006668.3 3.2 Fe II 2383 1.799� � � or C IV 1551 3.3006817.1 4.7 � � � � � � � � �6836.6 0.9 � � � � � � � � �6851.8 0.5 O I 1302 4.2626878.7 3.4 C IV 1548 3.4436890.6 2.2 C IV 1551 3.4436932.8 1.9 C IV 1548 3.4786945.6 1.3 C IV 1551 3.4797007.8 1.1 � � � � � � � � �7049.2 3.9 C II 1334 4.2827238.6 3.4 � � � � � � � � �7255.0 1.3 Si II 1527 3.7527279.9 4.8 Fe II 2600 1.8007318.9 0.6 � � � � � � � � �7330.5 1.1 � � � � � � � � �7361.5 2.2 Si IV 1393 4.281



30 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)� � � or C IV 1549 3.7527407.0 0.9 Si IV 1402 4.2817825.9 4.9 Mg II 2796 1.7997845.8 4.2 Mg II 2803 1.7997983.2 0.6 Mg I 2853 1.7988063.7 2.3 Si II 1527 4.2828089.6 4.2 C IV 1548 4.2258103.4 2.1 C IV 1551 4.2258131.5 1.4 � � � � � � � � �8176.1 1.2 C IV 1548 4.2818190.5 0.8 C IV 1551 4.2828495.0 1.5 Fe II 1608 4.281SDSS J0035+0040 4.747 7132.3 2.4 N V 1240 4.7528736.1 2.5 � � � � � � � � �9002.2 5.1 � � � � � � � � �PSS J0106+2601 4.309 6617.0 1.3 C II 1334 3.9586798.8 2.4 � � � � � � � � �6846.3 1.3 � � � � � � � � �6864.5 1.3 � � � � � � � � �6909.3 2.0 Si IV 1393 3.9576955.5 1.3 Si IV 1402 3.9587465.1 1.5 C IV 1548 3.8227477.5 0.7 C IV 1551 3.8227494.4 2.2 � � � � � � � � �7677.9 3.2 C IV 1548 3.9597690.2 2.0 C IV 1551 3.9598014.1 1.5 � � � � � � � � �8230.3 2.2 � � � � � � � � �8249.1 1.3 � � � � � � � � �8268.2 1.9 � � � � � � � � �PSS J0131+0633 4.417 6770.6 1.0 � � � � � � � � �6792.0 1.3 � � � � � � � � �7135.7 1.5 C IV 1549 3.6077420.4 1.7 � � � � � � � � �9003.4 2.9 � � � � � � � � �9153.0 2.7 � � � � � � � � �



31TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)PSS J0133+0400 4.154 6293.6 1.9 Si II 1260 3.9936320.8 5.6 C IV 1548 3.0836349.0 4.8 Fe II 2383 1.6656367.7 6.4 C II 1334 3.7716403.4 2.9 C IV 1548 3.1366414.0 1.4 C IV 1551 3.1366437.7 1.6 Si IV 1393 3.6196476.7 1.4 Si IV 1402 3.6176503.1 2.1 O I 1302 3.9946649.5 2.4 Si IV 1393 3.7716665.8 2.6 � � � � � � � � �6694.3 1.5 Si IV 1402 3.7726891.3 2.2 Fe II 2586 1.6646963.1 3.8 Si IV 1393 3.9967001.9 2.5 Si IV 1402 3.9917128.9 3.2 � � � � � � � � �7149.5 2.3 C IV 1548 3.6187162.3 1.9 C IV 1551 3.619� � � or Si II 1527 3.6917176.0 0.9 � � � � � � � � �7214.8 0.9 � � � � � � � � �7284.1 4.3 Si II 1527 3.7717385.7 3.5 Si II 1808 3.0857450.1 4.6 Mg II 2796 1.6647469.4 4.4 Mg II 2803 1.6647599.2 4.3 Mg I 2853 1.6647623.1 1.7 Si II 1527 3.9937672.9 3.7 Fe II 1608 3.7707836.7 0.9 Al II 1671 3.6907855.1 1.1 � � � � � � � � �7919.3 5.5 C IV 1548 4.1157933.0 3.1 C IV 1551 4.1167971.6 4.7 Al II 1671 3.7718070.1 0.9 � � � � � � � � �8085.7 2.3 � � � � � � � � �8105.5 1.4 � � � � � � � � �



32 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)PSS J0134+3307 4.532 6744.5 1.9 � � � � � � � � �6834.8 2.2 � � � � � � � � �6856.5 1.4 � � � � � � � � �7129.4 1.2 Fe II 2586 1.7567166.4 2.3 Fe II 2600 1.7567255.3 2.9 C IV 1548 3.6867267.9 1.8 Si II 1527 3.761� � � or C IV 1551 3.6867391.9 1.8 C IV 1548 3.7757404.8 1.4 C IV 1551 3.7757689.0 1.4 Al II 1671 3.7807706.2 4.0 Mg II 2796 1.7567727.6 3.2 Mg II 2803 1.7567861.0 1.2 Mg I 2853 1.7558198.2 0.7 � � � � � � � � �8280.7 2.7 Mg II 2796 1.9618300.7 2.0 Mg II 2803 1.9618340.0 0.6 � � � � � � � � �8537.7 3.9 C IV 1548 4.5158552.5 3.3 C IV 1551 4.515PSS J0152+0735 4.051 6304.2 2.5 O I 1302 3.8416462.3 0.5 C II 1334 3.8426770.3 2.9 Fe II 2344 1.8886858.9 3.5 Fe II 2374 1.8886882.4 4.6 Fe II 2383 1.8887093.9 1.3 � � � � � � � � �7445.3 2.4 � � � � � � � � �7473.3 4.4 Fe II 2586 1.8887512.8 3.8 Fe II 2600 1.8887685.4 0.8 � � � � � � � � �8061.1 5.3 Mg II 2796 1.8838080.0 5.3 Mg II 2803 1.8828208.5 0.8 � � � � � � � � �PSS J0209+0517 4.174 6330.9 0.9 Si II 1304 3.8546377.3 3.7 Mg II 2796 1.2816393.0 2.6 Mg II 2803 1.280



33TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)6488.5 1.1 C II 1334 3.8626501.8 1.6 Mg I 2853 1.2796510.4 1.1 � � � � � � � � �6614.7 0.8 � � � � � � � � �6628.1 0.8 � � � � � � � � �6654.5 0.8 � � � � � � � � �6673.5 0.9 � � � � � � � � �6770.6 0.9 � � � � � � � � �6869.1 1.2 � � � � � � � � �7134.6 1.2 C IV 1548 3.608� � � or Si II 1527 3.6737145.9 0.7 C IV 1551 3.6087793.3 1.3 Al II 1671 3.6648123.6 1.9 � � � � � � � � �SDSS J0211�0009 4.874 7199.9 1.3 C IV 1548 3.6517211.9 1.1 C IV 1551 3.6517227.4 4.3 � � � � � � � � �7262.9 2.2 � � � � � � � � �7411.0 2.4 � � � � � � � � �8122.3 4.2 � � � � � � � � �8618.6 0.0 Si II 1527 4.645BR J0234�1806 4.301 6540.0 0.9 Si IV 1393 3.6926587.0 4.5 Si IV 1402 3.6966661.3 1.4 � � � � � � � � �6805.9 1.4 C IV 1548 3.3966818.3 1.5 C IV 1551 3.3976899.9 1.5 � � � � � � � � �6975.0 4.3 � � � � � � � � �7138.7 1.5 � � � � � � � � �7161.5 2.3 � � � � � � � � �7282.3 2.1 � � � � � � � � �7401.0 1.7 C IV 1548 3.7807413.2 1.2 C IV 1551 3.7807840.1 1.7 Al II 1671 3.6927956.1 2.0 � � � � � � � � �7980.3 2.1 � � � � � � � � �



34 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)8092.6 3.8 C IV 1548 4.2278107.9 1.8 C IV 1551 4.2288260.8 2.1 � � � � � � � � �8356.2 3.7 � � � � � � � � �8732.8 4.4 � � � � � � � � �PSS J0248+1802 4.422 6682.8 0.3 � � � � � � � � �6865.3 0.4 Si IV 1393 3.9266885.0 0.8 Si IV 1393 3.9396910.3 0.6 Si IV 1402 3.9266928.5 0.8 Si IV 1402 3.9397184.1 0.4 � � � � � � � � �7646.1 2.8 C IV 1548 3.9397660.7 1.2 C IV 1551 3.9407788.9 1.1 � � � � � � � � �BR J0301�5537 4.133 6278.7 3.2 C II 1334 3.7056357.7 1.0 � � � � � � � � �6409.2 0.8 � � � � � � � � �6421.9 0.9 � � � � � � � � �6442.2 0.9 Si II 1527 3.2206483.5 1.3 � � � � � � � � �6544.2 0.5 � � � � � � � � �6660.6 1.2 � � � � � � � � �6681.6 0.9 Si II 1527 3.3776970.3 2.2 � � � � � � � � �6999.3 1.3 � � � � � � � � �7219.3 0.5 � � � � � � � � �7281.2 1.7 C IV 1549 3.7017813.6 1.7 � � � � � � � � �8216.8 2.7 � � � � � � � � �8624.8 1.7 � � � � � � � � �8807.5 4.9 � � � � � � � � �8954.4 5.8 � � � � � � � � �BR J0307�4945 4.728 7105.0 0.9 � � � � � � � � �7117.0 2.8 O I 1302 4.4657129.6 2.3 Si II 1304 4.4667224.0 1.2 C IV 1548 3.666



35TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7235.6 0.8 C IV 1551 3.6667261.9 4.2 Si IV 1393 4.2107271.9 2.8 Si IV 1393 4.2177293.8 4.0 C II 1334 4.4657308.4 3.1 Si IV 1402 4.2107318.3 1.0 Si IV 1402 4.2177382.6 0.7 � � � � � � � � �7469.2 1.1 C IV 1548 3.8247482.4 0.7 C IV 1551 3.8257615.2 8.4 Si IV 1393 4.4647667.2 4.0 Si IV 1402 4.4667961.3 2.3 � � � � � � � � �8067.0 2.6 C IV 1548 4.2108077.9 3.6 C IV 1551 4.210� � � and C IV 1548 4.2178091.0 2.4 C IV 1551 4.2178180.1 2.0 � � � � � � � � �8345.0 2.8 Si II 1527 4.4668459.7 2.3 C IV 1548 4.4648473.2 1.2 C IV 1551 4.4648509.3 1.5 � � � � � � � � �8645.0 2.2 � � � � � � � � �8791.5 1.1 Fe II 1608 4.4668890.3 1.2 � � � � � � � � �8990.0 1.4 � � � � � � � � �9132.9 3.4 Al II 1671 4.4669155.4 1.7 � � � � � � � � �9175.6 1.9 � � � � � � � � �SDSS J0310�0014 4.658 6921.0 7.1 Mg II 2796 1.4756939.6 4.1 Mg II 2803 1.4756955.3 4.6 O I 1302 4.3416976.8 3.2 � � � � � � � � �7049.2 3.6 � � � � � � � � �7126.0 1.6 C II 1334 4.3407391.4 3.5 Al II 1671 3.4247467.5 4.1 � � � � � � � � �



36 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7706.3 0.0 � � � � � � � � �8229.9 3.6 � � � � � � � � �8655.0 0.0 � � � � � � � � �9086.7 6.9 � � � � � � � � �BR J0311�1722 4.039 6163.0 0.6 O I 1302 3.7336173.3 0.8 Si II 1304 3.7336316.0 1.0 C II 1334 3.7336379.3 2.2 � � � � � � � � �6421.2 0.5 � � � � � � � � �6464.8 1.1 � � � � � � � � �6476.3 0.9 � � � � � � � � �6489.7 2.1 � � � � � � � � �6767.5 1.6 � � � � � � � � �7006.4 1.1 Fe II 2383 1.9407078.6 1.0 � � � � � � � � �7087.8 0.9 � � � � � � � � �7138.3 0.9 � � � � � � � � �7645.6 1.9 Fe II 2600 1.9407794.7 4.6 Mg II 2796 1.7877810.0 3.1 Mg II 2803 1.7868220.9 4.0 Mg II 2796 1.9408241.4 1.9 Mg II 2803 1.940BR J0324�2918 4.622 6899.4 1.2 � � � � � � � � �6987.6 0.6 � � � � � � � � �7098.6 2.5 C IV 1548 3.5857110.7 1.4 C IV 1551 3.5857137.8 1.7 � � � � � � � � �7206.6 0.8 � � � � � � � � �7416.9 1.8 � � � � � � � � �7454.7 0.6 � � � � � � � � �7483.8 0.8 � � � � � � � � �7528.6 0.6 � � � � � � � � �7643.4 1.1 Fe II 2367 2.2287692.4 1.1 Fe II 2383 2.2287874.3 1.1 � � � � � � � � �8064.1 1.1 � � � � � � � � �



37TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)8179.5 0.8 � � � � � � � � �8291.6 1.2 Si II 1808 3.5868349.7 1.1 Fe II 2586 2.2288391.9 1.5 Fe II 2600 2.2278542.8 1.0 � � � � � � � � �8624.3 3.4 � � � � � � � � �9026.9 2.6 Mg II 2796 2.2289050.4 1.4 Mg II 2803 2.2289062.7 1.2 � � � � � � � � �9131.6 1.2 � � � � � � � � �BR J0334�1612 4.363 6560.8 1.4 � � � � � � � � �6957.9 4.9 Si II 1527 3.5587284.8 2.3 C IV 1548 3.7057295.2 2.5 C IV 1551 3.7047364.7 2.2 C IV 1548 3.7577375.2 2.4 C IV 1551 3.7567667.6 6.9 � � � � � � � � �7682.5 2.9 � � � � � � � � �7698.1 8.4 � � � � � � � � �7737.2 6.6 � � � � � � � � �7825.1 5.8 � � � � � � � � �SDSS J0338+0021 5.010 7323.1 1.8 � � � � � � � � �7722.9 4.9 Si II 1527 4.0597756.8 3.5 � � � � � � � � �8352.1 3.9 � � � � � � � � �8466.5 5.5 Al II 1671 4.067BR J0355�3811 4.545 6776.8 1.8 C IV 1548 3.3776787.0 1.4 C IV 1551 3.3776858.1 0.5 � � � � � � � � �6871.2 0.5 � � � � � � � � �6960.1 3.2 � � � � � � � � �6997.4 4.6 Fe II 2344 1.9857091.0 1.0 Fe II 2374 1.9867116.9 4.9 Fe II 2383 1.9877223.9 1.0 � � � � � � � � �7414.2 0.8 Si IV 1393 4.319



38 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7464.1 1.2 Si IV 1402 4.3217695.6 1.3 � � � � � � � � �7723.5 2.1 Fe II 2586 1.9867746.1 0.6 � � � � � � � � �7765.5 4.1 Fe II 2600 1.9877799.3 1.6 � � � � � � � � �8237.6 1.3 C IV 1548 4.3218250.7 0.7 C IV 1551 4.3208296.7 1.5 C IV 1548 4.3598309.9 1.6 C IV 1551 4.3598350.7 10.5 Mg II 2796 1.9868372.4 8.9 Mg II 2803 1.9868488.1 0.5 � � � � � � � � �8519.4 1.1 Mg I 2853 1.9868552.6 2.2 C IV 1548 4.5248568.7 1.3 C IV 1551 4.5258739.8 1.1 � � � � � � � � �8797.4 9.4 � � � � � � � � �8911.2 5.0 � � � � � � � � �8941.6 10.8 � � � � � � � � �BR J0403�1703 4.227 7897.6 10.4 � � � � � � � � �7932.8 10.6 � � � � � � � � �8112.9 2.3 � � � � � � � � �8303.2 10.2 � � � � � � � � �BR J0415�4357 4.070 6236.6 2.1 � � � � � � � � �6257.8 5.1 O I 1302 3.8066268.4 6.5 Si II 1304 3.8066286.2 4.6 � � � � � � � � �6413.6 3.5 C II 1334 3.8067012.8 1.4 � � � � � � � � �7339.6 2.6 Si II 1527 3.8087782.0 1.4 � � � � � � � � �7793.9 3.4 � � � � � � � � �7831.6 5.8 C IV 1548 4.0597844.5 5.5 C IV 1551 4.058BR J0419�5716 4.461 6728.3 0.5 � � � � � � � � �



39TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)6843.6 1.6 � � � � � � � � �7013.9 2.1 Mg II 2796 1.5087031.7 1.6 Mg II 2803 1.5087103.6 1.3 Fe II 2344 2.0307221.0 2.1 Fe II 2383 2.0317375.8 1.0 � � � � � � � � �7527.8 0.7 � � � � � � � � �7878.2 2.6 Fe II 2600 2.0308080.3 2.4 � � � � � � � � �8181.1 0.7 � � � � � � � � �8417.9 1.4 � � � � � � � � �8438.6 1.3 � � � � � � � � �8474.0 5.2 Mg II 2796 2.0308494.9 3.4 Mg II 2853 2.0308582.6 6.6 � � � � � � � � �8953.4 4.2 � � � � � � � � �BR J0426�2202 4.320 6652.8 0.6 Al II 1671 2.9826767.4 1.1 � � � � � � � � �7031.4 1.8 � � � � � � � � �7134.9 4.1 C IV 1548 3.6097147.0 1.4 C IV 1551 3.6097210.9 2.1 Si IV 1393 4.1747257.3 1.2 Si IV 1402 4.1748010.9 2.5 C IV 1548 4.1748024.2 2.1 C IV 1551 4.1748278.1 1.8 � � � � � � � � �8291.4 1.0 � � � � � � � � �8405.5 0.9 � � � � � � � � �9001.4 1.4 Fe II 2260 2.9829024.2 1.3 � � � � � � � � �PMN J0525�3343 4.383 6604.0 7.8 � � � � � � � � �6682.0 0.7 Fe II 2600 1.5706728.8 6.0 � � � � � � � � �7185.3 2.2 Mg II 2796 1.5707204.1 2.2 Mg II 2853 1.5707223.9 0.8 � � � � � � � � �



40 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7470.2 0.5 � � � � � � � � �7482.4 1.5 � � � � � � � � �7500.1 0.7 � � � � � � � � �7529.2 0.3 � � � � � � � � �7572.5 2.8 � � � � � � � � �7667.8 1.0 � � � � � � � � �7759.3 1.8 � � � � � � � � �7776.4 0.0 Fe II 2586 2.0067803.2 1.5 � � � � � � � � �7845.6 0.9 � � � � � � � � �7952.3 1.5 � � � � � � � � �8409.7 7.1 Mg II 2796 2.0078425.0 6.3 Mg II 2796 2.005BR J0529�3526 4.413 6685.9 0.5 � � � � � � � � �6952.1 1.2 � � � � � � � � �7355.6 1.8 Fe II 1608 3.5737637.5 2.4 Al II 1671 3.571BR J0529�3552 4.172 6527.2 1.1 � � � � � � � � �6567.7 3.6 � � � � � � � � �6608.7 0.7 Si II 1304 4.0676856.2 0.7 � � � � � � � � �6962.2 1.3 C IV 1548 3.4976975.0 2.1 C IV 1551 3.4987060.3 0.8 Si IV 1393 4.0667106.0 1.1 Si IV 1402 4.0667224.0 1.1 � � � � � � � � �7290.1 2.1 � � � � � � � � �7432.6 0.9 Mg II 2796 1.6587450.4 1.2 Mg II 2803 1.6587501.0 0.7 � � � � � � � � �7890.2 3.7 Si II 1526 4.1687993.6 1.3 C IV 1548 4.1638003.7 1.4 C IV 1551 4.161BR J0714�6455 4.462 6717.3 0.7 � � � � � � � � �6845.4 0.6 � � � � � � � � �6926.2 0.8 � � � � � � � � �



41TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7222.3 0.4 � � � � � � � � �7346.6 0.6 C IV 1548 3.7457356.3 1.5 C IV 1551 3.744� � � or C IV 1548 3.7527367.8 0.9 C IV 1551 3.7517654.7 1.9 � � � � � � � � �7694.2 2.2 C IV 1548 3.9707707.5 1.7 C IV 1551 3.9708044.3 2.1 C IV 1548 4.1968060.1 1.8 C IV 1551 4.1978242.5 0.9 � � � � � � � � �8984.7 5.0 � � � � � � � � �PSS J0747+4434 4.430 6698.9 2.5 C II 1334 4.0207024.8 0.8 � � � � � � � � �7151.3 7.0 � � � � � � � � �7166.6 3.8 � � � � � � � � �7636.8 2.4 � � � � � � � � �8288.5 1.8 � � � � � � � � �8382.5 1.1 Al II 1671 4.017RX J1028�0844 4.276 6463.8 2.0 � � � � � � � � �6551.4 1.4 � � � � � � � � �6697.4 1.0 � � � � � � � � �6709.3 1.2 � � � � � � � � �6751.8 1.2 Si II 1527 3.4236967.4 1.3 � � � � � � � � �7040.3 1.4 Fe II 2383 1.9557179.9 2.2 � � � � � � � � �7227.2 0.5 � � � � � � � � �7235.8 0.6 � � � � � � � � �7388.0 1.4 Al II 1671 3.4227682.1 1.3 Fe II 2600 1.9547737.0 2.5 C IV 1548 3.9977749.1 3.4 C IV 1551 3.9977777.1 1.3 � � � � � � � � �8261.2 4.4 Mg II 2796 1.9548280.4 2.4 Mg II 2803 1.954



42 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)8432.9 3.0 Mg I 2853 1.956� � � or Al II 1671 4.047PSS J1057+4555 4.116 6315.9 1.4 Si IV 1393 3.5326356.8 1.1 Si IV 1402 3.5326452.5 1.7 � � � � � � � � �6532.0 4.2 Fe II 1608 3.0616559.8 2.4 C IV 1548 3.2376571.1 1.3 C IV 1551 3.2376589.1 0.8 Si II 1527 3.3166672.6 4.0 Mg II 2796 1.3866688.5 3.8 Mg II 2803 1.3866724.3 1.3 � � � � � � � � �6768.5 0.5 Al II 1671 3.0516806.3 0.4 Mg I 2853 1.3866875.2 0.6 � � � � � � � � �7018.1 4.0 C IV 1549 3.5317180.3 0.6 � � � � � � � � �7197.5 0.2 � � � � � � � � �7212.1 0.3 Al II 1671 3.3177251.4 1.9 Si II 1526 3.7507283.7 1.0 Fe II 1608 3.5297320.6 0.3 Si II 1808 3.0497358.7 1.0 C IV 1548 3.7537371.1 0.5 C IV 1551 3.7537469.9 1.9 C IV 1548 3.8257482.2 0.8 C IV 1551 3.8257574.0 0.5 Al II 1671 3.5337635.5 1.6 C IV 1548 3.9327649.2 0.7 C IV 1551 3.9337699.2 0.4 � � � � � � � � �8414.7 1.7 � � � � � � � � �PSS J1159+1337 4.073 6222.7 0.3 � � � � � � � � �6271.6 1.6 � � � � � � � � �6292.1 0.7 � � � � � � � � �6302.9 2.4 C II 1334 3.7236419.2 1.3 Fe II 2344 1.738



43TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)6524.0 1.9 Fe II 2383 1.7386584.6 1.7 Si IV 1393 3.7246625.1 0.9 Si IV 1402 3.7236877.2 1.2 Mg II 2796 1.4596893.6 0.6 Mg II 2803 1.4596956.8 0.4 � � � � � � � � �7082.6 1.0 Fe II 2586 1.7387120.0 1.5 Fe II 2600 1.7387211.2 0.7 Si II 1527 3.7237248.6 0.4 � � � � � � � � �7313.5 1.2 C IV 1548 3.7247325.4 0.6 C IV 1551 3.7247537.3 0.3 � � � � � � � � �7637.4 1.6 � � � � � � � � �7656.3 5.4 Mg II 2796 1.7387676.9 3.7 Mg II 2803 1.7387816.7 0.8 Mg I 2853 1.7407839.1 1.8 C IV 1548 4.0637853.3 1.0 C IV 1551 4.0647891.8 1.5 Al II 1671 3.7237904.7 0.3 � � � � � � � � �8142.6 0.4 � � � � � � � � �8232.7 0.4 � � � � � � � � �8259.0 0.3 � � � � � � � � �PSS J1253+0228 4.007 6142.0 2.2 C II 1334 3.6026317.2 1.9 Al II 1671 2.7816415.0 4.8 Si IV 1402 3.6036455.0 3.8 Si IV 1527 3.6027125.4 5.5 C IV 1548 3.6027137.3 4.1 C IV 1551 3.6027277.8 1.0 � � � � � � � � �7396.5 1.4 Fe II 1608 3.5997725.6 3.5 C IV 1548 3.9907738.9 1.4 C IV 1551 3.9907854.3 1.2 � � � � � � � � �7880.5 2.5 � � � � � � � � �



44 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7918.5 0.7 � � � � � � � � �8034.2 3.1 Fe II 1608 3.9958073.6 1.8 � � � � � � � � �BR J1310�1740 4.185 6352.6 1.4 � � � � � � � � �6409.3 1.2 � � � � � � � � �6477.9 2.2 Mg II 2796 1.3176496.4 2.0 Mg II 2803 1.3176770.2 1.7 Si II 1527 3.4356864.3 5.7 C IV 1548 3.4346875.2 4.3 C IV 1551 3.4337189.0 1.2 � � � � � � � � �7279.6 0.9 � � � � � � � � �7406.9 3.2 Al II 1671 3.4337644.7 3.2 � � � � � � � � �7752.6 1.3 � � � � � � � � �7826.1 1.5 � � � � � � � � �7894.4 2.6 � � � � � � � � �7933.8 3.1 � � � � � � � � �7981.6 1.2 C IV 1548 4.1557995.4 1.2 C IV 1551 4.1568298.0 1.5 � � � � � � � � �8346.3 2.8 � � � � � � � � �BR J1330�2522 3.949 6013.0 3.4 � � � � � � � � �6051.0 12.4 � � � � � � � � �6077.4 8.7 � � � � � � � � �6231.3 1.5 Si II 1527 3.0826303.3 3.3 � � � � � � � � �6317.6 3.7 C IV 1548 3.0816329.4 1.9 C IV 1551 3.0816393.7 1.9 � � � � � � � � �6561.7 1.1 Fe II 1608 3.0806816.8 1.0 Al II 1671 3.0806875.6 1.9 Si IV 1393 3.9336921.0 1.1 Si IV 1402 3.9347288.0 1.1 � � � � � � � � �7304.5 1.1 � � � � � � � � �



45TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7381.5 1.7 C IV 1548 3.7687394.0 1.2 C IV 1551 3.7687438.9 1.4 � � � � � � � � �7459.1 1.4 � � � � � � � � �7568.6 3.7 C IV 1548 3.8897582.2 2.9 C IV 1551 3.8897656.1 1.0 � � � � � � � � �8348.0 1.6 � � � � � � � � �8435.9 1.6 � � � � � � � � �FIRST J1410+3409 4.351 6528.0 3.5 � � � � � � � � �6577.6 8.2 � � � � � � � � �6873.8 5.4 � � � � � � � � �7311.7 7.3 � � � � � � � � �8347.1 9.4 � � � � � � � � �PSS 1456+2007 4.249 6373.0 8.9 � � � � � � � � �6447.5 0.5 Si II 1527 3.2236928.9 2.1 Si IV 1393 3.9716972.2 1.8 Si IV 1402 3.9707150.8 1.8 � � � � � � � � �7232.5 2.4 � � � � � � � � �7273.7 2.6 � � � � � � � � �7449.2 1.7 � � � � � � � � �7465.7 1.9 � � � � � � � � �7631.4 1.4 Si II 1808 3.2217753.8 2.1 � � � � � � � � �7977.5 1.4 � � � � � � � � �8401.5 3.0 � � � � � � � � �BR J1603+0721 4.385 6604.4 0.8 � � � � � � � � �6730.1 2.1 � � � � � � � � �6801.5 3.1 � � � � � � � � �6813.7 1.6 � � � � � � � � �6876.0 2.1 � � � � � � � � �6898.6 1.5 � � � � � � � � �7634.3 1.4 C IV 1548 3.9317645.5 0.7 C IV 1551 3.9307753.1 2.0 C IV 1548 4.008



46 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7766.2 1.5 C IV 1551 4.0088233.0 1.8 C IV 1548 4.3188246.5 1.0 C IV 1551 4.317PSS J1618+4125 4.213 6561.1 2.2 � � � � � � � � �6857.1 5.1 Si IV 1393 3.9207058.5 1.7 � � � � � � � � �7378.5 5.5 � � � � � � � � �7502.6 6.2 Si II 1527 3.9147522.2 3.1 � � � � � � � � �7855.7 3.0 � � � � � � � � �7986.1 3.7 � � � � � � � � �8027.3 1.6 � � � � � � � � �8186.1 4.7 � � � � � � � � �PSS J1633+1411 4.351 6542.7 1.8 � � � � � � � � �6564.7 2.0 � � � � � � � � �6625.1 0.4 � � � � � � � � �6728.1 0.5 � � � � � � � � �6833.1 0.3 � � � � � � � � �6972.5 2.6 C IV 1548 3.5046983.7 1.7 C IV 1551 3.5037178.4 0.6 � � � � � � � � �7227.2 0.9 � � � � � � � � �7325.1 0.6 Si IV 1393 4.2567371.9 0.6 Si IV 1402 4.2557577.9 1.0 C IV 1548 3.8957591.0 0.5 C IV 1551 3.8957703.3 1.6 C IV 1548 3.9767717.1 0.7 C IV 1551 3.9767890.3 0.8 Fe II 1608 3.9067930.1 1.1 � � � � � � � � �8102.6 1.2 � � � � � � � � �8138.0 2.2 C IV 1548 4.2568148.9 1.7 C IV 1551 4.2558178.0 1.4 � � � � � � � � �8217.4 0.8 � � � � � � � � �8230.3 0.5 � � � � � � � � �



47TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)8299.6 3.4 � � � � � � � � �PSS J1646+5514 4.037 6335.9 1.7 � � � � � � � � �6490.6 0.4 C IV 1548 3.1926502.1 0.2 C IV 1551 3.1936549.7 0.5 � � � � � � � � �6624.5 0.2 � � � � � � � � �6638.2 0.4 C IV 1548 3.2886649.1 0.2 C IV 1551 3.2886712.2 0.9 � � � � � � � � �6857.5 0.3 � � � � � � � � �6870.7 0.5 � � � � � � � � �6891.3 0.2 Si IV 1402 3.9137010.8 0.9 Si IV 1393 4.0307033.0 2.1 C IV 1548 3.5437044.9 1.3 C IV 1551 3.5437055.6 0.4 Si IV 1402 4.0307356.8 1.2 C IV 1548 3.7527368.2 0.7 C IV 1551 3.7517678.4 0.5 � � � � � � � � �7785.2 1.9 C IV 1548 4.0297799.2 1.6 C IV 1551 4.0297955.2 0.2 � � � � � � � � �7993.1 0.6 Mg II 2796 1.8588013.7 0.2 Mg II 2803 1.8588404.5 0.9 � � � � � � � � �PSS J1721+3256 4.031 6486.1 1.2 Fe II 2586 1.5086518.9 1.5 Fe II 2600 1.5076568.3 1.5 � � � � � � � � �6727.6 1.6 C IV 1548 3.3456738.6 0.8 C IV 1551 3.3457008.2 5.3 Mg II 2796 1.5067026.4 1.7 Mg II 2803 1.5067291.9 1.8 C IV 1548 3.7107305.3 0.8 C IV 1551 3.711RX J1759+6638 4.320 6561.7 2.5 Mg II 2796 1.3476579.2 1.7 Mg II 2803 1.347



48 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)6643.1 0.6 � � � � � � � � �6715.0 1.3 Si II 1527 3.3986808.7 2.5 C IV 1548 3.3986817.2 2.0 C IV 1551 3.3966870.5 4.4 � � � � � � � � �7319.6 2.6 � � � � � � � � �7345.7 2.7 Al II 1671 3.3977752.8 2.7 � � � � � � � � �8347.1 5.6 C IV 1548 4.3918359.9 3.1 C IV 1551 4.391PSS J1802+5616 4.158 6336.2 6.2 � � � � � � � � �6414.8 0.8 C II 1334 3.8076454.1 1.2 � � � � � � � � �6619.4 2.1 � � � � � � � � �6696.2 3.9 Si II 1527 3.3866798.8 2.3 C IV 1549 3.3896868.9 2.7 � � � � � � � � �6945.7 2.9 � � � � � � � � �6980.0 1.5 � � � � � � � � �7096.2 2.2 � � � � � � � � �PSS J2122�0014 4.114 6300.7 1.5 Si II 1260 3.9996353.1 4.1 C IV 1548 3.1046363.2 3.3 C IV 1551 3.1036373.8 3.7 C IV 1548 3.1176384.5 2.4 C IV 1551 3.1176421.4 2.5 Si II 1527 3.2066511.4 0.8 C IV 1548 3.2066522.6 0.5 C IV 1551 3.2066570.3 5.1 C IV 1548 3.2446581.8 4.1 C IV 1551 3.2446600.7 1.7 C IV 1548 3.2646611.8 1.0 C IV 1551 3.2646763.7 0.7 Fe II 1608 3.2056952.9 2.2 � � � � � � � � �6967.2 2.5 � � � � � � � � �7026.7 1.7 Al II 1671 3.206



49TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7094.2 1.9 � � � � � � � � �7147.7 2.6 Si IV 1393 4.1287194.9 2.0 Si IV 1402 4.1297225.1 7.2 C IV 1549 3.6647321.5 7.6 C IV 1549 3.7277400.9 22.4 C IV 1549 3.7787634.9 1.3 Si II 1527 4.0017708.8 1.2 � � � � � � � � �7741.0 1.9 C IV 1548 4.0007754.9 1.1 C IV 1551 4.0017870.4 1.0 � � � � � � � � �7879.1 0.7 � � � � � � � � �7890.4 1.1 � � � � � � � � �7939.0 5.0 C IV 1548 4.1287952.0 5.9 C IV 1551 4.128PMN J2134�0419 4.334 6599.0 1.5 C IV 1548 3.2626607.9 0.5 C IV 1551 3.2616646.6 2.1 � � � � � � � � �6770.2 0.8 � � � � � � � � �6849.4 2.2 � � � � � � � � �6865.4 2.4 Fe II 1608 3.2697873.0 2.6 � � � � � � � � �8083.7 2.4 � � � � � � � � �8227.1 1.8 � � � � � � � � �PSS J2154+0335 4.363 6548.0 0.7 Fe II 2374 1.7586570.4 2.8 Fe II 2383 1.7576627.3 1.5 � � � � � � � � �6640.6 2.2 � � � � � � � � �6873.2 3.0 � � � � � � � � �6889.1 2.2 � � � � � � � � �6916.1 1.4 � � � � � � � � �7057.3 0.7 Si II 1527 3.6237133.6 1.9 Fe II 2586 1.7587170.3 2.8 Fe II 2600 1.7587397.1 3.9 C IV 1548 3.7787409.4 3.0 C IV 1551 3.778



50 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)PSS J2155+1358 4.256 6457.8 4.3 � � � � � � � � �6541.2 1.3 N V 1240 4.2756566.6 0.7 � � � � � � � � �6589.2 2.1 Si II 1527 3.316� � � or Fe II 2260 1.9156678.1 3.7 C IV 1549 3.3116710.8 0.6 � � � � � � � � �6785.2 0.6 � � � � � � � � �6811.2 0.9 � � � � � � � � �6830.6 0.9 Fe II 2344 1.9146890.9 0.5 � � � � � � � � �6916.9 0.9 Fe II 2374 1.9136941.7 2.9 Fe II 1608 3.3167066.2 1.9 C IV 1548 3.5647078.1 1.1 C IV 1551 3.5647133.7 0.8 � � � � � � � � �7170.5 4.5 � � � � � � � � �7207.6 2.8 Al II 1671 3.3147307.0 2.6 Si IV 1393 4.2437354.1 1.9 Si IV 1402 4.2437564.6 1.0 � � � � � � � � �7577.9 1.7 Fe II 2600 1.9147877.8 1.6 � � � � � � � � �7892.2 1.2 � � � � � � � � �7939.0 1.3 � � � � � � � � �7952.1 1.2 � � � � � � � � �8115.1 2.8 C IV 1548 4.2428129.6 1.8 C IV 1551 4.2428147.0 3.2 Mg II 2796 1.9138169.3 4.6 Mg II 2853 1.9148187.1 0.9 � � � � � � � � �9064.7 2.2 � � � � � � � � �9127.7 0.6 � � � � � � � � �BR J2216�6714 4.469 6744.0 1.1 � � � � � � � � �6764.7 2.1 C IV 1548 3.3696776.4 0.3 C IV 1551 3.370



51TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)6790.4 0.4 � � � � � � � � �6851.4 0.4 O I 1302 4.2626918.5 1.8 Fe II 2260 2.0606942.1 0.4 � � � � � � � � �7003.8 0.9 � � � � � � � � �7068.2 1.4 � � � � � � � � �7137.1 0.6 � � � � � � � � �7175.7 2.7 Fe II 2344 2.0617203.5 1.3 � � � � � � � � �7267.8 2.9 Fe II 2374 2.0617293.8 4.5 Fe II 2383 2.0617889.8 2.0 Si II 1808 3.3647918.1 2.4 Fe II 2586 2.0617958.5 3.4 Fe II 2600 2.0618327.1 1.9 � � � � � � � � �8559.1 3.6 Mg II 2796 2.0618582.1 3.4 Mg II 2803 2.0618731.0 1.5 Mg I 2853 2.0609094.6 1.8 � � � � � � � � �PSS J2241+1352 4.441 6738.7 0.8 � � � � � � � � �6752.2 3.4 � � � � � � � � �6810.4 1.2 � � � � � � � � �6833.8 1.3 � � � � � � � � �6878.1 3.7 O I 1302 4.2826892.0 3.4 Si II 1304 4.2846951.5 1.4 � � � � � � � � �7049.6 3.7 C II 1334 4.2827135.2 1.3 � � � � � � � � �7230.4 1.5 � � � � � � � � �7267.6 1.6 � � � � � � � � �7363.2 1.9 � � � � � � � � �7400.3 15.3 Si IV 1400 4.2868066.2 2.8 Si II 1527 4.2838307.0 2.3 � � � � � � � � �8344.5 3.7 � � � � � � � � �8401.2 3.2 Si II 1808 3.647



52 APPENDIX B. METAL SYSTEMSTABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)8437.7 4.5 C IV 1549 4.4478499.1 3.8 Fe II 1608 4.2849210.7 4.7 � � � � � � � � �BR J2317�4345 3.943 6049.4 1.3 � � � � � � � � �6136.0 0.5 Fe II 2260 1.7146248.8 3.6 Si IV 1393 3.4836290.6 0.5 Si IV 1402 3.4846362.4 0.6 Fe II 2344 1.7146466.9 1.4 Fe II 2382 1.7146553.4 0.7 � � � � � � � � �6702.1 0.9 � � � � � � � � �6809.5 0.8 � � � � � � � � �6944.6 3.8 C IV 1548 3.4866956.7 3.5 C IV 1551 3.4867057.8 1.5 Fe II 2600 1.7147084.1 2.7 C IV 1548 3.5767097.2 1.0 C IV 1551 3.5777224.3 0.8 Fe II 1608 3.4917590.2 2.6 Mg II 2796 1.7147609.1 2.8 Mg II 2803 1.7147719.5 0.9 � � � � � � � � �7739.8 3.3 Mg I 2853 1.7137853.8 1.7 � � � � � � � � �BR J2328�4513 4.359 6573.7 2.5 N V 1240 4.3016619.8 1.0 � � � � � � � � �6856.2 0.9 � � � � � � � � �6877.1 1.9 Fe II 2600 1.6457019.3 1.7 � � � � � � � � �7140.6 2.8 � � � � � � � � �7225.5 2.1 � � � � � � � � �7306.6 2.2 Si II 1808 3.041� � � or C IV 1548 3.7197319.2 1.0 C IV 1551 3.7207396.4 2.7 Mg II 2796 1.6457415.0 1.3 Mg II 2803 1.6457792.3 4.5 C IV 1548 4.033



53TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)7804.9 2.2 C IV 1551 4.0338113.1 1.4 � � � � � � � � �8176.6 1.6 � � � � � � � � �8240.3 1.3 � � � � � � � � �8258.4 1.3 � � � � � � � � �8365.4 2.5 � � � � � � � � �8400.3 1.4 � � � � � � � � �8501.7 2.4 � � � � � � � � �PSS J2344+0342 4.239 6515.2 2.9 � � � � � � � � �6531.4 2.8 C IV 1548 3.2186541.8 2.6 C IV 1551 3.2186650.1 0.9 Si II 1808 2.6786786.0 1.3 Fe II 1608 3.2196804.0 2.7 Si IV 1393 3.8826848.4 1.3 Si IV 1402 3.8826869.5 1.5 � � � � � � � � �7049.1 3.8 Al II 1671 3.2197200.8 1.2 � � � � � � � � �7236.8 2.0 � � � � � � � � �7326.9 1.5 Mg II 2796 1.6207347.3 2.2 Mg II 2803 1.6217453.1 0.7 Si II 1526 3.8827504.5 1.3 � � � � � � � � �7560.2 2.4 � � � � � � � � �7630.5 2.4 Si II 1808 3.2207775.9 0.8 � � � � � � � � �8153.9 2.9 � � � � � � � � �8329.9 1.7 Fe II 2260 2.6848436.2 3.1 � � � � � � � � �8466.4 4.5 � � � � � � � � �8707.9 1.8 Fe II 2367 2.678BR J2349�3712 4.208 6423.7 0.8 N V 1240 4.1696398.2 1.2 � � � � � � � � �6437.5 1.8 � � � � � � � � �6477.0 0.9 � � � � � � � � �6592.6 1.3 � � � � � � � � �
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TABLE 1|ContinuedQuasar zem �obs Wobs Ion �rest z(�A) (�A) (�A)6759.7 1.1 � � � � � � � � �6770.8 1.1 � � � � � � � � �7090.9 1.7 � � � � � � � � �7161.2 1.1 Si II 1527 3.6917305.6 1.4 � � � � � � � � �7371.5 1.3 � � � � � � � � �7716.3 1.3 � � � � � � � � �8784.6 3.0 � � � � � � � � �9122.6 2.8 � � � � � � � � �



56
Appendix CQuasars With Damped Lyman-�SystemsThese Tables summarise all the quasars ontaining one or more damped Lyman-� system used in our anaylsis. The �rst Table lists all the quasars issued from the samplepresented in this thesis (see Chapter 5). The seond Tables inludes data from the liter-ature (mainly Storrie-Lombardi & Wolfe (2000) with the following added modi�ations:Q 1329+4117 has no DLA at zabs = 0:5193 (Jannuzi et al., 1998), Q 2112+059 has noDLA at zabs = 0:2039 (Jannuzi et al., 1998; Fynbo et al., 2001) and Q 0302�223 has aDLA at zabs = 0:1014 (Jannuzi et al., 1998). The minimum and maximum redshift alongwhih a DLA ould have deteted if there was one are mentioned in all ases as well asthe relevant referenes in the ase of the seond Table.



57The referenes in Table 2 are as follow:1 = Storrie-Lombardi & Wolfe (2000)2 = Storrie-Lombardi & Hook (2000)3 = Lanzetta et al. (1995)4 = Wolfe et al. (1995)5 = Sargent et al. (1989)6 = Turnshek et al. (1989)7 = Wolfe et al. (1993)8 = Lu et al. (1993)9 = Lu & Wolfe (1994)10 = Virgilio et al. 199511 = Pettini et al. (1994)12 = Franis & Hewett (1993)13 = Savaglio et al. (1994)14 = Sargent et al. (1988)15 = Blak et al. (1987)16 = Wolfe et al. (1986)17 = Wolfe et al. (1994)18 = Rauh et al. (1990)19 = Williger et al. 198920 = Meyer et al. (1995)21 = Lanzetta et al. (1991)22 = Storrie-Lombardi et al. (1996)23 = Storrie-Lombardi et al. (1996a)24 = Jannuzi et al. (1998)



58 APPENDIX C. QUASARS WITH DAMPED LYMAN-� SYSTEMSTABLE 1|Quasar With Damped Lyman-alphaAbsorbers - this workQuasar zem zmin zmax zabs log N (H I)[m�2℄BR J0006-6208 4.455 2.944 4.400 2.97 20.7� � � � � � � � � � � � 3.20 20.9� � � � � � � � � � � � 3.78 21.0BR J0030-5129 4.174 2.304 4.122 2.45 20.8PSS J0106+2601 4.309 2.764 4.256 3.96 20.5PSS J0133+0400 4.154 2.865 4.102 3.69 20.4� � � � � � � � � � � � 3.77 20.5PSS J0134+3307 4.532 2.562 4.477 3.76 20.6PSS J0152+0735 4.051 1.890 4.000 3.84 20.7PSS J0209+0517 4.174 2.759 4.122 3.66 20.3� � � � � � � � � � � � 3.86 20.6BR J0301-5537 4.133 2.825 4.082 3.22 20.3BR J0307-4945 4.728 3.138 4.671 4.46 20.8SDSS J0310-0014 4.658 3.087 4.601 3.42 20.5BR J0334-1612 4.363 3.080 4.309 3.56 21.0SDSS J0338+0021 5.010 3.528 4.950 4.06 20.4BR J0426-2202 4.320 2.544 4.267 2.98 21.1PSS J0747+4434 4.430 2.764 4.376 3.76 20.3� � � � � � � � � � � � 4.02 20.6PSS J1057+4555 4.116 2.652 4.065 3.05 20.3PSS J1159+1337 4.073 2.563 4.022 3.72 20.3PSS J1253-0228 4.007 2.498 3.957 2.78 21.4PSS J1618+4125 4.213 2.820 4.161 3.92 20.5RX J1759+6638 4.320 2.804 4.267 3.40 20.4PSS J1802+5616 4.158 2.891 4.106 3.76 20.4PSS J2122-0014 4.114 2.350 4.063 3.20 20.3PSS J2154+0335 4.363 2.979 4.309 3.61 20.4PSS J2155+1358 4.256 2.940 4.203 3.32 21.1PSS J2241+1352 4.441 3.027 4.387 4.28 20.7BR J2317-4345 3.943 2.448 3.894 3.49 20.9PSS J2344+0342 4.239 2.696 4.187 3.21 20.9



59TABLE 2|Quasar With Damped Lyman-alphaAbsorbers - data from the literatureQuasar zem zmin zmax zabs log N (H I) Referenes[m�2℄Q 0000-2619 4.11 2.389 4.060 3.3901 21.4 5,13Q 0010-0012 2.15 1.634 2.119 2.0233 20.8 4,10Q 0013-0029 2.08 1.634 2.049 1.9730 20.7 4,11BR B0019-1522 4.528 2.97 4.473 3.4370 20.92 22,1Q 0027+0103 2.29 1.634 2.257 1.9375 20.6 4,10Q 0042-2930 2.39 1.591 2.354 1.931 20.5 4Q 0049-2820 2.26 1.638 2.223 2.0713 20.5 4,11Q 0056+0125 3.16 2.197 3.119 2.7750 21.0 4,10Q 0058-2914 3.07 1.778 3.052 2.6711 21.2 21Q 0100-3105 2.64 1.687 2.605 2.131 20.5 4Q 0100+1300 2.69 1.64 2.74 2.3093 21.4 16,15Q 0102-1902 3.04 2.044 2.995 2.3693 21.0 5,8Q 0102-0214 1.98 1.649 1.949 1.7431 20.6 4,10BRI B0111-2819 4.30 2.709 4.247 3.1043 21.0 1Q 0112-3041 2.99 1.881 2.945 2.4191 20.5 21,9Q 0112-3041 2.99 1.881 2.945 2.7023 20.3 21,9Q 0112+0300 2.81 1.813 2.785 2.4227 21.0 5,11PSS J0132+1341 4.147 2.844 4.096 3.93 20.3 1Q 0149+3335 2.43 1.64 2.43 2.1413 20.5 16,7Q 0201+3634 2.49 1.632 2.879 2.4614 20.4 21,8Q 0201+3634 2.49 1.632 2.879 1.768 20.5 21Q 0216+0803 3.00 1.731 2.953 2.2930 20.5 5,9Q 0302-223 1.4000 1.0077 1.3760 1.0104 20.36 24BR B0331-1622 4.38 2.868 4.326 3.56 20.6 1Q 0336-0142 3.20 2.109 3.155 3.0619 21.2 21,8Q 0347-3819 3.23 2.044 3.186 3.0244 20.8 21,18Q 0449-1330 3.097 2.006 3.056 2.052 20.4 21Q 0458-0203 2.29 1.96 2.29 2.0399 21.7 16,7Q 0528-2505 2.779 1.961 2.741 2.1404 21.0 5Q 0834-2006 2.75 1.632 2.704 1.715 20.4 21Q 0836+1122 2.70 1.74 2.67 2.4660 20.6 16,6Q 0913+0715 2.78 1.866 2.739 2.6187 20.3 21,8MG 0930+2858 3.41 2.173 3.366 3.24 20.5 2Q 0935+4143 1.9800 1.0626 1.550 1.369 20.3 3BR B0951-0450 4.369 2.93 4.315 3.8580 20.6 22,1BR B0951-0450 4.369 2.93 4.315 4.2028 20.4 22,1



60 APPENDIX C. QUASARS WITH DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax zabs log N (H I) Referenes[m�2℄BRI B0952-0115 4.426 2.99 4.372 4.0238 20.55 22,1PC 0953+4749 4.457 3.010 4.004 3.403 20.9 1PC 0953+4749 4.457 3.010 4.004 3.890 21.1 1BRI B1013+0035 4.405 2.61 4.351 3.1031 21.1 22,1Q 1032+0414 3.39 2.067 3.347 2.839 20.3 21PSS J1057+4555 4.101 2.652 4.050 3.05 20.3 1BRI B1108-0747 3.922 2.64 3.873 3.607 20.33 22,23BRI B1114-0822 4.495 3.19 4.440 4.2576 20.3 22,1Q 1151+0651 2.76 1.65 2.76 1.7737 21.3 16,6Q 1159+0132 3.27 1.988 3.226 2.6846 21.1 21,8BR B1202-0725 4.694 3.16 4.637 4.383 20.49 22,23Q 1205+0918 2.08 1.634 2.046 1.673 20.6 4Q 1209+0919 3.30 2.175 3.254 2.5835 21.4 21,8Q 1210+1731 2.54 1.634 2.502 1.8920 20.6 4,10Q 1215+3322 2.61 1.64 2.60 1.9989 21.0 16,7Q 1223+1753 2.92 1.945 2.879 2.4658 21.5 4,11Q 1232+0815 2.57 1.789 2.534 2.3376 20.9 4,10Q 1240+1516 2.28 1.634 2.247 1.738 20.7 4Q 1244+3443 2.48 1.64 2.50 1.8593 20.5 16,7Q 1246-0217 2.11 1.634 2.075 1.779 21.2 4Q 1308+0105 2.80 1.634 2.763 1.762 20.6 4GB 1320+3927 2.98 1.968 2.940 2.11 20.4 2Q 1337+1121 2.92 1.86 2.92 2.7957 20.9 16,6BRI B1346-0322 3.992 2.65 3.942 3.7343 20.72 22,1Q 1347+1116 2.70 1.92 2.71 2.4709 20.3 16,6Q 1409+0930 2.86 1.979 2.800 2.4561 20.5 21,8PSS J1443+2724 4.407 2.950 4.353 4.216 20.8 1Q 1451+1223 3.26 2.158 3.207 2.478 20.4 16,21BR BI1500+0824 3.943 2.39 3.894 2.7968 20.8 22,1GB 1610+2806 3.54 2.021 3.498 2.59 20.6 2MG 1614+0506 3.21 1.984 3.168 2.52 20.4 2GB 1759+7539 3.05 1.955 3.010 2.624 20.77 2PC 2047+0123 3.799 2.620 3.751 2.7299 20.4 1Q 2132-4321 2.42 1.595 2.386 1.916 20.7 4Q 2138-4427 3.17 2.107 3.128 2.851 20.9 4,12Q 2206-1958 2.56 1.85 2.58 1.9205 20.5 16,14



61



62 APPENDIX C. QUASARS WITH DAMPED LYMAN-� SYSTEMS

TABLE 2|ContinuedQuasar zem zmin zmax zabs log N (H I) Referenes[m�2℄Q 2206-1958 2.56 1.85 2.58 2.0763 20.7 16,17Q 2223-0512 1.4040 0.4159 0.6310 0.4925 20.9 3Q 2223-0512 1.4040 0.9259 1.3800 � � � � � � 3Q 2230+0232 2.15 1.634 2.119 1.8642 20.8 4,10,11Q 2231-0015 3.015 1.749 2.980 2.0657 20.6 4,9BR B2237-0607 4.558 2.96 4.502 4.0691 20.5 22,1Q 2239-3836 3.55 2.389 3.508 3.2810 20.8 21,9Q 2248+0127 2.56 1.634 2.524 1.9080 20.6 4,10Q 2348-0108 3.01 2.044 2.965 2.4272 20.5 16,6Q 2348-0108 3.01 2.044 2.965 2.6161 21.3 21,6Q 2351+0217 2.03 1.634 2.000 1.766 20.9 4,10Q 2359-0216 2.31 1.747 2.779 2.0951 20.7 16,7Q 2359-0216 2.31 1.747 2.779 2.1537 20.3 16,7



63
Appendix DQuasars Without DampedLyman-� SystemsThese Tables summarise all the quasars not ontaining damped Lyman-� sys-tem. The �rst Table lists all the quasars issued from the sample presented in this thesis(see Chapter 2). The seond Tables inludes data from the literature (mainly Storrie-Lombardi & Wolfe (2000) with the following added modi�ations: Q 1329+4117 has noDLA at zabs = 0:5193 (Jannuzi et al., 1998), Q 2112+059 has no DLA at zabs = 0:2039(Jannuzi et al., 1998; Fynbo et al., 2001) and Q 0302�223 has a DLA at zabs = 0:1014(Jannuzi et al., 1998). The minimum and maximum redshift along whih a DLA ouldhave deteted if there was one are mentioned in all ases as well as the relevant referenesin the ase of the seond Table.



64 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSThe referenes in Table 2 are as follow:1 = Storrie-Lombardi & Wolfe (2000)2 = Storrie-Lombardi & Hook (2000)3 = Lanzetta et al. (1995)4 = Wolfe et al. (1995)5 = Sargent et al. (1989)6 = Turnshek et al. (1989)7 = Wolfe et al. (1993)8 = Lu et al. (1993)9 = Lu & Wolfe (1994)10 = Virgilio et al. 199511 = Pettini et al. (1994)12 = Franis & Hewett (1993)13 = Savaglio et al. (1994)14 = Sargent et al. (1988)15 = Blak et al. (1987)16 = Wolfe et al. (1986)17 = Wolfe et al. (1994)18 = Rauh et al. (1990)19 = Williger et al. 198920 = Meyer et al. (1995)21 = Lanzetta et al. (1991)22 = Storrie-Lombardi et al. (1996)23 = Storrie-Lombardi et al. (1996a)24 = Jannuzi et al. (1998)25 = Fynbo et al. (2001)



65TABLE 1|Quasar Without Damped Lyman-alphaAbsorbers - this workQuasar zem zmin zmaxPSS J0003+2730 4.240 2.718 4.188PSS J0034+1639 4.293 2.981 4.240SDSS J0035+0040 4.747 3.309 4.690PSS J0131+0633 4.417 3.014 4.363SDSS J0211-0009 4.874 3.402 4.815BR J0234-1806 4.301 2.971 4.248PSS J0248+1802 4.422 2.810 4.368BR J0311-1722 4.039 2.591 3.989BR J0324-2918 4.622 2.900 4.566BR J0355-3811 4.545 3.030 4.490BR J0403-1703 4.227 2.992 4.175BR J0415-4357 4.070 2.813 4.019BR J0419-5716 4.461 2.820 4.406BR J0426-2202 4.320 2.544 4.267PMN J0525-3343 4.383 2.829 4.329BR J0529-3526 4.413 3.023 4.359BR J0529-3552 4.172 2.821 4.120BR J0714-6455 4.462 3.050 4.407RX J1028-0844 4.276 2.533 4.223BR J1310-1740 4.185 2.508 4.133FIRST J1410+3409 4.351 3.026 3.578� � � � � � 3.602 4.297PSS J1456+2007 4.249 2.878 4.197BR J1603+0721 4.385 3.062 4.331PSS J1633+1411 4.351 2.536 4.297PSS J1646+5514 4.037 2.772 3.987PSS J1721+3256 4.031 2.791 3.981PMN J2134-0419 4.334 2.903 4.281BR J2216-6714 4.469 2.795 4.414BR J2328-4513 4.359 2.926 4.305BR J2349-3712 4.208 2.847 4.156



66 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|Quasar Without Damped Lyman-alphaAbsorbers - data from the literatureQuasar zem zmin zmax ReferenesQ 0001+0842 3.241 2.024 3.229 21Q 0002+151 1.8990 0.4723 0.6034 3Q 0002+151 1.8990 1.1198 1.5500 3Q 0003+158 0.4500 0.0080 0.4355 3MG 0004+1359 3.25 1.899 3.207 2Q 0004+1711 2.898 2.002 2.851 21Q 0006+0230 2.09 1.787 2.059 4Q 0006+0200 2.35 1.634 2.317 4Q 0007-0004 2.26 1.634 2.227 4Q 0007-000 2.29 1.670 2.260 16MG 0007+0141 2.90 1.882 2.861 2Q 0007+106 0.0890 0.0080 0.0781 3Q 0009-0138 1.99 1.634 1.960 4Q 0009+0219 2.66 1.784 2.623 4Q 0009-0215 2.11 1.634 2.079 4Q 0014+8118 3.380 1.928 3.340 21Q 0014-0256 1.85 1.729 1.821 4Q 0015+0239 2.47 1.784 2.435 4Q 0016+0045 2.31 1.651 2.277 4Q 0018-0220 2.56 1.634 2.524 4Q 0018+0047 1.83 1.655 1.802 4Q 0020+0217 1.80 1.665 1.772 4Q 0022+0150 2.77 1.791 2.732 4Q 0023+0010 1.90 1.657 1.871 4Q 0025-0151 2.08 1.634 2.049 4Q 0026+0158 1.89 1.727 1.861 4Q 0026+129 0.1420 0.0080 0.1306 3Q 0027+0149 2.33 1.694 2.297 4Q 0028+0236 2.00 1.634 1.970 4Q 0028-0148 2.08 1.840 2.049 4Q 0029+0017 2 .23 1 .725 2 .198 4Q 0029-0152 2.39 2.013 2.356 4PSS J0030+1702 4.282 2.763 4.229 1Q 0037-018 2.34 1.654 2.303 16Q 0039-2630 1.81 1.634 1.782 4Q 0040-2917 2.09 1.634 2.056 4



67TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 0041-2638 3.045 1.657 3.029 21Q 0041-2707 2.79 1.668 2.748 4Q 0041-2607 2.79 1.634 2.470 4Q 0041-2658 2.46 1.634 2.422 4Q 0041-2859 2.13 1.589 2.103 4Q 0042-3053 1.97 1.634 1.944 4Q 0042-2627 3.298 2.113 3.253 21Q 0042-2656 3.33 2.215 3.314 21Q 0042-2657 2.90 2.226 2.859 4Q 0043-2937 2.23 1.656 2.198 4Q 0044+030 0.6240 0.3386 0.6078 3Q 0045-3002 2.02 1.603 1.991 4Q 0045-0341 3.138 1.961 3.094 21Q 0045-013 2.53 1.784 2.493 16Q 0046-293 4.014 2.882 3.964 1BRI B0046-2458 4.15 2.575 4.099 1Q 0047-2759 2.13 1.649 2.099 4Q 0047-3050 2.97 1.930 2.933 4Q 0047-2538 1.97 1.591 1.939 4Q 0047-2326 3.422 2.291 3.378 21Q 0048-0119 1.88 1.634 1.849 4Q 0048-2545 2.08 1.634 2.051 4Q 0049-0104 2.10 1.715 2.065 4Q 0049-0012 1.95 1.634 1.916 4Q 0049+007 2.27 1.644 2.238 16Q 0049+014 2.31 1.681 2.276 16Q 0049+171 0.0640 0.0080 0.0534 3Q 0050+124 0.0611 0.0080 0.0505 3Q 0050-2523 2.16 1.592 2.127 4Q 0051-0226 2.53 1.634 2.491 4Q 0052-0058 2.21 1.634 2.180 4Q 0052+251 0.1550 0.0080 0.1435 3Q 0053-0134 2.06 1.634 2.031 4Q 0053-2824 3.616 2.454 3.576 21Q 0054+0200 1.87 1.634 1.844 4Q 0054+144 0.1710 0.0080 0.1593 3



68 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 0054-006 2.76 1.854 2.724 16Q 0055+0141 2.23 1.651 2.200 4Q 0055-2744 2.20 1.567 2.163 4Q 0055-2629 3.6560 1.920 3.609 21Q 0055-0200 1.98 1.782 1.953 4Q 0055+0025 1.91 1.634 1.885 4Q 0056-0241 2.23 1.779 2.194 4Q 0057-0225 2.01 1.715 1.979 4Q 0057-274 3.52 2.603 3.475 1Q 0058-2604 2.47 1.606 2.437 4Q 0058-0227 2.23 1.712 2.194 4Q 0058+0155 1.95 1.634 1.924 4Q 0059-0207 2.29 1.653 2.257 4Q 0059-2625 2.10 1.614 2.069 4Q 0059+0035 2.55 1.673 2.510 4PSS J0059+0003 4.16 2.750 4.108 1Q 0100+0146 1.91 1.692 1.880 4Q 0101-2548 1.97 1.596 1.943 4Q 0101-3025 4.073 1.937 3.116 21Q 0102-0240 1.84 1.731 1.818 4BRI B0103+0032 4.437 2.87 4.383 22Q 0103-0141 2.21 1.634 2.174 4Q 0103-2901 2.87 1.922 2.831 4Q 0104+0030 1.87 1.667 1.845 4PC 0104+0215 4.171 2.881 4.119 1Q 0105-2649 2.46 1.667 2.428 4Q 0106-0230 2.28 1.634 2.246 4Q 0106+0119 2.10 1.871 2.068 4Q 0107+0022 1.97 1.634 1.938 4Q 0108+0028 2.01 1.733 1.975 4Q 0109+022 2.35 1.734 2.317 16Q 0110-0107 1.89 1.643 1.860 4Q 0112-2728 2.894 1.784 2.855 21Q 0114-0856 3.163 1.838 3.118 21Q 0115-3002 3.249 1.733 3.207 21PSS J0117+1552 4.244 2.646 4.192 1



69TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 0117+213 1.4930 0.9989 1.4681 3Q 0119-286 0.1170 0.0080 0.1058 3Q 0119-013 0.0540 0.0080 0.0435 3Q 0123+257 2.37 1.644 2.338 16PC 0131+0120 3.792 3.116 3.744 1Q 0132-1947 3.130 1.714 3.089 21Q 0134+329 0.3670 0.0080 0.1050 3BRI B0135-4239 3.97 2.575 3.920 1Q 0136+010 2.35 1.749 2.317 16Q 0136+1737 2.73 1.632 2.679 21Q 0143-0135 3.141 1.673 3.097 21GB 0148+2502 3.10 1.825 3.059 2Q 0148-0946 2.850 1.797 2.810 21BRI B0151-0025 4.194 2.74 4.142 22Q 0153+0430 2.993 1.673 2.951 21Q 0157+001 0.1631 0.0080 0.1515 3Q 0159+036 2.47 1.644 2.436 16Q 0205+024 0.1564 0.0080 0.1448 3Q 0207-0019 2.853 1.756 2.817 21Q 0215+015 1.7150 0.9996 1.5500 3Q 0219+428 0.4440 0.0080 0.4296 3GB 0229+1309 2.07 1.767 2.039 2Q 0232-042 1.4360 0.0080 0.6320 3Q 0232-042 1.4360 0.8733 1.4116 3Q 0237-233 2.2230 1.1593 1.5402 3Q 0239-1527 2.786 1.928 2.744 21BRI B0241-0146 4.053 2.86 4.002 22BR B0245-0608 4.238 2.96 4.186 22PSS J0248+1802 4.43 2.810 4.376 1Q 0249-1826 3.210 1.871 3.163 21Q 0249-2212 3.21 2.044 3.160 5,1Q 0252+0136 2.47 1.634 2.430 4Q 0254+0000 2.25 1.634 2.215 4Q 0256-0000 3.377 2.241 3.330 21Q 0256-0031 2.00 1.634 1.965 4Q 0258+0210 2.52 1.634 2.489 4



70 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 0301-0035 3.226 2.060 3.181 21Q 0302-0019 3.290 1.739 3.243 21Q 0305+0127 2.15 1.634 2.118 4Q 0307-0058 2.11 1.634 2.075 4Q 0308+0129 2.34 1.739 2.302 4Q 0308+1902 2.839 1.673 2.797 21Q 0308-1920 2.756 1.673 2.714 21Q 0312-770 0.2230 0.0080 0.2108 3Q 0316-2023 2.869 1.747 2.826 21Q 0323+022 0.1470 0.0080 0.1295 3Q 0329-2534 2.689 1.661 2.662 21Q 0334-2029 3.132 2.057 3.089 21PC 0345+0130 3.638 2.699 3.592 1BR B0351-1034 4.351 3.09 4.297 22Q 0351-3904 3.01 1.632 2.970 21Q 0352-2732 2.823 1.673 2.781 21BR B0401-1711 4.236 2.82 4.184 22Q 0405-123 0.5740 0.0080 0.5583 3Q 0414-060 0.7810 0.0080 0.7632 3Q 0420+007 2.918 1.673 2.879 21Q 0420-3851 3.1230 2.094 3.082 21Q 0428-1342 3.244 1.965 3.200 21Q 0454-220 0.5340 0.1199 0.5187 3Q 0454+039 1.3450 0.9672 1.3216 3Q 0457+024 2.38 1.645 2.346 16MG 0504+0303 2.46 1.803 2.425 2Q 0521-365 0.0566 0.0080 0.0460 3Q 0537-441 0.8940 0.5139 0.6300 3Q 0548-322 0.0690 0.0080 0.0583 3Q 0552+398 2.36 1.644 2.325 16Q 0558-504 0.1370 0.0080 0.1256 3Q 0624+691 0.3700 0.0080 0.3563 3Q 0636+6801 3.178 2.019 3.132 21Q 0637-752 0.6560 0.0080 0.6251 3Q 0642+4454 3.408 2.192 3.362 21Q 0702+646 0.0795 0.0080 0.0687 3



71TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 0731+6519 3.038 2.019 2.993 21Q 0735+178 0.4240 0.0765 0.4098 3Q 0736+017 0.1910 0.0080 0.1791 3Q 0742+318 0.4620 0.0080 0.4474 3Q 0743-673 1.5130 1.0302 1.4879 3GB 0749+4239 3.59 2.185 3.544 2PC 0751+5623 4.281 3.526 4.228 1Q 0754+100 0.6700 0.0080 0.6257 3Q 0754+394 0.0958 0.0080 0.0848 3Q 0804+761 0.1000 0.0080 0.0890 3Q 0805+0441 2.880 1.838 2.834 21Q 0812+332 2.42 1.677 2.385 16Q 0819-032 2.35 1.704 2.319 16Q 0820+296 2.37 1.644 2.333 16MG 0830+1009 3.75 2.040 3.703 2Q 0830+1133 2.979 1.797 2.936 21Q 0831+1238 2.748 1.961 2.706 21Q 0837-120 0.1980 0.0080 0.1860 3Q 0844+349 0.0640 0.0080 0.0534 3Q 0846+152 2.64 1.831 2.599 16MG 0848+1533 2.01 1.735 1.980 2Q 0849+080 0.0620 0.0080 0.0514 3Q 0851+202 0.3060 0.0080 0.2929 3Q 0855+182 2.62 1.682 2.580 16Q 0903+155 2.68 1.659 2.645 16MG 0906+0406 3.20 1.811 3.158 2Q 0906+484 0.1180 0.0080 0.1068 3Q 0910+403 0.9360 0.0080 0.9166 3Q 0914-621 0.0573 0.0080 0.0467 3Q 0916+555 0.1235 0.0080 0.1123 3Q 0932+3646 2.84 1.634 2.814 21Q 0933+733 2.53 1.651 2.493 16Q 0938+1159 3.19 1.634 3.149 21Q 0941+2608 2.913 1.731 2.867 21Q 0953+414 0.2390 0.0080 0.2266 3Q 0955+326 0.5330 0.0080 0.5177 3



72 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 0956+1217 3.306 2.159 3.263 21Q 0957+561 1.4050 0.8179 1.3810 3Q 0958+551 1.7324 1.1762 1.4513 3Q 1001+291 0.3290 0.0080 0.3157 3Q 1004+130 0.2410 0.0080 0.2286 3Q 1004+1411 2.707 1.786 2.672 21Q 1007+417 0.6110 0.0080 0.5949 3Q 1009-0252 2.75 1.651 2.708 4Q 1011-282 0.6110 0.0080 0.1310 3Q 1011-0144 2.24 1.669 2.204 4Q 1011+250 1.6310 0.9718 1.5500 3Q 1012+008 0.1850 0.0080 0.1732 3Q 1012-0206 2.14 1.634 2.104 4GB 1013+2052 3.11 1.945 3.069 2Q 1014+0023 2.29 1.634 2.591 4Q 1016-0039 2.18 1.649 2.144 4Q 1017+1055 3.158 2.114 3.127 21Q 1017+280 1.9280 0.9971 1.4678 3Q 1018-0005 2.60 1.789 2.560 4Q 1020+0028 1.90 1.680 1.872 4Q 1021-0037 2.547 1.887 2.513 21Q 1024+0030 2.17 1.717 2.135 4Q 1025-0030 2.87 1.885 2.833 4Q 1028+313 0.1770 0.0080 0.1652 3Q 1029-140 0.0860 0.0080 0.0751 3Q 1033+1342 3.07 1.800 3.048 21BR B1033-0327 4.509 2.91 4.454 22,23 Q 1038+528 2.30 1.677 2.262 16GB 1041+3014 2.99 1.735 2.950 2Q 1047+550 2.1650 1.3299 1.5159 3BRI B1050-0000 4.286 2.83 4.233 22Q 1100+772 0.3110 0.0080 0.2979 3Q 1100-264 2.1450 1.1551 1.5500 3MG 1101+0248 2.51 1.736 2.475 2Q 1103-006 0.4260 0.0080 0.4117 3BRI B1110+0106 3.918 2.58 3.869 22



73TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 1115+080 1.7180 0.4066 0.6330 3Q 1115+080 1.7180 0.9595 1.5500 3Q 1116+215 0.1770 0.0080 0.1652 3Q 1123+264 2.35 1.645 2.317 16Q 1124+5706 2.890 1.762 2.851 21Q 1127+078 2.66 1.644 2.621 16Q 1128+105 2.65 2.040 2.610 16Q 1131-0043 2.16 1.653 2.128 4Q 1132-0054 2.76 1.717 2.718 4Q 1135-0255 2.41 1.739 2.373 4Q 1136-135 0.5570 0.0080 0.5414 3Q 1136+122 2.90 1.781 2.862 16Q 1137+660 0.6460 0.0080 0.6295 3Q 1138-0107 2.76 1.953 2.718 4Q 1139-0139 1.93 1.634 1.884 4Q 1139-0037 1.91 1.634 1.896 4Q 1142+0138 2.42 1.791 2.390 4Q 1142+1015 3.152 2.127 3.109 21Q 1143+0142 2.28 1.634 2.248 4Q 1143+099 2.60 1.676 2.567 16Q 1144+115 2.51 1.682 2.471 16Q 1144+0140 2.59 1.667 2.551 4Q 1145-0039 1.94 1.634 1.912 4Q 1145+0121 2.08 1.721 2.045 4Q 1146+0207 2.06 1.634 2.025 4Q 1147+084 2.61 1.854 2.577 16GB 1147+4348 3.02 2.035 2.980 2Q 1148-0007 1.977 1.634 1.947 4Q 1148+0055 1.89 1.667 1.858 4Q 1148+549 0.9690 0.0080 0.9493 3Q 1151+117 0.1760 0.0080 0.1642 3Q 1156+295 0.7290 0.0080 0.7117 3Q 1159+0039 2.586 1.671 2.550 21Q 1202+281 0.1650 0.0080 0.1534 3Q 1205-3014 3.036 2.045 2.996 21Q 1206+1155 3.106 2.039 3.073 21



74 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 1206+1500 2.60 1.793 2.568 4Q 1206+1727 2.36 1.634 2.321 4Q 1206+459 1.1580 0.4231 0.6300 3Q 1206+459 1.1580 0.8426 1.1364 3Q 1209+1046 2.20 1.634 2.163 4Q 1209+1524 3.06 1.634 3.021 4Q 1211+143 0.0850 0.0080 0.0742 3Q 1212+1551 1.95 1.665 1.918 4Q 1212+1045 1.95 1.634 1.922 4Q 1212+0854 2.35 1.634 2.319 4Q 1213+1015 2.52 1.634 2.482 4Q 1213+0922 2.72 1.675 2.681 4Q 1215+1244 2.08 1.634 2.048 4Q 1215+1202 2.83 1.634 2.788 4Q 1215+303 0.2370 0.0080 0.2246 3Q 1216+069 0.3340 0.0080 0.3207 3Q 1216+1517 1.83 1.723 1.802 4Q 1216+1754 1.81 1.634 1.781 4Q 1216+1656 2.83 1.659 2.791 4Q 1216+0947 2.31 1.645 2.279 4Q 1217+023 0.2400 0.0080 0.2276 3Q 1218+304 0.1300 0.0080 0.1187 3Q 1219+755 0.0700 0.0080 0.0593 3Q 1219+1140 2.18 1.634 2.147 4Q 1222+228 2.0400 0.4647 0.6316 3Q 1222+1053 2.30 1.641 2.263 4Q 1223+1059 2.32 1.643 2.288 4Q 1223+1723 2.42 1.659 2.386 4Q 1224+1244 2.14 1.634 2.110 4Q 1225+1512 2.01 1.797 1.977 4Q 1225+1610 2.23 1.663 2.200 4Q 1225+317 2.2190 1.1263 1.5500 3Q 1226+1035 2.32 1.634 2.287 4Q 1226+1115 1.98 1.634 1.950 4Q 1226+1639 2.25 1.634 2.216 4Q 1226+023 0.1580 0.0080 0.1464 3



75TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 1227+1215 2.17 1.624 2.138 4Q 1228+1808 2.64 1.780 2.607 4Q 1228+077 2.39 1.691 2.354 16Q 1229+1414 2.90 1.764 2.862 4Q 1229+1531 2.27 1.634 2.237 4Q 1229-021 1.0380 0.4738 0.6320 3Q 1229+204 0.0640 0.0080 0.0534 3Q 1230+1042 2.43 1.634 2.396 4Q 1230+1318 2.29 1.634 2.257 4Q 1230+1627B 2.70 1.634 2.663 4Q 1230+0941 1.84 1.641 1.812 4Q 1232-0051 2.78 1.782 2.745 4Q 1232+1139 2.87 1.848 2.831 4Q 1234+0122 2.03 1.634 1.996 4Q 1235+1807A 2.41 1.782 2.371 4Q 1236-0043 1.84 1.690 1.815 4Q 1236-0207 2.25 1.729 2.213 4Q 1237+1515 2.04 1.634 2.009 4Q 1237+0107 1.81 1.733 1.780 4Q 1237+1508 2.07 1.634 2.035 4Q 1237+1212 2.31 1.634 2.281 4Q 1239+1435 1.93 1.634 1.900 4Q 1239+0249 2.22 1.719 2.184 4Q 1240+1504 1.85 1.634 1.823 4Q 1241+176 1.2730 0.4066 0.6320 3Q 1241+176 1.2730 0.7657 1.2503 3Q 1242+0213 1.99 1.634 1.958 4Q 1242+0006 2.08 1.634 2.045 4Q 1242+1732 1.83 1.696 1.805 4Q 1242+1737 1.86 1.634 1.828 4Q 1244+1129 3.16 2.101 3.118 4Q 1244+1642 2.87 1.848 2.826 4Q 1246-0059 2.45 1.669 2.415 4Q 1246+0032 2.31 1.651 2.273 4Q 1247+267 2.0380 0.9211 1.5500 3Q 1248+401 1.0300 0.3984 0.6028 3



76 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 1248+401 1.0300 0.8919 1.0097 3Q 1253-055 0.5380 0.0080 0.5226 3Q 1259+593 0.4720 0.0080 0.4573 3Q 1302-102 0.2860 0.0080 0.2731 3Q 1307+085 0.1550 0.0080 0.1435 3Q 1308+326 0.9960 0.4670 0.6310 3Q 1308-0214 2.85 1.892 2.811 4Q 1308-0104 2.59 1.634 2.549 4Q 1309+355 0.1840 0.0080 0.1722 3Q 1312+043 2.35 1.813 2.319 16Q 1313+0107 2.39 1.647 2.359 4PSS J1317+3531 4.365 2.978 4.311 1Q 1317+277 1.0220 0.2503 1.0018 3Q 1318+290B 0.5490 0.3757 0.5335 3Q 1318-0150 2.01 1.651 1.980 4Q 1318-113 2.3080 1.896 2.273 16Q 1320+0048 1.96 1.655 1.925 4Q 1323-0248 2.12 1.661 2.090 4Q 1324-0212 1.89 1.634 1.857 4Q 1327-206 1.1690 1.1243 1.1473 3Q 1328+0223 2.15 1.937 2.122 4BRI B1328-0433 4.217 2.24 4.165 22Q 1329+0231 2.43 1.663 2.400 4Q 1329+0018 2.35 1.661 2.318 4Q 1329+4117 1.9350 0.4853 0.6318 3Q 1331+170 2.0840 1.2621 1.5500 3Q 1333+176 0.5540 0.3902 0.5385 3Q 1334+246 0.1070 0.0080 0.0959 3Q 1334-0033 2.78 1.634 2.745 4Q 1334+0212 2.38 1.634 2.350 4BRI B1335-0417 4.396 3.08 4.342 22Q 1336+0210 1.96 1.634 1.932 4GB 1338+3809 3.10 1.737 3.059 2Q 1338+101 2.45 1.724 2.412 16Q 1338+416 1.2190 0.4066 0.6324 3Q 1338+416 1.2190 0.8684 1.1968 3



77TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 1340+0959 2.942 1.894 2.897 21Q 1344+0137 1.92 1.634 1.886 4Q 1345-0137 1.93 1.634 1.900 4Q 1345-0120 2.95 1.926 2.906 4Q 1346+0121A 1.93 1.634 1.901 4Q 1346-036 2.36 1.653 2.327 16Q 1351+640 0.0880 0.0080 0.0771 3Q 1352+183 0.1520 0.0080 0.1405 3Q 1352+108 3.18 1.928 3.137 16Q 1353+186 0.0505 0.0080 0.0400 3Q 1354+195 0.7200 0.3593 0.6330 3Q 1355-416 0.3130 0.0080 0.2999 3Q 1356+581 1.3710 0.5218 0.6310 3Q 1358+115 2.59 1.677 2.550 16Q 1358+3908 3.3 2.221 3.237 21Q 1400+0935 2.980 2.022 2.930 21Q 1402-012 2.52 1.789 2.479 16Q 1402+044 3.20 2.340 3.160 16Q 1406+123 2.94 2.018 2.903 16Q 1407+265 0.9440 0.0080 0.9246 3Q 1410+096 3.21 2.099 3.169 16Q 1411+442 0.0900 0.0080 0.0791 3GB 1413+3720 2.36 1.735 2.326 2Q 1415+451 0.1140 0.0080 0.1029 3Q 1416-129 0.1290 0.0080 0.1177 3Q 1418+546 0.1520 0.0080 0.1405 3Q 1419+480 0.0720 0.0080 0.0613 3Q 1421+330 1.9040 1.0311 1.5500 3Q 1425+267 0.3620 0.2409 0.3484 3Q 1426+015 0.0860 0.0080 0.0751 3Q 1428+0202 2.11 1.634 2.075 4Q 1429-0053 2.08 1.719 2.047 4Q 1429+118 3.00 1.958 2.963 16PSS J1430+2828 4.306 2.777 4.253 1Q 1433+0223 2.14 1.634 2.111 4Q 1433-0025 2.04 1.634 2.012 4



78 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesPSS J1435+3057 4.297 2.905 4.244 1GB 1436+4431 2.10 1.769 2.069 2Q 1439+0047 1.86 1.649 1.828 4Q 1440-0024 1.81 1.634 1.786 4Q 1440+356 0.0781 0.0080 0.0673 3Q 1444+407 0.2670 0.0080 0.2543 3Q 1444+0126 2.21 1.717 2.174 4Q 1444-0112 2.15 1.651 2.121 4Q 1451-375 0.3140 0.0080 0.3009 3Q 1455+123 3.08 1.830 3.033 16MG 1500+0431 3.67 2.606 3.623 1Q 1503+118 2.78 1.957 2.740 16GB 1508+5714 4.283 2.73 4.230 22Q 1512+370 0.3710 0.0080 0.3573 3MG 1519+1806 3.06 1.955 3.019 2GB 1520+4347 2.18 1.775 2.148 2Q 1522+101 1.3210 0.0080 0.6310 3Q 1522+101 1.3210 0.8803 1.2978 3Q 1525+227 0.2530 0.0080 0.2405 3GB 1526+6701 3.02 1.955 2.980 2Q 1526+285 0.4500 0.0080 0.2428 3Q 1538+477 0.7700 0.3326 0.6326 3Q 1545+210 0.2640 0.0080 0.2514 3Q 1548+0917 2.749 1.874 2.707 21PC 1548+4637 3.544 2.607 3.499 1Q 1553+113 0.3600 0.0080 0.3464 3Q 1556+273 0.0899 0.0080 0.0790 3MG 1557+0313 3.891 2.66 3.842 22MG 1559+1405 2.24 1.737 3.059 2Q 1600+0729 4.38 3.062 4.326 1Q 1607+1819 3.123 1.814 3.0918 21Q 1612+261 0.1310 0.0080 0.1197 3Q 1613+658 0.1290 0.0080 0.1177 3Q 1623+268A 2.47 1.644 2.433 16Q 1623+268B 2.54 1.644 2.502 16Q 1630+377 1.4710 0.0080 0.6320 3



79TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 1630+377 1.4710 0.8641 1.4463 3Q 1631+3722 2.940 1.785 2.906 21Q 1634+706 1.3340 0.5547 1.3107 3Q 1641+399 0.5950 0.0080 0.5791 3PC 1640+4628 3.700 2.604 3.653 1Q 1704+608 0.3710 0.0080 0.3573 3Q 1705+0152 2.576 1.669 2.537 21Q 1715+535 1.9290 1.1009 1.5500 3Q 1718+481 1.0840 0.0080 1.0632 3Q 1721+343 0.2060 0.0080 0.1939 3Q 1726+3425 2.429 1.669 2.393 21Q 1727+502 0.0550 0.0080 0.0445 3Q 1738+3502 3.240 2.093 3.197 21GB 1745+6227 3.901 2.47 3.852 22Q 1803+676 0.1360 0.0080 0.1246 3Q 1807+698 0.0512 0.0080 0.0407 3Q 1821+643 0.2970 0.0080 0.2840 3Q 1831+731 0.1230 0.0080 0.1118 3Q 1833+326 0.0590 0.0080 0.0484 3Q 1836+5108 2.827 1.920 2.789 21Q 1839-785 0.0743 0.0080 0.0636 3Q 1845+797 0.0556 0.0080 0.0450 3Q 1912-550 0.4020 0.1769 0.2041 3Q 1928+738 0.3020 0.0080 0.2890 3PKS 1937-101 3.787 2.442 3.739 21Q 2000-3300 3.783 2.521 3.729 21Q 2005-489 0.0710 0.0080 0.0603 3Q 2038-0116 2.783 1.887 2.745 21Q 2045-377 1.8000 1.0040 1.5500 3Q 2048+3116 3.198 1.830 3.143 21Q 2050-359 3.49 2.605 3.445 1Q 2112+0555 0.4660 0.1105 0.4513 3,24,25 Q 2113-4345 2.05 1.664 2.023 4Q 2113-4534 2.54 1.969 2.506 4Q 2114-4346 2.04 1.606 2.011 4Q 2115-4434 2.16 1.755 2.128 4



80 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMSTABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 2117-4703 2.26 1.849 2.223 4Q 2122-4231 2.27 1.550 2.233 4Q 2126-1551 3.2660 2.011 3.218 21Q 2126-4618 1.89 1.715 1.859 4Q 2127-4528 2.71 2.018 2.676 4Q 2128-123 0.5010 0.0940 0.4860 3Q 2130+099 0.0610 0.0080 0.0504 3Q 2131-4257 2.10 1.590 2.065 4Q 2134-4239 1.80 1.590 1.776 4Q 2134-147 0.2000 0.0080 0.1880 3Q 2135-4632 2.21 1.879 2.182 4Q 2136+141 2.43 1.784 2.390 16Q 2139-4434 3.23 2.373 3.188 4Q 2141+175 0.2130 0.0080 0.2009 3Q 2145+067 0.9900 0.9426 0.9701 3MG 2152+1420 2.56 1.800 2.524 2Q 2153-2056 1.85 1.634 1.821 4Q 2155-304 0.1170 0.0080 0.1058 3Q 2159-2058 2.12 1.634 2.089 4Q 2201+315 0.2970 0.0080 0.2840 3Q 2203-2145 2.27 1.692 2.240 4Q 2203-1833 2.73 1.849 2.691 4Q 2205-2014 2.64 1.652 2.599 4MG 2206+1753 3.14 1.769 3.099 2Q 2209-1842 2.09 1.634 2.061 4Q 2209+184 0.0700 0.0080 0.0593 3Q 2211-1915 1.95 1.634 1.923 4BR B2212-1626 3.990 2.69 3.940 22Q 2214+139 0.0658 0.0080 0.0551 3MG 2222+0511 2.32 1.800 2.287 2GB 2223+2024 3.56 2.101 3.514 2Q 2231+0125 1.90 1.634 1.871 4Q 2231-0212 1.90 1.634 1.871 4Q 2233+1341 3.209 2.216 3.167 21Q 2233+1310 3.298 2.134 3.252 21Q 2241+0014 2.14 1.657 2.099 4
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82 APPENDIX D. QUASARS WITHOUT DAMPED LYMAN-� SYSTEMS
TABLE 2|ContinuedQuasar zem zmin zmax ReferenesQ 2243+0141 2.30 1.663 2.267 4Q 2244-0234 1.97 1.787 1.940 4Q 2244-0105 2.04 1.634 2.010 4Q 2246-0006 2.05 1.651 2.019 4BR B2248-1242 4.161 2.94 4.109 22MG 2251+2429 2.33 2.019 2.297 2Q 2251-178 0.0680 0.0080 0.0573 3Q 2251+113 0.3230 0.1310 0.3098 3MG 2254+0227 2.09 2.767 2.059 2Q 2256+017 2.67 1.786 2.629 16Q 2302+029 1.0440 0.3942 0.6290 3Q 2302+029 1.0440 0.8060 1.0236 3Q 2308+098 0.4320 0.0080 0.4177 3Q 2311-0341 3.048 1.714 3.001 21MG 2320+0755 2.09 1.780 2.059 2Q 2326-477 1.2990 0.9164 1.2760 3PC 2331+0216 4.093 3.115 4.042 1Q 2334+1041 2.243 1.634 2.211 21Q 2344+092 0.6720 0.0080 0.6288 3Q 2351+1042 2.379 1.632 2.345 21Q 2351+0120 2.07 1.634 2.039 4Q 2351-1154 2.67 1.632 2.633 21Q 2352+0205 2.19 1.634 2.158 4Q 2354-0134 2.21 1.665 2.178 4Q 2356+0139 2.07 1.661 2.039 4Q 2356+0237 2.50 1.634 2.465 4Q 2359+0653 3.238 1.632 3.203 21Q 2359+0023 2.897 1.714 2.857 21
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