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AbstratWe have onduted a large-sale �blind� millimetre wavelength survey for red-shifted moleular absorption using the CO and HCO+ rotational transitions. Wehave observed 549 radio-seleted soures in the Ka and Q bands in the frequenyrange 32- 48 GHz, using the Karl G. Jansky Very Large Array (VLA), overingthe redshift range 0.85 < z < 2.60 and 2.72 < z < 4.57 with a median redshift of
z = 1.5. Due to observational issues, only 501 of the total sample of 549 soureswere analysed during the ourse of this projet. 245 of these soures have knownredshifts, giving us a total redshift path ∆z ∼ 188.2 at the 5σ optial depth thresh-old of ∆τ ≤ 0.35. This sensitivity is su�ient to detet NCO = 2.8 × 1015 m−2and NHCO+ = 3.4 × 1012 m−2. Assuming the Galati CO-to-H2 and HCO+-to-H2 onversion fators, these olumn densities orrespond to H2 olumn densitiesof NH2

≥ 9.3 × 1020 m−2 and NH2
≥ 1.7 × 1021 m−2. All the urrently knownredshifted moleular absorbers would be deteted at this sensitivity.Standard statistial tests were used to test the obtained spetra for Gaus-sianity, and spetra showing non-Gaussian behaviour were exluded from furtheranalysis. In addition, we also exluded several features found at the same ob-serving frequeny along multiple sightlines sine these are likely to arise due toterrestrial radio frequeny interferene.After exluding spetral hannels with radio frequeny interferene RFI andspetra with non-Gaussian behaviour from the sample, we searhed the remainingspetra for features with ≥ 5σ signi�ane. We obtained 36 putative features inabsorption, and 17 features in emission at ≥ 5σ signi�ane, exluding those fea-tures found towards PKS1830-211. In all, we have 37 possible absorption systems.Assuming that the 20 absorption features (with ≥ 5σ signi�ane) in exessof those deteted in emission are real, we obtain a redshift number density ofmoleular absorbers n(z) = 0.106+0.029

−0.024 at the median survey redshift of z = 1.5.Conversely, assuming that all absorption features with ≥ 5σ signi�ane exeptfor those towards PKS1830-211 at z = 0.88582 arise from systemati e�ets yields
n(z) = 0.005+0.012

−0.004.Finally, we have ompared the redshift number density of damped Lyman-
α absorbers (from the literature) and moleular absorbers (from our survey),toobtain 1.1 ≤ nDLA/nH2

≤ 24 . If the atomi and moleular gas are in the formof a rotating disk, as is the ase in the loal Universe, the ratios of the transversesizes of the disks are 1.0 ≤ sHI/sH2
≤ 4.9. This is the �rst omparision betweenthe spatial extents of moleular and atomi gas in high redshift galaxies.
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Chapter 1IntrodutionMoleular gas is one of the most important onstituents of the interstellar medium(ISM) in galaxies. It plays a ritial role in star formation in galaxies, whih inturn is important for galaxy evolution. However, despite its importane in theontext of galaxy evolution, the evolution of the moleular ontent of galaxieswith redshift is still not well understood. In this study, we aim to study theabundane and evolution of moleular absorption as a funtion of redshift.1.1 Moleules in the ISMMoleular louds are old and dense regions in the ISM, typially having tempera-tures ∼ 10−100 K, and are primarily omposed of moleular hydrogen. For exam-ple, in the Milky Way, they ontribute only 1-2% of the volume, while aountingfor roughly half the mass in the interstellar medium. The low temperatures andhigh densities failitate gravitational ollapse, whih is the �rst step leading tostar formation. They also ontain large amounts of dust, whih obsure most ofthe radiation in the optial and the ultraviolet from bakground soures. Sinedust is transparent at the radio and millimetre wavelengths, it might be expetedthat we ould study these systems at those frequenies using moleular rotationaltransitions. However, H2 is a homonulear diatomi moleule, with a permanentdipole moment of zero, and its lowest energy transitions are quadrupole transi-tions, whih require an exitation temperature of ∼ 500 K or more, and have lowEinstein A oe�ients. The H2 rotational/vibrational transitions are therefore notexited in the ISM, exept in rare starburst onditions. It is extremely di�ultto detet diretly. It has been observed via eletroni transitions in the optial orthe ultraviolet, but only in ases of sightlines with low dust ontent. The bulk ofthe moleular gas in the Universe is thus, to all pratial purposes, invisible to us.However, the presene of moleular gas along a sightline an be identi�ed5



using �traers� suh as CO or HCO+, whih are abundantly found in moleularlouds. Beause of their low dipole moments and high Einstein A oe�ients, therotational levels of these moleules are easily exited, even at the low temperaturesof ∼ 10 K.Empirial relations have been found between the CO and H2 olumn densities,as well as between the HCO+ and H2 olumn densities, in the Milky Way (e.g.Liszt & Luas, 2000a; Burgh et al., 2007). The CO to H2 onversion fator hasbeen found to depend on the type of moleular loud (i.e. di�use or dense gas),with NCO/NH2
= 3 × 10−6 (e.g. Burgh et al., 2007). Conversely, the HCO+ toH2 onversion fator appears to be more universal, with NHCO+/NH2

= 2 × 10−9(Liszt & Luas, 2000a). While it is known that the CO-to-H2 onversion fatordepends on loal onditions, inluding metalliity, density, size, et, we will use asingle onversion fator, NCO/NH2
= 3× 10−6 in this thesis, assuming that this isvalid at high redshifts.Moleular gas an be studied in both absorption and emission. However, ab-sorption and emission studies are sensitive to di�erent physial onditions; absorp-tion studies are more sensitive to exitationally old moleular gas, whih is likelyto be the state for the bulk of the moleular omponent in quiesent galaxies,whereas emission studies probe moleular gas of higher exitation temperatures.For an emission line, the quantity measured is the veloity integrated line intensity,

∫
TAdV = (Ω)−1(1 + z)3DL

−2∆V Tex (1.1)where Ω is the beam-�lling fator, ∆V is the veloity width of the pro�le, DLis the luminosity distane, TA is the line intensity, and Tex is the exitation tem-perature. The measured quantity for an absorption line is the veloity integratedoptial depth, whih is given by,
∫

τvdv =
Ntot

Tex

µ2
0(1 − exp(−

hν

kTex

)) =
Ntot

T 2
ex

µ2
0 (1.2)where τv is the optial depth, dv is the line width in veloity units, µ0 is thepermanent dipole moment of the transition, and Ntot is the total olumn densityof the gas. It an be seen that the veloity integrated line intensity inreaseswith the exitation temperature, whereas the veloity integrated optial depthvaries as 1/T 2

ex. Thus, absorption studies are more sensitive to gas with lowerexitation temperatures, whereas emission studies are sensitive to moleular gasat high temperatures, e.g. in starburst galaxies. When the exitation is dominatedby ollisional proesses, higher exitation temperatures orrespond to denser gas,and lower temperatures to more di�use gas.The sensitivity of absorption studies is limited only by the �ux density ofthe bakground soure, and is thus independent of the distane of the absorbing6



material. This makes absorption a better tool for studying normal galaxies athigh redshifts. For emission studies, the line intensity dereases with inreasingredshift, so that only the brightest soures an be deteted at the highest redshifts.Many emission studies of moleular gas using CO transitions have been onduted,fousing mainly on massive and highly luminous objets, e.g. dusty starburstgalaxies bright in the sub-mm, and on highly lensed systems at high redshifts(Carilli & Walter, 2013; Riehers et al., 2010). This implies that we are unlikely tosee �typia� galaxies in emission. Emission studies also obtain the global propertiesof the moleular gas, suh as the total gas ontent, the rotational veloity et,whereas absorption studies probe properties on a muh smaller sale; they probea thin penil beam through the absorber, and the spatial resolution is limitedonly by the extent of the bakground soure. Sine moleular absorption is moresensitive than emission at high redshifts, we an detet a far greater number ofmoleules. This makes it possible to study and ompare the evolution of multiplemoleular speies over a large redshift range. So far more than 30 moleules havebeen deteted in absorption at high redshifts, whereas fewer than 10 have beenseen in emission (e.g. Muller et al., 2011).1.2 Moleular absorption studiesMoleular absorption is an extremely powerful tool for studying �typial" galaxiesat osmologial distanes. Studies of the evolution of moleular absorption withredshift an provide information on the gas available for star formation at di�er-ent epohs. Suh studies an also yield information on the evolution of quantitiessuh as the osmologial mass density of moleular hydrogen with redshift. Simi-lar studies have been performed for neutral atomi gas using samples of dampedLyman-α systems (DLAs) via optial spetrosopy (Wolfe et al., 1986).We ouldprobe the redshift evolution of moleular hemistry and isotopi abundanes, dueto the large number of available moleular transitions. Suh studies of redshiftedabsorbers may allow the detetion of moleules suh as H2O and O2, whih annotbe observed in the loal Universe due to atmospheri absorption at the line fre-quenies. Even surveys traing moleular abundanes over di�erent epohs wouldbe possible (Muller et al., 2011). The large number of transitions at di�erentepohs an be used to probe hanges in fundamental onstants (Kanekar, 2011;Drinkwater et al., 1998). If the exitation is dominated by the Cosmi MirowaveBakground (CMB) radiation, suh as for the di�erent transitions of H3CN, wean onstrain the CMB temperature at di�erent redshifts (e.g. Muller et al., 2013).Sine the moleular gas distribution within a galaxy is less extended as omparedto atomi hydrogen, lines of sight showing absorption features will have a smallimpat fator, inreasing the probability of gravitational lensing. Indeed, of the7



�ve systems known to date, three are gravitationally lensed systems, and the othertwo show absorption by gas in the ative nuleus environment. In the ases whereabsorption takes plae in a gravitationally lensed system, time-delay studies anbe used to estimate the Hubble's onstant.The present major hindrane in these kind of studies is the lak of knownmoleular absorbers at high redshift. Despite numerous targeted searhes, only�ve moleular absorbers are known to date, all at z < 0.9 (Wiklind & Combes,1994; Wiklind & Combes, 1996a, 1995, 1996b; Kanekar et al., 2005). This dearthof systems is the main motivation for this projet, where we searh for moleularabsorbers over a large redshift range, from 0.85 < z < 2.6 and from 2.72 < z <
4.57.1.3 Known Moleular absorption systemsSOURCE ze za NCO NH2

(cm−2) (cm−2)PKS1413+135 0.247 0.247 2.3 × 1016 4.0 × 1020B1504+377 0.673 0.673 6.0 × 1016 1.2 × 1021B0218+357 0.94 0.685 2.0 × 1019 4.0 × 1023PMN J0134-0931 2.22 0.765 − −PKS1830-211 2.51 0.885 2.0 × 1018 4.0 × 1022Table 1.1: For all the urrently known moleular absorbers at high redshifts, thebakground soure redshift ze, the redshift of absorption za, the CO olumn density
NCO, and the H2 olumn density NH2

have been shown.Only �ve moleular absorption systems are known to date : PKS 1413+135(Wiklind & Combes, 1994) and B1504+377 (Wiklind & Combes, 1996a), whihshow absorption by gas in the ative nuleus environment, and PKS 1830-211(Wiklind & Combes, 1996b), B0218+357 (Wiklind & Combes, 1995), and PMNJ0134-0931 (Kanekar et al., 2005), where the absorption arises in an interveningspiral gravitational lens. Their properties have been summarised in Table 1.1.PKS 1413+135: This was the �rst system at osmologial distanes where mole-ular absorption was deteted. The bakground soure PKS1413+135 isat a redshift of z = 0.247 (Wiklind & Combes, 1994), and loated within8



the galaxy where the absorption is taking plae. This was initially ob-served beause HI 21 m absorption had been deteted at z ∼ 0.247 to-wards this objet (Carilli et al., 1992); searhes for moleular absorptionwere hene arried out at the redshift of the strong HI 21m absorption..Sine then, a number of moleular lines inluding CO, HCO+, OH, & HCN(Kanekar & Chengalur, 2002; Wiklind & Combes, 1997) have been detetedin this system. This is one of the few systems to show onjugate OHtransitions, whih is important for fundamental onstant evolution stud-ies (Kanekar et al., 2004). The host galaxy is a highly inlined disk galaxy,and the CO absorption pro�le is the narrowest known, with a full width athalf maximum of ∼ 2 km/s..B1504+377: The quasar B1504+377 is a radio loud AGN hosted by a edge-ondis galaxy at a redshift of z = 0.672. The initial observations revealedat least seven moleular transitions (Wiklind & Combes, 1996a); this sys-tem was found in a survey targeting 50 soures, towards whih absorptionhad been deteted in other speies. HI 21-m (Carilli et al., 1997) and OH1667/1665 MHz lines lines (Kanekar & Chengalur, 2002) have also been de-teted.This system ontains absorption at two nearby redshifts, z = 0.67335 and
z = 0.67150, with a veloity separation of 330 km/s. The two omponentswere interpreted as oming from a spiral arm and a nulear ring undergoingnon-irular motion (Wiklind & Combes, 1996a), as it is di�ult to produetwo absorption omponents at very di�erent veloities if the absorbing gasis in pure rotational motion. However, more reent HI 21m absorptionstudies have shown that the two absorbers arise from out�owing gas, ex-tending from the AGN redshift, z = 0.674 all the way down to z = 0.670(Kanekar & Chengalur, 2008).B0218+357 This is a gravitationally lensed system, with the absorbing galaxyat z = 0.685 and the bakground soure at z = 0.94, and was observed aspart of a sample omprised of soures, towards whih HI 21 m absorptionhad been seen and whih were also gravitational lenses (Wiklind & Combes,1995). The lensing galaxy is almost fae-on; in the lensed image, the soure issplit into two main images. High resolution very long baseline interferometryimages show two bright spots in eah of the two images, referred to as theA and B omponents. The lines of the isotopi variants, 13CO and C18O areoptially thik, so only lower limits on the olumn densities are obtained,though C17O has not been deteted. This has the largest moleular hydrogenolumn density amongst all the urrently known absorbers, NH2

= 4 ×
1023 m−2. Moleular speies suh as NH3, H2O and LiH have been found;9



it was also searhed for O2, but only upper limits ould be dedued (e.g.Combes & Wiklind, 1997; Combes et al., 1997).The ontinuum level does not go to zero in transitions that are expetedto be optially thik, and that appear saturated in the observed spetra,indiating that the absorbing gas overs only one of the omponents, A, butthat this gas is optially thik. Sine it is optially thik, the A omponentmight be expeted to be obsured in the optial. However, it was found thata signi�ant part of A was obsured, while a small part remains unobsured.Sine the optial emission is over a small spatial region, it implies largedensity variations in the moleular gas over small distane sales. Monitoringthe time delay, taken together with a lensing model that takes into aountthe spiral arms, the Hubble's onstant was estimated to be H0 = 70 kmMp−1s−1 (York et al., 2005).J0134-0931 This absorber was �rst deteted in HI 21m absorption and later inOH absorption as well as emission (Kanekar & Briggs, 2003; Kanekar et al.,2005). On searhing for other moleular lines, however, only upper limitsfor NCO and NHCO+ lines were obtained, whereas the strongest moleu-lar lines have been deteted in all other OH absorbers at high redshifts.This is also a gravitationally lensed system, with the lensing galaxy at
z = 0.7645 and the bakground quasar at z = 2.22(Winn et al., 2002).There are seen to be 6 lensed images in a high resolution image of the lens-ing galaxy(Winn et al., 2003). All four 18 m OH lines have been detetedhere, inluding onjugate OH lines, whih have been seen only in one otherredshifted absorber(Kanekar et al., 2005). This is the most distant as wellas the brightest OH megamaser known to date.PKS1830-211 This the most distant radio moleular absorber known, with theabsorbing galaxy at z = 0.88582. This is the only system to have beendeteted in a blind survey(Wiklind & Combes, 1996b). It is a gravitationallylensed system, onsisting of two images, eah ontaining a ore and a jet-likefeature along with an Einstein ring. The two images are referred to as theNE and SW omponents, and most of the absorption is in front of the SWomponent. Moleular absorption is deteted for both the images, loatedone arseond apart on the north-east and south-west side, respetively, ofthe Einstein ring (Wiklind & Combes, 1996b; Muller et al., 2011). The twolines of sight interset the disk of the z = 0.89 galaxy on either side of theentral bulge, at galati distanes of ∼ 2 kp (to the SW) and ∼ 4 kp(to the NE).This moleular gas system has the largest number of deteted moleules sofar apart from the Milky Way; a total of 28 moleules have been deteted10



here (Muller et al., 2011), with another 8 isotopi variants. The preseneof isotopi variants suh as 13CO and 18CO implies that the gas is optiallythik. However, the ontinuum �ux does not go to zero, implying that onlypart of the ontinuum soure is overed by the obsuring moleular gas, andthat this gas is optially thik.1.4 Blind Radio Absorption surveysThe extreme pauity of known moleular absorption systems despite nu-merous targeted searhes (Murphy et al., 2001; Wiklind & Combes, 1995;Drinkwater et al., 1998)an be attributed to a multitude of reasons. Themost important of these is the bias introdued due to optial seletion ofbakground targets for absorption searhes. Sine the redshift determina-tion typially uses transitions in the optial or the ultraviolet, whih re-quires the target soure to be unobsured by dust, seletion on the ba-sis of optial redshifts impliitly biases the sample towards sightlines withlow dust ontent, whih are less likely to show absorption. Searhes atoptial frequenies have mostly targeted the ultraviolet H2 lines in knowndamped Lyman-α systems (DLAs); in all detetions, H2 frations were ex-tremely low, f = 2NH2
/[2NH2

+ NHI ] ∼ 10−6 − 0.1 (Ledoux et al., 2003;Noterdaeme et al., 2008).This is unsurprising, sine the searhes targetted quasars that are not highlyobsured in the optial, implying low dust ontent along the sightline. Sinehigh H2 olumn densities are typially aompanied by obsuring dust, thelak of dust obsuration implies a low H2 olumn density.Radio and mm-wavelength surveys attempted to irumvent this by searh-ing for millimetre-wave band absorption in reddened radio soures, whihare likely to be dusty, but only upper limits for olumn densities wereobtained.Murphy et al. (2003) observed four objets that were strong at mil-limetre wavelengths but optially faint, with the redshift overage ompleteup to zabs ∼ 5. Even though no on�rmed absorption features were found,they demonstrated the importane of wide bandwidth studies, and suggestedthat with a muh larger number of target soures, millimetre-wavelength ab-sorption systems were likely to be disovered.The �rst blind survey was onduted by Wiklind & Combes (1996b), anddeteted the absorber at z = 0.88582 towards PKS1830-211. The �rstlarge-sale blind searh for millimetre wave absorption was onduted byKanekar et al. (2014) using the Green Bank Telesope. Though no absorp-11



tion systems were deteted, it showed the feasibility of suh surveys. There-fore, we are onduting a blind survey, using a larger radio-seleted sample,whih inludes soures regardless of whether or not their redshifts are known,ensuring that there is no bias against dust-obsured soures.1.4.1 Redshift PathAn important harateristi of any absorption survey is the redshift pathovered ∆z, at some optial depth sensitivity τ . This is de�ned as
∆z =

∫ z0

0

g(z)dz (1.3)where g(z) is the redshift path density, and z0 is the redshift of the bak-ground soure, suh that g(z)dz gives the number of sightlines for whihoptial depths greater than τ would have been deteted in the redshifts from
z to z + dz (Lanzetta et al., 1991). The aim of any survey is to maximiseits redshift path overage. It an be shown that the redshift path inreasesrapidly with the frational bandwidth; if we have a bandwidth of ∆ν arounda entral frequeny of ν, a transition with a rest frame frequeny of ν0 anbe observed at a redshift

z =
ν0

ν
− 1 (1.4)And the redshift path overed would be

∆z =
ν0

ν − ∆ν/2
−

ν0

ν + ∆ν/2
(1.5)

∆z =
ν0

ν

δ

1 − (δ/2)2
(1.6)where δ = ∆ν

ν
. It an be seen that the redshift path inreases faster thanlinearly with the frational bandwidth.The lak of a su�iently large frational bandwidth has been the largesthurdle for radio absorption surveys till now. For example, in the optial,the typial observing band of 4000 − 7000 Å orresponds to the redshiftrange 2.3 < z < 4.75 for the Lyman-α line, whih is a redshift path of

∆z = 2.45. On the other hand, the 32 MHz GMRT bandwidth at 610 MHzorresponds to the redshift range 1.21 < z < 1.33 for the HI 21m line, whih12



is a redshift path ∆z = 0.12. Surveys for atomi hydrogen absorption arehene best onduted at optial wavebands. Unfortunately, dust bias issuesimply that we an't ondut surveys for moleular absorbers in the optialwith H2 lines; instead, we are fored to work at millimetre wavelengths withrotational lines. Until reently the frational bandwidth of the best high-frequeny radio telesopes, e.g. the Very Large Array, was extremely small,
< 0.001, but it is signi�antly larger with the upgraded Karl G. Jansky VeryLarge Array (VLA) and the Green Bank Telesope.1.4.2 Possible transitionsThe best lines for a moleular absorption survey are the strongest radio lines,whih are the rotational transitions of CO and HCO+. Di�erent CO andHCO+ transitions give di�erent overlapping redshift ranges. For example, anobserving frequeny of 40 GHz orresponds to redshifts z ≈ 1.22 (HCO+1-0),
z ≈ 1.88 (CO 1-0), z ≈ 3.46 (HCO+2-1), z ≈ 4.76 ( CO 2-1), et. We anhene hoose a frequeny range for an absorption survey so as to maximizethe redshift overage towards a target soure. As shown by Kanekar et al.(2014), the most suitable frequeny range is 31 − 49 GHz. This would besensitive to absorption from 0.82 < z < 1.88 for HCO+(1-0), 1.35 < z < 2.72for CO(1-0), 2.64 < z < 4.75 for HCO+(2-1), 3.70 < z < 6.44 for CO(2-1)i.e - this would over all redshifts z > 0.82.
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Chapter 2Bakground
2.1 Moleular absorbers : A Physial PitureIn order to understand the interations between the moleules, and between themoleules and the ambient radiation �eld, we an use the equations of radiativetransfer. Let us onsider a two energy-level system, where moleules an oupytwo disrete energy levels 1 and 2, where E2 > E1. In the presene of a radiation�eld, there are three proesses that an take plae,Spontaneous emission � A moleule jumps from level 2 to level 1 by spontaneouslyemitting a photon with energy hν0 = E2 − E1Stimulated emission � In the presene of a radiation �eld, moleules an jumpfrom level 2 to level 1, while emitting a photon of frequeny ν0, suh that

E2 − E1 = hν0,Stimulated absorption � In the presene of a radiation �eld, moleules an gofrom level 1 to level 2 after absorbing a photon of frequeny ν0, suh that
E2 − E1 = hν0,Both stimulated emission and absorption depend on the presene of a radiation�eld ontaining photons with the orret energy and polarization. The probabil-ities for eah proess per unit volume are written in the form of the Einsteinoe�ients, A21, B12 and B21, suh that if there are N1 moleules in state 1 and

N2 moleules in state 2, the rate of moleules undergoing stimulated emission is
N2B21 and so on. Sine the energies E1 and E2 have a �nite spread, the energy
E2 −E1 will not be a unique value. In frequeny units, we an say that the emis-sion line an be desribed by a line pro�le that will be sharply peaked at somefrequeny ν0 and normalised suh that 14



∫
∞

0

φ(ν)dν = 1 (2.1)where the φ(ν) is the funtion representing the normalised line pro�le. If theintensity of the radiation �eld is given by Iν , we an de�ne an average intensityby
Ī =

∫
∞

0

Iνφ(ν)dν (2.2)The average energy density in the radiation �eld an be written as
Ū =

4πĪ

c
(2.3)If the system is at equilibrium, the number of atoms in eah state must beonstant, whih implies that

N1B12Ū = N2B21Ū + N2A21 (2.4)For a system in thermodynami equilibrium, the number of atoms in di�erentenergy states is related by the equation
N2

N1

=
g2

g1

exp(−
hν0

kT
) (2.5)where g1 and g2 are the statistial weights of the two energy states, and T isthe temperature of the avity in Kelvins. From (2.4), we an write the averageenergy density of the radiation �eld as

Ū =
A21

N1

N2
B12 − B21

(2.6)From this and (2.5) we have,
Ū =

A21

g1

g2
exp(hν0

kT
)B12 − B21

(2.7)But in thermodynami equilibrium (hereafter referred to as TE), we know thatthe energy density must be given by the Plank equation
Ū =

4πBν(T )

c
=

8πν3

c3

1

exp(hν0

kT
) − 1

(2.8)Sine the equations (2.6) and (2.8) should be idential, we get15



g1B12 = g2B21 (2.9)
A21 =

8πhν3

c3
B12 (2.10)This an be extended for use in non-TE onditions, sine no knowledge isneeded about the thermodynami properties of the avity.For light of spei� intensity Iν passing through a slab of thikness ds, thehange in the spei� intensity an be written as

dI = −κνIνds + ǫνds (2.11)where κν is the absorptivity, and ǫν is the emissivity of the material. Eah ofthe three proesses � stimulated emission, absorption, and spontaneous emission� ontribute to the net hange in the energy, and the equations for eah are
dE1(ν) = hν0N2A21φe(ν)dV

dΩ

4π
dνdt (2.12)Similarly, we get the following equations for the total energy absorbed,

dE2(ν) = hν0N1B12Iνφsa(ν)dV
dΩ

4π
dνdt (2.13)And the energy released due to stimulated emission is

dE3(ν) = hν0N2B21Iνφse(ν)dV
dΩ

4π
dνdt (2.14)where dV is the volume element, dΩ is the solid angle over whih the energyis released, dt is the time interval in whih the energy is released, and dν is thein�nitesimal bandwidth.Assuming the same line pro�les for absorption and emission, we put φe = φsa =

φse = φ. We know that
dE1(ν) + dE3(ν) − dE2(ν) = dIdνdsdσdtdΩ

=
hν0

4π
[N2A21 + N2B21

4π

c
Iν − N1B12

4π

c
Iν ]φ(ν)dνdsdσdtdΩ(2.15)

⇒
dI

ds
= −

hν0

c
(N1B12 − N2B21)Iνφ(ν) +

hν0

4π
N2A21φ(ν) (2.16)Comparing this with equations (2.11), we get following relations16



κ(ν) =
hν0

c
N1B12(1 −

g1N2

g2N1
)φ(ν) (2.17)and

ǫ(ν) =
hν0

4π
N2A21φ(ν) (2.18)From (2.17) and (2.18) we �nd that

ǫ(ν)

κ(ν)
=

2hν3

c2
(
g2N1

g1N2

− 1)−1 (2.19)But we know that for Loal thermodynami Equilibrium, this should be equalto the Plank funtion, resulting in
N2

N1
=

g2

g1
exp(−

hν0

kT
) (2.20)Then the absorption oe�ient beomes,

κν =
c2

8π

1

ν2
0

g1

g2

N1A21(1 − exp(−
hν0

kT
))φ(ν) (2.21)where we have replaed the B oe�ient by the A oe�ient, using

B12 =
g1

g2

A21
c3

8πhν3
(2.22)If the transitions are rotational transitions of moleules, then the dipole tran-sition probabilities are given as

Amn =
64π4

3hc3
ν3

mn|µmn|
2 (2.23)where m and n are the two states, and µmn is the average dipole moment forthis transition. If we assume that the gas is ool, where only the two lowest statesare populated to a signi�ant extent, and that ollisions an exite moleules fromone state to another, and that they, along with radiation, govern the transitionrate, we an modify (2.4) to write

N1(C12 + B12Ū) = N2(B21Ū + A21 + C21) (2.24)where Cij is the probability of a transition from state i to state j ourring perpartile per seond (in cm3s−1)
Cik = Ni

∫
∞

0

σikvf(v)dv (2.25)17



where σik is the ollision ross setion, and f(v) the veloity distribution of theolliding partiles. If ollisions dominate, the priniple of detailed balane leadsto
C12

C21
=

N2

N1
=

g2

g1
exp(

−hν0

kTK

) (2.26)where TK is the kineti temperature. Substituting (2.26) and (2.20) into (2.24),we get
N2g1

N1g2
= exp(

−hν0

kTex

) = exp(
−hν0

kT
)
A21 + C21 exp(

−hν0

kTK

)[exp(
hν0

kT
) − 1]

A21 + C21[exp(
hν0

kT
) − 1]

(2.27)where we haraterise N1

N2
by the exitation temperature,
N2

N1

=
g2

g1

exp(
−hν0

kTex

) (2.28)The exitation temperature is a funtion of both the radiation temperature Tand the kineti temperature TK . If radiation dominates the equation (C21 ≪ A21),then Tex → T , and if ollisions dominate ( C12 ≫ A21) then Tex → TK . Sine Cikinreases with inreasing N , ollisions will dominate in high density situations,and then Tex → TK . The other ase will hold true in the low density situation.The above equations will give us the absorption oe�ient in frequeny units;to get it in terms of the orresponding Doppler veloities,
ν0 − ν

ν0
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v

c
(2.29)

dτ(
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=
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1
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(2.30)Integrating over both v and s ,
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∫∫
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φ(v)dv(2.31)where N1 =
∫
∞

0
N1ds is the olumn density of the gas in the �rst energy state.
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N1 = −
8π

c2

ν2
0g1

∫
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τ(v)dv

g2A21(1 − exp(−hν0

kT
))

(2.33)This is the olumn density for a partiular level. If the total olumn density is
Ntot,

N1

Ntot

=
2J + 1

Z
exp(−

hBeJ(J + 1)

kT
) (2.34)where Z is the partition funtion, and

Z =

∞∑
J=0

(2J + 1) exp(−
hBeJ(J + 1)

kT
) (2.35)If hBe ≪ kT ,

Z =

∫
(2J + 1) exp(−

hBeJ(J + 1)

kT
)dJ =

kT

hBe

, (2.36)Finally, for the (1-0) transition, we have
Ntot = −

8π

c2
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∫
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τ(v)dv

A21(1 − exp(−hν0

kT
))

(2.37)So, given a absorption line in doppler-shifted veloity units, we an alulate∫
∞

−∞
τ(v)dv, assuming Tex = 10K. Using the above equation, we an then estimatethe olumn density of the moleular speies in question in the absorber.
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Chapter 3A VLA Survey for radio moleularabsorptionA large number of surveys have been arried out at optial wavelengths for dampedLyman-α absorbers (DLAs; e.g. Wolfe et al., 2005). These have been used to mea-sure the osmologial mass density in neutral atomi gas, as well as the probabilityof deteting Lyman-α absorption as a funtion of redshift i.e. the number densityof DLAs as a funtion of redshift (Wolfe et al., 2005). Optial surveys typiallytarget bright quasars with known redshifts; it is then easy to get high sensitivityabsorption spetra. But these are biased towards sightlines without dust, sineany bakground quasar would be obsured by dust and therefore would not beseen. Moleular gas is typially found with large amounts of dust along the sight-line, making it di�ult to see a bakground quasar in the optial. Therefore, weare onduting a blind absorption survey using a omplete radio-seleted sam-ple of bakground targets in order to detet absorbers with high dust ontent.�Blind� implies that we are not biased by optial seletion of the bakground tar-gets. Radio �ux densities are una�eted by dust in a foreground absorber, andradio-seleted samples are thus not biased by dust extintion.3.1 Lines targeted by the surveyThe best transitions for a blind searh in moleular absorption are the strongestradio lines, amongst whih are the rotational transitions of CO (115 GHz, 230GHz, 345 GHz . . . ) and HCO+ (89 GHz, 178 GHz, 267 GHz . . . ). Millimetre-wavelength CO/HCO+ rotation lines are strong lines, with relatively high EinsteinA-oe�ients, and thus easily detetable for high H2 olumn densities. The olumndensities of CO are typially 1000 times higher than that of HCO+, and their re-spetive Einstein A oe�ients are suh that low HCO+ olumn densities produe20



lines of optial depth omparable to those produed by higher CO olumn densi-ties. Spei�ally, A10(HCO+) = 4.2×10−5 s−1 and A10(CO) = 7.4×10−8 s−1, whiletheir onversion fators to H2 are NHCO+/NH2 = 2×10−9 and NCO/NH2 = 3×10−6(Liszt & Luas, 2000a; Burgh et al., 2007), so that for a given H2 olumn densitytheir optial depths are omparable. Therefore, we an over di�erent redshiftranges for eah of these transitions, having similar sensitivities to the H2 olumndensity. The same holds true for the HCO+ (2-1) and CO(2-1) lines.As mentioned in Chapter 1, the frequeny overage from 31 to 49 GHz providesomplete redshift overage from z ≥ 0.82. However, we have hosen to observefrom 32-48 GHz beause inluding the entire frequeny range from 31-49 GHzwould have required two extra frequeny settings, and doubled the observing time,for a relatively small inrease in bandwidth. Therefore we have observed only inthe redshift range 32-48 GHz; this overs the redshift range 0.85 < z < 2.6, and
2.72 < z < 4.57. A similar study has earlier been attempted with the GBT,overing a narrower frequeny range from 40-49.5 GHz (Kanekar et al., 2014).
3.2 ObservationsWe hose to use the Karl G. Jansky Very Large Array for the moleular absorp-tion survey due to its uniform frequeny overage above 1 GHz and the exellentWIDAR orrelator. The frequeny range 31-49 GHz an be overed at the VLAby the Ka-band (26-40 GHz) and Q-band (40-49 GHz) reeivers. Further, thenew 3-bit WIDAR samplers had just been released at the time of our proposedobservations, allowing us to use a large instantaneous bandwidth of 8.192 GHz.This meant that we ould over a total bandwidth of ∼ 16 GHz with two settings,from 32-48 GHz. We have bandwidths of 8.192 GHz in both the Ka and Q bands,from 32 GHz to 40 GHz, and from 40 GHZ to 48 GHz. The 8 GHz bandwidths aredivided into 4 IF bands, eah of whih is divided into 16 digital sub-bands, givingus a total of 64 sub-bands in all. We have hosen to use 128 hannels in eah ofthese 64 sub-bands; in all, there are 8192 hannels, with a spetral resolution of1 MHz, whih orresponds to a veloity resolution of 6.2 km/s at 48 GHz and to9.4 km/s at 32 GHz. The number of hannels in eah sub-band was hosen soas to ahieve the above veloity resolution, su�ient for deteting narrow absorp-tion lines. This was designed for the absorption survey. The large instantaneousbandwidth ombined with the high spetral resolution implied a high data rateand large data volumes. A typial 3-hour observing run produed 150 GB of datain the basi format, whih swelled to > 200 GB on onversion into the analysisformat. 21



3.3 Target sampleThe sample seletion is a ritial aspet of the survey. The three most importantonsiderations while seleting the target soure sample are(i) It should be a omplete radio sample. Unfortunately there's no uniform all-sky high-frequeny survey available from whih one might selet the targets, and sowe hose to use two surveys, one in the northern sky, and one in the southern. Wehave seleted target soures from the AT20G survey, a blind Australa TelesopeCompat Array survey at 20 GHz, of the entire sky south of delination 0. TheAT20G survey is omplete to a �ux density of 100 mJy (Murphy et al., 2010). Forthe northern sky, we used soures from the Kuhr 5 GHz sample, whih is ompleteat 5 GHz to a �ux density of 1 Jy (Kühr et al., 1981).(ii) The target soures should be bright, so that good optial depth limits anbe obtained. We therefore used a uniform �ux density threshold of 100 mJy at 40GHz, assuming a typial spetral index of α − 0.8 for all soures.(iii) Sine the redshift path is one of the de�ning parameters for an absorptionsurvey, we aimed to get as large a redshift path as possible, i.e. as many souresas possible, and at high redshifts. Therefore we have inluded soures with knownredshifts z ≥ 1, so as to get a minimum ∆z = 0.15 for every soure.Finally, we have also inluded soures without measured redshifts, so as toavoid bias against targets obsured by dust and thus without optial redshifts.The �nal sample onsists of 585 targets, from the AT20G sample and from the 1Jy Kuhr et al. sample. We have 288 soures with known redshifts (z ≥ 1), and297 soures without known redshifts.3.4 Redshift PathWe are targetting absorption lines with rest frequenies of 115.271 GHz (CO 1-0),89.188 GHz (HCO+ 1-0), and 178.376 GHz (HCO+ 2-1), at observing frequeniesfrom 32 GHz to 48 GHz. This orresponds to a redshift range of 0.9 < z < 1.8for the HCO+(1-0) line, 1.4 < z < 2.6 for the CO(1-0) line, and 2.7 < z < 4.6 forthe HCO+(2-1) line. We will ompute the redshift path using the equation (1.3).The redshift path an also be written as
∆z =

N∑
i=0

dzi (3.1)Sine we are �nally overing the redshift ranges of 0.9 < z < 2.6 and 2.7 <
z < 4.6, the redshift path ontributed by a soure at a redshift of z = 1 would be
∆z = z − 0.85 = 0.15, by a soure at a redshift of z = 1.6 would be ∆z = 0.75,and for a soure with redshift of 2.6 < z < 2.7 would be ∆z = 1.75 and so on. The22



CO(2-1) line orresponds to a very high redshift range for our frequeny overage,higher than the highest redshift of our target sample. However, it's possible thatsome of the soures without known redshifts might be at z > 4.57 and those wouldbe piked up in the CO (2-1) line. It therefore does not ontribute to the redshiftpath, but is still useful.We have a total of 585 soures, of whih 288 have known redshifts and 297do not. The total expeted redshift path for the survey, onsidering all threetransitions, is ∆z ≈ 236.3.3.5 SensitivityWe have set our target root-mean-square (RMS) noise to 6.6 mJy per 10 km/shannel, whih orresponds to an optial depth RMS noise of ∆τ ≤ 0.07. At thisoptial depth sensitivity, we would be able to detet (at ≥ 5σ signi�ane) CO andHCO+ olumn densities of NCO = 2.8×1015 m−2 and NHCO+ = 3.4×1012 m−2.These orrespond to moleular hydrogen olumn densities of NH2
= 9.3×1020 m−2and NCO = 1.7× 1021 m−2, using the Galati onversion fators NHCO+/NH2 =

2 × 10−9 and NCO/NH2 = 3 × 10−6 (Liszt & Luas, 2000a; Burgh et al., 2007).All known redshifted CO/HCO+ absorption lines would be easily deteted at ourtarget sensitivity.We based our observing time requirements on the sensitivities at the upperedges of the Ka- and Q-bands, as the sensitivities are lowest here. Using the VLAExposure Calulator we found that an RMS noise of 6.6 mJy per 10 km/s (i.e.1.5 MHz at 48 GHz and 1 MHz at 33 GHz) hannel an be ahieved with 1 min.of on-soure Ka-band time at 40 GHz, and 2 min. of Q-band time at 48 GHz,in average winter onditions, at medium elevations, with two polarizations andnatural weighting. Of ourse, the RMS noise sensitivities at the lower parts ofeah band will be superior to this, by about a fator of 2. We thus observed for2 min. per soure at Q-band and 1 min. at Ka-band, i.e. on-soure times of 19.5hours at Q-band and 9.75 hours at Ka-band.We maximised the e�ieny of observations by using the fat that all targetsoure were point soures (unresolved by the VLA). Sine all the soures are pointsoures, and therefore phase alibrators themselves, we did not do a separatephase alibration. Also, sine we are aiming to simply detet absorption lines(with VLA follow-up for an aurate measurement of the optial depth), we didnot do a separate �ux alibration. No distint bandpass alibration was performed;the two brightest soures of eah group were used as bandpass alibrators for thegroup.The largest overheads in observing times ame due to the slewing times for thelarge number of soures. The soures were grouped by position on the sky, with the23



pointing determined every hour on a strong nearby soure. The groups were madeup of as many as 43, and as few as 10 soures, depending on the minimization ofthe total time taken. All of these fators gave the observations a high observinge�ieny, and only ∼ 50 hours were needed for the full survey. All observationswere ompleted in June 2013.Unfortunately, one of the VLA sheduling bloks ould not be ompleted duringthe observing yle, due to sheduling problems. As a result, only 549 soureswere observed, out of the full sample of 585. This has no e�et on the statistialompleteness of the sample as there was no �ux density bias in the exlusion ofthese soures.
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Chapter 4Data AnalysisA total of 549 soures were observed in 17 days of observations with the VLA Ka-and Q- bands, with most of them using the most ompat on�guration, the VLAD-array. The initial data analysis was performed using the Astronomial ImageProessing System (AIPS) of the National Radio Astronomy Observatory. Theomplete raw data volume was ∼ 2.3 Terabytes, with eah data set ranging from50 to 150 Gigabytes. Eah day's observations ontained 10-40 soures.The book-keeping was a ritial aspet, as eah of the Ka- and Q-bands isdivided into four 2 GHz bands by IF �lters, and eah 2 GHz IF band is furthersub-divided into sixteen 128 MHz sub-bands, using digital �lters in the WIDARorrelator. Eah 128 MHz sub-band had 128 hannels, yielding a frequeny reso-lution (i.e. hannel width) of 1 MHz. So the spetrum for eah soure onsistedof 8192 hannels, whih inluded overlaps between adjaent 2 GHz IF bands.4.1 Initial analysis in AIPSAs per the observing strategies explained previously, no separate bandpass, �ux, orphase alibrators were observed. The strongest soure observed in eah observingrun was used to alibrate the shape of the bandpass for all the other soures, whilethe seond-strongest soure was used for bandpass alibration for the strongestsoure. In some ases, multiple seondary bandpass alibrators had to be used toalibrate the bandpass of the strongest soure. No separate �ux alibrator wasobserved, and a �ux density of 1 Jy was assumed for all soures. No imaging wasdone as all soures are point soures, unresolved by the VLA. Sine a point soureat the phase entre of an interferometer beam an be used as a phase alibrator inits own right, no separate phase alibrator was observed. The initial data analysis,inluding all data editing and alibration, was arried out in AIPS. In general, thefollowing approah was taken for the analysis of the visibility data:25



1. fring was used to to �x any improperly set antenna delays2. bpass was used to obtain the bandpass shapes. The bandpass was nor-malised by division by hannel-0. Phase alibration was determined and appliedbefore determining the bandpass, beause of the short timesale of variation atthese high observing frequenies. This was performed assuming a point-souremodel, on short timesales of ∼ 9sec.3. alib was used to alulate the antenna-based gains for all the soures afterapplying the bandpass. Amplitude and phase alibration was performed with anassumed �ux density of 1 Jy and assuming all soures to be point soures at thephase entre. Typially, the solutions were determined at short time intervalsof 0.15 minutes (∼ 9sec). For weaker soures, this time was inreased. For theweakest soures, 2 minute intervals were used. If good solutions ould not bedetermined for the antenna gains even after this, the soures were �agged.4. uvlin was used to �t and subtrat a linear baseline to eah 128 MHzsub-band, after applying the �agging and alibration. This task does a �t to thevisibility spetra on a baseline-by-baseline basis, and the �t was determined usingthe hannels 3-126 in eah sub-band.At eah step, possm was used to inspet the data and uvflg to �ag anydead antennas or IFs. Some �agging was needed due to problems with individualantennas, IFs (possible orrelator failures) and RFI, whih was rare at these highfrequenies.For eah soure, the spetra were obtained by vetor averaging of visibilitiesafter alibration and �agging. These were onverted to optial depth units, usingthe equation
τ = −log(

I

I0
) (4.1)where I is the measured �ux density and I0 is the �ux density of the bakgroundsoure (normalized to unity), and τ is the optial depth of the spetrum. Thesoures are ompat at millimetre wavelengths and so we impliitly assume thatany foreground absorber entirely overs the bakground soure, i.e. a overingfator of unity.The rest of the analysis � the noise estimates, and the searh for features �was performed using the optial depth spetra. Eah 128 MHz digital sub-bandfor eah soure was treated as an independent spetrum in all the steps. Dueto various problems with the data, only 501 soures of the full sample ould beanalysed in the present projet. 26



Figure 4.1: Central RMS noise for eah IF band as a funtion of frequeny, forall soures: It an be seen that the RMS noise inreases steadily with frequeny,from 32 to 40 GHz, and from 40 GHz to 48 GHz4.2 Noise EstimatesBefore searhing for signi�ant features, getting aurate representations of thenoise spetrum was ritial. The noise inreases at the edges of the four 2 GHzbands, as well as at the edge hannels of eah of the 64 IF sub-bands. Initially,the root-mean-square (RMS) noise was alulated using the entral 108 hannels,for eah IF sub-band, for eah soure. As an be seen from Fig. 4.1, the entralRMS noise is a strong funtion of the observing frequeny; it inreases from 32- 40 GHz, and then again from 40 - 48 GHz (i.e. from the lower to the upperends of the Ka- and Q-bands). The RMS noise was alulated over the entral108 hannels beause this was the largest hannel range over whih the bandpasswas �at to within ∼ 5%, as an be seen in Fig. 4.2.Sine the 2 GHz IF bands taper o� at the edges, the digital sub-bands at thebeginning and ends of these bands have an additional roll-o�, in addition to the theshape of the digital �lters. For example, it an be seen from Fig. 4.2 that there arelear slopes at the lower and upper edges in the bandpasses for sub-bands 1 and 64,respetively, while the bandpass is relatively �at (within ∼ 5%) over the hannelrange 11-118 for sub-band 25. Therefore, the hannel range 11-118 was used for27



the omputation of the RMS noise for all bands other than the eight sub-bands atthe start and end of the four 2 GHz IF bands. Smaller ranges � hannels 17-118for the sub-bands 1,17,33,49, and hannels 12-100 for the sub-bands 16,32,48 and64 � were used for the edge sub-bands.For eah 128-hannel spetrum, we then divided the entral RMS noise by theshape of the average normalized bandpass to determine the RMS noise at eahhannel. This was done beause the RMS noise obviously inreases at the edges ofeah sub-band, due to the shape of the digital �lter. Using the estimate of the RMSnoise from the entral hannels at the edges would result in an under-estimate ofthe RMS noise, and thus an inorret estimate of the statistial signi�ane ofputative features. Finally, we hose to �ag out the two hannels at the start andend of eah 128-hannel sub-band, as the bandpass is poorly determined at theseedges, and the noise estimates are thus unreliable. This implied that we �agged
∼ 3% of the data.Furthermore, sine we know that the noise is not well represented by the band-pass shape at the upper end of IF sub-bands 16, 32, 48 and 64, and at the lower endof IF sub-bands 1, 17, 33 and 49, we heked whether the number of 3σ featuresin these IF sub-bands showed an spei� dependene on the hannel number. Itwas seen that the number of features was signi�antly larger in the hannel range
106− 126 for IF sub-bands 16, 32, 48, and 64, and similarly for hannels 1− 8 forIF sub-bands 1, 17, 33 and 49. We hene �agged these hannel ranges for thesespei� IF sub-bands. This removed ∼ 1% of the data.Sine it is known that temporal variations in the bandpass shape an resultin residual urvature in the �nal spetrum, we attempted to remove suh resid-ual urvature in the spetrum by �tting a low-order polynomial to eah 128-MHzspetrum, restriting to hannels 3-126 and making use of the RMS noise spetra.First and seond order �ts were generated for eah of the spetra, and a baselinewas subtrated in those ases where the �t was needed. Fit parameters as wellas the unertainty on these parameters were alulated using the pakage GNU-PLOT, whih weighted the spetra using the noise spetrum provided. Only those�ts were subtrated whih had signi�ant �t parameters, i.e. the unertainty onthe parameters ≤ 33%.4.3 Tests for GaussianityThe searh for signi�ant features is based on the assumption that all of thespetra are Gaussian in nature. We veri�ed this by using two standard statistialtests, the Kolmogorov-Smirnov (K-S) test and the Anderson-Darling (A-D) test.The A-D test is known to have fewer biases than the K-S test, and serves as abetter disriminator against non-Gaussianity, but sine both the tests su�er from28



Figure 4.2: IF-1, IF-64, and IF-25 for the Ka- and Q- band data: It an be seenthat the bandpass shapes taper o� in the IF-1 and IF-64 sub-bands towards lowerand higher frequenies respetively, whereas they remain relatively �at for theIF-25 sub-band, in both the Ka- and Q- bands.di�erent biases, both of them were used. We tested eah sub-band for eah soureusing the K-S and the A-D tests. Sub-bands that returned a p-value < 10−6 ineither of the two tests were �agged out.The p-value threshold was determined based on simulations of Gaussian spe-tra. A set of spetra, 10 times our sample size, was generated. It was hekedat what p-value fewer than 10 of those spetra were failing our tests. At thisp-value, we would have �agged ≤ 1 spetrum that was genuinely noise-like, sineour sample was 10 timer smaller than the simulated sample. A p-value of 10−6was found to be an appropriate hoie for our data set. After applying the abovetests, 0.04% of the data were �agged.It is possible that a spetrum might fail the tests of Gaussianity if it ontainsstrong (and real) absorption features. This was evidened by the fat that thespetra from PKS1830-211 whih inluded the strongest(known) absorption fea-tures were �agged out by the above proedure. Hene, all spetra �agged by theabove tests of Gaussianity were visually inspeted to ensure that the low p-valuewas not due to the presene of strong spetral features. Further, to test whetherthe presene of strong features might yield a low p-value, the A-D and K-S tests29



were re-run on spetra with low p-values after disarding the hannels with valuesmost disrepant from zero. If the p-value then showed a signi�ant improvement,it was lear that the earlier low p-value was simply due to the presene of thespetral feature and the sub-band was then un�agged.4.4 Statistially signi�ant featuresAfter all �agging and baseline subtration, the �nal optial depth spetra for eah128-MHz sub-band were searhed for spetral features at di�erent levels of statis-tial signi�ane, using the RMS noise spetra desribed in Setion 4.1. Featuresthat ourred at the same frequeny in di�erent soures were eliminated; this isan indiation of RFI, espeially if these soures were observed on the same day.In order to identify systematis in the data or the analysis proedure, weheked whether the distribution of features was uniform aross frequenies, han-nels, and aross di�erent IFs, as well as aross the di�erent days of observations.Sine the number of features with ≥ 3σ signi�ane is expeted to be very large,based on Gaussian noise statistis, and is unlikely to be a�eted by the preseneof real features, we studied the distribution of suh features to identify possiblebiases. We found that the number of features with ≥ 3σ signi�ane was not or-related with the hannel number or the IF number. For example, Fig. 4.3 showsthe number of suh features plotted against hannel number, for all IF sub-bands;it is lear that the number is roughly onstant aross the hannel range 3-126, anddoes not depend on hannel number. Similarly, no systemati e�et was found inthe distribution of features with regard to IF sub-band, in either the Ka- or theQ-band.Note: In the original version of this thesis, we had used the hannel range20-110 in UVLIN. This yielded a uniform distribution of features with ≥ 3σ sig-ni�ane in the hannel range 20-110, but a higher number of suh features in thehannel ranges 3-20 and 111-126. This problem apparently arises due to an issueinside the UVLIN ode, for reasons that are not lear. We hene hose to use thehannel range 3-126 in UVLIN in the �nal analysis, and have updated our resultsto re�et the resulting hanges.Within the hannel range 3-126, signi�ant features were searhed for in bothemission and absorption. Exluding the soure PKS1830-211, we found 36 featuresat ≥ 5σ statistial signi�ane in absorption, and 17 features at ≥ 5σ signi�anein emission. These inluded 1 features at ≥ 6σ signi�ane and 3 features at ≥ 6σsigni�ane, in absorption and emission respetively. A number of feature havebeen deteted towards the soure PKS1830-211. Some of the deteted absorptionlines from PKS1830-211, and some of the tentative features have been shown inFigs. 4.5-4.7. 30



Figure 4.3: Distribution of 3σ features as a funtion of hannel number

Figure 4.4: Distribution of features as a funtion of IF sub-band in (a) Ka- bandand (b) Q- band4.5 Total Redshift PathTo quantify the number density of moleular absorbers as a funtion of redshift,we need to alulate the total redshift path. Sine a total of 12.5 % of the data has31



Figure 4.5: Features at ≥ 5σ signi�ane deteted at z = 0.88582 towardsPKS1830-211.been �agged, there are �holes� in the frequeny overage that need to be taken intoaount. We are onsidering three moleular transitions, HCO+(1-0), CO(1-0) andHCO+(2-1). For eah transition frequeny, it is possible to make a mapping fromfrequeny spae to redshift spae using ν0/ν = 1 + z, where ν is the observationfrequeny, ν0 is the rest frequeny of the transition, and z is the redshift. Usingthis map between frequeny and redshift, if we know whih hannels have been�agged, we an diretly �nd out whih redshift range is not overed.Also, the redshift overage of the CO(1-0) line is 1.4 < z < 2.6 and for theHCO+(1-0) line is 0.9 < z < 1.8; they overlap in the redshift range 1.4 < z < 1.8.This orresponds to a frequeny range of 31.856 GHz to 37.212 GHz for HCO+(1-0), and a frequeny range of 41.2 GHz to 48.095 GHz for CO(1-0). So if hannels32



Figure 4.6: Examples of features deteted in the survey at ≥ 5σ signi�ane.are �agged in one of the frequeny ranges, it is possible to save the redshift path ifthe orresponding frequeny hannels in the other band have not been �agged out.Sine the higher frequeny Q-band hannels are muh more likely to be �aggeddue to low sensitivity, while the hannels in the Ka band are very rarely �agged,the loss of redshift path was mitigated. Next, eah of the four 2 GHz IF bands, aswell as the Ka and Q bands, overlapped to some extent at the edges. These wereremoved before the alulations of the redshift path. After taking all the aboveinto onsideration, we have a �nal redshift path of ∆z = 188.2, with a medianredshift of z = 1.5.Fig. 4.7 shows the redshift path density g(z) as a funtion of the redshift. Itan be seen that g(z) peaks lose to z = 1; this is beause the redshift z = 1 wasthe uto� in the seletion of the target soures. The path density dereases as33



Figure 4.7: The redshift path density g(z) as a funtion of redshift z.a funtion of z; this is beause the number of soures dereases with inreasingredshift. The funtion g(z) goes to zero in the redshift range 2.6 < z < 2.7; thisis beause this redshift range is not overed in any of the transitions.4.6 Final data sampleWe have analysed the VLA Ka- and Q- band spetra of 501 soure spetra in Kaand Q bands, with eah soure spetrum sub-divided into 64 spetra from theWIDAR digital sub-bands. We have �agged 12.5% of these data. A very smallfration, 0.04 % of the data, has been �agged beause of spetra failing the K-Sor A-D tests. Of the 501 soures, 245 have known redshifts, and 256 soures donot. We get a total redshift path of ∆z = 188.2, with a median redshift of z = 1.5at the optial depth RMS noise threshold ∆τ ≤ 0.07.
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Chapter 5Results and Disussion
5.1 Survey StatistisWe have analysed the data for 501 soures in this study, 245 of whih have knownredshifts. We have �agged 12.5% of the data in all. We have a �nal redshift pathof ∆z = 188.2 at the optial depth RMS noise limit ∆τ ≤ 0.07, alulated usingthe 245 soures with known redshifts.We arried out a searh for statistially signi�ant features, at di�erent levelsof signi�ane, in all 64 sub-bands for eah of the 501 soures, at the originalveloity resolution. The hannels that have a noise greater than 0.07 have been�agged for the alulation of the redshift path, but have still been searhed for sig-ni�nt features. We have 7944112 independent hannels whih we have searhed.Aording to Gaussian statistis, we expet to see a total of four features at ≥ 5σsigni�ane - two in emission and two in absorption. After searhing all the spe-tra, and eliminating those features that ourred at the same frequeny in di�erentsoures, we have found 36 absorption features and 17 emission features at ≥ 5σsigni�ane (exluding features towards the soure PKS1830-211)Of these, four features (1 in absorption and 3 in emission) have ≥ 6σ sig-ni�ane. All the strong features arising from the known moleular absorber at
z = 0.88582 towards PKS1830-211 will heneforth be ounted as a single ab-sorption system. Exluding PKS1830-211, the 36 absorption features with ≥ 5σsigni�ane arise towards 30 soures; multiple suh features were deteted towardsthe same soure. In emission, there are 17 features arising towards 13 soures.The number of deteted features is not neessarily the same as the number ofabsorbers; a single absorber an produe multiple strong absorption features in theobserving frequeny range 32-48 GHz, from the CO (1-0), HCO+(1-0), HCN (1-0), HNC (1-0) lines. For example,multiple transitions have been deteted at highsigni�ane at the same redshift towards PKS1830-211, i.e. they are produed by35



a single absorber.In the estimate of the redshift number density, the number of absorbing systemsis to be used, and not the number of features. However, we have been unable toidentify the transition lines and determine if they are from the same redshifti.e. from the same soure, and hene will assume that they arise from di�erentredshifts. The only exeption to this is for the features towards PKS1830-211,whih are known to arise in a single absorber, and whih will hene be ounted asa single system. Therefore, we have a total of 37 andidate absorbers deteted at
≥ 5σ signi�ane.Any deteted emission features in suh a shallow survey are unlikely to be real,as they would imply an extremely large moleular gas mass, and would be unlikelyto produe lines with narrow veloity widths. There are also no strong Galatiemission lines that are likely to be detetable at our observing frequenies, atour sensitivity. For example, CS 1-0 is at 48.9 GHz, outside the band; there areCH3CN and HC3N lines in the observing band, but these would be expeted onlyfrom large Galati moleular louds. We would thus expet only as many strongemission features as should arise from Gaussian noise. An equal number of suhfeatures would be seen in both emission and absorption. If the number of featuresseen in absorption is signi�antly larger than that seen in emission, then at leastsome of them are likely to be real.We an therefore onlude that the emission features are unlikely to be realand an hene be used as a probe of unknown systemati e�ets. Sine we knowthat the emission features are unlikely to be real, and sine the number of emis-sion features is not onsistent with Gaussian statistis, it is likely that unknownsystemati e�ets are responsible for the features found in emission. There is noreason to assume that these systemati e�ets would only give rise to emissionfeatures. As suh, one would expet a omparable number of absorption featuresfrom similar systemati e�ets. It is thus possible that ≈ 17 of the deteted ab-sorption features also arise due to the above unknown systemati e�ets. Sinethere are a total of 37 absorption features, we onlude that 20+5.55

−4.43 are likely tobe real, where the above errors are for small number statistis(Gehrels, 1986).We an quantify the abundane of moleular louds at high redshift by alu-lating the redshift number density, n(z), whih we de�ne as,
n(z) =

N

∆z
(5.1)where N is the number of moleular absorbers deteted, and ∆z = 188.2 is thetotal redshift path. We an alulate the redshift number densities assuming thetwo extreme ases, (i) that all the exess,20+5.55

−4.43, absorption features with ≥ 5σsigni�ane are real, and (ii) that only one system showing absorption is real, thatat z = 0.88582 towards PKS1830-211. These will give us upper and lower bounds36



on the redshift number density of moleular absorbers.Assuming ase (i) above, that the exess 20+5.55
−4.43 absorption features are real, weobtain a redshift number density n(z) = 0.106+0.029
−0.024. Conversely, for ase (ii), if theonly real absorber is that at z = 0.88582 towards PKS1830-211, the total numberof absorbers is N = 1+2.30

−0.827, yielding a redshift number density n(z) = 0.005+0.012
−0.004.5.2 DisussionOur threshold sensitivity, ∆τ ≤ 0.07, implies that CO and HCO+ olumn densitiesof NCO = 2.8×1015 m−2 and NHCO+ = 3.4×1012 m−2 would have been detetedat 5σ signi�ane, assuming an exitation temperature of Tex = 10 K. We shallassume that the Galati onversion fators are NCO ∼ 3 × 10−6NH2

(whih isvalid for di�use/transluent louds (Burgh et al., 2007) and NHCO+ ∼ 2×10−9NH2(Liszt & Luas, 2000a,b), and that these are valid at high redshifts. Our CO-H2onversion fator is the the median value of the ratio N(CO)/N(H2) obtained by(Burgh et al., 2007) for di�use louds; dark louds are likely to have higher ratios,
∼ 2 − 3 × 104(Lay et al., 1994). Using these onversion fators, we onludethat H2 olumn densities ≥ 1.7 × 1021 m−2 would have been deteted at ≥ 5σsigni�ane in the survey, either in the CO or the HCO+ transitions. We notethat the above sensitivities to the H2 olumn density are onservative as we haveused the lower CO-to-H2 onversion fator.We have a total redshift path of ∆z = 188.2. Our upper bound on the redshiftnumber density of moleular absorbers with H2 olumn densities ≥ 1.7×1021 m−2is n(z) = 0.106+0.029

−0.024.In the �rst large sale blind survey for moleular absorption, whih was on-duted using the GBT by Kanekar et al. (2014), they had a total redshift pathof ∆z = 23.2, with an optial depth RMS noise threshold of ∆τ ≤ 0.125. Theyobtained a 2σ upper limit of n(z = 1.2) < 0.15 to the redshift number density, atthe above RMS noise threshold. The present VLA survey is a fator of 8 better intotal redshift path than the GBT survey, and the numbers are hene muh morestatistially reliable. Of ourse, the lak of detetions in the muh smaller redshiftpath of Kanekar et al (2014) is entirely onsistent with the low redshift numberdensities obtained here.It is interesting to ompare the redshift number density of atomi absorp-tion, using damped Lyman-α surveys, with the redshift number densities obtainedin this work for moleular gas. There have been two surveys for DLA absorp-tion using radio-seleted target soure samples: the CORALS and the USCDsurveys(Ellison et al., 2001; Jorgenson et al., 2006). These were sensitive to ab-sorbers at higher redshifts, at z ≥ 2, and had total redshift paths of ∆z ≈ 55 and
∆z ≈ 41. Our redshift path is signi�antly larger than the ombined CORALS37



and UCSD surveys, but omparisions are di�ult sine our median redshift is
z = 1.5.Surveys for DLAs at lower redshifts, z < 1.7 Rao et al. (2006), have so far notbeen arried out on radio-seleted samples and are thus likely to su�er from dustbias. In addition, Rao et al. (2006) seleted targets based on the presene of strongMgII absorption, introduing additional systematis whih are di�ult to quantify(e.g. Kanekar et al., 2014). However, their n(z) estimate at z ∼ 1.2 is onsistentwith the value obtained at z ∼ 2.2 from the muh larger (but again, optially-seleted) DLA surveys with the Sloan Digital Sky Survey (Noterdaeme et al.,2012), suggesting that the redshift number density of DLAs does not evolve sig-ni�antly over the redshift range 2.2 − 1.2. We will hene ompare our estimateof the redshift number density of moleular absorbers at z ∼ 1.5 to the DLAnumber density estimates of Rao et al. (2006), to estimate the relative spatial ex-tents of atomi and moleular gas in high-z galaxies. Rao et al. (2006) obtained
nDLA(z = 1.219) = 0.120 ± 0.025 for the redshift number density of DLAs, whilewe obtain 0.005 ≤ nH2

(z = 1.5) ≤ 0.11. We thus �nd that the ratio of redshiftnumber densities in atomi and moleular gas f ≡ nDLA/nH2
= 1.1 ≤ f ≤ 24. Ifwe assume that the atomi and moleular gas in galaxies at z ≈ 1.5 is distributedin a rotating disk, as is the ase in loal spiral galaxies, this would imply thatthe relative transverse sizes of the atomi and moleular gas distributions must be

1 < sHI/sH2
< 4.9, where sHI and sH2

are the transverse sizes of the atomi andmoleular disks, respetively. This is the �rst-ever estimate of the spatial extentof moleular gas in normal galaxies at high redshifts.
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Chapter 6Summary and future work
6.1 SummaryWe have observed a total of 549 soures from the initial sample of 585 soures;due to time onstraints on the VLA, a set of 36 soures was not observed. 48additional soures were removed due to alibration problems or beause of low�ux densities; we plan to analyse these soures later. We herefore have a �nalsample of 501 soures. These were observed with the Ka- and Q-bands of theVLA and the WIDAR orrelator; the observations used sixty four 128-MHz IFsub-bands to obtain uniform overage of the frequeny range 32-48 GHz witha spetral resolution of 1 MHz (i.e. a veloity resolution of 6-9 km/s). Thefrequeny overage orresponds to the redshift range 0.85 < z < 2.6 in the HCO+(1-0) and CO (1-0) lines, and the redshift range 2.72 < z < 4.57 in the HCO+(2-1) line.The initial data analysis, inluding data editing, gain and bandpass alibration,and baseline subtration, was arried out in AIPS. The 64 individual sub-bandspetra for eah soure were then proessed independently outside AIPS, usingour own ustom sripts. We have tested eah individual 128 MHz IF spetrumfor Gaussianity using the A-D as well as the K-S tests. Sub-bands whose spetrashowed evidene for non-Gaussianity (seleting a p-value threshold of < 10−6)were exluded from the analysis, and also from alulation of the redshift path.All the �agged IFs were heked and visually inspeted to ensure that the lowp-value was not due to an absorption feature.For eah spetrum, we have �agged the hannels 1-2 and the hannels 127-128.For the IF sub-bands at the beginning and end of the 2 GHz IF bands, additionaledge hannels were �agged. A total of ≈ 4% of the data were �agged in thismanner. Additionally, the hannels with an optial depth RMS noise ≥ 0.07 were�agged for the redshift omputation, though they were searhed for the presene39



of signi�ant features. Finally, 12.5% of the data were �agged from the redshiftpath alulation, due to either low sensitivity, RFI or edge e�ets.245 of the 501 soures had known redshifts from the literature, in the range
1.0 < z < 3.2. For eah of these, we omputed the redshift path overed bythe survey in the HCO+ (1-0), CO (1-0), and HCO+ (2-1) absorption lines, bysumming the overed redshift ranges (out to the soure redshift and exludingany �agged hannels) with RMS optial depth noise ≤ 0.07 i.e. meeting ourtarget optial depth threshold limit. Further summing over all soures with knownredshifts, we obtain a total redshift path of ∆z = 188.2. This is a fator of
∼ 8 higher than the redshift path of the sole earlier blind survey for moleularabsorption, with the GBT (Kanekar et al., 2014). Our survey also has a bettersensitivity than the GBT survey, by a fator of ∼ 1.7.This optial depth RMS noise limit orresponds to the olumn densities of
NCO = 2.8 × 1015 m−2 and NHCO+ = 3.4 × 1012 m−2. Assuming the Galationversion fators, H2 olumn densities ofNH2

≥ 1.7×1021 m−2 would be detetedat ≥ 5σ sigi�ane.We have searhed for statistially signi�ant features at the original veloityresolution, ranging from 6.4 km/s at 48 GHz to 9.2 km/s at 32 GHz. These reso-lutions are well-mathed to the expeted veloity spread of moleular absorptionfeatures, ∼ 10 km/s.At this resolution, we have found 36 features at≥ 5σ signi�ane in absorption,and 17 features at ≥ 5σ signi�ane in emission. Only one of the signi�antfeatures in absorption is deteted at ≥ 6σ signi�ane. Features arising from thesingle absorber at z = 0.88582 towards PKS1830-211 have not been inluded inthese numbers.Based on the above analysis, we obtain a redshift number density of moleularabsorbers 0.005 ≤ n(z = 1.5) ≤ 0.11, with a survey redshift path ∆z = 188.2, afator of ≈ 8 larger than the redshift path of the largest earlier blind survey formoleular absorption (Kanekar et al., 2014).Comparing these bounds with the redshift number density of DLAs, we haveobtained 1 ≤ sHI/sH2
≤ 4.9, where sHI and sH2

are the transverse sizes of theatomi and moleular disks. This is the �rst omparision between the spatialextent of moleular and atomi gas at high redshifts.6.2 Future WorkThe �rst step is to omplete the analysis of the remaining 48 soures that had teh-nial problems with the alibration and were exluded from the present analysis,and obtain all the data that an be used for this study. These soures may inludeextended soures, some of whih will violate the assumption of a point soure at40



phase entre in the alibration; imaging and detailed self-alibration proeduresmay be neessary for these soures. Another systemati e�et that must be un-derstood is why the number of features seen in emission is not onsistent withGaussian statistis.One the remaining 48 soures have been analysed, we shall have a omprehen-sive list of putative absorption features, whih will then be on�rmed or deniedusing deeper follow-up observations with the VLA.
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