Abstract

Astronomerdhave learnta lot aboutthe formationandevolution of structurein the universeby studyingthe

LymanAlphaforest,or cloudsof atomichydrogendistributedthroughouthe universe.Sinceatomichydrogen
cannotexist at high temperatureghis gasis notvery luminous,soneedgo be obsered by othermeanssuch
asthe absorptiorlinesit producesn the spectraof backgroundquasars.n this report,| presentsimulations
shaving how thesmallscalestructureof the LymanAlpha cloudscouldbe measuredby observinghe spectra
of a gravitationally lensedquasarover a period of time. The strengthof the Lyman Alpha absorptionlines

relativeto thecontinuumin thespectrunof amicrolensedjuasais shavn to varywith time, with theproperties
of thevariationsdependingn the structureof the absorbingnaterial.l concludethatsuchvariationswill be

measurableria UV spectroscop of imageA of the lensedquasarQ2237+0305f the Lyman Alpha clouds
betweerthe quasatandthe lensinggalaxypossesstructureon scalessmallerthan  0:1 pc. Thetime-scale
for variationsis onthe orderof decadesalthoughvery shorttermvariability canoccur
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Chapter 1

Intr oduction

Cosmologyis the studyof the historyandevolution of the universe.Obsenrationalcosmologyis dif cult area
of astronomyasin orderto learnmuchaboutthe history of the universe obserationsof the someof themost
distantobjectsin the universearerequired- theseobjectsareonesthat emittedtheir light whenthe universe
wasmuchyounger

However, not every objectof interestin the universeis luminousenoughto be detectedy telescopesindeed,
somecomponentsf theuniverse suchasdarkmatter arethoughtnotto emitary electromagneticadiationat
all. Thisis unfortunateconsideringhatdark matteris the dominantfactordriving the formationof structure
in the universe,with othercomponentsuchas gasand galaxiesessentiallybeingtaken alongfor the ride.
Galaxiesarerelatively luminous,andcanbe obsered at low redshifts,ascanhotintergalacticgasasit emits
atthex-ray andUV wavelengths.However, coolergassuchasatomicor molecularhydrogenis very hardto
obsere directly.

In orderto obsere theselessluminousobjectsin the universe,novel (oftenindirect) methodsarerequired.
In this project, | investigatecone nev methodfor looking at the small-scalestructureof distantintergalactic
gas(which could be relatedto starformationin the the distantpast),usingthe phenomenorf gravitational
microlensing.

1.1 Quasars

Quasarspr Quasi-StellailObjects(QSOs)areamongthe mostluminousobjectsobsered in the universe.In
fact, they arethoughtto be the brightestnon-transienobjectsin the universe with their emissionpowveredby
materialfalling ontothe centralblack hole of a galaxy producingaluminosity of about100timesthatof the
hostgalaxy (Broderick,2004). Sincethey are mostly obsered at very large distancesthey arefaint when
obsered from Earth,andarehighly redshifteddueto the expandinguniverse(quasarsareobsered at mary
redshifts,thoughmostareobsered with redshiftsin therangez ' 1to aboutz ' 5). Dueto theirimmense
distancethey appeapoint-like whenviewedin the optical region of the electromagnetispectrum(Schmidt,
1963).Their highluminosityandthefactthatquasarganbefoundat high redshiftsarethemainreasonsvhy
guasarareoftenusedascosmologicaprobegMarzianietal., 2003).

1.2 TheLyman Alpha Forest

TheLymanAlpha (Ly ) forestis anabsorptionphenomenonvhich is obsered in the spectraof mary high
redshiftquasarslt arisesdueto absorptiorby galacticandintergalacticneutralhydrogerbetweeraquasaiand
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Figure 1.1. A portion of the spectrumof the gravitationally lensedquasarQ1422+231(at a redshift of
z = 3.628),shaving the LymanAlphaforestabsorptioriineson the blue (left) sideof thequasals Ly emis-
sionline (Ellison, 2000). Otherabsorptiodines dueto metalsin the LymanAlpha Forestcanbe seenon the
othersideof the prominentLy emissionline. The plot on the right shavs the Lyman Alpha forestlines at
higherresolution.Eachline correspondso a distinctabsorptiori‘cloud” ata particularredshift.

anobserer (seeRauch(1998)for arecentreview). Dueto theexpansiorof theuniverse thequasars spectrum
is graduallyredshiftedasit travels away from the quasarWhenit encounters cloud of neutralhydrogenan
absorptionline is formedin the spectrumat a wavelengthof 121.6nm. The resultingspectrumobsered at
Earthcontainsmary absorptiorinesbluevardof theLy emissionine of thequasarandthe structureof the
absorbingmaterialalongthe line of sightis imprintedon the spectrum(e.g.Lu etal., 1996). Seerefspecfor
an exampleof a high resolutionquasarspectrum(Q1422+231xhaving theLy forestabsorptiorlines. The
absorptiorlinescloseto theLy emissionline of the quasamredueto gascloserto the quasar

Numericalsimulationsof large-scalestructureformationin the universe,have beenlargely basedaroundthe
gravitationaldynamicsof darkmatter sinceit is thedominantmasscomponen{Spegeletal.,2003).However,
recentlyit hasbeenpossibleto include gas,with its more complicatedphysics(including cooling, shocking
and starformation)in the cosmologicalsimulations,in orderto predictthe large scalestructureof the gas
(Davé etal., 1999,seeFigurel.2). Theresultsof suchsimulationscanthenbe comparedvith obserationsof
the absorptioninesin quasarspectra.The conclusionsf thesestudiesarethattheLy “clouds” aremostly
intemgalactic structureswith the denserregions correspondingo the locationswhere galaxiesand galaxy
clusterdorm. The outcomef the simulationsdependnthe speci ed valuesof the cosmologicaparameters
andthenatureof thedarkmatterin theuniverse someasurementsf thestructuralpropertieof theLy forest
canbeusedto distinguishdifferentcosmologiege.g.McDonald& Miralda-Escué, 1999).

Traditionally the large scalestructureof theLy Foresthasbeenthe mainfocusof researchbecausef its
cosmologicakigni cance(e.g.McDonald& Miralda-Escué, 1999). Theabsorbingyasalongtheline of sight



Figure1.2: Simulationsof the formationof the Lyman Alpha forest,from Davé et al. (1999). Theimages
shaw thestructureof the neutralhydrogendistribution acrosshe sky atdifferentredshiftsz, correspondingo

differenttimesin the universes historywhentheuniversewas1=(1 + z) timesits currentsize. The evolution

of the large scalestructureis driven by the collapseand clusteringof dark matter sincethis is the dominant
masscomponentGastoo, collapsesvith thedarkmatter causinghedistribution to becomdessuniformwith

time (startingfrom thetop plots, moving down), with the gasconcentratedéhto the lamentary structureshat
canbeseen.
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Figurel.3: Diagramshaving a pair of quasar®n the sky andthe effect of differentcloud sizes.For thelarge
clouds,the Lymanalphaforestlinesin the spectraof the two quasarsvould be correlatedwhereador the
smallcloudsthey would beindependent.

to asinglequasarcanbe probedoy comparingherelatve positionsandstrengthf theabsorptiorinesin the

Ly forestin the spectrunof the quasaSagentetal., 1980). The structureacrosgheline of sightis harder
to measurealthoughtwo quasarghatarenearbyon the sky canbe obsered; thefractionof Ly forestlines
thatarecommonto the two quasargproviding a measureof the extent of the cloudsacrosshe sky (Sagent,

Young,& Schneider1982;Rollindeetal., 2003).Thehigherthe degreeof correlationbetweertheabsorption
linesin thetwo spectrathelargerthetypical structuresarein the neutralhydrogengas. Figure1.3illustrates
thisidea.

Recentlythesmallscalestructurglonkiloparsecscaleshasalsobeeninvestigatedy severalmethodgRauch,
Sagent, & Barlow, 1999,2001; Rauchet al., 2001,2002); potentially revealing structurein and aboutthe
interstellamediumin younggalaxies.However, the very smallscale(lessthana parsecxstructureof theLy
cloudsis completelyunknavn (dueto limits in obsenrationaltechiquesandthefactthattheresolutionof Ly
forestformationsimulationss too coarse) andwould be usefulfor decidingwhatthelocal equivalentsof the
Ly cloudsare;for example,do the Lyman Alpha cloudsresemblestarforming regionswith gasclumped
on variousscales,or is the gasstill smoothlydistributed? Some(but not all) low redshiftLy cloudshave
beenfound to be associatedvith galaxies(Salpeter& Hoffman, 1995), suggestinghat the structureof the
Ly cloudsmightmimic thatof theinterstellarmedium,exhibiting fractal structure(EImegreen,1997).In this
report,simulationsarepresentedhatdemonstratbow thevery small,subparsecscalesof Ly clouds(or any
otherabsorptiorsystem)could be measuredisinga quasarthatis subjectto gravitational microlensingby a
foregroundgalaxy

1.3 Gravitational Lensing

In additionto quasarmpairs(Figure 1.3), gravitational lensingprovidesa way to obtainmultiple lines of sight
throughLyman Alpha clouds. Gravitational lensingarisesfrom one of the mostimportantpredictionsof

Einsteins theoryof generatelatvity, thatthepathsof light raysarede ectedasthelight passesiearamassie

object. This impliesthatif a distantpoint sourceis obsered, anda massie objectlies betweenthe source
andthe obsenrer, the apparentposition of the sourceis changedsee (Wambsganss]998) for a review of

gravitationallensing]. Sincethis is analogouso the bendingof light whenanobjectis viewedthroughaglass
lens,the phenomenoiris calledgravitational lensing. A diagramillustrating this ideais shavn in Figurel.4.

Thedistance® o, Dos andD g arethe angulardiameterdistancegseenext subsectionjrom the obserer to

thelens,the obserer to the source andthelensto the source.Notethat,in generalD s 6 Do + Dis.



1.3.1 Aside: Angular Diameter Distances

In Euclideargeometryif anobjecthasa physicallengthL andis placedatadistanceD from anobserer, the
angularsize of theobijectis givenby

L, L (1.1)

— 1 =
= 2tan (2D D

wherethe approximatiorappliesif the distanceo the objectis largecomparedo its length(D ~ L).

In non-Euclideargeometry which canarisein generalrelatvity (and hencecosmology),the simpleinverse
relationshipbetweenproperdistanceand angulardiameterdoesnot apply Instead,to calculatethe angular
diameteiof anobject,thepathsof two light raysin spacetiméoneoriginatingfrom eachendof theobject)have
to be calculatedandtheir directionsof arrival atthe obserer compared.Typically, a new type of “distance”
is de ned, calledthe angular diameterdistanceD , suchthatthe inverserelationshipholdsin termsof the
angulardiameterdistance:

= — (1.2)
In cosmologythe spacetimés describedy a Friedmann-Robertson-atker metric. For a at universe thisis

ds? = Zdt?  R(t)2[dr2+ r2d 2+ r%sin? d 2 (1.3)

Fromthis metric,a differentialequationcanbe dervedwhich givesangulardiameteristanceasa function of
redshift(Kayser Helbig, & Schramm1997). Throughouthe project,the assumedosmologywasa at Big
Bangcosmologywith normalisedmatterdensity ,, = 0:3, cosmologicakonstant = 0:7 andHubbles
constantHg = 72kms ! Mpc 1. Thesearecloseto the valuesin the now dominantcosmologicaimodel
(Spegel et al., 2003). Whenever it wasrequiredto corvert a redshiftto an angulardiameterdistancen this
project,the programprovided by Kayser Helbig, & Schramm(1997)wasused.

1.3.2 Backto Gravitational Lensing

If alight sourceis positionedatapointRs  (Xs; Ys) in thesource planeandalight ray from this sourceis
obsered, it will appearto have arrived from a differentplace,dueto the de ection of theray by the gravita-
tionallens. Theapparenpositionof thelight sourceis givenby apositionR (X Y) in theimage planeor
lensplane Usingsimplegeometryappliedto Figurel.4,it canbe shavn thattherelationshipbetweerR and
Rs is givenby

Rs= Dosp DisA (R) (1.4)
DoI

whereD o, Do andD s aretheanguladiametedistancesrom theobsererto thesourcepbsererto thelens,
andlensto sourcerespectiely. The de ection angleA (R) is a vectorfunction de ned over the lensplane,
andits form depend®n how the massin the gravitationallensis distributed over the sourceplane. Note that
equationl.4 givesa uniquesourceplanepositionR s for agivenimageplanepositionR. In generalthough,
theinversefunctiondoesnotexist, soary particularpositionR s in thesourceplanecanbemappedo multiple
positionsin the lensplane. This is the mathematicateasonwhy the backgroundsourceis often multiply
imagedin gravitationallenssystems.An exampleof a gravitationally lensedquasamwith multiple imagesis
the quasarQ2237+0305Huchraet al., 1985),an imageof which is shavn in Figure1.5. The background
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Figurel.4: Thegeometricabetupusedfor modellinggravitationallensing(SchneiderEhlers,& Falco,1992).
The lensingobjectis assumedo have its massdistributed in a plane,and the light rays undego a sharp
de ection atthelensplane.Thelensplaneis alsowheretheimageis formed.

guasarat a redshiftof 1.695hasbeengravitationally lensedby a foregroundspiral galaxy at a redshift of
0.0394 producingfour imagesof the quasarpositionedaroundthe centreof the galaxy Q2237+0303s often
nicknamedhe“EinsteinCross”dueto its appearance.

It canbe shavn from the generaltheoryof relativity thatthe de ection angleA (R) for a point masslensat
theorigin of thelensplaneis givenby

4GM

ARI= @]

(1.5)

whereG is Newton's gravitational constantg is the speedof light in vacuumandM is the massof the point
gravitational lens. Interestingly a similar resultcan be derved from either specialrelatiity or Newtonian
mechanic§assuminga 1=r2 gravitational eld andthatlight is particlesthattravel atc, seeSchneiderEhlers,
& Falco(1992)],althoughit is afactorof 2 smaller

Theresultfor a point masslensis generalisedo arbitrarycontinuousmassdistributions (R) by integrating
thede ectionangledueto eachsmallmasselemenbf thegravitationallens,using 1.5asthe Greens function:

ZZ
4GM R RO

c? LjR RY?

A(R) = (RYd’R® (1.6)

If thelensis composedf N discretepointmassest positionsR ; with massed;, theintegralis replacedy
asum:

M X R Ry
¢ _ R Rij2

A(R) = a.7)

For apointmasdenslocatedatR = (0; 0) andapointsourceattheorigin of thesourceplane,[R s = (0; 0)],
theobseredimagewouldbeacircularring with anangularadiusapproximatelyequalto theangularEinstein
Radius
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Thisis becausary pointin thelensplaneatadistanceD ,; o (anEinsteinRadiusin thelensplane)from the
originis mappedvia 1.4 ontotheorigin of the sourceplane.The EinsteinRadiusprovidesa corvenientlength
scalefor discussinggravitational lensing. Typically, the coordinatedR andR ¢ are replacedby the scaled
coordinates

r 1.9
Do 0 ( )
Rs
r 1.10
S Do (1.10)
Thescaledde ection anglea is introduced:
Dis
= A 1.11
Dos 0 ( )

With thesechangesthe lensingequationl.4 takesfollowing simpleform, referredto asthe normalisedens
equation

rs=r a(r) (1.12)
In addition,the suriacemassdensity (R) is replacedoy thedimensionlessurfacemassdensity

_ 4 G D0|D|s

Z b (1.13)

This changeeliminateshe prefactorsfrom the scaledversionsof Equationsl.6 and1.7.

Gravitational lensinghaspreviously beenusedto probethe sizeof Ly absorbingclouds. Whenthe back-
groundquasar(regardedasa point source)is lensedby a foregroundgalaxy multiple imagesof the quasar
may be obtained.The light raysresponsibldor the two differentimageshave traversedslightly differentre-
gionsof spacdn theirjourney to theobserer. Hence ameasuref thesizeof theLy absorbingclouds(down
to kiloparsecscalesyranbemadeby cross-correlatinghetheabsorptiorinesin two imagesof thesameguasar
(Ellisonetal., 2004;Becler, Sagent,& Rauch,2003). This methodis analogougo the abose methodwhich
usesa pair of quasarshowever thelensingsuppliesa“pair” of quasarshatarevery closetogetheron the sky,
allowing smallerscalestructureto be studiedthanis possiblewith the pairsof quasarson the sky. Rauch,
Sagent,& Barlow (1999)usedthis methodin the multiply imagedquasaiQ1422+231o traceMgll andCIV
absorptioncloudsbetweerthe lensandthe quasardonn to scalesof 26 pc, which is the smallestscaleso
far consideredOn thelarger scalesMcGill (1990)shaved (usingquasaipairs)thatthe LymanAlphaforest
containscoherenstructureswith sizes 3 - 300kpc.

1.3.3 Micr olensing

Whengravitationallensingmodelsaredevelopedio explainthemultiple imagesobsered, thelensinggalaxyis
usuallymodelledby a smoothmasddistribution (R) (e.g.Schneideetal., 1988). However, lensinggalaxies
arent really a smoothmassdistribution, but is also composedf compactobjectssuchasstars,planetsand



Figurel.5: Thegravitationally lensedquasaiQ2237+0305Lewis etal., 1998). Therearefour imagesof the
quasarthe centralsignalis residuallight from theforegroundlensinggalaxy Thefactthattheimagesarenot
pointsis dueto seeing(atmospheridistortionsandopticallimitations).

black holes. Thus,the de ection anglefor a ray passingthroughthe lensinggalaxyis not exactly asgiven
by the smooth“macrolensing”’model. This doesnot signi cantly affect the con guration of the imagesas
obsered on the sky. However, if anin nitely powerful telescopewas available, eachimageof the quasar
would be seento be composeaf mary smallermicro-images(seeFigurel.6). Thisis the essentiatlifference
betweera genuinesmoothmattergravitationallensandonewhichis smoothon large scalesbut is madeup of
discretepoint masse®n smallscales.

Thesemicro-imagesannotbe obsered directly, sincethey aresosmall, with typical angularseparationsf
1-2 micro arcsecond¢Wambsganss] 998). However, an obsenrable effect occursdueto the motion of the
galaxyacrossthe line of sightto the quasar As the foregroundgalaxy drifts acrossthe line of sightto the
quasayrthe clusterof micro-imageswvhich formsa macro-imageof the quasarcanchangeits form, sincethe
pointlensesarenow in differentpositionsin thelensplane.Particularly thetotal areaof the micro-imagesan
changesigni cantly with time. Sincesurfacebrightnesss constanalonga particularray, this impliesthatthe
brightnesof themacro-imagevill changewith time.

1.4 Magni cation Maps

For apointsourcethebrightnes®f amacro-imagés determinedy thenumberof unresolablemicro-images
it is composeaf. For anextendedsourcethe equivalentquantityis givenby theintegratedsurfacebrightness
over theimageplane. If the surfacebrightnesdistribution of animageattimet is describedy a function
b(r;t) overthelensplanethentheobseredtotal brightnesss

ZZ ZZ
brightness(t) / b(r;t)d’r = s(rs;t) (rs)drs (1.14)
L S

wheres(rg;t) is the sourcepro le attimet and is thereciprocalof the Jacobiandeterminan{\Weisstein,
1999)of thelensmappingl.12.



Figure1.6: Simulationsof the view of a singlecircularsourcethrougha eld of microlensingpoint masses.
In principle,ary macro-imagef alensedjuasais actuallycomposeaf amyriadof micro-imagedike these.
They cannotbe resohed with telescopessthey are on microarcsecongcales,but the areaof them (and
hencethe overall brightnessof the image)changeswith time asthe quasammaves acrossthe line of sight,
relative to thestarsin thelensinggalaxy Thetwo picturesshav the micro-imagestdifferenttimes,whichare
differentdueto themotionof thestarsin thelensinggalaxyrelative to thebackgroundource If theintegrated
brightnesof themicro-imagesaschangedthenthe obsered brightnesf theimagewill beseerto change.



Figure1l.7: An obsered light curve (visual wavelengths)or the four imagesof Q2237+0305from OGLE
(Optical Gravitational Lens Experimentimonitoring (Wozniak et al., 2000). Relative to the standardstar all
four imagesof the quasarchangebrightnesswith time, over a periodof a coupleof years.Sincethe changes
are not correlatedbetweenthe four images,they cannotbe attributedto intrinsic luminosity changesf the
guasarsoareinterpretecasmicrolensing.
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This equationimpliesthat,for a point source[Dirac deltafunctionfor s(r g;t)] atrg in the sourceplane,the
obseredbrightnesss (rg). Hence, (rs) isreferredto asthemagni cation function,andaplotof (rs) over
the sourceplaneis referredto asa magni cation map The motionof thelensinggalaxyacrossheline of the
sightto the quasaiis equivalentto the motion of the sourceacrosshe magni cation map. Most microlensing
studiesnvolve nding theform of themagni cationmap,sothatlight cunes(brightness/stime plots) of the
guasaiimagecanbe foundby takinga linear cut acrosghe magni cation map(i.e. assuminghatthe quasar
sourcemovesacrosshe sourceplane). The backward ray-tracingmethodfor computingmagni cation maps
is describedn the next sectionandwasutilisedthroughouthe project.

Themicrolensingnducedbrightness/ariationscanbe distinguishedrom ary intrinsic variationof thequasar
by takingmeasurementsf the brightnessesf all of theimagesof thelensedquasarAny variationswhichare
causedy microlensingwill only occurin asingleimage whereasntrinsic variationsof thequasasourcewill
beobseredin all imageswith a smalltime delaydueto the differentpathstraversedby the raysresponsible
for eachimage.The rst detectionof microlensing-inducedictuationswasmadeby Irwin etal. (1989).
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Chapter 2

Micr olensing

The previous chaptergave an overview of gravitational lensing,includingthe basicideabehindgravitational
microlensing.In this chapterthe mostpopularnumericalmethodfor calculatingmicrolensingmagni cation
maps(andthe oneusedfor therestof the project)is described.

2.1 Backwards Ray-ShootingMethod

The numericalmethodwhich wasusedthroughoutthis projectis the backwardsray-shootingmethod,simi-

lar to that developedby Kayser Refsdal,& Stabell(1986),andextendedin Wambsgans§1990). Givena
con guration of microlensingpoint massesn the lensplane,the methodis ableto calculatean approximate
(pixellated)magni cation mapin the sourceplane. This is achieved by startingwith a uniform grid of points
in thelensplane. Then,for eachof thesepoints,the de ection angleis calculatedby addingup the effects
of eachpoint lensin the lens plane,andthe correspondingpositionin the sourceplaneis calculatedusing

Equationl.12. Throughoutthe project,the codeusedwasthe codefrom (Wambsganssl990), modi ed so

thattheoutput les containedalist of the positionof eachrayin thelensplaneandthe correspondingposition

in thesourceplane.

For eachray, the netde ection angleis the sumof thede ection anglesdueto eachpoint massmicrolens.In

thesesimulationsthereweremary stars,modellinga small partof thelensinggalaxy asshavn in Figure2.1
(the effect of the restof the galaxyis takeninto accountoy introducingexternalsheayseesection2.2). Thus,
for eachray, the sumin Equationl.7 consistsof thousand®f termswhich all needto be evaluatedfor each
ray. This is a computationallyintensve processwhich is spedup by the use of a heirarchicaltree code
(Wambsgans4,990).1n thismethodfor eachray, thelensplaneis dividedupinto regionssothatthede ection

angledueto nearbystarsis calculatedexactly, but the moredistantstarsareamalgamatedThis methodwas
rst appliedto n-bodysimulationswherethe force on eachparticleis calculatedby addingthe forcesdueto

all of theotherparticles(Barnes& Hut, 1986),andconsiderablyeduceghe amountof computatiorrequired
asthenumberof starsincreasegthetime requiredis proportionatto N log(N ) ratherthanN 2, whereN is the
numberof stars).

Whentheuniformdistribution of raysin thelensplaneis tracedinto thesourceplane theresultingdistribution
of pointsin thesourceplaneis farfrom uniform. Areasin the sourceplanethatcollectalot of rayscorrespond
to areasof high magni cation, andregionsthat dont collect mary rays are placeswherea sourceat that
locationwould not be very bright when obsered throughthe lens. The magni cation mapis producedby
binning the raysin the sourceplane,with eachbin becomingone of the pixels of the magni cation map.
Throughouthe project,the numberof raysusedwasgreaterthan10°, ensuringthatthe resulting1024 1024
pixel magni cationmapswereaccurateanddid not suffer from signi cant samplingerror

LIn fact, the microlensingcodeusedduring the projectwas a versionof Wambsganss'code(Wambsganss1990), modi ed by
GeraintLewis to give positionsof raysin thelensplaneandthe sourceplane.
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Figure2.1: A diagramof the distribution of starsin the lensplanethatwasusedto modela small partof the
lensinggalaxy Therestof the galaxyonly hasaneffect via the externalsheamparameterTherayswere red
into a uniform distribution within the rectangularegion shavn. Due to the external sheay this rectangular
region getsmappednto a squareregion in the sourceplane,which is 20 EinsteinRadii (Equationl1.8) on a
side.
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Figure2.2: An exampleof amagni cationmap(plot of magni cationvs positionin thesourceplane)produced
with thebackwardsray tracingmethod.Thewhite regionsarehighmagni cationwhereaghedarkregionsare
low magni cation. Thedistancealongthe sideof this gure is 20 EinsteinRadii. On theright arelight curves
for aquasatakingahorizontalpathor a vertical paththroughthe middle of themagni cationmap(thelength
scalein the sourceplanewascorvertedto atimescaleoy assuminga velocity for the quasarseeSection2.3).

Thesmalllevel of noisein thelight curvesduringthe quiescenperiodsis dueto sampling.
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Figure 2.2 shavs an exampleof a typical magni cation map. The whiter regions correspondo positions
where,if the quasamwasthere thenits imageasseenthroughthe gravitationallenswould be brightened.The
blackareascorrespondo areasvhere,if the quasawasthere,the obsered macro-imagevould befaint. For
the mostpart, the rangein brightnesse# the magni cation mapis about2 magnitudes.The curvesin the
magni cation mapwhich areboundariedbetweerbright andfaint regionsare caustics- thatis, theoretically
themagni cationis in nite there(for apointsource).

Plots of brightnessvs time, or light curves, can be obtainedby assumingthat the quasarmovesin some
straightpathacrosghe magni cationmap(seeFigure2.2). In reality, this motionis mostlydueto thedrift of
thelensinggalaxyacrosgheline of sightto thequasarA onedimensionatrackacrosgshemagni cationmap
givesriseto onepossibldight curve for thequasar

2.2 External Shear

Externalsheaiis away of incorporatinghe effect of therestof the galaxyinto themicrolensingnodel,sothat
theindividual starsthataremodelledareonly a smallregion of thelensinggalaxy

Considera smoothmatterdistribution (r) dueto theentiregalaxy This producegle ection anglesay (X; y)
anday (x; y) accordingto equationl.6. Let the point at the centreof the stellar eld in Figure2.1be(Xc;yc).
Taylor expandingthe de ection anglesaboutthis point, keepingonly rst orderterms(sincethe stellarregion
is very smallcomparedo the scaleof thewholegalaxy)andwriting ayx = ax(Xc+ X;yc+Y)  ax(Xc;Ye)
(andsimilarly for  ay):

®
®

. X
J(Xc;yc) y

®
|

DS

¢|®¢

This equatiorgivestherequiredmodi cation to thede ection anglessothattheeffect of therestof thegalaxy
canbetakeninto accountlt canbeshavn (e.g.SchneiderEhlers,& Falco,1992)thatthereexistsacoordinate
system(foundby rotatingthe coordinateaxes)in which the matrix in theabove equationtakestheform

0
where is aconstantalledtheexternalshear In practice to includethisin the microlensingsimulationsall

thatneeddo betakeninto accounis thatthe de ection angleis the sumof thatproducedy the stars,andthe
additionalexternalshearcomponent

Ashear —

2.3 Model Parameters

Throughoutheproject,themicrolensingparameteradoptedverethoseappropriatéo imageA of themultiply
imagedquasarQ2237+0305. This was the brightestimage at the time of discorery, but is no longerthe
brightestdueto microlensing-inducedictuations (Wozniak et al., 2000). The reasondor this choicearethat
this particularquasais the mostwell studiedgravitationally lensedquasarit is relatively bright, andsincethe
lensinggalaxyis soclose(z = 0.0394) thetimescalgor microlensings very short(decades)Theredshiftof
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thelensinggalaxyis z = 0:0394andtheredshiftof the sourceis z = 1.695 (Huchraet aI., 1985). For these
redshifts,the physicalsize of an Einsteinradiusin the sourceplaneis D os o =5.85x10 2 pc. The effective
speedf thequasamcrosghesourceplanewasassumedo be GOODOS kms 1, or approximatelyoneEinstein
radiusper decadethis is simply an estimatebasedon the typical speedof objectsm the universerelative to
theHubble o w (Kayser Refsdal & Stabell,1986;Lewis & Ibata,1998). Thereis anadditionalmicrolensing
effect dueto theindividual motionsof starsin the lensinggalaxy which, for a transwersevelocity of 600 km
s 1 anda velocity dispersiorof the starsof 215km s ! (asmeasuredor the lensinggalaxyof 2237+0305)
would causea 10 per centincreasen the frequeng of high magni cation events(Kundic & Wambsganss,
1993).1gnoringthis effect saved considerableomputationakffort; if the effectwastakeninto accounthena
whole nev magni cation mapwould needto be createdor eachpointin time in orderto createalight curve,
increasinghe computationaload by ordersof magnitude.The averagesurfacemassdensitywastakento be

= 0:36 (all in starsof 1 solarmass),andthe externalshearwas = 0:41 (WambsganssPaczynski,&
Katz, 1990;Schmidt,Webster& Lewis, 1998).For this valueof the suracemassdensity the numberof stars
consideredn thelensplanewas1,702.

2.4 ExtendedSources

The magni cation function (rg) givesthe magni cation that occursfor a point sourceat the positionr g in
the sourceplane. However, in reality nothingis a true point source.For the purposeof microlensing,even
“point-like” quasarsmay have to be treatedas an extendedsource,for which the magni cation is given by
equationl.14. Note that, for an extendedsourcewith surfacebrightnesspro le s(rs), centeredatr, the
brightnessasa functionof the sourcecentreis

zZ
brightness(r¢) / s(rs  re) (rg)d?rs = S (2.2)
s

In otherwords,a new magni cation mapfor the obsered brightnesghroughthelensof anextendedsource,
asafunctionof the positionof the centreof the source canbe producedy corvolving themagni cationmap
for the point sourcewith the sourcepro le.

However, measurementsave constrainedhe sizeof the UV-optical continuumsourcein Q2237+03050 be

7.8x10 # pcin extent(Shalyapinetal., 2002). In this model,sucha sizetranslateso abouta quarterof a
pixel in themagni cationmap. This wassmallenoughthatthe extendedhatureof the sourcecouldbeignored
- effectively this makesthe sourcethe sizeof a singlepixel.
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Chapter 3

Including CosmologicalAbsorption

The methodsdescribedn the previous chaptercan be usedto calculatethe magni cation maps (rs), and
hencethe expectedoropertiedor thellight cune of aquasathatis beingmicrolensedy aforegroundgalaxy

In this study thesestandardmagni cation maps”still applyto the unabsorbegartsof the quasarspectrum,
i.e. the continuumwavelengths sincethey dont “see” the absorptionclouds. In the following sectionsthe

methodfor calculatingthe magni cation maps,andhencelight curnes, of the absorbedpart of the spectrum
aredescribedThesegivethe ux inthelLy absorptiorline asafunctionof thequasars positionin thesource
plane,or apsorbed(r's). Togetherthesefunctions and gpsorbeg Cantell uswhatthe absorptioriine strength
(relative to the continuum)is asa function of the quasars positionr g in the sourceplane,andhencehow the
line strengthvarieswith time.

3.1 Absorption Clouds

As describedn Chapter2, | madeuseof the microlensingcodeof Wambsgans§1990), modi ed to output
the scaledpositions(x; y) of theraysin thelensplaneandthe correspondingpositions(xs; ys) in the source
plane.The codeusesthe backward ray tracingmethodthatwasdescribedn the previous chapter In addition
to thelensplaneandthe sourceplane,athird plane the“cloud plane”wasintroducedpositionedoetweerthe
lensplaneandthe sourceplane.

For ary ray startingatapositionr in thesourceplaneandlandingata positionr g in thelensplane theposition
rp atwhichthatray intersectghe cloudplaneis simply foundby linearinterpolation:

rp=r+ (rs ) (3.1)

where is a parametewhich determineghelocationof thecloudplane.lIf = 0, thecloudplanecoincides
with thelensplane,andcanbeusedto modelabsorptiorcloudswithin thelensinggalaxy(e.g.Lewis & Ibata,
2003).Alternatively, = 1 correspond$o thecasewheretheabsorptiorcloudsarelocatedatthesource.This
situationhasbeenusedto investigatethe effects of microlensingon broadabsorptionine quasargLewis &
Belle, 1998). Notethat,sincex; xs; etc. arescaleddistancesx, andy, arealsoscaleddistancesHence,|f a
pointin thecloudplanehasscaledcoordinategx,; yp), thephysicalcoordinategeg. measuredh parsecsare
(Xp: Yp) = (Dop 0Xp;Dop oyp), WhereD qp is the angulardiameterdistancefrom the obserer to the cloud
plane.

The structureof the cloudsin the cloud planewas describedby an absorptionfunction A(xp;yp) de ned
over the cloud plane,which is the fraction of photonsthat are absorbedas a function of wherea light ray
intersectghe cloudplane. If aray passeshrougharegionwhereA = 0, it is unafected,but if aray passes
througharegionwhereA = 0:5 say thentheray is attenuatedy 50% andonly countsashalf aray whenthe
magni cationmapis created.
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Figure3.1: Thethreedifferentabsorptiorcloud sizeswhich wereinvestigated.The cloud sizesare 0.005pc,

0.02pc and0.1 pc respectrely. The plots shav the absorptionasa function of positionin the cloud plane.
Black corresponds$o completeabsorption(A = 1), white corresponds$o no absorption(A = 0). Notethat
dueto the external sheay the raysactually passthrougha rectangulaareain theseimages(seeFigure 3.3).

Thesemagesof thecloudswerefor = 0.2,thephysicalsizeof the planewasdifferentin the othertwo cases
to ensurehatall therayspassedhroughthe cloudplane.

Sincevirtually nothingis known aboutwhatto expectfor the small scaleof structurein the Lyman Alpha
clouds,a simplemodelfor the cloudswasused,with onefree parameteto describethe scaleof the clouds.
Gaussiarcloudsof theform A = %e re=t weregeneratedyith cloudsdistributed randomlyover the cloud
plane,whereb is a parameteralledthe cloud size During the project,cloud sizesof 0.005pc, 0.02pc and
0.1pcwereinvestigated Thetotal numberof cloudsin the cloud planewaschosersothatthetotal integrated
absorptionover the entire cloud planewas a constantvalue - althoughthis was not exact dueto a clipping
effect, sincethe absorptioncan never be greaterthan 100%. Picturesof the resultingcloud structuresare
shavn in Figure3.1.

3.2 Distancesand Cosmology

In the modelfor absorptiorclouds,the positionof the cloudsbetweerthe sourceandthe lenswasdescribed
by aparameter , rangingfrom = 0 (cloudplanecoincideswith lensplane)to = 1 (cloudplanecoincides
with sourceplane). It is importantto relatethe valueof this parameteto the redshiftof the clouds,sothat

16



if anabsorptiorline is seenat a particularwavelengthin a quasars spectrumthe appropriate valuefor the
cloudsthatproducedhatline canbeidenti ed.

Thenormalisedensmappingequatiorrelatingapositionr in thelensplane(or theimage)to thecorresponding
positionr g in thesourceplaneis
rs=r a(r) (3.2)

wherea(r) arethescaledde ection anglesn thex andy directions.Substitutingiorrg  r into Equation3.1
gives

rp=1r a(r) (3.3)
In termsof unscaledcoordinatesthis reads

Rp _ R DA (3.4)
Dop 0 DoI 0 Dos o .

which simpli es to

sz % I:)opDIs

A 3.5
Dol Dos ( )

It isimportantto recognisehatthedervationof equatioril.4appliesequallywell if thesourceplaneisreplaced
by thecloud plane.Thisleadsto anequationsimilarto 1.4:

D
Rp = D—""’R DipA (3.6)

ol
Comparingequations3.5and3.6 leadsto thefollowing importantresult:

I:)olep
= 3.7
DopDIs ( )

whereD ¢, Dip, Dop andD s aretheangulardiameteristancegrom the obserer to sourceplane lensplane
to cloud plane,obserer to cloud planeandlensplaneto sourceplanerespectiely. This equatiorrelatesthe
particularchoiceof to thephysicallocationof the clouds.

For the quasaiQ2237+0305theredshiftsof the source(zs = 1.695)andlens(z; = 0.0394)werecorvertedto
angulardiameterdistancesisingthe assumeatosmology(see 1.3.1). Theresultingplot of vsz is shavn
in gure 3.2. Notethatthe atnessof this relationshipover a wide redshiftrangeimplies that the resultsfor

= 0:95 areapproximatelyapplicablefor cloudsover a very broadredshiftrange(z  0:5toz  1.695.
Hence,the very small scalesof the Ly forest could be probedover a wide redshiftrangeby comparing
obserationswith thehigh simulations.

Also, thephysicalsizeX , of ary featurein thecloudplanewith scaledsizex is simply

Thephysicalsizeoccupiedby theraysthatstartin therectangularegionin thelensplane(Figure2.1)andend
in thesquare20x20EinsteinRadiusregionin thesourceplaneis plottedasa functionof redshiftin Figure3.3.
This determinesvhatareaof the cloudplanecanhave aneffectonthe nal squaran the sourceplane.
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Figure 3.2: The interpolationparameter asa function of the redshiftof the cloud planefor Q2237+0305
(z = 0:0394 zs = 1:695. Therelationships highly non-lineay andshavs thatevenfor cloudsata moderate
redshiftof aboutz = 0:5, thecorresponding valueis closeto 1.
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Figure3.3: Physicalsizeoccupiedby therayswhich landin themainregion of the sourceplane,asafunction
of redshift (betweenthe lensandthe source,0.0394< z < 1.695). This relationshipdeterminesvhat area
of the cloud planeis relevantfor the rayswhich eventuallylandin the mainsquaran the sourceplane. This
explainswhy structurein the cloud planeis “blown up” in theline strengthmapmorefor cloudscloserto the
lens.
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In this project,thecases = 0:2;, = 0:5and = 0:95 wereinvestigated. For thesevaluesof , the
correspondingedshiftsfor thecloudsarez = 0:049 0:077and0.53(althoughasseenn Figure3.2,thelatter
resultwould alsowork well for cloudsat higherredshifts).Absorptionby neutralhydrogenat theseredshifts
would produceabsorptiorinesin theQ2237+0305pectrunatwavelengthsof 127.5nm, 130.9nmand186.0
nm respectrely. While the light from the quasamay suffer signi cant absorptionbelov the Lyman limit
[correspondindo z . 1 (< 245.0nm)] whichwill in uence thestudyof theLy lines,the analysispresented
in this reportis equallyapplicableto the ubiquitousmetallines thatare also seenin quasarspectraandcan
ariseat lower redshifts(Rauchetal., 2002).

3.3 Line Strength Maps

In gravitational microlensingthe magni cationmap (rs) is afunctionde ned on the sourceplane,which

giveswhatthe obseredintensityof thelensedmagewould beif the quasaisourcewaspositionedatr s in the
sourceplane. However, in this project,| wasinterestedn nding out how the line strengthvarieswith time.

Hence,a function L (rs) wasrequiredwhich would describewhatthe line strengthin the quasars spectrum
would be, if it waspositionedatr s in thesourceplane.

In the previous section,the procedurefor calculatingthe magni cation map  apsorbed(r's) for the absorbed
wavelengthof the spectrumwasdescribed.A measureof the line strengthis the ux level at the absorbed
wavelengthdividedby the ux levelin theneighbouringcontinuumregion of the spectrumThisis aquantity

that can be arnything between0 (deepespossibleabsorptionliine, with a ux level of zero)and 1 (wealest

possibleabsorptionline - a nonistantonewherethe ux level in the“line” equalsthatof the continuum).

This suggestshede nition of aline strengthmapL (rs) as

L(rs) = 7”5"?;2‘;“5) (3.9)

This givesthe strength(between0 and 1, with 0 beingthe strongestpf aLy absorptionine in a quasas
spectrumasa function of its positionin the sourceplaner s. As the quasadrifts acrosghe sourceplane,the
line strengthchangesin thenext chapterline strengthmapsandsimulatedime serieplotsof theline strength
arepresented.
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Chapter 4

Results

In this chapterline strengthmapsarepresentedor thethreecloudsizes(0.005pc, 0.02pcand0.1 pc) andthe

threecloudplanepositions( =0.2, =0.5and =0.95)thatwerepresentedh this project. Severalfeatures
of themareexplored,in orderto determinehow the propertiesof the line strengthmapsdependon the cloud

sizeandposition,andsuggestvaysin which the cloudsizescould be measuresbserationally by measuring
theline strengthvariations.

4.1 Line Strength Maps

If the absorbingmaterialwas uniform over the small scalesprobedby microlensing,thenthe ux in the
absorptionline andthe ux in the continuumwould rise andfall togetheras the sourcemoved acrossthe
sourceplane.In this casetheline strengthmapwould be uniform, andatime seriesof measuredaluesof the
absorptiorline strengthrelative to the continuumwould alsobe at. Also, thedistribution of magni cations
[probability densityfunction(PDF)for themagni cation of a sourceplacedatarandompositionin thesource
plane,seeWambsgans§l992); Lewis & Irwin (1995)]for the ux in theline would be the sameasthatfor

the continuum but dimmedby a constantbsorptiorvalue.Figures4.1, 4.3and 4.5shaw line strengthmaps
for all of thecasesnvestigatedn this project,togethemwith magni cationdistributionsfor the continuumand
the ux in theabsorptionline. The magni cation distributions for the absorbedart of the spectrumareall

essentiallfthesamewith themostlikely valuehaving the ux in theabsorptiorline aboutl magnitudeainter
thanthe ux in thecontinuum.Thediscrepanciem thefaintendfor thelargercloudsizesarelikely to bedue
to samplingerror, with only asmallnumberof cloudsaffectingthe nal magni cationmap.

Forthe = 0:2and = 0.5 casesthestructuran theline strengthmapis comple. Thecausticnetwork from

the microlensingis evident, so rapid brightnesschangesiueto the sourcecrossinga causticwill usuallybe
accompaniethy sudderchangesn line strength albeitnot asdrasticasthe sudderchangesn the continuum
brightness.Sincethe rayswhich landedin the relevant areaof the sourceplaneoccuyy a smallerregion of

spacdor lower , only asmallregionof thecloudplanegetsimprintedontheline strengthmap. Thereforefor

a particularcloudsize,fastervariationsin theline strengthoccurfor cloudscloseto the source.The effect of

the externalsheaiin stretchingooththe magni cationmapandthe cloudrelatedstructuresn theline strength
mapin theverticaldirectionis clearlyvisible.

Whentheabsorptiorcloudsareat = 0:95 (closeto the source)theimprint of the causticstructurebecomes
muchlessolviousin the line strengthmap. The line strengthmapin this caseapproximatelyresembleshe

cloudstructuresoif is sufciently high, theabsorptioncanbe approximatedsbeingat the sourceplane,

andline strengthvariationsdirectly probethe structureabsorbingmaterial. As Figure 3.2 demonstrateshis

approximations applicableover a wide rangeof redshifts.

For thelow valuesof , therayswhich landin theregion of interestof the sourceplanehave only crosseda
smallareaof the cloudplane,sothefeaturesn theline strengthmaparequitelarge. In contrastthe = 0:95
line strengthmapshaws thatfastvariationswould occurin this case.
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Figure4.1: Line strengthmapsandmagni cation PDFsfor the“small” cloudsize0.005pc, for cloudsatthree
differentredshifts.Variationsin theline strengthoccuron scalesmuchsmallerthanan EinsteinRadius,with

thesmallesstructuren theline strengtrmap(andhencefasterline strengthvariationsexpectedyor theclouds
at = 0:95 closeto the source.The magni cation distribution shavs thatthe continuumbrightnessof the
guasarunabsorbedganvaryby 3 magnitudeswhile the ux in theabsorptiorine hasa greaterrange,as
it canbe dimmedby theclouds.
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Figure4.2: Time seriesof the line strengthdor the small cloud case,obtainedby consideringa quasarthat
drifts alongatrackin thesourceplanethroughthe middle of theline strengthmapsin Figure4.1(cf thetracks
in Figure2.2). Sincethe causticstructureis stretchedut vertically by the externalsheayvariationsarefastest
for the horizontaltrack. For the assumedrelocity of the quasar one EinsteinRadiusis crossedn aboutl
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Figure4.3: As for Figure4.1, but for the “medium” cloudsize0.02pc. Thestructurein theline strengthmap
is on scalesof aboutl-3 EinsteinRadii, indicatingthat slower variationswould be expectedthanin the small
cloudscase.Onceagain,the causticstructureis presentut is very weakin the
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Figure4.4: As for gure 4.2, but for the “medium” cloud size0.02 pc. The causticcrossingevents(sudden
changesn line strength)canclearlybe seengxceptfor thehigh case.
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Figure4.5: Line strengthmapsandmagni cation PDFsfor the“large” cloudsize0.1 pc. Very large structures
in theline strengthmapindicatethatonly very slow variationscouldbe expectedf the cloudswerethislarge.
Thecausticstructureis still presenfor = 0:2and = 0.5, but is notasstrongasfor thesmallerclouds.
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Table4.1: Time scaledor line strengthvariationas
a function of cloud size and cloud position. The
units are EinsteinRadii, which take approximately
9.5yearsto cross.

=02 =05 =095

Small 0.33 0.24 0.09
Medium 1.14 0.81 0.37
Large 3.9 6.4 1.7

For the large 0.1 pc clouds (Figure 4.5), the line strengthmapscontainfeaturesthat are typically several
Einsteinradii acrosscorrespondingo time scalesof severaldecadegor any changego beobsered. Hence,
this cloud sizeis approachingan upperlimit of the scalesthatcould be probedby this method. The caustic
structureis still presentbut the samestructureis also presentin the line strengthmapsfor the othercloud
sizes,sothis cannotbe usedto distinguishdifferentcloudsizes.

The fact that the samecausticnetwork is presentin the magni cation map for the continuumandthe line

strengthmapsuggestshata correlationmay be present.For example,areasvheretheline strengthwould be

strongmay be associatedavith areaswherethe quasahasa high magni cation, or vice versa. To investigate
this, histogramavereproducedplotting the line strengthversuscontinuummagni cation (onepointfor each
pixel in themaps).Theseareshavn in Figure4.7. If therewasno cloudstructuresothatthe absorptiorlevel

wasconstanbver the cloud plane,thenthe ux in theline would be a constantalue,so thesegraphswould

containathin horizontalwhite line atthatlevel, andnothingelse.

An obseration of a singlelight curve would sampleregionsfrom oneof thesedistributions, possiblymaking
differentcloudsizesdistinguishableln eachcasehe magni cationprobabilitydistribution for theunobscured
guasasourcds thesame Clearly, Figure4.7 revealsthatthereis no strongcorrelationbetweerthecontinuum
magni cationandtheline strengthrelative to the continuum;indeed,t doesnotappeato be approachinghe
uniform absorptiorcaseasthecloudsizeincreasesTherefore gventhoughtheimprint of the causticnetwork
on the line strengthmapsalsoimplies that rapid changesn the quasarbrightnesswill be accompaniedy
signi cant changesn theline strength thereis no tendeng for the changesgo be correlated.Thus,the only
conclusionthatcanbe obtainedfrom Figure4.7 is thatif ary variationatall is obsered, uniform absorption
canberuledout.

4.2 Time Scales

The usualway to quantify the time scalefor microlensingvariationsis by computingthe autocorrelation
functionsof a sampleof light curves(Seitz& Schneider1994; Seitz, Wambsganss& Schneider1994). In
this case,it is the line strengthvariationswhich are beinginvestigatedso the line strengthmap was used
insteadof themagni cationmap.| useda slightly differentapproacho measurehetypical time scalefor line
strengthvariationsasa functionof andthe size of the absorbingclouds. For a givenline strengthmap, a
sampleof pairsof pointsa x eddistanceapartwasselectedtrandom(seeFigure4.8),andthemeandifference
< L1 L» > intheline strengthvaluesbetweernthetwo pointswascalculated.

For example,if the pairsof pointsareclosetogetherrelative to the size of the variations,the line strengthis

similar for thosetwo points, so the meandifferenceis small. In this way, a plot of meandifferenceversus
separationvasproducedtheplotsarenot presentedhere). Theseparatiorat which the meandifferences half

of its maximumvaluewastakento bethe measuref thelengthscaleof featuredn theline strengthmap.
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Figure4.7: Two dimensionahistogram®f theline ux relative tothecontinuum(y axis)versughecontinuum
magni cation (x axis)for eachof the casegresentedn this report. Thereareno strongcorrelationsetween
theline strengthandthe continuummagni cation, despitethe samepatterndeingapparenin themaps.The
dip in themagni cationdistribution for the continuum(Lewis & Irwin, 1995;Rauchetal., 1992)is evidentin

theseplots.
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Figure4.8: Pairsof pointson theline strengthmap. For a given separatiorof the points,the meandifference
in line strengthcanbecalculated Theseparatiomt which this meanobtainshalf of its maximumvaluede nes
thetimescaldor line strengthchanges.

Usingtheabore methodthetime scaledor thevariationsfor eachcasepresentedh thisreportwerecalculated
(seeTable4.1). Theunitsin the tableare EinsteinRadii; for the assumedrans\ersevelocity of 600km s 1
for thelensinggalaxy an EinsteinRadiusis crossedn about9.5years(seeSection3).

An examinationof Table4.1 revealstwo cleartrends. Firstly, asexpected,variability in the line strengthis

mostrapid for the smallestclouds. Additionally, it is apparenthat the time scaleof variability for a x ed

physicalcloudsizedecreasewith increasing , andhenceredshift. Thisimpliesthatfor a singlemicrolensed

quasapossessinglenticalstructurethroughouthelLy forest,theline variability will bemostrapidfor those

absorptiorlinesresultingfrom cloudsclosesto the quasairememberinghe non-linearrelationshipbetween
andz presentedn Figure3.2).

Thefastesvariationsoccurfor smallcloudsandcloudscloseto thesourcewith thevariationsbeingobserable
over a small numberof decadegor boththe smallandmediumcloud sizesat ary positionbetweerthe lens
andthesource.Theanomalouwaluefor thelargestcloudsis probablydueto a samplingeffect, asthe source
planewasnot large enoughto be affectedby mary clouds.

For this effectto be measurabletheremustbeasigni cant changen theline strengthover atime scalewhich
is not too long. An absolutechangeof 0.25in the line strengthoughtto be detectablesvenin low quality
spectra.Recallthatour measuref line strengthis theratio of the ux atthebottomof theabsorptiorine to
the ux in the nearbycontinuum. We measuredhe distrikution of the waiting timesfor a changeof 0.25in
theline strength.This wasdoneby selectinga randomstartingpointin theline strengthmap,andheadingoff
in arandomdirection,maving until theline strengthhaschangedoy 0.25. The distribution of waiting times
for thisto occuris shavn in Figure4.9,with thecorrespondingnediangn Table4.2. As expectedthewaiting
time tendsto be shortesfor smallcloudscloseto the source andthe effectis obserablein areasonabléime
scalefor all but thelargestclouds.

In anunlensedjuasarthetransersevelocitiesof thequasamlandtheLy cloudswould alsoproducevariations
in the strengthof the absorptiorlines. For a transersevelocity of 600km s 1, the time taken to traversel
pc of the cloud plane(with cloudsat redshiftsz = 0:049 0:077 and 0.53) are 1700, 1750 and 2500 years
respectiely. Clearly theseare muchlongerthanthe correspondingime scalesfor the lensedsystem. For
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Cloud size 0.005 pc

Cloud size 0.02 pc

Cloud Size 0.1 pc

Waiting Time for 25% Change (Einstein Radii)

Figure4.9: Distribution of thewaiting time for a 25 percentchangdn theline strength.The x-axesareall on
the samescale with thetime unitsbeingEinsteinRadii or about9.5years.The mediansof thesedistributions
areshavn in Table4.2.

Table4.2: Mediansof thewaiting time distributions
in Figure4.9, in units of EinsteinRadii (about9.5
years).Notethatthe resultsfor thelarge cloudsare
underestimatetbecausehe high tails of the distri-
butionsarewere negglected. The peakof the distri-
butionsareevidentthough.

=02 =05 =095

Small 0.86 0.76 0.26
Medium 1.80 1.60 0.70
Large 3.07 3.27 2.07
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Figure4.10: Pairsof pointsonthemagni cation map,with a magnitudedifferencebetweerthetwo pointsof
atleastl magnitude This allows a sampleof causticcrossinggo beinvestigated.

example,evenfor the smallcloudsof size  0.005pc, thetime scaleis & 8.5 years,approximatelya factor
of 10 slower thanthe microlensedtase.Thus, microlensingprovidesthe opportunityto studythe smallscale
structureon areasonabléime scale.For thelarge clouds,the effectis evenmoredrastic. The crossingime of
acloudis 2000yearsroughly3 ordersof magnituddongerthanin themicrolensecase.

4.3 Caustic Crossings

Sincethe samecausticstructurefrom the continuummagni cation mapis presentn theline strengthmaps,
sudderchangesn continuumbrightnesswill be accompaniedby correspondinghangesn theline strength.
If theabsorptiorcloudswerein nitely large (i.e. theabsorptiorwasuniform over the entirecloudplane)then
therewould be zeroline strengthchangesiuringa causticcrossing.Thereforeit is expectedthat,on average,
theline strengthchangeasthe sourcecrosses causticwill belargerfor the smallerclouds.

To testthis possibility the following procedurevascarriedout. First, a sampleof pointsin the sourceplane
wereselectedatrandom.For eachof thesepoints,aneighbouringpoint 0.05EinsteinRadii avay wasselected
atrandom. This corresponds$o choosinga collectionof pairsof pointsin the sourceplane. If the difference
in the continuummagni cation betweerthe two pointsof ary pair waslessthanone magnitude that pair of
pointswasdiscardedThelist thencontainedairsof pointson eithersideof acaustic(de ned by amagnitude
differencein the continuumbrightnessbetweenthe two pointsbeinggreaterthanl). Then,a histogramof
the correspondindine strengthdifferencebetweenthe two pointswas produced. This givesthe probability
distribution of theline strengthchangegiventhata causticcrossinghasoccurred.The histogramsareshovn
in Figure4.11,onehistogramfor eachcaseof cloudsizeand .

The expectedtrendis clear- the smallerthe clouds,the larger the expectedline strengthchangesiuring a

causticcrossing.Thedependencen is wealer, if presentatall. Thisresultprovidesaway of constraining
the scaleof structurein the LymanAlphaforestby taking spectraduringa singlecausticcrossing if theline

strengthdoesnot changesigni cantly in thistime, smallcloudscanberuledout.
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Change in Line Strength During Caustic Crossing

Figure4.11: Distribution of the line strengthchangeduring a causticcrossing(de ned asa greaterthan 1
magnitudebrightneschangewithin a 0.05EinsteinRadiusintenal), asa functionof cloudsizeandposition.
In eachcase theline strengthchangds approximatelynormally distributed. Thetypical sizesof the changes
(givenby the standarddeviations  of thedistributions)is largestfor smallclouds. Thisis anexpectedresult,
becausa causticcrossingcorrespondso a sudderchangen wheretheraysaretravelling throughin thecloud
plane,andif thecloudswerelargethenthis changevould not have aneffect.
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Chapter 5

Conclusion

The cosmologicaldistribution of neutralhydrogengasleaves an imprint on the spectrumof background
guasarsjn the form of a seriesof absorptionlines. This phenomenoris thoughtto be relatedto the large
scale o w of gasandformationof galaxiesand clusters. While strongconstraintshave beenplacedon the
largerscalepropertiesof theLy clouds,virtually nothingis known on smallerscalesywheregasmaypossess
similar turbulent propertiego the local interstellarmedium,or be collapsingto form stars. In this papey we
have examinedthe in uence of gravitational microlensingon the pathstaken by light raysimpinging on a
distribution of Ly cloudslying betweerthelensandthe source.For a singlemacro-imagethe populationof
micro-imagesamplegliffering absorptiorregions,with thenetabsorptiorseen(in asingleline) beingthe av-
erageof thatexperiencedy eachray. As thestarsmove,thecon gurationof micro-imageshangessampling
differentregionsof the absorptiorcloudsandcausingemporalvariability of theabsorptiorline strength.

In this study| considerectloudsof threedifferentsizesandat threedifferentlocationsbetweenhelensand
the source.Quantitatvely, it wasshavn thatthe fasteswariationsin the absorptioriine strengthoccurfor the
smallestlouds,andfor cloudscloseto thesource We alsofoundthat,dueto thegeometryof theuniverse the
variationsin the absorptiorlinesin the spectrunof Q2237+0305ueto cloudsatredshifts& 0:5 would have
approximatelythe sameeffect asidenticalcloudswhich arejust in front of the source. At all redshifts,the
causticstructureevidentin the microlensingmagni cation mapis alsopresenin the absorptionline strength
map. Thesediscontinuitiecanresultin veryrapidchangesn theabsorptionine strengthwith acorresponding
changen the continuumbrightnessHowever, a moredetailedexaminationof the of therelationshipbetween
the continuummagni cationandtheline strengthshavs no apparentorrelationbetweerthetwo.

An analysisof the variability timescalesevealsthat signi cant changesn line strengthdueto the effects of

gravitational microlensingwould be visible on time scalesrangingfrom yearsto decadesdependenbn the

sizeonthesizeof theabsorptiorcloudsandtheirlocationbehindthelens;thisis atleastanorderof magnitude
fasterthancloudssimply drifting acrosgheline of sightto a distantquasar

5.1 Further Work, Observational Prospects
Ideasfor furtherwork include:

This studyhasonly considered.y cloudsin imageA of Q2237+0305whichis a positive parityimage
(i.e. it is notreversed).Otherimagesof Q2237+0305%ave negative parity, correspondingo oneof the
cunesin Figure3.3 passinghroughzero.Furthersimulationsarerequiredto fully exploretheeffect of
imageparity on themicrolensingof LymanAlphalines.

In this study only absorptionat a single wavelengthwas consideredwhereasabsorptioncloudswill
posses&inematicstructurewhichwill bemicrolensedlifferently Hence,it is possiblethatthe detailed
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shapeof theabsorptiorineswould alsovary dueto theactionof microlensing.Also, morecomplicated
cloudstructuresuchasfractal structurecouldbeinvestigated.

Thetechniquepresentedn this reportcould be usedto comparethe relative sizesandstructureof the
Lyman Alpha cloudsandthe associatednetal line clouds,by consideringthe time variability of the
variousabsorptiorines,in particular addressinghe questiorf‘are themetalsin theLymanAlphaforest
distributedevenly throughouthe hydrogengas?”

In orderto measurdghe smallscalestructurein the LymanAlpha clouds,long termspectroscopicnon-
itoring of the individual imagesof microlensedquasarss required. Suchobserations have already
beenproposedor studiesof quasastructurg(Abajasetal., 2002;Shalyapiretal., 2002;Lewis & |bata,
2004).

Alternatively, spectracouldbetakenjustduringcausticcrossingswhich canbeidenti ed by photomet-
ric monitoringsuchasOGLE (Wozniak et al., 2000)beforethey occur anda HubbleSpaceTelescope
override program(10123)hasbeenwaiting for several yearsfor suchan event, to obtain UV-optical
spectraof Q2237+030%luringa causticcrossingevent. Unfortunately giventherecentdemiseof STIS
(SpaceTelescopemagingSpectrograph)t appearshefocuswill have to shift to the metallines.
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